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Abstract

Magnetic frustration is a phenomenon that may occur in materials when the arrangement
of magnetic atoms in a structure results in competing magnetic exchange interactions. One
example of this is the kagome arrangement, featuring corner sharing triangles of magnetic
atoms, this motif is expected to generate magnetic frustration in cases where antiferromag-
netic order is present. In this thesis, several magnetic kagome containing metal-organic
frameworks were investigated. This diverse class of materials, comprised of magnetic
metal nodes and organic ligands, provides the opportunity to examine the bulk magnetic
behaviours that arise due to the use of distinct geometries, such as the kagome, which is
anticipated to host interesting magnetic characteristics at low temperatures. In our initial
investigation, we focus on a single member of the Cug(CO3)2(x)3-2C104 family of metal-
organic frameworks, where x represents a ditopic ligand such as bis(3-pyridyl)acetylene.
This metal-organic framework features Cu?*, CO32~ kagome layers which are coordinated
by the ditopic ligands to form a three-dimensional network. Using X-ray and neutron
diffraction techniques, along with magnetic susceptibility measurements, we were able to
definitively characterise the crystal structure and magnetic properties of this MOF. The
magnetic properties we describe were consistent with those observed in other compounds
belonging to the same Cug(CO3)2(x)3-2C104 family, where ferromagnetic and antiferro-

magnetic order coexist.

In our second investigation, we study the impact of eliminating covalent bonding be-

tween the kagome layers. To do this, we explore two additional systems with the formula



Cuz(CO3)2(x)6:2C104, where x represents a monodentate ligand such as methylpyridine
or 2,4-bipyridine. These monodentate ligands give rise to a non-covalent, stacked arrange-
ment of Cu®*, CO32~ kagome layers, which were expected to suppress or eliminate mag-
netic exchange interactions between nearest neighbour kagome layers, forming a magnetic
quasi-two-dimensional kagome structure. Using X-ray/neutron diffraction, heat capac-
ity, and magnetic susceptibility measurements, we were able to confirm the existence of
ferromagnetic exchange interactions within the kagome layers, with no evidence for anti-
ferromagnetic exchange interactions between layers. Furthermore, we extend our investi-
gation by exfoliating these three-dimensional materials to the monolayer limit, tracking
success using atomic force microscopy. Our observations reveal compelling evidence for
the successful exfoliation to a monolayer; however, further examination is required for the

confirmation of crystallinity and magnetic activity.

In our final investigation, we explore the impact of altering intra-plane exchange path-
ways on magnetic exchange interactions within a kagome lattice by synthesising a two-
dimensional MOF with the formula Cu3(CgOg)2. This material features no inter-plane
coordination and employs a distinct superexchange pathway anticipated to accommodate
antiferromagnetic exchange interactions. By conducting high-resolution X-ray powder
diffraction measurements, we were able to dispel contradictory findings from the litera-
ture, with our data suggesting a C2/m space group assignment. Furthermore, by examin-
ing heat capacity, magnetic susceptibility, and muon spin relaxation data, we observe no
sign of a well-defined long-range ordered ground state. This suggested that this system
may host an exotic magnetic ground state at low temperature, one such as the elusive

quantum spin liquid state.

The overall conclusion of this research is that metal-organic framework chemistry pro-
vides an excellent experimental route to characterising physical examples of theoretically

significant magnetic models.
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Chapter 1

Introduction

Solid-state chemistry has long facilitated the discovery of materials with a range of func-
tional properties [1]. As our understanding of the underlying chemistry develops, our
ability to intelligently design systems likely to host desirable properties improves. These
improvements have allowed us to synthesise and characterise novel materials capable of
improving energy storage |2, 3|, data storage [4], memory [5], and many, many more such
avenues. In this thesis, we target magnetic solid-state materials, where their magnetic
properties are derived from the presence of unpaired electrons, which give rise to the
magnetic moment [6]. Similarly to how lodestone was once used to make compasses |7],
modern magnetic materials have become more complex than ever before, with some ma-
terials theorised to host magnetic states that were never previously observed in a material
setting [8]. Such states highlight the new quantum age of materials research, with some
researchers striving towards the synthesis of materials which may facilitate our jump into
the quantum computational world. In many cases, these "quantum" materials, where
classical mechanics fails to describe their electronic/magnetic properties, hinge upon the
presence of exotic magnetic phenomena brought about through many intriguing routes
discussed in this thesis. Some of these exotic phenomena may be described by topologi-
cal magnon bands, superconductivity, Dirac band splitting and the key topic of interest

within this thesis, the quantum spin liquid.
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In the materials we are interested in, magnetism arises due to magnetic atoms containing
unpaired electrons, while unpaired electrons have qualities which allow them to behave
analogously to a magnetic dipole, or moment [6]. In a material, magnetic moments ex-
ist throughout a structure in a periodic array, in these cases, magnetic moments may
interact with each other, giving rise to collective effects like ferromagnetism, which is a
state of magnetic order, giving rise to the permanent field observed on a bar magnet for
example [6, 7]. Ferromagnetism describes the long-range order adopted by neighbouring
magnetic moments aligning in parallel; this may lead to permanent magnetisation and is
what made the original magnet lodestone magnetic, as the aligned moments produce a
cumulative moment about the bulk material similar to Figure 1.5. In the opposite case,
moments may align antiparallel, known as antiferromagnetic ordering, where the net mo-
ment of the material becomes zero. In some cases, these long-range ordered ground states
may be suppressed by the presence of competing exchange interactions, generating exotic
magnetic states [6]. One of these exotic states is the quantum spin liquid, this state is
characterised by magnetic moments eluding long-range magnetic order, instead remaining
dynamic down to the thermal limit [8, 9]. These exotic magnetic states are expected to
assist us in moving into the future of quantum technologies as these spin dynamic states
may be utilised in the generation of qubits or as electronically spin-switchable spintronics

8, 10, 11].

The research and discovery of these quantum materials is non-trivial, and our abilities to
unambiguously characterise such complex magnetic states of matter remains an obstacle
to discovering materials suitable for applications in quantum technologies [8]. In Chapter
3, we introduce the copper carbonate kagome-containing metal-organic framework (MOF)
family, these systems host similar exchange pathways to A-type antiferromagnetic per-
ovskites where both ferromagnetic and antiferromagnetic exchange coupling propagates

two different exchange pathways simultaneously, due to inequivalent exchange pathways.
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This gives us an indication that MOF systems hosting this exchange may be studied for
magnetism approaching the two-dimensional limit as exchange can be weakened or re-
moved entirely in one axis [12]. In Chapter 4, through alterations to the MOF structures
studied in Chapter 3, we aimed to eliminate the antiferromagnetic exchange pathway,
thus isolating quasi-two-dimensional ferromagnetic layers within a three-dimensional ma-
terial, as the ferromagnetic kagome poses an interesting model for study. In Chapter 5 we
study a material hosting an unconventional magnetic ground state, where competing ex-
change interactions prevent the adoption of long-range magnetic order. We therefore aim
to study this system as a promising quantum spin liquid candidate, examining whether
the low-temperature magnetism matches the behaviours expected for such a system. A
rigorous study of these materials by X-ray and neutron diffraction techniques allowed for
our unambiguous structural determination, while magnetic susceptibility, heat capacity,
neutron diffraction and muon spin relaxation spectroscopy allow us to begin characterising

the unconventional magnetic ground states therein.

1.1 Materials, Magnetism and Magnetic Frustration

1.1.1 Metal-Organic Frameworks

In recent decades, MOFSs have been gaining increasing attention for the study of tailored
properties and varied functionalities [13]. MOFs are the result of binding metal nodes to
organic ligands to form extended networks with with some of the ligands used in this thesis
illustrated in Figure 1.1. Synthesis may be approached by microwave [14], electrochemical
[15], solvothermal [16], mechanochemical [17] and more, all of which have benefits and
drawbacks for MOF formation, it is therefore important to select the right method for the
material, the levels of crystallinity and purity desired [18]. The broad range of synthetic
methods and reagents has led to the exploration of MOFs across a range of fields including
but not limited to; catalysis [19, 20], sensing |21, 22|, drug delivery [23], electronics [24]

and key to this thesis the study of magnetism [25|. The modularity of MOFs, where
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Figure 1.1: Examples of organic ligands, monodentate ligands have one metal binding
site, bidentate have two and multidentate may have three or more. These ligands were
used throughout this thesis in the synthesis of magnetic MOFs.

ligands and metals can be viewed as building blocks in larger-scale structures, allowing
for substitutions of these components for those more fit for purpose. For example, MOFs
designed for catalysis can be optimised toward maximum effective surface area by varying
the ligands present, while simultaneously ensuring that the correct functional groups
and pore sizes are maintained [26]. Due to this freedom, MOFs have become one of
the dominant classes of materials in studying the functional properties of materials in
recent years [18]. As mentioned, this thesis focusses on the use of MOFs for the study
of magnetism, where we can synthesise several related MOFSs sharing a magnetic network
as a result of their modular nature and the ability to substitute ligands with similar
binding modes, which allows us to study the effects of the nonmagnetic components on

the magnetic behaviour of the material.

1.1.2 The Origin of Atomic Magnetism

In classical physics when an electrical charge is in motion, a magnetic field is generated.

This phenomenon is best described in the study of electromagnetism, where the movement
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of electrons, or current, through a wire generates an electromagnetic field. Electrons are
negatively charged fundamental particles which have an associated magnetic moment
generated by "spin" and orbital angular momentum. The classical model of electrons,
although useful, does not paint the full picture; instead, in modern physics, we understand
electrons using both classical and quantum mechanical approaches, as classical mechanics
fails to fully describe the reality of the subatomic landscape. With the orbitals of atoms
better described as areas in which an electron is statistically likely to exist at all times,
uncertainty over its precise position is present. In fact, because of the wave-particle duality
of matter, these electron orbitals may be described as standing waves, surrounding the
nucleus as a discrete energy level. In the case of the electron, spin is not literal; instead,
it describes the intrinsic spin angular momentum which we observe through experiments
such as the Stern-Gerlach experiment. In this experiment, vaporised silver, possessing one
unpaired 5s orbital electron, is fired through an inhomogeneous field. Randomly orientated
unpaired electrons entering the applied field then align parallel or antiparallel to the field
direction, depending upon which is energetically favourable dependent upon the original
orientation of said unpaired electron. This results in the observation of two discrete
positions at the detector corresponding to the assigned spin quantum numbers s = % and
—% [27]. Experiments to discover the quantum mechanical properties of electrons involve
a more rigorous mathematical approach. Specifically, three quantum numbers describing
the electron are derived from the Schrodinger equation, which describes the behaviour of
quantum particles in a given quantum system. The solution for this equation is given by

Equation 1.1,
Hy (x) = Ey (). (L.1)

Where H represents the total energy of the system, (r) is the wave function and E is the
energy eigenvalue associated with the given wave function. In solving this equation for
a given quantum particle we obtain three quantum numbers; n, the principal quantum
number; [, the azimuthal quantum number; m;, the magnetic quantum number, with the

spin quantum number m; emerging as a consequence of the other quantum numbers. The
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extraction of these quantum numbers allow us to understand the quantum mechanical
view of energy level occupation by electrons, which has long been understood through

classical means such as the orbital shells proposed by Niels Bohr [28].

From a materials perspective, atoms within a system may possess unpaired electrons
and therefore magnetic moments, materials made up of these atoms then host a range
of magnetic behaviours depending on the local environment and exchange interactions.
In the case of silver, used in the Stern-Gerlach experiment, an unpaired electron resides
within the 5s orbital, the moment of which is free to interact with an external field much
like how a bar magnet would interact with an external field. Silver, [Kr] 4d10 5s!, is a
paramagnetic material, meaning that the unpaired electrons in its structure are attracted
to an applied field, but maintain no permanent magnetisation when this field is removed
as the s shells are not within range to interact with nearest neighbours. Zinc, [Ar] 3d!°
42, is a diamagnetic material, meaning that all electrons are paired and the net moment
is zero. Here the response to an external magnetic field is resisted by an induced current
in the material, leading to a magnetic response suggesting repulsion of the applied field
direction. In transition metal species things become more complex. Before we discuss the
role of electrons in the crystal field we must first address the important ways in which
we quantify electrons, as these provide us with the tools to quantify collective electron

properties such as magnetic order.

1.1.3 Properties of the Magnetic Moment

As we have touched upon, electrons can be considered magnetic moments, with total spin
S, and total orbital angular momentum, L giving rise to the total moment. The motion of
electrons within an atom may be described using L, which is related to the intrinsic spin
angular momentum (u) through the proportional relationship to a gyromagnetic ratio y

given by Equation 1.2:

u=1vyL. (1.2)
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For a specific case such as an electron about a hydrogen nucleus, u may be described by

Equation 1.3:
eh

2m,

H=—5—=—lB. (1.3)

Here, e is the charge of an electron, % is the reduced Plancks constant, m, is the mass of
the electron and up is the Bohr magneton with a value of 9.274x 10724 J T~!. Throughout
this thesis up is a unit used for the spin orbital angular momentum, with the expected
value of a § = % system being 1.73 up. The spin and orbital angular momentum values s

and [ for a single electron can be described by Equations 1.4 and 1.5:

s=4/s(s+ 1)k (1.4)

and

1=+(l+1)h. (1.5)

Here s and [ correspond to the respective quantum numbers. We are aware that spin may
take two values, either s = % ors = —%, while [ may possess an integer value corresponding
to the electronic orbital it describes. The sum of both orbital angular momentum and spin
angular momentum provide us with the total angular momentum, J, the total moment

then, is dictated by the proportions imparted by both S and L. The value for the effective

moment (ueg) can then be understood in terms of J:

Heft = gNJ(J + D ug. (1.6)

Where g; is the Lande g-factor defining an electron with spin and orbital angular mo-
menta. Through these mathematical relationships between quantum numbers and elec-
tronic properties, we are able to consider the Pauli exclusion principle. This states that
two or more particles sharing a half integer spin cannot occupy the same quantum state,
which is where mjy is derived. For electrons, this means that no two electrons may share

all four associated quantum numbers, explaining why electrons pair in their respective
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orbitals with equal and opposite spin, which we will cover later [29].

1.1.4 Crystal Field Splitting and Jahn-Teller Distortion

In 1909, we considered electrons as separate entities to atoms, expecting them to exist
near a positively charged nucleus to balance charge, the plum pudding model [30]. Since
then, our understanding of the electron has improved, from the saturnian orbital model
posed by Hantaro Nagaoka [31], to Niels Bohr’s semi-classical model [28], and the modern
quantum mechanical view of electron shells and standing waves. These shells are capable
of holding a varying numbers of electrons defined by the Pauli exclusion principle. It is
this exclusion principle that explains why electrons possessing equal and opposite spin
are able to pair in the same energy levels. These energy levels are described by orbitals,
the physical limits about a nucleus in which an electron may exist at any time [32]. Here,
a range of orbital shells may host electrons providing the Pauli exclusion principle is
satisfied and therefore we observe discrete orbital shells. For example, the s, p, and d
shells possessed by the first row transition metals, s orbitals may contain two electrons, p
orbitals six and d orbitals ten split equally between the orbital projections illustrated in
Figure 1.2. In the transition metals, outer orbital electrons reside within the d-orbitals,
these orbitals are long reaching and capable of interacting with their surroundings [1].
If one considers a single ion of Cu?* possessing 9 d-electrons, the energy levels of the
occupied d-shells are equivalent in energy. When this free ion is bound by coordinating
ligands in an octahedral structure, the degenerate energy levels of the d-orbitals are split
by the octahedral crystal field as in this case the bonding orbitals (d,2 and d,2_,2) become
higher energy due to the repulsion of the ligand field and electron density along the axes.
The t9¢ level hosts the dy,, d,; and dy; orbitals, while the higher energy e, level contains
the d2 and dy2_y2 orbitals. Crystal field splitting is further complicated in d?, Cut,

which may experience Jahn-Teller distortion (Figure 1.3).
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Figure 1.2: The S shell is a three-dimensional sphere equidistant in all axes containing
two electrons, the p shells are spit into three, specifically propagating the x, y and z axis,
each containing two electrons. Finally the d shells occupy five discrete conformations
containing two electrons each, image edited from Libre texts [33].
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Figure 1.3: The six d-orbitals of d?, Cu?*, in the presence of an octahedral crystal field
these six degenerate energy levels are split into the t9, and e,, where the higher e, energy
levels align with octahedral bonding geometries. These may be split further by Jahn-
Teller distortion, where elongated bonds in one axis create an energy gap splitting the e,
level further, into its d 2 and d,2_y2 components. In extreme cases, the axial bond may
elongate beyond bonding range, leading to an effective square planar geometry, in these
cases the orbitals containing a z componentglecrease in energy.
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This effect arises in d? copper because a single unpaired electron in the eg level may
lie directly in line with equatorial bonds, therefore bond elongation directly affects the
electron density and thus the energy gap, splitting e,. To approach stability, orbitals
with z character reduce in energy in line with elongation, while those with x/y character
increase in energy as they overlap more with the shorter bonding orbitals. The Jahn-
Teller effect dictates the crystal field environment in cases such as in Cu?* where a single
unpaired electron occupies the e, orbitals. Additionally, in some extreme cases axial
bonds may elongate so much that the ligands are no longer in bonding range, resulting in
the effective geometry of the system becoming square planar. In these cases, the higher
equatorial electron density will cause the d,2_,2 energy level to increase while the d 2
may drop lower in energy than even the dy,;. In Chapters 3 and 4 we see extended solids
featuring cooperative Jahn-Teller distortion, where the direction of distortion is ordered
throughout the material. In Chapter 5 we see a MOF in an effective square planar

geometry which may be stabilised by extreme Jahn-Teller distortion.

1.1.5 Magnetic Order in Transition Metal Systems

Now that we have considered how electrons order in an octahedral crystal field we may
begin to discuss the magnetic properties of transition metal materials. The thing that
distinguishes a magnetically ordered material from a para or diamagnetic material is the
ability for it to undergo spontaneous magnetisation. This is made possible by the in-
teractions of neighbouring magnetic moments throughout a material. Transition metals
are exceptionally good at facilitating interactions between neighbouring magnetic mo-
ments as the unpaired electrons reside within the outermost d-orbitals. We see this in
the iron oxide material lodestone, where the magnetic moments within interact and or-
der permanently, magnetising the material. The mechanism for exchange in lodestone is
double exchange, which is mediated by exchanging metal centres with varying oxidation
states. The mechanism of magnetic exchange between two magnetic atoms may also be

through superexchange, illustrated in Figure 1.4. Here, antiferromagnetic exchange cou-
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pling occurs when the virtual electron transfer is between half-filled overlapping orbitals,
i.e M — L — M where all orbitals are half filled (180°). Interactions are ferromagnetic when
virtual electron transfer occurs between a half-filled and empty shell, i.e M — L1 — Ly — M
where L /2 represent two p-orbitals of the ligand which are filled or half-filled (90°). Mag-
netic superexchange is one mechanism which may facilitate the permanent magnetisation
of some materials. In cases where a material is magnetised by an external field, moments
align with that field. The superexchange interactions between neighbouring moments then
stabilise the ordered state much like two bar magnets in parallel stick to each other in
alignment. In other cases, materials may become spontaneously magnetised at a critical
temperature, as moments adopt an energy saving ordered state [6]. Importantly, spon-
taneous magnetisation occurs due to the nature and strength of exchange interactions
present. In the specific example of iron oxide it behaves as a ferromagnetic material,
meaning the internal magnetic moments align in parallel. As discussed, ferromagneti-
cally ordered materials are magnetised, with the bulk magnetic property of the ordered
material dictated by the orientation of the locally ordered moments, hence an iron oxide
bar magnet has a permanent north and south pole. Another type of magnetic order we
may observe is antiferromagnetic order, in this case magnetic moments align anti-parallel
to their exchange partner, leading to a net cancellation of the magnetic moment of the
material, as paired electrons do not possess an effective magnetic moment. The magnet-
ically ordered states: ferromagnetic, antiferromagnetic and paramagnetic can be defined
by the motifs illustrated in Figure 1.5. As stated, magnetically ordered materials hosting
magnetic superexchange may undergo a spontaneous transition to magnetic order at a
critical temperature. For ferromagnetic materials this is the Curie temperature (T¢) and
for antiferromagnetic materials this is the Néel temperature (Tyx). These come from the
Curie-Weiss law, which describes the relationship between the magnetic susceptibility, y,
of a magnet as a function of the temperature. At high temperatures, the thermal en-
ergy is larger than the energy scale of the interactions between the moments, so they are

randomly oriented. At a critical temperature, the interactions become stronger than the
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Figure 1.4: Typical ferromagnetic and antiferromagnetic superexchange pathways. a)
Here 180° superexchange leads to antiferromagnetic exchange coupling between neigh-
bouring magnetic metal sites. b) Here 90° superexchange leads to ferromagnetic exchange
coupling between neighbouring magnetic metal sites.
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Figure 1.5: Representations of the arrangements of magnetic moments in the paramag-
netic, ferromagnetic and antiferromagnetic state.
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kinetic energy and so the system may spontaneously adopt a long range ordered state.
But what happens in cases where this spontaneous transition to a magnetically ordered
ground state is prevented by the geometric arrangement of the magnetic moments held

within?

1.1.6 Magnetic Frustration

Magnetic frustration arises in systems where competing exchange interactions exist. In
such cases, exotic magnetic ground states may emerge, hosting interesting magnetic prop-
erties some examples of which are discussed later. To generate magnetic frustration one
simply has to introduce competing exchange pathways. A common method of doing this
is through geometric frustration, where magnetic moments are positioned in such a way
that long-range order may not exist alongside such competing interactions. Examples of
this include the triangular lattice where antiferromagnetically couple magnetic moments
exist upon the vertices of a triangle. Here, long-range magnetic order is prevented as each
magnetic moment cannot simultaneously satisfy both neighbouring moments. Another ex-
ample is a square lattice where nearest and next nearest neighbour exchange interactions
compete if their exchange strengths are of similar in magnitude. The geometry we focus
on in this Thesis is the kagome arrangement, featuring corner-sharing triangles, geometric
magnetic frustration is expected to lead to a suppression of long-range antiferromagnetic

order.

13
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1.1.7 The Quantum Spin Liquid and the Resonating Valence Bond

Model

In cases where frustrated geometries and antiferromagnetic exchange coupling are present
order may be suppressed, leading to some unconventional magnetic ground states, ex-
amples of these are spin glass [34], spin ice [35] and the quantum spin liquid. Of these
magnetic states, the quantum spin liquid remains an elusive synthetic target, with theory
suggesting that this state may emerge in the kagome antiferromagnet model [36]. The
quantum spin liquid is thought to be a non-magnetic state characterised by a lack of long-
range magnetic order down to 0 K. One way to visualise such a ground state is through the
gapped resonating valence bond (RVB ) model, where nearest neighbour antiferromag-
netically coupled spin dimers resonate within a structure, this is illustrated on a kagome

lattice in Figure 1.6. For us to begin the process of chemically designing a system likely
@ @ é %

Figure 1.6: An illustration of the resonating valence bond model upon a kagome lattice,
featuring nearest neighbour exchange coupling only, here we see how resonating antifer-
romagnetic dimers would stabilise a dynamic non-magnetic ground state. Blue circles
represent a metal atom, orange lines are bonds and green highlights indicate antiferro-
magnetic dimer couples.

to exhibit such behaviours we must first consider the properties expected to induce such
a state. We have covered geometric frustration, but additionally to this it is important
to use low-spin (S = %) systems as these host strong quantum effects, which are believed
to eliminate the energy barrier which prevents magnetic moments from fluctuating even

down to 0 K [37, 38]. Another property expected to increase frustration and lead to the

14



Chapter 1. Introduction

emergence of a RVB-like state is to reduce dimensionality. A reduction in dimensionality
increases the impact of quantum fluctuations, which suppress long-range order, while also
reducing the number of potential magnetic exchange pathways. With this, we begin to
understand the synthetic targets chosen for study in this Thesis. In all three chapters, we

2

use S = %, Cu“* as our magnetic ion in a kagome arrangement, bound by varying organic

ligands in the hopes of realising systems hosting magnetic ground states of interest.

1.1.8 Ferromagnetic Kagome Containing Magnets and Approach-

ing the Two Dimensional Limit

The kagome is not simply a geometry suitable for hosting frustration in the presence of
antiferromagnetic exchange coupling, in fact, magnetic moments arranged in a kagome are
also interesting for the study of phenomena arising in ferromagnetic systems. The physics
currently studied within ferromagnetic kagome-containing systems ranges; however, an
important consideration is that many of the interesting phenomena arise in systems where

the kagome is magnetically isolated approaching two-dimensionality [39, 40, 41, 42].

Quasi-two dimensional, describes three-dimensional magnets where the magnetic exchange
interactions within are inequivalent in three-dimensions. For instance a layered material
where the magnetic exchange interactions between layers are negligible, and so experi-
mentally, the material will have properties synonymous with two-dimensional magnetism.
In such systems, the magnetic order observed is not necessarily the key finding, two-
dimensional magnets are expected to expand on our potential to experimentally realise
novel phases of matter such as the quantum spin liquid [43|, unconventional supercon-
ductivity and more [44]. The material realisations of two-dimensional magnets are part
of an emerging field, with Crls (Figure 1.7) discovered to host ferromagnetism in 2018
[45], van der waals materials are becoming widely studied [46, 47]. Often, the inter-
esting properties originating from ferromagnetic kagome contaning materials are from

electronic properties, one such property is the Hall effect characterised by the generation
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Figure 1.7: Crystal structure of Crls where two-dimesnisonal magnetic layers are weakly
layered shown by the black arrow, with no covalent interactions between, Crlz was dis-
covered to host ferromagetic exchange coupling in two-dimensions only.

of an electric field perpendicular to an applied field. The anomalous Hall effect remains
incompletely understood, and therefore the study of this phenomenon in a material set-
ting aids in the full understanding of the phenomenon. This characteristic is particularly
observable in the kagome arrangement as the magnetisation has been found to vary sig-
nificantly between fields applied in the ab-plane and the c-plane approaching the Curie
temperature. This means that the anomolaous hall effect can be directly observed as a
function of applied field application. This characteristic of the kagome make it an inter-
esting material for study as the observation of the anomalous Hall effect may be observed
toward the kagome’s crystallographic easy axis meaning that the onset of this effect can
be directly controlled aiding in its understanding [39]. Another interesting observation in
the ferromagnetic kagome is spin wave transport, hoped to advance the transmission of
information, spins may be compared to binary information which, when flipped create a
ripple or spin wave which travels throughout the material [40]. This is an effect which is
studied in the ferromagnetic kagome again, due to the prominent easy axis magnetisation
facilitated by asymmetric exchange strengths in three dimensions. It is clear from these
examples that the kagome arrangement hosts interesting electronic phenomena due to the
two dimensional layers and so the production of more ferromagnetic kagome containing
systems like those studied in both Chapters 3 and 4 allow for these systems to be repro-
duced by groups specialising in the electronic characterisation of phenomena hoped to

advance some highly novel technologies susch as quantum computing.
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Ultimately, ferromagnetic kagome containing materials are highly exciting as they pro-
vide access to the study of characteristics previously unexplored in a materials setting;
two-dimensional phase transitions [48], electronic excitations discussed above [39, 40],
field and temperature dependent magnetic phenomena and a broad range of potential
applications make up the bulk of interest in this class of materials and this is before we
consider the two-dimensional kagome [49]. A further reason the ferromagnetic kagome is
such an exciting model for two-dimensional magnetic study is that the arrangement of
atoms also naturally support Dirac points, flat bands and Van Hove singularities, as such
many topological, correlated phases may be realised in two-dimensional kagome magnets
[39]. Within Chapter 4 we explore kagome-containing MOFs expected to host quasi-two
dimensional magnetism and explore the magnetic properties of the systems as a foun-
dation for groups who may wish to study the in-depth electronic characteristics of such

kagome containing ferromagnets.

1.2 Magnetic materials of interest

Having outlined much of the relevant theory behind magnetism and the generation of
magnetic frustration in materials, we focus our attention to some examples in the liter-
ature, many of which formed key foundations for the ideas and experiments within this
Thesis. As discussed, the kagome lattice is a geometry sought after in solid-state physics
research for the study of complex magnetic ground states such as the QSL, as corner-
sharing triangles are expected to generate magnetic frustration when antiferromagnetic
exchange interactions are present [8]. The purpose of the following section is to explore
the literature on magnetic kagome-containing materials, outlining their relevance to the
synthetic targets, characterisation techniques and general aims of this Thesis. While also
focussing on the limitations of our characterisation techniques when it comes to the study

of states such as the quantum spin liquid.
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1.2.1 Inorganic Realisations of Kagome Magnets

Some of the first discovered materials hosting a kagome arrangement of magnetically
active atoms were minerals. A few minerals we will cover here are; herbertsmithite
(CuzZn(OH)gCla), volborthite (CuzVa0O7(OH)2-2H20) and barlowite (Cu(OH)gFBr) all
of which possess a kagome arrangement with the magnetism studied in each case. First,
herbertsmithite (Figure 1.8) hosts copper hydroxide based kagome layers bridged by inter-

plane zinc atoms. Multiple reports find the dominant exchange interactions in herbert-

Figure 1.8: Reported structural models of herbertsmithite by Khuntia et al [50|. a) Here
we observe the copper (blue) kagome bridged by oxygen (red) and zinc (yellow) presenting
magnetically isolated kagome layers. b) Here we see a single layers of the kagome, showing
the ideal positions of oxygen to facilitate the nearest neighbour exchange interactions likley
to induce a QSL like state.

smithite are antiferromagnetic in nature [51, 52, 53]. The onset of long-range magnetic
order is also found to be suppressed below their measurements taken at 50 mK in mul-
tiple magnetic susceptibility, heat capacity, and neutron diffraction studies, which made
herbertsmithite a material of interest in elucidating the QSL state [52, 53, 54]. Although
in 2007, the relative strength and pathways of antiferromagnetic exchange interactions
could not be derived from the data, the observation of a QSL hallmark was made through
the use of spin-polarized inelastic neutron spectrometry, fractional S = %, excitations [53].
The fractionalisation of exications is a hallmark of unconventional magnetism, however
these are challenging to probe [55], initially these were studied by Helton et al using

models for triangular lattices, and so the conclusions drawn were based on assumptions
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that these fractionalised excitations would also exist for a QSL ground state of a kagome
antiferromagnet [53]. As shown in Figure 1.7, the ideal structure of herbertsmithite pos-
sesses magnetically isolated kagome layers, bound by non-magnetic zinc resulting in the
perfect antiferromagnetically coupled moments within a frustrated geometry expected to
host the QSL state [9]. However, in practice, it was discovered that magnetic site dis-
order characterised by partial substitution of non-magnetic zinc positions with magnetic
copper (II) resulted in the breakdown of this ideal magnetically frustrated motif [56].
This magnetic site disorder presents a challenge as the introduction of magnetic exchange
pathways between kagome layers reduces the magnetic frustration of the kagome lattice
through the emergence of alternate exchange pathways, which then dominate the ob-
served low-temperature magnetic regime [50, 57, 58, 59]. Taking into account the formula
of herbertsmithite hosting magnetic site disorder, Cuy_,Zn,(OH)gClg, it has been shown
that for values of x = 1, indications of a QSL-like state can be observed [60]. Even re-
cently, in 2020, studies of herbertsmithite have shown the detrimental effects of magnetic
site disorder in terms of measured length scales for exchange interactions [61]. At this
point, we may consider magnetic site disorder to be one of the main barriers to examining
QSL states in materials using inorganic systems. A second kagome-containing species
previously studied is volborthite, featuring a copper (II) kagome lattice coordinated by
pillaring VoO7. Volborthite showed promise experimentally, with strong dominant an-
tiferromagnetic exchange interactions reported [62]. Unfortunately, volborthite suffered
from a different barrier to accessing the antiferromagnetic kagome model, a structural
transition. It was discovered that volborthite undergoes a structural transition below
155 K, transforming from the kagome-containing C2/c or C2/m space groups to a square
lattice containing 12/a or P21/a space groups [54]. Although competing interactions on
a square lattice may prove interesting in general, the study of the low-temperature mag-
netism of a kagome lattice was clearly not possible in volborthite [54]. Another compound
of interest was barlowite, which also contained a copper kagome lattice this time sepa-

rated by halides Br~ and F~ (Figure 1.9). Similarly to herbertsmithite however, barlowite
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Figure 1.9: Reported structural models of barlowite by Ranjith er al [63]. (left) Here we
see a single kagome layer supported by copper hydroxide bonding, with disordered copper
and bromine occupying the interplane sites. (right) Here we see how the disordered copper
and bromine bridge the gap between kagome layers.

also suffers from magnetic site disorder of the interlayer atomic positions, with disordered
copper atoms occupying all inter-plane sites. Initial studies on the magnetic properties of
barlowite found an ordering transition temperature Ty = 15 K [64], and dominant anti-
ferromagnetic exchange coupling [65]. At this stage, it was becoming clear that if a QSL
state was to be observed in an inorganic system, the obstacle of magnetic site disorder
would need to be overcome. It was suggested through DFT calculations [66], that the dis-
ordered magnetic copper sites in barlowite may be filled instead with non-magnetic zinc
ions, thus isolating magnetic copper kagome layers in a zinc doped barlowite species. A
comprehensive muon study of Zn-barlowite for Zn substitutions of 0 - 0.99(1) %, marked
a cornerstone in the realisation of a system hosting the kagome antiferromagnet model
at low temperatures [67]. In this study, zinc composition was varied through the use of
stoichiometric ratios of reagents, tracked via refinements of neutron powder diffraction
data, which allowed the occupancies of these inter-plane positions to be modelled [67].
Similarly to the work carried out in Chapter 5, a temperature-dependent muon spin re-
laxation study confirmed that the relaxation rate as a function of time was not consistent
with the onset of long-range magnetic order or a spin glass, and was instead consistent
with the results reported for herbertsmithite in cases where inter-plane sites were largely
occupied by non-magnetic atoms (Figure 1.10) [67]. Instead, a long plateau is observed

in the muon spin relaxation rate, consistent with a system which is not in a long-range
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Figure 1.10: Muon spin relaxation data collected for two zinc substituted barlowite species
reported by Tustain et al and herbertsmithite reported by Mendels et al |67, 60]. We see
here that in all cases, a plateau persists below 1 K down to 50 mK, this plateau would
not emerge in cases where a long-range ordered state exists.

ordered state in Zn-barlowite samples with > 60 % zinc occupation of inter-plane sites. It
was discussed here that these results may characterise the role of hydroxide and halides
or the role of interlayer Cu?* moments present in the structure [67]. Ultimately, this
study indicated that the substitution of magnetically disordered sites with non-magnetic
atoms was a promising route to bypass the barriers to QSL discovery posed by these
disordered inorganic materials [67]. Although disorder remains a significant issue [68].
This study also marked the optimisation of years of study towards realising inorganic
materials capable of consistently hosting such exotic magnetic ground states. This wealth
of study naturally posed the question, can such exotic magnetic states be observed within
other branches of chemistry, and if so, might these systems mitigate the chemical barriers

associated with previously studied inorganic systems?

1.2.2 Kagome Containing Metal-Organic Magnets

With the foundations for the examination of complex magnetic ground states established
through the extensive study of inorganic kagome-containing materials, the opportunity to

seek such exotic states within other synthetic realisations presented itself. As discussed
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MOFs are made up of metal nodes and organic ligands, with these forming extended
networks, with functional properties spanning most fields of chemistry [18]. The incor-
poration of magnetic metal nodes in MOFs to form magnetic MOFs, or metal-organic
magnets (MOMs), presents a wide landscape for the study of magnetic phenomena for
several reasons. First, MOFs may be synthesised using a far wider range of organic lig-
ands than the atomic coordinations observed in inorganic systems [69]. Second, MOFs
containing the same magnetic atoms may be synthesised using different organic ligands,
assuming similar coordination, ligand selection may alter the lattice parameters and unit
cell while preserving the magnetic topology [70]. This is considered "tuning" of the frame-
work, or synthetically optimising the structure towards desired magnetic phenomena, a
practise used throughout this Thesis, and in the literature [71]. These attributes allow
us to synthesise broad families of MOMs with related magnetic properties. Additionally,
MOMs allow us to easily explore novel systems likely to share key structural and magnetic
properties through the denticity of the ligand or the selection of the magnetic atom. An-
other key property of MOMs is the relatively weak magnetic superexchange, which often
propagates longer organic ligands [25]. In some cases ligand selection may be used to
suppress long-range order by reducing the effective magnetic dimensionality of the system
[72, 73], also increasing the effect of quantum fluctuations [74], which are key theoretical

routes to inducing a QSL state.

With these features in mind, we begin to see how effective MOMs may be in the synthetic
design of new and exciting magnetic topologies such as the antiferromagnetic kagome. One
of the first reported magnetic kagome-containing MOFs was Cug(pyrazine)a (benzenedicarb-
oxylate)s)s in 2002, with magnetic analysis suggesting the presence of weak ferromagnetic
exchange interactions |75]. In 2008, a similar kagome-containing MOF, Cu(1,3-bdc), was
studied [76]. After the crystal structure was described by modelling single-crystal XRD
data (Figure 1.11). Through the magnetic characterisation of Cu(1,3-bdc), it was discov-

ered to host both dominant antiferromagnetic exchange interactions while showing signs
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Figure 1.11: Reported structural models of Cu(1,3-bdc) showing how benzenedicarboxy-
late simultaneously forms the kagome layers and bridges the gap between them shown
alongside [76].

of being a soft ferromagnet. [76]. To explain these seemingly conflicting data, Nytko et
al proposed that antiferromagnetic exchange propagates within the kagome plane while
ferromagnetic exchange interactions propagate between the kagome layers [76]. These
assertions were supported by reports of Cuy(bdc) dimers hosting ferromagnetic exchange
coupling through a seven-atom pathway |77, 78]. This was later refuted in 2015, through
the analysis of neutron scattering data, suggesting that exchange interactions were, in
fact, ferromagnetic within the kagome plane and antiferromagnetic through the inter-
plane seven-atom pathway [79]. From the example of Cu(1,3-bdc), two common themes
emerge which repeat amongst other kagome-containing MOMs; first, the observation of
two co-existent magnetic exchange pathways in and out of the kagome plane, and second,
the mis-assignment of anti and ferromagnetic exchange components when neutron diffrac-
tion data is not available. The latter here highlights the strength of neutron diffraction
methods we will discuss later, as these probe the magnetic exchange interactions through-

out a magnetic crystalline network such as a kagome-containing MOM. One consequence
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of the discussion of the ferromagnetic kagome layers in Cu(1,3-bdc) is that we can no
longer expect to study the system as an antiferromagnetic kagome system likely to host a
QSL state. However, this combination of features remains an exciting research avenue as
topological magnon bands were found to arise in such systems [79]. Topological magnon
bands are supported by the kagome as it hosts symmetry-protected band crossings, which
retain their degeneracy in the presence of exchange interactions [80]. This highlights that
kagome-containing MOMs, in general, are exciting systems for magnetic study, whether

the kagome planes feature ferromagnetic or antiferromagnetic coupling.

In 2005, another interesting MOM was reported containing kagome layers of Co?*, chelated
by imidazole 4,5-dicarboxylic acid in the equatorial plane and 4,4’-bipyridine in the ax-
ial plane to afford a three-dimensional kagome-containing network [81]. This MOM of
formula, [Cos(imidazole 4,5-dicarboxylic acid)a(4,4'-bipyridine)s|-6HoO-DMF, (Co-bipy)
features a near perfect kagome lattice with equatorial bond lengths of Co-O of 2.129 and
2.061 A with Co-N bonds 2.130 A [81], suggesting Jahn-Teller distortion of the dy2_y2
orbital, which will also be a recurring theme in Jahn-Teller active kagome MOMSs con-
taining an octahedral binding motif [12, 82, 83, 84, 85, 86]. In addition to structural
analysis, magnetic characterisation of Co-bipy was performed which suggested that the
dominant exchange interactions between cobalt sites were antiferromagnetic in nature.
These bulk magnetic results were also replicated in 2015 for the same system, finding
similarly that dominant antiferromagnetic exchange coupling was present [87], however
no further magnetic characterisation was undertaken. Interestingly, this system may pro-
vide an interesting avenue for study by neutron diffraction techniques to fully elucidate
the magnetic exchange interactions present, similarly to Cu(1,3-bdc). More importantly,
their findings suggest that the synthesis of a copper analogue may be a good candidate
for the study of a § = % antiferromagnetically coupled kagome network and, of course,

the potential for this to host a QSL state [8, 25].
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Another kagome-containing MOM reported in 2010 featured manganese oxide kagome lay-
ers, linked by benzene tricarboxylate to give the formula [Mn3(CgHs(COO)3)2], (Mn-btc).
Magnetic analysis was performed for Mn-btc, where it was discovered to host dominant
antiferromagnetic exchange interactions; however, no further evidence is provided for the
exchange pathways these exchange interactions propagate [88]. It is highly unlikely that
the antiferromagnetic exchange interactions suggested by the analysis of both Co-bipy
and Mn-btc originate from one nearest-neighbour exchange pathway when considering
the three-dimensional nature of the materials. Although many of these kagome-containing
systems are unlikely to host a QSL state due to § > % metals used, they highlight the
diversity and depth for study into a class of material as specific as the kagome-containing
MOM. These reports also highlight the benefits of utilising characterisation techniques

such as neutron diffraction in the study of magnetic materials.

1.2.3 3D Copper Carbonate Kagome Containing Metal-Organic

Magnets

At this stage, we have seen that three-dimensional kagome-containing MOMs are highly
likely to host multiple routes for exchange coupling, and as such, the complexity of out-
lining their magnetic ground states increases. Here, we may ask the question, can three-
dimensional magnetic exchange in a kagome-containing MOM be suppressed by the use of
inter-plane ligands which are so long that they no longer host magnetic superexchange?
Well, in 2009, a report on a Cu?", CO%‘ kagome lattice layered upon relatively long,
1,2-bis(4-pyridyl)ethane, (bpe) ligands was published [85|. This marked the beginning of
many research papers covering systems with the general formula Cus(CO3)2(x)3-2C10y,
where x was a long ditopic ligand such as bpe, we will call this MOF-bpe (Figure 1.13).
In this first report of MOF-bpe, the copper atoms within are in an octahedral geometry
and as such, the bond lengths of Cu-O were found to be 1.949(4) and 2.763(5) A, and
Cu-N bonds, 1.987 A, suggesting an extreme case of Jahn-Teller distortion, so extreme it

appears as a tranformation of octahedral geometry to an effective square planar geometry
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(Figure 1.12).

Figure 1.12: A section of MOF-bpe showing the Jahn-Teller distorted Cu-O bond shown as
a dashed line, this distortion results in a "breathing" kagome lattice featuring inequivalent
kagome triangles.

The magnetic study suggested weak antiferromagnetic exchange interactions were domi-
nant but suggested that there may be competing ferro- and antiferromagnetic exchange
interactions [85]. From these data, comparisons are made with the previously discussed
system Cu(1,3-bdc) where antiferromagnetic exchange was thought to propagate the
kagome planes and ferromagnetic exchange propagates between them [76, 85|. Their
conclusions for MOF-bpe were that magnetic exchange occurs predominantly through
the equatorial-axial Cu-O bonds, with one heavily Jahn-Teller distorted d_2 orbital likely
to facilitate far weaker exchange interactions potentially causing competition. The fi-
nal conclusions of this research were that Cuz(CO3)2(bpe)s3-2ClO4 hosted antiferromag-
netically coupled kagome layers that were weakly ferromagnetically coupled through
the coordinated ditopic bpe ligands. In 2014, a report of a related system of formula
Cus(COg3)a(bipyridylacetylene)s-2Cl104, MOF-bpa was made, the acetylene ligand is
linear and rigid, unlike bpe, which was confirmed to eliminate the rotational disorder ob-
served in the crystal structures reported for MOF-bpe [85, 86]. For MOF-bpa magnetic
analysis suggested dominant in-plane ferromagnetic exchange interactions with their mag-
netic model opposing the prior literature. For MOF-bpa, it has been suggested that fer-
romagnetic kagome layers coupled antiferromagnetically to adjacent layers characterised

the magnetic ground state. This was one of the first indications in the literature that the
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Figure 1.13: The reported crystal structure of [Cuz(CO3)a(bpe)s3]-2C104 by Kanoo et al.
a) This octahedrally coordinated system features a copper carbonate kagome lattice with
Jahn-Teller distorted Cu-O bond meaning that the Cu-O bonds are equatorial-axial in
nature. b) The copper carbonate kagome layers are then coordinated by long, ditopic
1,2-bis(4-pyridyl)ethane ligands to afford a three-dimensional structure [85]. C) shows
some ligands which are able to interchelate copper carbonate kagome layers (left to right)
bpe, bpy, azpy and bpa discussed throughout.
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selection of organic ligands in this family of MOMs may effect the magnetic ground state
significantly and, as such, the in-depth study of MOF-bpa is the topic of discussion in
Chapter 3.

In 2015, the experimental promise of antiferromagnetic copper carbonate kagome lay-
ers indicated by Kanoo et al had sparked interest in the further study of MOF-bpe by
Ajeesh et al [82|. Here, a comparative study in which the pillaring ditopic bpe ligand was
substituted for 1,2-bis(4-pyridyl)ethene (bpy) giving a formula, Cus(COs3)2(bpy)3-2C104,
(MOF-bpy). The synthesis of this similar system allowed them to explore the effects of
this chemical change on the magnetic response, reiterating a key benefit of MOF chemistry
[25]. For both MOF-bpe and MOF-bpy, magnetic measurements indicated the presence
of dominant ferromagnetic exchange interactions, contrary to the findings of Kanoo et al
[82, 85]. Despite similar data for MOF-bpa said to indicate the presence of ferromagnetic
kagome layers a year prior, they instead claimed that ferromagnetic exchange interactions
must be mediated by the bpe and bpy ligands as the 180° bonding geometries within
kagome planes would favour antiferromagnetic exchange according to the Goodenough-
Kanamori rule [89], which was again a reasonable conclusion at the time. Ultimately, the
picture of antiferromagnetic kagome layers coordinated by ferromagnetically exchanging
ditopic organic ligands remained the most up-to-date description of the magnetism within
MOF-bpe and MOF-bpy while the opposite was believed to be the case for MOF-bpa
highlighting the conflicts within the literature for this closely related family of MOMs. In
2020, the study of MOF-bpe was taken further, with specific heat capacity and neutron
powder diffraction analysis of the system reported [84]. Once again, magnetic measure-
ments were taken with findings consistent with Ajeesh er al |82, 84|. However, this study
was the first to utilise neutron powder diffraction on a sample of MOF-bpe, from which
they came to the conclusion that there was no evidence for long-range magnetic order
down to 1.5 K, something that would be clearly indicated from these data. Instead, a

magnetic phase diagram is constructed, asserting that at a critical field a short-range
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Figure 1.14: The proposed magnetic phase diagram for MOF-bpe by Jain et al, here
we see that below a critical field of 125 Oe the system adopts a short range canted
antiferromagnetic state [84].

canted antiferomagnetically ordered state is adopted in MOF-bpe [84], above which, fer-
romagnetic interactions consistent with the applied field are observed. This led to their
conclusion that MOF-bpe had a "fragile" magnetic ground state (Figure 1.14), which was
also the first report to fully assign a magnetic ground state. That is to say, the previous
reports of this system made claims about the type and pathway of magnetic exchange

interactions based on theory, not experimental evidence.

It is thus clear that despite over 10 years of study, the underlying magnetic phenom-
ena within this family of Cuz(CO3)2(x)3-2C104 kagome-containing MOMs was yet to be
truly elucidated. This led us to report our own publication in 2022, considering previ-
ous reports of these systems and collecting our own data for the structural and magnetic
characterisation of three members of this Cuz(CO3)2(x)3-2C104 family, where x was, 1,2-
bis(4-pyridyl)ethane (bpe), 1,2-bis(4-pyridyl)ethene, (bpy) and 4,4’-azopyridine, (azpy)
[12]|. First, the growth of single-crystals allowed us to fully characterise the structures of
these MOMs in a chemically sensible way, at which point we discovered that the previously
outlined space group assignments for MOF-bpe were not chemically reasonable, leading

to C-C bond distances and angles which were unlikely to exist in a stable conformation.
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Figure 1.15: Illustration of the Cu—0---O-Cu superexchange angles present between near-
est neighbour copper ions in the copper carbonate kagome network, according to DFT
calculations the ¢ = 82.6(3)° and ¢2 = 217.4(3)° would result in ferromagnetic exchange
coupling [12, 83, 90].

Instead, we modelled the data in a different space group, allowing for a model of MOF-bpe
in a chemically sensible geometry which MOF-bpy and MOF-azpy also share. Our mag-
netic characterisation suggested dominant ferromagnetic exchange coupling in all three
cases [12]. We were then able to generate magnetic structural models for each system
using neutron diffraction techniques, models which suggested that ferromagnetic interac-
tions exist within kagome planes and antiferromagnetic interactions between them. Our
results suggested that the assignment of antiferromagnetic kagome layers based upon the
Goodenough-Kanamori rule were not consistent with the evidence we obtained. There-
fore, it was likely that the magnetic intra-layer exchange pathways present are not simply
propagating a ~180° route for antiferromagnetic coupling as previously assumed [82], but
instead a route proposed from DFT calculations outlined by Mateus et al, Figure 1.15 [90].
From here, we were content with the evidence supporting our claims that intra-layer ferro-
magnetic and inter-layer antiferromagnetic exchange characterised the kagome-containing
Cus(CO3)2(x)3-2C104, MOM family and so we turned our attention to further extending
this family to include the discussed, disorder free bipyridyl acetylene ligand (bpa). As
discussed, the inter- and intra-layer exchange coupling assignments for MOF-bpa was
reported to be consistent with our reports for MOF-bpe, bpy and azpy, however much

room was left in this report to further elucidate the magnetic ground state of MOF-bpa.
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In Chapter 3, we explore, by comparison to MOF-bpe, bpy and azpy, the effects, if any,
on the magnetic behaviour of MOF-bpa. The main goal of this chapter is to explore
the magnetic structure of MOF-bpa and understand whether linear, disorder-free ligands

significantly affect the low-temperature magnetic characteristics.

1.2.4 Quasi-2D Copper Carbonate Kagome Containing Metal-

Organic Magnets

As mentioned, one of the original expectations of synthesising kagome-containing MOMs
featuring long inter-plane ligands was that these ligands may be long enough to suppress
magnetic exchange interactions between kagome layers. This was expected to manifest
as quasi-2D magnetic layers within a three-dimensional structure, however this has since
been proven incorrect and that instead, magnetic exchange interactions still propagate
these long ditopic ligands [12]. The direction of Chapter 4 is removing the covalent
coordination present between kagome layers through ligand selection to afford magneti-
cally isolated, stacked kagome layers within a MOM. From our previous study, we would
expect these copper carbonate kagome layers to host ferromagnetic exchange interac-
tions. As such, the focus of this chapter is on the elucidation of the magnetic ground
state of non-covalently bound kagome-containing MOMs, acting as an extension to the
Cuz(CO3)2(x)3-:2Cl104 family previously outlined (Figure 1.16). One system fitting this
description was reported in 2018, featuring copper carbonate kagome layers bridged by
noncovalent 2,4’-bipyridine ligands with formula Cuz(CO3)2(2,4” — bipyridine)s-2Cl10y,
MOF-bipy. As expected, the magnetic characterisation reported suggests the presence of
ferromagnetic exchange coupling [83]. However, this is the only result reported for MOF-
bipy. With the low temperature magnetic ground state of this system still unknown, the
basis of Chapter 4 presents itself, elucidating the magnetic ground state of MOF-bipy
alongside the magnetic ground state of a material previously unreported in the literature

of formula Cu3(COs3)a(methylpyridine)s-2Cl1O4, MOF-mp.
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Figure 1.16: Comparison of (a) MOF-bpa and (b) MOF-bipy, MOF-bpa features cova-
lenty linkage between kagome layers while MOF-bipy is non-covalently stacked through
weak interactions.

1.2.5 2D Antiferromagnetic Copper Kagome Containing Metal-

Organic Magnets

In Chapter 5, we begin to explore both changes to intra-plane ligands and the elimina-
tion of interplane coordination. This leads to these MOMs often being referred to as
two-dimensional. With many of these kagome-containing MOMs falling into the general
formula M3Ls, where M is a metal and L is the coordinating ligand within the kagome
plane. Regarding the magnetism observed in such MOMs the literature is broad and
not limited to, spintronic materials proposed for many transition metal species [91, 92|,
high temperature (~200 K) ferromagnetic ordering temperatures in Mn3(CgSg) monolay-
ers [93], and antiferromagnetic kagome-containing materials with the potential to host the
long sought after QSL state [94, 95|. The multifunctionality of these 2D materials is also
exemplified by systems such as Cus(HHTP)o where HHTP is hexahydroxytriphenylene,
where magnetic order appears to be suppressed down to 38 mK alongside its potential for
use as a semiconductor [96]. In Chapter 5 we focus on the Cug(CgOg)2 system (Cu-HHB),
with reports in the literature suggesting dominant antiferromagnetic exchange coupling
and a lack of long-range order as shown by magnetic susceptibility and heat capacity
measurements [97, 98|, this system is an excellent target for study utilising neutron and

muon techniques to probe the low-temperature magnetic characteristics.
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Experimental Methods

The characterisation of exotic magnetic states of matter is an ongoing challenge in con-
densed matter and solid-state physics and chemistry [99]. Observing or defining these
quantum states through single, direct measurement is currently impossible, and so it is
necessary to employ multiple complementary techniques to truly elucidate the magnetic
ground state. A lack of long-range magnetic order down to 0 K is thought to be a key char-
acteristic of a quantum spin liquid (QSL), a "holy grail" of quantum materials discovery.
However, a lack of order down to 0 K is not indicative solely of a QSL, since suppression
of long-range magnetic order can be observed due to lower-dimensionality [100], "hidden"
order [101], and short-range spin correlations [102]. To confirm the presence of a complex
magnetic state, we use complementary techniques such as; magnetic susceptibility, elastic
and inelastic neutron scattering, muon spin relaxation spectroscopy (u#SR), and heat ca-
pacity measurements, these are used alongside X-ray diffraction (XRD) methods for full
characterisation. These listed methods have been employed herein for the elucidation of
the complex magnetic ground states of several kagome-containing metal-organic frame-

work materials.

As discussed, suppression of magnetic order can be induced by geometric frustration

of antiferromagnetically interacting magnetic moments [9]. The competing exchange in-
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teractions generated provide ideal conditions for the observation of a QSL state [82]. In
finding suitable QSL candidates however, it is important to highlight synthetic targets
that possess features hypothesised to host such complex magnetic phenomena; it is also
common to find materials along the way that host their own unconventional magnetic
properties, as discussed in Chapters 3 and 4. Throughout this Thesis, two things remain
constant; the use of § :%, Cu?* and the use of copper within MOFs. Both of these factors
allow us to generate the ideal conditions for which non-trivial magnetic phenomena are
expected to arise, specifically, when S:%, Cu?* ions are positioned in a frustrated geom-

etry such as the kagome |[8, 60].

MOFs are not without flaw; they can be challenging to structurally characterise because
they commonly host large unit cells containing many atoms which hinders facile structural
characterisation by diffraction methods [12]. Despite this added challenge, the synthe-
sis and structural determination of target materials via single-crystal X-ray diffraction
neutron powder diffraction and powder X-ray diffraction (SCXRD, NPD, and PXRD,
respectively) provide the foundation for further study of the magnetic characteristics of
these systems. Crystallographic techniques are highly complementary to magnetic tech-
niques because they provide us with the structural context in which magnetic phenomena
emerge [25]. This foundation is crucial in understanding nearest-neighbour exchange, and
often outlines why, and through which pathways, long-range magnetic order prevails. The
following chapter aims to summarise and outline all the techniques and their importance
in the synthesis, modification, and characterisation of the materials investigated within

this Thesis.

2.1 Synthetic methods

All reagents and solvents used for the syntheses within this Thesis, unless otherwise

specified, were acquired from Sigma-Aldrich, or Fluorochem at purities of 98+%.
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2.1.1 Solvay-Based MOF Synthesis

The synthesis of the MOFs outlined in Chapters 3 and 4 were achieved through a modi-
fied Solvay process [86, 103]. An industrial technique where ammonia (NHz) in brine is
used to fix COg as hydrogencarbonate (HCOj3) in large-scale production of sodium car-
bonate (NaCOj3). This process was modified to fix carbonates to metal ions under basic
conditions, with hydrogencarbonate solubility increasing in solution due to the presence
of aqueous ammonia. As ammonia is gaseous at room temperature, it slowly evaporates
from the solution, allowing carbonate anions to chelate metal ions. This modified Solvay
process provides a facile and environmentally friendly way of producing MOF crystals
at room temperature while removing COs from the atmosphere. The carbonate anion
is a robust ligand with the potential to chelate in a mono-, bi-, tri-, and tetra-dentate
manner, making for an ideal anion in the formation of many metal-organic systems with
varied compositions, topologies, and characteristics [25]. With respect to Chapter 4, the
quasi-two-dimensional kagome layers therein are derived from the tridentate coordination

of CO3~ anions with Cu?* ions.

2.1.2 Solution Based MOF Synthesis

Synthesis of the MOF described in Chapter 5 was achieved through a reaction between
the sparingly soluble organic linker (tetrahydroxyquinone) and the metal salt (copper
nitrate hemipentahydrate) in degassed water, along with a buffer (ammonium acetate),
leading to slow formation of MOF polycrystals. These polycrystals form on the surface
of gradually dissolving tetrahydroxyquinone crystals, which ultimately leads to the need
for a long washing stage, separating the insoluble MOF from the partially soluble ligand

[80, 97, 98]. The detailed description of this synthesis is given in Chapter 5.

35



Chapter 2. Experimental Methods

2.1.3 Mechanical exfoliation

The exfoliation of materials may be approached through a "top-down" approach where
a bulk crystal is delaminated to the monolayer [104]. We approach nanosheet synthe-
sis by a "top-down" approach, in sonicating layered samples hosting weak interlayer
forces we expect these to be overcome by the energy imparted by the sonicator afford-
ing nanosheets. The post-exfoliated sample can then be qualitatively assessed by shining
laser light through the suspension. Reflected laser light indicates that nanoparticulates
are present, this effect is called Tyndall scattering [105]. We can then centrifuge and

decant to size separate our nanosheets, with this technique summarised in Figure 2.1.

Centrifugation
and
decantation

=

Removed
stacked
material

Stacked material Exfoliated and Exfoliated material
stacked material

80 kHz
Sonication

—-

Figure 2.1: A layered material may be exfoliated to nanosheets through ultrasonication.
Here, sonic waves impart enough energy to liberate layers bound by weak intermolec-
ular forces, most commonly observed in graphene [106]. After exfoliation a mixture of
exfoliated, partially exfoliated and unexfoliated material exist in suspension, these can
be separated through centrifugation methods, isolating the fully exfoliated material in
suspension.

2.2 Organic Elemental Analysis

In some instances growing large single crystals for comprehensive structural determination

of MOFs can be challenging. Organic elemental analysers (OES) can be an invaluable
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technique in the initial confirmation of phase purity, providing elemental ratios of carbon,
hydrogen and nitrogen found match the expected ratio for a given system [107]. This
can provide an indication of phase purity in cases where highly crystalline material is
not available for diffraction methods. For the data reported herein, samples were sent to
the London Metropolitan analysis service where they were weighed on a Mettler Toledo
high-precision scale and analysed using a ThermoFlash 2000. This technique works by
full combustion of the sample in the presence of oxygen, forming combustion products of
carbon, nitrogen and hydrogen which are then separated by a gas chromatography column
before passing through a thermal conductivity detector providing a gas chromatogram

from which quantitative data are extracted [107].

2.3 Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) is an extremely sensitive technique for
the analysis of vibrational, stretching and bending modes of chemical bonds [108]. Unlike
dispersive infrared spectroscopy, FTIR uses a non-monochromated infrared source, allow-
ing for the simultaneous collection of data arising from all incident wavelengths, these
data are then converted by Fourier transform to a spectral pattern. Radiation absorbed
by bonds corresponding to their bond excitations yield characteristic peaks in the data,
for instance, a C-C stretching mode in an alkane falls between 800 — 1000 cm™ [109)].
Another use for FTIR spectroscopy is in the observation of water, characterised by a
broad feature at high wavenumber [110]. This facile method of confirming the presence

of water was employed in Chapter 5.

2.4 Scanning Electron Microscopy

Sometimes, the synthesis of large, high-quality crystals is challenging, so synthetic op-
timisation may require the use of qualitative characterisation techniques, allowing us

to directly observe the effects of reaction conditions on the resulting product. In cases
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such as these, microscopy techniques can be used to observe the size and morphology of
crystallites, showing us the effects of varying reaction conditions on these features [111].
In scanning electron microscopy (SEM), a focused beam of high-energy electrons raster
across small areas interacting with the sample via electromagnetic interactions. Secondary
electrons are generated by the collision of this electron beam incident on the surface of
the material, exciting orbital electrons, and releasing characteristic X-rays [111]. These
X-rays are then detected alongside reflected secondary electrons, generating a current re-
sponse at the detector, allowing for a topographical map to be generated from the raster
scans, hence the name scanning electron microscopy [111]. In Chapter 5, the identification
of crystalline materials was made possible by SEM at scales beyond the resolution of the
optical microscope. As a qualitative method, the interpretation of the results plays a large
role in the data analysis; however, the characteristics of crystalline materials are known.
Crystallites with sharp defined edges with corner angles consistent with the crystal sys-
tem would be excellent indications that a sample is indeed crystalline. This technique
was particularly useful in Chapter 5, where a study of growing larger crystallites was

undertaken to assist with further characterisation by diffraction methods.

2.5 Nanosheet Characterisation

The study of magnetic materials down to the two-dimensional (2D) limit has become more
prevalent over the past several years, with materials such as Crls paving the way for this
influx of interest [45]. In cases where interesting magnetic phenomena are anticipated to
emerge in two dimensions, such as the frustrated kagome, materials must be synthesised
but, equally importantly, characterised. With the intensive study of 2D materials so
recent, the range of characterisation techniques remain underdeveloped, recent advances
in techniques such as electron diffraction however, push the field of microcrystal structural
determination forward [112]. But why are 2D materials difficult to characterise? In short,

they are very small, therefore difficult to handle and they are challenging to synthesise
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in large quantities [113]. These characteristics mean that methods such as single crystal
diffraction, neutron powder diffraction, and even powder XRD are seldom suitable due
to crystal quality, size, and quantity. These factors mean that new or specially optimised
techniques must be developed to streamline the process of nanosheet characterisation. The
difficulty in characterisation is also generally dependent on the methods used to synthesise
the nanosheets [114]. For example, nanosheets formed via top-down approaches, are often
less challenging to initially characterise, as the 3D crystal structure is known prior to the
exfoliation process, allowing for a level of comparison in cases where several structural
features are retained in the exfoliated material [115]. In these cases, first steps toward
structural determination can be made using techniques such as atomic force microscopy.
This technique allows us to search for features that match the expected height profiles of

single layers of an exfoliated material.

2.5.1 Atomic Force Microscopy

In the study of 2D materials, their height profiles offer unprecedented insight into the
success or failure of the exfoliation process. The atomic force microscope (AFM) can
resolve height profiles as small as 1 nm, with a resolution of fractions of nanometres [116].
The AFM works by using a photodiode to detect small changes in laser light reflected off a
cantilever incident and sensitive to charge on the surface of a sample [117]. The cantilever
is made incident a few nanometers above a small area and a topographic map is generated
based entirely on the response of the cantilever to the sample as it rasters across an area.
Ideal nanosheets in some cases can be characterised by sharp angular edges with height
profiles following a sharp rise, a long plateau, and a sharp fall; a rectangular traced signal
observed in some literature data (Figure 2.2) [115]. However, what was often observed in
post-exfoliated samples in Chapter 4 were circular features with height profiles ranging
between 5 — 100 nm. These can be ascribed to amorphous or microcrystalline material

that clumps together during the exfoliation process outlined previously.
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Single layer

Figure 2.2: Atomic force microscopy data collected for aluminum tetra-(4-carboxyphenyl)
porphyrin framework (Al-MOF). (left) The AFM image showing a height profile of 1.9
nm. (right) The proposed crystal structure of a single AI-MOF nanosheet.

2.6 Diffraction Methods

As discussed, rigorously characterising the magnetic properties of a systems requires the
foundation of an accurate model of the crystal structure. Diffraction as a characterisation
technique spans nearly all solid state chemistry research and is widely used in the MOF
field 25, 118|. The technique relies heavily on a few key principles, the first of which
is Bragg’s law (2dpx; sin =nA) which treats crystals as periodic arrangements of atoms
laying on specific crystallographic planes related to each other by symmetry. The term
dp; corresponds to the perpendicular distance between adjacent planes (d-spacing) while
0 represents the angle of incidence for incoming radiation of wavelength 4. When n has
an integer value, Bragg’s law is satisfied, which means that waves of radiation incident
on parallel planes, separated by nd, are in phase. These in-phase waves constructively
interfere producing a Bragg reflection corresponding to the crystallographic plane which
diffraction occurred upon [119]. This technique is widely used because it can resolve
crystal structures with excellent atomic precision for most atoms, making it a universal

technique in the study of crystalline materials.

For single crystals composed of periodically aligned atoms, the 3D structure can be de-
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termined by single-crystal diffraction methods. Here, radiation diffracted by a sample
hits a specialised phosphorous membrane detector, yeilding a pattern of Bragg spots in
reciprocal space which correspond to the Bragg reflections present at a given angle the
single-crystal is rotated through. This facilitates 3D structural determination because
reciprocal space is directly related to the Fourier transform of real space, so through cal-
culation, the real space structure can be determined. In a three-dimensional crystalline
solid, Bragg peaks associated with individual planes of atoms can be derived from the
reciprocal lattice through rotation across all necessary 26 angles. As the unit cell di-
mensions, symmetry elements and atomic positions can be generated from the reciprocal
space information obtained, structural models can be obtained and refined using software

such as Olex II [120].

In situations where single crystals can not be obtained, either due to a lack of suitable
synthetic route or a lack of suitable experimental set-up, diffraction can be performed
on powder samples. We define a powder here as a sample of polycrystalline material in
which crystal domains are randomly orientated in all possible directions. When a beam of
radiation at a given angle is incident on the sample, a fraction of the randomly orientated
crystal domains will satisfy Bragg’s law, leading to the production of a diffraction cone at
the detector. As the incident radiation is moved through a range of angles, a diffracted
cone of radiation is observed at the detector at every angle satisfying Bragg’s law corre-
sponding to a crystallographic plane. These planes are labelled with Miller indices (hkl)
where h, k, and [ are integers indicating the positions of crystallographic planes [1]. The
instrument generates a powder diffraction pattern, taking a one-dimensional slice through
the diffracted cones and plotting these as intensity against 26 which corresponds to the
incident angle of radiation. The intensity plot against 20 or powder diffraction pattern, is
highly unique to the material studied as several factors dictate the peak intensity, shape
and position [121]. The positions of Bragg peaks in these diffraction patterns provide

information on the size and symmetry group associated with the unit cell, while the in-
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tensities provide information on the atomic radii and their positions in relation to the
allowed Miller planes of the space group symmetry assigned to the unit cell. Factors
affecting peak shape can arise from instrumental broadening effects, as well as material
effects such as strain, size and stacking faults. The instrumental factors affecting peak
shape can often be mitigated through the analysis of a standard where a refinement pro-
vides values for the instrumental parameters. Within this Thesis, the X-ray sources CuKa
and MoKa provide X-rays of wavelength 1.5406 A and MoK 0.7100 A, respectively, for
laboratory XRD experiment. Synchrotron XRD experiments were carried out at Diamond
Light Source (DLS), where incident X-ray radiation can be set to any value between 0.5
and 2.1 A . While at the ISIS Neutron and Muon Source, a tungsten target is radiated

by high-energy protons to afford neutrons for neutron diffraction experiments.

Diffraction can be thought of as an elastic scattering of radiation, since the loss of energy
has no bearing on the collected diffraction data [121]. However, inelastic scattering can
also be used to study energy-dependent electronic excitations in materials. These exci-
tations can include the lattice vibration from phonons, magnons, and even the spinons
thought to come from quantum-entangled states such as the QSL [9]. Powder X-ray and
neutron diffraction both have benefits and drawbacks when it comes to structural deter-
mination, especially when it comes to hydrogen. This often leads to them being used in
conjunction to mitigate these drawbacks and allows for the interpretation of more com-
plex data. This section outlines the key benefits of each method for use in the study of

magnetically frustrated MOFs.

2.6.1 Powder X-ray Diffraction

As mentioned, PXRD is a powerful technique for the study of microcrystalline materials,
the set-up of which is illustrated in Figure 2.3. The X-rays produced by the radiation
source are scattered by the electron density of the atomic nuclei via relatively long-range

electromagnetic interactions. Due to the direct interaction between electron density and
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X-rays, the scattering of the X-ray beam is more intense in atoms with greater electron
density [121]. The structure factor (Fp) links reciprocal space to real space referring
to the sum of all wave vectors associated with all atoms of the unit cell described by

Equation 2.1.

Frer = Z fneXp[27ri(hxn +ky, + lZn)] (21)

Herein, x,, y, and z, are the positional coordinates of atom "n", while A, k and [ define
the lattice points in reciprocal space. The points in reciprocal space are linked to the
Miller planes in real space by this structure factor, where the final term f,, the form
factor, describes the scattering power of the radiated atoms. Among the three discussed
diffraction types; PXRD, SCXRD and NPD, PXRD is the most accessible, with facilities
researching solid-state materials usually possessing one of these instruments. The ability
to rapidly collect data on relatively small samples makes PXRD the ideal first measure-
ment in confirming the phase purity. With a wide array of experimental set-ups available,
analysing samples with specific requirements, such as inert atmospheres and controlled

temperatures is often possible.

This wide accessibility and ease of use make laboratory PXRD a valuable tool in the
initial analysis of solid-state materials [122]. In some cases, synchrotron diffractometers
are required. These are far less accessible than laboratory diffractometers, but provide
exceptionally high resolution, reducing error and allowing for more accurate refinements
of the data [123]|. For laboratory data, a Le Bail refinement against a known structure
may be used to fit data to a known structure. This, refinement method only takes into
account cell parameters however, treating the unit cell as an empty box allowing arbitrary
peak intensity assignment and the ability to refine instrumental peak shape parameters.
This method provides no information on the atoms within the cell, so it is generally used
to confirm the space group symmetry and unit cell dimensions of a newly synthesised
sample to confirm its phase purity [124]. Synchrotron data however, provide a significant

improvement in resolution, allowing for the assignment and refinement of atomic positions,
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Figure 2.3: An illustration of a PXRD set up. A collimated X-ray beam is directed at the
sample; in a Debye-Scherrer set-up the sample holder rotates. The incident X-rays are then
diffracted by the atoms lying along the crystallographic planes within. Bragg intensity is
only observed when parallel X-rays are diffracted by planes separated by integars, n, of
the wavelength of the incident beam, A. In these cases the X-rays interact constructively
producing a signal at the detector. Diffracted planes yield "diffraction cones", generated
by these constructively interacting X-rays, where the cone radii in 26 corresponds to the
Bragg position of a crystallographic plane. A one-dimensional slice of these data reveals
a diffraction pattern, where intensity is plot against 26. The peak shape, intensity and
positions observed are a direct result of factors such as atomic radii, position, thermal
parameters, strain, size, preferred orientation, diffraction angle, unit cell parameters and
more.
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thermal parameters and fractional occupancies. This is known as Rietveld refinement, this
takes into account all structural factors influencing the powder pattern and optimises the
fit against a known structure, fitting the average features of a large sample of crystallites
[125]. Since the known structure is often collected from a single crystal, the Rietveld
refinement of a powder sample is often used to develop a more accurate average model of
the system. Rietveld refinement can also be used to generate structures where atoms are
changed but the crystal structure remains largely the same as the atomic positions and
thermal parameters can be refined to a model which fits the data. This was performed
in the literature with MOF-bpy when no single crystal data was currently reported. In
Chapter 4 laboratory data could only be fit by Le Bail methods, while conflicts in the
literature in Chapter 5 [98] required our use of high-resolution data to isolate a consistent

average model.

Conclusively, PXRD provides the foundation for magnetic structural determination. To
properly model atomic positions is to properly model magnetic site positions, their as-
sociated symmetry, and respective scale factors, all of which play a major role in the
understanding of long-range magnetic order. However, the powder diffraction method is
not without flaw; many of the materials outlined in this Thesis have characteristics that
increase the complexity of modelling them. These include crystallite size, stacking faults,
and preferred orientation, all of which result in increased complexity in producing accu-
rate models. This difficulty comes from the artificial inflation of peak intensities which

then require dedicated modelling provided these effects are in fact physical.

Preferred orientation can be thought of as an increased number of specified planes scat-
tering the incident X-rays, often occurring in crystals with preferential growth meaning
a greater presence of specific planes are present, this leads to systematic intensity in-
creases. Stacking faults may result in differing peak shapes as atoms are shifted outside

of planes leading to scattering which deviates from the ideal Bragg position. To com-
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pound these difficulties, the direct relationship of electron density to scattering intensity
leads to uncertainty in the assignment of light nuclei such as hydrogen [121]. This can
become problematic in magnetic determination when we consider that magnetic superex-
change is known to occur through the p-orbitals of lighter atoms such as carbon or oxygen
[126]. Thus, uncertainty in the positions of these atoms leads to added uncertainty in the
magnetic exchange pathways, which are essential for rigorously characterising long-range

magnetic order [6].

2.6.2 Single Crystal X-ray Diffraction

A highly ordered, periodic arrangement of atoms (forming a crystal domain) can be con-
sidered to be a single crystal. An illustration of the SCXRD experimental set up is given
in Figure 2.4. These domains then act as three-dimensional diffraction gratings to inci-
dent radiation, producing a pattern of Bragg spots at the detector collectively known as
a reciprocal space pattern. In SCXRD, X-rays are also scattered by the electron density
of the nuclei present; however, unlike PXRD, SCXRD produces unique Bragg spots in a
three-dimensional space at defined hkl positions, all of which make up a reciprocal lattice.
The real lattice is directly related to the reciprocal lattice through the Fourier transform
of these hkl positions. This Fourier transformation allows for the generation of an electron
density map which can be processed in software packages such as Olex 2 [120] to generate

3D models which fit the obtained data.

It is important to understand at this stage, that the crystallographic models extracted
from SCXRD data only provide information on the single crystal being analysed. To
understand the underlying average structure it is essential to use SCXRD in conjunction
with PXRD highlighting whether bulk effects such as stacking faults or preffered orien-
tation are present in the sample. Once a SCXRD pattern is modelled a crystallographic
information file (CIF) can be used in Le Bail or Rietveld refinements of PXRD data 124,
125].
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Figure 2.4: An illustration of a SCXRD set-up. Here, an X-ray beam is diffracted by
a single crystal, generating a two-dimensional diffraction pattern of Bragg spots. These
arise in SCXRD when an incident wavevector, k, satisfies Bragg’s law by intersecting a
reciprocal lattice vector, g, on the surface of a theoretical construct known as the Ewald’s
sphere. The diffraction patterns are then collected at all angles in a spherical rotation
before collation, resulting in a three-dimensional pattern of Bragg spots in reciprocal
space. Here, symmetry elements can be applied to the observed pattern provided the
observed Bragg reflections are mostly consistent with a single space-group assignment.
Due to the direct relationship between X-ray scattering and electron density, the Bragg
intensity is consistent with the atomic radii of elements present within these diffraction
planes. Provided agreement between the observed spots and space group assignment, the
Fourier transform of the data yields an electron density map constrained by the applied
symmetry. This electron density map exists in real-space and can therefore be used to
generate crystallographic models using software packages such as OLEX2 [120].

2.6.3 Neutron Powder Diffraction

At its core, the neutron is an uncharged particle made up of three quarks, bound by the
strong nuclear force. These three quarks, one up quark and two down quarks, give rise
to the overall spin on the neutron (S = %), which is able to interact with other nuclei

via the short-range strong nuclear force, as well as magnetically, through dipole dipole
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Figure 2.5: An illustration showing the principle interactions of neutrons and X-rays, here
we see that neutrons may be scattered through the strong nuclear and dipole-dipole inter-

actions, while X-rays are scattered by electromagnetic interactions with electron density
[121].

interactions (Figure 2.5) [121]. As discussed previously, X-rays are more strongly scat-
tered by a greater electron density. Neutrons however, have isotropic scattering power,
making the distinction between atoms of similar electron density less challenging. This
isotropic scattering power comes from the signal of scattered neutrons originating from
the total scattering cross section oot. Consisting of coherent and incoherent parts o ¢op
and oincon respectively, the ratio of these, dictate the scattering power of the neutron.
This also means that the larger the area of the sample, the more intense the scattering will
be, small samples provide insufficient intensity due to the weaker scattering of neutrons

due to the fact that neutrons scatter at the nucleus while electrons scatter from electron
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density which is relatively larger. Hence, significantly larger quantities of sample are re-
quired for neutron scattering compared to X-ray scattering experiments. The interaction
of neutrons with matter follows the atomic collision equation, oo = 47b?. Here, b is
the length of scattering, which depends on the nuclear composition and spin, allowing
the neutron as a probe to differentiate nuclei better than X-rays [121]. One limitation of
neutron powder diffraction however, comes when dealing with the proton. To understand
this, we must reiterate that the total scattering cross section oo is made up of two com-
ponents, o conh and Tincon- While coherent scattering provides us with crystallographic
information derived from nuclear correlation lengths, the incoherent scattering is due to
the differing isotopes and spin states of the nuclei. Since the proton has two spin isotopes,
"para" and "ortho", which may or may not align with the neutron spin, we observe a large
incoherent scattering response [127]. The incoherent scattering of the proton translates
experimentally to a large featureless background signal, which artificially inflates all signal
and therefore masks the coherently scattering signal. This incoherent background is the
main reason for the preference of deuterated samples in neutron diffraction experiments,

a topic discussed in Chapter 5.

Unlike X-rays, the production of neutrons is less simple, with the only sources being
a nuclear reactor or spallation source. The neutrons produced at the ISIS Neutron and
Muon source are spallation generated, meaning a high-energy proton is forced to collide
with a heavy metal target such as tungsten, producing a "pulse" of neutrons in response
to the collision. These pulses contain neutrons possessing a range of energies, and so their
energies are normalised by the calculation of their time of flight, which is directly related
to the incident neutron energy. This is done through time-of-flight analysis, wherein the
time taken for a neutron to travel from a moderator, such as solid methane, to a given
detector provides the information on its energy. In this analysis, higher-energy neutrons
will reach the detectors faster and vice versa. The detectors for these neutrons are also

divided into multiple banks, positioned to capture scattered neutrons at multiple specific
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scattering angles with a known path length L, allowing for the calculation of neutron

wavelength via the de Broglie wavelength given by Equation 2.2.

A=— (2.2)

Where h is the Planck constant, m is the mass and v is the velocity calculable by dividing
L by the time taken to reach the detector, time of flight (TOF). Once an effective wave-
length for incident neutrons is calculated, a diffraction experiment can be carried out in
a similar way to X-ray experiment. If required, time-of-flight data can be converted to

d-space or Q-space, provided that instrumental parameters are known for conversions.

There are, of course, different neutron sources across many central facilities, all featur-
ing specific benefits and drawbacks for characterisation. For the MOF systems outlined
throughout this Thesis, the WISH diffractometer at ISIS was used due to the long d-space
(~40 A) range in the Bank 1 detector. This is a crucial feature for the study of MOFs
with large unit cells, as the features observed at high d-space would not be observed using
other set-ups, discussed in all Chapters of this Thesis. It is no surprise then that NPD,
especially on WISH, has been gaining interest in the structural study of MOF materi-
als, alongside their magnetic characterisation, since neutrons can also act as a probe for

magnetism [12, 73, 128].

2.6.4 Magnetic Neutron Scattering

Since neutrons possess spin and interact with matter at such short ranges, their diffrac-
tion path can also be perturbed by the presence of magnetic moments about the nuclei.
These moments come from unpaired electrons within orbital shells of magnetic atoms,
which often interact with nearest neighbours via magnetic superexchange to form ordered
magnetic domains at low temperatures [6]. If a neutron scatters elastically with mag-

netic nuclei through a dipole-dipole interaction, the total scattering of neutrons will be

20



Chapter 2. Experimental Methods

equal to the combined magnetic and nuclear scattering. This links the magnetic Bragg
intensity to nuclear Bragg intensity, since the scattering of a single magnetic nuclei pro-
vide Bragg intensity for both types of scattering [121]. Thus, nuclear and magnetic unit
cells may be refined by this method. However, complexity is added, as the symmetry
of an ordered magnetic cell is not always consistent with the nuclear symmetry, leading
to the emergence of magnetic Bragg intensity at non-nuclear cell positions [129]. This
may occur in systems where the magnetic cell is not described by unit cell symmetry,
commonly in systems where antiferromagnetic order is observed, as these equal and op-
posite moments break the symmetry of the nuclear cell [12]. To refine a magnetic unit
cell, data collected above an ordering transition temperature must be subtracted from
data collected below this transition. Subtractions of this nature leave only the magnetic
contribution to Bragg intensity, allowing for magnetic structure refinement. The ability
to collect magnetic structural data makes neutron diffraction a powerful tool in the study
of magnetically ordered systems. But more so, it is an essential tool in confirming a lack
of long-range order in materials expected to have dynamic magnetic ground states such
as the kagome antiferromagnet outlined in Chapter 5. A major consideration for the
analysis of magnetic neutron scattering data is that the magnetic scattering intensity is
lower at a lower d spacing, meaning that magnetic Bragg reflections may only be observed
at long d-spacing. This may lead to false claims of a lack of long-range order in cases
where the magnetic Bragg intensity is outside the range of the instrument. This reiterates
the importance of using suitable neutron instruments, such as WISH, which features long

d-spacing detection banks.

2.7 Magnetic Susceptibility

Magnetic susceptibility measurements are often considered to be the first step towards
bulk magnetic characterisation. Measurements can be performed on Superconducting

Quantum Interference Devices (SQUIDs) with its set up illustrated in Figure 2.6. These
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instruments are able to measure exceptionally small variations in the local magnetic flux
of a sample due to the superconducting coil and insulating layers known as Josephson
junctions; these allow for the superconductivity of the coil to be quenched and recharged
at will, and are exceptionally sensitive to external magnetic fields [130]. To measure a
samples magnetisation, a magnetically inactive capsule is used to hold the sample; this is
then attached to a sample holding rod and inserted into the SQUID where it is pushed
through the superconducting ring by internal motors. At the same time, temperature,
field, or frequency (in AC susceptibility) may be varied to probe the magnetic signal of
the material. This signal is picked up as magnetic moments within the sample induce a
measurable change in current in the surrounding pick-up coils. Since the magnetisation
is proportional to the current generated, we can measure the magnetic susceptibility of

the sample.

The first and often most enlightening measurement we take is magnetic susceptibility
as a function of temperature. In the case of a paramagnet, we would expect this plot to
be a smooth exponential approaching zero [6]. While a characteristic change in gradient
is indicative of spontaneous order at a critical temperature (Figure 2.7). Additionally,
differential plots of temperature multiplied magnetic susceptibility data are a useful tool
for determining subtle gradient differences in cases where deviations from a paramagnetic
regime are less clear, this is known as Fishers specific heat, calculated using the differen-

tial in Equation 2.3, where y is the magnetic susceptibility and T is temperature [131].

d(y) d(x-T)
d(x)  d(T)

(2.3)

In cases where magnetic order is suppressed completely, such as in an ideal geometrically
frustrated kagome antiferromagnet, the expected response would appear to be a smooth

curve increasing toward lower temperatures known as Curie-Weiss behaviour [132]. How-
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Figure 2.6: An illustration of the MPMS 3 SQUID sample area. A sample is secured
in a straw sample holder before being inserted into the SQUID. Here the specialised
pick-up coils act as super-sensitive detectors for magnetic flux about the sample. In this
arrangement, external field and temperature can be manually adjusted while the sample
is moved through these pick-up coils. The magnetic flux generated by the movement of a
magnetic sample through these coils is then collected and converted to more useful data
relating to the magnetic susceptibility of the sample for further analysis.
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ever, more information can be extracted from these data using models such as the Curie-
Weiss model, this can provide us with information about the magnitude and nature of
magnetic exchange interactions of our material [132]. This works by fitting the inverse
susceptibility data within the paramagnetic regime, above the critical temperature, giving
a material-specific value for both the Curie constant C and the Curie-Weiss temperature,

Ocw. The Curie-Weiss equation is given by Equation 2.4.

C

= — 24
T —0Ocw (24)

X

Where y is the magnetic susceptibility, T is temperature in Kelvin and 8w is the material
specific Curie-Weiss temperature. Rearranging to fit the reciprocal, linear region, above
Ocw gives Equation 2.5.

I T-6cw

b (2.5)

Where the gradient is given by the reciprocal of C and the extrapolated x intercept pro-
vides the Ocw. In general, cw values which are positive indicate dominant ferromagnetic
exchange coupling, and values which are negative indicate dominant antiferromagnetic ex-
change coupling but does not necessarily correspond to a long-range ordered transition
[6]. In systems that show no signs of long-range order in magnetic susceptibility measure-
ments, such as QSL candidates, measurements at significant temperatures must be taken.
This is to rule out the possibility of the ordering transition simply being suppressed be-
low the ~1.7 K limit of most cryostat-based instruments. This often requires the use of
extreme cooling techniques, such as the use of dilution refrigerators. These cooling sys-
tems can achieve temperatures below 100 mK by using the dilution and vacuum pumping
of a mixture of helium-3 and helium-4. In this process, the removal and recirculation of
helium-3 via this pumping process leads to a significant loss of entropy allowing these mil-
likelvin temperatures to be reached [133]. At these extreme temperatures we can begin to
consider the materials we are measuring as being consistent with their behaviours at ab-

solute zero. When ruling out the onset of spontaneous order and acquiring values for Ocw
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Figure 2.7: Some theoretical examples of magnetometry data. a) A paramagnetic material
will produce a smooth upturn in magnetic susceptibility data without spontaneous devia-
tion. In the case of a ferromagnetically ordered material a spontaneous increase in suscep-
tibility at Tourie is expected, while a reduction in susceptibility at Ty..; is expected for an
antiferromagnetic material. b) In an ordered ferromagnetic material, hysteresis is observed
in magnetisation vs. field data. This is observed as saturated moments aligning with the
field in one direction require a significant applied field in the opposing direction to reverse
their orientation, no hysteresis would be observed in a paramagnetic/antiferromagnetic
material. ¢) In zero field cooled and field cooled data, a bifurcation between the two
datasets indicates no field-induced spin freezing [25].

and C, we may also use magnetic susceptibility measurements to rule out the presence
of spin glass. A spin glass is visualised as the freezing of randomly orientated magnetic
moments at a critical temperature known as the glass transition 7. This is characterised
by a bifurcation in zero-field and field-cooled susceptibility vs. temperature data (Figure
2.7c). Here, the divergence between the two datasets below Tt is indicative of spin freezing.
Some reference examples of data are illustrated in Figure 2.7 with experimental context
given by Figure 2.8. Here we see some of the commonly expected features in magnetome-
try measurements and their meanings. Experimentally, we see added complexity when it
comes to unambiguously assigning magnetic phenomena and so multiple complimentary
techniques are required for full magnetic chracterisation. Beyond temperature-dependent
measurements, field dependence can also be studied. These measurements can provide in-
formation on ferromagnetically ordered materials, where magnetic hysteresis is indicative
of ferromagnetism [134]. These magnetisation vs. field measurements can also be taken

at different temperatures. This can provide insight into the fragility of local moments to
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Figure 2.8: Some literature magnetic susceptibility data. a) Magnetic susceptibility vs.
temperature data showing a shift in Tj,,x between the two samples, suggesting differing
ordering temperatures. b) Magnetisation vs. field data combined with ¢) ZFC vs. FC
data showing a bifurcation these combined data indicate the onset of ferromagnetic order
[134].

an external field below and above the critical temperature [12, 134]. When a system is
in an ordered state, we would expect the susceptibility to an external field to be lesser,
while moments in a disordered state would be more likely perturbed by this field due to
the energy barrier of manipulating ordered moments [6]. This can further evidence an
ordered state in cases where the magnetic susceptibility vs. temperature does not show
a clear magnetic phase transition. In cases where magnetic susceptibility measurements

do not indicate a long-range ordered state, samples may be further analysed with the

physical property measurement system (PPMS) in heat capacity measurements.

2.8 Heat Capacity

Heat capacity measurements can be carried out using a PPMS in conjunction with a
specialised sample puck possessing advanced calorimetry detectors. First, the definition

of heat capacity at constant pressure, Cp, is the heat energy, Q, required to increase the
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temperature, T, of a given mass by one unit. Measurements are performed under vacuum
to ensure this constant pressure and that there is no loss of heat energy to surrounding
air particles. This relationship is given by Equation 2.6.

(%) -

In heat capacity measurements we are often interested in extracting information useful for
understanding the energy dynamics of a system, and so, we implement the use of entropy,
S. Entropy is often used in conjunction with the study of electronic excitations [135] and
is given by Equations 2.7,

ds = — (2.7)

Substitution of Equation 2.6 into Equation 2.7 then gives Equation 2.8,

ds

C,=T—
P dT

(2.8)

providing information on the change in a systems entropy as a function of changing tem-
perature. What this means for magnetic systems that undergo an ordering transition is
that there is a spontaneous change in entropy around the critical temperature [136]. This
entropy change is induced by the absorption of heat energy as magnetic moments sponta-
neously orient themselves to an ordered, minimal-entropy conformation. This spontaneous
ordering is characterised by a sharp feature in temperature-dependent heat capacity data,
where the magnetic entropy released can be calculated by integration of the magnetic en-
tropy as a function of temperature. In an ideal system without additional sources of

electron spin, §, the calculated entropy change AS would be equivalent to Equation 2.9.

AS = RIn(25 +1) (2.9)
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where R is the gas constant. For example, in an § = % system,
AS =8.3141n ((2%0.5) +1) = 5.762 JK 'mol ™!, (2.10)

gives us an indication of the expected entropy release for a given magnetic system, allow-

ing for our collected data to be compared.

A consideration for the magnetic heat capacity analysis is that the total heat capacity is
a combination of four components; nuclear, Cyyc, electronic, Cge, lattice, Cit, and mag-
netic, Cinag. Each of these contributes to the observed excitations at varying temperature
scales. Fortunately, electronic and nuclear contributions are often dominated by magnetic
contributions at low temperature, while the lattice contribution arising from phonon exci-
tations dominates at higher temperatures [137]. To effectively extract the magnetic heat
capacity alone, a subtraction of the phonon contribution must be performed. Ideally, a
non-magnetic analogue (Cpye + Cele + Clat) Would be measured alongside the magnetic
sample (Cpuec + Cele + Clat + Crmag), allowing Cpag to be extracted through the subtrac-
tion of both datasets. However, when complex MOF samples are considered, analogues
can be difficult to synthesise, so an alternative method must be used. The most commonly
used approach is Debye-Einstein modelling, which uses both the Debye,

eDebye
T

3 x4€x
—d 2.11
) 0 (e -1z (211)

CDebye =9NR (
HDebye

and Einstein equations,

(2.12)

9 2 egEin;tein

Einstoi

CEinStein - 3NR ( ”}gteln) 9Einstein
(e — 12

in tandem to fit the phonon heat capacity at high, phonon dominating, temperatures,

allowing extrapolation to lower temperatures. In these expressions, N is the number of

atoms within the formula unit, R is the ideal gas constant, T is temperature, and @pepye
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/OEinstein are the respective Debye/Einstein temperatures measuring the inflexibility of
the lattice [138]. This extrapolation then gives an estimation of the phonon contribution
at low temperatures, allowing a subtraction to be undertaken in lieu of non-magnetic
experimental data. These two equations are used to calculate the acoustic and optical
phonons, respectively, providing a comprehensive phononic model [138|. There is however,
debate on the accuracy of this combined model, as several assumptions about the spectrum
of frequencies of the vibrational modes are made [137|. Although these assumptions create
uncertainty, the calculated magnetic entropy changes and missing magnetic entropy may
still be exctracted and compared with expected values, allowing for an assessment of
their reliability to be made with caution. Overall, Debye-Einstein modelling of phonon
contributions to heat capacity is fit for purpose, providing key insight into the magnetic
behaviour of frustrated, and unconventionally ordered magnetic states of matter such as
the QSL. Furthermore, information on the energy scales of magnetic interactions may be
extracted from magnetic heat capacity data through Schottky analysis [139]. Although
these analyses should also be treated with caution due to the uncertainty discussed, they
can provide estimates for comparison with experimental methods such as inelastic neutron
scattering. To extract an energy scale from a two-level system, data may be fit to a

Schottky anomaly (Equation 2.13).

AT

A
CSchottky = R(f)Q

Here, A is the energy between two levels and T is the temperature. We use this method

in Chapter 5 to estimate the energy scale of antiferromagnetic exchange interactions.

2.9 Muon Spectroscopy

The muon is a fundamental particle classified as a lepton. This particle can have a charge
of +1 and § = %, which means that it is capable of interacting with local magnetic fields

much like the neutrons discussed above. In the case of experiment, the positive muon
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(antimuon) is used, as it has a longer lifetime than its counterpart (averaging ~ 2.2 us),
as well as higher stability within matter. With incredible sensitivity to small perturbations
in local fields, muons make excellent probes for elucidating the spin dynamics expected to
emerge in QSL candidates [140]. An illustration of how a SR measurement is conducted
is given in Figure 2.9. As discussed, competing exchange interactions can suppress the
ordering transition of a material, leading to difficulties in extracting useful information
from convential bulk magnetometry techniques [141]. In these cases more specialised
techniques are required such as muon spin relaxation spectroscopy. This technique can
provide information on the spin dynamics present in these magnetically disordered phases,
making it an excellent tool when used in conjunction with the other bulk methods [12, 142].
Muon spin relaxation spectroscopy, in principle, works by detecting positrons originating
from decay of an antimuon parent, where the propagation vectors of decayed positrons
are highly correlated to the local magnetic environment that perturbed the spin of the
antimuon [143]. To understand this correlation, we must consider what is happening in
this experimental setup. First, spin-polarised antimuons are implanted, stopping within
close proximity to areas of high electron density because of their positive charge. At these
stopping sites, the antimuon begins to precess at a frequency proportional to the internal
field incident upon it. During this precession, the antimuon decays, producing a positron,
an electron neutrino, and a muon antineutrino. The decayed positrons preferentially decay
in the direction of the antimuon spin, meaning that we are able to track the depolarisation
of the implanted muon over a range of decay lifetimes ranging between 0—30 us. Positron
detectors are positioned in front and behind the sample, called front and back detectors,

allowing muon asymmetry to be calculated using Equation 2.14.

Np(1) — aNp (1)
NB(I) + (}'NF(Z‘)

A1) = (2.14)

Here, a is the calibration constant, ¢ is time and Ng/Np are the positron counts. In

uSR measurements, magnetic fields can be applied transversely or longitudinally, with
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Figure 2.9: An illustration of how a uSR set-up works. a) Antimuons are generated at
a spallation source, either continuously or by pulsing. The produced antimuons must
be spin-polarised for use in the experiment as the perturbation of their spin indirectly
provides us with magnetic information. b) Once these spin-polarised, antimuons are
implanted within a sample, the presence of internal or applied magnetic fields cause a
precession of their spin. ¢) Antimuons have a range of lifetimes, averaging 2.2 us, and
once decayed, produce a positron which can be detected at either a forward or backward
detector. With a full spectrum of antimuon lifetimes generating positrons at many time
points, we begin to observe an asymmetry between the forward and backward detectors
due to continuous precession and decay. The decay lifetime and spin precession allow
us to plot the detector asymmetry ratio vs. time, in which the changes in antimuon
asymmetry with lifetime provide information on the magnetic fields that perturbed the
implanted antimuon spin. d) Experimentally, a transverse field may be applied to the
sample, the oscillations observed in these data of frequency, f, are directly proportional
to the applied field strength felt by the antimuon, allowing for the calibration of the set-
up for later observation of internal fields in a material. The peaks and troughs of this
oscillation can be ascribed to a muon decaying at a time where it is directly facing one
detector over the other.
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applied transverse fields allowing us to extract the instrumental calibration constant a.
As previously discussed, muons precess at a frequency proportional to the incident field
and would therefore precess at a frequency equal to the applied transverse field. Muons
also decay at ~2.2 us on average, meaning that millions of muons will decay across a
range of times averaging 2.2 us. Due to this decay time distribution, a muon precessing
in an applied transverse field will give an oscillatory signal, as the muon spin is decaying
at different points of its precession illustrated in Figure 2.9c/d. Fitting this oscillating
signal to a simple sine function allows us to extract a. Since the applied field is known,
the frequency can be calculated. The relationship between applied field strength and
frequency provides us with a, allowing the calculation of internal fields by fitting observed
frequencies, which may evolve in further measurements. Some experimental data for a
QSL candidate were obtained (Figure 2.10.), here we see that the observation of a plateau

in relaxation rate vs. time data indicates spin dynamics in the system [144].
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Figure 2.10: Some literature MuSR data for a QSL candidate system, H3LilraOg. (left)
muon asymmetry vs. time showing the fast relaxation of implanted muons across a range
of temperatures. (right) Relaxation rate vs. time plot showing a low temperature plateau
at ~ 1 K indicative of spin dynamics [144].

Similarly to neutrons, muons cannot be created in the lab, they require spallation sources.

However, unlike neutron experiments, muons do not require sample deuteration, as the
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muon stopping sites are unaffected by the incoherent scattering characteristics of hydro-
gen. The relationship of sample size on muon measurement is also not as closely linked
as in a neutron experiment, meaning that much smaller samples can be used. The ISIS
Neutron and Muon Source generates muons in pulses, which allows for fast collection
times but poorer time resolution compared to continuous sources. However, this is only
a drawback in cases where interesting phenomena are expected to occur at these short

timescales, which is not the case in muon experiments discussed in Chapter 5.

2.9.1 Fitting uSR data

To extract meaningful information from uSR data we must often fit our experimental
data to equations that well describe the muon behaviour. We do this using software
packages such as WIMDA [145] which provides all functions necessary for the fitting of
MuSR data. One of the most important functions in fitting muon data in the presence
of a static field is the Kubo-Toyabe function, which we use in Chapter 5 to fit zero field
MuSR data. When a muon spin resides within a randomly oriented field with a known
root mean square value, the relaxation of this muon under these conditions are described

by the Kubo-Toyabe function (Equation 2.15).

G.(1) = (1 - A2t2) exp (—%Azﬂ) + % (2.15)

Wil

One of the main features of this function is the recovery of a % tail, within which, the
model is exceptionally sensitive to external fields [146], such as those which spontaneously
arise in magnetic systems at temperatures below their ordering transition. In cases where
nuclear moments are decoupled by external fields, the relaxation of our muon asymmetry
is directly influenced by the evolving or static internal field of the sample. In cases where
static fields dominate, we apply simple fitting functions such as Lorentzian relaxation to
extract the relaxation rate A for temperature dependence studies we discuss in Chapter

5.

63






Chapter 3

Crystal and Magnetic Structure
Determination of Kagome Containing

Metal-Organic Frameworks

3.1 Introduction

In terms of novel "quantum materials discovery", metal-organic frameworks (MOFs) have
become the route of choice for many. Featuring a high degree of tunability, MOFs facil-
itate structural modifications, minimising the challenges of magnetic site disorder. [12]
Often occurring in inorganic materials [56, 147], magnetic site disorder leads to difficulty
in elucidating the magnetic structure and, in some cases, leads to a breakdown of the
desired magnetic topology [148|. Specific MOFs may be considered quantum spin liquid
(QSL) candidates when their structures satisfy several properties expected to host such a
state. The key properties expected to facilitate a QSL state are the use of § = % magnetic
atoms, approaching magnetic two-dimensionality and ensuring conventionally frustrated
geometries, including triangular, honeycomb and kagome arrangements [9]. MOFs are
exceptionally useful to this end because their structures can be modified and therefore

tuned towards these desired properties. The ability to easily modify organic components
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in MOFs also allows for the close study of broad families of materials sharing properties
of interest. An example of how much the magnetism of MOFs can be tuned is given
by a study into a family of bimetallic, manganese (II), chromium (III) MOFs, in which
magnetic susceptibility was found to vary significantly with the change of solvation and
counterions present [149]. By using MOF families for magnetic study, we are able to
isolate the structural characteristics directly affecting the magnetic exchange, allowing us
to modify and optimise the structures further to produce specific magnetic characteristics

[25].

In recent years, there have been numerous examples of kagome-containing metal-organic
frameworks that have the potential to host topological quantum states such as the QSL.
Although, as discussed in Chapter 1, there has also been much debate in the literature
over the magnetic ground states of some MOFs hosting a kagome arrangement of Cu?*
atoms [12, 82, 84, 86]. Due to this, we performed a comprehensive study, finding that
the magnetic ground states of a family of copper carbonate kagome-containing MOFs
with the formula Cuz(CO3)2(x)3-2C104, where x is a ditopic organic ligand, hosted a
ferromagnetically ordered kagome arrangement. Fortunately, ferromagnetic kagome com-
pounds are still sought after for their electronic properties and potential applications in
spintronics [150]. Therefore, magnetically ordered kagome-containing systems found on
the path to QSLs, are invariably interesting for study, making the search for QSL candi-
dates highly fruitful regardless of the outcome. As introduced in Chapter 1, one of the first
kagome-containing MOFs reported was Cu(1,3-benzenedicarboxylate), (Cu-bdc), featur-
ing a kagome arrangement of § = %, Cu?* ions chelated by bdc within the kagome planes
and isophthalic acid between the planes. Curie-Weiss analysis of magnetic susceptibility
data suggested dominant antiferromagnetic exchange coupling, with a 8cw = -33 K, while
the heat capacity confirmed an ordered transition occurring at 2 K, suggesting a degree
of frustration [76]. Later, it was discovered through a neutron powder diffraction ex-

periment that Cu-bdc was composed of ferromagnetic layers bound antiferromagnetically
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Figure 3.1: A section of a copper carbonate kagome lattice, the proposed exchange path-
way and the associated angles are given by black lines, with this model outlined by
Mulrooney et al. [83]

between the kagome planes [79]. With dominant ferromagnetic exchange within kagome
layers observed in Cu-bdc, we hypothesised that alterations to the out-of-plane ligands
may drive the magnetically ordered regime to an alternate ground state. To determine
whether a similar antiferromagnetic kagome was present in MOFSs containing different
organic ligands, we isolated a family of materials to study; the first member of this family

was Cuz(CO3)a(bpe)3-2Cl04, (MOF-bpe) where bpe = 1,2-bis(4-pyridyl)ethane.

In this MOF, Cu?* ions form a kagome layer by ligating atmospheric CO?))_ to form
characteristic kagome triangles with carbonates simultaneously mediating magnetic ex-
change via the route proposed in Figure 3.1 above [83]. These copper kagome layers are
then covalently bound by unconjugated bpe ligands yielding the three-dimensional MOF
structure. Our initial hypothesis was that the unconjugated bpe ligand would not host
exchange between the kagome planes, leaving quasi-two-dimensional, magnetically iso-
lated kagome layers. Since original reports of this system were in disagreement over the
magnetic ground state we chose to perform our own study into the magnetic ground state.
With one group claiming short-range canted antiferromagnetic order based on AC mag-
netic susceptibility measurements [84], and others proposing ferromagnetic order at T¢ =
12 K, based on heat capacity and DC magnetic susceptibility measurements [85]. There

was room for the magnetic structure of this system to be comprehensively assigned. To
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achieve this, we collected NPD, uSR and SQUID DC magnetic susceptibility data; and
with these, were able to produce a consistent model of the magnetic ground state of
MOF-bpe [12]. Similarly to Cu-bdc, through NPD measurement, we find that MOF-bpe
also orders ferromagnetically within the kagome layers and antiferromagnetically between
them. This showed once again that despite a change in the organic ligand, the mag-
netic ground state remained consistent and that the bpe ligand was capable of hosting
a superexchange pathway despite being unconjugated. Following our findings for MOF-
bpe, we focused our attention on the closely related Cug(CO3)2(bpy)3-2C104 (MOF-bpy)
system, where bpy = 1,2-bis(4-pyridyl)ethylene. Comparisons in the literature between
MOF-bpe and MOF-bpy suggested stronger exchange coupling as a result of conjugation
in MOF-bpy, demonstrating the usefulness of MOF tunability in manipulating the mag-

netic response [82].

To further our understanding of the effects of interplane ligand exchange and the mag-
netic response, we began the study of a third member of the Cu3(CO3)2(x)3-2C104 family,
where x = 4,4-azopyridine, (MOF-azpy). We synthesised single crystals for MOF-bpe,
bpy and azpy which allowed us to us to refine structural models from SCXRD data before
magnetic characterisation through magnetic susceptibility, NPD and uSR measurements
used in Chapter 3. Our findings were, again, the presence of ferromagnetically coupled
kagome layers, antiferromagnetically coupled between planes in all cases [12|. Because we
observe a similar magnetic ground state in all cases, we must look at the finer details, as-
certaining what is driving the superexchange across these three interplane ligands. Since
it is challenging to confirm the direct effect of the changing interplanar (ethane, ethene
and azo) bonds, we can propose, similarly to Ajeesh et al, that the conjugation and de-
localisation of the bpy and azpy ligands may play a role. Considering that the NPD data
for MOF-bpe indicates a canting of moments in the crystallographic ab-plane, our as-
sumption was that this may be due to the lack of conjugation. Although inconclusive, our

magnetic susceptibility data show small variations in Curie-Weiss temperatures as well as
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small differences in the low-temperature susceptibility behaviour as a function of temper-
ature between MOF-bpe and the others shown in Figure 3.5, discussed later. To further
probe the magnetism, we must look at other characteristics of the Cu3(CO3)2(x)3-2C104

family.

One of these characteristics is the presence of ligand disorder, specifically the 50:50 ro-
tational disorder observed in the three cases illustrated in Figure 3.2. We initially pro-
posed that there may be a magnetic response driven by correlated disorder; however,
we were unable to take this analysis further directly. Instead, we approached this indi-
rectly, by synthesising another member of the Cu3(CO3)2(x)3-2C104 family. Featuring
no chemical disorder about the interplane ligands we expected to outline the effect of
ligand disorder on the magnetism observed. For this study, we grew single crystals of
Cu3(CO3)2(bpa)s-2Cl104 (MOF-bpa) where bpa is 4,4-bipyridyl acetylene (Figure 3.2),
this system features a 180° ethyne bond as well as conjugation, making it an excellent
candidate for isolating a comparison to the non-conjugated MOF-bpe and the conjugated
and disordered MOF-bpy, azpy. Previous reports of this system suggest an ordering
temperature Tc = 9.5 K and a Curie-Weiss temperature 6cw = +26.6(8) K, suggesting
that the magnetic exchange interactions of MOF-bpa are relatively consistent with the
other MOFs outlined [82, 85, 151]. We find consistent results in all cases, with positive
values of Ocw suggesting similar ferromagnetic dominance within the kagome plane. In
this chapter, we present the synthesis of four kagome-containing MOFs, sharing Cu?*,
CO3?~ kagome layers, interconnected by ditopic organic ligands. We then present the
structural and magnetic characterisation of them clarifying the literature reports before
our own comparisons between them. We aim to confirm the initial findings of Keene
et al [86], for MOF-bpa, and build upon their magnetic characterisation through NPD
methods. In doing so we hope to observe the effects, if any, of removing ligand disorder

on the magnetic properties.
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Figure 3.2: The structure of Cug(CO3)2(bpa)s-2Cl0y, illustrated from refined crystal-
lographic information, the system is made up of Cu?* carbonate kagome layers (a), co-
valently linked by the organic ligand 4,4-bipyridyl acetylene (b). Dashed lines represent
Jahn-Teller distorted bonds while the perchlorate is shown to be heavily disordered re-
moved from (b) for clarity.

3.2 Experimental Methods

3.2.1 Single-Crystal Synthesis

Samples of the Cu3(CO3)2(x)3-2C104 MOF family were, as discussed, synthesised by a
modified Solvay process [103]. Single crystals of Cuz(CO3)2(x)3-:2Cl104 (MOF-x), where x
is bpe [1,2-bis(4-pyridyl)ethane, C19H19Ns|, bpy [1,2-bis(4-pyridyl)ethylene, C12H;oNo],
azpy [4,4-azopyridine, (C19HgNy)|, bpa [bis(4-pyridyl)acetylene, (C12HgN2)| were syn-

thesised as follows:

MOF-bpe

For single crystals of MOF-bpe, Cu(ClOy4)2-6H20 (550 mg, 1.51 mmol) and bpe (270 mg,
1.51mmol) were added to aqueous NH3 (15%, 200 cm®). The mixture was stirred until fully

dissolved and left to slowly evaporate for 3 days before a deep purple product was isolated

by filtration and washed with HoO (3 x 50 cm?) and MeOH (3 x 50 cm®). MOF-bpe (441
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mg, 0.42 mmol, 84%) was isolated as purple hexagonal plate-like crystals. CHN elemental
analysis data were measured on a Thermo Scientific FlashSmart CHNS/O Elemental
Analyser, indicating sample purity from the expected values for Cus(COg3)2(bpe)3-2C104:
C, 43.0; H, 2.4; N, 7.9; found, C, 43.0; H, 2.4; N, 7.9.

MOF-bpy

For single crystals of MOF-bpy, Cu(ClOy4)2-6H20 (66 mg, 0.18 mmol) and bpy (33 mg,
0.18 mmol) were dissolved in a mixture of aqueous NH3 (35%, 3.75 cm?), methanolic NH3
(7N, 4 cm?), and MeOH (7.25 cm?). The mixture was stirred until fully dissolved and
left to slowly evaporate over 7 days before a deep blue product was isolated by filtration
and washed with HoO (3 x 20 cm?) and MeOH (3 x 20 cm®). MOF-bpy (48 mg, 0.05
mmol, 76%) was isolated as purple hexagonal plate-like crystals with the expected CHN
analysis: C, 43.2; H, 2.9; N, 8.0; found, C, 43.2; H, 2.9; N, 7.8.

MOF-azpy

For single crystals of MOF-azpy was prepared by dissolving Cu(ClO4)2:6H20 (185 mg,
0.5 mmol) in aqueous NH3 (35%, 7 cm?) and HyO (5 cm?). To this was added dropwise
a solution of azpy (92 mg, 0.5 mmol) in EtOH (5 cm?®) and aqueous NH? (35%, 7 cm?).
The resulting black solution was stirred for 30 min, allowed to evaporate slowly for 12
days before a black product was isolated by filtration and washed with HoO (3 x 20 cm?)
and EtOH (3 x 20 ecm?®). MOF-azpy (152 mg, 0.14 mmol, 87%) was isolated as black
needle-shaped crystals with the expected CHN analysis: C, 33.7; H, 2.5; N, 15.8; found,
C, 33.3; H, 2.5; N, 15.8.

MOF-bpa

Finally, For single crystals of MOF-bpa, Cu(ClO4)2:6H20 (514 mg, 1.39 mmol) and bpa
(250 mg, 1.39 mmol) were added to aqueous NH3 (16%, 200 cm?). The mixture was

stirred until fully dissolved and left to slowly evaporate for 5 days before a deep purple
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product was isolated by filtration and washed with HoO (3 x 50 cm®) and MeOH (3 x 50
cm?®). MOF-bpa (402 mg, 0.38 mmol, 78%) was isolated as purple hexagonal plate-like
crystals with the expected CHN analysis: C, 43.5; H, 2.3; N, 8.0; found, C, 43.5; H, 2.3;
N, 7.9.

3.2.2 Powder X-ray Diffraction

A laboratory powder X-ray diffractometer was used in conjunction with the samples in
this chapter. These measurements were taken on a Bruker D8 diffractometer with a
monochromated Cu K, 1 radiation source of wavelength A = 1.54056 A. Around 200 mg of
sample was ground to a homogeneous powder and mounted on a low background silicon
holder for analysis. Scans were taken between 4 — 50° 26, with a step size of 0.00164° at

room temperature.

3.2.3 Single-Crystal X-ray Diffraction

Single crystal X-ray diffraction data were collected on the 119 beamline at Diamond Light
Source with a radiation wavelength of 0.6889 A. The collected data were then processed
using CrysAlis PRO171.42.49 [152] and Olex2 software packages [120]. Structural deter-
mination was achieved via a direct methods approach using the ShelXS package [153],
then refined using the ShelXL [154] package using a full-matrix, least-squares approach
based on F2. Hydrogen positions and thermal parameters were restrained to values con-
sistent with the atoms they were bound to, as X-ray scattering data does not provide
high enough resolution to solve these hydrogen atoms individually. The bond lengths and
angles of the heavily disordered perchlorate anions were restrained using RIGU in the fit
of MOF-bpy and MOF-bpa, with the addition of fixed occupancies providing a stable
refinement. In the cases of MOF-bpe, MOF-azpy refinement of the perchlorates was not
possible due to low data quality. These data were Rietveld refined using a twenty term

Chebyschev, with instrumental peak shapes refined using A LaBg standard.
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3.2.4 Magnetic Susceptibility

Zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility measurements were
collected on a Quantum Design magnetic property measurement system 3 (MPMS 3)
SQUID magnetometer in DC mode, measuring between 1.8—300 K. A palladium standard
was used to calibrate the instrument prior to measurement. Samples were mounted using
gelatin capsules which were sealed with G-varnish before being secured in plastic sample
holders. Magnetic susceptibility vs. temperature measurements were collected for all
samples in an applied field of 100 Oe or 1000 Oe. Magnetic susceptibility vs. field
measurements were performed up to 7 T and full magnet resets were run to eliminate any
remnant fields within the SQUID magnet. These measurements were taken between -7 T

and 7 T, which were the upper limits of the SQUID instrument.

3.2.5 Neutron Powder Diffraction

Neutron powder diffraction measurements were taken on the WISH beamline at the ISIS
Neutron and Muon source. A sample of MOF-bpa (~ 1.5 g) was mounted in a vana-
dium can and secured in a sample holder. These measurements were taken in a helium
cryostat at temperature points of 1.4 K and 25 K. The raw data were then extracted and
refined against the CIF data obtained by single crystal XRD using the Rietveld method in
GSAS2 and Fulprof software [155, 156]. These data were Rietveld refined using a twenty
term Chebyschev, with peak shapes refined to the instrument using a NaCaAlF standard

sample.
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3.3 Results and Discussion

3.3.1 Crystal Growth

At the time of starting this project, the current literature on MOF-bpe and MOF-bpy
featured crystallographic data collected via single crystal and powder diffraction methods,
respectively. As single-crystal growth of MOF-bpy was not yet reported [82]. This litera-
ture was used to assist in the growth of large single crystals of both systems, improving the
current crystallographic understanding of MOF-bpy specifically. Interestingly, the grown
morphologies of these two MOFs differed significantly. While MOF-bpe formed inter-
grown plate-like crystals, MOF-bpy formed needles. This preferential growth in opposing
crystallographic planes was a point of interest, as needle crystals are more challenging to

collect SCXRD data for.

As MOF-bpy required the use of methanol due to water solubility issues, it was ex-
pected to be the main source of this preferential growth. To mitigate this, we optimised
solvent ratios for purpose, minimising the use of methanol, which we found led to the
growth of MOF-bpy crystals in a plate-like regime. It can be extracted from this experi-
ment that the concentration of water during nucleation has a direct impact on the crystal
morphology. A simple explanation for this is that water has a higher surface tension,
which facilitates (observed) crystal growth at the liquid-air interface in MOF-bpe syn-
theses. The use of a "minimum" methanol and "maximum" water in MOF-bpy synthesis

facilitated the growth of diffraction-quality plate-like single crystals.

In the case of MOF-azpy, no previous literature outlined the synthetic route or crystal
structure; however, it was assumed that it would form similarly to MOF-bpe and MOF-
bpy. To some extent this was the case however, similarly to bpy, azpy was insoluble in
water. This meant that a screening was necessary to find solvents that dissolved azpy

while simultaneously remaining miscible with water. Ethanol was isolated as the optimal
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solvent. This facilitated the growth of needle-shaped crystals of MOF-azpy. Optimisa-
tion of the method to produce plate-like MOF-azpy crystals was not fruitful; however,
the growth of large enough needle-like crystals on a growth time scale of 3 months proved

to be sufficient for diffraction experiment.

The final MOF studied in this chapter is MOF-bpa [151]. This MOF is synthesised
identically to MOF-bpe and forms large block crystals with well-defined domains. The
synthesis of high-quality crystals in all cases directly improved the diffraction data ac-
quired, since peak intensity is closely linked to crystallite domain size, facilitating the

conclusive crystallographic study reported herein.

3.3.2 Single-Crystal Structural Determination

As discussed, the Cuz(COs3)2(x)3-2C104 MOF family is characterised by kagome layers of
Cu?* cations chelated by CO%" anions, covalently bound along the c-axis by long, ditopic
bipyridyl ligands. Generally, the kagome lattice is made up of interconnected equilateral
triangles. However, in the case of these MOFs, a distorted kagome lattice is observed,
made up of alternating, inequivalent, equilateral triangles forming a "breathing" kagome
lattice. The growth of large single crystals facilitated the production of individual crystal-
lographic information files (CIFs) for each MOF system. The previous analysis had relied
on the modification of the reported MOF-bpe CIF for the Rietveld analysis of powder
diffraction data, which assumed the conservation of unit cell symmetry across the MOF

family, which was not necessarily correct.

Initially, the literature report of MOF-bpe by Kanoo et al presented a crystallographic
information file (CIF) model of MOF-bpe in the P6 space group. This assignment of a
primitive cell, featuring a centre of inversion and a six-fold rotational symmetry, trans-
lates to a model that cannot possibly describe the chemistry of the bpe ligand. The

assignment of P6 would orient the central ethane bond, perpendicular to the orienta-

75



Chapter 3. Crystal and Magnetic Structure Determination of Kagome Containing
Metal-Organic Frameworks

tion of the pyridyl groups, which goes against the established bond geometry rules of
bond-hybridisation theory. Therefore, we proposed the assignment of the P3 space group,
which provides excellent agreement with experimental data, along with the observation of
chemically sensible bonding geometries. To achieve the fits we report here, an inversion
twin law was applied about the a-axis, RIGU restraints were applied to the Cl-O bonds
to prevent divergence, and SADI and EADP restraints were applied to carbon atoms and
C-C bonds to ensure homogeneous atomic displacement and thermal parameters within

the organic ligands, again preventing divergence.

For MOF-bpa the higher symmetry hexagonal space group P6/m was assigned, cap-
turing the lack of ligand disorder and increased symmetry. These assignments were only
made possible by the growth of high-quality single crystals, with the structures and crys-
tallographic data outlined in Figure 3.3 and Table 3.1 respectively. We see here that the

Table 3.1: Summarised crystallographic data for MOF-bpe, -bpy, -azpy and -bpa from the
refinement of data collected on the 119 beamline at Diamond Light Source at 298 K.

MOF bpe bpy azpy bpa
formula 038H36012C113N6014 C38H300120113N(5014 032H24C12CU3N12014 C38H240120113N(5014
M; (g mol™t) 1062.25 1056.20 1062.15 1050.15
temperature (K) 298 298 298 298
crystal system trigonal trigonal trigonal hexagonal
space group P3 P3 P3 P6/m

a (A) 9.4043(1) 9.3058(1) 9.2929(1) 9.2453(1)
¢ (A) 13.3063(1) 13.3653(2) 12.9593(1) 13.5788(2)
V(A% 998.92(5) 987.22(5) 951.39(1) 984.26(2)
A 1 1 1 1

Peale (g cm™) 1.785 1.750 1.820 1.735

u (Cu Ka) (mm™1) 3.766 3.811 4.006 1.678
F(000) 539.0 533.0 533.0 527.0
crystal size (mm?) 0.16 x 0.07 x 0.06 0.31 x 0.04 x 0.04 0.18 x 0.12 x 0.09 0.009 x 0.008 x 0.004
radiation wavelength (A)  0.6889 0.6889 0.6889 0.6889

Rint (%) 8.98 6.93 11.47 10.16
GooF 1.02 1.00 1.19 1.22

R1,> wRo? (I >20(1)) (%) 4.55, 13.11 6.29, 17.80 5.47, 18.02 3.67, 10.41
R1,* wRoP (all data) (%) 4.75, 13.43 6.71, 18.39 6.30, 18.88 5.88, 14.56
Apmax, Apmin (€A™3) 0.47, -0.50 1.30, -0.81 0.60, -0.95 0.79, -0.53
Flack parameter 0.47(1) 0.38(2) 0.41(2) 0

values for the Flack parameter are closer to 0.5 than 0 or 1 in MOF-bpe, bpy and azpy,
indicating a non-centrosymmetric cell. The Flack parameter is the measure of agree-

ment between the data and model in situations where the absolute structure cannot be
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unambiguously

P3
MOF-bpe MOF-bpy MOF-azpy MOF-bpa

@cCu @c ©Oo0 OH ONOclI O Disorder

P3 P6/m

Figure 3.3: A comparison of each MOF system, MOF-bpe, bpy and azpy are in the
P3 while MOF-bpa is in the higher symmetry P6/m space group. The pink atoms and
bonds represent disorder about their respective sites, while we see that MOF-bpa contains
disorder only in the perchlorate counterions.
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refined with one consistent cell. This may be the case when; chirality, low data quality
or where twinning is present such as our assignment of an inversion twin in the three
outlined MOFs. Values close to 0 or 1 indicate an accurate absolute structure with a
value of 1 indicating an absolute structure inverse to that of the one refined, while values
approaching 0.5 indicate a disagreement between the modelling of the present reflections
to one absolute structure. In fitting the SCXRD data, we used a twin law for MOF-bpe,
bpy and azpy. The equal and opposite matrices were (1 00,010,00 1) and (-1 0 0,
0-10,00 -1), giving the Flack parameters in Table 3.1. These structures were solved

using room-temperature synchrotron data collected on the 119 beamline (DLS).

As illustrated, rotational ligand disorder is present in MOF-bpe, bpy and azpy, wherein
the ratios are close to 50:50, suggesting that there is no preferential ligand orientation.
These models also show that the "breathing" kagome network is present in all cases,
with elongated Cu-O bonds originating from Jahn-Teller distortion (represented by dot-
ted lines in Figure 3.2) in the ab plane. The planar, disorder-free acetylene ligands present
in MOF-bpa facilitate the higher symmetry space group assignment. In addition to the
data presented, we also collected at 30 K, providing us with more representative crys-
tallographic models for the Rietveld refinement of the low-temperature neutron powder

diffraction data discussed later.

3.3.3 Laboratory Powder X-Ray Structure Confirmation

To confirm phase purity and refine cell parameters in all cases, laboratory PXRD data were
collected at room temperature and fit using the Le Bail method, illustrated in Figure 3.4.
MOF-bpe, bpy, azpy were refined against the P3 model and MOF-bpa against P6/m,

with refined lattice parameters presented in Table 3.2.

78



Chapter 3. Crystal and Magnetic Structure Determination of Kagome Containing
Metal-Organic Frameworks

@ [ MOF—bpe }

= %

= ;

ot ]

2L

=

8_I [ [ I I I | [ e nn (NN D RN B NN
@ [ MOF—bpy !

c 3

=2

ol %

c [ ‘

8 | | 1 | (1] 1 Lrrouen FIne o e e oo n
O L

M - MOF—azpy 3

c ‘

ST :

= %

Sl |

& ?

S ; \___/\_/\I‘—_I\-J\J‘ A ,R’LA_I\J_/\_.__Q_I\M,A A_a_J| A N, Ve,
-

8 | | 11 Lo rm e L rm PRI reee rme e tm
o | MOF—bpa

= L

-

2

S

§2

[

8 | | I | i ni n 1l mn FOmeen o e
&)

10 20 30 40 50
2Theta (Degrees)

Figure 3.4: Le Bail fits using; the P3 model for MOF-bpe, bpy and azpy, alongside the
P6/m model for MOF-bpa, against laboratory collected PXRD data CuKa.
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Table 3.2: Summary of refined lattice parameters collected on a Panalytical Empyrean at
300 K.

MOF a/ A c/ A

bpe | 9.410(15) | 13.328(20)
bpy | 9.315(6) | 13.391(20)
azpy | 9.299(6) | 12.974(14)
bpa | 9.256(5) | 13.610(13)

Since the asymmetric unit cells of these MOFs contain over 60 atoms including disorder,
refining atomic positions and thermal parameters freely using laboratory data was not
reliable. As a result, analysis of these data should also be approached with caution, since
data of this quality are generally only used to confirm the phase purity and cell dimensions
of the synthesised systems. As such, we collect high-resolution PXRD data on the I11

beamline (DLS) for MOF-bpa to more comprehensively refine our structural model.

3.3.4 High-Resolution Powder X-Ray Structure Determination

While SCXRD provides us with a structural model for a single crystal sample, this cannot
always be considered representative of the bulk composition. Single-crystal data often
fails to capture bulk phenomena such as; amorphous content, preferred orientation, and
differing phase fractions in samples. As such, PXRD data facilitate the study of the
average structure of a given material, taking into account all effects that may influence
the observed powder pattern. High-resolution data provide us with more information
and therefore the opportunity for a more comprehensive statistical analysis with reduced
error. As discussed previously, more accurate structural models allow more accurate
magnetic characterisation, so we used synchrotron X-ray data for the Rietveld analysis
of MOF-bpa shown in Figure 3.5. For this refinement the thermal parameters for the
perchlorates were not refined as the high levels of disorder led to an unstable refinement.

For the remaining atoms, excluding hydrogen, isotropic thermal parameters and atomic
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Figure 3.5: Rietveld refinement of MOF-bpa against the P6/m model obtained from
SCXRD analysis with a weighted R value, Rwp = 8.793 %

coordinates were allowed to refine freely. Instrument parameters were obtained through
the Rietveld refinement of a silicon NIST 640c standard, against the collected data. One
point outstanding from this refinement is the reduced intensity of several reflections. All
0 0 [ reflections are under-fit which may indicate a preferred orientation effect; however,
there is also reduced intensity at (0 2 0), (0 2 1) and (0 2 4) suggesting a different
source of this phenomenon. Similar Rietveld powder analysis was carried out prior to
this study on other members of the kagome-containing MOF family, with similar intensity
underfitting suggested to arise due to preferred orientation of "rod-like" crystals [66]. The
data presented here however, were collected from crystals with no obvious preferential
growth since we were able to optimise crystal morphology synthetically. The lack of
a clear distinction between data collected on "rod-like" crystals and well-proportioned
crystals suggests that the intensity issues observed in all cases do not arise from preferred
orientation. There are several alternative explanations for the slight disagreement between
fit and data; ligand disorder driven peak-broadening, of course, does not apply to MOF-
bpa, also implying that this may not be the source of similar under-fit data in the other
MOF family members. The most likely possibility that satisfies for all four kagome-

containing MOFs is that the SCXRD models do not fully capture the long-range disorder
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of the breathing kagome network, which we have seen artificially inflates the Uy, values
of copper and carbonate sites [12, 66]. The crystal structure parameters for the Rietveld

refinement of MOF-bpa are shown in Table 3.3.

Table 3.3: Refined structure parameters for the P6/m model of MOF-bpa fit to XRD data
collected on 111, Diamond, at 300 K. Final refined lattice parameters were a = 9.2503(4)

A and ¢ = 13.5812(5) A, Rwp = 8.637 % and reduced y? = 1.56.

Atom Site X y Z Occupancy Usiso
Cul 2/m(001)  1.0000 0.5000 0.0000 1 0.051(7)
Carbonate
01 m(001)  0.7824(7) 0.4861(2) 0.0000 1 0.011(1)
C1 -6 0.6666 0.3333 0.0000 1 0.001(8)
Bipyridyl acetylene
N1 2(001) 1.0000 0.0000 0.1468(6) 1 0.050(1)
C2 1 0.9463(4) 0.588(8)  0.1971(4) 1 0.069(1)
H2 1 0.908(1) 0.6497(6) 0.1623(7) 1 0.056(8)
C3 1 0.9457(6) 0.5930(6)  0.2986(4) 1 0.086(8)
H3 1 0.9095(6) 0.6573(5)  0.3316(5) 1 0.063(2)
C4 2(001) 1.0000 0.5000 0.3507(8) 1 0.051(1)
C5 2(001) 1.0000 0.5000 0.4563(1) 1 0.113(3)
Perchlorates
Cl1 1 1.0056(9) 0.0003(1) -0.0090(1) 0.0833 0.050(6)
O11 1 1.0208(6) 0.0707(4) -0.1081(6) 0.0833 0.070(1)
012 1 1.1699(9) 0.0388(3)  0.0269(8) 0.0833 0.066(3)
013 1 0.9095(8) -0.1824(5) -0.0131(5) 0.0833 0.050(5)
014 1 0.9225(5) 0.0633(1) 0.0550(1) 0.0833 0.101(2)
Cl2 1 0.9979(7) 1.0160(9) 0.4927(3) 0.0833 0.054(8)
021 1 0.8733(2) 1.0580(9) 0.5238(3) 0.0833 0.072(1)
022 1 1.1523(4) 1.1770(8)  0.4891(7) 0.0833 0.071(1)
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023 1 0.9537(2) 0.9416(9) 0.3938(9)  0.0833  0.081(7)
024 1 0.0241 01617  -0.01089  0.0833  0.087(1)

With single-crystal and powder diffraction methods in agreement on the P6/m assignment
of MOF-bpa we can move on to further characterise the system via magnetic susceptibility
measurements. To compare Rietveld refinement and single crystal XRD solutions to
the structure we compare the jahn-teller distorted Cu-O bond length error. For the
single crystal data the bond length is 2.67799(3) A, while the Rietveld refined model is
2.67961(12) Asuggesting reduced bond length error in the SCXRD data acquired.

3.3.5 Comparisons of Magnetic Susceptibility Data

DC SQUID temperature-dependent magnetic susceptibility data were collected for MOF-
bpe, bpy, azpy and bpa shown in Figure 3.6. A temperature-independent background
subtraction was performed using a diamagnetic palladium standard provided by Quantum
Design. The purpose of these comparisons is to ascertain whether the MOF-bpa has a
magnetic response different from that of the previously reported MOFs [12]|. From these
data alone, we struggle to find clear differences between the four, aside from the magnetic
response of MOF-bpe being a factor of 10 higher. In lieu of heat capacity data, we
performed further analysis via Fisher’s specific heat calculations, providing estimations of
transition temperature, T'c, through derivative plots of susceptibility data (Figure 3.7). In
Fisher’s specific heat plots, inflection points indicate the presence of a spontaneous change
in the bulk magnetic susceptibility. Interestingly, one could argue that there are two
inflection points in MOF-bpy and MOF-bpa, in these graphs. If we were to consider this
at face value, it may indicate an increase in bulk susceptibility followed by a decrease in
susceptibility within the 1.5 K range. Although this could be interpreted as ferromagnetic
order occurring at a temperature higher than that of the antiferromagnetic counterpart,
it would be challenging to draw this conclusion from these isolated measurements alone.

Another point of interest here is that a trend begins to emerge. Across the series; bpe
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Figure 3.6: Temperature dependent magnetic susceptibility measured in an applied field
of 0.1 T. Curie-Weiss fits (black) of the inverse susceptibility (red) were performed across
temperature ranges above 100 K using Equation 2.5. The insets show the low-temperature
behaviour in each case. Note: an instrumental error led to a loss of data in MOF-bpy
and MOF-bpa between 13 — 14 K.
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Figure 3.7: Derivative plots of temperature dependent magnetic susceptibility measured
in an applied field of 0.1 T for MOF-bpe, bpy, azpy and bpa. These plots indicate
the presence of inflection points corresponding to spontaneous change in the magnetic
susceptibility of internal moments.
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< azpy < bpy < bpa, inflection corresponding to a reduction in susceptibility becomes
more intense, that is, the negative inflection around 8 K in MOF-bpa is significantly
sharper than the smooth curve observed in MOF-bpe at around 6 K. A summary of
magnetic data derived from susceptibility and Fisher-specific heat is given in Table 3.4

below. Although, we see no evidence that MOF-bpa deviates significantly from the motif

Table 3.4: Comparisons of key data from magnetic susceptibility and Fisher specific heat
measurements.

MOF | 6cw/ K | pet/ v | xo/emu mol™! | T/ K
bpe | 26.067(1) | 1.86(01) | —3.53x1075 8.1
bpy | 24.910(54) | 1.85(02) | —4.889x1076 9.6
azpy | 25.036(27) | 1.80(02) | —1.82x107F 7.9
bpa | 26.627(3) | 1.87(1) | -2.22x107¢ 10.6

of dominant ferromagnetic exchange interactions through Curie-Weiss analysis, we observe
a higher T¢ = 10.6 K extracted from Fisher’s specific heat data. Despite small deviations
between systems, it is likely that MOF-bpa behaves analogously. To further elucidate
the magnetic ground state of MOF-bpa we collected and analysed NPD data, confirming

whether the long-range ordered regime of the other MOFs are consistent with MOF-bpa.

3.3.6 Determination of the Magnetic Structure of MOF-bpa by

Neutron Powder Diffraction

Data for MOF-bpa were collected at 1.5 and 25 K on the WISH diffractometer at ISIS
Neutron and Muon source. Instrumental parameters were calculated using the Rietveld
refinement of a NaCaAlHyOFg standard across the five detector banks. Although it is
often desirable to deuterate hydrogen-containing samples, incoherent scattering in MOF-
bpa did not prevent nuclear and magnetic refinements from being successfully carried
out. To reliably conduct a magnetic refinement, the scale factor must be extracted from
a nuclear refinement. This is necessary because the intensity fitting of a magnetic Bragg
reflection is directly proportional to both the magnetic structure being refined against

and the scale factor. Therefore, obtaining a scale factor from a nuclear refinement al-
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lows us to fix this value during magnetic refinement, which is standard practice. In the
case of MOF-bpa a multibank Rietveld refinement was performed without constraints or
restraints on data collected at 25 K. These data were refined against the 30 K SCXRD
refined CIF for MOF-bpa as this provides a temperature-consistent model for the 25 K
measurement unlike the 300 K I11 refined CIF. The isotropic thermal parameters and
atomic displacements were allowed to be freely refined in all atoms except for the disor-

dered perchlorate, the fits and data are shown in Figure 3.8 and Table 3.5 respectively.

Table 3.5: Refined structure parameters for the P6/m model of MOF-bpa fit to NPD data
collected on WISH, ISIS, at 25 K. Final refined lattice parameters were a = 9.1552(5)A
and ¢ = 13.6104(3) A, global Rywp = 3.20 % and reduced y? = 170.82.

Atom Site X y z Occupancy Uiso
Cul  2/m(001)  0.5000 0.0000 0.5000 1 0.067(9)
Carbonate
01 m(001)  0.5156(6) 0.2263(3)  0.5000 1 0.018(1)
C1 -6 0.6667 0.3333 0.5000 1 0.028(8)

Bipyridyl acetylene

N1 2(001) 0.5000 0.0000  0.3441(8) 1 0.055(3)
C2 1 0.4105(1) 0.0543(1) 0.3029(2) 1 0.041(8)
H2 1 0.3409(1) 0.0932(2) 0.1676(1) 1 0.032
C3 1 0.4063(1) 0.0554(1) 0.2013(2) 1 0.046(6)
H1 1 0.3479(1) 0.0933(1) 0.3385(1) 1 0.032
C4 2(001) 0.5000 0.0000  0.1494(2) 1 0.039(9)
) 2(001) 0.5000 0.0000  0.0444(3) 1 0.050(7)
Perchlorates
cn 1 0.0060 0.005 0.4875 0.0833 0.025
011 1 -0.0060 -0.0610 0.3918 0.0833 0.049
012 1 0.1770 0.1170 0.5120 0.0833 0.041
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013 1 -0.0670 -0.1310 0.5556 0.0833 0.061
014 1 -0.0880 0.0910 0.4890 0.0833 0.050
Cl2 1 0.0190 0.0061 -0.0076 0.0833 0.021
021 1 0.1810 0.0290 0.0113 0.0833 0.054
022 1 -0.0990 -0.1080 0.0614 0.0833 0.048
023 1 -0.0290 -0.0560 -0.1053 0.0833 0.038
024 1 0.0280 0.1660 -0.0011 0.0833 0.051

The multibank Rietveld refinement of MOF-bpa provides us with a scale factor in Bank
1 of 5.604(4), which will be used in the magnetic refinement. First however, we must per-
form a subtraction of Bank 1, 25 K data from 1.5 K data to highlight any magnetic Bragg
intensity. This subtraction is performed using Bank 1 as this is the only bank with a long
enough d-spacing range to observe the magnetic intensity, shown in Figure 3.9. The Bragg
reflection observed at 27.21 A is at precisely double the refined crystallographic c-axis of
13.6104 A suggesting a doubling of this crystallographic c-axis in the magnetic unit cell
and therefore a propagation vector of K = (0 0 %) This is a feature consistent with the
analysis of WISH data for MOF-bpe, bpy, and azpy performed within the group [12].
The results of our analysis suggested the presence of ferromagnetically coupled copper

carbonate kagome planes, which are antiferromagnetically coupled along the c-axis.

The magnetic structure determination was carried out using Fullprof software in the
magnetic space group P1. The P1 space group allows modelling of both ferromagnetic
and antiferromagnetic components expected within MOF-bpa, which would not be cap-
tured by higher-symmetry space group assignment, as their symmetry would be broken
to allow these two components. The fitting of subtracted data to the P1 space group is
shown in Figure 3.9. The P1 space group has no symmetry constraints, and as a result, a
refinement against this space group using so few magnetic Bragg reflections requires mul-

tiple constraints. To begin, we observe that only (0 0 /) reflections are present, meaning
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Figure 3.8: Rietveld refinement of the P6/m model of MOF-bpa against 25 K data
collected on the WISH diffractometer. Refined lattice parameters are a = 9.1552(5) and
¢ =13.6104(3) with a global Rwp = 3.20 %
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Figure 3.9: Magnetic Rietveld refinement of the P1 structure against subtracted NPD
data from 1.4 and 25 K collections. A gap in the fit around 8 A was applied due to a
thermal contraction feature. Here, the red line is the fit, blue is the difference between fit
and data and points are data.

that any information extracted cannot be related to a moment oriented outside of the
kagome planes, therefore moment contributions in the ¢ plane are fixed to zero. Since
there is also no magnetic Bragg intensity at the (0 0 2) position we can also rule out the
canting of magnetic moments we observed in MOF-bpe [12]. These features imply that
MOF-bpa behaves similarly to MOF-bpy and MOF-azpy in terms of its ordered mag-
netic structure. Thus featuring ferromagnetically coupled Cu?* kagome planes, coupled
antiferromagnetically to adjacent layers (Figure 3.10). Since there is not enough data
to refine the moment orientations freely, another constraint was applied to ensure that
moments in adjacent planes are both equal and opposite in magnitude, with moments
allowed to refine only along the a-axis. These constraints resulted in a good fit to the
data and a refined magnetic moment size of 0.373(7) up per copper site. A comparison
of the magnetic moment sizes of each system is outlined in Table 3.6. We see from this
comparison that the moment size of MOF-bpa is significantly lower in magnitude to the
rest of the family. There are two possibilities for this result; one is a reduction in dimen-
sionality of MOF-bpa caused by reduced susceptibility to exchange through the acetylene

bond (which is contrary to our prior assessment), the second more likely cause is an in-
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Figure 3.10: The proposed magnetic structure of MOF-bpa, in which we see ferromag-
netically coupled kagome planes, antiferromagnetically coupled, giving us a c-axis length
of 27.24 A in the assigned magnetic unit cell.

Table 3.6: Summary of magnetic moment size refined from subtracted NPD data, data
collected for MOF-bpe, bpy and azpy refined by Katherine Tustain®. [12]

MOF | Moment size/ up
bpe | Approximately 0.5

bpy 0.497(4)*
azpy 0.495(3)*
bpa 0.373(7)
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consistency between the scale factors of the previously fit, modelled and refined data. The
ordered moment sizes for MOF-bpe, bpy and azpy were extracted from data acquired by
a former group member, while MOF-bpa was not, there is a strong possibility that the
data quality and nuclear refinements performed on MOF-bpa are of a different standard,
leading to uncertainty over the scale factor assignments used in magnetic refinements.
Since the results discussed previously appear to support the conclusion that magnetism
in MOF-bpa does not deviate significantly from the MOF family, we can be confident

that uncertainty over the ordered moment comes from this source.

3.4 Conclusions

The synthesis and comprehensive structural and magnetic characterisation of a family of
Cu?*, CO%‘ kagome-containing MOFs have been reported. Three of these, MOF-bpe,
bpy and azpy have been studied either within the group or in the literature, with their
structural and magnetic characteristics confirmed in this chapter. A fourth member of
this family of materials was synthesised and compared using X-ray and neutron sources to
determine whether there were any significant differences in the long-range, magnetically

ordered ground state. The analysis of MOF-bpa resulted in several key findings.

1 — Variations in the synthetic route of all systems allowed us to grow larger single crys-
tals than previously reported, allowing us to perform a comprehensive crystallographic

study in all four systems.

2 — Synchrotron X-ray analysis provides us with the highest quality data for the struc-
tural refinement of MOF-bpa, allowing us to confirm the lack of ligand disorder and the

assignment of the space group P6/m.

3 — Bulk magnetic susceptibility measurements indicate that our measurements for MOF-
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bpa are consistent with the literature [86], and that only minute variations in the bulk
susceptibility are observed across the four systems. This confirms that small structural
changes can be used to manipulate the magnetic response on a fine scale, which is a

promising finding for other MOF systems nearing the optimal conditions to host the QSL.

4 — Measurements taken on the WISH diffractometer at the ISIS Neutron and Muon
source have allowed us to collect data with sufficient d-spacing to observe magnetic Bragg
reflections at a position double the crystallographic unit cell. Importantly, MOF-bpa
data are consistent with our reports of MOF-bpe, bpy and azpy, confirming that the mo-
tif of ferromagnetic kagome layers, coupled antiferromagnetically persists within several

variations of the inter-plane ligand [12].

5 — MOF-bpa across all magnetic measurements presents small indications that the ex-
change interactions differ slightly in comparison to the rest of the MOF family. However,
a conclusive assignment of what drives these differences cannot be obtained using the

current data.

In summary, we present that MOFs allow for the manipulation of the chemical structure
to an exceptionally fine degree in the context of modifying the magnetic response with-
out significantly modifying the magnetic ground state. These kagome-containing MOFs
also present material realisations of the interesting magnetic topology sought after for un-
conventional magnetic properties |25, 9]. These properties make these materials excellent
candidates for study as kagome ferromagnets, especially if these systems require tuning for
use. Additional work is ongoing to study MOF-bpy by inelastic neutron scattering to find
any evidence for the quantum hall effect. Further measurements for MOF-bpa could be
taken to elucidate the interplay between the selection of inter-plane ligands and magnetic
order, such as single-crystal magnetometry measurements. These may provide further

insight into the magnitudes of magnetic exchange observed both ferromagnetically and
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antiferromagnetically. Here we could quantify the strength of exchange coupling, directly
observing the extent to which these varying ligands facilitate superexchange. However,
this relies upon the synthesis of larger single-crystals, which is a particularly challenging
task as the optimisation of synthesis has been extensively studied in this Thesis. An-
other method would be to perform DFT calculations to predict the differences in these
superexchange pathways, however previously, we have found that the energy scales of the
antiferromagnetic components of exchange are too small to predict reliable values. In
terms of expanding upon this work further, we explore inter-plane ligands which may be
cleaved, providing us with magnetic nanosheets (Chapter 4) and in-plane ligands which
mediate antiferromagnetic superexchange (Chapter 5) pushing us towards the ideal anti-
ferromagnetic kagome expected to host the QSL state. Work moving beyond the scope
of this thesis may involve conductivity measurements and screening to find whether these
materials are viable for use in computation, with their fragile magnetically ordered states

bearing promise for spintronics applications [11, 84].
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Chapter 4

Approaching the Two-Dimensional
Limit of the § = % Kagome Ferromagnet

Within Two Metal-Organic Frameworks

4.1 Introduction

Prior to 2018 the existence of a material hosting two-dimensional ferromagnetism was
deemed impossible [157]. This was based upon the Mermin-Wagner theorum, stating
that the spontaneous symmetry-breaking mechanism of magnetic order could not be fa-
cilitated by < two-dimensional systems at T > 0. This was thought to be the case because
the broken symmetry of a two-dimensional system would generate quantum fluctuations
which diverge at dimensions < 2 preventing the symmetry breaking mechanism. This was
not strictly the reality however, in cases where a low-energy gap is introduced through
single ion anisotropy, long-range order is expected to be stabilised in a similar way to a
two-dimensional Ising model with two degrees of freedom [46, 47|. Since the discovery
of two-dimensional long-range ferromagnetic order in Crls [45], there has been increas-
ing interest in two-dimensional magnetic materials [158, 159, 160]. With the study of

two-dimensional magnetic materials growing in interest since their recent discovery, novel
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materials are at the forefront of advancing our understanding [161, 162]. As we have
previously discussed, kagome-containing materials are expected to host some interesting
magnetic phenomena, and so the study of two-dimensional kagome-containing systems
may be a key avenue of study, especially when considering an ideal kagome should feature
only in-plane nearest neighbour exchange coupling [163, 164]. Since they are ultra-thin by
design, two-dimensional magnets are expected to be ideal candidates for use in future tech-
nologies; from high-density data storage [165, 166], to quantum computing [167]. With
such promise, routes to synthesise new and exciting materials are being explored [162,
161]. This also includes the exploration of two-dimensional and quasi-two-dimensional
magnetic MOFs for the observation of their intriguing low-temperature physics [83, 96].
As we have discussed in Chapter 3, the kagome lattice presents an exciting magnetic
topology for the study of interesting magnetic phenomena, with the potential to generate
high levels of frustration in the antiferromagnetic kagome, as well as potential to host
exotic magnetic states in the ferromagnetic kagome, hosting further neighbour exchange
coupling than the nearest neighbour [163]. Previously, we have studied MOFs of formula
Cuz(CO3)2(x)3-:2C10y4, where x represents a ditopic organic ligand that produces a three-
dimensional framework consisting of copper carbonate kagome layers covalently bridged

by these ditopic ligands [12, 82, 84].

Since these systems were observed to host antiferromagnetic exchange interactions be-
tween kagome layers [12], this chapter aims to isolate the magnetic exchange of the cop-
per carbonate kagome. We do this through structural design, selecting interplane ligands
which are monodentate, in doing so we form magnetically isolated kagome layers within a
three-dimensional MOF',| hence quasi-two dimensional magnetic MOFs. While the work re-
ported in Chapter 3 provides a synthetic route to realising possible quasi-two-dimensional
magnetic systems, the novelty of the materials studied within this chapter goes beyond
just "extending a family of magnetic MOFs". In this chapter we instead aim to charac-

terise systems likely to host two-dimensional magnetic exchange, making them exciting
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21.270 A

15.579 A

Figure 4.1: Structural models of MOF-bipy and MOF-bpa. a) Here we see the copper
carbonate kagome lattice, shared by both MOF-bipy and MOF-bpa, where disordered
perchlorate occupies the hexagonal channels of the framework. b) Here, we see how the
copper carbonate kagome layers are stacked by monodentate bipy ligands, which leads to
a structure featuring no covalent inter-plane linkage at a separation distance of 21.270 A
between kagome layers. c¢) Here we see MOF-bpa, previously studied in Chapter 3, the
copper kagome layers present are covalently bound resulting in antiferromagnetic exchange
coupling studied by neutron powder diffraction methods, the inter-layer distance here is

13.579 A.

targets for further study. In addition to broadening our understanding of the copper car-
bonate ferromagnetic kagome, we also approach a better general understanding of two-
dimensional magnetism. A promising system reported in the literature was MOF-bipy,
where bipy is 2,4-bipyridine [83] and the MOF formula was Cu3(COs3)2(bipy)s-2ClO4.
Here, bipy acts as a monodentate ligand, binding to a single copper atom. MOF-bipy
contains copper carbonate kagome layers with terminal ligands that stack through non-
covalent interactions. This stacking is believed to be stabilised by hydrogen bonding
interactions between nitrogen and hydrogen from neighbouring ligands due to their prox-
imity [83]. A comparison of the layering present in MOF-bipy and MOF-bpa studied in

Chapter 3 is illustrated in Figure 4.1 above. The reported Curie-Weiss analysis for MOF-
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bipy found a Curie constant C = 0.403(3) cm?® K mol™, corresponding to an effective
moment weg = 1.795(2) and a Curie-Weiss temperature cw = 21.5(8) K, suggesting a
spin only moment consistent with a § = % system and dominant ferromagnetic exchange
coupling [6, 83]. These magnetic properties were of similar order to the results found
for the covalently bound kagome-containing MOFs outlined in Chapter 3, suggesting that
the copper carbonate kagome continues to host ferromagnetic exchange coupling in these
non-covalently bound MOFs. From this literature report we chose to begin our own
study of MOF-bipy, not only as an obvious extension of the MOF family, well studied

in Chapter 3, but primarily as a route towards two-dimensional kagome-containing MOFs.

Alongside MOF-bipy we began working on the synthesis and characterisation of a novel
system following the Cuz(CO3)2(x)6-2ClO4 formula. To find a suitable candidate, we be-
gan synthetic experimentation using other monodentate ligands such as isonicotinimide,
tert-butyl-pyridine, pyridine and methylpyridine. Through experimentation we were suc-
cessful in synthesising MOF-mp, Cu3(CO3)2(mp)g-2C104 where mp is methypyridine.
The success of this synthesis was tracked by single-crystal X-ray structural analysis, con-
firming the expected copper kagome lattice stacked with methylpyridine ligands which we
expect to have weaker interlayer interactions than MOF-bipy due to a lack of potential
hydrogen bonding, illustrated in Figure 4.2. Importantly, in both cases, the non-covalent
stacking of MOF-bipy and MOF-mp also facilitate a further avenue of study, exfolia-
tion to magnetic nanosheets. We aim to study MOF-bipy and MOF-mp in tandem to
discover whether there is evidence to suggest that the copper carbonate kagome layers
present are indeed magnetically isolated and can be exfoliated down to the monolayer
limit. If our studies suggest that these two MOFs host quasi-two-dimensional magnetic
exchange they may be excellent candidates for the improvement and development of char-
acterising such materials, while additionally holding potential for applications in future
technologies. Especially since exfoliation to a magnetic monolayer extends the scope of

the study of these materials further [114, 168]. With the kagome layers stacking via
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@cCu @c OO0ONOcI

Figure 4.2: Crystallographic models of MOF-mp generated from SCXRD data. a) One
layer of MOF-mp confirming the presence of the copper carbonate kagome lattice. b)
One unit cell of MOF-mp showing that kagome layers stack through weak inter-layer
interactions where layers do not stack directly on top of each other, instead an abab
pattern where layers are related, rotated through 60°.
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weak intermolecular forces and not covalent bonding, the opportunity to mechanically
exfoliate such materials to magnetic nanosheets becomes a possibility [104|. Defined as
a "top-down" approach, nanosheets can be obtained from a bulk three-dimensional sys-
tem through multiple routes, most famously with scotch tape for graphene [169]|. Using
exfoliation techniques such as ultrasonication [170], we aimed to exfoliate MOF-bipy and
MOF-mp to magnetic kagome nanosheets. This presents a highly novel route of study
into these materials featuring ferromagnetic kagome layers. Our initial characterisation
will be from atomic force microscopy confirming successful exfoliation to nanomaterial by
height profile analysis. In this chapter, we aim to characterise and compare the struc-
tural and bulk magnetic properties of MOF-bipy and the novel system MOF-mp, using
single-crystal X-ray diffraction, neutron powder diffraction, heat capacity and magnetic
susceptibility methods. We then aim to present evidence for the successful exfoliation of
MOF-bipy and MOF-mp to metal-organic nanosheets (MONSs) confirming this via atomic

force microscopy.

4.2 Experimental Methods

4.2.1 Single-Crystal Synthesis

Samples of the two systems were synthesised by the same modified Solvay process outlined
in Chapter 3. [103] Single crystals of Cug(CO3)2(x)s-2C104, (MOF-x), where x is bipy
(2,4’-bipyridine, (C5H4N)2) and mp (4-methylpyridine, (CgH7N)) were synthesised as

follows.

MOF-bipy

For single crystals of MOF-bipy, Cu(ClOy4)2-6H20 (926 mg, 2.5 mmol) and 2,4’-bipyridine
(781 mg, 5 mmol) were dissolved in aqueous NHsz (35%, 200 cm?). The resultant blue
solution was bubbled with COy for five minutes with stirring. The mixture was then

evaporated at 70 °C in a two litre crystallisation dish until blue crystals formed on the
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surface (after approximately 4 hours). These crystals were then isolated by filtration with
the excess mother liquor returned to the crystallisation dish yielding more crystals. The
crystals were washed with HoO (3 x 20 cm?®) and MeOH (3 x 20 cm?). After repeating
the crystallisation process 3 times we combine the crystals to give MOF-bipy (872 mg,
0.6 mmol, 70%) as blue hexagonal plate-shaped crystals. CHN elemental analysis data
indicated sample purity from the expected values for Cuz(COs3)2(bipy)s-2C104: C, 49.6;
H, 3.6; N, 11.2; found, C, 50.1; H, 3.0; N, 11.2.

MOF-mp

For single crystals of Cuz(CO3)2(mp)s-2Cl1O4 (MOF-mp), Cu(ClOy4)2:6H20 (700 mg, 1.9
mmol) was dissolved in aqueous NH3 (32%, 100 cm?), alongside this, 4-methylpyridine
(0.5 cm3, excess, 6 mmol) was dissolved in 100 cm® methanol and added to the copper
solution dropwise with stirring. The resultant mixture was then stirred for 1 hour to
ensure homogeneity. The mixture was transferred to a clean crystallisation dish before
heating at 45 °C. Within 4 hours, a layer of deep blue hexagonal plate-like crystals formed
on the surface of the mixture. These crystals were then isolated by vacuum filtration and
washed with HoO (3 x 50 cm?) and acetone (3 x 50 mL) before drying in vacuo at
70 °C. MOF-mp (450 mg, 0.85 mmol, 65%) was isolated as hexagonal plate-like crys-
tals. CHN elemental analysis data indicated sample purity from the expected values for

Cuz(CO3)2(mp)e-2Cl04: C, 41.33; H, 3.83; N, 7.61; found, C, 41.52; H, 3.94; N, 7.55.

4.2.2 Exfoliation Method

To acquire metal-organic nanosheets (MONs) the exfoliation of three-dimensional MOF
crystals was carried out using an ultrasonication method [106]. A crystalline sample
was added to ultrapure acetone at a concentration of 1 mg/ cm? in a 15 cm? vial and
placed in a water bath ultrasonicator at 80 kHz for four hours. Acetone was used after a
solvent screening found that this was the most promising solvent in terms of the Tyndall

effect observed. These samples were then centrifuged to remove large particulates and
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the remaining suspension was tested for Tyndall scattering, confirming the presence of
suspended nanoparticles by their reflection of applied laser light [105]. These samples
were then centrifuged and decanted to isolate the smallest material present for further
analysis. We were able to begin optimising the exfoliation process by tracking success
from collected AFM images, although a robust method of nanosheet synthesis is still

ongoing.

4.2.3 Powder X-ray Diffraction

A laboratory powder X-ray diffractometer was used for the initial characterisation of both
MOF-bipy and MOF-mp samples. These measurements were taken on a Panalytical
Empyrean diffractometer with a monochromated Cu K, radiation source of wavelength
A =1.54056 A and a selected beam slit size of %O. Around 200 mg of sample was ground
to a homogeneous powder and mounted on a low-background silicon holder for analysis.
Scans were taken between 4 — 50 ° 26, with step sizes of 0.00138 ° at room temperature.
Alongside these laboratory measurements, high-resolution X-ray data were collected on
the 111 beamline at Diamond Light Source, using radiation of wavelength, 0.8258 A at
room temperature in a 0.3 mm borosilicate glass capillary. These data were collected over
a 26 range of 2.033 — 120.352 ° with a step size of 0.004 °. These data were analysed by
the Le Bail and Rietveld methods using GSAS2 software [155].

4.2.4 Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction data were collected for MOF-bipy at 30 and 300 K using
the 119 beamline at Diamond Light Source, with an incident radiation wavelength of
0.6889 A. SCXRD data were collected for MOF-mp using a Rigaku Synergy-S dual source
with a PhotonJet-S X-ray source and a HyPix-6000 detector. Data were collected at
100 K using an Oxford Cryosystems cryostream device, while samples were mounted
using MiTeGen sample holding loops. For both MOF-bipy and MOF-mp the collected
data were processed using CrysAlis PRO171.42.49 and Olex2 software packages [120].
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Structural determination was achieved using a direct methods approach using the ShelXS
package [153], then refined using the ShelXL [154| package using a full-matrix, least-

squares approach based on F2.

4.2.5 Magnetic Susceptibility

Magnetic susceptibility measurements were collected on a Quantum Design Magnetic
Property Measurement System 3 (MPMS 3) SQUID magnetometer in DC mode, mea-
suring between 1.8 — 300 K. A palladium standard was used to calibrate the instrument
prior to measurement. For these measurements 18 and 24 mg samples of MOF-bipy and
MOF-mp respectively were mounted in gelatin capsules which were sealed with G-varnish
before being secured in straw sample holders. Temperature-dependent magnetic suscep-
tibility data were collected in zero field and in a 0.1 T applied field for ZFC and FC
measurements. Field-dependent magnetic susceptibility measurements were performed
on the same samples at 2 K up to 7 T applied field, with full magnet resets employed
between measurements to eliminate remnant fields within the SQUID magnet. Ultra-low
field-dependent magnetic susceptibility measurements were also taken on these samples

between 0 — 2.5 mT at 2 K.

4.2.6 Heat Capacity

Heat capacity measurements were performed by Dr Angel Arevalo-Lopez at the Ecole
Nationale Supérieure de Chimie de Lille. For these measurements the relaxation method
in the Dynacool PPMS from Quantum Design was employed on a 1.83 mg sample of
MOF-bipy and a 2.42 mg sample of MOF-mp. Data were measured in zero field between
1.8 and 301.9 K before fitting a linear region using the Debye equation outlined in Chapter
2. The fit was then extrapolated to simulate the low temperature phonon response for its
subtraction from experimental data providing the magnetic heat capacity for the system

and, by extension, the magnetic entropy.
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4.2.7 Neutron Powder Diffraction

Neutron powder diffraction measurements were collected on the WISH beamline at ISIS
Neutron and Muon Source, Didcot. For the measurement of MOF-bipy a 1.97 g sample
was mounted into a vanadium can and inserted with Cryostat for measurements at 1.5 and
14 K. For the measurement of MOF-mp a 2.16 g sample was mounted in a vanadium can
and inserted with cryostat for measurements at 1.5 and 15 K. The data obtained were then
refined using GSAS II against structural models generated from our SCXRD data [155].
Magnetic models were generated through refinements performed using the Fulprof soft-
ware suite [156]. These data were Rietveld refined using a twenty term Chebyschev, with

instrumental peak shapes refined to the instrument using a NaCaAlF standard sample

4.2.8 Atomic Force Microscopy

Atomic force microscopy images were collected on a Keysight 9500 AFM, using non-
contact high resonance silicon cantilevers, with 320 kHz operating frequency, the images
were then processed using Gwyddion software [171]. Samples of MOF-bipy and MOF-mp
were exfoliated and nanosheets were isolated using the exfoliation method outlined above.
For both MOF systems a 0.05 cm?® aliquot was taken using a micropippette, these aliquots
were then drop cast under ambient conditions, or spin coated under nitrogen on freshly

cleaved mica sheets. The surfaces of these mica sheets were then imaged by AFM.

4.3 Results and Discussion

4.3.1 Crystal Growth

The methods used for the growth of MOF-bipy and MOF-mp were developed from
the synthetic successes of the MOFs outlined in Chapter 3. MOF-bipy is a reported
material with an outlined synthetic method [83] however, we instead chose to opti-

mise our own previously established methods for the growth of large single-crystals of
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MOF-bipy. MOF-mp is a previously unreported kagome MOF following the MOF-bipy,
Cus(CO3)2(bipy)s-2Cl04 formula, substituting bipy for mp. The main synthetic optimi-
sation for these two stacked kagome MOFs was the use of a crystallisation dish held at
45°C for MOF-mp and 70°C for MOF-bipy reflecting the water content of each reaction.
We found that this favoured the nucleation of crystals at the air-liquid phase boundary,
helping us isolate phase pure, crystalline samples. Attempts to grow crystals for both
systems proved to be ineffective at room temperature, with amorphous impurity phases
forming in both cases. We also discovered in the optimisation process of synthesising
MOF-bipy that bubbling CO2 during the mixing stage significantly improved the crystal
quality, enabling us to perform SCXRD on samples formed by this method. Thanks to
these experimental optimisations we were able to grow crystals on the milimetre scale,
with single domains approaching 0.5 mm observed in polarised optical microscope images

and scanning electron microscope images (Figure 4.3).

15kV 9.7mm X25 BSE 2.00mm 15kV 9.3mm X30 BSE

Figure 4.3: Two SEM images taken on crystals of (a) MOF-bipy at a magnification of
20x and (b) MOF-mp at a magnification of 30x. These images show the size of crystals
formed by our optimised synthetic methods, as well as the ability to observe discrete
crystal domains confirmed by polarised optical microscopy.
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4.3.2 Structural Determination by Single Crystal X-ray Diffrac-

tion
MOF-bipy

As discussed, structural characterisation of MOF-bipy was reported by Mulrooney et al
[83] at 100 K. Here, they report MOF-bipy in the P3 space group with cell parameters of
a=b=15929(2) A and ¢ = 21.291(4) A. One of our first objectives in our own structural
characterisation of MOF-bipy was to replicate the 100 K literature report. Taking the
reported structural analysis further, by modelling SCXRD data at 30 and 300 K collected
on the 119 beamline at Diamond Light Source and modelling our data in Olex 2 [120].
From our structural modelling, we were able to confirm the P3 space group assignment for
MOF-bipy at 30 K. Although we also collected data at 100 K, we were unable to model
these data, we suspect that the data quality of this temperature point was compromised,
likely due to lower crystal quality for this experiment making a stable refined structure
challenging to obtain, and so instead we model 300 K data to the P3 space group, the key
difference in these data was a distortion of the kagome lattice, leading to a doubling of
the c-axis as adjacent distorted kagome layers are inequivalent, related by a 180° rotation

about the a-axis (Figure 4.4).

We were also able to confirm that Cu-O and Cu-N bond lengths in the 30 K model
were consistent with the literature, Cu-N = 2.009 A, and Cu-O = 1.961 and 2.616 A
, confirming the report of equatorial-axial Cu-O bonds, with one Jahn-Teller distorted
[83]. This effect has also been observed MOF-bpa, bpe, bpy and azpy suggesting that
this unconventional Jahn-Teller distortion is likely to be a characteristic propery of the
octahedrally coordinated copper carbonate kagome lattice. Since the magnetic activity
of MOF-bipy is studied well into the undistorted kagome regime, the high-temperature
distortion is of little concern in terms of magnetism, although this distortion may produce

a peak associated with a phase transition in heat capacity data. As seen in Table 4.1,
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our 30 K model for MOF-bipy is in agreement with the literature report at 100 K A [83].
We produced our models using several restraints due to the disorder of the perchlorate

anions and ligands.

Table 4.1: Summarised SCXRD data for MOF-bipy collected at 30 and 300 K on the
19 beamline at Diamond Light Source and 100 K modelled by Mulrooney er al [83]. We
observe a change in cell parameters between 30 and 300 K data due to a distortion of the
kagome lattice through carbonate rotation.

Temperature (K) 30 100 [83] 300

formula Ce2H4gClaCusN12014  CpaHz4ClaCugN12017  C32Ho4CloCuzN12014
M; (g mol™!) 1451.31 1501.01 1446.64

crystal system trigonal trigonal trigonal

space group P3 P3 P3

a (A) 15.8531(1) 15.929(2) 15.9285(2)

¢ (A) 21.2609(2) 21.291(4) 42.7175(6)

V (A3 1541.37(8) 4678.5(16) 9386.1(3)

Z 3 3 6

Peale (g cm™3) 1.557 1.591 1.536

u (mm™) 1.097 1.182 1.081

F(000) 738.0 2283.0 4422.0

crystal size (mm?) 0.055 x 0.050 x 0.040 0.150 x 0.150 x 0.020 0.055 x 0.050 x 0.040
radiation wavelength (A)  0.6889 0.71075 0.6889

Rint (%) 7.31 6.44 9.71

GooF 1.099 1.077 1.292

R1,* wRe" (I >20()) (%) 8.58, 25.86 7.80, 23.12 12.75, 39.25

R1.* wRy (all data) (%) 10.93, 28.96 10.73, 25.49 19.33, 43.27

Apmax, Apmin (¢A™3) 1.92, -0.88 0.85, -1.06 1.42, -1.42

To achieve the fits we report here, thermal displacement (RIGU) restraints were applied
to Cl-O bond lengths, while bond length (SADI) restraints were applied to C-C and
C-N bonds and equivalent thermal displacement (EADP) restraints on C and N atoms
within the bipyridyl ligands, as these could not be refined independently. We must also

consider that the model we report for MOF-bipy at 300 K is of lower quality to our
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30 K refinement, both models given by Figure 4.4. Several factors have led to this; the
complexity added with the larger unit cell, greater thermal vibration energy (Debye-

Waller) at high temperatures and the poorer model quality (R, = 9.71 %).

@cu @c Oo ONOciI O Disorder

Figure 4.4: Crystallographic models for MOF-bipy generated from data taken on the
I19 beamline at Diamond Light Source at 30 and 300 K. In 30 K data we observe a
kagome arrangement of corner sharing triangles made up of Cu?* ions chelated by CO%‘
ligands, here, 2.4’-bipyridine, (bipy) bridges the gap between kagome layers, stacking
them via weak intermolecular forces. These ligands are rotationally disordered about the
ring containing the 4’ position nitrogen in a refined ratio of 65:35. In the 300 K data,
corner sharing triangles are maintained, however, they are larger due to the distortion to
the kagome. This leads to a change in Cu-Cu distances (4.574 A at 30 K and 4.801 A
at 300 K). The bipy ligands at 300 K are also rotationally disordered in a fixed ratio of
50:50.

In both the 30 and 300 K data, we ruled out the possibility of twinning via an automatic
twin peak search in CrysAlisPro [152], finding > 95 % of Bragg reflections are accounted
for by our space group and unit cell assignments in both cases. From our SCXRD analysis
we confirm the P3 space group describes the structure of MOF-bipy at 30 K, and note
the emergence of distortion to the kagome lattice which is not characterised by disorder,
but rather a stable conformation of the copper carbonate lattice analogous to common

copper carbonate chain motifs illustrated in Figure 4.5. In any case, we assign the 300 K
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MOF-bipy phase to the P3 space group with lattice parameters of a = b = 15.9285(2) A
and ¢ = 42.7175(6) A. To confirm that our 30 K model for MOF-bipy is representative
of the bulk structure we performed a Rietveld refinement of neutron powder diffraction

data discussed later.
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Figure 4.5: Some sections of copper carbonate chains taken from the literature and from
generated models of MOF-bipy SCXRD data. a) Two similar chain motifs commonly
adopted by copper carbonate [172], analogous to b) a section of the copper carbonate
kagome lattice modelled for MOF-bipy from 30 K data. c¢) Another possible copper
carbonate chain motif [173], this time analogous to a section of d) a section of MOF-bipy
modelled from 300 K data.

MOF-mp

For the structural modelling of MOF-mp we do not have a literature structure for refer-
ence, and so here, we outline the first structural report. For MOF-mp we collected SCXRD
data at 100 K and modelled these data using OLEX2 [120]. The SCXRD data acquired
to model MOF-mp at 300 K was insufficient for a reasonable model to be generated,
and so the direct comparison between MOF-mp and the distorted kagome of MOF-bipy
at 300 K was not possible. The summarised crystallographic data are outlined in Table
4.2, where we see the differences between some of our generated models. Our first model
assigned MOF-mp to the P63/m space group, here no ligand disorder was considered,
as we were using this simply to confirm the space group symmetry, cell parameters and

structure. Similarly to MOF-bipy, Jahn-Teller distortion affects one of the Cu-O bonds
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where Cu-O = 1.965 and 2.789 A and Cu-N — 2.018 A. This initial model confirmed that

we had been successful in synthesising a Cug(COgz)2(mp)e-2Cl04 species, featuring cop-
per carbonate kagome layers stacked by terminal ligands, much like MOF-bipy. Further
analysis in our second model provided a better fit to the data, also confirming our space
group assignment, while describing a disorder effect generated by the rotational freedom

of the carbonate ligand.

This disorder was a novel observation in MOF-mp, however, this carbonate rotation is
likely to facilitate the distortion of the kagome lattice in MOF-bipy. Similarly to MOF-
bipy, MOF-mp does not covalently bond to adjacent kagome layers, meaning these layers
instead stack via weak intermolecular forces facilitating the crystal growth along the c-
axis. Additionally, copper carbonate layers in MOF-mp are not aligned, meaning that the
nearest neighbour copper atoms between layers are separated by varying distances, further
reducing the likelihood of exchange being facilitated (Figure 4.6b). The weak stacking
in MOF-mp and MOF-bipy is the most likely factor facilitating carbonate rotation, an
effect we do not observe in the covalent coordinated MOFs outlined in Chapter 3. This
was calculated in MOF-mp as a rotation of 22.4(6)°, (Figure 4.6¢,d). The inclusion of
this disorder in our models of MOF-mp provides a significant improvement in fit quality,
with a reduction in R for reflections greater than 20~ from 10.84 % to 5.94 % with similar
goodness-of-fit (1.14 and 1.15). The third model we chose to apply to our data was a
disordered monoclinic space group , P21/m since the reflections we observed in our raw
data also fit this space group assignment. However, in this model, significant levels of
electron density outside of the MOF required assignment, with the only possibilities being
water, methanol, or another species, in any case, there is no evidence in organic elemental
analysis for these being present. Even with the assignment of four water molecules per
formula unit, electron density remained, which could not be well fit to water. This fit
serves as a reminder that a well-fitting model does not always equal a chemically sensible

structure.
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Figure 4.6: Crystallographic models of MOF-mp generated from SCXRD data collected
at 100 K. Here, a and b are taken from data processed without the inclusion of disorder,
while ¢ and d are modelled inclusive of disorder. a) MOF-mp viewed along the c-axis,
showing the copper carbonate kagome lattice, perchlorate omitted for clarity. b) A single
unit cell of MOF-mp, this shows the stacking of kagome layers by weak intermolecular
forces, hydrogen omitted for clarity. ¢) Here, we observe the effects of including disorder
to our model, leading to the emergence of two overlain distorted kagome lattices. d)
Here, we observe a section of the disordered MOF-mp model, from which we observe that
disorder is facilitated by the rotation of the carbonate ligand through 22.46(2)°
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Table 4.2: Summarised SCXRD data for MOF-mp collected at 100 K. We observe that
the collected data can be modelled in different ways.

Model P63/m disordered (P63/m) disordered (P2;/m) + Ha0
formula C38H42ClaCu3zNgO135 C38Ha2CloCuszNgO135 C38Hasg 1CloCusNgO1g
M; (g mol™) 1052.31 1052.31 1148.42

crystal system hexagonal hexagonal monoclinic
temperature (K) 100 100 100

space group P63/m PG3/m P21 /m

a (A) 9.4081(3) 9.41259(11) 9.4099(2)

b (A) 9.4081(3) 9.41259(11) 31.0479(3)

¢ (A) 31.0350(8) 31.0475(3) 9.4113(2)

V (A3) 2378.95(16) 2382.18(6) 2382.19(9)

Z 2 2 2

Peale (g cm™) 1.393 1.479 1.601

u (mm™t) 2.997 3.147 3.262

F(000) 1017.0 1083.0 1186.0

crystal size (mm3) 0.117 x 0.089 x 0.037 0.12 x 0.10 x 0.02 0.12 x 0.10 x 0.02
radiation wavelength (A)  1.5418 1.5418 1.5418

Rint (%) 3.49 3.75 3.38

GooF 1.140 1.151 1.103

R1,® wRo® (I > 20°(I)) (%) 10.84, 30.72 5.94, 18.11 6.69, 20.51

Ri* wRo" (all data) (%)  11.59, 31.45 6.38, 18.82 7.44, 21.66
Apmax, Apmin (€A=3) 1.65, -2.73 1.13, -0.59 1.42, -0.50

Comparisons of MOF-bipy and MOF-mp

At 100 K the structures of MOF-bipy and MOF-mp, share the copper carbonate trian-
gles synonomous with the kagome lattice, as well as the non-covalent stacking of these
kagome layers originating from monodentate ligands. One of the first clear differences
between the two systems is the stacking motif, kagome layers in MOF-bipy, at 30 K
and 100 K stack in parallel with each other, while the kagome layers in MOF-mp at 100
K stack in an abab pattern related by a 60 ° rotation (Figure 4.7). There is however,

the unanswered question of why we observe a structural distortion between 30 and 300

112



Chapter 4. Approaching the Two-Dimensional Limit of the § = % Kagome Ferromagnet
Within Two Metal-Organic Frameworks

Figure 4.7: Two stacked kagome layers with all other atoms removed for clarity. a) Here
we see MOF-bipy, where we are unable to see the second layer due to a parallel stacking
motif characterised by the pattern, aa. b) Here we see MOF-mp, where two layers are
observed to stack in a motif characterised by the pattern, abab, we also observe here that
the layers are linked by a symmetry operation, a 60° rotation about the centre of the
circled carbonate ligand.
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K models of MOF-bipy. Since we observe no such effect in the conjugated MOFs out-
lined in Chapter 3, we can infer that this effect is facilitated by freedom provided by
the weak stacking of kagome layers. Our structural analysis of MOF-mp and MOF-bipy
has shown that there is a possibility for carbonate ligands to rotate, leading to disorder
in MOF-mp at 100 K but a stable, distorted kagome structure in MOF-bipy at 300 K.
We do not have SCXRD data for MOF-mp at 30 or 300 K making a direct comparison
to MOF-bipy impossible. There are few literature reports specific to disordered cop-
per carbonate kagome-containing MOFs however, there are discussions by Mulrooney et

al |83], in which copper carbonate chains are observed to fall into multiple binding motifs.

Two binding motifs of interest from the literature are compared with the copper car-
bonate binding motifs observed in our MOF-bipy data, illustrated in Figure 4.5. Here,
MOF-bipy adopts the distorted kagome at 300 K with no sign of rotational disorder of
the carbonate ligand. The stability of this state may arise due to several factors; first,
bipyridine is larger, heavier, and more sterically hindered than methylpyridine, meaning
that the ability of the kagome lattice to move between distorted states would likely be
less energetically favourable than it would be in MOF-mp. Second, we observe evidence
suggesting that hydrogen bonding may exist between neighbouring bipyridine ligands,
specifically between 4-pyridyl nitrogen and neighbouring hydrogen of adjacent ligands at
distances of ~ 2.2 — 3.3 A. If hydrogen bonding was present between these ligands it may
make a specific repeated conformation more energetically favourable. Based upon these
factors, MOF-bipy, at 300 K, likely has enough thermal energy to facilitate the expan-
sion of the kagome to an energetically favourable distorted arrangement, while at lower

temperatures, such as 30 K, the structure contracts to the near-perfect kagome we observe.

As discussed for MOF-bipy, the reason MOF-mp exhibits this disordered behaviour likely
stems from the smaller energy barrier to structural distortion the smaller methylpyridine

ligands provide. These ligands are unlikley to host hydrogen bonding and are significantly
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less sterically hindered than bipyridine. The collection of 300 K data for MOF-mp would
prove invaluable in discovering whether the distorted kagome lattice observed in 300 K
MOF-bipy models are a characteristic property of MOF-bipy and whether the disorder
in MOF-mp is more so an order-by-disorder mechanism facilitated by the methylpyridine
ligand. Since we do not observe these kagome distortion effects in the covalently bound
MOFs outlined in Chapter 3 we have further evidence to suggest this is an effect of the
weak interlayer stacking. The distortion observed however, appears to be sensitive to
the inter-plane ligands, which further validates the claims that MOFs facilitate the study
of small structural change on the bulk properties of materials [25, 12]. Ultimately, to
draw further conclusions, we require the collection of 30 and 300 K SCXRD data for
MOF-mp, allowing for a direct comparison with MOF-bipy. The main points of inter-
est here however, are that at 30 K, MOF-bipy features a perfect kagome arrangement
and at 100 K, MOF-mp, through disorder has an average structure characterised by the
perfect kagome. We therefore remain confident that, when approaching the temperatures
in which magnetic phenomena emerge, the structures will be in the expected kagome ar-
rangement, which we confirm through structural refinement of low-temperature neutron

powder diffraction data.

4.3.3 Powder X-ray Diffraction Analysis of MOF-mp

In PXRD studies of MOF-mp we found an intriguing effect which was believed to stem
from preferred orientation. In Figure 4.8 we see lab PXRD data collected at 300 K
which we Le Bail fit to the disordered MOF-mp model outlined previously. We observe
here that intensity is dominated by even (0 0 2I) reflections, with odd (0 0 [) reflections
forbidden due to the P63/m symmetry. A second set of data were collected using a 1°
beam slit increasing the intensities of the (& k 0) reflections, we then Le Bail fit these
data (Figure 4.9), our fit was in reasonable agreement to the observed peaks (with lattice
parameters a = b = 9.4081(3) A and ¢ = 31.0479(3) A). Across multiple samples we

found that peak intensity and peak width effects dominated the (h k 0) and (0 0 2I)
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Figure 4.8: Laboratory PXRD data for MOF-mp collected at 300 K. Here we see almost
no intensity besides the (0 0 2I) reflections, (0 0 1) reflections are forbidden here due to
the symmetry of the P6/m space group.
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Figure 4.9: Laboratory PXRD data collected for MOF-mp at 300 K refined using the Le
Bail method, extracted lattice parameters were a = b = 9.5861(2) A and ¢ = 31.2699(9)
A with an Ryp = 12.75
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reflections of laboratory data and so we collected synchrotron PXRD data, giving us
a better chance of performing a Rietveld refinement. The peak shape characteristics
observed in laboratory powder data which could not be captured by Rietveld refinement
were also observed in data collected on the 111 beamline at Diamond Light Source (Figure

4.10). Typically, preferred orientation effects are more intense when using flat plate sample
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Figure 4.10: High-resolution PXRD data collected on the I11 beamline at Diamond Light
Source at 300 K fit to the P63/m space group using the Le Bail method. We are able to fit
all peaks to the 100 K model of MOF-mp with lattice parameters a = b = 9.2998(2) A and
¢ =31.5186(6) A, Rwp = 38.04 %. Here, the peak intensities of all (0 0 2/) are under-fit
by the model, with peak shoulders present in the (0 0 2) and (0 0 4) reflections leading
to a peak shift which likely affects our extracted lattice parameters. We also observe in

the rightermost inset that (h k 0) reflections are severely broadened which may originate
from ligand disorder in the (& k 0) plane.

holders, however we still see the dominance of (0 0 2I) reflections in the capillary sample
holder data collected on the I11 beamline. There are several possible explanations for
these intensity problems, and, interestingly, some of these are shared with the covalently
bound MOFs reported in Chapter 3 [12, 66]. One of these similar peak intensity effects
was that (h k 0) peak intensity was largely reduced in cases where disorder dominates

these planes, which may also explain our observations of peak broadening in non-(0 0
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21) Bragg reflections MOF-mp. Another effect leading to the poor fit of MOF-mp is the
appearance of peak shoulders on several low-angle peaks, leading to a peak shift in the
refinement that leads to lattice parameters which are not representative of the sample. A
similar effect is observed in yttria-stabilised zirconia, where the study concluded that the
peak shoulders originated from structural distortion of the material, since these shoulders
are only observed on the (0 0 2) and (0 0 4) positions, we suggest that this effect may
be observed due to stacking faults [174]. In the case of MOF-mp, it is not impossible
that the grinding process also distorts the structure, with layers so weakly stacked in the
crystal structure, one explanation may be that a partial exfoliation of MOF-mp during
this grinding process produces a mixed phase which we cannot model. This may explain
the intense (0 0 2/) reflections we observe. To further study the bulk structural properties

of a powder sample of MOF-mp we performed a neutron powder diffraction study.

4.3.4 Structural Confirmation by Neutron Powder Diffraction
MOF-mp

Considering the limitations posed by the peak effects in our PXRD data, we aim to better
characterise the bulk through a neutron powder diffraction study. Although we do not
expect neutron diffraction to mitigate the previously discussed peak shape/intensity ef-
fects, as they likely originate from any combination of chemical disorder, stacking faults or
preferred orientation, finding these peak effects to be consistent rules out the possibility of
sample dependence. As expected, we observed similar peak broadening effects in non-(0
0 21) reflections, as well as in further order (0 0 2/) reflections making a stable Rietveld
refinement challenging, even in higher-resolution detector banks. We were however able
to perform a Rietveld refinement on Bank 1 where we refine the strain, size lattice param-
eters, scale factor and March-Dolasse ratio. The refinement of the March-Dolasse ratio
helps us model preferred orientation by reducing the relative intensity of specific (h k 1)
planes, we found a ratio of 0.746 for (0 0 2) reflections was sufficient to better fit our data.

Our Rietveld refinement captured the most intense (0 0 2) reflection well, allowing us to
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extract a scale factor for the calibration of our magnetic refinement discussed later. The
less intense peaks were not as well fit due to their peak shapes and significant reductions
in intensity. The hybrid Rietveld-Le Bail refinement is given in Figure 4.11, where Bank

1 was fit by the Rietveld method and Banks 2 - 5 were fit by the Le Bail method.
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Figure 4.11: Rietveld and Le Bail refinement of the P63/m structure of MOF-mp against
data collected on the WISH diffractometer at 15 K. Here Bank 1 is fit using the Rietveld
method and Banks 2 — 5 were fit simultaneously using the Le Bail method, with refined
lattice parameters a = b = 9.5281(1) A and ¢ = 31.119(2) A and the scale factor =
4.3347(2), Rywp = 3.680 %
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MOF-bipy

To confirm the structure of MOF-bipy we performed a Rietveld refinement of NPD data
collected on the WISH diffractometer at ISIS Neutron and Muon Source. The data col-
lected for this refinement were obtained at 14 K and so we refined these data against
the 30 K structural model outlined previously to ensure comparable data. The refine-

ment and data are summarised in Figure 4.12. For this refinement several restraints and
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Figure 4.12: Rietveld refinement of the P3 structure of MOF-bipy against data collected
on the WISH diffractometer at 14 K. Here we simultaneously refine all five banks to give
lattice parameters a = b = 15.8848(4) A and ¢ = 21.2240(3) A and the scale factor =
4.9478(7), Rwp = 2.855 %

constraints were employed to achieve this fit. Firstly, all bipyridyl ligands and their disor-
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dered components were assigned to separate rigid bodies, with their fractional occupancies
freely refined, providing a 63:37 ratio for the two disordered ligand components. Next,
we refined the positions of perchlorate counter ions, we did this by refining the atomic
coordinates of chlorine and constraining oxygen to a fixed bond length allowing us to
refine the fractional coordinates of the perchlorate molecule while allowing the oxygen
coordinates to refine alongside. We then restrain the Cu-N bonds to be equivalent and
the bond angles in the carbonates to be equivalent preventing them from rotating in our
model, as this commonly caused divergence. Finally, we constrained the copper sites to
have equivalent thermal parameters, as these could not be refined independently. We
find that our refinement is in excellent agreement with our 30 K model for MOF-bipy
generated from SCXRD data, with a global Rywp = 2.855 % across five bank detectors.
Our refined lattice parameters were a = b = 15.8848(4) A and ¢ = 21.2240(3) A, in the

P3 space group summarised by Table A.2.

Comparisons of MOF-bipy and MOF-mp

We find that we are able to more completely model neutron powder diffraction data for
MOF-bipy, when compared to MOF-mp. It is likely that this is due to the stacking
stability facilitated by hydrogen bonding in MOF-bipy. This would lead to a reduction
in stacking faults, which are likely to be the reason for the peak intensity and peak shape
inconsistencies we observe in MOF-mp. This may be backed up qualitatively when we
consider the crystals themselves. To emphasise this point we provide two SEM images of
some crystals which are representative of crystallisation in each case (Figure A.1). We
can see here how inter-grown and layered MOF-mp is when compared to MOF-bipy and

the likelihood for this to introduce stacking faults.

4.3.5 Bulk Magnetic Characterisation by Magnetic Susceptibility

DC SQUID temperature-dependent magnetic susceptibility data were collected for MOF-

bipy and MOF-mp at 0.1 T, shown in Figure 4.13. A temperature-independent back-
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ground subtraction was performed using a diamagnetic palladium standard provided by
Quantum Design. Here, we report the bulk magnetic properties of the two MOF' systems

along with all the extracted magnetic information.
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Figure 4.13: Temperature-dependent magnetic susceptibility data for MOF-bipy and
MOF-mp at 0.1 T. Here we plot the magnetic and inverse magnetic susceptibility for
both systems, upon fitting the data to the Curie-Weiss equation we obtain values for the
Curie-Weiss temperatures (6cw) which were 22.05(6) and 24.25(7) K for MOF-bipy and
MOF-mp respectively. These values suggest dominant ferromagnetic exchange interac-
tions within both MOFs [12, 6]. We also extract values for the effective moment ()
which, in both cases, are consistent with the expected 1.72 up for a § = % system.

Initially we collected ZFC and FC measurements for MOF-bipy and MOF-mp to deter-

mine whether any bifurcation is observed to rule out signs of spin freezing or the onset of
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ferromagnetic order (Figure A.2). The next measurements we took were magnetisation
vs. temperature for both systems (Figure 4.13). In both cases we observe Curie-like be-
haviour until the potential transition temperatures, characterised by a deviation from the
smooth curve. We then fit inverse susceptibility data to the Curie-Weiss equation. For
MOF-bipy we extract a Ocw = 22.05(6) K, and the Curie constant C = 0.3684(5) emu
K mol™! corresponding to a ueg = 1.71 + 8.32 x 107* up, in close agreement with the
expected value for a § = 1 system (1.73 ug). For MOF-mp we extract a 6w = 24.25(7)
K, and the Curie constant C = 0.4114(1) emu K mol™! corresponding to a peg = 1.81
+ 1.49 x 107 up, also in close agreement with the expected value for a S = % system
(1.73 up). From these data we infer that the dominant exchange interactions present in
both systems are likely ferromagnetic in nature, which we would expect for the copper
carbonate kagome lattice [12]. To estimate the ordering temperature (T¢) of both systems
we performed Fisher’s specific heat calculations, plotting the derivatives of temperature
multiplied magnetic susceptibility (Figure 4.14). Here, we are able to observe ordering
temperatures Tc = 8.5 and 5.7 K for MOF-bipy and MOF-mp, respectively, given by an

inflection point.
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Figure 4.14: Derivative plots of temperature dependant magnetic susceptibility data col-
lected in an applied field of 0.1 T for both MOF-bipy and MOF-mp. From these data we
are able to extract an estimate for Tc from the point of inflection in each case. Ordering
temperatures extracted were Tc = 8.529(2) and 4.798(6) K for MOF-bipy and MOF-mp
respectively.
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We also collect field-dependent measurements for MOF-mp and MOF-bipy at 2 K (Figure
4.15), finding that, 100 % of moments are saturated by an applied 7 T field respectively,
and that no clear magnetic hysteresis is observed in either case, although we have found
previously that the systems reported by Ivko et al hosted soft ferromagnetism, meaning
the hysteresis is very weak. It is possible that these systems are also soft ferromagnets

however we may need ultra low field measurements to tease these curves apart [25, 101].
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Figure 4.15: Magnetisation vs. field data for both MOF-bipy and MOF-mp overlain.
Here we see no significant signs of magnetic hysteresis and a 1 T applied field appears
to fully saturate both systems. Both systems near saturation at 1 T, with MOF-bipy
approaching full saturation at lower field to MOF-mp.

4.3.6 Differences in Magnetic Heat Capacity Data

To further probe the bulk magnetism of these MOFs we collected heat capacity data. We
collected these data in zero applied field between 1.8 and 300 K shown in Figure 4.16 and
4.18. Since the heat capacity we observe is the sum of the magnetic, phononic, electronic
and nuclear heat capacity we must attempt to isolate the magnetic contribution [136]. At-

tempts were made to synthesise diamagnetic zinc analogues of the two systems, with the
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formula Zng(CO3)2(x)6-2C104 where x is bipy or mp, as these would provide a better es-
timate of nonmagnetic contributions to heat capacity. These attempts were unsuccessful,
so instead we use a simulated approximation derived from the Debye-Einstein relationship
discussed in Chapter 2. To fit the high-temperature, phonon dominating region of the

data (T > 25 K) we applied three Debye functions as follows:

eDebye
T \? T xie
0 (¥ —1)2

3

CDebye = Z

i=1

dx

. (4.1)

o

HDebye

Each Debye function applied accounts for an atom type within the unit cell based on its
respective mass (Cu, Cl, O/N/C) corresponding to x. N is the number of atoms in the
formula unit and Opepye is the Debye temperature. The incorporation of a fourth Debye
function to account for hydrogen was unstable, generating extreme errors. Ideally, we
require a diamagnetic analogue for a more accurate approach to determining the magnetic

contribution to heat capacity, which still does not guarantee a perfect subtraction.

MOF-bipy

For MOF-bipy we use Equation 4.1 to fit a data range of 25 — 300 K expected to host a
dominant phononic contribution to the data (Cppo). This model had an excellent fit to the
data with R? = 0.999 and reduced y? = 9.512, suggesting a reliable model to extrapolate
to the 0 — 25 K region of the data (Figure 4.16 a, b). This extrapolation is subtracted
from the data to isolate the magnetic contribution to the heat capacity (Cmag) (Figure
4.16 c). For a conventional magnetically ordered system we would expect to see a sharp
peak indicative of the onset of long-range order around T¢ [175]. For MOF-bipy however,
we observe a broad feature with a maximum at ~7 K. There are many factors that may
lead to a broad feature in magnetic heat capacity data, some include chemical disorder,
the emergence of the Schottky anomaly (Equation 2.13), low dimensional magnetism [136,
176], and systematic errors due to the subtraction. We cannot determine which of these

factors give rise to this feature, although considering the possibility that the kagome
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Figure 4.16: Heat capacity data for MOF-bipy collected in zero-applied field between 1.8
and 300 K. (a) A plot of zero field heat capacity vs. temperature data fit to three Debye
functions across a temperature range of 25 — 300 K, this approximates the phonon contri-
bution to total heat capacity given by the simulated curve. (b) A log plot of temperature-
dependent heat capacity vs. temperature, with the subtraction of the simulated curve
from obtained data giving (c) the magnetic temperature-dependent heat capacity. Here,
a broad feature is observed below 12 K with a peak at ~7 K. (d) The total magnetic
entropy release can be calculated by taking the integral of the temperature-dependent
magnetic heat capacity indicating an entropy release of 33.05 % of the expected entropy
release of a single, (S = %), Cu?* ion.
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layers present in MOF-bipy are magnetically isolated and has ligand disorder modelled
previously (Figure 4.4), we may begin to outline the possible sources of such a broad
feature. We also observe 76.95 % of magnetic entropy remains unaccounted for (Figure
4.16d), which may be another indication that three-dimensional magnetic order is not
fully adopted. We can also be confident here that 76.95 % of magnetic entropy will not
be recovered at temperatures below 1.8 K. Of course, to further corroborate these claims
we require complementary results from other methods of characterisation, we obtain this
from the observation and analysis of magnetic Bragg intensity in subtracted neutron
powder diffraction data discussed later. Importantly, these data are our first indication
that the magnetic characteristics present in MOF-bipy may not be three-dimensional in
nature [177]. Additionally, we perform a Schottky fit to our magnetic heat capacity using
Equation 2.13 to extract an energy gap as discussed in Chapter 2 (Figure 4.17). We find
for MOF-bipy an energy gap of 1.38(17) meV for a two-level § = % system, a value that

may be compared experimentally in an inelastic neutron scattering experiment.
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Figure 4.17: Magnetic heat capacity data for MOF-bipy fit to the Schottky anomoly,
providing an extracted energy gap of 1.38(17) meV for a two-level S = % system.

-
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MOF-mp

We treated the heat capacity data for MOF-mp in a similar way to MOF-bipy, fitting
our data to Equation 4.1 through a temperature range of 25 — 300 K to extrapolate a

simulated curve for the subtraction of Cpy, (Figure 4.18).
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Figure 4.18: Heat capacity data for MOF-mp collected in zero-applied field between 1.8
and 300 K. (a) A plot of zero field heat capacity vs. temperature data fit to three Debye
functions across a temperature range of 25 — 300 K, this approximates the phonon contri-
bution to total heat capacity given by the simulated curve. (b) A log plot of temperature-
dependent heat vs. temperature, with the subtraction of the simulated curve from ob-
tained data giving (c) the magnetic temperature-dependent heat capacity. Here, a broad
feature appears to be dominated by a rise in magnetic heat capacity below ~8 K which
rises until the lowest collected temperature of 1.8 K. (d) The total magnetic entropy re-
lease can be calculated by taking the integral of the temperature-dependent magnetic
heat capacity indicating an entropy release of 31.59 % of the expected entropy release of

a single, (S = 1), Cu®* ion.
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In our subtracted magnetic heat capacity data (Figure 4.18c), we observe a difference
between the two MOFs. The curve appears to deviate from its trajectory at ~8 K rising
to a peak at 1.8 K. Since our data end at 1.8 K, we cannot be sure of the magnetic heat
capacity at lower temperatures; although this curve may indicate the onset of an ordered
state, it is also possible that another phenomenon is dominating the low-temperature
region of the data, such as the nuclear heat capacity (Cnyc). With no definitive evidence
for a transition to a magnetically ordered state outside of Fisher’s specific heat. As we
do not know how much further this peak increases below 1.8 K we cannot be sure how
accurate our calculation of the magnetic entropy released would be, therefore we require
a repeat measurement of MOF-mp at lower temperatures to be sure this is a real feature,
and the extent of which it increases. If we were able to determine the source of this sharp
feature, we may be able to subtract it to observe a similar broad feature to MOF-bipy
however we cannot be sure. Similarly to MOF-bipy we also observe a significant portion of
magnetic entropy missing (72.5 %), also suggesting that MOF-mp may not have adopted
a fully magnetically ordered state down to 1.8 K however these assertions are only as

strong as the quality of our phonon subtraction. [177].

Missing Magnetic Entropy in MOF-bipy and MOF-mp

The proceeding discussion outlines some possible reasons for the observations of these heat
capacity data. From our Fishers’ specific heat plots discussed previously, we find estima-
tions for the T¢ of both systems, 8.529(2) and 4.798(6) K for MOF-bipy and MOF-mp
respectively. In the magnetic heat capacity for MOF-bipy we see that the T¢ calcula-
tion matches up to the broad feature we observe in our magnetic heat capacity data, we
also propose here that the intense upturn in MOF-mp will require a repeat measurement
to confirm. In MOF-bipy we observe that a significant portion of magnetic entropy is
missing, suggesting that the system may not undergo a transition from an uncorrelated,
paramagnetic regime, to a three-dimensional long-range-ordered one. If MOF-bipy is

indeed quasi-two-dimensional, then two-dimensional ferromagnetic correlations may ex-
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ist above Tc, meaning that as we cool below Tc a smaller portion of magnetic entropy
is required for an ordered state to be adopted which may explain this lack of entropy.
Another possible explanation for this lack of entropy is that conventional long-range fer-
romagnetic order is not adopted by the copper carbonate kagome lattice. In the literature
it is stated that for a ferromagnetic kagome lattice featuring nearest-neighbour exchange
only, where J1/|J2| ~ 0, long-range ferromagnetic order would likely be adopted [163].
In cases where next-nearest-neighbour exchange is facilitated, the magnetic ground state
may shift toward an unconventional state [163|. Since we are confident that the nature
of exchange present within the copper carbonate kagome lattice will be ferromagnetic
from comparisons to the copper carbonate MOFs outlined in Chapter 3, we may explain
our unexpected heat capacity results for MOF-bipy by suggesting that further neighbour
exchange coupling is facilitated within the kagome layers for these systems. Ultimately,
we require repeat measurements for both systems to confirm that the features observed
are indeed real effects or that these features do not simply arise through instrumental
or data processing errors. Additionally, applying a simple Lorentzian function to low
temperature MOF-mp data may allow for the subtraction of the upturn leaving behind
a similar broad feature to MOF-bipy, however there is no way of knowing whether the
data collected for MOF-mp is valid for these comparisons and so a repeat measurement

is the main suggestion here.

4.3.7 Magnetic characterisation by Neutron Powder Diffraction

Since the neutron is capable of interacting via both strong nuclear force and by dipole-
dipole interactions, we are able to collect data containing both nuclear and magnetic
information. To isolate the magnetic information we require data collected above and
below the estimated T of a system. Subtracting these data provide a pattern containing
only magnetic information which we may analyse. We can then extract information on the
moment sizes and orientations in an ordered lattice, which allows us to refine a magnetic

unit cell similarly to the nuclear refinements of the nuclear cell discussed previously. For
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both MOF-bipy and MOF-mp we observe one magnetic Bragg reflection which we fit in
the magnetic space group P1. The P1 space group has no symmetry constraints and so
moments within the cell have the freedom to point in any direction, since this does not
reflect the data, we must apply a constraint consistent with the observed pattern. For this,
we constrain all the moments to be parallel in the the ab-plane, as the single observed (0 0
[) reflection does not provide information on the moments pointed outside of the ab-plane.
In the subtracted data for both MOF-bipy and MOF-mp, we observe one broad peak at
a d-spacing consistent with the crystallographic c-axis of the unit cell. Unlike MOF-bpa,
discussed in Chapter 3 we observe no doubling of the c-axis for our magnetic unit cell,
and therefore infer a k vector = (0 0 0), corresponding to a magnetic cell with dimensions
equivalent to the nuclear cell. This was our first indication that no antiferromagnetic
inter-plane exchange coupling was present in MOF-bipy. For MOF-mp however, this
assertion cannot be made because the crystallographic unit cell contains a bilayer, and a
reflection at ~31 A only provides information on the next-nearest neighbouring plane and

not the nearest-neighbour layer within a single unit cell.

MOF-bipy

The magnetic component of WISH data for MOF-bipy was obtained through the subtrac-
tion of 1.5 K data from 14 K data (above the suspected Tc #8 K obtained from Fisher’s
specific heat and heat capacity measurements). Fitting these data to the P1 space group
with a cell containing 11 copper atoms, a scale factor obtained from our nuclear refinement
of 4.9478(7) and fixed lattice parameters of a = b = 15.8760(4) A and ¢ = 21.2175(8) A,
provides us with a good fit to the data, y? = 0.7798. These data are shown in Figure 4.19
and 4.20. Due to the signal to noise ratio, only one weak, broad magnetic Bragg reflection,
(00 1), is observed, this limits what may be constrained in the model. We performed three
refinements with the moment size allowed to vary solely along the a-axis, b-axis and both
combined. We found no difference in the moment size propagating either the a or b-axis

with a divergence observed in the refinement of both simultaneously. Therefore, we report
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a moment size of 0.32(5) up along the a-axis producing the magnetic unit cell illustrated

in Figure 4.20. This is a lower value than the related copper carbonate kagome MOFs
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Figure 4.19: The magnetic refinement of subtracted MOF-bipy WISH neutron powder
diffraction data to the constrained P1 model. The refinement was performed by constrain-

ing the moment orientation of 11 copper sites to the ab-plane, fixing cell parameters to
a=b=15.8760(4) A and ¢ = 21.2175(8) A with a scale factor of 4.9478(7). A thermal

contraction can be observed between 7.8 and 8.2 A.

outlined in Chapter 3, summarised in Table 3.5, however similar low values also arise in
systems featuring § = % two-dimensional magnetism, as quantum fluctuations suppress
the ordered moment [178]. Importantly, no magnetic intensity was observed at a doubling
of the c-axis which we have found previously indicates the presence of antiferromagnetic
exchange coupling between kagome planes [12|. This provides us with evidence that the
magnetic exchange coupling in MOF-bipy may be isolated to the kagome plane however
there is little direct evidence for this besides the fact that magnetic exchange is highly un-
likely to propagate this gap. This is still an exciting discovery, as the use of non-covalent
ligands like 2,4’-bipyridine was driven by our hypothesis that they would not mediate
magnetic exchange between kagome layers which is a possibility from these data. As the
largest magnetic Bragg peak is observed at 21.2175(8) A | the length of the c-axis, we can
be confident that we have a ferromagnetically correlated system. More evidence support-

ing our assignment of ferromagnetic kagome layers is the lack of spontaneous downturn in
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Figure 4.20: In the proposed magnetic structure of MOF-bipy ferromagnetically coupled
Cu?* atoms within the ab-plane lie within kagome planes, with no sign of antiferromag-
netic coupling between kagome layers. This model may suggest the presence of isolated
magnetic kagome layers, however ferromagnetic coupling between these layers cannot be
ruled out.

temperature dependant magnetic susceptibility indicative of antiferromagnetic exchange
coupling, which is observed in all covalently bound kagome MOFs discussed in Chapter 3

[12], all of which feature antiferromagnetic exchange coupling between kagome planes.

MOF-mp

The magnetic component of WISH data for MOF-mp was obtained through the subtrac-
tion of 15 K data from 1.5 K data (above the suspected Tc =5 K obtained from Fisher’s
specific heat calculations). We fit these data to the P1 space group with a cell containing
6 copper atoms, with fixed lattice parameters of a = b = 9.4080(9) A and ¢ = 31.0350(1)
A and a scale factor of 4.33472(6), extracted from the Rietveld refinement of comparable
Bank 1 data. We were able to index a k-vector of (0 0 0) from the observation of a mag-
netic Bragg reflection consistent with the nuclear cell symmetry. Similarly to MOF-bipy,

the magnetic Bragg reflection was observed for the (0 0 /) position only, and so moment
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propagation was constrained to point within the ab-plane. Interestingly, we are able to
fit our subtracted data to three models (Figure 4.21), with this complexity arising due
to the presence of two magnetic planes within the cell. Another consideration is that
the magnetic Bragg reflection observed is at ~31.39 A which would only provide us with

information on magnetic layers separated by an entire unit cell.
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Figure 4.21: Magnetic fits to temperature subtracted neutron powder diffraction data,
with a thermal contraction removed between 15.05 — 16.61 A. a) For this fit, one layer
containing three copper atoms was allowed to refine constrained to the a-axis producing
an ordered moment of 0.76(8) up. b) In this fit the complete unit cell containing six
copper atoms was allowed to refine with each layer constrained to be equal but opposite
in the a-axis producing an ordered moment for the layers of 0.38(8) and -0.38(8) up. c)
In this fit, the complete unit cell containing six copper atoms was allowed to refine, with
each layer pointing in a different crystallographic plane with ordered moments of 0.428
up in the a-axis and 0.42(8) up in the b-axis.
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We therefore gain no information on the nature of magnetic exchange between layers
within the cell separated by ~ 15.17 A. A thermal contraction is observed at this d-spacing
which may mask magnetic Bragg intensity here. Due to these factors, our magnetic models
for MOF-mp can only infer the nature of exchange with nearest neighbour layers based
upon the exchange interactions viewed upon one kagome layer, hence we are able to fit

these data to the three different models summarised in Figure 4.22.
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Figure 4.22: Proposed magnetic structures for MOF-mp based upon the magnetic fits
performed. a) In this model three magnetic moments per cell are coupled ferromagnet-
ically pointing in the a-axis; b) In these models we observe layers of ferromagnetically
coupled moments, the nearest-neighbour layers may be modelled pointing in any direction
in the ab-plane, as the fit only provides information on two layers separated by one unit
cell. The numbers denote equivalent layers.

As discussed the single magnetic Bragg peak which we fit to each of these models provides
us with information solely for two planes separated by ~31 A. It is therefore possible for

two planes separated by ~15 A to be refined in any direction in the ab-plane provided it is
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consistent with its neighbouring unit cell. If we consider two unit cells stacked along the
c-axis, we would observe four kagome layers. Using Figure 4.23b as a reference, we can
label these distinct layers one and two, our data would be fit by any model in which the
moments in layer one are equivalent and the moments in layer two point in the ab-plane.
As a consequence, attempts to fit these data to models incorporating nearest-neighbour
layer interactions did not fit the data, as these fits require the presence of a magnetic Bragg
reflection within the region dominated by a thermal contraction. Because of this, we are
unable to make any claims about the magnetic interactions which may occur between

nearest-neighbour layers within the unit cell.

Comparisons of MOF-bipy and MOF-mp

For these systems, we find ordered magnetic moments for a single layer of the copper
carbonate kagome to be consistent and within error. With the refined moment for MOF-
bipy = 0.32(5) up, and the ordered moment for a bilayer of MOF-mp = 0.76(7) up, and
a monolayer = 0.38(7) up. The values obtained for the two MOFs are lower than those
for the related copper carbonate kagome MOFs outlined in Chapter 3, summarised in
Table 3.5. It is possible that the reductions in moment size come from the quasi-two-
dimensionality of the moments within MOF-bipy and MOF-mp. This assertion may also
be supported by our heat capacity data, where the missing entropy observed in both cases
may arise due to increased quantum fluctuations due to lower dimensionality [178|, or due
to the presence of two-dimensionally correlated ferromagnetic moments at temperatures
higher than our expected Tc. In the case of the latter, our temperature subtraction
would not fully capture the onset of magnetic order from a fully paramagnetic regime to a
ferromagnetically ordered one, hence the reduced moment size. A well-known limitation
of neutron powder diffraction refinements is the challenge of finding a temperature high
enough to yield the paramagnetic information required for proper subtraction, but low
enough to minimise thermal contractions, which may mask the magnetic Bragg intensity.

Importantly, despite some uncertainty on the exact cause of the reduced moment sizes
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for MOF-bipy and MOF-mp, we do observe evidence of ferromagnetic exchange coupling

within S = % kagome layers, which may be isolated from adjacent layers.

4.3.8 Nanosheet characterisation by Atomic Force Microscopy

As we discussed at the beginning of this chapter, magnetically isolated two-dimensional
ferromagnetic kagome layers were proposed to exist in MOF-bipy and MOF-mp due to
the lack of covalent bonding between the kagome layers. Based upon our findings for
MOF-bipy we expect ferromagnetic exchange coupling within these kagome layers which
is correlated between the nearest-neighbour layer, and so exfoliation of the system to
the monolayer would, in theory, afford ferromagnetic kagome nanosheets. In the case of
MOF-mp we cannot rule out the presence of antiferromagnetic nearest neighbour layer
correlations; however, the most likely case is that, similarly to MOF-bipy the kagome
layers are ferromagnetically coupled in plane and ferromagnetically correlated between
them. As such, exfoliated monolayers or bilayers of MOF-mp would likely still be exam-

ples of ferromagnetic kagome nanosheets.

As discussed, we approach the exfoliation of these MOFs by ultrasonication methods
[170], tracking the thicknesses of the exfoliated materials by atomic force microscopy
(AFM) measurements. We were able to begin optimising the exfoliation process through
varying our nanosheet preparation and tracking these results by AFM study. When using
this method, nanosheets are often characterised by a sharp rise, a long plateau, and a
sharp fall with a height equal to the expected height of a monolayer or bilayer of the
three-dimensional parent system. In the case of MOF-bipy the expected height of one
layer was 21.270 A or 2.13 nm, while the height of one bilayer of MOF-mp was 31.035 A
or 3.04 nm. AFM data collected for both systems is shown in Figure 4.23. We can see
here that in both cases, features consistent with nanosheets are present, and for MOF-
bipy we observe features with height profiles ~1.9 nm, which are close to the expected

value of 2.1 nm for a single layer and within the error of the instrument. For MOF-mp
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Figure 4.23: Atomic force microscope images and respective height profile maps for spec-
ified points for (top) MOF-bipy where we see height profiles ~2 nm with a lateral scale of
500 nm, and (bottom) MOF-mp where we see height profiles ~3 nm with a lateral scales
up to 3 um.

we see height profiles ~ 3.4 nm again, within a reasonable range of the expected height
profile of a MOF-mp bilayer. From these data we have a strong indication that we have
been successful in producing nanosheets, however there are limitations of our samples
which must be considered for these systems. One of these limitations was the difficulty
in developing a rigorous exfoliation method that guarantees the selective production of
nanosheets. What is often observed in AFM images of the two systems are circular fea-
tures consistent with clumps of crystalline material with height profiles ranging between

10-100 nm dominating the sample area. Despite the centrifugation of exfoliated samples,
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it is apparent that nanosheets have an affinity for clumping together. As such, distin-
guishing nanosheets from clumped nanoparticulate material, or finding nanosheets even
in cases where nanoparticulates are largely removed was challenging. For context, we were
successful in observing material consistent with nanosheets on three occasions across the

collection of more than 400 images.

Along the way, we attempted several exfoliation optimisations; first, we experimented
with the concentration of the MOF, then the time of exfoliation, the speed of centrifu-
gation, the number of rounds of centrifugation and the type of sample deposition. None
of these alterations definitively provided a robust method to isolate pure nanosheet ma-
terial however, we were able to find nanosheet material along the way. The challenges
of isolating nanosheets are echoed in further characterisation techniques, as the methods
commonly used to confirm bulk structural and magnetic properties are not appropriate
for such small samples. With no way of isolating large quantities of pure nanosheet ma-
terial, the majority of bulk characterisation techniques cannot be used, making further
characterisation of the nanosheets challenging. Ideally, we would need to confirm that the
observed nanosheets are still crystalline, before confirming whether they are magnetically
active through methods such as X-ray circular dichroism (XMCD) or magneto-optic kerr
effect (MOKE) [179]. Regarding this, XMCD beamtime is scheduled for July 2024 pro-
viding us with an opportunity to confirm the magnetic activity of our exfoliated material.
Realistically, the challenge of nanosheet characterisation comes from their novelty. We
are still in the developmental stages of characterising this emerging class of materials. As
such, more challenging materials will aid in the optimisation, development and discovery
of suitable techniques capable of fully elucidating the structures and magnetic behaviour

of nanosheet magnets.
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4.4 Conclusions

Here, we report the synthesis and comprehensive structural and magnetic characterisa-
tion of two non-covalently stacked, Cu?*, CO%‘ kagome-containing MOFs, sharing the
Cu3(CO3)2(x)6-2C104 formula, where x is methylpyridine or 2,4-bipyridine have been re-
ported. Of these two systems MOF-mp was new to the literature, making this study an
exciting insight into the magnetic behaviours of a new kagome-containing MOF. The use
of neutron and XRD has allowed us to structurally characterise the bulk of both systems
alongside giving us insights into the magnetic ground states hosted by the MOFs. The
analysis of these two systems sharing the characteristics of a kagome lattice stacked by
weak intermolecular forces has allowed us to draw some comparisons between them, help-
ing us understand the effects of structural change on systems with non-trivial magnetic

ground states. Some of the key findings from this chapter are summarised here:

1 — The crystal structure of MOF-bipy was confirmed, and modelled in the P3 via
SCXRD, this assignment was then confirmed to be representative of the bulk through the

Rietveld refinement of NPD data.

2 — The crystal structure of MOF-mp was modelled through the use of SCXRD data,
with the P63/m space group and cell parameters confirmed by characterisation of the bulk
in the Le Bail refinements of lab and synchrotron X-rays as well as neutrons. From the
bulk analysis we highlight several features of MOF-mp which make its bulk characterisa-
tion challenging, the presence of preferred orientation, anisotropic particle sizes, stacking
faults structural deformation and disorder all contribute to the difficulty in performing
Rietveld analysis on MOF-mp. We conclude that these features are more pronounced in

comparison to MOF-bipy due to weaker interlayer stacking interactions.

3 — From bulk magnetic susceptibility measurements, we found that both systems do

not show a clear sign of adopting a conventional long-range magnetically ordered state.
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Despite this, transition temperatures of ~ 8.5 and 4.7 K for MOF-bipy and MOF-mp
were extracted respectively from Fisher’s specific heat calculations suggesting that these

systems do undergo a magnetic transition.

4 — From our NPD measurements, we model ferromagnetic kagome layers in MOF-bipy
and MOF-mp which we would expect upon a copper carbonate kagome lattice [12]. In
the subtracted magnetic data in each case, we extract a lower-order moment than the re-
lated systems studied in Chapter 3. This may originate from subtracted data that do not
describe a transition from fully paramagnetic to long-range ordered state, indicating that
higher temperature magnetic correlations are present. In addition to this, we may expect
a lower ordered moment due to the presence of two-dimensional exchange interactions.
For MOF-mp we cannot rule out the possibility that the bilayer contained within the unit
cell is not antiferromagnetically coupled, although the distance and stacking motif devoid

of covalent linkage makes this unlikely.

5 — Finally, we provide evidence by AFM that it is possible to delaminate both MOFs to
the two-dimensional limit. This makes these systems ideal candidates for further study
of their magnetic characteristics on the two-dimensional scale, as low dimensionality is
said to provide an excellent foundation for the observation of exotic magnetic states due

to the increased effects of quantum fluctuations [104].

During this study, we have shown once again that MOFs are incredibly versatile in na-
ture, allowing us to design networks of magnetically interacting atoms likely to feature
interesting exchange interactions. One of the key points of interest with these two sys-
tems was the fact that magnetic kagome layers are stacked by weak intermolecular forces,
since covalently linked copper carbonate kagome lattices were studied in Chapter 3, this
chapter provides an insight into the added complexity of structural and magnetic charac-

terisation of stacked MOFs expected to host quasi-two-dimesnional exchange interactions.
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We report evidence here, that the magnetic ground states of this, now extended, family

of kagome-containing MOFs are not conventionally ordered ferromagnets.

To overcome the challenge of magnetically characterising these systems, computational
calculations of the likely magnetic exchange pathways are likely required, as only so much
can be said about the acquired data. Again, the growth of large single crystals would
facilitate single crystal magnetic characterisation, eliminating many of the issues plagu-
ing our bulk characterisation attempts especially in MOF-mp. In terms of exfoliation to
nanosheets, we must confirm the crystallinity of the nanosheets observed by AFM. We
may do this through the use of electron diffraction, electron backscattering or even the
collection of a bulk sample of pure nanosheets, however all of these require the develop-

ment of a robust method of pure nanosheet production.

If a robust method was developed, and the crystallinity of these nanosheets was con-
firmed, we may perform measurements such as MOKE or X-ray magnetic circular dichro-
ism techniques to confirm that our nanosheets were magnetically active. In this chapter,
we have outlined two magnetic MOFs which likely host quasi-two-dimensional exchange
interactions. These also show promise to be exfoliated to the monolayer, reiterating the
strength of MOF chemistry for the discovery of interesting magnetic materials and push-
ing the emerging field of two-dimensional magnetic materials forward. Additionally, we
present two candidates that host a ferromagnetic kagome arrangement of § = % atoms
with the strong potential to host interesting band structures arising from the strong quan-
tum fluctuations generated from the small energy scales and low dimensionality [11, 178,

180].
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Chapter 5

Realising the § = 5 Kagome

1
2
Antiferromagnet in a

Metal-Organic-Framework

5.1 Introduction

As we have previously discussed, magnetic MOFs are an incredibly versatile class of ma-
terials, with some of their tunability and unconventional ferromagnetism exemplified in
Chapters 3 and 4. In this chapter however, we begin to explore another avenue, approach-
ing the two-dimensional model of the § = % kagome antiferromagnet in a MOF'. In previous
chapters, we attempted to generate magnetically isolated kagome layers through out-of-
kagome-plane ligand selection; however, due to the dominant ferromagnetic exchange in
these systems we could not study them as QSL candidates despite their intriguing prop-
erties. In this chapter, we focus on changing the in-kagome-plane ligand while ensuring
that these planes are non-covalently stacked, in hopes of generating isolated, antiferro-
magnetic exchange coupling within a kagome MOF. We expect that a two-dimensional,
antiferromagnetically coupled kagome MOF would bring us closer than ever before to the

ideal conditions expected for the observation of a QSL state in a MOF. To reiterate these
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optimal conditions; § = % magnetic atoms, isolated two-dimensional antiferromagnetic

exchange pathways within a frustrated geometry such as the kagome [82]. Here, we use S

, Cu®*, with multiple theoretical and experimental studies in the literature suggesting

N|—

that various ligands would be suitable for mediating antiferromagnetic exchange coupling,
while preserving a kagome arrangement within a MOF [94, 97, 98, 181]. In the literature,
these prospective ligands appear to host antiferromagnetic exchange coupling, while si-
multaneously forming MOFs with no covalent inter-kagome-plane linkage [94]. With these
antiferromagnetic kagome layers often stacking without conventional covalent bonding, we
expect these three-dimensional MOFs to host magnetic exchange exclusive to the kagome

layers.

One theoretical study on such MOFs indicated that the use of CgOgq, CgSg and CgSeg
ligands, bound to a magnetic metal ion, in a kagome arrangement, would likely yield
exciting magnetic phenomena for experimental study [181]. In an experimental study
a Cug(CgSg)2 species was characterised though combined heat capacity and magnetic
susceptibility studies. These indicated a lack of magnetic order down to 50 mK, with
Ocw = —1400 K suggesting strong antiferromagnetic exchange coupling [182]. Similarly,
computational studies on Fe3(CgOg)2 suggested antiferromagnetic exchange coupling in
magnetically isolated kagome layers through DFT calculations, however, they were unable
to prove this experimentally [94]. These studies established that the M3(CgXg)2 formula is
appropriate for approaching the QSL state in a two-dimensional MOF. Here, we introduce
Cus(CgOg)2 - xH20, (Cu-HHB), where HHB is a dehydrogenated hexahydroxybenzene
ligand, following the M3(CgXg)2 formula. This system has been studied primarily for its
conductive properties [97], with the most recent reports determining a robust synthetic
method and Curie-Weiss analysis 6cw = —26.1 K, where no signs of long-range order were

found in magnetic susceptibility data down to 1.8 K [98].

The structure of Cu-HHB (Figure 5.2) is unconventional, with kagome layers made up of
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[CeO6]* [CeO6]*” [CeO6]*

Figure 5.1: The proposed resonant forms of the CgOg ligand. For the charge of the Cu-
HHB to be balanced, an average charge of 3- must be upheld, this was confirmed through
electron diffraction (ED) and X-ray photoemission spectroscopy (XPS) studies by Meng
et al 98].

Cu?* ions, chelated by CgOg which is proposed to exist in a state of resonance (Figure
5.1) balancing the charge to form a kagome network of corner sharing triangles. For Cu-
HHB, ED methods were employed by Meng et al, determining that Cu-HHB adopts the
C2/m space group with refined lattice parameters of a = 21.86(3), b = 12.950(5) and ¢ =
6.120(7) A [98]. In their report, they also collected powder X-ray diffraction (XRD) data
for a sample of Cu-HHB, refining this against the P2/m model by the Le Bail method.
This suggested some uncertainty in the space group assignment, which we later clarify
using high-resolution synchrontron powder XRD. In Cu-HHB, the kagome layers are pro-
posed to be stacked by unconventional m-7, "pancake bonds" previously unobserved in
MOFs 98, 183, 184|. These "pancake bonds" are generally found to occur between radical
species with highly delocalised 7 electrons, such as in radical benzene species [185]. In such
pancake-bonded systems, radicals are free to dimerise, making them spin-neutral. Since
Cu-HHB may feature [CgOg|>~ as the dominant resonant ligand form, and a strong link
between such radical forms and charge stabilisation in the MOF (outlined by Meng et al
[98]), we agree that it is possible for pancake bonds to exist in Cu-HHB. Experimentally,
we can also infer the presence of pancake bonds by magnetic susceptibility measurements,
as present radical species would increase the experimentally obtained spin-only moment
of Cu-HHB above the expected spin-only contribution of Cu?*. The theoretical and ex-

perimental literature suggest that Cu-HHB would be a prime candidate to host a QSL
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state [94, 97, 98, 181]. Therefore, we chose to explore the magnetism of this system at
the lowest possible temperatures using NPD, MuSR, magnetic susceptibility and heat
capacity measurements to determine whether a QSL-like state lies within Cu-HHB. In
addition, the synthesis of Cu-HHB was optimised from literature reports, with structural
determination carried out via high-resolution powder XRD and NPD. Together, the com-
plementary measurements are used to elucidate the crystal structure and unconventional

magnetic ground state of Cu-HHB, a promising QSL candidate.

(@A) e@c

(b)

Figure 5.2: A crystallographic model of Cu-HHB viewed along (a) the c-axis, here we
observe the kagome lattice, generated by the affixation of the HHB liagnds to copper. In
(b), the b-axis, we observe no covalent bonds bridging the kagome layers separated by ~
3 A, we would instead expect pancake bonds to occupy this space, water is omitted here
for clarity.
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5.2 Experimental Methods

Finding favourable experimental conditions for the synthesis of Cuz(CgOg) was non-
trivial. We attempted synthesis of Cu-HHB using literature reports prior to 2022, and
after several iterations of various experimental conditions, we were unable to produce the
pure phases outlined [97]. However, the report from 2022 included a comprehensive study

of the formation of Cu-HHB which we used as a foundation for our synthetic procedure

[98].

The one-pot synthesis of Cuz(CgOg)2-xH20 (Cu-HHB) was performed in a 500 cm® round
bottom flask. First, 200 cm? of deionised water was degassed at room temperature for
30 minutes, before adding 6.132 g (32.69 mmol) of CuNO3-2.5H20. Once dissolved, 20 g
(excess) of ammonium acetate was added, allowing the acetate to fully dissolve before
slow addition of 2.8 g (16.27 mmol) of tetrahydroxyquinone (THQ) solid. After plugging
with a suba seal, the mixture is stirred at the lowest rpm setting possible and heated
to 80 °C. During this heating, a balloon filled with air is dispersed through the mixture
via needle at a flow rate of approximately 5 bubbles per second. The reaction vessel is
then left in this state for 3 days ensuring maximum yield, where a dark navy precipitate,
too fine to filter is formed. The resultant mixture is cooled to room temperature and
left for a few hours, during which time the solid product settles to the bottom, allowing
excess solvent and dissolved starting materials to be removed by a syringe. The product
was then washed thoroughly, as much solid THQ remains unreacted amongst the powder

product.

The washing steps were carried out with methanol, in 50 cm? centrifuge tubes, with
the most efficient technique being the addition of methanol, vigorous shaking to dissolve
THQ), followed by centrifugation to separate the dissolved THQ and the MOF product.
This step is then repeated until the methanol removed is colourless as the dissolved THQ

in methanol is bright yellow in colour. The relatively low yield (~ 10%) of Cu-HHB is
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likely a result of using less than minimum solvent, coupled with the sparing solubility of
THQ in water, as both of these factors lead to slower dissolution of solid THQ during the
reaction and subsequently the formation of Cu-HHB, resulting in better crystallinity as
shown by the sharpness of the Bragg peaks in powder XRD data alongside corresponding
SEM images (Figure 5.4). The final product is then collected as a dark navy powder (2.18
g, 3.92 mmol, 25 %) with expected CHN analysis: C, 22.70; H, 1.91; N, 0; found, C, 19.35;
H, 1.80; N, 1.63 with the differences and nitrogen content are believed to originate from
the presence of NHj and NOj3 ions balancing charge at the extremities of the crystallites,

consistent with CHNS, XPS and Raman performed by Meng et al [98|.

5.2.1 Powder X-ray Diffraction

A laboratory powder X-ray diffractometer was used to initially characterise the samples in
this chapter. These measurements were taken on a Panalytical Empyrean diffractometer
with a monochromated Cu Ky radiation source of wavelength A = 1.54056 A and a selected
beam slit size of 1°. Around 200 mg of sample was ground to a homogeneous powder and
mounted on a low-background silicon holder for analysis. Scans were taken between 4—-50 °
26, with step sizes of 0.0001 ° at room temperature. This is a nondestructive method, and
the powder samples analysed were re-collected and used in further measurements such as
magnetic susceptibility. Alongside these laboratory measurements, high-resolution X-ray
data were collected on the I11 beamline at Diamond Light Source, using radiation of
wavelength, 0.8258 A at room temperature in a 0.3 mm silicon capillary. These data
were collected over a 26 range of 2.033 — 120.352 ° with a step size of 0.004 °. The
data were then analysed against a published CIF to obtain a new refined model for the
average structure of Cu-HHB [98]. These data were Rietveld refined using a twenty term

Chebyschev, with instrumental peak shapes refined using A LaBg standard.
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5.2.2 Magnetic Susceptibility

Magnetic susceptibility measurements were collected on a Quantum Design Magnetic
Property Measurement System 3 (MPMS 3) SQUID magnetometer in DC mode, measur-
ing between 1.8 —300 K. A palladium standard was used to calibrate the instrument prior
to measurement. A 23 mg sample was mounted in a gelatin capsule which was sealed with
G-varnish before being secured in a straw sample holder. Temperature-dependent mag-
netic susceptibility data were collected in zero field and in a 0.01 T applied field for this
sample. Field dependent magnetic susceptibility measurements were performed at 0.4, 2
and 5 K up to 7 T applied field, with full magnet resets employed between measurements
to eliminate remnant fields within the SQUID magnet. Furthermore, He? measurements
were collected on an 11 mg sample, prepared as above. This set-up utilises a dilution

fridge insert, facilitating data acquisition at temperatures as low as 0.4 K.

5.2.3 Heat Capacity

Heat capacity measurements were performed by Dr Angel Arevalo-Lopez at the Ecole
Nationale Supérieure de Chimie de Lille. For these measurements, they used the relaxation
method in the Dynacool PPMS from Quantum Design on a 6.09 mg sample of Cu-HHB.
We measured in zero field between 1.8 and 301.9 K before fitting a linear region using
the Debye equation outlined in the Chapter 2. This fit was then extrapolated to simulate
the phonon response of Cu-HHB for its subtraction from experimental data providing the

magnetic heat capacity for the system and, by extension, the magnetic entropy.

5.2.4 Scanning Electron Microscopy

Scanning electron microscope (SEM) images were obtained on a Hitachi TM4000 plus
tabletop microscope, with a maximum magnification of 1000x. Images were collected on
washed and unwashed samples of Cu-HHB at room temperature for the confirmation of

crystal growth and a crystallinity assessment in a qualitative way.
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5.2.5 Neutron Powder Diffraction

Neutron powder diffraction measurements were taken on WISH at ISIS Neutron and Muon
Source, Didcot. Two samples of Cu-HHB (~1.8 g and ~1.4 g) were mounted and measured
separately in a copper can and secured in a sample holder. These measurements were
taken in a dilution fridge, at various temperature points between 68 mK and 40 K. The
raw data were then extracted and modelled against a refined CIF model from synchrotron
X-ray data collected on the I11 beamline (DLS). These data were Rietveld refined using
a twenty term Chebyschev, with peak shapes refined to the instrument using a NaCaAlF

standard sample

5.2.6 Muon Spin Relaxation

Muon spin relaxation and rotation (MuSR) spectra for Cu-HHB were collected on the
MuSR . instrument at the ISIS Neutron and Muon Source, Didcot. A 1.8 g sample was
sealed in a silver packet approximately 3 x 3 cm and screwed to a silver backing plate at
the end of the dilution fridge insert. Measurements were taken in zero, transverse, and
longitudinal fields to acquire instrumental parameters and magnetic features of Cu-HHB.
Measurements were taken at a range of temperatures between 0.1 and 148.4 K for the

observation of temperature-dependent magnetic behaviour.

5.3 Results and Discussion

5.3.1 Optimisation of Synthesis

The methods described in the literature for the synthesis of Cu-HHB by [98], were crucial
in our ability to reliably produce the MOF. During the process of optimising this syn-
thetic route, we discovered that the crystallite sizes were unlikely to be big enough for
single-crystal analysis and that several factors influenced the crystallinity. Our first obser-

vation was the nucleation of Cu-HHB, we find that Cu-HHB forms at the surface of large
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15kV 11.8mm X400 BSE

Figure 5.3: An image of unwashed Cu-HHB, the large square morphology is a THQ
crystal upon which Cu-HHB nucleates, covering the entire crystal. The white spheres
can be attributed to a soluble amorphous copper ammonium species formed during the
reaction, which is not present in the washed samples. Copper was confirmed to be on the
surface by energy-dispersive X-ray (EDX) analysis (Figure A.4) of this sample. The lack
of crystals of this scale and morphology in all washed samples further confirm that this
is a THQ crystal.

THQ crystals which are added to the reaction mixture as a solid. We can confirm this by
observing scanning electron microscope (SEM) images, where structures with the mor-
phology and size of THQ crystals are removed after washing, the nucleation of Cu-HHB
on a 200 um THQ crystal is shown in Figure 5.3 above. Furthermore, we track crystallite
size by SEM and powder XRD, allowing us to optimise the synthesis towards synthesising
larger crystallites. One of the major breakthroughs in this synthesis involved increasing
the concentration of tetrahydroxyquinone (THQ). With THQ sparingly soluble in water,
large THQ crystals acted as nucleation points for the growth of Cu-HHB as observed in
the SEM images taken of prewashed samples shown in Figure 5.4. Comparisons between
a sample synthesised using 7 mg and 14 mg of THQ in a volume of 15 cm? of water

yielded significantly different crystal morphologies. More angular crystals ~ 10x larger
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were observed in the higher concentration reaction, and less well-defined crystallites were
observed in the other. These observations are compounded by laboratory XRD, which
presents sharper, more intense Bragg peaks, believed to be associated with better crys-
tallinity in the data given in Figure 5.4. Here, we have successfully tracked the crystallite
size, allowing us to optimise our synthetic method toward a better quality material for

further characterisation.
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Figure 5.4: Two fixed scale SEM and powder XRD plots for two samples with the C2/m
structure of Cu-HHB (left) 14 mg per 15 cm3, featuring sharper peaks along a comparable
x and y axis to (right) a 7 mg per 15 cm® sample. In both cases we confirmed the presence
and purity of Cu-HHB by Le Bail refinement.

5.3.2 Water Content Analysis by Fourier Transform Infrared Spec-

troscopy and Thermogravimetric Analysis

To confirm the presence of water in our samples of Cu-HHB we performed Fourier trans-

form infrared (FTIR) analysis. We confirm the presence of water from the broad feature
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Figure 5.5: FTIR spectra for THQ (red) and Cu-HHB (blue), here we observe a clear
signal due to water in Cu-HHB along, a significant reduction in C=0O stretching observed
at 1650 cm ™! and the loss of O-H stretching in our Cu-HHB sample indicating the complete
removal of THQ from our sample.

in the data at high wavenumber. The FTIR data for THQ ligand and a Cu-HHB sample
are outlined in Figure 5.5. Here, we see the presence of a water feature, as well as the
reduction in peak intensity for THQ peaks in the Cu-HHB sample, which also suggests
a complete reaction and removal of THQ via washing stages. Since previous reports of
Cu-HHB outline the presence of six water molecules per formula unit, we chose to perform
our own analysis via thermogravimetric analysis (TGA) (Figure 5.6). We found a mass
loss of 0.338 mg from a 4.38 mg sample, a mass loss of 8.36 %. This mass loss can be
ascribed to the removal of 3.7 water molecules per formula unit. We performed a repeat
measurement on a 5.299 mg sample, finding a mass loss of 0.534 mg, 10.01 % mass loss
corresponding to 4.44 water molecules. We can approximate from these data (accounting
for instrumental error) that in our synthesised Cu-HHB samples we have approximately
four molecules of water, Cu3(CgOg)2-4H20, further confirmed via diffraction methods

discussed later.
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Figure 5.6: Two TGA datasets collected from a sample of Cu-HHB, indicating a mass
loss due to water of 0.338 mg (Left) and 0.534 mg (Right). These data suggest a loss of
4.4 and 3.7 molecules of water per formula unit of Cu-HHB respectively.

5.3.3 Structure Determination by High-Resolution X-ray Diffrac-

tion

Since there was uncertainty in the space group assignment of Cu-HHB in the literature,
we decided to perform our own study using high-resolution XRD on the I11 beamline
at the Diamond Light Source. Because the X-ray data collected by Meng et al, were
laboratory data, they were only able to perform a Le Bail refinement on such a complex
MOF. We chose to collect synchrotron XRD data that allowed us to perform Rietveld
analysis, providing us with the highest quality data for the Rietveld refinement of Cu-
HHB, which confirmed the assignment of the C2/m space group. Synchrotron powder
XRD data were collected at 298 K for a powder sample of Cu-HHB as presented in Figure
5.7. A Rietveld fit was performed against the C2/m structural model using the published
ED CIF [98]. The refined lattice parameters extracted were a = 22.3016(7), b = 13.1465(1)
and ¢ = 6.2218(6) A, where bond restraints were applied to all Cu-O and C-C to prevent
them from refining to unreasonable values. Rigid bodies restraints were also applied to
the two fragments of the organic ligand described as "fragments" because of symmetry
elements which split them into halves, hydrogen was removed from four water molecules

consistent with our TGA analysis, as the refinement of hydrogen could not be performed
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Figure 5.7: The Rietveld refinement of Cu-HHB against the C2/m model, weighted R
factor, Rwp = 4.395 %, where refined lattice paramters are a = 22.3016(7), b = 13.1465(1)
and ¢ = 6.2218(6) A. In this refinement, four molecules of water with their hydrogen atoms
removed were included, their atomic coordinates were allowed to refine freely providing us
with a significantly better fit than in models where these water positions were not refined.

accurately by X-ray measurement. The thermal parameters for both copper atoms were
constrained to be equal as they could not be consistently refined independently. These
data are summarised in Table 5.1. Furthermore, additional evidence for our choice of
C2/m model is given by Figure 5.8, showing that all Bragg reflections are captured by

the C2/m assignment.

Table 5.1: Refined structural parameters for the C2/m model of Cu-HHB fit to XRD
data collected on 111, Diamond, at 298 K. Rigid bodies were defined for two HHB ligand
halves (1) and (2); with refined origins of [0.2554(6), 0.0665(6), 0.2310(9)] and [0.2604(3),
0.4009(7), 0.2964(6)]. Thermal parameters for these rigid bodies could not be refined
stably. The final refined lattice parameters were a = 22.3016(7), b = 13.1465(1) and ¢ =
6.2218(6) A, Rwp = 4.439 % and reduced y? = 489.35.

Atom  Site X y Z Occupancy Uiso
Cul m(y) 0.5288(4)  0.5000 0.7955(1) 1 0.004(1)
Cu2 1 0.2711(1) 0.2540(3)  0.2806(3) 1 0.004(1)

Ligand fragment 1
C1 1 0.4157(8) 0.4428(3) 0.6244(9) 1 0.012
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01 1 0.4662(6) 0.3993(9) 0.7088(9) 1 0.009
C2 1 0.3621(7) 0.3939(5) 0.5159(3) 1 0.011
02 1 0.3585(4) 0.2951(1) 0.4832(2) 1 0.009
C3 1 0.3069(4) 0.4518(1) 0.4171(6) 1 0.004
03 1 0.2601(9) 0.4002(2) 0.3014(6) 1 0.005
Ligand fragment 2
C4 1 0.3069(4) 0.4518(1) 0.0.4171(6) 1 0.004
04 1 0.3024(1) 0.1188(5) 0.3069(4) 1 0.011
C5 1 0.1988(5) 0.1169(9) 0.1226(9) 1 0.003
05 1 0.2015(1) 0.2152(7) 0.1169(9) 1 0.005
C6 1 0.1446(9) 0.0611(1) 0.0241(2) 1 0.006
06 1 0.0942(4) 0.1044(6) -0.0880(8) 1 0.005
Oxygen
O7 m(y) 0.0761(6)  0.5000 0.4478(3) 1 0.050
08 1 0.5434(8) 0.1835(1) -0.1118(7) 1 0.050
09 m(y) 0.3998(2)  0.0000 0.9728(4) 1 0.050
010 1 0.5512(3) 0.197(7)  0.4316(4) 1 0.050

We can see in the inset of Figure 5.8 that both peaks around 4° are in no way accounted for
by the Bragg positions in the P2/m assignment, these additional peaks are not observed in
experimental data allowing us to make a confident assignement. Due to these observations,
we are confident in the space group assignment of C2/m. From this refined model we
are able to explore important characteristics of the system; for instance, the nearest-
neighbour Cu-Cu distances expected to mediate exchange were found to be 6.577 and
6.518 A. We also find that neighbouring kagome layers are separated by ~ 3 A, supporting
our assertions that pancake bonds are responsible for the stacking observed, as pancake
bonds are expected to be as long as 3.05 A [187]. We also find that the Cu-O bond lengths

are 1.941 and 1.934 A, suggesting that Jahn-Teller distortion may be so extreme that
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Figure 5.8: Evidence for the assignment of the C2/m model in the Le Bail refinement
of Cu-HHB. We see here that Bragg intensity is not observed at many of the low 26
Bragg reflections expected for the P2/m space group for Cu-HHB. The Bragg reflections
corresponding to the P2/m model of Cu-HHB were generated using ISODISTORT [186].

axial bonds stretch beyond a bonding range yielding an effective square planar geometry.
Although we cannot confirm the positional coordinates of hydrogen from these refinements
we can confirm that the oxygen atoms from these water molecules reside as close as 2.93(4)
A, which is within the range of possible hydrogen bonding interactions including error,

expected, between 2.2 — 3.3 A [188].

5.3.4 Magnetic Characterisation by Magnetic Susceptibility

Initially, field cooled and zero field cooled temperature-dependent magnetic susceptibility
measurements were collected for Cu-HHB (Figure 5.9), using an MPMS3 SQUID in DC
mode. These data were collected using a cryostat between 1.8—300 K and with a He3 insert
for measurements taken under 1.8 K. The MPMS3 was calibrated for these measurements
using a palladium standard prior to measurement. Using an applied field of 0.1 T in
FC and ZFC measurements, we observe no bifurcation, indicating no spin freezing. An
upturn in the susceptibility can be observed below around 40 K with inverse susceptibility

following Curie-Weiss behaviour at higher temperatures characterised by linearity. We
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Figure 5.9: Field cooled and zero field cooled data taken at 0.1 T for a sample of Cu-HHB
Here we see no bifurcation of the two datasets, suggesting no field-induced spin freezing

or transition to an ordered state.
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chose a Curie-Weiss fitting range of 100 — 300 K based on the increase in error observed
in smaller and larger fitting ranges. Curie-Weiss analysis provided us with a fcw =
—-35.0(1) K suggesting dominant antiferromagnetic exchange interactions consistent with
the literature (fcw = —26.1 K) [98]. Our extracted Curie constant was 0.348(1) emu K
mol~! corresponding to a spin-only contribution of s, 7 =1.66(5) pp, within a reasonable
range of the theoretical value for a single unpaired electron p.rr = 1.73 up. These values
support the hypothesis that the magnetic response observed in Cu-HHB originates from
the Cu?* ions. These data are shown in Figure 5.10, where there is no clear sign of

magnetic order characterised by the Curie-like curve observed down to 0.4 K.
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Figure 5.10: Temperature dependant magnetic susceptibility data for Cu-HHB in a 0.01
T applied field between 0.4 — 300 K, inverse susceptibility data were fit to the Curie-Weiss
equation providing a fcw = —35.0(1), alongside a Curie constant of 0.384(1) corresponding
to a weg = 1.66(5) up. We see no clear evidence for a long-range ordered transition in
these magnetic susceptibility data, characterised by a deviation from the smooth curve.
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From these data, we have our first evidence of antiferromagnetic exchange coupling on a
kagome MOF with no clear evidence for long-range magnetic order. Further supporting
this evidence, magnetisation vs. field data collected at 5, 2 and 0.4 K show no signs of
magnetic hysteresis (Figure 5.11.). Here, we see a ~ 50% reduction in the saturation of
our magnetic moment at a 7 T applied field between the three datasets. We also observe
that at lower temperature magnetic moments more rapidly align with the weaker applied
field up to around 800 mT. As we see no evidence of magnetic order in our temperature
dependence study, it is unlikely that the observations in magnetisation vs. field data are
due to the onset of long-range order, instead we propose that these features originate
from short-range antiferromagnetic coupling, synonymous with the resonating valence

bond model [3].
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Figure 5.11: Field dependance of the magnetic moment collected at 5, 2 and 0.4 K. These
data show a reduced saturation of moments to the applied field at lower temperatures,
suggesting the onset of short-range antiferromagnetic correlations, further supported by
the sharper increase in saturation at lower field in 0.4 K data.
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5.3.5 Missing Entropy in Magnetic Heat Capacity

Heat capacity measurements were taken in zero applied field between 1.8 and 301 K, as
shown in Figure 5.12. Generally, to observe the magnetic contribution to heat capacity
Cmag we must subtract the estimated phonon contribution in lieu of data from a non-
magnetic analogue. In cases such as ours, where a non-magnetic analogue cannot be
synthesised, a simulation can be achieved through fitting high-temperature regions of

data to Debye functions, we used three Debye functions as follows:

ODebye
T )3 T xer
0

3

CDebye = Z

i=1

dx|. (5.1)

9NR(

6’Debye

Each Debye function applies to each atom by mass in the unit cell (Cu, O/C and H)
through x, the ratio between atom size and thermal contribution, while N is the number
of atoms in the formula unit and @pepye is the Debye temperature. We use Equation 5.1
as a fitting function at higher temperatures where the phonon contribution will dominate.
The temperature range of 25 — 300 K was selected due to this being well above any likely
magnetic contribution providing us with an excellent fit to the data, R? = 0.999, reduced
x? =0.260. It could be considered that the Ocw = -35 would require a fit taken at higher
temperatures for a better fit however, this would not account for a significant portion
of the missing entropy we observe. A low-temperature phonon simulation can then be
extrapolated from this fit to provide us with an estimate for the phonon heat capacity
(Cpho) below 25 K. With this simulated curve we could subtract the experimental data
providing us with Cyae. In these subtracted magnetic heat capacity data, we would
expect to see a sharp feature indicating order for an ordered system; however, in the case
of Cu-HHB we observe a broad feature evolving below 10 K with a peak maximum at
3.34 K. The magnetic entropy release can then be calculated by taking the integral of the
magnetic heat capacity. This corresponds to the entropy release as this system enters its
magnetic ground state, with the full entropy release for a single ion of a § = % system

being equal to AS = RIn(2S + 1), AS = 5.762 J K~'. When performing the integration of
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Figure 5.12: Heat capacity data for Cu-HHB collected between 1.8 and 301 K. (a) Tem-
perature dependence of zero field specific heat capacity data fit to three Debye functions
to approximate the phonon contribution given by the simulated curve. (b) A log plot of
temperature-divided specific heat, with the subtraction of simulated from experimental
data providing the magnetic contribution to specific heat. (c) Subtracted data reveals a
broad feature below 5 K. (d) Calculated magnetic entropy release indicates that only 22.57
% of magnetic entropy is taken into account when compared to the calculated magnetic
entropy of a single (S = %), Cu?* ion. We cannot rule out the fact that some additional
magnetic entropy would be gained from a lower temperature dataset however the amount
of entropy would not recover the missing 73 %.
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Cmag we find that only 22.57% of the magnetic entropy is accounted for, meaning that
73.43% of magnetic entropy is yet to be released down to 1.8 K. This is another strong
indication that magnetic order is not adopted by the system down to low temperatures,
since a conventionally ordered system would have a far greater portion of magnetic entropy
accounted for below the ordering temperature [189, 190]. This may be similar to the
missing magnetic entropy we observe in Chapter 4, where short range correlations may
have been responsible for this. With further evidence for a disordered magnetic state down
to 1.8 K, we decided to perform an elastic neutron scattering experiment to confirm a lack
of magnetic order in Cu-HHB. These heat capacity data however highlight the limitations
of performing phonon subtractions through simulation, although we see no evidence of
a sharp peak indicating the emergence of long-range order we cannot be certain that
the missing entropy does not arise due to the subtraction. In hopes of gleaning further
information from these data, we applied a Schottky function to the magnetic heat capacity

data (Figure 5.13).
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Figure 5.13: Magnetic heat capacity data obtained from the phonon subtraction method
outlined above. We fit this data using a Schottky function (Equation 2.13) between 2.5
and 10 K, yielding a good fit to the data and a calculated energy gap of 0.71(5) meV.
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As discussed in Chapter 2, this fit provides information on the energy scale of magnetic
interactions within the system, given by the calculated energy gap. The energy gap
calculated for this two-level S:% system was found to be 0.71(5) meV, a value which
can be compared experimentally in an inelastic neutron scattering study which have been

collected for fitting at a later date.

5.3.6 Indications of a Lack of Long-Range Order by Neutron Pow-

der Diffraction

NPD data were collected on the WISH diffractometer at ISIS Neutron and Muon Source,
Didcot for a 1.8 g sample of Cu-HHB referred to as (1) and a 1.4 g sample of Cu-HHB
which had been vacuum dried referred to as (2). Since we have confirmed the presence
of water, we can expect incoherent scattering from hydrogen to affect the background of
data for (1), hence the synthesis of the further dried (2). In our measurement of (1), we
discovered that the copper can sample holder dominated the powder pattern as a copper
impurity, making Rietveld refinement challenging. Instead, we were able to perform a Le
Bail refinement; an example of this copper dominance is given in Figure 5.14, where a

two-phase Le Bail refinement was performed on Bank 4 data. Due to the copper impurity
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Figure 5.14: In these Bank 4 data, we observe sharp copper peaks at Bragg positions
denoted in black, these peaks dominate the powder pattern up to around 2.1 A. Very
few peaks beyond 2.1 A d-spacing, the refinement against the C2/m Cu-HHB model is
unlikely to provide more information on Cu-HHB than our high-resolution powder X-ray
diffraction data.
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we performed a Le Bail fit to data outside of the low d-space range of copper across all

five banks shown in Figure 5.15.
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Figure 5.15: Le Bail refinement of the C2/m structure of Cu-HHB against data collected
on the WISH diffractometer at 40 K. For this, the lattice parameters were refined across
5 banks to a = 22.0753(2), b = 13.1799(7) and ¢ = 6.2258(7) A. We were unable to fit
regions dominated by copper Bragg reflections and so limits were set on these data to
ensure the inclusion of Bragg reflections solely originated from Cu-HHB.

Our next step was to measure at low temperature to perform a subtraction of nuclear

Bragg scattering (high T') from the nuclear + magnetic Bragg scattering (low T). As we
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used a dilution fridge, we were able to reach temperatures as low as ~ 68 mK for this
subtraction. Usually, in subtracting high temperature NPD data from low temperature
data, we are left with only the magnetic contribution to Bragg intensity observed; however,
in the case of (1) we see a significant anomalous shift in the background between 40 K
and 68 mK data coming from an unknown origin. In Figure 5.16 we plot the high- and

low-temperature datasets, allowing us to observe this "shift" in these data.
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Figure 5.16: Neutron powder diffraction data collected for Cu-HHB (1) at 40 and 68 mK,
here we observe a significant shift between the two datasets which we initally proposed
came from the switching between cryostat and dilution fridge sample holder.

Our main finding in these data are the lack of Bragg intensity in the 68 mK scan at non-
nuclear positions, this means that any magnetic Bragg intensity that does exist, must
be consistent with a propagation vector K = (0, 0, 0). Since the observable differences

in these data are unlikely to originate from a magnetic source, we are unable to derive
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any more useful information from (1) beyond a magnetic refinement of the skewed data,
which we provide for (2) later. To investigate whether this phenomenon was simply an
experimental error, we performed measurements at a later stage on the separate sample
(2). Sample (2) was synthesised identically to (1), with the purity and structure con-
firmed through in-house powder XRD and elemental analysis. Therefore, we use (2) as
a repeat measurement, which confirms whether our unconventional data for (1) were of
instrumental origin. For (2) we chose to collect data at multiple points between 40 K
and base temperature to observe the evolution of any similar temperature-dependent be-
haviour of the sample, as we had observed in (1). We were again faced with significant
Bragg intensity from the copper can in our NPD data for (2) so we were unable to per-
form a Rietveld refinement. Instead, we performed another Le Bail refinement to confirm
consistency between the two samples in terms of their refined lattice parameters shown in
Figure 5.15. Our next step was to plot data at all temperature points collected, observing
whether the "shifting" of data occurred spontaneously at a given temperature, evolved

gradually or was not observed at all in (2) (Figure 5.17).

: A 40 K
10K

g i J\ | e 2k

EC N EVAANEEL

i )6 7 10 11 12 ° Base

2 4 6 8 10 12

d-spacing (A)

Figure 5.17: Neutron powder diffraction data collected for Cu-HHB (2) across five tem-
perature points, taken between 40 and 68 mK (Base). Here we observe the anomolous
increase in background intensity with increasing temperature, the consistency of this back-
ground throughout nuclear and non-nuclear positions of the pattern make it unlikley to
be an effect of atomic thermal motion (Debye-Waller) [191].

In these data, we see that the "shift" appears gradual across the temperature points

between 40 and 0.1 mK with a plot of temperature point vs. intensity at a fixed d-
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spacing suggesting an exponential decrease with decreasing temperature shown in Figure

0.18.
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Figure 5.18: Plot of intensity against temperature point at 3.999 A d-spacing, fit to a
simple exponential function (y? = 12.3435). This plot suggests that the increase in back-
ground intensity due to temperature becomes less pronounced as temperatures increase
beyond 40 K.

From these data we observe that the temperature dependence of intensity will likely be
less prominent at temperatures higher than 40 K. Furthermore, the consistency between
the measurements of (1) and (2) suggest that the observed effect is a real characteristic
of Cu-HHB however, its source is unknown. The collection of data for (1) and (2) also
allowed us to observe any effects due to drying of (2). First we simulated Bank 2 NPD
patterns from the crystallographic model generated by the Rietveld refinement of high-
resolution powder XRD data with and without water molecules present. We were then

able to observe any difference in the dataset, finding that a difference in the intensity ratio
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between two peaks was observed at around 6.5 A d-spacing. We see in Figure 5.19 that

the experimentally obtained data for (1) and (2) are in fact consistent with the simulated

patterns.
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Figure 5.19: NPD patterns for Bank 2 WISH data. a) Two simulated diffraction patterns
using the C2/m model for Cu-HHB, with all water molecules present, and with them all
removed, we notice here that the ratio between the peaks ~6 — 6.7 A are unique to the
presence of water. b) We see here that for sample (1) the peak ratio more closely matches
the simulated pattern where water is present. ¢) We see here that for sample (2) the peak
ratio follows the simulated pattern without water more closely.

Since we could not perform a stable Rietveld refinement of the NPD data, we cannot

confirm the extent of dehydration in (2). However, this is a promising result suggesting
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that water, at least to some extent, can be removed from the framework. From our two
studies of Cu-HHB we see that there is no sign of Bragg intensity outside of the nuclear
cell, and that differences in the peak intensity due to the unknown source may mask any
magnetic Bragg intensity that was present. To confirm that the difference between 40
and 0.1 K data was not from a magnetic source, we perform a Rietveld refinement on a
small d-space range containing the most prominent peak in Bank 1 data to extract a scale

factor for use in a magnetic refinement (Figure 5.20).
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Figure 5.20: The Rietveld refinement of one feature in Bank 1, Cu-HHB data to the C2/m
model, collected on the WISH diffractometer. Ry, = 2.368%, scale factor = 2.4476(5).
We are unable to fit multiple peaks to the model here while simultaneously obtaining a
consistent scale factor, therefore we select the most intense Bragg peak for refinement.

In extracting this scale factor we are then able to perform a magnetic refinement of Cu-
HHB (Figure 5.21). We select Bank 1 data for subtraction as this is the longest d-spacing

range that contains the large feature at ~ 11 A. Upon performing a magnetic refinement
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against the subtracted data in the lowest possible symmetry space group P1 (Figure 5.20),
we found that the Bragg peaks could be fit to an ordered magnetic magnetic moment of
7.71(47) up which was significantly higher than the 1.73 uB expected for a S = %, Cu?
system. We therefore conclude that the Bragg intensity in the subtracted dataset is an
artefact of temperature-dependent variations and not magnetic in origin and therefore
refinements in higher symmetry magnetic space groups was not necessary. With the
analysis of these NPD data, we come to the conclusion that there is no clear evidence
for magnetic order in either sample of Cu-HHB across the two separate measurements,
since the observed temperature-dependent phenomenon dominates all data, making a

reasonable assignment of the underlying magnetism is impossible.
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Figure 5.21: Temperature subtracted data from Bank 1, fit to the P1 structure providing
an extracted moment of 7.71(47) up which is significantly greater than the expected
moment of 1.73 uy, for Cu?*.

To further probe Cu-HHB for magnetic phenomena we move towards performing muon
spin relaxation spectroscopy with the aim of highlighting any features of local magnetism

and any other temperature dependent effects.
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5.3.7 Muon Spin Relaxation Spectroscopy for the Confirmation

of Spin Dynamics down to 98 mK

With a large portion of magnetic entropy missing in heat capacity data at 1.8 K and no
clear indication of an onset of magnetic order down to sub-Kelvin temperatures in our
magnetometry and NPD measurements, we have significant evidence for an unconven-
tional magnetic ground state in Cu-HHB. With all measurements corroborating a lack of
long-range ordered ground state, we performed a muon spin relaxation study on MuSR
at ISIS Neutron and Muon Source to obtain another insight into the local magnetism
of Cu-HHB and whether these data suggest that a QSL state is hosted therein. The
first data collected on MuSR were transverse field (TF) measurements, allowing us to fit,
and extract the calibration parameter, @, correcting data for inconsistencies between the

forward and backward detectors (Figure 5.22).
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Figure 5.22: MuSR data collected at 120 K in an applied transverse field of 20 G for Cu-
HHB, these data are fit to an oscillatory function combined with a Lorentzian relaxation
function providing a good fit to the data. From this fit we can extract the frequency
corresponding directly to the applied field which then allows us to calculate the detector
calibration constant @ = 1.4400.

We then begin to measure the magnetic response of the sample at base temperature (0.098

K) in zero applied field to probe the magnetic response. Here, we expect to see a magnetic
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response from both the nuclear moment and local magnetic fields of the sample. We fit
these data to one Gaussian Kubo-Toyabe function (Equation 5.2) this function describes
the distribution of muon stopping sites in a static field. The ability to fit these MuSR
data using one function indicates the presence of one muon stopping site. However, we
are unable to determine the position of this muon stopping site without further DFT

calculations.

2 1 1
GS (1) = 3 (1 - A2t2) exp (—§A2t2) t3 (5.2)

Where A is the width of the Gaussian distribution of magnetic fields and ¢ is time, from
this fitting function we are able to extract a field from A using software packages such as
WIMDA [145]. The next step was to decouple the nuclear field using an applied longitudi-
nal field (LF) leaving behind only the contribution to relaxation from any other magnetic
source in the sample. We do this by analysing data across a range of LF’s at 0.098 K
to find the smallest applied field which fully decouples the nuclear moment of Cu-HHB.
The full decoupling of nuclear moments would be indicated by a flattening of the MuSR

signal we observe in Cu-HHB, (Figure 5.23).

From this, we are sure we have decoupled the nuclear moment, we can begin a tem-
perature dependence study at a fixed longitudinal field of 111 G. However, one factor
to consider during these studies is the use of two different sample holders (cryostat and
dilution fridge) for measurements above and below ~ 4 K. To assess the potential differ-
ences in the data acquired on each, we collected some zero-field and applied LF data in
each sample holder (Figure A.3). The difference between the two datasets is minimal,
however this will be taken into account in further studies later. We then collected data
at temperature points ranging from 0.098 — 150 K to assess the temperature dependence
of muon relaxation in the sample. We find that the data in all cases can be fit to a single

Lorentzian relaxation function, providing us with the relaxation rate (4).
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Figure 5.23: MuSR data collected at 0.098 K in a) zero field, fit to Kubo-Toyabe and
Gaussian relaxation functions, providing a relaxation rate of 0.2009(23) cm~! and a static
field of -6.33(3) mT. b) Several longitudinal fields were applied across the sample to
ascertain the field required to fully decouble the nuclear moments of the system, we
find that 111 G is ample for the full decoupling of nuclear moments, characterised by a
flattening of the zero-field signal.

In Figure A.5 we fit multiple datasets to a single Lorentzian with extracted values for A
summarised in Table A.1. The study of relaxation rate as a function of temperature can
tell us whether a spin glass or magnetic transition is occurring, characterised by a sharp
feature at the transition temperature and no sign of a plateau at lower temperature [142,
192]. For a dynamic magnetic ground state however, we would expect to see a plateau
where the relaxation rate is independant of temperature, which is exactly what we observe

in our plot of these relaxation rate data (Figure 5.24).
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Figure 5.24: Two plots of MuSR temperature dependent relaxation rate data. a) In Cu-
HHB, we see a sharp increase in relaxation rate from ~ 8 K corresponding to a slowing
of muon precession, followed by a plateau from 1.9 — 0.098 K indicating spin dynamics
[60, 142, 192]. b) Here we see temperature-dependent normalised muon spin relaxation
rate data for substituted Zn-barlowite where x = 0.99(1) and 0.66(1), alongside overlain,
published data for herbertsmithite (Xge, = 1) [60]. We observe in all cases a sharp rise
in muon relaxation rate beginning at ~3 K, rising to a plateau ~0.6 K indicative of spin
dynamics [67].

Since there are no indications of spontaneous oscillations in de-coupled asymmetry vs.
time data (Figure 5.24), we cannot derive any further information from our data without
the use of DFT. Often, fitting the spontaneous oscillations in decoupled data to wave func-

tions can provide the frequency and therefore magnetic fields felt by the muon; however,
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no such oscillations are observed in our sample. Therefore, we are only able to comment
on the lack of features, and how these further support our hypothesis that Cu-HHB may
host a QSL state. When we compare our findings to kagome S:% antiferromagnets also
studied by MuSR, such as herbertsmithite an Zn-barlowite, we observe similar plateaus

thought to arise due to the unchanging static fields felt by the muon [60, 67].

5.3.8 Conclusions

The synthesis of an antiferromagnetic Cu?* kagome MOF has been described. We have
identified the space group of Cu-HHB through the first structural refinement utilising
synchrotron X-rays and neutrons. The combination of our structural characterisation
and magnetic analysis have provided an unprecedented insight into the complex magnetic
phenomena hosted by Cu-HHB. Our goal of elucidating the magnetic ground state of Cu-
HHB has been successful and despite the challenges faced in neutron powder diffraction
analysis, we observe several indications of a magnetically disordered state in Cu-HHB
despite the antiferromagnetic exchange interactions inferred by magnetometry measure-
ments. In doing so we have showcased the extreme difficulty and the necessity of using
many complementary techniques in the analysis of QSL candidates. We accept that in
using almost all magnetic characterisation techniques, the expected outcome is a lack of
magnetic signal from the onset of long-range order, making a QSL-like state exceptionally
challenging to unambiguously assign. However, we present our findings as the strongest
evidence to date that a QSL-like state exists within Cu-HHB, a Cu?* kagome MOF, down

to at least 0.098 K.

1—- We confirm the presence of water in Cu-HHB qualitatively and quantitatively through

FTIR and TGA analysis, suggesting a water content of 4 molecules per formula unit.

2— We present synchrotron powder XRD data, which facilitated the unambiguous as-

signment of the C2/m space group for Cu-HHB during our Rietveld analysis of the data.
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3— We present evidence supporting the hypothesis that Cu-HHB does not exhibit a long-
range ordered transition despite the antiferromagnetic correlations indicated by magnetic
susceptibility of the energy scale 0.71(5) meV obtained from heat capacity data. Fur-
thermore we present NPD featuring no clear non-nuclear magnetic Bragg intensity and a
low-temperature plateau in MuSR both pointing towards the existence of a spin-dynamic

and possibly spin-liquid ground state down to 0.098 K.

The M3(CgXg)2 has proven to be a useful motif for research in several fields includ-
ing superconductivity, semiconductivity, and complex magnetic phenomena [94, 96, 98,
181, 182]. Due to the lack of magnetic Bragg intensity and temperature-dependent back-
ground features of Cu-HHB in NPD measurements, we are unable to propose a magnetic
structure. However, we can confirm that the dominant magnetic exchange in Cu-HHB
is antiferromagnetic in nature, theoretically through the bonding geometries of likely
nearest-neighbour exchange pathways and experimentally through the calculation of a
fcw from magnetic susceptibility measurements. With such a promising system, sev-
eral additional measurements may provide better insight into the interesting magnetism

present in this system:

1- The optimisation of synthesis and further study of the underlying crystallinity may
facilitate better single-crystal structural models and magnetic analysis of Cu-HHB. The
synthesis of dehydrated and deuterated Cu-HHB may also prove useful in neutron exper-
iments, confirming whether the protons are responsible for our temperature-dependent

background issues.

2— The deuteration or full dehydration of Cu-HHB would also allow for inelastic neu-
tron scattering experiments as these highly sensitive measurements suffer from incoherent

scattering masking the data. We have since used this technique on Cu-HHB (2) finding
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that the level of dehydration is satisfactory for these measurements where we confirmed
the absence of dispersive spin waves corresponding to antiferromagnetic order. We are
however yet to find or observe broad continuous excitation signals expected to arise for

QSL’s as data is still being processed for publication [193, 194].

3— Since Cu-HHB does not show any signs of adopting long-range magnetic order at
low temperatures, it would be interesting to test the material in proof-of-concept studies,
finding whether the material is a suitable candidate for applications in the technologies
QSL’s are proposed to advance, such as quantum computing [195]. This would be best
approached via conductivity studies or graphene doping studies as recently explored in

the literature [196].

Furthermore, we see evidence in the literature for the feasibility of "bottom-up" ap-
proaches to synthesising Cu-HHB, involving the deposition of HHB onto a pristine copper
(111) surface allowing for characterisation of single layers of Cu-HHB [80]. This may also
allow Cu-HHB to be studied for applications in thin-film technologies [197]. It is clear
from this study of one MOF with the general formula Ms(L)2 is highly interesting for the
study of unconventional magnetism. With the findings contained within this chapter mak-
ing up the most complete characterisation of Cu-HHB to date, we move towards inelastic

neutron scattering to uncover further magnetic information on this exciting material.

178



Chapter 6

Chapter Summaries and Outlook

In this thesis, we have investigated four metal-organic frameworks containing copper(II)
in a kagome arrangement. We have identified three distinct magnetic ground states,
showcasing the capability of MOF chemistry in studying magnetic structures hosting
both long-range order and unconventional magnetic ground states, arising from geome-
tries such as the kagome. This thesis is divided into three chapters that focus on; the
unconventional long-range ordered ground state of a three-dimensional copper carbonate
kagome MOF, the impact of changing the magnetic dimensionality through ligand se-
lection between ferromagnetic copper carbonate kagome planes, and the low-temperature
magnetic properties of a two-dimensional kagome-containing MOF with antiferromagnetic

exchange correlations. The summary and outlook for these findings are given below:

6.1 Chapter Summaries

Cu3(CO3)2(bpa)s3-2ClO4, MOF-bpa: In Chapter 3, we explore a fourth mem-
ber of a MOF family previously reported to host ferromagnetic copper kagome layers,
which antiferromagnetically couple to nearest neighbour layers through ditopic organic

ligands. We present the first magnetic neutron diffraction study for MOF-bpa and find
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that small differences in the ordered moment size and ordering transition temperature
are present. However, these do not change the characteristics of the magnetically ordered
ground state we model. Additionally, we find only slight variations in the magnetic sus-
ceptibility data collected for the four MOFs. This suggests that the structural changes
facilitated by MOF chemistry are useful in fine-tuning magnetic exchange interactions.
However, the limitations of our analytical techniques make the characterisation of these

minute changes challenging.

If we were to further analyse our data through high-temperature series expansion of
magnetic susceptibility data, or through computational study on the inter-plane superex-
change pathway, we may be able to draw some conclusions on the superexchange medi-
ated by these inter-plane ligands and whether disorder and conjugation play a role. As
we optimize the structure of magnetic MOFs to achieve specific characteristics, it will
be essential to comprehend the influence that particular ligands have on magnetism for
further intelligent design. Ultimately, this work demonstrates the usefulness of MOF
chemistry in the study of specific magnetic geometries such as the kagome and provides
us with the insight to explore different systems utilising different ligands such as those
studied in the later chapters. For the four MOFs discussed in this chapter, our ligand
selection for the three-dimensional structure preserved the kagome lattice, allowing us to
confirm that the magnetic ground states remain largely unchanged. From this we con-
clude that Cug(CO3)2(x)3-2C104 systems, where x is a ditopic organic ligand, are likely
to be comprised of ferromagnetic kagome layers, coupled antiferromagnetically to neigh-
bouring layers, whether ligand disorder and conjugation are present between layers or
not. The future work being undertaken for MOF-bpa is the deuteration of samples and
the collection of inelastic neutron scattering data in the hopes of studying the flat bands

associated with the magnon Hall effect.

CU_3(CO3)2(X)6-ZCIO4, x = mp, bipy: In Chapter 4, we built on the foun-
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dations laid out in Chapter 3, extending the discussed MOF family to include those with
magnetically isolated copper carbonate kagome layers through ligand selection. To achieve
this we used the monodentate ligands 4-methylpyridine and 2,4’-bipyridine, which we con-
firmed to yield non-covalent, stacked kagome layers in a three-dimensional MOF'. Since we
expected the kagome layers to be ferromagnetic, this chapter aimed to explore whether
there was evidence for these ferromagnetic layers being magnetically isolated, yielding
two-dimensional kagome layers. First, we confirm the crystal structures of these systems.
Since MOF-mp was a previously unreported system, the acquisition of SCXRD data were
crucial in outlining the structure. Through magnetic susceptibility measurements we
found Curie-Weiss temperatures consistent with those reported for the covalent, coordi-
nated MOFs outlined in Chapter 3, suggesting that the ferromagnetic exchange coupling
present in the copper kagome lattice was preserved. Our analysis of magnetic heat capac-
ity data suggested that significant portions of magnetic entropy magnetic entropy maybe
missing for both MOFs. The possibility that ferromagnetic two-dimensional exchange
correlations describe the magnetic structure above the suspected ordering transition tem-
perature may explain this missing magnetic entropy, which we observe in heat capacity

data.

This was a hypothesis supported by our neutron powder diffraction data, where we find no
evidence for magnetic exchange between layers and no evidence for antiferromagnetic ex-
change coupling. It was therefore possible that we have discovered quasi-two-dimensional
ferromagnetic layers in both cases, with exchange propagating between planes unlikely
and lacking experimental evidence. It is clear from our analysis however that limitations
in our data make specific claims challenging however there are several indications that we
may have synthesised systems hosting two-dimensional exchange interactions. This was
an exciting discovery as the two-dimensional ferromagnetic kagome was expected to host
exotic magnetic phenomena in cases where competing interactions between the nearest

and the next nearest-neighbour are present [163|. Due to the promise of magnetically
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isolated kagome layers, we exfoliate these MOFs, confirming the presence of single-layer
height profiles by atomic force microscopy. These systems pose attractive candidates for
further investigation of their two-dimensional magnetic behaviour. However, before doing
this, we must first confirm the crystallinity and magnetic activity of the exfoliated mate-
rial. This would likely be possible through electron diffraction, X-ray circular dichroism

and magneto optic kerr effect studies on the suspected nanosheets.

Cu3(Cg0g)2, Cu-HHB: In Chapter 5, we use our findings from previous chap-
ters to help find a system likely to host a QSL state. First, the copper carbonate kagome,
was found to host ferromagnetic exchange, and second, the stacked kagome-containing
MOFs in Chapter 4 showed no signs of inter-plane exchange, these two findings led us
to the system we report in Chapter 5. This system features magnetically isolated copper
hexahydroxybenzene kagome layers and was initially reported to host antiferromagnetic
exchange interactions, making it an excellent candidate for study as a QSL candidate ma-
terial in terms of dimensionality and exchange interactions present. Initially, we confirmed
the crystal structure through Rietveld refinement of high-resolution PXRD data, as con-
flict in the literature suggested two space group assignments. Next, we confirmed that no
evidence for the adoption of long-range magnetic order was visible in magnetic suscepti-
bility, confirming the presence of antiferromagnetic exchange interactions by Curie-Weiss

analysis.

We also discovered that a significant portion of magnetic entropy maybe missing, much
like the systems reported in Chapter 4. However, as an antiferromagnetically correlated
system with no clear signs of order, this lack of magnetic entropy may simply arise from
the lack of long-range ordered transition down to 1.8 K. We further confirm the lack
of long-range magnetic order by analysing neutron powder diffraction data. Although
the subtraction of these data were limited by an unknown source of background, we ob-

serve no indications of the onset of a long-range ordered state emerging from non-nuclear
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Bragg positions. Finally, to probe the low-temperature spin dynamics, we performed a
temperature-dependent muon study, finding no evidence for the adoption of long-range
order or transition to a spin-glass state. It is hoped that the collection of inelastic neutron
scattering data will further elucidate the low-temperature magnetism hosted by Cu-HHB,
extracting an energy scale comparable to the calculated Schottky anomaly, and defining

whether it is a gapless or gapped quantum spin liquid [198], is hosted within a MOF.

6.2 Outlook

An overarching theme of this thesis is one of discovering unconventional magnetic ground
states in MOFs. Whether adopting both ferromagnetic and antiferromagnetic order si-
multaneously in Chapter 3, signs of a lack of three-dimensional order in Chapter 4 and
a complete lack of long-range order in Chapter 5, the § = % kagome model has been
rigorously studied in a material setting. The three-dimensional long range ordered MOFs
discussed in Chapter 3 mark over 10 years of research into the complex magnetic ground
states featured within these materials. Alongside the unambiguous characterisation of
their magnetic structures, we also found that inter-plane ligand selection plays a crucial
role in their low-temperature, long-range ordered state. This chapter acts as a compre-
hensive study into the magnetic behaviours of the Cuz(CO3)2(x)3-2C104 family of MOFs,
presenting a foundation for future research into similar systems. If we had not been able
to elucidate the magnetic ground state of this family of materials, we may still be under

the same impression that the copper carbonate kagome is antiferromagnetic [82, 84, 85].

The work carried out in Chapter 4 was based on the idea of tuning the magnetic prop-
erties of these MOFs by implementing different organic ligands. With two-dimensional

magnets expected to be excellent candidates for novel spintronics devices [11], approaching
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a less well studied magnetic topology such as the two-dimensional kagome may elucidate
whether they are good candidates for such applications. Alongside this, the ferromagnetic
kagome holds additional promise, as it has been seen to host topological magnon bands
in the literature, a phenomenon expected to aid in the application to novel spintronics,
due to the fact that magnons do not produce "joule heating" [11, 80, 199]. It is for these
reasons that the discovery of new systems with the potential to host such phenomena are
sought after. In Chapter 4 we report a kagome-containing MOF previously unreported
in the literature, marking a brand new system which may host exciting physics with the
added benefit of facilitating delamination to nanosheets. The potential for delamination
make both MOF-bipy and MOF-mp exciting materials for experimentation in both ul-
trathin technologies and in the elucidation of exotic magnetic phenomena such as these
discussed topological magnon bands. As such, future work on these systems will involve
the characterisation of magnetic nanosheets alongside the study of the unexfoliated, mag-

netically quasi-two dimensional systems.

In Chapter 5 we approached a different model of interest, opting to build upon the cur-
rent literature for a S = % antiferromagnetic kagome-containing MOF, better outlining its
potential as a QSL hosting material. Since the QSL cannot be characterised directly, it
is of great importance that several techniques are used in conjunction to characterise the
sought after state. We improve upon the existing literature for this system and find that
there is no evidence for the emergence of a long-range ordered state within. Similar evi-
dence has been reported for members of the Cug(L)y family, for instance, Cuz(HHTP)2,
where HHTP is 2,3,6,7,10,11-hexahydroxytriphenylene, has been reported in 2024 to host
a robust quantum spin liquid state [95]. In this case they go beyond just studying the
spin dynamics and approach the applications of quantum spin liquids. They do this by
constructing the § = % two-dimensional kagome antiferromagnet upon graphene, which
has been shown to massively increase conductivity, therefore allowing this material to be

considered for components in electronics. This may be the logical next step for the study
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of Cu-HHB.

Since elucidating the Quantum Spin Liquid in a material context remains a difficult
task, there may be a point in the future where the benefits of further characterisation
become limited by the current state-of-the-art. At that stage, focussing on optimising
these systems for practical applications may become more useful to progression than fully
grasping the fundamental physics behind them. Similarly to lodestone, which was used
in the first compasses long before its underlying physics were understood [7]. Perhaps
promising quantum spin liquid containing materials should be optimised for use in emer-
gent technologies, with the underlying physics better understood within the context of

their functional properties.
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Appendix A

Appendix

Table A.1: Summarised relaxation rates extracted from Lorentzian fits of uSR data col-
lected at several temperature points.

Dilution fridge Cryostat
Temperature (K) | A (us™!) | Temperature (K) | A (us™!)
0.098 0.2009(23) 1.5843 0.1687(18)
0.114 0.2030(23) 1.9066 0.1650(18)
0.206 0.2062(22) 2.2762 0.1540(17)
0.300 0.2062(22) 2.7736 0.1575(16)
0.433 0.2000(22) 3.2818 0.1490(14)
0.526 0.1996(22) 3.7855 0.1525(14)
0.619 0.2008(22) 5.0508 0.1464(13)
0.712 0.1945(21) 6.0545 0.1648(13)
0.805 0.1939(21) 7.0601 0.1376(12)
0.900 0.2000(21) 8.0714 0.1419(12)
1.057 0.1972(21) 9.0833 0.1315(12)
1.299 0.2008(21) 10.1014 0.1280(12)
1.541 0.1957(20) 20.2018 0.1494(12)
2.025 0.1935(20) 30.2639 0.1139(12)
2.51 0.1845(20) 40.2997 0.0948(12)
3.06 0.1674(20) 50.303 0.1190(11)
3.55 0.1490(19) 100.049 0.0956(11)
4.05 0.1430(18) 148.476 0.0916(10)

Table A.2: Refined structure parameters for the P3 model of MOF-bipy fit to all 5
banks, NPD data collected on WISH, at 15 K. Final refined lattice parameters were a =
15.8848(4)A and ¢ = 21.2240(3) A, Rwp = 2.855 % and reduced y? = 828.8.
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Atom Site X y b4 Occupancy Usiso
Cul -1 0.5000 0.5000 0.5000 1 0.021(2)
Cu2 1 0.8326(9) 0.6492(7) 0.4951(5) 1 0.021(2)

Carbonate
01 1 0.6021(1) 0.6852(2) 0.5001(1) 1 0.026(9)
02 1 0.7584(1) 0.7283(2) 0.5003(2) 1 0.025(2)
03 1 0.6443(1) 0.5720(2) 0.4952(5) 1 0.028(5)
C1 1 0.6714(1) 0.6688(2) 0.5044(6) 1 0.027(1)

2,4’-bipyridine

RB1 1 0.8708(4) 0.6846(4) 0.8970(4) 0.624 0.011(7)

RB2 1 0.8454(4) 0.6696(4) 0.6656(4) 0.376 0.001(1)

RB3 1 0.5489(4) 0.5141(4) 0.7607(4) 1 0.048(2)

RB4 1 0.8035(7) 0.6478(7) 0.2508(7) 1 0.070(2)
Perchlorates

Cl1 1 0.9933 0.9820(1) 0.9804(4 0.1667 0.021(1

04 1 0.9482(6) 0.8853(7) 1.0075(5 0.1667 0.055(1
05 1 0.9433(2) 1.031(2) 1.0053(2 0.1667 0.036(1
06 1 0.9862(3) 0.9801(4) 0.9136(4 0.1667 0.037(1
o7 1 1.0948(1
Cl2 1 0.9911(6

09 1 0.9463(3

(
(
(
(
1.0332(1) 1.0013(3)  0.1667  0.026(1
(
(
1.005(2) 0.5648(2)  0.1667  0.074(1
(

010 1 0.9374(2

)

)

)

)

)

1.0000  0.5064(5)  0.1667  0.017(2)
)

)

0.4499(2)  0.1667  0.089(1)

)

011 1 1.0892(2 0.4983(2 0.1667 0.020(1
CI3 1 0.6756(2

012 1 0.6869(5

(6) (4)
(6) (5)
(2) (2)
(3) (4)
(1) (3)
(6) (5)
08 1 0.9984(2) 09122(3) 0.5113(3)  0.1667  0.058(1
(3) (2)
(2) (2)
(2) (2)
(2) (3)
(5) 0.9151(5)  0.2000  0.028(1)
(5) (5)

(2)
(2)
0.3496(3) 0.9839(3)  0.2000  0.0294(3)
(5)
013 1 0.7736 (5) 1.0064(5)  0.2000  0.024(1)
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014 1 0.6364(4) 0.2491(4) 1.0059(4)  0.2000  0.006(1)
015 1 0.6133(3) 0.3894(3) 0.9999(3)  0.2000  0.059(1)
Cl4 1 0.6647(3) 0.3216(4) 1.0198(3)  0.1333  0.029(4)
016 1  0.7200(1) 0.4229(1) 0.9973(1)  0.1333  0.024(3)
017 1 0.6793(2) 0.3234(2) 1.0874(2)  0.1333  0.009(1)
018 1 0.6923(1) 0.2553(1) 0.9898(1)  0.1333  0.006(1)
019 1 0.5607(3) 0.2816(4) 1.0054(4)  0.1333  0.046(1)
Cl5 1 0.6707(2) 0.3372(3) 0.4959(5)  0.3333  0.025(5)
020 1 0.5832(3) 0.3403(3) 0.4982(2)  0.3333  0.030(1)
021 1 0.7361(2) 0.4146(2) 0.5396(2)  0.3333  0.090(1)
022 1 0.7015(2) 0.3639(2) 0.4309(2)  0.3333  0.080(1)
023 1 0.6824(2) 0.2581(2) 0.5156(2)  0.3333  0.042(1)

\\ > = ==
15kV 9.0mm x200 SE 200pm 15kV 9.3mm X250 BSE

Figure A.1: Two SEM images collected for MOF-bipy and MOF-mp at the same mag-
nification. We can see here the difference in layering of these materials, with MOF-mp
heavily intergrown and layered, these images are representative across several synthetic

batches of these MOFs.
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MOF-bipy FC MOF-mp FC
A ZFC ZFC
5 10 15 20 5 10 15 20
T (K) T (K)

Figure A.2: Zero field and field cooled measurements for MOF-bipy and MOF-mp showing
no bifurcation in either case ruling out spin-freezing. In both cases there appears to be
an indication of a transition, with T¢ = 5.5 K for MOF-mp and =~ 11 K for MOF-bipy

30
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S 20 W4 Cryostat ° o
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Figure A.3: MuSR data collected at 10 K in zero applied field showing that a small
variation in the initial asymmetry is present between the two sample holders.
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Figure A.4: Scanning electron microscopy images analysed using energy dispersive X-ray
capabilities. Here we see that the material surface contains copper, suggesting supporting
our conclusions that Cu-HHB nucleates on the surface of THQ crystals.
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Figure A.5: MuSR data collected at three temperatures in 111 G applied LF, fit to a single
Lorentzian function describing the relaxation observed. The calculated relaxation rates
for 0.1, 2 and 50 K data were 0.2009(23), 0.1935(20) and 0.1190(11) cm™'respectively
showing a small decrease in relaxation rate between 0.1 and 2 K but a large decrease in
relaxation rate upon increasing to higher temperature.
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