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Abstract

ABSTRACT

Gaining insights into chemical transformations in metal-organic frameworks (MOFs), and
their structure property relationship(s) promotes a deeper fundamental understanding of these mate-
rials. Taking advantage of such insights, can allow greater control of material formation, and appli-
cation development. In this thesis, through the combination of techniques and in situ studies, we
studied the chemical transformation of two MOFs SION-1 and SION-2, their familial isostructural
optical properties, as well as the applications of two new MOFs SION-19 and SION-9.

Understanding how crystalline materials are assembled is important for the rational design
of MOFs. Controlling their formation can allow researchers to streamline the synthesis of new ma-
terials as well as control their properties for targeted application. In the first chapter of this thesis we
report the construction of two 3-dimensional Th'"' based MOFs (SION-1 and SION-2). Here, Sl-
ON-2 acts as a metastable MOF and intermediate phase that partially dissolves and transforms into
the thermodynamically stable MOF, SION-1. This chemical transformation occurs in a N,N-
dimethylformamide (DMF)/water solvent mixture, and is triggered when additional energy is pro-
vided to the reaction. In situ studies reveal the partial dissolution of the metastable phase after
which the MOF components are reassembled into the thermodynamically stable phase. The marked
difference in thermal and chemical stability between the kinetically and thermodynamically con-

trolled phases is contrasted by their identical chemical building unit composition.

Following the understanding of this transformation, an isostructural family of SION-1 and
SION-2 had been constructed using lanthanide metal salts, where Ln'"-SION-1 is comprised of
Ce, Nd, Eu, Gd, Th, Dy, Ho, Er, Yb and Lu and Ln'"-SION-2 is formed using Ce, Nd, Eu, Gd, Tb
and Yb. The electronic properties of lanthanide based MOFs have not been extensively studied due
to the general cognizance that Ln"" ions behave as isolated free ions as their 4f orbitals do not con-
tribute to bonding. Here, we systematically studied the electronic properties (UV-vis) of Ln'!-
SION-1 and Ln"'-SION-2 and show that the higher the intensity of this absorption band in Ln'-
SION-1 is due to the better overlap between Ln(5d) and ligand(n*) orbitals and reveals that the
lowest unoccupied crystalline orbitals are dispersed over an energy range and can be considered as
a conduction band. We validated this observation by the non-linear 1-V curves collected on Ce''!-

and Yb"'-SION-1, both of which display dielectric properties.

In the second chapter of this thesis, we rationally design a novel biologically derived MOF
(SION-19) featuring unobstructed Watson-Crick faces of adenine (Ade) pointing towards the MOF
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cavities. We show, through a combined experimental and computational approach, that thymine
(Thy) molecules diffuse through the pores of the MOF and become base-paired with Ade. The Ade-
Thy pair binding at 40-45% loading reveals that Thy molecules are packed within the channels in a
way that fulfill both the Woodward-Hoffmann and Schmidt rules, and upon UV irradiation, Thy
molecules dimerize into Thy<>Thy. This study highlights the utility of accessible functional groups
within the pores of MOFs, and their ability to ‘lock’ molecules in specific positions that can be sub-
sequently dimerized upon light irradiation, extending the use of MOFs as nanoreactors for the syn-
thesis of molecules that are otherwise challenging to be isolated.

Concluding this thesis, a biologically derived multimodal sensor MOF is synthesized and a
formed into a device. The MOF, named SION-9, is comprised of Ade and a porphyrin based ligand,
and has tuneable conductive properties ranged from 2.69-4.20 x 10 - 7.43-7.34 x 10 S/cm. SION-
9 is sensitive to both pressure and temperature simultaneously, and demonstrated both fast response
times (< 60 ms) and a long shelf life (> 6 months). This proof-of-concept study provides new in-

sights into the development of conductive bimodal bio-MOF sensors using cost effective materials.

KEYWORDS

Metal-Organic Framework - Optical - Tunable - Dimerization - Carotid - Health Monitoring - Ap-
plication discovery
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RESUME

Obtenir des informations sur les transformations chimiques dans les structures métal-
organiques(MOF) et sur les relations entre leurs propriétés et structures favorise une compréhension
fondamentale plus profonde de ces matériaux. Profiter de ces connaissances peut permettre un meil-
leur contréle de la formation du matériau et du développement des applications. Dans cette these,
par la combinaison de techniques et d’études in situ, nous avons étudié la transformation chimique
de deux MOFs SION-1 et SION-2, leurs propriétés optiques isostructurales, ainsi que les applica-
tions de deux nouveaux MOFs SION-19 et SION-9.

Comprendre comment les matériaux cristallins sont assemblés est important pour la concep-
tion rationnelle des MOFs. Controler leur formation peut permettre aux chercheurs de rationaliser la
synthese de nouveaux matériaux et de contrdler leurs propriétés pour une application ciblée. Dans le
premier chapitre de cette thése, nous rapportons la construction de deux MOFs tridimensionnels
basés sur Th""' (SION-1 et SION-2). SION-2 agit ici comme un MOF métastable et une phase in-
termédiaire qui se dissout partiellement et se transforme en le MOF thermodynamiquement stable,
SION-1. Cette transformation chimique se produit dans un mélange de solvants N,N-
diméthylformamide (DMF) / eau et se déclenche lorsque de I'énergie supplémentaire est fournie a la
réaction. Des études in situ révelent la dissolution partielle de la phase métastable, a la suite de la-
quelle les composants MOF sont réassemblés dans la phase thermodynamiquement stable. La diffé-
rence marquée de stabilité thermique et chimique entre les phases contrdlées cinétiquement et ther-

modynamiquement est contrastée par leur composition chimique identique.

Suite a la compréhension de cette transformation, une famille isostructurale de SION-1 et
SION-2 a été construite en utilisant des sels métalliques de lanthanides, o Ln'""-SION-1 compren-
nent Ce, Nd, Eu, Gd, Tb, Dy, Ho, Er, Yb et Lu et Ln'"-SION-2 sont formés a l'aide de Ce, Nd, Eu,
Gd, Tb et Yb. Les propriétés électroniques des MOF a base de lanthanide n’ont pas fait 1’objet
d’études approfondies, car les ions Ln'"' se comportent généralement comme des ions libres isolés,
leurs orbitales 4f ne contribuant pas a la liaison. Ici, nous avons étudié systéematiquement les pro-
priétés électroniques (UV-vis) de Ln'"'-SION-1 et Ln""-SION-2 et avons montré que l'intensité
plus élevée de cette bande d'absorption dans Ln'""-SION-1 est due au meilleur chevauchement entre
les orbitales Ln(5d) et ligand(n*) et révele que les orbitales cristallines les plus basses vacantes sont

dispersées sur une plage d’énergie et peuvent étre considérées comme une bande de conduction.
Nous avons validé cette observation par les courbes I-V non linéaires recueillies sur Ce'''- et Yb'!'-

SION-1, qui présentent toutes les deux des propriétés diélectriques.
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Dans le deuxieme chapitre de cette thése, nous concevons rationnellement un nouveau MOF
biologiquement dérivé (SION-19) comportant des faces Watson-Crick non obstruées d'adénine
(Ade) pointant vers les cavités du MOF. Nous montrons, par une approche combinée expérimentale
et computationnelle, que les molécules de thymine (Thy) diffusent a travers les pores du MOF et
deviennent appariées en bases avec Ade. La paire Ade-Thy se liant a une charge de 40 a 45% révele
que les molécules de Thy sont encombrées dans les canaux de maniére a respecter a la fois les
regles de Woodward-Hoffmann et de Schmidt, et lors de I'irradiation UV, tes molécules se diméri-
sent en Thy<>Thy. Cette étude met en évidence I'utilité de groupes fonctionnels accessibles dans les
pores des MOF et leur capacité a "verrouiller" les molécules dans des positions spécifiques qui peu-
vent ensuite étre dimérisées lors d'une irradiation lumineuse, ce qui étend I'utilisation des MOF

comme nanoreacteurs pour la synthese de molécules difficile d'étre isolées autrement.

En conclusion de cette thése, un capteur multimodal biologiquement dérivé MOF est synthé-
tisé appelé SION-9. C’est composé d’Ade et d’un ligand a base de porphyrine et présente des pro-
priétés conductrices ajustables comprises entre 2,69-4,20 x 10® et 7,43-7,34 x 10® S/cm. SION-9
est sensible a la fois a la pression et a la température et présente des temps de réponse rapides (< 60
ms) et une longue durée de vie (> 6 mois). Cette étude de validation fournit de nouvelles informa-
tions sur le développement de capteurs bimodaux bio-MOF conducteurs utilisant des materiaux

rentables.

MOTS-CLES

Structure métal-organique - Optique - Réglable - Dimérisation - Carotide - Surveillance de I'état de

santé - Découverte d'application
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Chapter 1 Introduction to Metal-Organic
Frameworks

1.1 Introduction

\\ » \\.
) )
‘,;+—4—>T \\i:‘
ot

Metal Ligand
MOF

Figure 1-1: General MOF components. Combination of ligands and metal ions or metal ion clus-

ters can lead to the formation of MOFs.

Metal-organic frameworks (MOFs) are crystalline coordination based materials consisting of an
infinite network of metal-ions, or metal-ion clusters, bridged by organic ligands through coordina-
tion bonds into porous or nonporous 1-, 2- or 3-dimensional extended structures (Figure 1-1).% 2
The judicious selection and combination of metal and ligands has led to the discovery of a broad
array of MOFs with various topologies, compositions and properties such as record-breaking inter-
nal surface areas (up to 7000 m?/g), high void volumes (up to 90%),* and low densities (as low as
0.126 g/cm®).> These materials are tunable, either through the introduction of new metals into a
family of MOFs, or through pre-/post-synthetic modification of the ligand or pore surface, allowing
researchers to create new efficient materials for applications such as gas separations and storage,
catalysis, and sensing.® However, despite the wide variety of applications MOFs can be used for,

the mechanism in which they form is unknown.

1.2 The Formation of Metal-Organic Frameworks

Typically, the self-assembly of metal ions or clusters with ligands to form MOFs can be
achieved through classical coordination chemistry methods (<100 °C), ’ mechanochemistry,® sol-
vothermal synthesis (>100 °C),° microwave synthesis,'% 1! or high-throughput techniques (Figure 1-
2)'12-14

It should be noted that sections from our publication "Anderson, L. Samantha; Stylianou, C. Kyriakos. Biologically
Derived Metal-Organic Frameworks, Coord. Chem. Rev.2017, 349, 102-128" have been reused for this thesis chapter.

1



Chapter 1 - Introduction to Metal-Organic Frameworks

Currently, MOFs can be discovered through a trial-and-error or an automated approach, rather than
through a fundamental understanding of the underlying mechanism.*>’ New MOFs can be hypoth-
esized through computational studies,*® or through geometric assembly based on the secondary
building units (SBUs),*® however while these predicated frameworks might be thermodynamically
stable, they may not be kinetically accessible.?® Ultimately, there are three aspects designing a new
MOF that need to be considered: i. the solvent ii. the anion iii. the role of the metal and iv. tempera-
ture and pressure used during the experiment, which has been highlighted in the systematic work
coming from the LSMO group and in this thesis.

High-Throughput Screening

Metals, ligands and

Repeat with optimized
solvent

30 s collection o
conditions

time

New
conditions C: ; w /‘.‘\\

Figure 1-2: High Throughput Screening. Typical routine used for high-throughput screening used

in the development of new MOFs.

The solvent chosen has been shown to be a significant parameter in the crystallization Kinetics,
network topology and crystal topology.2! The ability of a solvent to direct the structure formation of
a MOF was previously demonstrated in a Cd"-4,4'-dipyridyl sulfide framework, in which a 1-, 2-, or
3-dimensional structure can be obtained depending on if a DMF-DCM, MeCN-DCM, or MeOH-
DCM solvent system is chosen (where DMF = dimethylformamide, DCM = dichloromethane, and
MeOH = methanol).?? Solvent can also act as a non-coordinating structure directing agent, as seen
by Dastidar et al. who showed that polar solvents lead to Cd" based MOFs, but solvents with less

polarity only formed coordination complexes.?
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evacuated $0|;|Fﬂtﬂd
Figure 1-3: MOF-5. Solvated MOF-5 in which DMF is coordinated on average to one Zn'.
Adapted with permission, copyright © 2015 American Chemical Society.?

The role of the solvent was further examined through the use of time resolved monochromatic
high energy X-ray diffraction and Rietveld analysis. In-situ crystallization of
[Yb2(BDC)3(DMF)2]-H20 (MOF-5) in a H.O/DMF mixture (BDC = benzene-1,4-dicarboxlylate)
revealed a topochemical replacement of coordinated solvent, where initially coordinated H>0O mole-
cules were replaced with DMF as the reaction proceeded.?* In addition, through the use of multinu-
clear solid-state nuclear magnetic resonance (NMR), mass spectrometry (MS) and first-principle
molecular dynamics, it was revealed that the MOF-5 framework was not rigid as originally pro-
posed. Instead Zn' binds the DMF solvent molecules, increasing its coordination number, followed
by their decoordination from the framework, with an average of one Zn' in each cluster coordinat-
ing to at least one DMF molecule (Figure 1-3).2> % Taking advantage of this behaviour, the authors
developed a rational low temperature cation exchange approach, allowing them to synthesize meta-
stable Co" substituted MOF-5 analogues, which had previously been unavailable through typical

high-temperature synthetic routes.?® 26

$0,* HPO,* Acetate Citrate CI- NO;” ClO," SCN-

+ »

Kosmotropic Chaotropic

Figure 1-4: Hofmeister Series.

Just as the ability of the solvent to play multiple roles, so too does the metal anion. The influence
of the anion on the final topology has been regularly observed,?” 2¢ and apart from acting as miner-
alizers which can enhance the crystallinity, they can also act as structure-directing agents.?® This
was eloquently shown in an ethlyenediaminetetrapropionitrile (EDTPN) Ag-MOF, where the choice
of Ag(NOs), Ag(CFsSOz) or Ag(ClO4) lead to three different crystal structures (P21/c, P21/, and
Pcen, respectively).®® The authors also reported on the possibility to induce crystal-to-crystal rear-
rangements upon ion exchange, in which a reversible transformation between the two monoclinic

structures (Ag(NOs), P21/c and Ag(CF3SQOs), P21/) was observed.® However, upon transformation
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to the orthorhombic structure using Ag(ClO4), the rearrangement was subsequently rendered irre-
versible. The irreversible transformation could be due to the Ag-EDTPN coordination polymer hav-
ing a greater affinity to the CIO4 anion, while the NO3z-CF3SO3 exchange proceeds through block-
ing a coordinative site and/or changing coordination geometry through ligand coordination.?* The
authors further demonstrated that the anion affinity followed the trend of: ClO4” > NO3z™ > CF:SO3
> CI" which is in agreement with the Hofmeister Series (Figure 1-4), which ranks the relative influ-
ence of anions on macromolecules.®® Here, the Hofmeister series has kosmotropes and chaotropes,
which describe the ability of the anion to alter the hydrogen-bonding network of water.3! For exam-
ple, kosmotropes have been shown to stabilize the ‘water structure’ and salt out/stabilize protein
macromolecules.®! Unfortunately, while MOFs tend to follow this series, it is nothing more than a
guideline as both anti- and non-Hofmeister selectivity’s in MOFs has been observed.*

MIL-96(Al)
Al;;O(OH),(BTC)(H,0);
Thermodynamic Product

MIL-100(Al)
ALO(H,0),(OH)(BTC),
Kinetic Product

MIL-110(Al)
P Al {(OH)((OH)g}(H0),(OH),(BTC),
Middle Product

Figure 1-5: Formation of MIL-96(Al), MIL-100(Al) and MIL-110(Al) crystal integrated units.
Here, the reaction of the dimeric Al.-BTC complexes, and the mono Al'' cation, lead to nanoaggre-
gation, condensation/networking, and finally crystallization. Adapted with permission,®® © 2012

American Chemical Society.

While there are a wide variety of metals available for MOF synthesis, many transition metals

with d*° configurations are employed. Metals such as Zn'' are commonly used due to Zn’s ability to
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hold many different coordination geometries (tetrahedral, pentagonal bipyramidal,3* octahedral,®
trigonal bipyramidal,®® square pyramidal,®’ etc.), its relative ease of handling, and for some applica-
tions its low toxicity. Lanthanide metals (Ln) are also used in MOF synthesis, and while the coordi-
nation geometries are even more unpredictable, interesting environments such as square
antiprisms® and supercubanes® have been reported. Isostructural families of lanthanides are typi-
cally constructed using the Ln +3 oxidation state. To examine this overall unpredictability of metal
ions, a family of Al based MOFs, MIL-96(Al), MIL-100(Al) and MIL-110(Al) (MIL = Materiel
Intitut Lavoisier) were studied. Here, all three are comprised of the same components, Al and BTC
(BTC = benzenetricarboxylate), however only in MIL-96(Al) and MIL-100(Al) is an Als(us-
0O)(BTC)sLs SBU found, with its connectivity residing in the hexagonal chains of MIL-96(Al), or in
the “super tetrahedron” found in MIL-100(Al) (Figure 1-5).33 MIL-110(Al) is comprised of two
types of clusters, six with terminal hydroxide ligands, and two with no terminal ligands, which
make up a large Als octagonal SBU, leadings to hexagonal channels.®® Haouas et al. subsequently
performed in situ NMR, and found that dinuclear AI-BTC complexes form early, with kinet-
ic/thermodynamic effects leading to the formation of the three different products: i. MIL-100(Al) is
the Kkinetic product; ii. MIL-96(Al) is the thermodynamic product; and iii. MIL-110(Al) is some-
where in the middle.3® The authors further showed that they can control the final product formation

via heating the thermodynamically stable product to either the middle, or kinetic product.

[T\
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Figure 1-6: ZIFs compared to SiO4. Metal (M) ion coordination geometry in zeolitic imidazolate

frameworks (ZIFs) where the ligand holds a similar angle to the Si-O-Si found in SiOa.

Similar to MOFs, zeolitic imidazolate frameworks (ZIFs) have also been constructed where the
metal-organic domain mimics zeolites through a tetrahedrally coordinated ion and imidazolate
bridging ligand.*® 4! In ZIFs, the metal ion coordination geometry resembles SiO4, while the ligand
has a similar Si-O-Si angle (145°), leading to the formation of material with zeolite topology (Fig-
ure 1-6). The pathway in which these materials crystallize has somewhat been elucidated, and in
one case has been demonstrated to follow a similar mechanism for high-silica zeolites.*? This is

compared to MOFs, in which the transition metal chemistry governs “serendipitous self-assembly”.
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While we currently still do not have a full fundamental understanding on how to predict the self-
assembly of MOFs, progress is being made.

1.3 Ligand Design for the Formation of New Metal-Organic Frameworks
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Figure 1-7: Families of organic linkers used to make MOFs. Organic ligands from each family
used to construct MOFs such as carboxylic acid containing ligands (TBAPy, DHBDC), nitrogen
containing ligands (Ade), cyano ligands (EDTPN), phosphonic acids ligands, ligands based on

mixed functional groups, sulfonyl ligands and metal-bearing ligands

While the judicious choice of metal ions, and solvent(s) is important for the formation of new
MOFs, so are the ligand(s) used as this creates vertices that hold the nodes into place, which can
further influence the properties that the material has. Generally, rigid organic ligands are preferred
(over flexible) since the resulting MOFs can be robust and/or porous.****> Commonly used organic
ligands within MOFs are divided into families such as: i. carboxylic acid containing ligands, ii. ni-
trogen containing ligands (pyridyl, pyrryl, imidazolyl, etc.), iii. cyano ligands, iv. phosphonic acids
ligands, v. ligands based on mixed functional groups, vi. sulfonyl ligands and vii. metal-bearing
ligands (Figure 1-7).%¢ 47 While cationic ligands are less common in the synthesis of MOFs (low
affinity to coordinate to metal cations), both neutral and charged molecules can be used.” Function-
alities pointing towards their internal pore surface are often utilized to introduce strong interactions
with a target molecule and can influence the frameworks structure.*® In addition, they may have
interconnecting functions, which could extend the coordination motifs, creating secondary interac-
tions such as hydrogen bonding (H-bonding) and aromatic stacking.*® *¢ Replacing the organic lig-

ands in a MOF with units that are topologically similar or identical, but instead increasing in length,
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can extend the pore size creating new isoreticular (IRMOFs) families of MOFs with unique proper-

ties.’

While there are a variety of ligands available for MOF synthesis, biologically related ligands (i.e.
nucleobases, porphyrins, etc.), or bio-ligands, offer researchers the ability to buy any combination
of chirality, aromaticity, cyclic or aliphatic features desired, or the ability to purchase the necessary
backbone and synthetically alter it. Adding to their attractive features, bio-ligands are generally low
cost, commercially available and environmentally benign, allowing them to be used in MOFs for
drug delivery.”® It’s not surprising that these ligands have found their way into the same applica-
tions that other well-known MOFs (e.g. HKUST-1, MOF-74) have been known for such as carbon
capture and storage.>

1.3.1 Adenine Based Metal-Organic Frameworks

Nucleobases are suitable bio-ligands for the design and synthesis of metal-organic supramolecu-
lar arrays due to their large number of oxygen and nitrogen donor sites of different basicity. This is
a strong motivation to employ nucleobases for the formation of biologically derived MOFs, or bio-
MOFs, as they have the potential to form numerous interactions, including coordination bonds, hy-
drogen-bonds and n-n stacking interactions. The multifunctionality and a variety of binding modes
in nucleobases within a structure can give rise to structural flexibility as seen in biological mole-
cules such as proteins and peptide based frameworks. Transition metal complexes containing nucle-
obases have also been studied in order to explore the DNA metal binding processes which are vital
for the development of new biologically active metallodrugs. With the added benefits of being bio-
logically and environmentally friendly, they are also naturally abundant and easy to produce, there-
by keeping industrial costs low. To date, the most commonly reported bio-MOFs constructed from

nucleobases contain Adenine (Ade). %18

Watson-Crick Hoogsteen
Face NI 1_}\ Face
NN
LAy

Figure 1-8: Adenine structure. The structure of Adenine highlighting both the Watson-Crick and

Hoogsteen Faces.



Chapter 1 - Introduction to Metal-Organic Frameworks

Nucleobases, such as Ade, have the ability to bind to metals through a variety of different donor
atoms, leaving the non-coordinated atoms open, which can in turn be used to enhance the interac-
tions within the pores of MOFs. For the spatial host-guest binding within the pores of a framework,
two prerequisites must be fulfilled: i. the pores have to be guest accessible, and ii. the Watson-Crick
faces have to be available, and unobstructed (Figure 1-8). °° Purine ligands are well-known for their
ability to build dinuclear complex via their [N3] and [N9] bridging modes, and previous literature
has demonstrated that adeninate ligands can form paddle-wheel complexes, with the entities self-
assembling via Watson-Crick ([N6]-H, [N1]) and Hoogsteen faces ([N6]-H, [N7]) through n-nt
stacking.®® Despite the advantages, bio-MOFs containing nucleobases are not exhaustive, which
may be the result of the lack of control over their binding modes to metal ions, and their inherent
lack of symmetry which inhibit packing in the formation of crystalline materials. Most of the exam-
ples reported in the literature highlight the rich coordination modes of Ade leading in the formation
of highly porous bio-MOFs. Ade has five N atoms with different basicity; two pyrimidinate N1 and
N3, two imidazolate N7 and N9 and one amino group N6 and all are available for metal coordina-
tion. Ade can be then mono-, bi-, tri-, or tetradentate coordinating ligand within the bio-MOF struc-
ture through [N3], [N9], [N3, N9], [N7, N9], [N1, N9], [N1, N7], [N3, N7], [N3, N7, N9], [N1, N6,
N9], [N2, N6, N9] or [N1, N3, N7, N9] (Table 1-1). 6170

Rosi et al. demonstrated that the use of a symmetric Zn adeninate SBU can overcome problems
such as undesired coordination modes between Ade and metal ions, while increasing symmetry.
The first nucleobase bio-MOF with formula of [Zng(Ade)s(BPDC)sO-2Me2NH:]-8DMF-11H.0
(Bio-MOF-1) was composed with eight Zn'" ions linked to four Ade ligands via [N1], [N3], [N7]
and [N9] coordination modes, and infinite Zn'"' Ade columns made of apex sharing Zn'" Ade octahe-
dral cages.** This is compared to [Co2(Ade)2(CO2CH3)2]-2DMF-0.5H20 (Bio-MOF-11), which con-
sists of Co''-Ade—acetate paddlewheel clusters made of two Co'" ions bridged by Ade via N3 and
N9 coordination, and two acetate ligands.®® ™ [Co2(Ade)2(CO2CHs)2]-2DMF-0.5H20 is built by
further linking the clusters to Ade via [N7] coordination, and has cavities that are periodically dis-
tributed.
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Table 1-1: Coordination/bridging mode(s) of Ade to different metals.
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The versatility of Ade as an organic ligand has continually proven itself to be a key in designing
multidimensional frameworks. In combination with aliphatic monocarboxylic acids and Cu'", the 3-
dimensional, robust open frameworks [Cuz(us-Ade)2(pu-OO0C(CH2)nCH3)2]3:xH20 [n from O (ace-
tate) to 5 (pentanoate)] can be constructed using inexpensive reagents.’? The basic building unit of
these bio-MOFs is a center symmetric dimer where two carboxylic ligands and two Ade ligands
([N3] and [N9] atoms) are coordinated to two Cu' atoms forming a paddlewheel unit.”?> Ade dis-
plays a tridentate coordination mode [N3, N7, N9], due to the cross-linking of units through the
coordination of the [N7] atom in the adeninato ligand to four adjacent entities with a 5.97 A Cu--Cu
separation across the imidazole N9/N7 bridge. Hydrogen bonding interactions between the [N6]-
H6Ade group of the Hoogsteen face of the nucleobase and the coordinated O atom of the carboxylic
ligand reinforces the linkage. "

Kang and Wang reported a new 3-dimensional bio-MOF [Cd2(Ade)2(IN)2(DMF)(H20)]-DMF
(IN = isonicotinic acid) with a Cd-adeninate paddlewheel subunit.”>  Within
[Cd2(Ade)2(IN)2(DMF)(H20)]-DMF, there are two Cd (Cdl and Cd2) atoms; one is square-
pyramidal (Cd1) with four different nitrogen atoms (Ade) and one oxygen atom (IN), while the oth-
er (Cd2) is octahedrally coordinated with three oxygen atoms (one H.O, one DMF molecule and
one carboxylate from IN), and three nitrogen atoms ([N7, N3, N9] from Ade, and N from IN).”
Ade acts independently as a ps-linker to bridge three Cd atoms, and the structure consists of a cad-
mium-Ade paddle-wheel units, in which two Cd1 atoms are bridged by four Ade.” The Cdz(Ade)s
units are further bridged by Cd2 atoms to form a chain along the a-axis.”® The axial position is oc-
cupied by two pendent IN ligands, while one links two adjacent Cd2 atoms to form a chain, and the

other coordinates a Cd1 atom by acting as a pendent ligand.”

To overcome the disadvantage of low symmetry, the introduction of a highly symmetric co-
ligand has proven to be a useful strategy for the introduction of nucleobases into MOFs.”* Within
Znz[Zn2(p2-H20)]3(Ade)s(TATB)4(DMF), two distinctive building units were identified in the struc-
ture due to the multiple binding modes of Ade. The first building unit contains two Ades which are
linked by a four-coordinated Zn" via the imidazolate [N7] atoms and two carboxylates.” In the sec-
ond building unit, the binuclear Zn'" unit is bridged by two Ade ligands through [N3, N9], at the two
equatorial positions, while two carboxylates coordinate at the two axial positions.”* One-
dimensional Zn-adeninate chains were formed with Ade connected to both building units in a 1:1
ratio.”* In each adeninate, it should be noted that the [N7] donors coordinate to the first building
unit, the [N3], and [N9] coordinate to the second building unit and the [N1] and [N6] atoms were

uncoordinated.”

10
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Using Co", Ade and aromatic tetracarboxylic acids HsTCPB and H4BTeC, 3-dimensional bio-
MOFs were composed.®! [Cos(us-TCPB)(ua-H2TCPB)(Ade)2]-H20 is a compact network, in which
three Co" ions are bridged by two bidentate Ade ligands through [N3] and [N9].5* [Coz(Ade)(ps-
BTeC)(u-H20)(H20)2]-4(H20) is comprised of bidentate Ade ligands forming binuclear Co'" clus-
ters through both the [N3] and [N7] sites, leading to 1-dimensional Co'"-Ade chains.5! The latter
structure is shown to have reversible structural transformations upon removal and addition of H20,
giving a color change from pink to purple, respectively.®* The indication of a color change implies a
change in the coordination geometry of Co'' from an octahedral to tetrahedral upon removal of co-
ordinated H,0.5!

While the extensive list of Ade, and other nucleobase based bio-MOFs, their coordination
modes, and subsequent applications is out of the scope of this thesis, we would like to reference the
readers to Table 1-2 and the recent review written by Anderson et al. for more details.®

11
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Table 1-2: Ade based MOFs, and their applications.

Formula MOF name BET sur- Application Ref.
face area
(m?/g)
[Zng(Ade)4(BPDC)s0-2Me2NH2]-8DMF- 1 1H20 Bio-MOF-1 1700 1)Drug loading via cation exchange 51, 75-78
(Procainamide).
2)CO: adsorption via cation exchange
(TMA, TEA, and TBA).
3) Encapsulation and sensitization of
visible and near-infrared emitting lantha-
nide cations.
4) Eu @ Bio-MOF-1: VOC detection.
5) Enhancement of CO2 adsorption via
cation exchange (GND*, AmGND?,
DiAMGND").
Zng(Ade)4(BPDC)602-4Me2NH2-49DMF-31H20 Bio-MOF-100 4300 CO:2 adsorption, selective CO2 adsorption 52,71
[Coz(Ade)2(CO2CHs);]-2DMF-0.5H20 Bio-MOF-11 1148 over Na.
Zn3(Ade)(BTC)2(H20)-(CH3)2NH2-xDMF-yH>0 ZnBTCA 3057.5 1) PfH* and MB" adsorption (DNA stain- 5
ing agents).
2) Ade-Thy base pairing.
[Cuz(u-Ade)s(Cl)2]?-2MeOH SMOF-1 14-26 Selective gas adsorption and separation 60
[Cua(p-Ade)a(u-Cl)2(Cl)z]2*- 2MeOH SMOF-2 (CO2, N2, CHa, Hp)
[Cuz(u-Ade)a(u-Br)2(Br)2]?*-2PrOH SMOF-3
[Cos(pe-TCPB)(pa-H2TCPB)(Ade)z]-H20 Hydrochromic behavior for H20 sensing. 61
[Coz(Ade)(pus-BTeC)(u-H20)(H20)2]-4(H20) 8.11
Zn(Im)x(L2)2x (L2= (Ade)(Int)) TIF-Al 718 CO2/Nz2 separation. 64
[Cuz(Ade)4Cl2]Cl2 MPM-1-ClI CO2/N2 and CO2CHa separation 21
[Cuz(Ade)s(TiFs)2] MPM-1-
TIFSIX
[Cd2(Ade)2(IN)2(DMF)(H20)]- DMF Only structural details reported. K
Zn3[Zn2(p2-H20)]3(Ade)s(TATB)4(DMF) PCN-530 DNA coated biosensors. "
[Coz(Ade)2(C2HsCO2)2]-2.25DMF-0.3H20 Bio-MOF-12 1008 CO; adsorption, selective CO2 adsorption 80,81
[Coz(Ade)2(CsH7CO2)z]-1.1DMF-0.6H20 Bio-MOF-13 412 over N2.
[Coz(Ade)2(CsHsCO2)2]0.6DMF-0.6H20 Bio-MOF-14 17
[Cuz(us-Ade)2(n2-O0C(CH2)nCHa)2]3-XxH20 500-8.9 Antiferromagnetic behavior reported. 8
N= 0 for acetate to 5 for pentanoate
Zng(Ade)4(BPDC)s02-4Me2NH2:49DMF-31H20 Bio-MOF-101 4410 Only porosity details reported. 8
Zns(Ade)s(ABDC)sO24Me2NH249DMF-31H20 | Bio-MOF-102 3222
Zns(Ade)a(NHo- Bio-MOF-103 2704
TCPD)6O2:4Me2NH2:49DMF-31H20
[Nia(pzdc)2(7Hade)2(H20)4]-(H20)1.5 165 (COy) CO2/CHg4 separation. 84
124 (N2)
[NH2(CH?3)2][Zn3(4-Pca)s(Ade)]- 10DMF-8H20 418.6 Adsorption of C1 to Cs paraffin’s. &
[Ni2(BTC)(Ade)(H20)s]-3H20 SION-31 Fundamental study of the HAde location o
[Ni(IPA)(3HAde)] SION-32 in different Ade based MOFs.
[Ni2(BTEC)(7HAde)2(H20)2]-4H.0 SION-33
[Cus(PZDC)2(1HAde)(H20)4] SION-34
[Zn2(BTC)(Ade)(H20)2] SION-35
a.[Zn3(TCPPZn)(Ade)(HAde)Ooss] a.SION-9 a. - a. Electrical conductivity This work
-guest molecules b.SION-19 b. 563 b. Thy adsorption and dimerization

b. [Zn1500.25(Ade)(TBAPY)os]- (NH2Me2)os-
1.7DMF-4H-0

12
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1.4 Optical Properties of Metal-Organic Frameworks

Visible Light
A (nm) 700 600 500 400

Electricity Radio Waves
Long radio waves AM FM Microwaves Infrared (IR) uv X-rays y-rays Cosmic-rays

A(m) 108 108 104 102 10° 1072 10+ 10 10°8 10710 1012 101

10-16

Figure 1-9: The electromagnetic spectrum.

While MOFs have been studied for a wide variety of applications, their optical properties and
their ability to interact with light has led to interesting applications such as photocatalytic hydrogen
generation® and organic reactions within their pores.®” Within the electromagnetic spectrum (Figure
1-9) visible light falls within the range of ~380-700 nm, while wavelengths from ~100-400 nm fall
into the ultraviolet (UV) region, which is divided up into UV-A (~315-400 nm), UV-B (~280-315
nm) and UV-C (~100-280 nm), and wavelengths from ~700 nm - 1 mm are considered as infrared
(IR) radiations. When light interacts with a MOF, photophysical processes can occur, such as ab-
sorption and emission such as fluorescence or phosphorescence, which will be referred to under an
umbrella term of luminescence. Depending on the crystal structure of the MOF, non-linear optical
effects or upconversion can occur. While these processes will not be commented on in this thesis, it
should be noted that a recent review by our group has been published covering these topics in de-

tail 88

1.4.1 Luminescence
Luminescent MOFs have gained attention since around the early 2000s, and since then more than

200 articles have been published.® Typically, luminescence is used as an umbrella term to encom-

pass observed emissive processes such as fluorescence and phosphorescence.

13



Chapter 1 - Introduction to Metal-Organic Frameworks
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Figure 1-10: Basic photophysical processes represented in a Jablonski diagram. Here, S de-

notes a singlet state and T a triplet state.®

Typically florescence is distinguished from phosphorescence via a direct re-emission of absorbed
light, whereas phosphorescence includes delayed emissions due to processes like intersystem cross-
ing (1ISC) (Figure 1-10).% Ligand fluorescence corresponds to a radiative transition from the first
singlet state Sy, to the ground singlet state So (S1— So), which is spin-allowed.®* The radiative tran-
sition from a triplet state T+, to So (T:— So), which is spin-forbidden, is called phosphorescence and
can have a lifetimes from microseconds to seconds. This rule (the Spin rule), consequently makes
phosphorescence a weaker emission than fluorescence. While the concept is straight forward and
theoretically they can be distinguished from each other, experimentally it is much more difficult as
time-dependent investigations using a defined energy source for selective excitation (e.g. a pulsed
laser) is required to determine the decay time of the luminescence process and intensity.® Due to
this, and the cost associated with such set ups, these experiments are often left out of literature re-

ports.

Due to the inorganic-organic hybrid nature of MOFs, a wide range of emissive phenomena that
can be found and is dependent of the framework of the material. Typically, luminescence in MOFs
can arise from: a) ligand-based luminescence, which includes ligands-centered (LC), ligand-to-

ligand charge transfer (LLCT), ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge

14
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transfer (MLCT); b) metal-centered emissions (MC); c) antennae effects; d) adsorbate-based emis-
sion and sensitization; e) excimer and exciplex emissions; f) surface functionalize and g) scintilla-

tion.8°

MC
MLCT
LMCT
0_ *
S
T, ee—.
S — t
Oy
™3
d Ty
U
O
M ML,

Figure 1-11: Molecular orbital diagram of potential excitation pathways. Molecular orbital
diagram for possible excitations in a transition metal complex MLn.*® Here, MC is metal-based
emission; MLCT is metal-to-ligand charge transfer; LMCT is ligand-to-metal charge transfer; and

LC is ligand-based emission.

A basic description of these process is shown using a molecular orbital diagram as depicted in Fig-
ure 1-11. For MOFs, n—extended ligands are often employed in their construction due to their abil-
ity to form rigid frameworks. Often, these ligands contain a mixture of functional groups, such as
carboxylates or heterocyclic groups, for coordination to metal ions. Ligand-based emission is de-
rived from highly conjugated ligands which absorb in the UV and visible regions, and in some cases
more than one competing process can be observed. Ultimately, the luminescence of a MOF is de-
pendent on the crystal structure. Here, the orientation of the linkers, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the linkers vs the accessible
states of the metal units, and the electronic configuration of the metal and its bonding geometry all

play roles in dictating which type of emission is observed.8®

Ligand-centered emission (LC), has been described for a variety of transition and alkaline earth
metals which have closed shells such as d° or d*°, resulting in in no d-d transitions, or group 13 or
14 metal cations such as In""' or Sn'V.8% % Frameworks with LC emissions often show effects such as

guest dependent luminescence as observed in reported in structures such as [In2(OH)2(TBAPY)]
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-(guests) (TBAPy = 1,3,6,8-Tetrakis(benzoic acid)pyrene).?? Here, the authors reported a red shift
of 34 nm in emission spectra in the desolvated material which is attributed to the increased interac-
tions between the optically active TBAPY ligands, which can be regenerated after exposure to DMF.
Frameworks comprised of LC emissions are often sensitive to solvatochromic effects in the fluores-
cence emission spectra, which can be dependent on the polarity of the solvent molecules. The au-
thors further noted that the structure was unable to be regenerated after exposure of the desolvated
material to other guest molecules such as H-O, toluene and dioxane, with polar guest molecules

affording a greater influence on the structure and fluorescence vs non-polar.®2

_$ %)

900
/0001

Figure 1-12: Possible mechanism of electron transport within a MOF with LLCT. Here A is

Electrode

the acceptor, and D is the donor, while the electron and hole movement is characterized by green

and yellow arrows, respectively.®

Ligand-to-ligand charge transfer (LLCT) has been studied less than other charge transfer pro-
cesses, such as MLCT and LMCT, due to the fact that the MOF has to be constructed with two dif-
ferent ligands. The metal (M) has to be coordinated with an electron donor (D) and acceptor (A),
with the caveat that the acceptor should be before the D-A and the M-A or M-D separation (Figure
1-12).%3 94 The charge transfer results in a D°’A° <> D¥ A% jonic form due to possible charge distri-
butions, which can link to physical properties of electron/hole transports, magnetic ordering, and
dielectric responses at the bulk level.** Targeting MOFs with LLCT requires careful selection of the
D and A ligands. The use of ligands such as tetrathiafulvalene (TTF) has been successfully reported
in charge-transfer compounds,®® % and recently combined with 4,4'-bipyridine (4,4'-bpy), 1,2-bis(4-
pyridyl)ethane (BPE), 1,2-bis(4-pyridyl)ethane (BPA) and a Mn metal ion resulting in a framework

where the intensity of the charge transfer (CT) was related to the bipyridyl conjugation.®® Metal
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complexes can act as D and/or A, and it has been suggested to choose redox-active such as Mn'' or
Ru", however it should be noted that this is not easy because molecular control of the ionization
potential of the D, and the electron affinity to A is required to control the CT in addition to the al-
ready complicated design of the system,% %

Energy transfer between different ligands can also be observed for those MOFs constructed with
two different organic components. Both the BOB and BOP MOFs, which were assembled using a
pyridyl-functionalized boron dipyromethane (BODIPY) ligand, a tetratopic carboxylic acid, and
Zn" showed ligand-to-ligand energy transfers shifting the emission from green to red when the acid
was replaced by a porphyrin.®’

Ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT) arises
from easily oxidized ligands and reducible metal, or vice versa for MLCT, in MOFs containing
transition metal cations.®® LMCT has been demonstrated in a wide variety of Zn" and Cd" MOFs,
such as Znz(1,4-BDC)(1,3,5-BTC)2(NH(CHz3)2)2(NH2(CHz3)2)2 which emits at 430 nm and has a
BTC ligand absorption feature at 370 nm.*® Commonly, these MOFs exhibit LMCT when combined
with benzene derived ligands such as BDC, BTC and other terephthalates. Similarly, MLCT occurs
with benzene derived ligands and d*° metals such as Cu' and Ag'. Here, the difference is that the
valence orbitals of these metals enables MLCT, whereas the Zn'" and Cd'"" have core-like orbitals.5®
If the metal is instead paramagnetic, such as d°® Cu", ligand-based luminescence can be quenched.
For example, comparing the uranyl complex UO2(CsH2N204)-H.O with a Cu'-doped analogue
UO2(3,5-pyrazole dicarboxylate)(H20), the former complex exhibits a characteristic UO2?* emis-
sion spectra, whereas the MOF has no emission.*® Copper based MOFs have the potential to form
structures which three-, four-, five- or six- coordinate Cu geometries, all with interesting lumines-
cent properties. For example, mixed valence MOFs such as [Cu(1,2-propanediamine)2][Cu2(CN)]
and [NEts][Cu2(CN)s] have MLCT emissions which arise from the Cu-CN transfer, and was

demonstrated to be stronger in the later species.®

Metal-centered (MC) luminescence is found in MOFs comprised of lanthanides or actinides, but
has been seen in transition (d-d transitions) and main group metals (s-p-transitions).®® 12 Unfortu-
nately for transition metals, there are problems with observing this weak luminescence due to the d-
d transitions, and therefore low temperatures are required. Metals used to observe MC luminescence
are Pb"" and Bi'"' however there is still some difficulties in clearly assigning the emissions. For ex-
ample, Bi(pydc)2(HsO)(H20)o.83 (pydc2- = pyridine-2,5-dicarboxylate) displays a broad blue emis-

sion at 481 nm, whereas the free ligand afford a green emissions at 518 nm. While this is a relative-
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ly simple system comprised of one ligand, it has been suggested that the emission comes from
LMCT and/or s-p transitions.%?

Lanthanide MC luminescence is attributed to the shielded nature of the f-electrons, resulting in
predictable MC f-f transitions, with narrow emissions, that have very little influence from the envi-
ronment of the lanthanide ion.®° Due to the parity-forbidden nature, the absorption coefficients for
these f-f transitions is low, giving poor luminescence. However, trivalent lanthanides have a diverse
luminescence of colors and characteristics, such as Th""' and Eu"', which have green and red 4f-4f
emissions respectively, and energy gaps large enough between their main emissive and receives
states that avoids vibrational quenching.®® lons such as Ce'"' are not just restricted to MC f-f-
luminescence, and have been show to 5d-4f-transitions which are highly dependent on the coordina-
tion environmental of the metal as the energetic level of the d states is reduced via ligand and crys-
tal fields. This can also be seen for divalent lanthanides such as Eu', which can access 5d energy
levels in luminescent processes.

Excitation Energy Transfer Luminescence

~
N ”
N ’
* /

Ligand

Figure 1-13: Antennae effect from Ln'' or Ln'"! luminescence.

To avoid low light absorption attributed to f-f transitions, ligands which can transfer energy to
the lanthanide after excitation have been used in a process called an antennae effect (Figure 1-13).
Ligands which have been reported are functionalized symmetric or unsymmetrical benzene rings
such as terephthalic acid, 4,4'-bipy, isonicotinic acid and extended triazines, as well as non-aromatic
ligands such as oxalic acid, fumaric acid, adipic acid, and nitrilotriacetic acid.®® However, a syner-
gistic effect between the Ln and ligand is required, which was demonstrated by Huang et al. who
shows that in five isostructural Ln-(3-nitrophthalic acid MOFs) (Ln = Pr, Eu, Gd, Th, Dy) only the
Eu complex exhibited Ln emissions, while the others only showed ligand fluorescence.® It should
be noted that the energy transfer mechanism involved is of interested, however not easily elucidat-
ed. In the case for the Eu-(3-nitrophthalic acid) MOF, the authors original suggestion that the ener-
gy transfer rate is proportional to energy gap was an insufficient explication, due to additional fac-
tors that should be considered such as the extent of the Franck-Condon (FC) overlap between the

two excited states.®®
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The antennae effect can also be achieved through doping Ln'" ions into frameworks, as was
shows in a [Zn(NDIC)-2H>0]-2H,0 (NDIC = 5-(5-Norbonene-2,3-dicarboximide)lsophthalic ac-
id) ) which was doped with Tb"" and Eu"" for luminescence sensing of Ag', Pb", Mg", Cd", K!, zn',
Ni"', Co", and Fe'"'.2%* The as made Ln'" doped material showed strong green and red luminescence
under UV-light, attributed to the Tb'""' and Eu"" ions, with good quantum yields and lifetimes report-
ed for the Tb doped material (42.67%, 0.587 ms, respectively).1®* Luminescence decreases at 545
nm were seen when Fe!'', K!', zn'', Ni"", Mg", and Co", were added, while an increase in lumines-

cence was observed for Pb', Cd" ions.

Adsorbate-based emission and sensitization plays off of a frameworks porosity, and its ability to
incorporate emissive molecules for the purpose of molecular detection and structural probing, how-
ever there are only a few examples in the literature in which the luminescence is fully examined.
Here, a MOF derived structure consisting of Th'"" ions and triazine-1,3,5-(4, 4', 4"-trisbenzoate) was
shown to have two distinct pore shapes (3.9 mm and 4.7 nm diameters), a BET of 3855 m?/g, and
gave a bright green sensitized luminescence characteristic of Tb"'.1% Introducing ferrocene into the
material induced a reversible color change from green to dark brown, and a decrease in Th emission
intensity, which was restored following removal. The authors suggest that the inclusion of ferrocene

introduced a non-radiative energy transfer-pathway to quench the Th emissions.

Depending on the orientation of the ligand groups within a framework, and how they respond to
the absorption of a photon, or the interaction of the framework with a guest molecule, exciplexes
(heterodimer in an excited state) or excimers (dimer in an excited state), respectively, can be formed
resulting in a broad featureless emission at red-shifted wavelengths from the original ligand.8®
Emissions are dependent on the orientation of the ligand/group, as cofacial arrangements have been
hypothesized to be more favorable for excimer formation. Electronic modeling has also suggested
that there is a strong dependence on separation distances, as strong face-to-face interactions have
been predicted for stilbene dimers with distances less than 5 A.1% Exciplexes in MOFs have been
only observed in a few cases, such as (Zn(4,4-bipy)15(NOz)2-CH3sOH-0.5pyrene), in which the
4,4'-bipy ligand is in a cofacial arrangement with the pyrene molecule.'®” 1% In the structure, the
pyrene molecules are not coordinated to the Zn ions, but are instead trapped within the matrix to

forma 2 : 1 4,4-bipy-pyrene exciplex.!%®

Using a MOF as a template to generate core-shell and hollow shell nanoparticles is a method that
has been explored for MOF luminescence via surface modification. Nanoscale MOFs (NMOFs)
comprised of Ln(1,4-BDC)15 were used to template NMOF rods with polyvinylpyrrolidone (PVP)

and coated with a Si shell.1%® Doping the material with 5 % Eu leads to an NMOF material which
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can be used for sensing. Altering the Si to Tb-bound EDTA monosiloxylamide yields a dual Ln

competitive sensors which can detect various bacterial spores.

If a framework emits light when it is irradiated with ionizing radiation such as gamma rays, neu-
trons or alpha particles, it is known as luminescence via scintillation. This arises from using conju-
gated ligands such as SDC (SDC = stilbene dicarboxylate), and Zn.'t 112 Experiments were con-
ducted using a 3 MeV beam of protons which simulates the interaction between the neutrons with a
hydrogen-containing material, which causes ‘recoil protons’ to be produced.!!! Scintillation lumi-
nescence produced by MOFs through this method are comparable to their commercial organic

counterparts.

1.4.2 Lanthanide-based MOF Luminescence

Due to the hard Lewis acid nature of Ln'""" ions, lanthanide based MOFs (Ln-MOFs) are typically
constructed using ligands with hard, negatively charged donor atoms such as carboxylic acids,
compared to softer bases such as nitrogen.'*® Lanthanide (Ln"") doped or based MOFs are of great
interested due to their wide range of applications in areas such as photonics,** and white light emit-
ting diodes (LEDs).1*® The current challenges researchers face when engineering new luminescent

materials are:11®

i. Increasing the brightness (target : 10? cd/m?), emission quantum yield (>0.50 for excitation in
the deep UV/blue), enhanced absorption cross-section (5-6 orders of magnitude larger than upon

intra-4f excitation), and broad excitation range (>100 nm);

ii. Synthesis of more environmentally friendly phosphors which would allow for cheaper and
safer LEDs;

iii. Under UV/blue irradiation, increased photo stability with no degradation before 20 hrs (or-

ganic and hybrid materials);

iv. New electroluminescent materials with a brightness of at least 10? cd/m? for applied voltages
of <10V,

v. Synthesis of new multifunctional systems, for example porous materials with light emission

properties.
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Figure 1-14: Sum of Ln-O bond lengths against the number of f-electrons. Here, the quadratic
fit in red, with x> as the weighting factor c2.1*" Reprinted with permission, © 2009 American

Chemical Society.

The advantages of using lanthanides instead of other metals is due to the nature of the group it-
self. Studying families of MOFs using Ln-MOFs is typically easier than transition metals, as lan-
thanides have similar chemical properties such as common oxidation states and ionic radius, where-
as transition metals can vary. Furthermore, properties such as the decrease in atomic radii of Ln’s
across the series (known as the lanthanide contraction) have been previously studied and used to
fine tune materials.**” In 2007, this concept was revisited and studied via a 1-dimentiosnal polymer-
ic isostructural series of Ln-complexes (La-Lu, except Pm). Each lanthanide was eight-coordinate,
with a distorted trigonal-dodecahedral environment, eight unique oxygen atoms, and was the first
example of a complete series with a ligand of denticity greater than two. The authors went on to
show a quadratic decrease in the sum of all distances for Ln-X (X = N, O), and that the decrease
follows Slaters model for calculating ionic radii (Figure 1-14). Here, the model utilizes a set of rules
for shielding by the nuclear charge (Z) from electrons in a particular orbital by the inner shell elec-

trons.1’

Another benefit of using Ln-based MOFs for luminescent applications, is the unusual spectros-
copy properties that Ln'" ions can contribute to a framework. Trivalent lanthanide ions display ab-
sorption and emission bands that correspond to Laporte-forbidden f-f transitions, which results in

line-like optical bands characteristic of each metal.}'® In a centrosymmetric environment, transi-
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tions between the s-s, p-p, d-d and f-f orbitals are forbidden when Al = 0 (Laporte rule or Orbital
rule, Al = £ 1). Therefore, for example, in an octahedral molecule (centrosymmetric) these transi-
tions would be forbidden, whereas for a tetrahedral molecule (non-centrosymmetric) these transi-
tions may appear stronger because small amounts of mixing between the orbitals can occur.!'® Due
to these rules, and the consequence of parity, these absorptions have lower intensities, however this

can be circumvented by using an antennae ligand.
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Figure 1-15: Electronic excited-state energy levels for Ln'" ions.!*® Reprinted with permission,

© 2009 American Chemical Society.

Ilustrated in Figure 1-15 is the ground and excited states of Ln"" ions, and shows the energy
gaps between adjacent levels. Those early (Ce-Pm) and late (Ho-Yb) have relatively small energy
gaps when compared to the central (Sm-Dy) ions, particularly Gd.**® For the early and late ions,
non-radiative deactivation pathways processes (e.g. coupling to solvent vibrational modes) are effi-
cient, rendering the ions only weakly emissive. This is compared to the central group, in which the

electronic transitions involve a change in spin multiplicity, giving long lived luminescence.*®
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1.5 Electrically Conductive Metal-Organic Frameworks

The typical approach of constructing MOFs relies on hard metal-ions and redox-active or-
ganic ligands that coordinate via their oxygen or nitrogen atoms.*° This, unfortunately leads to in-
sulating MOFs (conductivity <10° S/cm) as no low-energy pathways are available for charge
transport or free charge carriers.'?° Since 2010, researchers have realized new approaches that allow
for electrically conductive MOFs to be form. It should be noted that for the scope of this thesis pro-

ton conductivity!?* will not be discussed.

1.5.1 General Design and Measurement Techniques

Electrical conductivity (o) is dictated by the density (n) and mobility («) of the electrons (e) and
holes (h) within a framework. To achieve high conductivity values, both high charge density and
high charge mobility are needed. Achieving high charge density requires the material to have a high
concentration of loosely bound charge carries (10*° cm®), which can be either as free carriers (me-
tallic conductors) or thermally activated (semiconductors).*?° The components of the framework can
act as a source of charge carriers, with metals such as square planar d® Cu' or octahedral d® Fe'", and
stable radical containing or redox-active ligands commonly employed. Here, these choice of metals
should provide the framework with a source of high-energy electrons/holes, while the ligands can
either provide a source of unpaired electrons and/or enable a facile charge transfer between the met-

al ions.120

Depending on how the framework is constructed, depends on if the material will be a metal-
lic or semiconducting. According to band theory, in which the energy levels in a material form con-
tinuous energy bands, metallic conductors have a conduction band which is filled up to the Fermi
level (EF), which lies in the middle of the band, and is not completely filled. The electrons in the
conduction band are free charge carries, resulting in a charge density >102° cm?, affording conduc-
tivity values that are >100 S/cm.'?2 This is different than semiconductors, in which the Ef lies be-
tween the valence and conduction band (VB and CB, respectively). At 0 K, the VB is completely
filled, while the conduction band is completely empty.'?° The activation energy of the material aris-
es from the difference between the Er, and the VB maximum (Evewm) or the conduction band mini-
mum (Ecem). Thermally promoting electrons to the CB, leaving holes in the VB, results in free
charge carriers, and charge density is therefore determined by the E. (activation energy). Here, the
smaller the E,, the larger the charge density at a given temperature.'?° If the MOF is undoped (in-
trinsic semiconductor), then the Er level is at the center of the band gap, a narrow band gap is pre-

ferred and therefore redox matching is required between the components of the material to achieve
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this. If a MOF is doped (extrinsic semiconductor), the Er is shifted towards the VB or CB giving
either n-type or p-type semiconductors, respectively.'?® For semiconductors, the Ea is generally ob-
tained by fitting temperature dependent data to the Arrhenius equation:

o =00.exp (-Ea/k-T) (1-1)

where oo is a prefactor, and charge mobility is required to be constant in the range of temperatures
used for this measurement. The E, can also be used to derive the fundamental band gap (Eg) through
the formula Eq = 2E,, and Eq can be determined from the difference between the VBM and CBM.2°
It should be noted that this relationship is only valid for undoped semiconductors, and that for
MOFs, ultraviolet photoelectron spectroscopy (UPS) and inversion photoemission spectroscopy
(IPES) should be used to measure the difference between the VBM and CBM as it gives exact ener-
gy levels, whereas UV-vis-NIR (NIR = near infrared) does not.

Theoretically, the charge transportation can be broken up into either a hopping or band
transport mechanism, both of which require good spatial and energetic overlap between their orbit-
als, which improves the transportation pathway and increases charge mobility. In the hopping
transport mechanism, the charge carries (electrons and/or holes) are found in localized specific sites
and have discrete energy levels, allowing them to hope between neighboring sites.'?* This is com-
pared to the band transportation mechanism where the charge carriers are delocalized, and depend
on the curvature of the band.*?> Achieving high mobility unfortunately at the moment is not entire-
ly controllable, as factors such as crystal lattice symmetry and unit cell parameters control how well
a band is dispersed which fundamentally is a result of the orbital overlap.?° Unfortunately, both of
these pathways are absent in the majority of MOFs, and instead, a “through-bond” or “through-
space” approach should be considered instead, both of which can theoretically lead to a hopping or

band transport mechanism.?°
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Figure 1-16: Through bond approach to charge transfer. Structures highlighting two strategies
to develop a through-bond approach to electrically conductive MOFs. Left: The structure of
Fe(1,2,3-triazolate)2, which shows a continuous covalent network of Fe-N bonds. Right: TCNQ
adsorbed into Cuz(BTC)., with the covalent charge pathway highlighted in blue.*?® Reprinted with
permission, © 2016 John Wiley and Sons.

In the through-bond approach, charge transport is achieved through favorable spatial and ener-
getic overlap of frameworks components (Figure 1-16 left). For example, it's common for these
frameworks to have 1-dimensional metal chain complexes which afford the desired charge transport
mechanism. Strategically, metals with loosely held electrons, conjugated ligands, and frameworks
that have mostly covalent bonding interactions between the metal ions and ligand.'?® Metals such as
cu', cu™, Fe", and Mn'", have been employed with ligands such as 2,3-pyrazinedithiolate (pdt),?®-
128 2 5-dihydroxybenzene-1,4-dicarboxylate ~ (DOBDC),'3133 2 5-disulhydrylbenzene-1,4-
dicarboxylic acid (DSBDC),*** and benzene-1,3,5-tricaboxylate (BTC)!3 have been used. For these
frameworks, conductivity values ranged between 102 S/cm for Mn(DSBDC) to 0.07 S/cm for
TCNQ doped Cuz(BTC). (HKUST-1). Interestingly, as made HKUST-1 has a recorded conductivi-
ty of 10 S/cm, however when doped the conductivity increases. Theoretical calculations suggest
that the TCNQ molecule (on molecule per MOF pore) binds to two open metal Cu sites forming a
new continuous covalent network (Figure 1-16 right). This is ultimately achieved through redox
matching and orbital overlap between the HKUST-1 framework and TCNQ molecule, in which the
VBM of HKUST-1 and the LUMO of TCNQ give rise to a Ea = 0.041 eV, resulting in a partial

charge transfer (0.3-0.4 electrons) which affords loosely bound charge carriers.?% 13¢ The creation
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of loosely bound electrons can also be achieved through 1> doping in frameworks such as SION-
8,13" and Cu[Ni(pdt)2].*’

Similar to organic conductors and semiconductors such as TTF-TCNQ (TTF = tetrathiafulva-
lene)!3® and polythiophene,!3 a through-space approach has also been successfully used to create
electrically conducting MOFs via non-covalent interactions such as n-n stacking. For this approach
to work, a rigid MOF framework is required, as stacking between the conjugated organic ligands
should be approximately ~3.3-3.6 A so that an extended charge pathway can be created with suffi-
cient orbital overall between adjacent ligands.2*® Generally, the ligands used should be stable organ-
ic radical ligands because they can provide free charge carriers and improve the charge density.'%
Ligands that have been previously reported are tetrathiafulvalene tetrabenzoate (TTFTB),141143
hexahydroxytriphenylene (HHTP),** benzenehexathiol (BHT),** hexathiotriphenylene (HTTP),'*>
146 hexaaminotriphenylene (HATP),'*” and hexaiminotriphenylene (HITP),#" 148 with metals such
as Mn!", Co", zn", Cd", Co", Ni", Pt", Pd", and In'". Conductivity values for MOFs utilizing these
metals and ligands range from 10 S/cm for Pts(HTTP) to 40 S/cm for Nis(HITP)s.

Once a MOF has been made, testing it for electrical conductivity can get tricky. These
measurements depend not only on the framework, but also the method in which is used to measure
conductivity, the quality of the instrument, and materials used for the device’s fabrication such as
electrical leads, contact pastes, and substrates.'?® To measure conductivity, measurements of the

electrical conductance, the length (I) and area (A) are required:

o = (IIV)-(IIA) (1-2)

Where:
V= voltage

I= current

Conductivity follows Ohms law (I = V/R, where R is resistance), which states that the current be-
tween two points of a conductor is proportional to the V across the two points, where the propor-
tionality is R.1*° Measurements taken between the | and the V are then fitted to a (typically) linear I-
V curve. However, depending on the form of your sample also depends on the method used, for

example for single crystals and pressed powders a four-contact probe or two-contact probe can be

26



Chapter 1 - Introduction to Metal-Organic Frameworks

used whereas thin films require a four-point probe or van der Pauw method. Both the four-probe
and van der Pauw method eliminate the resistance of contacts and wires, so these methods are often
used with materials that have higher conductivity values. Generally, for most 3-dimnsional MOFs,
their conductivity is below 102 S/cm, with resistance of more than 1 kQ in their conduction chan-
nels, which is significantly larger than contacts and wires (1-10 €).1?° For these samples then, the
two-point probe method is sufficient enough to give meaningful conductivity values.

As stated earlier, an important concern in measuring the conductivity of a MOF, is the form
in which the MOF is present as each form can give different conductivity values. In an ideal set up,
a single crystal would be measured through a four-probe or van der Pauw method, in constant tem-
perature, in vacuum and in the dark, however often these experimental conditions are not always
feasible. For many MOFs, obtaining single crystals large enough to measure can be nearly impossi-
ble, and also difficult to handle. Therefore, powders can offer an attractive advantage as they’re
easy to handle and can be pressed into pellets using standard laboratory equipment. Fundamentally
however, powder pellets have a high number of grain boundaries which can present the study of
intrinsic charge transport properties, and the random orientation of crystallites within the pellet can
mask any potential anisotropy of charge transport.*?’ An alternative method is to use polycrystalline
films, as they’re often denser than pellets and have shown higher conductivity values, but overall
suffer from the same drawbacks as pressed powders. Combining pressed pellets with Electrochemi-
cal Impedance Spectroscopy (EIS) measurements however offers the advantage of understanding
complex material variables such as mass transport, and gives insights into defects, microstructures,
and compositional influences.'*® Due to the ease at which these measurements can be taken, materi-

al can also be measured under the influence of different temperatures and/or pressures.

1.6 Electrochemical Impedance Spectroscopy

Evaluating the electrochemical behavior of a material is typically done in a cell with two identi-
cal electrodes, which are in contact with the faces of the sample in either a circular cylinder or a
rectangular parallelepiped. The sample can be tested under conditions such as vacuum, a neutral
atmosphere (e.g. argon) or under a normal/O2 enriched atmosphere (e.g. oxidizing atmospheres).
Once the cell is connected to a voltage source, electrical stimulus can be applied and a response is
subsequently recorded. Application of electrical stimulus to the material results in: i. the transporta-
tion of electrons through the conductors; ii. the transfer of electrons via the electrode-material inter-
face to/from charged/uncharged species or components of the material; iii. flow of charged at-

oms/atom agglomerates through the defects in the material, where the flow rate is called the charge,
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and is dependent on the ohmic resistance of the electrodes and the reaction rate at the electrode-
material interface.’>® The properties of the material are assume to be time-invariant, and through the
use of EIS, the relationship of the material to controllable variable such as temperature, oxygen par-
tial pressure, applied hydrostatic pressure and applied static voltage can be deduced.° It should be
noted that the flow of charge throughout the cell can be impeded or influenced by the contacts and
the material being measured. While it’s assumed that the electrode-material interface is smooth, in
reality it isn’t. The interface is rough, the powdered material doesn’t have a perfect crystal orienta-

tion, grain boundaries are present, and there will be defects in the bulk of the material.

While there are many methods to determine the conductivity of a material, impedance spectros-
copy is useful because any intrinsic property that influences the system can be studied. There are
two categories that can be used to classify the information gained through this study, i. information
in regard to the material itself such as, conductivity, dielectric constant, charge mobility, equilibri-
um concentration of charge species, and bulk generation-recombination rates, and ii. information
regarding the electrode-material interface such as adsorption-reaction rate constants, capacitance of

the interface region, and diffusion coefficient of the neutral species in the electrode itself. %

When a measurement is performed, a monochromatic signal v(t) = Vmsin(w?), which has a single
frequency v = w/2x is applied to a cell, and the steady state current i(t) = ImSin(w? + 6) is measured,
where  is the angular frequency, t is time, and @ is the phase difference between the voltage and
the current, which is zero for a purely resistive behavior.**® Following measurements, data is dis-
played as the magnitude and direction of a planar vector in the first quadrant of Cartesian system,

and are commonly expressed as the vector sum of the components a and b along the axis.>°

Im(Z)

Re(Z)

\"\-——/
)
[

Figure 1-17: Complex impedance plane. Here, the complex impedance plane shows both the real,

Re(Z), and imaginary, Im(Z) axis’s.
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Here, the real part of Z (ReZ, or Z'), along the a-axis, is direction along the real axis, where b repre-
sents a direction along the imaginary axis (ImZ, or Z"). The real and imaginary parts of the axis are
commonly denoted as Z' and Z", respectively. An impedance then of Z(w) = Z' + JZ" is a vector
quantity and can be plotted with a phase angle of @ = tan}(Z'/ Z"), as seen in Figure 1-17.

It should be noted that there are impedance related function generically called immittances
which can play a roles in impedance spectroscopy. These concepts combine impedance and admit-
tance of a system, and refer to complex numbers of either the impedance or the admittance of the
system. However, for the electrode-material systems present throughout this thesis, only impedance
will be discussed for the sake of relevancy, clarity and consistency.'® Furthermore, it should be
noted that the conductivity of the samples is taken directly from the data, and that while an equiva-
lent circuit can be fit, it will not be discussed in this body of work.

1.7 Outlook

The following thesis will explore MOFs through functional applications based on tuning their
properties, and through bridging fields such as organic chemistry and health monitoring. More spe-
cifically, in the next chapter we explore the chemical transformation of SION-2 to SION-1, which
proceeds through the loss of a ligand upon continuous heating. As mentioned in this introductory
chapter, developing insights into these transformations can be difficult due to the lack of instrumen-
tation available to monitor in-situ solution crystal transformations. Following this work, we devel-
oped an isostructural family of Ln-SION-1 and Ln-SION-2 materials, and explored their tunable

optical properties and potential use as dielectric materials.

In the third chapter of this thesis, we developed a novel Ade based MOF, SION-19, which can
be used as a MOF nanoreactor to absorb and dimerize thymine molecules within its pores. The use
of MOFs as nanoreactors is an emerging field that bridges both the materials and organic chemistry
fields, allowing researchers to obtain organic molecules with specific conformations or functionali-

ties which may be difficult to synthesize through typical synthetic pathways.

In the final chapter of this work, we synthesized a new MOF (SION-9) using a porphyrin based
ligand with a free electron and Ade, to construct an electrically conductive MOF. Here, our goal
was to develop a new, multimodal sensing MOF that could detect pressure and temperature changes
simultaneously and allow us to construct a cheap health monitoring device using common hobby
shop items. We hope that this work highlights that MOFs can be used to make cost effective health

monitoring devices, without using complicated device fabrication steps.
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Through this work, we hope to demonstrate both the fundamental insights we have gained
through the synthesis and analysis of new MOFs, while also showing their ability to bridge other
fields such as organic chemistry, conductivity, and health.
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Chapter 2 Formation Pathway and Optical
Properties of SION-1 and SION-2

2.1 Introduction

The ability for a chemical compound to exist in two or more solid forms has been demonstrated
by researchers since the 19" century. Compounds such as calcium carbonate minerals can exist in
anhydrous forms such as calcite, aragonite, and vaterite,®™! while other compounds like TiO, can
exist in either the well-known forms such as rutile, anatase and brookite, or the less well-known
columbite structure.'® For these structures, it’s typically reported that specific phases exist either as
a kinetic, thermodynamic or metastable phase. Examples of the metastable phases for calcium car-
bonate and TiO> are the aragonite/vaterite and anatase/brookite structures, respectively, while the
thermodynamically stable phases are calcite and rutile.*>® These metastable phases can be formed
through the addition of additives, or changes in the reaction conditions,?% 154 1% and for many prac-
tical applications it is important to determine the correct conditions for the formation of the desired
phase. However, understanding the underlying mechanism that guides the formation of these phases
is limited, thereby restricting access to materials that otherwise may be difficult to form through
traditional methods.?® The self-assembly of the components in MOFs is a dynamical non-
equilibrium process, evolving from an initially disordered state, towards an ordered stable state by
the completion of the reaction.**® This process can proceed through various pathways, where struc-
tures can either be described as under Kinetic or thermodynamic control.**61%0 Revealing the path-
ways in the synthesis of MOFs remains a challenge, since there are limited experimental methods
available that can provide high quality in situ data. 1>* 1% 161167 \we are only beginning to reveal the
dynamic nature of these reactions, as recent studies have challenged the conventional view that

once the MOF crystal is formed it remains stable in solution.?* 25 33. 168,

It should be noted that our publication "Anderson, L. Samantha; Gtadysiak, Andrzej; Boyd, G. Peter; Ireland, P. Chris-
topher; Miéville, Pascal; Tiana, Davide; Vlaisavljevich, Bess; Schouwink, Pascal; Van Beek, Wouter; Gagnon, J. Kev-
in; Smit, Berend; Stylianou, C. Kyriakos. Formation pathways of metal-organic frameworks proceeding through partial
dissolution of the metastable phase, CrysEngComm.2017, 19, 3407-3413" has been reused for this thesis chapter.
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A key issue hindering the fundamental insights into the formation of MOFs is the lack of model
systems in which different frameworks composed of the same chemical components can be system-
atically studied. This work presents two 3-dimensional Tb'' based MOFs utilizing a DHBDC
(DHBDC = 2,5-dihydroxybenzene-1,4-dicarboxylate) ligand; SION-1 and SION-2 (SION refers to
MOFs synthesized at the EPFL Valais in Sion, Switzerland). Uniquely, this systematic study re-
veals tuneable conditions favouring the formation of one phase or the other, and in-situ *H NMR
and powder X-ray diffraction (PXRD) studies on how SION-2 transforms to SION-1. This tunabil-
ity arises from the addition of more energy allowing the kinetic and metastable SION-2 to partially
dissolve and undergo a structural rearrangement into the thermodynamically stable SION-1.

2.2 Structural Description, Stability and Bulk Characterization of SION-1
and SION-2

Figure 2-1: Crystal structure of SION-2. a) Thz-cluster b) antiprismatic coordination geometry of
Tb", ¢) coordination modes of the three distinct ligands with #? chelating (purple) and #:4* bridg-
ing (yellow and green) modes and d) the packing along the crystallographic [100] direction with
coordinated DMF molecules occupying the accessible void space. Atom colours: orange, Tb; red,

O; blue, N; grey, C; pale yellow, H.

The reaction of Tb(NO3)3-6H20 with H.DHDBC in DMF:H20 solvent mixture at 120 °C for 24
hours yielded gold coloured crystals of SION-2. SION-2 crystals were analysed using single crystal
X-ray diffraction (SCXRD and its formula is based on [Tho(DHBDC)3(DMF)4]-2DMF (general
formula MzLs, where M = Th'"" and L = DHBDC). SION-2 crystallizes in the triclinic space group
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P1 and is composed of a binuclear Th2(COO)s cluster interconnected by three distinct DHBDC lig-
ands with #? chelating and »*:5* bridging modes (Figure 2-1a). Each of these ligands possess a cen-
tre of symmetry which is retained within the crystal structure. The Tho-clusters are centrosymmet-
rical as well, and each 8-coordinated Th'" displays a square antiprismatic geometry (Figure 2-1b),
which is completed via coordination of two fully ordered DMF molecules, two carboxylate O-atoms
from a 52 chelating DHBDC ligand, and the remaining four carboxylate O-atoms from two symmet-
rically distinct DHBDC with #':5! bridging modes (Figure 2-1c). Here, the hydroxyl groups of the
DHBDC ligands do not participate in metal binding. SION-2 possesses rectangular channels run-
ning along the crystallographic direction of [100] which are filled with coordinated to Th"' and
guest DMF molecules (Figure 2-1d), the latter being disordered over two sites with unequal occu-
pancies. We note that SION-2 is isomorphous to the structures of [Ln2(DHBDC)3(DMF)4]-2DMF
(Ln = La, Ce, Pr, Nd, Sm, Gd, Er) reported previously.'®® 1"® Topological analysis of SION-2 using
the TOPOS4.0 software package designates this material as the xah topology, using the three-letter

notation of O’Keeffe.1’!
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Figure 2-2: Crystal structure of SION-1 a) 1-dimensional Tb-O chains running along the crystal-
lographic [010] direction, b) distorted dodecahedron geometry of Th'"' ¢) and d) coordination
schemes of DHBDC and DOBDC ligands in SION-1 (':5* bridging — yellow and »*:52#? bridging
— green, respectively), e. the coordination of DOBDC with Tb'"' leads in the formation of 2-
dimensional layered sheets (101) which are interlinked by DHBDC to form f) the 3-dimensional
SION-1, with pores along the [010] direction which are occupied by coordinated DMF molecules.
Atom colours: orange, Tb; red, O; blue, N; grey, C; pale yellow, H.

Figure 2-3: Network topologies of SION-1 and SION-2. Network topologies of a) Ivt of SION-1,
b) xah of SION-2 along the c-axis, c) projection of the xah net approximately along the a-axis, d)
projection of the Ivt net approximately along the a-axis, e) the xah net with SION-2 superposed in
the background, f) the Ivt net with SION-1 superposed in the background. Th"! ions are represented

as purple balls, while the organic ligands are represented as purple and white lines.
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The reaction of Tb(NO3)3-6H20 with H.DHDBC in DMF:H>0 solvent mixture at 120 °C for 72
hours gave rise to red single crystals of SION-1. SION-1 has a formula of
[Th2(DHBDC)(DOBDC)(DMF).], (where: DOBDC = 2,5- dioxidobenzene-1,4-dicarboxylate), or a
general formula of ML, and possesses a higher monoclinic symmetry (space group P2:/n). The
DHBDC and DOBDC ligands are symmetrically independent and their centres of gravity sit on
crystallographic inversion centres. The main building unit of SION-1 consists of 2;- symmetrical
chains of alternating Tb'"' and O atoms that are running along the [010] direction (Figure 2-2a).
Visually, the structure appears to resemble a ladder, and within these ladder-like arrays, the coordi-
nation number of each Tb'" is 8 with a distorted dodecahedron geometry, where only one out of
eight coordination sites is occupied by DMF molecules (Figure 2-2b), which are disordered over
two sites with unequal occupancies. The DHBDC ligands with protonated hydroxyl groups bind to
Th"" in a similar coordination mode with the #:5* bridging ligands in SION-2, demonstrating a
similar partial disorder over the two pendant hydroxyl groups (Figure 2-2c-d). However, the fully
deprotonated DOBDC has a n*:5?:5? bridging mode and binds to Tb"" in a similar way as observed
in MOF-74.%% This highly-connected coordination mode allows for the formation of 2-dimensional
puckered sheets consisting of Th'" and O-atoms (Figure 2-2e) which are interlinked by the DHBDC

to form a 3-dimensional structure with 1-dimensional channels running along [010] (Figure 2-2f).

Deriving the structural topology of SION-1 into discrete secondary building units of 1-
dimensional Th-O chains is challenging and has been acknowledged previously for MOFs with sim-
ilar coordination schemes to 1-dimensional Th"'-O chains, such as in MOF-74 analogues.!’* 12 For
the topological analysis of SION-1, we treated each Th'" ion in the 1-dimensional Th"'-O chains as
a separate node, and using this method ultimately resulting in the net Ivt for SION-1 (Figure 2-3).
Here, the DHBDC and DOBDC ligands are described as connected to four separate Th'"' nodes. We
note that the DOBDC ligands in SION-1 are coordinated to six Th'"" ions (Figure 2-3d) however,
for conceptual symmetry with the ligand binding in SION-2 we have severed two of these connec-
tions in the topological description, corresponding to the terminal carboxylate O-Th"' bond on the

opposite side of the oxido group.
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Figure 2-4: PXRD of SION-2 and SION-1. Left, SION-2; right, SION-1. Color scheme: black,
theory; red, experimental.
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Figure 2-5: PXRD of SION-2@H20 and SION-1@H:0. Left, SION-2 @ H.O, color scheme:
black, theory; red, experimental. Right, SION-1@ H2O, color scheme: red, theory; black, experi-

mental.
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Figure 2-6: TGA of the SION MOFs. Color scheme: SION-2, red; SION-2@H-0O, black; SION-
1, blue; SION-1@H-0, pink.

Figure 2-7: Crystal Structures of SION-2@H-0O and SION-1@H-0 a) 1-dimensional chains of
SION-2@H20, b) structure of SION-1@H>0. Atom colours: orange, Tb; red, O; grey, C; pale
yellow, H.

The bulk phase and elemental purity of SION-1 and SION-2 is confirmed by PXRD (Figure 2-4-
5), infra-red spectroscopy and elemental analysis, whereas their thermal stability was evaluated by
TGA (Figure 2-6). Both SION-1 and SION-2 are stable standing in air for long periods of time,
however their stability in H20O is different. The PXRD patterns of the H.O loaded SION-1@H>0
and SION-2@H20 (Figure 2-5) suggested that although they are still crystalline, structural changes
have occurred; an observation that was visually confirmed by the change of their colour from gold
to beige for SION-2, and red to orange for SION-1.1"® Both SION-1@H:0 and SION-2@H-0
structures were solved using SCXRD (Figure 2-7). We found that SION-1@H>O does not undergo
substantial structural changes compared to SION-1, however, the 3-dimensional structure of SION-
2 collapses into binuclear Tho-clusters aligned in 1-dimensional chains.
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2.3 Effects of Time and Solvent Concentration of the Formation of SION-2
and SION-1, and the Transformation of SION-2 to SION-1

A. B.

1

Intensity (a.u)
1
Intensity (a.u)

10 20 30 40 10 ) 20 ' 30

26(%) 20(°)
Figure 2-8: PXRD of SION-2 and SION-1 reflecting the effects in changing the solvent con-
centration and reaction time. a) Effects of concentration of DMF on the formation of SION-1 and
SION-2, here all vials contain 0.5 mL of H>O. Color scheme: black, SION-1 theory; red, 2.0-2.2
mL DMF; pink, 1.5-1.7 mL DMF; Blue 1.0-1.3 mL DMF; green, SION-2; navy blue, SION-2 theo-
ry, b) Effects of time on the formation of SION-1 and SION-2. Color scheme: black, SION-2 theo-
ry; red, 12 hrs, blue, 24 hrs; pink, 48 hrs; green, 52 hrs; grey, 62 hrs; purple, 65 hrs; dark yellow, 72
hrs (SION-1); brown, SION-1 theory.

During synthesis, it was observed that both crystals of SION-2 and SION-1 could be formed to-
gether in the same reaction vial. Therefore, SION-2 was further examined as an intermediate to
SION-1, as it appeared to form in shorter amounts of times. SION-2 was synthesized using differ-
ent solvent ratios of DMF : H20 for 72 hours at 120 °C under the same solvothermal previously
used for its formation (Figure 2-8a). It was observed that outside of the optimal 2.0 : 0.5 mL DMF :
H>O ratio, led to various ratios of both MOFs. Subsequently, the time required to form each MOF
was studied (Figure 2-8b), and found that short reaction times (< 48 hrs) gave predominately SION-
2, reactions between 48-62 hrs gave mixtures of both, and reaction times longer than 68 hrs gave
SION-1.
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Figure 2-9: PXRD of the transformation in air from SION-2 to SION-1. Here, material had
been a) previously dried b) and material that had been just removed from solvent (“wet”) but not

dried. Color scheme: SION-2 Theory, red; dry/wet material after heating, black.
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Figure 2-10: PXRD of the transformation in fresh solvent (DMF : H,O 2.0 : 0.5 mL) using
preformed SION-2. Color scheme: black, SION-2 theory; red, 5 hrs; blue, 10 hrs; pink, 14 hrs;
green, 18 hours; dark blue, 20 hrs; purple, 24 hrs; dark purple, SION-1 theory.
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To rule out a single-crystal to single-crystal transformation between SION-2 to SION-1, pre-
formed SION-2 was made and either dried, or kept in submerged in solvent. Placing dry, or wet
crystals of SION-2 in the oven for 72 hours at 120 °C lead to a breakdown of the crystal structure
and no single-crystal transformation (Figure 2-9). This transformation was also unobservable after
heating if single crystals of SION-2 were submerged in anhydrous DMF. Using preformed SION-2
crystals, the original solvent in the vial was replaced with a fresh mixture of DMF : H.O 2.0 : 0.5
mL, and placed back into the oven for varying amounts of time at 120 °C (Figure 2-10). It was
found that a reaction time of 24 hrs was required for the chemical transformation of SION-2 to SI-
ON-1 to take place, and therefore, the irreversible transformation only occurs when SION-2 is
submerged in a DMF/H,O solvent mixture and heated.

2.4 The Partial Dissolution of SION-2

Due to the requirements for this chemical transformation to occur, we were experimentally lim-
ited on methods that could be used to study this phenomenon. In-situ *H NMR was chosen, as we
could monitor the changes within the solvent to determine if any ligand or Th were leached into the
solution during this process. However, paramagnetism in NMR often leads to difficulty in interpret-
ing spectra due to: a. signal broadening through nuclear relaxation from the electronic magnetic
moment, and b. hyperfine chemical shifts that are dependent on the topological and geometrical
locations of each proton with respect to their position from the paramagnetic center.’* While chal-
lenging, structural and electronic information can be revealed through the understanding of these
NMR spectra.t’
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Figure 2-11: 'H NMR of the transformation of SION-2 to SION-1. Here, 30-minute interval
scans are shown. A: ¢-DMF, B: DHBDC evolution, C: p-xylene, D: D,O/H.O. Branched/split peaks

correspond to the presence of small amounts of paramagnetic material leaching into the NMR sol-
vent.
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Figure 2-12: Analysis of *H NMR shifts and influence of Tbh. a) Deviation of chemical shift in
the *H NMR spectrum of bother the aromatic DHBDC (blue) and hydroxy (red) signals, b) ICPMS
indicating negligible amount of free Tb(lll) is released in the liquor during the transformation, c)
Aromatic *H DHBDC integral as a function of time. Grey dots: experimental integration determined
using Mestre GSD algorithm; red line: is the interpolated function, blue and orange: DHBDC in

close proximity to Th'"!, black: free DHBDC. Vertical axis gives the calculated ligand concentration
in mol/L based on p-xylene integration.
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In-situ *H NMR experiments were utilized to probe the formation pathway from SION-2 to Sl-
ON-1 by analysing the composition of the -DMF/D,0O solution during heating. Crystals of SION-2
were immersed in ¢-DMF/D20 in a sealed NMR tube and heated at 120°C for 62 hrs (Figure 2-11).
After 4.25 hrs an appearance of a peak at 7.60 ppm was observed corresponding to the release of
the ligand, followed by a gradual shift to 7.44 ppm (after 12.25 hrs), after which the peak appears to
split and continues to shift until reaching 7.33 ppm where it stabilizes (after 38 hrs) for the remain-
ing time. To understand if the cause of the peak splitting is due to the evolution of another DHBDC
by-product or a change in the chemical environment of the aromatic H of DHBDC, variations in the
chemical shift of both DHBDC and OH (from H20/D:0) signals were compared. Figure 2-12a
shows that the changes in both of these occur at approximately the same time, suggesting a simulta-
neous modification throughout the whole system. The release of ligand within the liquor indicates
that SION-2 is partially disassembled and therefore free Th'' could be potentially released as the
structure rearranges itself. ICP-MS was therefore utilized and confirms the presence of free Th'"" in
extremely low quantities (less than 0.1 % of Th'" after 72 hrs) (Figure 2-12b), and as Tb'" is para-
magnetic, the split of all the peaks in the *H NMR spectrum is attributed to its release. Since the
concentration is significantly lower than that of DHBDC, the formation of a molecular complex is
ruled out, and instead, we observed a dynamic change from deprotonated DHBDC to protonated
H.DHBDC.

Analysis of the *H NMR spectra using the Mestre GSD algorithm reveals the signal of the aro-
matic proton on the ligand as a function of time, with the ligand concentration determined through
the integration of an internal standard (p-xylene, Figure 2-12c). The use of ~12 mg of SION-2 con-
sists of 0.043 mol/L (2.7 x10° mols, 0.625 mL of solvent used) of DHBDC ligand. Combining the
in-situ *H NMR for the analysis of the solution media with the PXRD patterns, a number of obser-
vations have been recorded: a. SION-2 is still present after 5-10 hours of heating but there are trac-
es of ligand leaching into the liquor, b. between 10-20 hours there is a mixture of SION-1 and SlI-
ON-2 and after 24 hours, there is 0.016 mol/L (1.0 x10° mols) of ligand released corresponding to
37% release of the total ligand; c. SION-1 is formed after a duration of 24 hours, and e. after 24
hours, the ligand released into the solution adopts a new form (protonated H.DHBDC). A release of
37% ligand, represents the loss of approximately 1/3 of the ligands in the M2L3z (SION-2) general
formula resulting in M2L> (SION-1). Therefore, SION-2 is indeed acting as an intermediate phase

for the generation of SION-1 and the transformation from SION-2 to SION-1 occurs through a
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Figure 2-13: VT-PXRD and lattice parameter analysis of the transformation. a) SION-2 crys-
talline powder was immersed in DMF : H20 and packed in a quartz capillary. The reaction was
heated at 120 °C for over a period of 6 hrs and as can be seen, the golden colour of SION-2 changed
to red upon heating, indicating that SION-1 is formed, b) PXRD patterns collected throughout the
reaction evolution. SION-2 could be fully transformed to SION-1 within 6 hours, ¢) Temperature
dependent evolution of lattice parameters of SION-2 as a function of time. After 4.7 hours no Sl-
ON-2 lattice parameters cannot be longer extracted from the PXRD data, d) General view of the
SION-2 to SION-1 transformation emphasising the removal of one n2-chelating DHBDC ligand
(shown in purple) and the re-organisation of Th, clusters (shown as pairs of orange spheres along

with coordination polyhedra) into Th—O chains.
partial dissolution pathway.

The chemical transformation from SION-2 to SION-1 was further monitored with an in-situ
powder X-ray diffraction study. SION-2 in the form of crystalline powder was immersed in a mix-
ture of DMF :H,0, packed in a quartz capillary and heated at 2 C min™* to 120 'C, then held at 120
°C for 6 hours, with collection time of 60 secs per PXRD pattern (Figure 2-13a-b). Fitting the
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PXRD data according to the Le Bail method provided us with insights on the evolution of unit cell
parameters as a function of temperature and time (Figure 2-13c). Anisotropic thermal expansion
upon heating to 120 °C is followed by the actual time-dependent transformation. As can be seen in
Figure 2-13c, the largest magnitude of thermal expansion occurs along the c-axis, which suggests a
structural instability along the [001] direction of SION-2 related to the presence of Th, dimers and
n*-chelating DHBDC ligands (as summarised in Figure 5d, upon the chemical transformation of
SION-2 to SION-1, discrete Th; clusters reorganise into infinite Th—O chains, and one out of three
DHBDC ligands is removed). Once the temperature of 120 °C is attained, the unit-cell parameters
of SION-2 are stabilised (Figure 2-13c), however, after 1.6 hours, we have observed new Bragg
reflections evolving which can be indexed with the unit cell of SION-1. Subsequently, as the SlI-
ON-1 Bragg reflections gain in intensity whereas the diffraction from SION-2 becomes increasing-
ly weaker and completely disappears after 4.7 hours. There are no additional peaks or amorphous
phases present that would indicate the deconstruction of SION-2 and between 1.6 to 4.7 hours we
have observed that the X-ray diffraction patterns consist both phases SION-1 and SION-2. There-
fore, the transformation from SION-2 to SION-1 occurs without losing crystallinity, and can be

followed by the colour change of the samples from gold to red (Figure 2-13a).

2.5 Structural Transformation of SION-2 to SION-1.

SION-1 7/

et fc®

Figure 2-14: Proposed transformation mechanism. a-c) The chemical transformation from Sl-
ON-2 (a) to SION-1 (c) through b1, partial dissolution of SION-2 and release of the n2-chelating
DHBDC ligand (purple), b2, rotation of the green DHBDC, and b3, shift of the structure leading to
the formation of 1-dimensional Th-O chains upon coordination of the oxido O-atom of DOBDC to
the neighboring Tb'". The transformation can be also rationalized by their network topologies of
xah of SION-2 (a, bottom) and Ivt of SION-1 (c, bottom).
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Combining the information gained from the in-situ studies with the structural topologies of Sl-
ON-2 to SION-1, the formation pathway of SION-1 can be proposed (Figure 2-14a-c). The projec-
tion of the topologies of SION-2 along [001] and SION-1 along [010] shows significant similari-
ties. It is apparent that the Ivt network can be recovered from the xah by simply eliminating the
purple edge, which corresponds to the #2- chelating DHBDC ligand. Figure 2-14a shows a layer of
SION-2 projected along [010] where the purple DHBDC ligand corresponds to the purple line in
the xah network topology. From this structure, SION-1 can be formed (Figure 2-14c) through the
completion of the following steps presented in Figure 2-14b. Firstly, the purple 5-chelating
DHBDC ligand is eliminated, followed by a 180° rotation of the green DHBDC ligands and slight
tilt along the [100] direction, which can be achieved by severing one of the Th-O bonds and, fol-
lowing rotation, forming two new Th-O bonds, including one with the oxido group of DOBDC.
Finally, the isolated Tha-clusters, represented in separate layers as dark cyan and orange balls (Fig-
ure 2-14a-c), join together to form the 1-dimensional Tb-O chains present in SION-1. This is
achieved by forming new Th-O bonds with nearby carboxylate O- and oxido O-atoms of the green
DOBDC ligands and central (coloured grey and red) ligands, respectively. DFT calculations support
this mechanistic hypothesis as the purple #?-chelating DHBDC in SION-2 has a bond energy (-
41.347 kcal/mol) which is smaller than the #':#! bridging DHBDC ligands (-59.888 and -65.745
kcal/mol) in SION-2, highlighting that their lability is the initial driving force for the transition
from SION-2 to SION-1.

2.6 Optical properties of the Ln-SION-2 and Ln-SION-1 series.

Lanthanide-based MOFs (Ln'"'-MOFs) have drawn increasing interest due to the intrinsic nature
of Ln"" ions, which exhibit relatively large magnetic moments, strong spin-orbit coupling and high
coordination numbers.6: 175 176 Most Ln-MOFs can be obtained isostructurally throughout the Ln""!
series, allowing for a systematic study of their sensing and magnetic properties.*’"*"° Despite their
potential in sensing applications, the electronic properties of Ln'"'-MOFs have been rarely studied
due to the fact that Ln"" ions behave as isolated free ions as the 4f orbitals do not contribute to
bonding.1” Therefore, there is a limited orbital overlap and charge interaction with their local envi-
ronment.1’8 Additionally, the hard-acid nature of Ln""" ions requires the use of highly electronegative
ligands such as carboxylates, which often localize their unpaired electrons.'’”® However, by manipu-
lating the Ln'""—ligand interactions in Ln'"'-MOFs, their overall electronic structure can be tuned for

specific applications including those relying on photoabsorption and conductivity. & 18
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In MOFs, after photoabsorption, the electrons are excited from the Highest Occupied Crystal-
line Orbitals (HOCOs) to the Lowest Unoccupied Crystalline Orbitals (LUCOs); or in band-
structure terms, from the valence band (VB) to the conduction band (CB). These frontier orbitals
can consist of either metal or ligand orbitals, or a mixture of both, thereby creating a hybrid met-
al/ligand orbital 8% 182

Developing strategies to tune the electronic properties of MOFs can aid in the discovery of ma-
terials that can have potential in applications such as photocatalytic hydrogen generation, solar
cells, and capacitors.’3318 In order to effectively accomplish this, an interplay between experi-
mental and theoretical techniques is required for a total understanding of the materials properties. 8%
186190 Eollowing the structural investigation and transformation of SION-2 to SION-1, we reported
a systematic study of two isostructural families of Ln"'-SION-1 and Ln"!'-SION-2 families.*
Both families display different colors, with Ln'"'-SION-2 possessing a gold color, while Ln'"'-
SION-1 is red, thus having different absorption properties. The phase purity of the isostructural
Ln"-SION-1 (Ln'": Ce, Nd, Eu, Gd, Th, Dy, Ho, Er, Yb and Lu) and Ln""-SION-2 (Ln'": Ce, Nd,
Eu, Gd, Tb and Yb) series was confirmed by powder X-ray diffraction (PXRD) in respect to the
Th'"-SION-1 and Th'"'-SION-2 (Figure 2-15-16).8°

Ce Nd| Eu| | Gd
T | | Dy| | Ho| Er
Yb| 1 Lu

Figure 2-15: PXRD of Ln'"-SION-1. Color scheme: black, theory; red, experimental. Please note

these patterns can be seen in a higher resolution in the appendix.
46



Chapter 2 - SION-1 and SION-2

Ce Nd Eu

Intensity (a.u)
Intensity (a.u)
Intensity (a.u)

Intensity (@.u)

Ty 1k

Gd

2a() 20() 20()

Tb Yb

SEUREWE PN

Intensity (a.u)
Intensity (a.u)

20(°)

Figure 2-16: PXRD of Ln'"'-SION-2. Color scheme: black, theory; red, experimental Please note
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these patterns can be seen in a higher resolution in the appendix.
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Figure 2-17: UV/Vis spectra the Ln"""-SION-1 and Ln'"-SION-2 families. a) Ln""'-SION-2, col-
or scheme: black, ligand; light blue, Ce; yellow, Nd; blue, Eu; pink, Gd; red, Tb; green, Yb. b).
Ln"'-SION-1, color scheme: black, ligand; blue, Ce; pink, Nd; green, Eu; light blue, Gd; red, Th.
and ¢) Ln'""-SION-I, color scheme: black, ligand; light blue, Dy; pink, Ho; green Er; red, Yb; dark
blue, Lu.

nm nm

Following PXRD characterization, the difference in the optical properties between H.DHBDC,
Ln"'-SION-1 and Ln"'-SION-2 was investigated by UV/vis spectroscopy (Figure 2-17). The free
H>DHBDC displays a strong absorption band in the UV to visible spectral region up to 470 nm
(2.76 eV). Figure 2-17a shows that the diffuse reflectance spectrum of Ln'"'-SION-2 displays a
comparable absorption band with that of the free H.DHBDC ligand. Changing the Ln"" within the
Ln""-SION-2 family affords no significant effect on its absorption properties. For Ln'""'-SION-1, an

additional absorption feature beginning at ~580 nm (~2.14 eV) was observed in addition to the ab-
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sorption band attributed to the H.DHBDC, indicating an interaction between the Ln"" and the ligand
(Figure 2-17b-c). In addition, we observed that by changing the Ln'" ions within the Ln""'-SION-1

structure — from Ce'"" to Lu"", the intensity of this feature increases.

To explore the link between the absorption properties and electronic structure of Ln""'-SION-1
and Ln""-SION-2, we performed electronic structure calculations using Quantum Espresso Suite.%?
To optimize the geometry, the PBEsol functional was used, which is known to give a good descrip-
tion of the structure of MOFs.% To describe the energy gap accurately, a hybrid (Gau-PBE) ex-
change and correlation functional was employed. These calculations show that the HOCOs and
LUCOs in Ln""-SION-2 correspond to the m and n* orbitals of the DHBDC ligand, respectively.
There is no noticeable overlap between the Ln(5d) and the ligand(r*) orbitals as the arrangement of
ligands and binuclear Lno-clusters prevent the physical orbital mixing to occur. The calculated pro-
jected density of states (pDOS) show that the LUCOs have no contributions from the unoccupied
Ln(5d) orbitals, revealing that the absorption spectra of Ln'""-SION-2 is due to an intraligand n—m*

transition.
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Figure 2-18: Projected density of states (pDOS) and crystalline orbitals. a) Th'''-SION-2. Here,
the HOCO and LUCO of Th"'-SION-2, which have respectively © and n* character, are centered
on different DHBDC ligands, lying on crystal planes perpendicular to each other, b) Ce''-SION-1,
¢) Th"'-SION-1, and d) Lu''-SION-1. The behavior of the Ln""'-SION-1 differs; the pDOS of the
LUCOs show a mixed Ln(5d)/DOBDC(n*) character, that increases while moving along the lantha-
nide series (Ce—Lu). Color scheme for pDOS plots: gray, carboxylate O 2p; black, oxido O 2p or-
bitals; beige, Ln 4f orbitals; blue, Ln 5d orbitals. Color scheme for the orbital plots: red, O; orange,
Tb; black, C. The representation of each electronic structure (HOCO/LUCO; molecular orbital

overlap) is shown on the right.
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While both DHBDC and DOBDC ligands are present within the structure of Ln'"'-SION-1, the
frontier orbitals are composed with those of DOBDC and Ln'" ions, and there is no contribution
from the orbitals of DHBDC (Figure 2-18b and d). Ce'""-SION-1 and Lu'"'-SION-1 were used as
representatives of the early and late Ln'" ions, and their electronic structures were studied. The cal-
culated electronic structure of Ce'"'-SION-1 shows that the HOCOs correspond to the m orbitals of
DOBDC ligand, while the LUCOs have a predominantly 4f character (Figure 2-18b) which are sim-
ilar in energy to the 5d-n* orbitals as shown by the composition of the pDOS.*?° From one side, the
Ln(4f) orbital spatial distribution is contracted and so does not mix with the * orbitals of the lig-
and; while on the other side, the Ln(5d) orbital spatial distribution is diffuse, allowing for some
mixing with the ©* orbitals, giving rise to the observed transition at ~580 nm (n—n*/5d) in the dif-
fuse reflectance of Ce'"'-SION-1. Due to the filling and weaker shielding of the inner 4f orbitals
through the Ln'" ion series, their ionic radii decrease and therefore the bond length between the Ln'"
and oxido O atom of DOBDC shortens (this is confirmed by DFT-calculations). This has the effect
of extending the overlap of the n* and 5d orbitals within the 1-dimensional chains, accounting for
the observed increase of the absorption feature intensity seen with Tb'"'-SION-1 and more dramati-
cally with Lu""'-SION-1.
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Figure 2-19: Current-Voltage curves. Current-Voltage (I-V) curves measured from of device us-
ing ITO/PEDOT.PSS/Active Layer/InGa in the dark: left, Ce-SION-1; right, Yb-SION-1.

The orbital overlap dictates that the LUCOs are dispersed over an energy range, and therefore it
can be considered as a conduction band. Conduction band dispersion calculations show values of
0.04, 0.25 and 0.18 eV for Ce''"-, Yb'"'- and Lu"'-SION-1, respectively. To examine this, current-
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voltage (I-V) measurements were performed with the help of Prof. Kevin Sivula for Ce'"!- and
Yb'"'-SION-1 under inert and dark conditions (Figure 2-19). The observed non-linear 1-V curves
indicate a dielectric behaviour of both materials. Non-null electron mobility in Ce''- and Yb''-
SION-1 has been shown indirectly through photocatalytic H> generation experiments.l*3l Ce!"'-
SION-1 produced no Hz and this is thought to be due to the inefficient electron mobility and migra-
tion to the crystal surface and transportation to the co-catalyst responsible to reduce water into Ho.
This is in contrast with Yb-SION-1, which has the highest dispersion band in the series and pro-
duces H: (detectable levels of H, with a measureable peak on the GC).

In summary, based on the UV/vis absorption spectra, degree of orbital overlap and pDOS seen in
Ln"'-SION-1 and Ln"'-SION-2, three conclusions can be drawn: i. Ln'"'-SION-2: the orbitals of
Ln'" and DHBDC do not overlap due to their large energy difference, ii. Ce'''-to-Gd'"'-SION-1: a
partial orbital overlap is observed and their LUCOs have a predominantly Ln(5d)/ligand(n*) charac-
ter, and iii. Th'"'-to-Lu"'-SION-1: the Ln(5d) and ligand(n*) orbitals can be mixed energetically
and match geometrically. Overall, the LUCOs in Ln'"-SION-1 are dispersed and thus these materi-
als exhibit dielectric behavior and non-null electron mobility as determined through the non-linear

I-V curves and photocatalytic H2 generation experiments, respectively.

2.7 Conclusions

In conclusion, we have observed through multiple analysis that the chemical transformation from
the metastable kinetic phase SION-2 to the stable thermodynamic phase SION-1 occurs through the
partial dissolution of SION-2. This is triggered by the loss of the #? chelating DHBDC ligand, fol-
lowed by internal structural changes resulting in the formation of SION-1. To the best of our
knowledge, this is the first example of a lanthanide based MOF that is chemically transformed in a
solvent mixture, which does not rely on the removal of solvent coordinated to the metal, common-
place for single-crystal to single-crystal transformations occurring under dry conditions.*®* 1% Un-
derstanding how MOFs are formed can promote greater control on the assembly of the metal ions or
clusters with the ligands and can lead in the identification of stable materials with improved proper-

ties compared to the kinetically favoured MOF materials.

This work also shows that the formation of binuclear Ln clusters in Ln-MOFs can permit long-
range electronic communication and charge mobility. Structurally designing a MOF with n-n stack-
ing, donor-acceptor pairings, and 1-dimensional chains with short metal-to-metal distances are a
few strategies that can be used achieve these MOFs with these desired electrical properties. Overall,

controlling the metal-ligand frontier orbital overlap and energy matching between the Ln(5d) and
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ligand(n”) orbitals has been proven as a facile method to develop new Ln-MOFs with desired elec-
tronic structures. Furthermore, work demonstrates that by harnessing both experiments and compu-
tations, the structure-to-electronic property relationship can be elucidated and can lead in the dis-
covery of new dielectric materials that can be used in electronic, optoelectronic and photocatalysis

applications.
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Chapter 3 SION-19: Nucleobase Pairing and
Photodimerization in a MOF Nanoreactor

3.1 Introduction

The structural versatility, permanent porosity, tuneable pore surfaces and periodic nature of metal-
organic frameworks (MOFs) provide a unique opportunity to study their potential in applications ranging
from gas storage and separation, to UV-induced coupling, catalysis and sensing.’” %22 Bjologically de-
rived MOFs (bio-MOFs) based on ligands such as amino acids, nucleobases and oligosaccharides have
shown a great potential in many research areas as they can be used as models for bio-mimicking and ca-
talysis.>” %8 There is a significant interest in observing biological phenomena in porous bio-MOFs, as we
can gain insights into their response upon the inclusion of guest molecules and how guest molecules be-
have within these confined spaces.’ 5% 57:58 203207 These insights can ultimately lead into the generation of
novel bio-MOFs with tuneable pore functionalization, allowing one to target specific chemical reactions
and isolate desired products.’® 28210 This has the potential to open up a new field of research related to

drug design, discovery, delivery, and catalysis.* 21*

Exploiting functional pore surface in MOFs has recently been utilized in carbohydrate separation and
labelling and photochemical transformations.'% 212 213 Intrigued by the pore surface interactions with
guest molecules, and the use of functional groups as structure-directing agents, herein we investigated the
Watson-Crick (W-C) face of adenine (Ade) within a new MOF (hereafter called as SION-19) for nucleo-
base pairing with thymine (Thy), and solid-state photodimerization of Thy to Thy<>Thy, a molecule that
is related to skin cancers such as melanoma.?'* For this concept, two prerequisites govern both the ability

of the MOF to act as a nanoreactor, and the ability of Thy to undergo dimerization.

It should be noted that our publication "Anderson, L. Samantha; Boyd, G. Peter; Gladysiak, Andrzej, Nguyen, N. Tu; Palgrave,
G. Robert; Kubicki, Dominik; Emsley, Lyndon; Bradshaw, Darren; Rosseinsky, J. Matthew, Berend; Stylianou, C. Kyriakos.
Nucleobase Pairing and Photodimerization in a Biologically Derived Metal-Organic Framework Nanoreactor, Nat. Commun.
2019, 10, 1612" has been reused for this thesis chapter.
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Scheme 3-1: Method for the synthesis of cyclobutane Thy photodimers using UV light and water.

First, the strength of Ade-Thy nucleobase pairing within the pores of the MOF is determined by its
pore shape and size. Thy not only needs to be able to fit within the pore, but an optimal distance of < 3 A
between Ade-Thy is required to allow for the formation of H-bonds via the W-C face of Ade.?*® Here, the
structure directing ability of Ade within SION-19 can ‘lock’ Thy into a position close enough to another
Thy for photodimerization to occur. Second, for successful dimerization, both the Woodward-Hoffmann
and Schmidt rules would have to be fulfilled.?'%-?!8 This implies that the C5-C6 and C5'-C6' (Scheme 3-1)
double bonds of Thy (according to its conventional atom numbering scheme) have to be < 4.2 A apart
(centre-to-centre)?!® and the molecular orbital symmetry has to be conserved.?’” Ultimately, an overall
balance between these requirements is needed, as pores too large or of improper shape can disfavour Ade-
Thy base-pair interaction, while incorrect packing of Thy within the pores can affect their ability to di-
merize due to poor orientation of the C5-C6 and C5'-C6' double bonds.

MOFs with unobstructed W-C faces of Ade reported in the literature are scarce and the generation of
materials with a precise pore aperture for Thy uptake has proven to be challenging.®? °% 8 In addition, the
dimerization of Thy and formation of Thy<>Thy has only been achieved either in liquid systems such as
freezing water, in the presence of sensitizers such as acetone or when Thy is ordered in DNA struts.?1%-22
Inspired by this challenge, and in order to highlight the structural tunability of MOFs, we demonstrate for
the first time, that Ade-Thy binding can be achieved within the pores of SION-19, and Thy can be dimer-
ized to Thy<>Thy in solid state at 40-45 % Thy-loadings.

3.2 Crystal Structure Determination and Bulk Characterization of SION-19

The reaction of Zn(NOs)2-6(H20), 1,3,6,8-tetrakis(p-benzoic acid) pyrene (HsTBAPY)% 222 and Ade in
a solvent mixture of DMF/H,O/HNOs at 120 °C for 72 hrs leads in the generation of yellow truncated
rhombic bipyramid crystals. Single-crystal X-ray diffraction (SCXRD) reveals that anionic SION-19,
with formula of [Zn1500.25(Ade)(TBAPY)os](NH2Me2)os-(DMF)os-(H20)40, crystallizes in an ortho-
rhombic unit cell with the Ccce space-group symmetry and cell parameters of a = 10.7402(3) A, b =
30.6236(7) A, ¢ = 42.6282(11) A, a = =y = 90 ° with V = 14020.6(6) A3. Within SION-19, octahedral
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cages are constructed by four Ade ligands and six Zn" tetrahedral ions, four of which are in the equatorial
plane (Zn''eq) and two at the apical positions (Zn''y) (Figure 3-1a). The Zn''eq link the cages by ZnO clus-
ters forming the adeninate columnar building units running along the a-axis. The tetrahedral geometry of
Zn'e is provided by the N3 and N9 atoms from Ade, one ps-O bridge and one carboxylate O from a
TBAPYy ligand. For Zn',, the tetrahedral coordination environment is owed to two N7 atoms from two
adjacent Ade ligands, as well as two monodentate carboxylate O atoms from two consecutive TBAPyY
ligands (Figure 3-1b). Within SION-19, Ade acts as a deprotonated and bridging tridentate ligand, while
the fully deprotonated and disordered TBAPy ligand coordinates in a monodentate fashion from each
carboxylate. The TBAPy ligands, inclined with respect to the a-axis, link the Zn''-based columnar units to
yield a structure expanding in three dimensions. However, due to the geometrical features of these build-
ing units and TBAPYy, infinite channels endowed with two markedly different chemical character are
formed along the a-axis. These pores are classified as the acid-pore and the base-pore (Figure 3-1c-d).
The acid-pore in which the free carboxylate O atoms from the TBAPYy ligand are pointing in, has a pore
dimension of 7.9 x 4.9 A (including van der Waals radii), while the base-pore contains the unobstructed
W-C faces of Ade and its dimensions are 5.4 x 6.9 A (Figure 3-1e). Four Ade ligands attached to the
same Zn4O cluster point to four different channels, while two Ade linked to the same Zn'';, ion are ar-
ranged in the antiparallel fashion; therefore, even though all Ade are grouped relatively close to each oth-
er within the crystal structure, their spatial orientation allows for all of their W-C faces to be exposed to
the channels. These pores, in turn, are occupied by disordered guest solvent molecules and cations that
show no indication of preferred location. The accessible volume of SION-19 is 31.3%, and combining the
accessible volume with the density of the static structure results in a pore volume of 0.287 cm®/g. Topo-
logical analysis of SION-19 using the TOPOS4.0 software package reveal a new 4,4,8-c net with the
point symbol {42-6*}4 4%.614.81°}.223 This net has been registered in the Topos Topological Database
(TTD) collection as kcsl (Figure 3-2).

Powder X-ray diffraction (PXRD), elemental analysis (EA), thermogravimetric analysis (TGA) (Fig-
ure 3-3), and solid state *C CP/MAS NMR confirmed the purity and the structural stability of SION-19.
Le Bail fit of the PXRD pattern of SION-19 collected at 298 K gives refined cell parameters of a =
10.965(7) A, b = 30.811(2) A, ¢ = 42.261(6) A, a = =y =90 °, V = 14277.5 A3 (Ccce space-group
symmetry, and fit indicators: Rwp = 4.7 % and »? = 1.9) which are in good agreement with the cell pa-
rameters obtained by SCXRD (Figure 3-3a and 3c).
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Figure 3-1: Structural representation of SION-19. a) A Zn''(adeninate) octahedron cage is coordinated
to six Zn'" ions, four at the corners of the equatorial plane (Zn''eg), and two at the apical positions (Zn'5p).
The Zn"(adeninate) cages are linked to each other via the Zn''eq to form 1-dimensional columnar building
blocks, b) The Zn"(adeninate) columnar building blocks are linked to each other via fully deprotonated
TBAPYy ligands — grey TBAPYy is bound to Zn'';; whereas the lime green is bound to Zn', c-d) Connolly
surface representation of SION-19 viewed along the a-axis, revealing that the coordination of TBAPy
ligands to the Zn''(adeninate) columns leads in the formation a 3-dimensional structure possessing two
distinct types of 1-dimensional pores: the base-pore (blue) and the acid-pore (red). Highlighted in d) are
the Watson-Crick faces of Ade which point into the base pore and €) Connolly surface representation of

SION-19 in a 3-dimensional view. Atom color code: pink, Zn; red, O; blue, N; grey, C; light yellow, H.
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Figure 3-2: Underlying net of SION-19. Reducing the SION-19 structure a) to the underlying ‘kcsl’
net, b) TOPOS 4.0 was used with the cluster simplification method to obtain the net in b).223

A. B. C.
1278
\ - 1304 g
§|J| ({)* :m\?}j.:'ﬂu‘__' n‘;(
2 X 'isﬁﬂ
| | 1 H: 12150 . 1488 o
[ 1587
3 ‘ = E R SO N
5 ‘ < 1 r - ETNVRE To)E
= LU 09 I R VT A (VR N ST o S =N | I
? ?:.‘ ' W VRV A
| g - A
E Eq
|| “ \
[ | ) - /'I '.I
I" . - | . PN A VAV WS AN
L TNTILETE I T T A AWEYLY I T LY S S O
0 10 20 30 10 . 20 30 180 160 140 120 100 80 60 40 20 0
26 28
D. O E. 0 F. ppm
4 | 2 -
] 11 | 2] or0000000383 3 2 223222222
1 b i e dl
EllE =111 z Y
é j I ! ;' ‘: fl E 54
g 1 ! ] [ g0 £
CARE R R g ! z
é 1 I I | ! f i 'g 7 W \'\,' \‘WM =
j}'u'u I‘MWM - u UL 0L A U R 0 SR = 3
- " ] CURUSRN | DRIR RN R DR NN R DR LT L) ‘
I AP TR -, 14
,JF.-I,-I'M\M{ -'NHr |
Li .
T T T T T T T T T T T 0 . . . r
10 15 22‘; (c] 25 30 35 40 5 10 1239{0) 20 25 30 0 200 400 600 800

Pressure (mbar)

Figure 3-3: PXRD, MAS NMR, and N2 isotherm of SION-19 and SION-19'. a-b) PXRD patterns for
SION-19 (a) and SION-19" (b). Color scheme: red, theory; black, experimental. c) Solid-state *C CP
MAS NMR spectra of (top) SION-19 and (bottom) SION-19" collected at 298 K. The assignment peaks
in SION-19 are consistent with TBAPy, Ade, DMF and [NH2Mez]". d-e) Final fit (Rietveld refinement)
for a rigid-body structural refinement of the PXRD pattern of SION-19 (d) and SION-19" (e) (final ob-
served: red 0, calculated: solid black lines, and difference: solid green line), and f) Type | N2 isotherm

measured on SION-19" at 77 K and 1 bar (filled symbols: adsorption, empty: desorption).
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The EA revealed that the guest solvent molecules comprise 26.9 % of the mass of SION-19, which is
consistent with the TGA mass loss of 27.9 %. SION-19 is stable up to 450 °C. Full activation of SION-19
can be achieved upon heating at 110 °C under dynamic vacuum (10 mbar) for 12 hours, giving rise to
SION-19'. As can be seen in Figure 3-3b and 3-3d, SION-19" loses its crystallinity to a significant degree
but its PXRD pattern can still be indexed with cell parameters a = 11.048(9) A, b = 31.268(9) A, ¢ =
43.140(1) A, a = =y =90°, V = 14902.6 A3, Ccce space-group symmetry, and fit indicators of Rup =
4.8% and »* = 2.3. In order to probe any structural changes upon full activation of SION-19, 13C CP/MAS
NMR was utilized. The complete removal of the guest molecules from SION-19 is confirmed by: i. the
broadening of the C-signals corresponding to the TBAPy and Ade ligands and ii. the absence of the car-
bonyl carbon of DMF at 163.4 ppm (Figure 3-3c). The NMR spectrum of SION-19" shows that aliphatic
carbons of [NH2Me;]" are still present at 31.0 and 35.0 ppm as broad peaks. Combining our findings, it is
apparent that the structural backbone of SION-19 is maintained when is activated to SION-19".
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Figure 3-4: Isotherms of SION-19'. CO; (left) and CHa (right) isotherms collected on SION-19" at 298
and 273 K.

The permanent microporosity of SION-19" was demonstrated by the type I N2 adsorption isotherm col-
lected at 77K and 1 bar (Figure 3-3f), and it was also found that SION-19" is porous to CO and CHjs at
273 or 298 K and 1 bar (Figure 3-4). The BET surface area and Dubinin—Radushkevich pore volume of
SION-19" were calculated to be 562(8) m?/g and 0.246 cm?®/g, respectively (for BET surface area consid-
erations please see the note in Section S1 of the appendix). These values are in agreement with the mo-
lecular simulations, when [NH2Mez]" species are placed in the acid pores of SION-19'. Dynamic N»-
probed properties of this simulation report an average void volume of 0.213 cm®/g and a surface area of
672 m?/g. This also confirms the presence of [NH2Me;]* in the acid-pore and thus they will not compete

with other guest molecules for Ade binding in the base pore.
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Figure 3-5: XPS of SION-19. Top: XPS N1s region of solid state Ade; Right, top: XPS N1s region of
SION-19; Bottom, bottom: N1s XPS of NH2MeCl.

Both EA and X-ray photoelectron spectra (XPS) collected on H9Ade, [(Me)2NH2]CI and SION-19'
confirm the presence of [NH2Mez]" in the pores (Figure 3-5, Table 3-1) which were unable to be directly
observed through SCXRD or TGA analyses.*® To further resolve the location of cations within the pores
of SION-19, we performed classical molecular dynamics (MD) simulations which show a clear prefer-
ence for the [NH2Mez]" to localize near the carboxylate groups in the acid-pores of SION-19. This is fur-
ther supported by the time-averaged energy difference of 14 kcal/mol/cation in favor of the acid-pore over

the base-pore.

Table 3-1: Binding energies of the fitted components for the XPS N1s spectra. Compounds A, B and
C were constrained to have the same FWHM, and the peak areas were constrained to a ration of A:B:C of

3:1:1. *Values in brackets are the differences of binding energies from component A.

Binding Energy (eV) of Component

9HAde | 399.30 | 399.96 (+0.66)* | 400.87 (1.57)

SION-19 | 399.33 | 400.46 (-0.1.13)* | 399.33 (0)¢ 402.2

NH:Me," | - 402.1
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3.3 Thymine loading and dimerization
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Figure 3-6: Solution thymine isotherms in SION-19" and probability of Adenine-Thymine pairing
and Thymine-dimerization. a) Time dependency for Thy to reach equilibrium when loaded into SION-
19', b) Solution isotherms of 20-100% (0.56-2.80 x 10 M) Thy loaded into the pores of SION-19". Inset:
maximum uptake of Thy (~1.1 molecules). Here, multiple Thy concentrations (blue circles — above 100
% loading) were used to determine the saturation limit of Thy into the pores of SION-19". ¢) Frequency
of observed Ade-Thy base pair formation from MD simulations — Insets 1) and 2) show the metrics used
for H-bonding formation between Ade-Thy from the MD simulations and d) the frequency in which
Woodward-Hoffmann and Schmidt rules are satisfied for Thy dimerization in the MD simulations at dif-

ferent loadings. Insets 1) and 2) show the metrics used for satisfying the Woodward-Hoffmann and

Schmidt rules.
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Based on the structural uniqueness of SION-19 and accessibility of the W-C face of Ade pointing to-
wards the base-pore, room temperature Thy solution isotherms were performed in a mixture of EtOH :
MeCN solution (20 : 80) with loadings ranging from 20-100 %. These loadings were calculated based on
the accessible volume of each formula unit in SION-19 (242.0 A%) and the volume of Thy (142.2 A3).
Following a loading of 100 %, the equilibrium was established via UV/vis spectroscopy to be for 24
hours (Figure 3-6a-b).?>* SION-19' can uptake ~1.1 molecules of Thy at 100% loading (Figure 3-6b in-
set), and  this IS in  agreement  with the  formula  derived from EA:
[Zn1500.25(Ade)(TBAPY)o5](NH2Me2)o5- (Thy)o.gs-1.1EtOH-1.5H,0.
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Figure 3-7: PXRD, N: Isotherm and IR of SION-19@Thy. a) PXRD of SION-19@Thy. Color
scheme: black, theory; red, experimental. b) Type | N2 isotherm measured on SION-19" (black) and SlI-
ON-19@Thy (red) at 77 K and 1 bar (filled symbols: adsorption, empty: desorption). c¢) IR. Colour
scheme: Blue, SION-19; red, SION-19°; orange, SION-19@Thy; green, Thy.

Although the crystals of SION-19" lose their singularity which precluded the use of single-crystal X-ray
diffraction for the purpose of SION-19@Thy structure determination, the reduced BET surface area
(Figure 3-7a-b): 79(4) m?/g, FT-IR (free Thy carbonyl at 1702 cm?, and at 1699 cm™ when present in
SION-19), and solid state *C MAS NMR and >N CP NMR, which showed Thy shifts in SION-19@Thy
of 8 156.1701 ppm (N3), and 6 126.5180-130.8505 ppm (N1) confirmed the diffusion of Thy within the
pores of SION-19" (Figure 3-8a-b). We note that in Figure 3-7a, the experimental PXRD shows a peak at
approximately 7° with multiple components compared to the same theoretical peak. This is likely due to
the presence of Thy within the framework causing shifts or defects that cause SION-19 to lose singularity

as previously mentioned, or due to the measurements of SION-19@Thy as a flat powder on a Si holder
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and not in a capillary tube. Using DFT calculations, EtOH molecules were simulated in the pores of Sl-
ON-19" and shown to preferentially reside in the acid pores (where no Ade-Thy H-bonding can occur) by
3.3 kcal/mol. This is due to favourable interactions with the charge-balancing cations [NH2Mez]" present
in the acid pores.
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Figure 3-8: MAS H-3C NMR. a) MAS 'H-13C NMR of SION-19@Thy, 103K, 12000 Hz. b) MAS N
CP NMR of SION-19@Thy, 100K, 12000 Hz. Peaks correspond to: 6 Thy (N3), 156.1701; Thy (N1)
126.5180-130.8505; and Ade (NH) 89.1805.

62



Chapter 3 - SION-19

The nature of the Ade-Thy base pair formation in SION-19' was examined through DFT optimization
of one Thy near Ade.>® The optimized distances between H-bonding donors and acceptors are 2.72 A
(Nade-NThy) and 3.00 A (Nade-Orhy), and are comparable with the experimentally measured distances of
2.82 A and 2.95 A, respectively.?? In addition, Bader population analysis shows a slight charge polariza-
tion of 0.06 e~ on the heavy atoms,??® indicative of H-bonding formation between Thy and Ade in SION-
19'. The DFT binding energy for a single Thy in SION-19" is calculated to be -18.2 kcal/mol, which has
higher absolute value compared to the ~-12 kcal/mol binding energy reported for pure Ade-Thy interac-
tions in both experimental and theoretical calculations.??” 22 Dynamic, finite temperature behavior of
Thy within the pores of SION-19" was investigated with classical MD simulations at room temperature
(298 K). In these simulations, base-pair H-bonding was modeled using three-bodied potentials using pa-
rameters designed for accurate H-bonding in bio-molecules.??® With this potential, we observe a good
energetic agreement with the DFT binding energy computed for Ade-Thy in SION-19', being 1.4
kcal/mol higher in energy (-19.6 kcal/mol vs -18.2 kcal/mol).

Thymine
loading uv
(40-45%) . irradiation
J —— » —
MeOH/ 24 hours
CH,CN
298 K

Lo

Figure 3-9: Schematic representation of thymine loading, location and dimerization within SION-
19'. a) 1-dimensional base-pore surface for SION-19" prepared using HOLE2, b) Thy snapshots (red
dots) from an MD trajectory of 44% thymine loading in the base pore of SION-19. Here, Ade acts as a
structure directing agent that ‘locks’ Thy molecules into positions close enough to another Thy molecule
for photodimerization to occur. ¢) DFT optimized positions of Thy<>Thy dimers arising from a 44%

loading of Thy. Atom color code: pink, Zn; red, O; blue, N; grey, C; light yellow, H.
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Exposure of pyrimidine nucleobases like Thy to UV light can induce a [2+2] cycloaddition between
the C5-C6 and C5'-C6' double bonds of two pyrimidine rings (Scheme 3-1).22° While dimerization of Thy
in a liquid medium is a viable method to afford Thy<>Thy, its solid-state dimerization has not been fully
studied. To confirm this, Thy crystals were exposed to UV light (254 nm) for 24 hrs and 'H NMR re-
vealed that no Thy<>Thy was obtained. To investigate the atomistic features of the Thy loading experi-
ments in SION-19°, room temperature MD simulations were performed at loadings of 25, 44, 56, 74, and
100 %. Due to the relatively tight pores, and the strong H-bonding potentials used in the simulation, 5
cycles of 2 ns annealing were performed at each loading. Statistics on the orientations of Thy with respect
to themselves, and Ade in SION-19" were collected over the span of 10 ns at intervals of 2 ps. It was hy-
pothesized that in order to enable the formation of Thy<>Thy, the Thy molecules must resemble the tran-
sition state of a [2+2] cycloaddition, and follow the Schmidt rules. That is, the C5-C6 and C5'-C6' must
be nearly parallel, and separated by <4.2 A.2'8 Thus, the trajectories for the potential formation of a four-
membered ring were analysed, specifically when the C5-C6 double bond of adjacent Thy molecules were:
i. within 4.2 A of each other, and ii. nearly aligned, by determining the dihedral angle formed between
C5-C6 and C5'-C6' is below 30°.2'® Figures 3-6¢-d and 9 demonstrate that Thy molecules appear to be
more favourably oriented for dimerization at 44% loading and above. This is compared to the peak in
base-pair formation, which occurs at a 44% loading and then subsequently deteriorates. At higher Thy
loadings, Thy packs in a dense sterically unfavourable manner within the base pore disfavouring base-pair
formation (Figure 3-6¢). This correlation suggests that the Ade ligands within SION-19" are structure-
directing agents, which fix the position of Thy within the pores, and can allow for Thy<>Thy formation
from two nearby ‘locked’ base-paired Thy molecules. A plot of the trajectories at a 44% loading show
that Thy molecules form base pairs with Ade that are two Ade units apart along the a-axis, and on oppo-
site sides of the pore (Figure 3-6d). To validate this experimentally, samples of SION-19@ Thy(20-80%b)
were continuously exposed to UV for 24 hrs.%® The formation of Thy<>Thy was determined via ultra-
high performance liquid chromatography coupled with electrospray ionization mass spectrometry
(UHPLC-EIS/MS). Samples of SION-19@UV-Thy(20-30, 50-80%) showed no presence of product,
while SION-19@UV-Thy(40-45%) afforded Thy<>Thy in a non-quantitative yield (58.5 %). The non-
quantitative nature of this dimerization is thought to be due: i. to the low population of an excited state
(singly excited, 1SE), which proceeds through an internal conversion, and requires overcoming an energy
barrier,*® and ii. to the poor penetration of light throughout the solid material, and thus some Thy mole-
cules do not have enough energy to overcome this barrier and dimerize. Here, this mechanism is governed

by both conformational control, and electronic effects.?5218 The inability of lower Thy loadings (20-
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30%) to dimerize might be due to the increased spatial distance between Thy molecules as they slowly
diffuse through the channels, while at higher loadings (50-80%), there is a decrease of H-bonding stabili-
zation between the framework Ade and Thy, leading to an unfavourable packing within the base-pore.

To further confirm the structural uniqueness of SION-19' to ‘lock’ Thy into a specific orientation and
transfer energy for dimerization, Thy loading and dimerization in the pores of adenine-containing Bio-
MOF-1 as well as HKUST-1 and Zn-MOF-74, which are not adenine-based, were attempted, and in all
cases no traceable amounts of Thy<>Thy were observed. These results further confirm that not only the
presence of the W-C faces of Ade, but also the optimal Ade-Thy binding ratio and the subsequent elec-
tronic effects/conformation control, play an important role in the dimerization process. That is, the stabili-
zation of Thy via W-C H-bonding with Ade in SION-19 allows it to conform to both the Schmidt and
Woodward-Hoffmann rules.

In conclusion, we synthesized a novel biologically derived MOF, SION-19, possessing a new kcs1 to-
pology and Ade-functionalized pore surface, that acts as a nanoreactor for the dimerization of Thy via
site-specific binding to Ade. We successfully showed that the orientation of Ade within SION-19 permits
Thy binding (40-45% loading) that resembles the transition state of [2+2] cycloaddition required for Thy
dimerization. Thy loading and dimerization in the pores of SION-19, and the specific relationship be-
tween Ade-Thy binding demonstrate that taking advantage of functional groups that decorate the pore
surface of MOFs can be used as an effective strategy for their utilization as nanoreactors for photo-

induced organic reactions.

3.4 Conclusions

The ability to photo-induce the dimerization of solid state Thy within the constrained pores of SI-
ON-19 can ultimately provide new fundamental insights on the governing mechanism of this process. Our
approach can be applied to a variety of MOFs or other porous materials with comparable structural fea-
tures to ‘lock” molecules in specific positions, and can open up new avenues for the synthesis of organic
molecules that may otherwise be difficult to obtain through traditional routes. Furthermore, using bio-
MOFs as nanoreactors to form biologically relevant molecules can bridge multiple research disciplines,
which can aid in the development of new methods for drug discovery and delivery. These strategies can
offer an opportunity for interdisciplinary work, that is, to develop new synthetic methodologies and study

the activity of new bio-related products.
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Chapter 4 SION-9: Multimodal Sensor for Real
Time Health Monitoring

4.1 Introduction
The development of new conductive polymeric materials is of great importance for nanotechnology,

and to date, they have shown potential in biomedical applications as biosensors, drug delivery systems,
biomedical implants and tissue engineering.?*! Apart from unimodal sensors (e.g. pressure sensors), mul-
timodal sensors can detect simultaneous changes in stimuli such as pressure and temperature, and are
highly desired in health diagnostics to monitor the influence of temperature on the pulse pressure of a
patient.232-235 Their specific use in this field can lead to the generation of new smart bio-functional devices
for real time health monitoring,?> 2% the development of artificial fingers and electronic skin which are
required to feel the temperature, discern surface texture, and the hardness of the objects

simultaneously,232 233. 237

Designing and synthesising new materials with conductive properties however, is a challenging task,
as high charge density and mobility have to be achieved within their structures. This is correlated to the
components used to generate the material (organic ligands and/or metal ions), the connectivity between
them, and their spatial arrangements in 3-dimensions.® 120-238 MOFs have recently emerged as a promis-
ing class of conductive materials, and typically there are three strategies which can be used to form MOFs
with conducting properties: i. through-bond, ii. through-space and iii. guest molecule doping.t?® The first
utilizes metal ions such as Cu'', Mn"", or Fe!' with electron rich organic ligands like 2,3-pyrazinedithiolate,
and 2,5-disulfhydrylbenzene-1,4-dicarboxylic acid.!?® 3 The through-bond approach results in modest
covalent bonding interactions, affording the overall observed conductivity in the framework. If instead for
example, the ligands incorporated in the MOF structure have a n-n stacked motif, the resulting orbital
overlap can create an extended pathway for conductivity known as the through-space approach.?° Here,
ligands such as tetrathiafulvalene tetrabenzoate, and hexahydroxytriphenylene with metals such as Mn",

Co", zn", cd" and Ni" have been shown to afford conductive MOFs,120. 141, 144,232,239 Ha\wever, the reali-
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zation of the through bond and through space strategies is challenging as the conductivity properties of
MOFs rely on an ideal orbital-overlap, covalency, and/or ligand-to-ligand distances which are difficult to
control during the MOFs synthesis.'?® Finally, due to the porous nature of MOFs, the introduction of
guest molecules acting as charge carriers within the pores can result in conducting MOFs from previously
non-conducting frameworks.3% 137 This strategy is limited to porous MOFs with channels that are large
enough to accommodate the desired guest molecules, and a strong affinity between the guest molecules
and MOF.

Moving into the future, conductive MOFs will have to prove their utility not just as unimodal sensors,
but also as multimodal sensors that can detect multiple environmental changes such as temperature and
pressure simultaneously.?3® 240 Recently, these multimodal MOF sensors have only been reported follow-
ing further processing such as carbonization and doping before the devices fabrication.?*® 240 This re-
quires that the MOF has to be structurally stable to the processing and fabrication steps, as well as still
maintain its sensitivity, and be electrically controllable.?*! 242> These devices have been reported to be
competitive with graphene-oxide based devices which exhibit high sensitivity, flexibility, fast response

times, and durability.243 244

Inspired by these challenges, herein we describe the synthesis of a novel conducting 3-dimensional
MOF (hereafter named SION-9) based on Zn", tetra-(p-carboxylphenyl)-porphyrin (HsTCPP) and ade-
nine (Ade). Within SION-9, we have strategically employed an electron rich and paramagnetic ligand
based on the porphyrin core which has been previously shown to exhibit strut-to-strut electron hopping,*
25 and the nucleobase Ade,?® which has been used as a dopant in super capacitor applications.?” Due to the
3-dimensional arrangement of these components SION-9 conducts and behaves as a multimodal sensor to
both temperature and pressure changes. The fabricated sensor exhibits high sensitivity and fast response

time, demonstrating its high potential for real time health monitoring applications.
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4.2 Structural Description, Stability and Bulk Analysis of SION-9
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Figure 4-1: Crystal structure of SION-9. a-d) demonstrate the coordination environments of Zn'' metal
centers present in the crystal structure of SION-9 with a) showing the tetrahedron-shape unit formed by
Znl and Zn2, b) showing the disordered HAde molecule attached to the Zn1Zn2 tetrahedron, but not con-
tributing to the connectivity of the framework, c) the paddlewheel unit formed by a pair of Zn3 atoms
related by symmetry, and d) the Asymmetric unit of SION-9 with the Zn4 atom situated in the center of
the TCPP® porphyrin ring. e) Zizgzag-like 1D chains constituted by alternating Zn1Zn2 tetrahedra and
Zn3 paddlewheel units lined by the (TCPPZn)*" ligands, f) Planes of mutually parallel (TCPPZn)*" ligand
cores extending infinitely in one direction, g) the overall view of SION-9 down the c-axis. Color scheme:

orange, Zn; blue, N; red, O; grey, C; yellow, H.

Red square plate of SION-9 ([Zn3(TCPPZn)(Ade)(HAde)Oos]-guest molecules) are afforded through
the combination of Zn(NO3).-6(H20), HeTCPP and Ade, in an acidic DMF/H,O/HNO3 solution (Appen-
dix Section 5.1). Single crystal X-ray diffraction (SCXRD) reveals that SION-9 crystallizes in the mono-
clinic space group C2/c. The asymmetric unit of SION-9 comprises: i. one fully deprotonated TCPP®-
ligand with one Zn" atom positioned in its center giving rise to (TCPPZn)*, ii. three further bridging Zn"
atoms: Znl, Zn2, and Zn3, iii. one fully deprotonated Ade™ molecule and a half of the neutral HAde mol-
ecule, and iv. one bridging O atom occupying a special position with 0.5-occupancy. Zn'" atoms adopt

three distinct coordination geometries. Znl, Zn2 and their symmetry equivalents, each with the coordina-
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tion number 4 and tetrahedral coordination geometry, form a tetrahedron-shape unit with the bridging O™"
atom (O10) in its center (Figure 4-1a). Here, Znl ions are attached monodentately to the carboxylate
group of the (TCPPZn)* ligand, as well as to the N3A of the bridging Ade™, in which the N9A coordi-
nates to the remaining Zn2 ions. The Zn2 ions are further bridged together by the disordered HAde ligand
(Figure 4-1b). Zn3 is found in the paddlewheel unit: it adopts a square pyramid coordination geometry.
The paddlewheels contain four #*:#*-bridging carboxylate groups, and a N7A-coordinated Ade™ found at
their apices (Figure 4-1c). Zn4, in turn, is situated in the center of the TCPP®- porphyrin ring; its coordi-
nation number is 4 and it is in a square planar geometry (Figure 4-1d). The ligands, (TCPPZn)*", Ade"
and HAde, serve as linkers between the Znl1, Zn2 and Zn3 atoms. The (TCPPZn)*" ligand links with a
n':nt-bidentate mode to two neighboring Zn3 paddlewheels and to one Zn1Zn2 tetrahedron. The mode of
coordination to another Zn1Zn2 tetrahedron is #*-monodentate, although the Zn1-02 contact of 2.635 A
is shorter than the sum of the respective van der Waals radii, 3.89 A.1%° The deprotonated Ade™ molecule
serves as a link between a Zn3 paddlewheel unit and a Zn1Zn2 tetrahedron, coordinating with N7A to the
former and with N3A and N9A to the latter. On the other hand, the HAde molecule is attached to the
ZnlzZn2 tetrahedron only with N3B (and N9B sharing the same position), thus not contributing to the
connectivity of the framework. This molecule is disordered over two components, whose 0.5-occupancy
is imposed by the 2-fold axis relating one to the other. We note that due to the positional disorder it was

not possible to assign the protonation site in HAde.

The topological description of SION-9 requires localizing the nodes of its underlying net. One of them
is constituted by the porphyrin ring of the (TCPPZn)* ligand (node A), the second is the Zn1Zn2 tetrahe-
dron (node B), while the Zn3 paddlewheel forms the third one (node C). Node A is 4-coordinated with the
benzylidene arms of the (TCPPZn)* ligand serving as links. Both nodes B and C are in turn 6-
coordinated, and the linkage between them is realized through bridging Ade  molecules. The 3-
dimensional array of these nodes has the A;BC stoichiometry and can be described by the Schlafli symbol
(4%.5.6%)7(4%.5°.6°.7%)(4%.5%.6%.7). This is the first time that such a net is found in a MOF. Two characteris-
tic features come out from the topological analysis of SION-9: first, the presence of planes of mutually
parallel (TCPPZn)* ligand cores extending infinitely in one direction with Zn3 paddlewheels connecting
their centres and Zn1Zn2 tetrahedra linking their edges; the tetrahedra are the spots of the structure where
one such plane is inclined towards the other under an angle of 44.76°. The second characteristic feature is

the occurrence of infinite zigzag-like 1D chains constituted by alternating Zn1Zn2 tetrahedra and Zn3
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paddlewheel units; the (TCPPZn)* ligand cores are parallel to these chains, also forming a zigzag array
of pairs of mutually parallel units (Figure 4-1e-f).
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Figure 4-2: PXRD, VT-PXRD, TGA, *C CP-MAS, and EPR of SION-9. a) PXRD of SION-9 (left)
and VT-PXRD of SION-9 to SION-9' b) TGA analysis of SION-9. ¢) SION-9' **C CP-MAS recorded at
700 MHz proton frequency. Rotor spinning at 15 kHz, contact time 4ms. Left: expanded spectrum; right:
spectra from 0-300 ppm. Spinning sidebands indicated with a star. d) EPR of SION-9 as made material

confirming the presence of an unpaired electron in the material.

Activation of SION-9 crystals to SION-9" can be achieved upon heating at 120 °C under dynamic
vacuum (10 mbar) for 72 hours. Elemental and thermogravimetric analysis reveal that upon heating 38.0
% of the mass loss in SION-9 is attributed to guest molecules (DMF and H.0) (Figure 4-2a-b). As can be
seen in Figure 4-2a-b, SION-9 loses its crystallinity to a significant degree upon activation, however the
integrity of the structural backbone of SION-9' remains intact compared to SION-9, as confirmed by *C
CP/MAS NMR (Figure 4-2c). Following the structural analysis of SION-9, we performed electron para-
magnetic resonance (EPR) experiments under light and dark conditions in order to confirm the presence
of an unpaired electron from the TCPP ligand. As seen in Figure 4-2d, the presence of an unpaired elec-

tron was confirmed, and subsequently, EIS measurements were performed. 24
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4.3 Multimodal Response of SION-9 to Variable Temperature and Pressure
Following characterization of SION-9, conductivity measurements using EIS was performed on Sl-

ON-9 pellets as a function of temperature and pressure. The in-house designed cell in which the SION-9
pellets were introduced in consists of two gold plated electrodes, both of which are 8 mm in diameter and
the conductivity measurements were conducted at different applied mass (0, 995, 1592, and 1990 kg/cm?
of pressure) and temperatures (5, 10, 25, 40, 45, 50, 55 and 60 °C) - (Appendix Section 5.4). Here, the

evaluation of conductivity was based on equation 1:
o = (1/ Rez)-(h/A) (4-1)

where h is the thickness and A is the surface area of the pellet (0.5024 cm based off of the cell dimen-
sions). SION-9 gave a modest conductivity value of 1.1 x 10 S/cm, with its structural integrity revealed
to be intact following the powder press and measurements. The resulting Nyquist plots (Figure S37-59)
displayed a semi-circle in the high frequency component and an inclined tail in the low frequency com-

ponent. Overall, these features have been exhibited in impedance data of passive Ni'"

phosphate buffer
solutions,° three-dimensionally ordered macroporous gold film immunosensors,?*® and themolyzed Pt-

and Al-MOFs.24"
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Figure 4-3: Conductivity summary of SION-9. Summary of the multimodal response to both tempera-
ture (right) and pressure (left) of SION-9 pellets using electrochemical impedance spectroscopy meas-

urements.
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At different temperatures, the conductivity of SION-9 is increased from 2.69-4.20 x 10® S/cm to 7.43-
7.34 x 10 S/cm at 40-45 °C (995 kg/cm?) (Figure 4-3). The sudden decrease in conductivity at tempera-
tures greater than 45 °C is thought to be attributed to the loss of guest molecules from the cavities of Sl-
ON-9, leading to SION-9 with structural disorder, and ultimately reflects the role that the solvent mole-

cules play in the conductivity of SION-9.

4.4 Electrochemical Impedance Spectroscopy and Origin of Conductivity of SI-
ON-9

To understand the implication of electronic structure on the possible practical applications and the ori-
gins of conductivity in SION-9, we have performed a theoretical investigation of its electronic properties,
accomplishing geometry optimization, molecular dynamics simulations, as well as electronic structure
calculations within DFT and GW-BSE approaches, the computational details for which are given in the

Supporting Information.
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Figure 4-4: DOS and frontier orbitals of SION-9. a) Density-of-states in SION-9, b) Porphyrin and
HAde frontier orbitals in SION-9.

The nature of states forming the valence and conduction band edges is depicted in Figure 4-4 using
projected density-of-states and electron density isosurfaces. This analysis reveals that the bottom of the
conduction band (CB), as well as the top of the valence band (VB) are constructed of porphyrin orbitals,
along with some contribution from the protonated Ade species HAde, while contributions from Zn and O
atoms lie further away from the band edges. The porphyrin and HAde orbitals create a detached manifold

of almost degenerate states at the VB top and CB bottom, the highest occupied crystal orbital (HOCO)
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and lowest unoccupied crystal orbital (LUCQO) being centered on porphyrin rings of adjacent stacked lay-
ers (Figure 4-4) with HAde contributions. The nature of frontier electronic states suggests that the lowest
excitations will take place between the stacked porphyrins that is consistent with the unpaired electron
signal characteristic to porphyrin rings, observed in the EPR experiment.

4.5 Real Time Health Monitoring Using SION-9

P T

1288 l

DW

Time (s)
Carotid Artery Carotid Wave Form

Figure 4-5: Location and wave form of the Carotid Artery. Here, P: percussion wave; T: Tidal wave;

D: dicrotic notch; DW: dicrotic wave.

Following the conclusions of our computational and EIS studies, we began to hypothesize potential
devices that could utilize the multimodal nature of SION-9. Wearable electronic devices that can provide
information on a person’s biological signal (i.e. heart beat) are useful for clinical diagnosis such as cardi-
ovascular disease (Figure 4-5).240 248250 |deally, these devices should be flexible, have a fast response
time, and able to monitor biological signals such as the carotid artery pressure in real time.24% 248250 Tg
date, many of these devices comprised of nanocrystal arrays of MOFs,?*° MOF derived porous carbon
sensors,?® or graphene based.?*! While they all successful at real time health monitoring, extra steps are

typically required to process the material into a functioning device.
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Figure 4-6: Device construction. a-b) construction of the SION-9 device using Velostat, copper tape,

and SION-9 crystalline powder. c¢) the flexibility of the device.

To demonstrate the utility of SION-9 as a pressure-based sensor for real time health monitoring, we
constructed a cost effective sensor made out of components that could easily be acquired (Appendix Sec-
tion S5.5, Figure 4-6). The standards in which we aimed for when fabricating our sensor were fast re-
sponse times (< 65 ms) and the sensitivity to show the shape of the carotid artery wave pulse (CP) which
indicates the variations in arterial blood pressure and volume with each cardiac cycle.?>! As the carotid
arteries are large, and located near the heart, the CP signals resemble the pressure signals that are found at
the root of the aorta.?®! Here, the CP sharply rises as blood enters the left ventricle to the ascending aorta,
known as the percussion wave (P). Following this is the second wave known as the tidal wave (T), the
dicrotic notch (D), which is caused by the aortic valve closing, and subsequently the dicrotic wave (DW)
(Figure 4-5).%°! This pulse can vary depending on the position of the volunteer, for example standing vs

sitting, and is sensitive to moving between the two positions. %2
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Figure 4-7: Tap Tests of devices and their response times. Tap tests of the device using different com-
ponents of the device to find the response time. These tests were performed by tapping on the device
while it was measuring current changes from the potentiostat/galvanostat PGSTAT302N. Here we used a)
all of the components including the adhesive backing (VCuB) but without the addition of SION-9, b) the
SION-9 device (VCu + SION-9) and c) all of the components without adhesive backing (VCu) and SlI-
ON-9. Blue and red dotted lines demonstrate the part of the response which was used to calculate the re-

sponse time.
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For the device construction, Velostat (V) and Cu adhesive tape (Cu) were used; the Cu tape was con-
nected to the potentiostat/galvanostat PGSTAT302N with chronoamperometry module and resembles that
of a piezoelectric system. Initial tap testing was performed on two equivalent SION-9 free devices, one
with just VCu and the other with VCu+ blocking agent (VCuB) to determine the response of the compo-
nents to sudden changes in pressure (Figure 4-7). Here the test was performed by tapping on the device
while it was measuring current changes on the potentiostat/galvanostat PGSTAT302N in intervals of ap-
proximately 2 seconds. The average response and relaxation time for the SION-9 device was found to be
< 60 ms, while the SION-9 free device gave a much longer response time of > 75 ms. The fast response
and relaxation time of a device is required for its applicability in real health time monitoring, as small
changes in the increase, decrease, or signal shape of wave pulse is important for showing the heart beat in
real time of a patient.?? Due to the easy assembly of the device and the fact that SION-9 is physically
adhered without any other treatment, the lifespan of the device is simply limited by the shelf life of Sl-
ON-9. Based off of these conclusions, the SION-9 device will soon be tested to monitor the carotid artery

in real time.

4.6 Conclusions

In summary, we have successfully synthesized a new conductive MOF sensor, named SION-9. The
conductivity in SION-9 is sensitive to the changes of temperature and strain, and can therefore be em-
ployed for creation of multimodal thermobaric detectors. Following the assessment of SION-9’s conduc-
tivity origins, we incorporated it into a flexible device consisting of components that are readily accessi-
ble (Velostat and Cu tape), and assembled without any additional heating or deposition steps. This device
shows a great response time, highlighting the potential of SION-9 for real health time monitoring. Over-
all, this proof-of-concept study provides new insights into the development of new smart materials, which

can used in the fabrication of cheap devices for biomedical applications.
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Chapter 5 Future Work and Outlook

As described and shown in this thesis, MOFs can be used for a wide variety of research from
giving us fundamental insights to application development. Understanding how MOFs form, trans-
form, and how this changes their structural and electronic properties is necessary as we move for-
ward with streamlining their synthesis and developing new materials for emerging applications such

as artificial skin.

Compared to some porous solids like Zeolites, MOFs are a relatively new family of porous
materials that have seen an exponential growth rate in both publications and patents. Moving from
academic to industrialization, MOFs have been seen as a challenge for commercialization due to
issues like low yields, expensive metals and ligands, as well as the solvents that are sometimes used
in their synthesis. In the case of this thesis, looking realistically at the materials | have synthesized,
their potential for commercialization is limited due to these exact reasons. One way to solve this is
to move from metal nitrates to oxides to avoid potential hazards associated with scaling up reactions
and using larger quantities of metals with nitrate or perchlorate counter ions which can be flamma-
ble or explosive. Also, new synthetic routes to decrease the cost of the linkers (TBAPyY and TCPP)
would possibly be required, along with optimizing the solvent : MOF yield ratio to increase product
yield and decrease costs. It’s also ideal to move from typical solvents such as DMF towards more

environmentally friendly solvents such as water.

Moving forward into industrialization, many of these challenges have already been solved
for MOFs such as HKUST-1 (Basolite), Al-fumate, and UiO-66 which have already found success
through sales via companies such as BASF in 500 kg batches. Furthermore, taking advantage of the
porous nature of MOFs to solve environmental challenges such as capture greenhouse gas emis-
sions/CO- capture and storage is already being explored extensively. However new challenges have
recently emerged regarding micro plastics in drinking water, which can be filtered using expensive
systems such as reverse osmosis. For porous materials such as MOFs, this could provide a solution

to the problem with their porous nature and the seemingly unlimited number of materials that can be
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made and tailored to solve this problem. Similar to the MOFs that have already found commercial
success, these micro plastic absorbing materials should be made using cost selective materials, syn-
thesized on a kg or tonne scale, easily recyclable or readily absorb/desorb the plastic and selective
to all types of micro plastics.

While MOFs can be used for a wide variety of applications, in some cases they may not be
the appropriate material to use to solve a problem. Since MOFs are typically sensitive to solution or
environmental changes, those applications which require material stability under harsh or a wide
variety of conditions might benefit from using zeolites or metal-oxides instead. Taking our work
into the future with the goal of solving global climate and plastic problems, knowing and under-
standing the alternatives to MOFs is ultimately ideal to solution discovery.

Ultimately, due to the porous nature and modular disposition, MOFs are materials that exist
at the cross-roads of different disciplines. At the moment, they are accepted to excel in applications
related to gas storage and separation, as porous electrical conductors, and as heterogeneous cata-
lysts. The challenges and opportunities present for this field and these materials to grow is marked
by their increasing literature, patent and commercial presence. The field of MOFs presents an inter-
esting combination of future research that is still needed, from the fundamental (how do they
form?), to their industrialization (how cheap and fast can we make them?), to solving global climate
and greenhouse gas problems. These gquestions which span from traditional and modern aspects of
the MOF field illustrate the ability of this field to continually expand and the subsequent bright fu-
ture of MOF chemistry.
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S1 Experimental Considerations

Chemicals: All chemicals were purchased from Sigma Aldrich, Carl Roth, and Fischer Scientific
and used without further purification.

Elemental analyses (EA): performed on a Thermo Scientific Flash 2000 Organic Elemental Ana-
lyzer.

Infrared spectra (IR): collected in air on a Perkin Elmer FT-IR/FIR Frontier Spectrometer (ATR)
from 400 to 4000 cm™ measuring the neat (solid) MOF sample.

Thermogravimetric analysis (TGA): performed under N2 on a TGA Q 500, V20.13 with a bal-
ance gas flow of 10 mL/min and a sample gas flow of 25 mL/min. All samples were analyzed with
a ramp of 5 °C/min. to 950 °C followed by an isothermal hold for 15 minutes before cooling down.
Powder X-ray diffraction (PXRD): data was collected in air on a Bruker D8 Advanced using Cu
Ka radiation (A = 1.5418 A, 50 kW/40mA) on flat back groundless Si holders (Bragg-Brentano ge-
ometry). Samples were rotated during data collection. Simulated powder X-ray diffraction patterns
were generated from the single crystal data using Mercury 3.0.

Single crystal X-ray diffraction (SCXRD): data were collected on a Bruker D8 Venture using Mo
Ka (A = 0.71 A).

'H-BC NMR and MAS NMR: spectra, in-situ experiments and MAS NMR were collected on a
400 MHz Bruker NMR. Please refer to the NMR details in each section for the deuterated solvents
and conditions used for each sample.

Inductively coupled plasma mass spectrometry (ICPMS): was performed on a Perkin Elmer
ICPMS nexION 350D spectrometer.

High resolution X-ray photoemission spectra (XPS): on neutral adenine (Ade), commercial
available Me:NH>CI" and SION-19" were recorded on a Scienta ESCA 300 spectrometer located at
Daresbury Laboratory, UK, which incorporated a rotating anode Al Kalpha (hH = 1486.6 eV) X-ray
source and has an effective instrument resolution of 400 meV. The spectrometer was calibrated reg-
ularly to set the Fermi edge of a silver reference sample at zero binding energy. Samples were
mounted on adhesive tape and, to reduce charging, the samples were covered with a stainless steel
mask, through which a small area of the sample was exposed. In addition, it was necessary to use an
electron flood gun to stabilize the surface charge. Use of a flood gun shifts all spectral features to
high Kkinetic energy, and photoelectron spectra were therefore charge calibrated using a weak C1s
contaminant peak (present due to surface hydrocarbon contamination from vacuum pumps and oth-
er sources) which was assigned a binding energy of 285.0 eV. The integrity of the samples under
the measurement conditions of high vacuum and x-ray irradiation was determined by collecting
several sequential N1s region spectra. No changes over time were seen in any sample, suggesting
that no significant sample degradation occurred during the measurements. Spectra were fitted using
CasaXPS software. All fitted peak shapes were 70:30 Gaussian:Lorentzian convolutions, and linear
backgrounds were used in all cases.

Gas sorption measurements: Carbon Dioxide, Nitrogen and Methane isotherms were collected on
activated SION-19" using the Intelligent Gravimetric Analyser Instrument (IGA) from Hiden Iso-
chema. CO; isotherms were collected at 195 K, 273 K and 298 K at 1 bar, while N> isotherms were
collected at 77 K and 1 bar. CH4 isotherms were measured at 273 K and 298 K at 1 bar.

UV/vis: was collected in solid state at room temperature in air on a Perkin Elmer Lambda 650S
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UV/vis spectrometer equipped with Labsphere integrating over the spectral range 190-900 nm us-
ing BaSO; reflectance standards. The spectra for SION-19 and SION-19" were collected using the
solid-state holder containing with the same amount of solid; the holder for SION-19" was filled in
the dry box. Fluorescence excitation and emission spectra and lifetimes were collected at room
temperature on a Perkin-Elmer LS 55 fluorescence spectrometer. Excitation and emission spectra of
SION-19 and SION-19' (sealed in a capillary to prevent any re-absorption of H.O moisture from
the atmosphere from SION-19") were collected in the range between 200-600 nm and 400-700 nm
respectively with scan speed of 10 nm/min. Data obtained was collected in reflectance mode, and
treated using the Kubelka-Munk function give the absorbance of the MOFs. Subsequently, the data
collected was processed and normalized through Origin Pro 8.5 using the normalization function
found within the software.

Ultra High Performance Liquid Chromatography (UHPLC): was carried out using a Acquity
UPLC HSS T3, 1.8 um, 2.1 x 100 mm column from Waters, on a Thermoscientific Orbitrap Q Ex-
active HF equipped with H-ESI and AP-MADLI source.

Note - BET Surface Area: We would like to inform the reader that for MOFs where the surface
area is discussed, by convention we only report the BET surface area instead of the Langmuir Sur-
face area. Although there is a wide variety of literature discussion on the most accurate and ideal
way to measure the surface area of a MOFs, such discussion is beyond the scope of this thesis.
Here, surface area only is used to indicate porosity and instead the pore volume plays a more signif-
icant role and is more applicable to the discussions in this thesis.
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S2 Supplementary Information for SION-1 and SION-2 studies

Please note that the supporting information for this chapter can be found in our publication:

Anderson, L. Samantha; Gladysiak, Andrzej; Boyd, G. Peter; Ireland, P. Christopher; Miéville, Pas-
cal; Tiana, Davide; Vlaisavljevich, Bess; Schouwink, Pascal; Van Beek, Wouter; Gagnon, J. Kevin;
Smit, Berend; Stylianou, C. Kyriakos. Formation pathways of metal-organic frameworks proceed-
ing through partial dissolution of the metastable phase, CrysEngComm.2017, 19, 3407-3413

A note for PXRD patterns of SION-1 and SION-2: Following SCXRD, a theoretical PXRD pat-
tern is generated which is compared to an experimental PXRD pattern of the material. The theoreti-
cal pattern, or simulated PXRD pattern, is calculated from the single crystal structure of a MOF,
and provides a pattern of a pure crystalline form which is considered to be a reliable reference
standard of a MOF. It should be provided when available with all experimental PXRD patterns to
ensure that the bulk material of the powder reflects the purity of the pure single crystalline form.
However, the experimental PXRD pattern can differ from that of the theoretical pattern, which is
what is seen in the SION-1, SION-2, Ln-SION-1 and Ln-SION-2 patterns. Measurements of these
samples were performed as flat powders on backgroundless Si sample holders, and so it is possible
that the orientations of the crystallites within the powder cause minor discrepancies between the two
patterns. To overcome this, samples can instead be measured in capillaries, or refinements/fits can
be done on the experimental powder patterns to confirm the unit cell dimensions which can be then
compared to the dimension obtained via SCXRD. In the cases of the PXRD patterns presented in
this chapter, the unit cell dimensions were compared between the experimental PXRD patterns and
SCXRD obtained data, which matched well.

A note for VT-PXRD pattern of the SION-2 and SION-1 transformation: A third potential
form within this transformation, or any intermediates, were ruled as unlikely during the VT-PXRD
which showed only the evolution of SION-2 and SION-1 peaks and no other Bragg reflections that

would otherwise indicate the presence of a third form.
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S3 Solid State Characterization of Ln-SION-2 and Ln-SION-1

$3.1 Synthesis of Ln-SION-1 and Ln-SION-2

Synthesis of Ln-SION-2: H.DHBDC (20 mg) and Ln(NOz)3-6H.0 (20 mg) were mixed in a 12 mL
vial. 2 mL of DMF was added, and stirred until the entire solution was clear. Following this, 0.5 mL
of H.O was added and the scintillation vial was capped, and shaken to ensure the solution is homo-
geneous. The vials were placed in an oven and heated at 120°C, for 24 hrs with a temperature ramp

of 2.0°C, and cooling ramp of 0.2°C.

Synthesis of Ln-SION-1: Ln-SION-1 was synthesized following the same synthetic protocol with
that of SION-2 and the reaction was heated at 120 °C for 72 hrs (76 % yield based on Tb).

S3.2 PXRD of Ln-SION-2 and Ln-SION-1

Intensity (a.u)
1
Intensity (a.u)

10 20 30 40 10 20 30 40

Figure S1- PXRD of Ce-SION2 and Ce-SION-1: Left, Ce-SION-2. Right, Ce-SION-1. Color

scheme for both patterns: black, theory; red, experimental.
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Figure S2- PXRD of Nd-SION2 and Nd-SION-1: Left, Nd-SION-2. Right, Nd-SION-1. Color
scheme for both patterns: black, theory; red, experimental.
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Figure S3- PXRD of Eu-SION2 and Eu-SION-1: Left, Eu-SION-2. Right, Eu-SION-1. Color

scheme for both patterns: black, theory; red, experimental.
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Figure S4- PXRD of Gd-SION2 and Gd-SION-1 : Left, Gd-SION-2. Right, Gd-SION-1. Color

scheme for both patterns: black, theory; red, experimental.
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Figure S5- PXRD of Tb-SION2 and Th-SION-1: Left, Tb-SION-2. Right, Tb-SION-1. Color

scheme for both patterns: black, theory; red, experimental.
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Figure S6- PXRD of Dy-SION-1. Color scheme: black, theory; red, experimental.
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Figure S7- PXRD of Ho-SION-1. Color scheme: black, theory; red, experimental.
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Figure S8- PXRD of Er-SION-1. Color scheme: black, theory; red, experimental.

Intensity (a.u)

Figure S9- PXRD of Yb-SION2 and Yb-SION-1: Left, Yb-SION-2. Right, Yb-SION-1. Color
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scheme for both patterns: black, theory; red, experimental.
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Figure S10- PXRD of Lu-SION-1. Color scheme: black, theory; red, experimental.

$3.3 UV/Vis of Ln-SION-2 and Ln-SION-1
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Figure S11- Diffuse reflectance spectra of Ce-to-Yb-SION-2. Colour scheme: black, ligand; light
blue, Ce; yellow, Nd; dark blue, Eu; magenta, Gd; red, Th; neon green, Yb.
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Diffuse Reflectance (a.u)
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Figure S12- Diffuse reflectance spectra of Ce-to-Th-SION-1. Colour scheme: black, ligand; dark

blue, Ce; magenta, Nd; lime green, Eu; neon blue, Gd; red, Th.
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Figure S13- Diffuse reflectance spectra of Dy-to-Lu-SION-1. Colour scheme: black, ligand; neon
blue, Dy; magenta, Ho; lime green, Er; red, Yb; dark blue, Lu.
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$3.4 Computational Details for Ln-SION-1 and Ln-SION-2

All the calculations were done using the solid-state quantum chemical code Quantum Espresso
(version 6.0). All the geometries were performed at the gamma point using the semi-local PBEsol
exchange correlation functional, using norm-conserving pseudopotentials with a cut-off of 170 Ry.
Dispersion force corrections were also employed. The force and energy thresholds were set to 1E-
05 Ry and 1E-04 Ry, respectively, while the pressure convergence was set to 1E-01 Kbar. The spin
state of single atoms were allowed to relax during the optimization with an SCF convergence
threshold of 1E-09. The Density of State were calculated performing single point calculations at the
PBEsol optimized geometries using the non-local hybrid GAUPBE functional. The Brillouin zone
for these calculations were sampled using a Monkhorst-Pack grid of 2x3x2 and 2x2x2 k-points for
SION-1 and SION-2 respectively. Here, the calculations have been performed after solvent remov-

al.

It should be noted that for spin-orbit coupling (and correction) (SO), while it is relevant for the
description of the 4f energy level in Ln-based materials, the SION-1 and SION-2 electronic
structures (top VB and bottom CB) and their related properties (optical transitions) are
characterized by n and ©* organic orbitals and 5d metal state, for whose SO coupling (and
correction) is negligible. More information on the different spin configurations can be found in in

the following sections (Sl sections 5-7).
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S3.5 Electronic Transition

Table S1- DFT GAUPBE direct band gap: calculated Ln(5d)/ligand(n*) and measured electronic
transition for Ln-SION-1, and dispersion of the LUCOs through the b-axis. All data in eV.

Calculated Measured Calculated

Calculated L(n) L(m) LUCO
M [ Band Gap —Ln(5d)/L(x*) —Ln(5d)/L(x*) | dispersion

Ce 1.63 2.08 2.18 0.04
Nd 0.43 2.10 2.21 0.04
Eu 2.75 2.75 2.10 0.04
Gd 2.15 2.15 2.18 0.05
Tb 2.13 2.13 2.11 0.05
Er 2.17 2.17 2.14 0.10
Yb 2.34 2.34 2.18 0.25

Lu 1.88 1.88 2.18 0.18
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Figure S14- Plotted L(rr) —Ln(5d)/L(z*). Calculated (red dots) and measured (black squares).

DHBDC HOMO DHBDC LUMO

Figure S15- Frontier orbitals for the isolated in vacuum DHBDC. Atoms scheme colour: red, O;

dark grey, C. The electronic transition is t—n* with a band gap of 3.40 eV.

95



Appendix

Ce (4f)
mm Ce {Sd}
mm O (2p
= Oy (2p)
T 6
>
g
o
3
a 381
0 A T T 111—
-0.4 0 1.6 2 2.4 2.8 3.2 3.6 4
E-Eqyp eV
9
Tb (4f)
== Tb £5d;
mm O, (2p
m Oy (2p) HOCO LUCO
E 6
=
a
©
0
g 3
N N I |
-0.4 0 1.6 2 2.4 28 3.2 3.6 4
E-Eqyg /€Y
9 Lu (4f)
= Lu §5d§
m O, (2p
m O, (2p)
T 6
=]
o)
@
3
A 3
o I A

-0.4 0 1.6 2 24 28 32 36 4
E

—Eqyg /€Y

Figure S16- GAUPBE partial Density of State and frontier orbitals. The GAUPBE partial Den-
sity of State (left) and the corresponding frontier orbitals (right) for the isolated in vacuum Ce-, Tb-
and Lu-SION-2. For the DOS the Fermi level was aligned to the HOCOs. Color scheme for pDOS
plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale orange, Ln 4f orbitals; blue, Ln 5d

orbitals. Atoms color scheme: red, O; orange, Th, dark grey, C.
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$3.6 Density of State of Ln-SION-1
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Figure S17- pDOS of Ce-SION-1. The valence of Ce(Ill) is [Xe]4f5d°. The HOCOs are mainly
composed of the ligand =m-orbitals whilst the LUCOs are made by the empty f-orbitals. Color
scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale orange, Ln 4f or-
bitals; blue, Ln 5d orbitals.
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Figure S18- pDOS of Nd-SION-1. The valence of Nd(II1) is [Xe]4f35d°. The HOCOs are mainly
composed of the ligand = orbitals whilst the LUCOs are made by the empty f-orbitals. After the
conduction band several mixed metal states are present — many absorption bands are observed in the
UV/vis spectrum. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals;

pale orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S19- pDOS of Eu-SION-1. The valence of Eu(lll) is [Xe]4f°5d°. The HOCOs are mainly
composed of the ligand m-orbitals whilst the LUCOs are made by the ligand’s 7* orbitals with only
a small amount of state arising from the Eu(5d) orbitals. Color scheme for pDOS plots: grey, car-

boxylate O 2p; black, oxido O 2p orbitals; pale orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S20- pDOS of Gd-SION-1. The valence of Gd(I11) is [Xe]4f'5d°. The HOCOs are mainly
composed of the ligand r-orbitals while the LUCOs are made by a mixture of Ln(5d)/ligand(r*)
orbitals. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale
orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S21- pDOS of Th-SION-1. The valence of Th(lll) is [Xe]4f35d°. The HOCOs are mainly
composed of the ligand m-orbitals whilst the LUCOs are made by a mixture of Ln(5d)/ligand(x*)
orbitals. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale
orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S22- pDOS of Er-SION-1. The valence of Er(I11) is [Xe]4f'15d°. The HOCOs are mainly
composed of the ligand zw-orbitals whilst the LUCOs are made by a mixture of Ln(5d)/ligand(r*)
orbitals. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale

orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S23- pDOS of Yb-SION-1. The valence of Yh(lIl) is [Xe]4f®5d°. The HOCOs are mainly
composed of the ligand m-orbitals whilst the LUCOs are made by a mixture of Ln(5d)/ligand(x*)
orbitals. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale
orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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Figure S24- pDOS of Lu-SION-1. The valence of Lu(lll) is [Xe]4f**5d°. The HOCOs are mainly
composed of the ligand m-orbitals whilst the LUCOs is made by a mixture of Ln(5d)/ligand(n*)
orbitals. Color scheme for pDOS plots: grey, carboxylate O 2p; black, oxido O 2p orbitals; pale
orange, Ln 4f orbitals; blue, Ln 5d orbitals.
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$3.7 Optimized Bond Distances

Table S2- DFT PBEsol distances in Angstrom for Ln-SION-1. O, = Carboxylate Oxygen, Ooxido
= Oxido Oxygen, Oayg = average distance.

Distance Ce Nd Eu Gd Th Er Yb Lu

Ln-Oac1 2.635 2.685 2726 2432 2398 2432 2359 2515

Ln-Oac2 2579 2525 2543 2472 2450 2412 2379 2.405

LN-Oacs 2520 2530 2511 2415 2409 2378 2361 2.370

LN-Oacs 2.650 2.645 2637 2714 2675 2681 2.690 2.642

LN-Oacs 2500 2498 2497 2396 2376 2330 2332 2.299

LN-Oacs 2.760 2.675 2.660 2.382 2365 2326 2.326 2.345

Ln-
Ooxido 2495 2473 2491 2340 2308 2.287 2.308 2.275

Ln-Oums | 2.550 2.551 2.546 2.431 2.409 2396 2.387 2.350

Ln-Oag | 2.589 2573 2576 2448 2424 2406 2393 2.366
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Table S3- DFT PBEsol distances in Angstrom for CO of the oxido group in Ln-SION-1. Ooxido
= Oxido Oxygen. A comparison with the COoxido bond distance of the ligand (DHBDC = 1.354), its
anionic form (DOBDC = 1.270), its semiquinone (1,4-Cyclohexanedione-2,5-dicarboxilic radical =
1.252), and its quinone form (1,4-Cyclohexanedione-2,5-dicarboxilic acid = 1.229) reveal that the
ligand it is always in its anionic state and that an interaction with the metal is present producing an
of bond elongation.

C-
M Ooxido
Ce 1.302
Nd 1.282
Eu 1.274
Gd 1.313
Th 1.321
Er 1.306
Yb 1.300
Lu 1.285
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$3.8 Electron mobility (Hz generation) and Current Voltage (I-V) Curves

Intensity (a.u)

5 10 15 20 25 30 35 40
26(°)

Figure S25- PXRD of Yb-SION-1 after following photocatalytic experiments. Color scheme:

black, theory; red, experimental.

Based off of the calculated LUCO band dispersions of 0.04, 0.25 and 0.18 eV for Ce-, Yb-, and Lu-
SION-1, electron mobility tests were performed (Table S4). For this, photocatalytic H> generation
experiments were chosen to represent the potential for electron mobility because following light
irradiation, electrons within the MOF have to move to the surface and interact with the co-catalyst
and subsequently generate detectable amounts of H2. From previous work published by our group, it
is already known the co-catalysts under isolation do not generate Hz, and a blank with just the
DHBDC ligand does not as well.®

Hydrogen generation was not seen for Ce-SION-1, which is attributed to the low band dispersion.
Whereas with Yb-SION-1 (largest band dispersion) electrons have sufficient mobility to reach the
surface, and through the process previously described generate detectable amounts of Hz. Following
experiments it was further confirmed by PXRD that Yb-SION-1 is stable (Figure S24), and does

not undergo degradation.
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Table S4- Electron mobility experiments of Yb-SION-1 and Ce-SION-1 via H. generation.

Here, optimized Yb-SION-1 conditions are highlighted in yellow, and we’re applied to the Ce-

SION-1 below.

Sample

Conditions

Co-Cat

Irradiation
(hrs)

time

Area of Peak (GC)

Yb-SION-1

CH3CN: 81.96 viv%

H.0: 1.64 viv%

TEA: 16.39 v/iv%

MOF: 17 mg

Volume of solution: 17 mL

Ni2P: 5.8 wt %

3

162.8

Yb-SION-1

CH3CN: 70 viv%

H,0: 15 viv%

TEA: 15 viv%

MOF: 50 mg

Volume of solution: 20 mL

Ni2P: 9.4 wt %

24

549

Yb-SION-1

CHsCN: 70 viv%

H,0O: 15 viv%

TEA: 15 viv%

MOF: 50 mg

Volume of solution: 20 mL

Ni2P: 9.4 wt %

40

383

Yb-SION-1

CHsCN: 64.70 viv%

H.0: 17.64 viv%

TEA: 11.76 viv%

MOF: 20 mg

Volume of solution: 17 mL

Pt: 0.8 wt %

40

240

Yb-SION-1

CH3CN: 81.96 v/iv%

H.O: 1.64 viv%

TEA: 16.39 v/v%

MOF: 17 mg

Volume of solution: 17 mL

Niz2P: 5.8 wt %

20

612

Ce-SION-1

CH3CN: 81.96 viv%

H.0: 1.64 viv%

TEA: 16.39 v/v%

MOF: 17 mg

Volume of solution: 17 mL

Ni2P: 5.8 wt %

24

Following electron mobility experiments, we further invested the Ln-SION-1 series through cur-

rent-voltage (1-V) curves to determine if electron mobility in Ce-SION-1 is present, however only

isolated to the 1-dimension chains within the structure and cannot move freely within the MOF

(Yb-SION-1). Ln-SION-1 samples (10 mg) were first ground for 10 minutes in a Agate motar,

followed by dispearsion in acetone via a sonicating bath (10 minutes). The samples were prepared

by drop-casting the Ln-SION-1 dispearsed samples on F:SnO, (FTO). By varying the concentration

of acetone, we were able to control the thickness of the samples.

The current-voltage (I-V) profile for the FTO/Ln-SION-1 samples were measured by using In-Ga

drop for the top-contact. Here, a Ga-In eutectic mixture was drop casted on the active layer and
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used as an electrode. A micromanipulator was used to form an electrical contact with the respective
electrodes to measure the 1-V characteristics of the photovoltaic device under a nitrogen atmosphere
using a custom-built probe station and a Keithley 2612A dual-channel source measure unit under
simulated AM1.5G irradiation from a 300 W Xe arc lamp set to 100 mW c¢m with a calibrated Si
photodiode. For each measurements, scans of voltage from -20V to 20V (Yb-SION-1) and -10V to
10V (Ce-SION-1) was swept while measuring the current to obtain the respective -V curves.
Various different locations on the active layer films were measure by moving the In-Ga bead with
the micromanipulator. Dark measurements were first performed followed by illumination under
simulated AM1.5G irradiation.
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Figure S26- Current-Voltage (I-V) curves. Here, these I-V curves were measured from of device
using ITO/PEDOT.PSS/Active Layer/InGa in the dark: left, Ce-SION-1; right, Yb-SION-1.

Deposition of Ce-, and Yb-SION-1 were done on either bare or PEDOT-PSS-coated FTO using the
same procedure previously described. These I-V measurements demonstrate the qualitative semi-
conductor-like behavior of both the Ce-SION-1 and Yb-SION-1 MOFs.
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S4 Supplementary Information for SION-19

Please note that the supporting information for this chapter can be found in our publication:

Anderson, L. Samantha; Boyd, G. Peter; Gladysiak, Andrzej, Nguyen, N. Tu; Palgrave, G. Robert;
Kubicki, Dominik; Emsley, Lyndon; Bradshaw, Darren; Rosseinsky, J. Matthew, Berend; Styl-
ianou, C. Kyriakos. Nucleobase Pairing and Photodimerization in a Biologically Derived Metal-
Organic Framework Nanoreactor, Nat. Commun. 2019, 10, 1612
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S5 Supplementary Information for SION-9

$5.1 Synthesis of SION-9

SION-9 was synthesized through the combination of Zn(NO3)2:6(H20) (17 mg, 0.057 mmols),
TCPP (10 mg, 0.0126 mmols) and Ade (8 mg, 0.059 mmols), in an acidic DMF/H20O/HNOs3 solu-
tion (5.5 mL: 0.5 mL: 4 drops) (Scheme S1). The vial is the capped and placed in the oven for 72
hrs at 120°C with a temperature ramp of 2.0°C, and cooling ramp of 0.2°C, affording red square like
crystals in an 75% vyield (based off of Zn). The formula of SION-9 was determined to be
[Zng(TCPP)2(Ade)s] on the basis of the combined results of single-crystal X-ray diffraction
(SCXRD), thermogravimetric analysis (TGA) and elemental analysis (EA). Anal. Calcd for
[Zns(TCPP)2(Ade)s]: C 50.45, H 2.75, N 10.55. Experimental: C 49.15, H 4.25, N 12.54

$5.2 Crystal Structure

A high-quality single crystal of SION-9 was isolated from the mother liquor, and mounted onto the
PILATUS@SNBL diffractometer at the BM01 beamline (European Synchrotron Radiation Facility,
Grenoble, France).?’”® The crystal was probed with X-rays, and the intensities of Bragg reflections
were recorded with the PILATUS2M detector. Raw data were processed with CrysAlisPro
(v. 1.171.38.43) program suite,?’® and the empirical absorption correction was performed using
spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. Crystal structure was
solved with the SHELXT structure solution program using Intrinsic Phasing,?’’ and refined with the
SHELXL refinement package using least-squares minimization,?’® implemented in the Olex2 pro-
gram suite.?’® Contribution of the disordered solvent molecules found in the structural voids to the
measured structure factors was quantified with the SQUEEZE procedure of the PLATON program
suite.?®9 Solvent accessible volume was calculated with the program MERCURY (v. 3.10.1).%8
Structure simplification and net classification was performed using the TOPOS Pro program

suite.?®
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Table S5. Crystal data and structure refinement for SION-9.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

ol
BI°

y°

Volume/A3

Y4

Pealc glcm®

u/mmt

F(000)

Crystal size/mm3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I > 24(1)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

SION9
Ci10Hs0N23017Zng
2498.77

100.0

monoclinic

C2/c

23.3855(9)
23.6171(5)
34.8208(11)

90

92.989(3)

90

19205.3(10)

4

0.864

1.024

5028.0

0.03 x 0.02 x 0.02
synchrotron (4 = 0.7129 A)
3.338 10 46.664

-25<h<25,-26<k<26,-36<1<36

42176

12741 [Rin[ = 00711, Rsigma = 00669]

12741/155/741
1.009

R:=0.0723, wR, = 0.2150
Ry =10.0930, wR. = 0.2342
1.19/-0.84
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S$5.3 Solid State Characterization

S$5.3.1 SION-9 Characterization

The phase purity of SION-9 and SION-9" were confirmed by the comparison of the experimental
PXRD pattern with the simulated generated from the single crystal structure. SION-9 was found to
be air stable over a period of 6 months at ambient temperature while stored in a vial.
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Figure 27- PXRD of SION-9. Color scheme: black, theory; red, SION-9 experimental powder pat-
tern taken at the ESRF; blue, SION-9 experimental powder pattern taken at EPFL Valais/Wallis
Switzerland.
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Figure S28- IR. Colour scheme: blue, SION-9; red, Ade; black, TCPP.
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Figure S29- TGA analysis of SION-9.

EA of the bulk phase reveals that the overall structure of SION-9, [Zns(TCPP)2(Ade)s], is com-
prised of only guest molecules in the pores. Here, the TGA profile shows one plateau occurring
between 175-375°C and has a 38.9% weight loss attributed to the removal of guest molecules. At

temperatures >375°C the framework begins to decompose.

Desolvation of SION-9' was carried out under at 120°C under vacuum for 72 hrs. Anal. Calcd for
[Zns(TCPP)2(Ade)s]: C 50.45, H 2.75, N 10.55. Experimental: C 50.33, H 2.88, N 10.56
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Figure S30- SION-9 ¥C CP-MAS. These spectra were recorded at 700MHz proton frequency.
Rotor spinning at 15 kHz, contact time 4ms. Left: expanded spectrum; right: spectra from 0-300

ppm. Spinning sidebands indicated with a star.
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Figure S31- UV-vis of SION-9 (black) and free TCPP (blue).
$5.3.2 SION-9' Characterization
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Figure S32- Variable Temperature PXRD of SION-9 to SION-9'.
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Figure S33- SION-9' 13C CP-MAS. These spectra were recorded at 700 MHz proton frequency.

Rotor spinning at 15 kHz, contact time 4ms. Left: expanded spectrum; right: spectra from 0-300
ppm. Spinning sidebands indicated with a star.

$5.3.3 EPR and Solid State NMR Experiments

3430 3440 3450 3460 3470 3480 3490 3500

Magnetic field (Gauss)

Figure S34- EPR of SION-9. This spectra confirms the presence of an unpaired electron in the
material.
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$5.4 Conductivity of SION-9
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Figure S35- PXRD patterns of SION-9 after conductivity measurements. All material were
measured at EPFL Valais/Walais. Color Scheme: SION-9 Theory, black; SION-9 before EIS
measurements, red; SION-9 before EIS measurements (ESRF), blue; SION-9 pellet (whole), pink;
SION-9 crushed pellet, green.
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Copper wire Scale: 2:1

POO3 P004

Top contact

A2

Bottom contact

~ Bottom contact 23 -

Figure S36- Cell set up and conductivity measurement set up. Right top: SION-9 pressed pellet
on top of gold contact; Middle: The cell used is comprised of two contacts (top and bottom). Left:

Schematic of cell used.

Conductivity of SION-9 MOF crystals and powders was investigated by means of electro-
chemical impedance spectroscopy (EIS). The measurements were performed using a potenti-
ostat/galvanostat PGSTAT302N with FRA module (Metrohm Autolab). Impedance spectra of the
pressed into 8 mm diameter pellet samples were measured in the range of working frequencies from
1 Hz to 1 MHz. The frequency range is built using a logarithmic distribution. The voltage modula-

tion amplitude was set to 10 mV. Pressed powder samples were investigated under pressure of 500-
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2000 kg/cm? in special home-designed conductivity cell with gold contacts (diameter of 8 mm). The

spectra were obtained in the range of temperatures 5-60°C.

Each Nyquist plot was fit with the equivalent circuit model:

(L1+R1+(Q2/R2)+Qa/(Rs+Ws))

where:
L
R

inductor

resitor

Q= constant phase element

W= Warburg element

The model circuit was chosen when the standard deviation of each element was less than 5% as can

be seen in Table S6.

Table S6: Equivalent circuit parameters for fitting SION-9 at 1000 kg with a

(L1+R1+(Q2/R2)+Q3/(R3+W3)) model.

Temp./ 59C 10°C 25°C 40 °C 45 °C 50 °C 55 °C

Param.

L1 (H) 0.14x 103 0.81x 103 0.12x10% | 40x10° 8.9x10% | 53x10%6 -17 x 10
+73x10° +2.0x 106 +0.16x106 | £0.37x106 | +0.14x 106 | £0.29x 10 | +0.25x 10

R1(Ohms) | 7725 -13385 -1860 -1145 -246.7 -1619 306.5
+3.635 +6.791 +10.87 +22.83 +13.64 +16.67 +8.518

Q2 6.3x10° -1.9x10° 5.0x10° 3.4x 106 46x10° | 8.5x10° 6.4x10°
+1.4x1012 | £2.8x1012 | +56x1012 | +43x10° | £75x10%? | +13.5x10%2 | +7.4x 1012

R2 (Ohms) | 400549 -23536 58800 151041 42497 39411 54393
+92.94 +42.02 +9.765 +461.5 +12.72 +16.70 +6.769

Q3 0.47 x 10° 53x10° 1.7 x 10 9.3x10° 35x10% | 0.45x106 | 2.5x10°
£021x10%2 | £0.23x10%2 | +1.0x10° | +25x10%2 | +3.1x10° | +0.69x10° | *2.4x 107

R3(Ohms) | 262294 673713 138166 33552 282511 2991 377225
+91.44 +21.9 +168.6 +22.46 +651.8 +30.02 +3240
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Figure S37- EIS for a SION-9 pellet at 5°C under different pressures. At 0 kg the material was
not conductive. Here, experimental results are dots, and solid lines represent the fitted circuit. O-

1000 kg corresponds to 0-1990 kg/cm? of pressure.
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Figure S38- EIS for a SION-9 pellet at 10°C under different pressures. At 0 kg the material was
not conductive. Here, experimental results are dots, and solid lines represent the fitted circuit. O-

1000 kg corresponds to 0-1990 kg/cm? of pressure.
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Figure S39- EIS for a SION-9 pellet at 25°C at 0 kg. Here, experimental results are dots, and sol-

id lines represent the fitted circuit. 0 kg corresponds to 0 kg/cm? of pressure.
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Figure S40- EIS for a SION-9 pellet at 25°C at 500 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 500 kg corresponds to 995 kg/cm? of pressure.
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Figure S41- EIS for a SION-9 pellet at 25°C at 800 kg. Here, experimental results are dots, and

solid lines represent the fitted circuit. 800 kg corresponds to 1592 kg/cm? of pressure.
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Figure S42- EIS for a SION-9 pellet at 25°C at 1000 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 1000 kg corresponds to 1990 kg/cm? of pressure.
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Figure S43- EIS for a SION-9 pellet at 40°C at 0 kg. Here, experimental results are dots, and sol-

id lines represent the fitted circuit. 0 kg corresponds to 0 kg/cm? of pressure.
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Figure S44- EIS for a SION-9 pellet at 40°C at 500 kg. Here, experimental results are dots, and

solid lines represent the fitted circuit. 500 kg corresponds to 995 kg/cm? of pressure.
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Figure S45- EIS for a SION-9 pellet at 40°C at 800 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 800 kg corresponds to 1592 kg/cm? of pressure
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Figure S46- EIS for a SION-9 pellet at 40°C at 1000 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 1000 kg corresponds to 1990 kg/cm? of pressure.
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Figure S47- EIS for a SION-9 pellet at 45°C at 0 kg. Here, experimental results are dots, and sol-

id lines represent the fitted circuit. 0 kg corresponds to 0 kg/cm? of pressure.
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Figure S48- EIS for a SION-9 pellet at 45°C at 500 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 500 kg corresponds to 995 kg/cm? of pressure.
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Figure S49- EIS for a SION-9 pellet at 45°C at 800 kg. Here, experimental results are dots, and

solid lines represent the fitted circuit. 800 kg corresponds to 1592 kg/cm? of pressure.
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Figure S50- EIS for a SION-9 pellet at 45°C at 1000 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 1000 kg corresponds to 1990 kg/cm? of pressure.
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Figure S51- EIS for a SION-9 pellet at 50°C at 0 kg. Here, experimental results are dots, and sol-
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Figure S52- EIS for a SION-9 pellet at 50°C at 500 kg. Here, experimental results are dots, and
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solid lines represent the fitted circuit. 500 kg corresponds to 995 kg/cm? of pressure.
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Figure S53- EIS for a SION-9 pellet at 50°C at 800 kg. Here, experimental results are dots, and

solid lines represent the fitted circuit. 800 kg corresponds to 1592 kg/cm? of pressure.
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Figure S54- EIS for a SION-9 pellet at 50°C at 1000 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 1000 kg corresponds to 1990 kg/cm? of pressure.
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Figure S55- EIS for a SION-9 pellet at 55°C at 0 kg. Here, experimental results are dots, and sol-

id lines represent the fitted circuit. 0 kg corresponds to 0 kg/cm? of pressure.
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Figure S56- EIS for a SION-9 pellet at 55°C at 500 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 500 kg corresponds to 995 kg/cm? of pressure.
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Figure S57- EIS for a SION-9 pellet at 55°C at 800 kg. Here, experimental results are dots, and

solid lines represent the fitted circuit. 800 kg corresponds to 1592 kg/cm? of pressure.
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Figure S58- EIS for a SION-9 pellet at 55°C at 1000 kg. Here, experimental results are dots, and
solid lines represent the fitted circuit. 1000 kg corresponds to 1990 kg/cm? of pressure.
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Figure S59- EIS for a SION-9 pellet at 60°C at 0 kg. Here, experimental results are dots, and sol-
id lines represent the fitted circuit. 0 kg corresponds to 0 kg/cm? of pressure. 1000 kg corresponds

to 1990 kg/cm? of pressure.
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Figure S60- Arrhenius plots and eV of SION-9 pellets at different pressures and tempera-
tures. 0-1000 kg corresponds to 0-1990 kg/cm? of pressure.

127



Appendix

S5.5 Device Fabrication
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Figure S61- Device Fabrication: Device construction step by step, showing all three devices tested
during this study.

Following conductivity studies, two pieces of 4 cm Cu tape were cut, and the non-adhesive sides
were adhered to the center of two different 4 cm x 3.5 cm pieces of Velostat using Cemedine paste
(Figure S61 Left). A 6 mm x 20 mm portion in the center of the adhesive Cu tape was removed, and
covered with ground SION-9. Overall, two potions of the original adhesive backing remained to
block any potential Cu-Velostat-Cu interactions and artificially increase the signal strength. Each
component was oriented so that the hanging pieces of Cu were oriented opposite to eachother
(Figure S61 Middle), but that the SION-9 portion overlapped in the center. Before finally
assembling the device, a third piece of Velostat (4 cm x 3.5 cm) was placed between the two VCu-
SION-9 components, and all components were adhered with Cemedine paste (Figure S61 Right).
The measurements were performed using a potentiostat/galvanostat PGSTAT302N with

chronoamperometry module (Metrohm Autolab), and 3 V were applied for each measurement.
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