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Summary

Metal-Organic Frameworks (MOFs) are a research area approaching maturity and the
industrial application of MOFs to a number of pressing challenges is imminent. These
materials are exciting for their porosity and chemical tunability, as well as the applicability
of rational principles in their design. MOFs are applied in fields as diverse as gas storage
and separation, drug delivery, catalysis, and sensing. The design of MOFs is guided by a
few powerful general principles that form the basis of the approach known as reticular
chemistry. The reticular approach emphasises symmetric structures obtained by the use of

rigid organic components.

In this thesis, a variety of non-rigid behaviours are examined, such as the accommodation
of torsional strain in one- and two-dimensional coordination polymer motifs, the diversity
of conformations accessible to ligands due to free rotations in alkyl-chain backbones or
ethynyl spacers, rotational flexibility about metal-ligand bonds in assembled MOFs, and
conformational variability about p-phenylene spacers in extended ligands. In the absence
of perfectly rigid organic linkers, or in frameworks that allow a degree of internal motion,
new and unusual topologies are obtained due to lower-symmetry conformations. These
effects are combined with chemical functionality resulting in MOFs that respond to stimuli,

such as light or moisture, with changes in structure that reversibly affect porosity.

In chapter 1, chemical and historical contexts for the strategies adopted and results
presented in this work are described. A brief history and description of the concepts used
is provided, followed by a survey of the current literature in the field and the progress made

in the various applied branches of MOF chemistry. The aims of the thesis are delineated.

In chapter 2 mixed-ligand one- and two-dimensional coordination polymers based on
various M?* metal ions are described. Both ligands used are tripodal. The accommodation
of varying M?* ion radii takes place in 1-4 due to the ability of the ligands used to adopt
increasingly strained conformations. This effect permits the recurrent formation of the same
one-dimensional coordination polymer motif, and the same packing arrangement in two
dimensions. However, supramolecular packing in the third dimension, mediated by

aromatic interactions between distorted ligands, varies as a result of increasing ionic radius.



The chelating ligand used in 1-4 is replaced with an isomeric capping ligand, and a two-

dimensional sheet motif is obtained.

This mixed ligand strategy is applied to ditopic N-donor ligands used in combination with
ditopic organic and inorganic charged moieties in Chapter 3. Functionalised ligands are
used as pillars in 3D structures which contain accessible 1D channels in 6 and 7. Prolonged
and delicate crystallisations allowed the isolation of compounds based on N-donor ligands
with highly flexible alkyl-chain backbones — 8 and 9, which were both found to be two-
dimensional, rather than the three-dimensional structures shown by homologues. 8, was
shown to be intrinsically porous, and showed excellent CO; uptake characteristics and
selectivity, bringing the most valuable qualities of many 3D MOFs into two dimensions.
The ditopic, bridging monodentate coordination mode adopted by the aromatic 4,4’-
azopyridine ligand in 10 allows it to pivot about its axis in response to its surroundings.
This led to the occurrence of a sharp transition upon the adsorption of 1.5 molecules of CO>
molecules per unit cell, after which the uptake of CO increased dramatically. 10 was
shown to be selective for CO. over N, and the stimulus-responsive behaviour was shown
to result in the highest room temperature CO> working capacity between 0.1 bar and 1 bar
recorded till date. A reversible transition also occurs between 10 and a hydrated phase 10,

which is utilised for the instantaneous release of adsorbed CO- from 10.

In Chapter 4, an elegant synthetic strategy is described, by which neutral, ditopic, N-donor
ligands of appropriate length were incorporated into frameworks with the pto topology.
This may be considered a mixed ditopic+tritopic ligand strategy. 11 and 12 were built by
the incorporation of the photoresponsive 4,4’-azopyridine ligand into pto scaffolds built
with highly extended, flexible ligands. As a result, the photoresponsivity of the 4,4’-
azopyridine ligand is expressed through static and dynamic changes in the CO; uptake of
11 and 12. Strong responses to irradiation — changes of 40% of the magnitude of uptake
under dynamic irradiation conditions — are observed. 11 and 12 are the first reported MOFs
with photoresponsive gas uptake in which photoswitching ligands are not the sole organic
component. This synthetic strategy was also used to incorporate functionalised ditopic

ligands into pto scaffolds in 13-16.



Chapter 5 contains a description of novel MOFs based on the highly extended bteb® and
bbc® ligands and analyses of their structures. Conformational flexibility due to the
acetylene and p-phenylene spacers allows the adoption of otherwise inaccessible dihedral
angles, and lower symmetry conformations. As a result, the frameworks in 17-23 form
‘non-default’ networks. In 19 and 23, 4,4’-azopyridine is used as an auxiliary ligand, and

novel topologies are obtained.

In Chapter 6, a number of MOFs (24-28) are described which were targeted for specific
attributes using the bteb® and bbc® ligands. Simulations are carried out to show the
potential porosities of these frameworks, and some exceptional attributes are observed.

Chapter 7 describes the experimental details of the work carried out.

Chapter 8 concludes the thesis and offers an outline of the research questions emerging

from the results presented which may be addressed in future studies.
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Introduction



Flexibility in Coordination Polymers

1.1 - Early History

After Werner’s revolutionary investigations describing metal complexes as consisting of
metal atoms surrounded by ligands, the modern definition of coordination compounds has
changed very little.** As per the current IUPAC definition, a coordination compound
consists of a central atom or ion, usually a metal, to which groups of atoms, called ligands,
are attached by coordinate bonding through a donor atom.> A suitable arrangement of
multiple donor sites on a single ligand can easily be imagined by which this ligand might
act as a bridge between multiple metal sites, leading to a one-, two-, or three-dimensional
network structure in which the repeating units are coordination entities based on the metal
ions and ligand fragments. These extended ordered structures are known as coordination

polymers.

The concept of polymerism was first invoked by Berzelius in 1833, in order to describe
compounds with similar empirical composition but different properties, originating from a
difference in the total number of atoms present.® Thus, polymers were materials composed
of multiple units of a basic building block, such as ethene and butene. This meaning has
changed somewhat over time.” The word was first applied in its present sense to organic
polymers by Staudinger in 1922, when he theorised that plastic organic materials, such as

Bakelite, were composed of repeating patterns of covalently linked organic monomers.®

The term ‘coordination polymer’ surprisingly predates this usage, and was coined in 1916,
by Shibata, in reference to oligomeric cobalt(ll) ammine complexes.® Although
coordination polymers such as Prussian Blue have been known, synthesised and used since
at least the early 1700s, their structures remained unclear until the advent of suitable X-ray
techniques in the 1970s.1%%2 Similarly, the first Hofmann complex, synthesised in 1897,
was shown to be a coordination polymer only in 19521314 The term ‘coordination polymer’
made sporadic appearances in the literature until the analogy between organic and
coordination polymers as infinitely extended structures was explicitly made by Bailar Jr. in
1964, and consolidated by Carraher in 1981.15-22 The possibility of design and control over
structure and dimensionality in coordination polymers is clearly articulated in these studies.
Mathey (1977) and Iwamoto (1980-1985) published examples of the coordination of
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various linear diamine ligands into extended Hofmann complexes, which were important

early steps towards a general theory of design in coordination polymers (Fig.1.1.1).232

However, publications remained relatively rare in the area.

(a) (b) (©)

Fig. 1.1.1 — Representations of the crystal structures obtained for (a) the Hoffman complex
[Cd(mea)Ni(CN).]-C4HsN (mea: monoethanolamine), taken from Ref. 27. (b) Prussian Blue,
Fes[Fe(CN)g]s-xH20, in which large open and closed symbols represent Fe(l1), Fe(l11)
centres, small open and closed symbols represent C and N centres from CN-, and the double
circle represents interstitial oxygen centres from H-O. Taken from Ref. 12. (c) the
Hoffmann complex [Ni(CN)2(NH3)]-CsHe, taken from Ref. 14.

1.1.2: Towards Porosity and Rational Synthesis

In the 1990s, developments in a number of modern chemical fields such as supramolecular
chemistry, crystal engineering, and structural inorganic chemistry, as well as paradigm
shifts in crystallography and computing, converged to create a conducive environment in
which to imagine and realise coordination polymer structures.?®?® Crystal engineering
originated with the work of Schmidt and Kitaigorodsky, who both pioneered general
theorisation of crystal structures based on the molecular components of the crystal.3%3!
Despite an important early paper by Leiserowitz in 1976 on the crystallisation of carboxylic
acids, relating molecular identity to crystal structure remained a significant challenge for
decades.®? In 1988, an editorial by Maddox was published in Nature, which stated, “One of
the continuing scandals in the physical sciences is that it remains in general impossible to
predict the structure of even the simplest crystalline solids from a knowledge of their
chemical composition... Solids such as crystalline water (ice) are still thought to lie beyond

mortals’ ken. Yet we would have thought that, by now, it should be possible to equip a
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sufficiently large computer with a sufficiently large program, type in the formula of the
chemical and obtain, as output, the atomic coordinates of the atoms in a unit cell.”*® This
appears to have been a crucial intervention in the field, and the editorial has been cited over
300 times (as per Web of Science, June 2018).

At almost exactly this time, the area of crystal engineering experienced a revitalisation.
Importantly, over the preceding years, sophisticated direct methods for crystal structure
solution had been developed, and a searchable database of crystal structures — the
Cambridge Crystallographic Data Centre - was established, and with advances in
computing both became more accessible.?® In 1987, the Nobel Prize in Chemistry was
awarded to Cram, Lehn, and Pedersen for their contributions to establishing supramolecular
chemistry, in particular "for their development and use of molecules with structure-specific
interactions of high selectivity." 3427 In 1989, Desiraju authored a key monograph entitled
Crystal Engineering, which provided the context and basis for much of the subsequent
research concerned with understanding intermolecular interactions, and their utilisation to
generate solids with desirable properties.® It was influential in concentrating attention

towards deviations from simple close packing due to chemical functionality in molecules.*

The parallels between supramolecular chemistry and crystal engineering are evident in that
both are centred on molecular recognition and intermolecular forces. Crystal engineering
is often thought of as supramolecular chemistry in the solid state and crystals were
described by Dunitz (1991) as “supramolecules par excellence”.*° Directional interactions
were therefore studied extensively with a view towards understand the molecule-crystal
relationship. Papers by Etter and Zaworotko on hydrogen bonding (H-bonding), Gavezzotti
and Desiraju on aromatic interactions, and Braga on organometallic cluster compounds
were, among many others, extremely influential in harnessing the potential of these
directional interactions, and laid much of the foundation for crystal engineering as we
understand it today. 148

Advances in crystal engineering did not exclude coordination polymers.*® Despite the
difference in the strengths of the directional interactions used to control the structure of the
crystal (covalent bond vs. H-bond/other weak interaction), the same principles applied. By

the late 1980s, the similarities became abundantly clear. One example of this convergence
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between organic crystal engineering and coordination polymer chemistry are the early
achievements of designed diamondoid nets. In 1988, Ermer reported the construction of a
diamondoid crystal structure based on H-bonding interactions in adamantane-1,3,5,7-
tetracarboxylic acid.®® The —COOH groups in this compound are oriented into a near-
perfect tetrahedron. H-bonds between —COOH groups orient each molecule into a
recognisable network composed of tetrahedra. The next year, Hoskins and Robson selected
tetrahedral C(CsH4CN)4 ligands - functionally reminiscent of the linear diamines used to
construct Hofmann complexes - and complexed them to Cu(l) metal centres, which are
known to strongly favour tetrahedral coordination environments.®? This coordination
polymer, too, is easily visualised as a network of connected tetrahedra. Both solids show
how directional information in the molecular components of a crystal can allow the
achievement of a desired architecture, a small step towards Maddox’s directive (Fig. 1.1.2).
= \
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(a) (b) (c)

Fig. 1.1.2 — Representations of the diamondoid networks in (a) the reduced ‘dia’ net as given
in the RCSR, from Ref. 52. (b) the H-bonded crystal structure of admantane-1,3,5,7-
tetracarboxylic acid (CCDC: GEJVEW), adapted from Ref. 50. (c) the 3D coordination
polymer [Cu(C(CsH4CN))] (CCDC: JARMEU), adapted from Ref. 51.

Further, this example shows the usefulness of describing molecular architectures as
networks. This approach was pioneered by Wells in 1977, in his descriptions of solid state
inorganic compounds, in which directionality emerged from strong ion-ion interactions,
shared oxygen atoms, and packing considerations.>*>°> The similarities between the
examples above can be emphasised by describing them as diamondoid networks, owing to
their resemblance to the classical diamond structure, in which each atom provides the
necessary directional information for the assembly of the crystal.>® Adopting the network
approach to the design of crystalline solids reconfigures the central problem of crystal
engineering into one of determining the three-dimensional (3D) pattern of connections that

will form between the components of a crystal with functionality oriented in particular
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directions, and the reverse, identifying components with functionality oriented

appropriately for the formation of a particular 3D pattern.®’

With these developments, the foundation had been laid for a re-evaluation of the scope of
coordination polymer research. In the early 1990s a series of publications by Hoskins,
Robson, and co-workers showed the rational construction of several 2D and 3D networks
from metals and organic ligands.>-°8-%7 In these papers, analogies were drawn between the
structures of the networks obtained and patterns familiar to crystallographers, such as
square and hexagonal (honeycomb) lattices, the cyclohexane boat conformation, rutile, and
PtS networks, and more examples of diamond-like networks. Several of these were
networks already discussed in inorganic solids by Wells, providing a basis for
classification. New networks were also reported. In one of these articles (1990) Robson and
Hoskins address the possible impact of these discoveries, and list some possibilities for the

application of the general synthetic method they employed.®*

0 _—
[ 5 1 15 20 2 30 3

Plam ——

@ (e) (M

Fig. 1.1.3 — Representations of (a) the interpenetrating rutile-like frameworks of
[Zn(C(CNs3),] in Ref. 64. (b) channels formed in the 2D square framework of
[Cd(bpy)2](NOs3)2-(CsH4Br) in Ref. 68. (c) the 3D cubic coordination polymer network in
[Zn(bpy)2(SiFe)], in Ref. 69. (d) the diamondoid ‘metal-organic framework’
[Cu(bpy)2](N(CHz3)4) in Ref. 70. (e) the ‘tongue-and-groove’ structure in
[Co2(bpy)s(NO3)s]-xH20, in Ref. 71, and (f) adsorption isotherms of CHa (circles), N>
(diamonds), and O, (squares) on it at 298 K in mmol/g.
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The paper states “We propose that infinite, ordered frameworks may form spontaneously,
if ways can be devised of linking together centers with either a tetrahedral or an octahedral
array of valencies by rod like connecting units... It may be possible to devise rods with
sufficient rigidity to support the existence of solids with relatively huge empty cavities...
The materials we propose here in principle offer bigger cavities, better access, a greater
“concentration” of active sites and more widely variable functionalization of the matrix
than cross-linked polymers or zeolites.” Progress towards highly porous coordination
polymers (and discrete metal-ligand assemblies) was made rapidly in the subsequent years,
and compelling evidence was gathered that guests could be reversibly incorporated into the
voids defined by the networks (Fig. 1.1.3).586%72-7% The first appearance of the term “metal-
organic framework” in conference proceedings was in 1994, used by Yaghi and co-workers
to refer to diamondoid networks built using the 4,4'-bipyridine (bpy) ligand.” In 1995,
Yaghi and co-workers published the selective binding and removal of pyridine guests in a
cobalt(I1) trimesate MOF.& The term MOF was used as it is today — to refer to coordination
polymers based on organic ligands, with potential porosity. In 1997, 1998, and 1999, three
papers by the Yaghi and Kitagawa groups demonstrated reversible gas sorption in
microporous MOFs, dispelling any lingering uncertainty regarding the functional utility of
coordination polymers, and consolidating the basis for the rapidly growing interest in these

materials in the years to follow (Fig. 1.1.4)."1882
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Fig. 1.1.4 — The number of unique publications appearing as Scopus search results, by year,

for the search terms “coordination polymer”, “metal-organic framework”, “supramolecular

chemistry”, and “crystal engineering” in the title, abstract, or keywords, from 1986 to 2017.
Up to date as of June 2018.
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1.2 - Design and Synthetic Considerations

Developments highlighting the functional attributes of MOFs brought their structural
chemistry into focus. The potential of MOFs lay in the simplicity of the relationship
between composition, structure and function, and elucidating the structural underpinnings
of MOF chemistry became a crucial task. Hoskins and Robson’s early predictions based on
metal “nodes” and organic “spacers” provided the early conceptual basis for a systematic
theorisation of MOF geometry and topology based on the components used, and Wells’
network approach allowed comparisons to existing inorganic systems, which had been
comprehensively analysed.>® The network approach as applied to MOFs was the subject
of two independent articles published simultaneously by the O’Keeffe and Férey groups in
2000, proposing principles for the topological classification of MOFs.838* These principles

developed into reticular chemistry (Latin: reticulum, “net’).8>88

MOFs can be thought of as composed of two kinds of building units: metal ions, clusters,
or oxo-clusters, and organic ligands. Directional information contained in the metal cluster
or oxo-cluster determines the relative orientations of ligand groups, which act as connectors
between several metal units. In analogy with zeolite topochemistry, the ligands, which
provide geometrical extension, are considered the primary building units, and the metal
units, which provide direction, are the secondary building units (SBUs).8”#8 Depending on
the number of possible sites available for coordination, SBUs can accommodate multiple
ligands and orient them in a variety of directions. Equally, the high degree of synthetic
control available over organic compounds allows the selection of ligands with various
functionalities, and with multiple donor atoms oriented in different directions. In general,
MOF chemistry can therefore be thought of in modular terms — a chosen framework can be
achieved by connecting a suitable ligand and a suitable SBU in a suitable way. Besides the
benefits of the network approach already discussed, reticular analysis of MOFs was based
on the topology of the framework structure. Therefore, even though there may be
geometric, crystallographic, or physical differences between networks in MOFs, the
topological classification remains invariant if chemical bonds connect ligands and metals

in the same pattern. The topology of a MOF does not change under deformation unless
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bonds are broken and re-made. In other words, topology provides a mathematical

description of the structure of MOFs, based on chemical bonds.>’

— —
—

(@) (b ©

Fig. 1.2.1 — Topologically allowed (a) < (b) and disallowed (b) < (c) representations of the
hcb (honeycomb) network. The representation in (c) is the sgl (square lattice) network.

An illustration of this can be seen using 2D networks in Figure 1.2.1. Without breaking or
forming any bonds, network (a) can be deformed into network (b), while network (c)
cannot. Thus, despite the greater apparent geometric similarity of (b) with (c) than (a), (a)
and (b) have the same topology, while (c) has a distinct topology. In fact, (a) and (b) are
fragments of the well-known honeycomb (hcb) network, while (c) is a fragment of a square
lattice network (sql). In hcb each vertex is connected to three other vertices through a
spacer, while in sgl each vertex is connected to four other vertices. Three-letter
abbreviations for network topologies, such as hcb and sql, are used where available in order
to classify networks without using their detailed mathematical descriptions, a practice again
adopted from zeolite chemistry. This also makes network descriptions easier to retrieve and
search for, a trait used extensively in the Reticular Chemistry Structure Resource (RCSR),
which is a searchable repository of over 3000 periodic networks that has become an
essential tool for the construction and analysis of MOF structures, and greatly aids the study

of MOF topologies.®

1.2.2: MOF-5 and HKUST-1

The extremely well-studied structure of MOF-5 is a useful illustration of these ideas. The
SBU in MOF-5 is constructed from an oxo-centred {Zn4O} unit, with the Zn atoms bound
by six carboxylate groups (as in basic zinc acetate), resulting in the carboxylate C atoms

adopting an octahedral geometry for the overall SBU. The linker is the linear remainder (a
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p-phenylene moiety) of the benzenedicarboxylate (bdc, also called terephthalate) ligand.
The octahedral orientation provided to the linear linkers by the SBUs results in a cubic 3D
net in which each cube coincides with the unit cell (Fig. 1.2.2). The three-letter abbreviation
assigned to such a network is pcu, which stands for primitive cubic. MOF-5 was discovered
in 1999 by Yaghi and co-workers, and was found to be stable to solvent removal and very
highly porous, with a Langmuir surface area of ca. 2900 m?/g and a pore volume of 1.04
cm?®g. These attributes were superior to all other porous materials, including zeolites and

porous carbons, known at that time.%
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Fig. 1.2.2 — A schematic illustrating the relationship between the components of MOF-5 and
its crystal structure.®

The reticular approach was also elegantly exemplified using functionalised and extended
homologues of the bdc linker to synthesise, by design, a number of isoreticular MOFs
(IRMOFs). By choosing longer linkers, larger pore volumes and gas uptakes were achieved,
demonstrating the utility of the approach. Notably however, the formation of twofold
interpenetrated IRMOFs upon linker extension was documented, in which void volumes
were reduced by the presence of the second network.®! Despite the robustness of the pcu
synthetic platform, the formation of MOF-3, based on trinuclear zinc(II) “hourglass” SBUs,
from the same starting materials — zinc(ll) nitrate hexahydrate and terephthalic acid, also
provides an example of the responsiveness of MOF syntheses to changes in conditions (Fig.
1.2.3).9092

10
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(a) (b)

Fig. 1.2.3 (a) - A MOF isoreticular to MOF-5: IRMOF-15, based on the octahedral {Znas}
SBU and the ditopic p,p’-terphenyldicarboxylate (tpdc) ligand (from Ref. 91). The yellow
sphere represents the largest van der Waals sphere that the cavity shown can accommodate.
(b) — A polyhedral representation of the ‘hourglass’ SBU in MOF-3 (CCDC: PURSOK),
adapted from Ref. 92.

Linear linkers such as bdc are called ditopic, since they have donor atoms in two distinct
connecting positions. Somewhat more complex structures can be achieved using tritopic
ligands. In HKUST-1 (HKUST: Hong Kong University of Science and Technology),
benzenetricarboxylate (btc, or trimesic acid) ligands are used as tritopic ligands that bind
dinuclear copper(Il) “paddle-wheel” SBUs. The paddle-wheel SBU consists of two square
pyramidal Cu?* environments. The Cu?* ions are bound equatorially by four carboxylate
groups in a syn, syn bidentate bridging fashion, resulting in the four carboxylate C atoms
adopting a square planar geometry. The four carboxylate planes meet at the imaginary line
between the Cu?* ions, resembling a paddle-wheel. The axial positions of the paddle-wheel
motif are occupied by labile water ligands, which can be replaced by other O- or N-donor

ligands, or removed altogether - a feature that leads to desirable adsorption behaviour.%

The topology of HKUST-1 has the RCSR symbol tbo (twisted boracite). An isomeric stable
topology that can result from the combination of tritopic ligands and paddle-wheel SBUs
is the pto (Pt304) topology as shown by MOF-14 and MOF-143. These forms have the
same molecular formula and can be considered isomers of one another, a phenomenon
known as framework isomerism. Differences between pto and tho networks can be seen in
Figure 1.2.4. A number of factors determine whether the tbo or pto topology is adopted.
One important factor is the planarity of the tritopic linker. Linkers such as btc and 4,4',4"-

(triazine-2,4,6-triyl-tris(benzene-4,1-diyl))tribenzoate (tapb), in which the carboxylate

11
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groups are coplanar to each other and the central phenyl ring, favour the tbo topology, as
seen in HKUST-1. However, ligands such as 4,4',4"-benzene-1,3,5-triyl-tribenzoate (btb)
and 4,4'4"-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate  (bbc) in  which
peripheral benzoate moieties are pushed out of the plane of the central phenyl ring by aryl

proton — aryl proton steric repulsion, show a preference for the pto topology.®

“00C,
Cus(BTC)
ch —>  HKUST-1 (aka MOF-199)

"09C" 4,3 5-benzenetricarboxylate

00C (BTC)
Cus(BTB) pto
: MOF-14 (interwoven)
CoO
Cua(BTB)2
MOF-143 pto
50 4,4'4"benzene-1,3 5-triyl-
Cu tribenzoate (BTB)

c %
S OO —> e

N MOF-388 (interwoven)
+ —

Cuz(CO2)4

4.4'4"(triazine-2 4,6-triyl-tris(benzene-
GO 4,1-diyl))tribenzoate (TAPB)

Cus(BBC
oo —> Norae” tho

4,4'4"(benzene-1,3,5-triyl-tris(benzene-
4,1-diyl))tribenzoate (BBC)

pto-a tbo-a

Fig. 1.2.4 (above) — A schematic diagram of the topologies obtained upon combination of the
square {Cu,} paddle-wheel SBU with various tritopic ligands into MOFs. (below) —
Representations of the augmented (squares represent 4-connected nodes, triangles represent
3-connected nodes) pto and tbo network topologies adopted by these MOFs. From Ref. 94.
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These examples illustrate the power of the reticular approach to achieving desired MOF
structures, but also show some of the important limitations within which it may be applied.
In order to form the desired MOF in high purity, the formation of the SBU, conformations

adopted by ligand molecules, and interpenetration must be controlled synthetically.

The conditions of synthesis, therefore, are vital in the design of MOFs. Due to the
covalently bonded nature of MOF materials, recrystallisation and solution characterisation
techniques are inaccessible, so single crystal X-ray crystallography is the most
straightforward tool for structure determination. Although a number of MOF structures
have been determined using PXRD techniques, the formation of single crystals directly
from synthesis is highly desirable for characterisation. Metal-ligand coordination bonds are
the optimum strength to provide structural support to the framework, but can still be broken
and re-formed under ordinary conditions in solution. Ag-OH bonds have a bond energy of
139 kJ mol?, M-O bonds in acetylacetonate complexes have bond energies in the 170 —
250 kJ mol range, Zr-O bonds in Zr(OPr')s have a bond energy of 517 kJ mol?, and these
energies illustrate the range of energies observed for metal-ligand bonds.®>~*8 This allows
the correction of premature terminations and cross-connections as the framework forms,

and is important for the formation of a highly ordered, crystalline structure.

The solvent chosen for the synthesis must be one in which the metal salt (an ionic
compound) and the ligand (an organic compound) are sufficiently soluble. Alcohols,
dialkyl amides, water, and pyridine, as well as combinations of these are the most
commonly used.®® Dialkyl amides are widely used because, in addition to favourable
solvation properties, they typically have sufficiently high boiling points to withstand the
temperatures of MOF synthesis. Solvents help stabilise the large voids in porous structures
as they form, and although no clear host-guest interactions are seen in most cases, solvents
showing varying degrees of disorder are nearly always found in the crystal structures of
MOFs. Varying the solvent in MOF syntheses has been shown to affect the network
obtained and the degree of interpenetration. %! |onic liquids and deep eutectic solvents
have been shown to have similar effects.!%1% Chiral ionic liquids have been shown to

impart chirality to MOFs grown in them using achiral building blocks.104-10

13



Flexibility in Coordination Polymers

HC(O)NR, + H,0 — HCO,H + HNR, = HCO; + H,NR} (1.2.1)

The decomposition pathway of dialkylamides (Equation 1) can interact with MOF
syntheses as well. Secondary amines formed on decarbonylation of N,N-
dimethylformamide (DMF) and N,N-diethylformamide (DEF) can template the formation
of SBUs distinct from those formed by pristine solvent.’’” The dialkylammonium cation
thus obtained has been shown to have a templating effect, and is an integral part of a number
of SBUs synthesised in this manner.!® Dialkyl amide solvents are also prone to
decomposition upon heating, and the decomposition products — amides and carboxylic
acids — can help stabilise intermediates in the metal-ligand reaction.®® However, it should
be noted that this decomposition also promotes side reactions which may be undesirable in

this context.

Consider the formation of a MOF represented by the reactions in Equations 2-5. By either
an associative or dissociative mechanism, the initially coordinated ligands/solvent
molecules (A) on the SBU are replaced by MOF linkers (L). The dissociative process may
be written as follows, with rate constants ki and k.1 for the forward and backward reactions
respectively in equation 1, ko and k> for the forward and backward reactions respectively

in equation 2, and so on.

ky (1.2.2)
MAg = MAs + A
k_q
ks (1.2.3)
MAs+L = MAsL
k_»

And so on for subsequent substitutions.

Similarly, the associative process may be written with the same formalism for rate

constants.
ks (1.2.4)
MAg+ L = MAgL
k_q
k, (1.2.5)
MAGL = MASL + A
k_;

14
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And so on.

Thus, the process of MOF formation can be approximately considered a process of stepwise
substitution from MAg to MLs via the pathways shown. The rate of the substitution of one
ligand is then represented by rsa.

Ts1 = ko [MAs][L] (1.2.6)
And at steady state,
Tproanmas) = ki[MAg] (1.2.7)
Teonsnmas] = k-1[MAs][A] + k;[MAs][L] (1.2.8)
Thus,
ky[MAg] = k_,[MAS][A] + k,[MAs][L] (1.2.9)
And,
(MAs] = kz[f]l EW :E]l[A] 20
And finally,

ko [MAG][L] (1.2.11)
1T kLAl kolL]

Therefore, A is a competitor to L, and the rate of bridging ligand substitution can be slowed
down by increasing the concentration of A. The concentration of A is a useful synthetic
handle on the speed with which crystallisation takes place, and consequently allows a
degree of control over crystal quality. Slower reaction favours the formation of ordered,
crystalline products, whereas at high rs;, Kinetically favoured, long range disordered
products are likelier to form. This is due to the formation of chain terminations and cross-
links by disordered metal-ligand bond formation. Correcting bonds that do not yield the
long range ordered product is therefore an equally essential kinetic consideration. The rate

of dissociation of a single metal-ligand bond can be written as rqz.

—Ea
k= et (1.2.13)

The Ea term in Equation 13 varies with the hardness of the metal ion in question. For
relatively soft Lewis acids such as Pb?*, Cd?*, Cu?*, and Zn?*, Ea is low, and k-2 and rg; are

high, and excess solvent is sufficient competition to ensure facile crystallisations.
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However, in the case of hard acids such as AI** and Zr**, the metal-ligand electrostatic
interaction is stronger. So, Ea is high, and ki is far greater than k-2, promoting the rapid
formation of amorphous products. In order to lower the Ea barrier for dissociation, higher
reaction temperatures are used. This approach is synthetically easy and commonly used,
but is limited in that it increases both ki and k». The introduction of an additional
competitive Lewis base to lower the ki value, such as formate or acetate, can therefore be

advantageous in combination with increased temperature, in these cases.!'°

The thermodynamics of MOF formation also indicate the need for elevated temperatures

during synthesis. MOFs have extremely low densities for ordered solids, and are metastable

with respect to the dense phases of the starting materials from which they are synthesised.
4Zn0 + 3H,(bdc) + xDEF — Zn,0(bdc); - xDEF + 3H,0 (1.2.14)

The enthalpy of formation (AHr) of MOF-5 as per Equation 14 has been experimentally
shown to be 24.9+0.9 k] mol (Zn), and for the evacuated framework with no constitutional
DEF molecules, 19.7+0.7 kJ mol™? (Zn). The contribution of the pore solvent is therefore
in the same range (4-7 kJ mol?) as in zeolites and other resilient porous materials. MOF-5
is thermally stable in dry air up to 500°C.}! In HKUST-1, however, AH; for the as
synthesised MOF (in DMF) is exothermic relative to the dense phases, and is measured at
-52.740.3 kJ mol™ (Cu). Yet, AHs for the desolvated MOF is positive, 16.7+0.5 kJ mol*
(Cu). The interaction between DMF and HKUST-1 is therefore found to be very strong.
This may be attributed to the presence of strong solvent-metal interactions at the axial
positions of the paddle-wheel motif, resulting in an unsaturated metal centre (UMC) on
desolvation. The very large stabilisation energy offered by the solvent helps stabilise the
MOF, and partial amorphisation is observed on desolvation.*'? Therefore, the method of
desolvation plays a crucial role in preserving the metastable framework for use as a porous

material 113

The endothermic nature of framework formation further shows that elevated temperatures
favour MOF synthesis. Two regimes for synthesis are commonly used - conventional
elevated temperature synthesis, and solvothermal synthesis.!'* Solvothermal conditions
refer to those in closed vessels at autogenous pressures above the boiling point of the

solvent.}>117 Solvothermal techniques are synthetically valuable because under these
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conditions, the vapour pressure of the solvent in the vessel is raised and the dielectric
properties of the solvent change, leading to increased dissociation, and enhanced effective
solubilities for some reactants. For example, the pH of water measured at 453 K is ca.
5.5.118

1.2.6: Further Synthetic Considerations, Ligand Flexibility, and Design

The temperature used to obtain a desired product is chosen based on the process of SBU
formation, the boiling point of the solvent, and the temperature of ligand decomposition.
Many metal ions are capable of aggregating into various various SBUs that may all be
stabilised by a given ligand system, and therefore choosing the correct temperature is vital
for the formation of the desired product in high purity. In a classic example of this effect,
reacting Co?* with succinate in water at temperatures ranging from 60°C to 250°C yielded
five distinct crystalline products at different temperatures (Fig. 1.2.5).1° SBU nuclearity
and framework dimensionality both increased with temperature. An even greater diversity
of cobalt succinate coordination polymers can be obtained by varying pH and
concentrations.'?° However, examples of SBUs are also known, especially for hard metal
ions, which are very resilient to temperature, for instance the octahedral uz-O trinuclear
Cr(l11) hexacarboxylate unit, which is stable in solution from 25°C to 200°C.?! Emerging
alternatives to  elevated-temperature  syntheses include  microwave-assisted,
electrochemical, mechanochemical, and sonochemical methods. 212" However, regardless
of the method employed, an understanding of the thermal behaviour of the components,

and control over conditions of the system are essential for rational synthesis.

u » : S P4 ; % ~ =

Fig. 1.2.5 — The five distinct cobalt(l1) succinate phases obtained, at increasing temperature
from left to right. From Ref. 119.

The auxiliary components of reactants, such as the anions in the metal salt used, also play
a role in MOF formation, as can be seen in MOF-5 and compounds with related

compositions.?>13 Ligand flexibility is another important synthetic variable. The local
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environments and relative conformations of donor sites in the crystallising MOF determine
which topology is adopted by the framework, in cases with multiple possibilities.t3-1%
Solvent-ligand interactions and ligand sterics are important determinants of structures. ™’
139

A useful general principle of the design and reticular synthesis of MOFs crystallising out
of an isotropic state in solution is that, for known shapes and connectivities of nodes and
spacers, the most symmetric nets are expected to form.®®> However, as illustrated by the
extended homologues of HKUST-1, MOFs formed by a particular SBU and a ligands of
fixed topicity may not be isoreticular to each other.% In theory, combinations of ligands
and SBUs with particular topicities may result in a number of different structures. However
in practice, ca. 80% of MOF structures obtained belong to a handful of high-symmetry
‘default’ nets, which form partly as a consequence of symmetric ligand conformations.*°
MOFs based on non-default nets are equally exciting candidates for various applications,
eg. MOF-177, which is based on the gom net, rather than the ‘default’ rtl or pyr nets
expected for a 6-connected SBU and 3-connected ligand.'** However, predicting the
formation of non-default nets requires the consideration of variables outside the standard
reticular synthesis toolkit. The use of extended ligands with increased flexibility, or
deliberate steric modulation, has led in some cases to the formation of non-default
structures due to ligand desymmetrisation, or access to conformations restricted in shorter
homologues.**?%® However, systematic examinations of the landscape of possible non-

default networks for fixed combinations of ligand and SBU connectivity are very rare.}44

Similar factors also play a crucial role in deciding framework interpenetration.
Interpenetration (or interweaving, in the case of nets minimally displaced from each other
due to attractive interactions) occurs due to the thermodynamic need to form denser phases
during the formation of porous MOFs (Fig. 1.2.6).}2* Reaction conditions have
important influences on the phase formed, and ligand sterics also provide some synthetic
control 138155198 |t s important to point out that depending on the application desired,
interpenetration or interweaving can impart favourable characteristics to the material
obtained.*>? An example is the dramatic improvement of the CO- selectivity of SIFSIX-2-
Cu upon interpenetration, providing an exceptionally large physisorptive selectivity for
CO2 over Ny (140 with interpenetration, versus 13.7).1%°
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(a) (b)

Fig. 1.2.6 (a) — Mutually interpenetrated pcu frameworks in MOF-9. From Ref. 153. (b) —
Interwoven pto frameworks in TCM-4. From Ref. 160.

How possible it is to achieve total ‘design’ in chemical synthesis is a matter of debate.®!

However, MOF chemistry is an area in which a great deal of synthetic control may be
exercised in the right circumstances, and product formation, in general, occurs according
to simple rules. The modular approach of combining ligands and SBUs allows a great deal
of customisability within a highly ordered, highly porous synthetic platform. Unusual and
unexpected structures - that form due to apparent exceptions to the reticular concept, or due
to very particular affinities within the reaction system - have advantages of their own, and
their formation expands the space of possibilities available to chemists in the field. At
present, technology to scale up MOF synthesis to commercially useful levels is being
developed, and the promise of MOFs towards applications of many different kinds has been
firmly established by a formidable body of research,162163
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We are, at present, faced with technological challenges in fields as varied as carbon capture,

hydrogen storage, fuel refinement and chemical purification, catalysis, and other more

niche areas, in which metal-organic frameworks have prospective useful applications. Solid

porous materials have become an important area of investigation aimed at the capture,

release, and storage of various gases, in order to address the above challenges. Among the

classes of solid porous materials, such as carbon-based solids, zeolites, porous silica,

porous polymers and covalent-organic frameworks, MOFs have been established as the

most tunable and structurally diverse (Table 1.3.1). They show excellent characteristics for

the capture and storage of large quantities of gases, and also afford chemical platforms for

customisation towards very specific applications. 64168

Table 1.3.1 — A comparison of classes of solid-state adsorbents, adapted from ref. 166.

Property Porous Porous Covalent Zeolites Metal-
Organic Molecular Organic Organic
Polymers Solids Frameworks Frameworks
(COFs) (MOFs)
Porosity Usually Usually Microporous, | Microporous, | Microporous,
microporous | microporous, | Mesoporous | Mesoporous | Mesoporous
rare
mesoporosity
Pore Size Broad Sharp Sharp Sharp Sharp
Distribution
Typical Amorphous | High Moderate to | High, High
Crystallinity high occasionally
amorphous
Stability Good, Modest. Low for High thermal | Modest,
especially Isolated boronates, stability, growing
hydrothermal | examples of | high for occasionally | numbers of
hydrothermal | imines pH sensitive | water-stable
stability MOFs
Modularity | Very high Rare, some In principle High, new Very high
co-crystals high, structures
growing can be based
occurrence on known
zeotypes
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Property Porous Porous Covalent Zeolites Metal-
Organic Molecular Organic Organic
Polymers Solids Frameworks Frameworks
(COFs) (MOQOFs)
Processability | Low, except Soluble —pro | Insoluble, Insoluble - Insoluble,
PIMs* or con examples of films, composites
depending on | surface composites, and films
application growth pellets well well-known
developed
Designability | Control over | Control over | Reticular High, but Excellent,
composition functionality | chemistry design of well
well within cage. applies in organic developed
developed, Limited principle templates reticular
control over control over often chemistry
3D assembly challenging
organisation
limited
Unique Selling | Extended Physical Electronic Stability, High
Points conjugation properties properties established structural
possible intrinsic to use and chemical
cages, control for
solubility specialised
application
Summary Growing area, | New area, Early promise | Major Established
diverse early promise | for organic commercial and highly
chemistry, for specific electronics importance, active field,
commercial separations still growing | awaiting
application large-scale
for PIMs* application

*PIMs — Polymers of Intrinsic Microporosity.

Porosity in MOFs emerges from the combination of ligand and metal into characteristic

arrangements. Just as the framework can be ‘designed’, the dimensions of the voids defined

by the framework can also be predictably obtained. Ligands can be chosen with suitable

rigidity, functionality, shape and topicity, and SBUs can be chosen with the appropriate

geometry and hardness, to yield a stable MOF that is tailored for an application. The

strength of the components of the framework and the metal-ligand bond must be sufficient

for the metastable porous phase to remain after solvent removal — many MOFs with high

acid, hydrolytic, and framework stability are based on strong metal-ligand bonds (eg.

Materials Institute Lavoisier (MILs), and Zr**-carboxylate frameworks).!6-1"° However,

bonds of this strength often pose a challenge in crystallisation, and the vast majority of

MOFs characterised by single-crystal X-ray studies suffer from limited stability in harsh
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environments. Simple solvent removal procedures, such as low pressure and high
temperature, are often ineffective if applied directly to the as-synthesised material.*’*
Framework collapse affects the available porosity of the MOF, and also affects the
reproducibility of evaluations of gas storage behaviour.’?

In order to make the transition from solvent-filled to evacuated frameworks more feasible
in more delicate compounds, two key empirically established strategies are applied. The
first is solvent exchange, in which the original solvent (typically a high boiling, formamide-
based solvent) is replaced by soaking in lower boiling solvents such as methanol or
dichloromethane. This technique facilitates the removal of the new solvent at milder
conditions, and in those MOFs whose collapse is triggered by the capillary action of high-
surface tension solvents it allows for the introduction of lower-surface tension solvents into
the MOF, facilitating the activation of some very fragile frameworks. The other technique
is activation by the use of supercritical CO2 (scCOz), which has proven effective in
activating many very highly porous MOFs (Table 1.3.2). However, both methods are
mainly empirical, and the effect of variations in conditions, such as the rate of evacuation
or temperature increase, and the time taken for solvent exchange, is poorly understood.

Solvent exchange times can vary from a few minutes to several days.”

Table 1.3.2 — Surface tensions of common solvents used in MOF synthesis and activation.

Solvent Surface tension, 298 K | Ref.
(mN/m)
N,N-dimethylformamide 36.0 174
N-methyl-2-pyrrolidone 41.8 173
Dimethylsulfoxide 42.7 175
Dichloromethane 27.2 176
Chloroform 26.6 177
Methanol 22.1 175
n-Hexane 17.9 173
Liquid CO. 0.59 178

The porosity of MOFs is usually experimentally characterised by N2 sorption at 77 K and
below 1 bar.1”® A useful estimation of the accessible surface area involved in gas sorption

is obtained by applying BET theory to experimental isotherms, despite the theoretical
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assumption that the adsorbent surface is flat.!8° The BET surface areas thus calculated are
used to compare the available degree of accessible porosity in MOFs. Some high-surface
area MOFs are listed below (Table 1.3.3). Theoretical maximum BET surface areas have
been calculated for MOF-like systems approximated by ordered arrays of hyperextended
poly-p-phenylene and polyyne moieties.’®! The experimental N2 sorption isotherm also
provides valuable structural information about the adsorbent — a steep increase in uptake at
very low partial pressures indicates strong adsorption of N2 molecules into small pores of
< 2 nm diameter (micropores), while the presence of a shoulder after an initial steep
increase, and hysteretic desorption, indicate the formation of a meniscus of condensed-
phase N, in pores of 2-50 nm diameter (mesopores) (Fig. 1.3.1).18218 The effective
diameter of available voids can also be calculated using DFT from the experimental
isotherms to a high degree of accuracy, a feature that helps consolidate the structural model
of the MOF obtained through crystallography and TGA.'3 The application of MOFs for
specific uses is related strongly to the size and shape of the available pores, as well as their

chemical composition, thereby linking design to function.
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Fig. 1.3.1 — The nitrogen sorption properties of some representative MOFs at 77 K and low
pressure. From Ref. 185.
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Table 1.3.3 — Some high-surface area MOFs.

MOF Year Max. reported BET | Activation procedure Ref.
surface area (m?/g)
MOF-5 2007 3800 CH_Cl; exchange 186
NOTT-112 2009 3800 CH_Cl; exchange 187
MIL-101c 2008 4230 NH.F (ag.) exchange 188
Bio-MOF-100 2012 4300 scCO, 189
DUT-6/MOF-205 2010 4460 CH,Cl, exchange 185
MOF-177 2007 4750 CsHsCl exchange 190
NOTT-116/PCN-68 2010 5110 CH30OH-CHCl; 191
exchange

UMCM-2 2009 5200 CH.CI; exchange 192
NU-100/PCN-610 2010 6143 scCO; 193
MOF-210 2010 6240 scCO, 185
DUT-76 2015 6344 scCO> 194
DUT-32 2014 6411 scCO, 195
NU-109 2012 7010 scCO; 196
NU-110 2012 7140 scCO; 196
DUT-60 2018 7839 scCO; 197
Theoretical maximum 2010 10577 - 198
Theoretical maximum 2012 14600 - 177,

192

Because of the attractiveness of hydrogen as a fuel, and its low density under ambient
conditions, solid state materials for hydrogen storage have been an area of intensive
research for decades.’®*?% Although pure hydrogen stored at very high pressures has
already been used as a fuel in public transport systems, eg. in Germany and Japan, concerns
regarding the weight added to vehicles and the safety of highly pressurised hydrogen have
curtailed widespread application of this technology.?®* In order to offset these concerns,
solid matrices have been advanced as candidates for hydrogen storage in this context,
including porous carbons and metal hydrides.2%2-2% In a high pressure regime, the hydrogen
uptake of a solid adsorbent is found to correlate strongly with the accessible surface area.?®
Further, the energies of adsorption required for such an adsorbent to operate viably at
ambient temperatures have been found to be ca. 22-25 kJ mol™?, 3-4 times higher than the

energy that would be afforded under these conditions by purely physisorptive processes.?%

24



Flexibility in Coordination Polymers

MOFs, therefore, with extremely high surface areas and functional tunability present
themselves in many respects as promising materials.?’ Tailored void sizes, strategic
framework catenation, and incorporation of unsaturated metal centres (UMCs) into
structures have been shown to substantially enhance hydrogen uptake in MOFs, and
progress continues to be made towards a critical and challenging chemical problem (Fig.
1.3.2, Table 1.3.4),208-210

H, uptake [gy, / Leontainer]
28 MOF-177—
24~
20 Cu-EMOF
IRMOF-8
16- Zn-EZI
12- H'z:u piake
empty tank
8- '.._..--------l-
Zeolite 13X
4_
0 I U 1 1
0 10 20 30 40 50

Absolute pressure [bar]

Fig. 1.3.2 — The hydrogen storage properties of some representative MOFs at high pressure
in prototype trials. From Ref. 162.

Table 1.3.4 — Hydrogen storage capacities of benchmark MOFs and other materials. Storage
capacity at 77 K unless specified.

Material Hydrogen Pressure (bar) | H-Adsorbate Reference
storage interacti
capacity, wt% interactions
MOF-5 7.1 40 Physisorption 186
10.0 100 Physisorption
MOF-177 114 78 Physisorption 211,212
PCN-610/NU-100 | 9.95 56 UMC, physisorption | 193
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Material Hydrogen Pressure (bar) | H-Adsorbate Reference
storage . .
capacity, wt% interactions
PCN-68 1.87 1 UMC, physisorption | 213
7.32 50 UMC, physisorption
PCN-12 3.05 1 UMC, physisorption | 210
DUT-32 14.2 80 Physisorption 195
MOF-210 15.0 80 Physisorption 185
LisBe;H- 8.7 (573 K) 1 lonic 204,214
LiBH. 18.0 (653 K) 1 Covalent 203,215,216
High-Pressure 7.0 (298 K) 400 Physical 202
C-Polymer confinement, gas
container phase
High-Pressure 2.0 (298 K) 248 Physical 202,217
Al-Fibreglass confinement, gas
container phase
NHs (lig.) 5.9 1 Covalent 199

The concentration of atmospheric CO> reached a maximum of 412.6 ppm in May 2018 as
per the Scripps CO2 Program measurements at Mauna Loa, Hawai’i.?!8 This is in contrast
to a steady value of ca. 270 ppm before the Industrial Revolution.?**221 CO, contributes
strongly to the atmospheric greenhouse effect, and human activities have led to global
warming of ca. 0.8 K on average over the past century or s0.?2222* This warming has led
to record temperatures®®, more frequent extreme weather events??-22 food?? and water-
security?*® concerns, and ecological?®! and geopolitical precarity.?®2 As greenhouse gas

emissions continue, these trends are expected to intensify.?%

Simultaneously, growing energy demands worldwide have resulted in a greater need for
fuel, which are predominantly carbon based at present.?42% This situation, in which strong
requirements exist both for the removal of CO2 from the air and for carbon as a feedstock
for fuel and materials, has led to proposals for the recycling of atmospheric CO2, through

hydrocarbon production?®, or an integrated ‘methanol economy’.?*” Such a system would
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lead to a degree of control over atmospheric CO: levels and help meet energy needs without

drastically altering existing industrial infrastructure.

It is accepted that in order to stabilise atmospheric CO: at any level, net emissions must be
brought down to zero.?*® In order to mitigate continuing emissions in the shorter term,
however, technologies are required for the removal of CO, from air, flue gas, other
industrial emissions, and emissions from dispersed sources. Photosynthetic biological
systems rely on the conversion of CO> to fuel, but do so with efficiencies already
superseded by artificial solar cells.?®® Further, the implementation of biofuel production has
proven costly in terms of resources such as fertile land and water, and has resulted in non-
trivial greenhouse gas emissions of its own.?*%%*1An important technological frontier,
therefore, is the selective capture of CO; at relatively low concentrations, and the facile

regeneration of the capture matrix for reuse.?

Many solutions have been proposed for carbon capture and sequestration (CCS).2*? Gases
such as nitrogen and oxygen are cryogenically distilled, a process which is impractical for
CO2 due to its low concentration and resultant high energy demand. Physical solvents such
as SELEXOL® and Rectisol®, have been used for over forty years. Aqueous alkanolamine
solutions, which form carbamates and bicarbonates with CO», are also used and capture
CO2 more effectively than physical solvents due to far stronger interactions.?*> However,
the strong bonds by which CO> is held and the energetic cost of heating up aqueous
solutions in order to regenerate the amines, as well as concerns over their corrosivity and
toxicity, are serious drawbacks.?** Some ionic liquids with task-specific functionality have
recently shown promise for CO. capture but are relatively expensive to produce and

purify.244

Using solid systems may help circumvent many difficulties encountered with liquid
materials. Ca(OH). and alkali metal hydroxide-based processes are extremely efficient and
cost-effective routes to CO- capture, but regeneration only occurs at temperatures higher
than 800°C, making them inefficient for CO, recycling.?*> Zeolites, porous carbons, and
mesoporous silicas have shown excellent adsorption of pure CO; at low pressure.#
However, issues remain with regard to selectivity and adsorption at ambient or higher

temperatures. Functionalisation of these materials can improve selectivity, but these are
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chemically challenging, and lead the material to rely on chemisorptive processes, which in
turn complicate regeneration.?*” MOFs, therefore, are attractive in this context because of
their very high uptakes, and facile tunability for specific streams of CO: in different
circumstances, leading to high performance and facile recyclability.

Considering the kinetic diameter of the CO2 molecule (3.30 A)?*® and its significant electric
quadrupole moment?*®, MOFs with8:250-257 or without UMCs,?%-272 with tailored pore
sizes through ligand choice®™®?%" or strategic interpenetration®®2732™ or with voids
functionalised using groups?”-282 such as ~OH and —NH> have been used to demonstrate

CO:g capture.

While ultraporous MOFs are extremely effective at capturing CO2 under high-pressure
regimes, this strategy is unhelpful in the low pressure scenarios mandated by the low
concentrations of CO, in various exhaust streams or air.?8>2%° The optimal heat of
adsorption of CO2, Qs, onto a solid adsorbent is in the 30-60 kJ mol™* range.?® These
amount to sufficiently strong interactions for selective binding of CO2, while still allowing
regeneration of the MOF with moderate energy input. MOFs with small voids or suitable

functionality can interact sufficiently strongly with CO2 to meet this requirement.

Some examples of MOFs that show promising CO. uptakes are mentioned below. PCN-88
is a copper paddle-wheel based MOF in which UMCs are separated by about 7 A, allowing
a single CO2 molecule to be adsorbed in the space between them. This is known as the
single-molecule trap (SMT) approach, and leads to highly selective CO, uptake.?®” The
SIFSIX-3-M (M = Ni, Cu, Zn) materials have cavities of ca. 3.8 A diameter, allowing single
CO2 molecules to interact with nearby pore walls. This, combined with the presence of
electronegative fluorine atoms in the SiF¢? inorganic struts, leads to high Qs values and
highly selective CO- adsorption at low pressure.’®® M-MOF-74 are also exciting materials
for CO. uptake. Their large pore diameters are lined with UMCs to couple high uptake with
strong interactions and selectivity.?® Further, the UMCs in these MOFs can be post-
synthetically modified, e.g. with 1,2-dimethylethylenediamine (mmen), resulting ina MOF
with very high uptakes at low pressures.?®® These (Fig. 1.3.3) and some other benchmark

solid materials for CO2 adsorption are listed in Table 1.3.5 below.
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Fig. 1.3.3 — Structural models (a), (c), (e), (g) of PCN-88, SIFSIX-3-M, mmen-Mg(dobpdc),
IRMOF-74-111-(CH2NHy>),, and CO, isotherms (298 K unless specified) (b), (d), (), (h),
respectively. From Refs. 281, 287, 289, 290.
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Table 1.3.5 — CO, uptake behaviour of benchmark MOFs and other materials. Storage
capacity at 298 K and 1 bar unless specified.

Material CO; uptake at 1 bar, 298 | Relevant features Reference
K (mmol/g)

Zeolite 13X 4.89 (2.41 at 0.1 bar) Microporous 290

Activated carbon (ca. 0.2 at 0.1 bar) Microporous- 291-293

(Maxsorb) Mesoporous

TRI-PE-MCM-41 251 Amine-functionalised, 294
Mesoporous

MOF-5 1.5 (18.7 at 40 bar) Microporous 295

MOF-177 1.81 (33.5 at 42 bar) High pore volume 258

MIL-101(Cr) 2.33 High pore volume 188

PCN-88 4.2 SMTs 287

UTSA-16 4.2 H-bonds, small pores 288,296

Y-fcu-MOF-1 4.1 -F substituents, UMCs, | 257

rht-MOF-7 3.8 Amine- and triazine- 297
functionalised

Cu(Me-4py-trz-ia) 6.1 UMCs, small pores 298,299

ZnAtzOx 3.8 (293 K) Amine functionalised, 300,301
small pores

Mg-MOF-74 4.1 UMCs, 288,302

mmen-Mgz(dobpdc) 3.86 (2.0 at 0.0039 bar) Amine functionalised 289

SIFSIX-2-Cu-i 5.44 Interpenetration for 159
small pores, pore F
atoms

SIFSIX-3-Cu 2.58 (2.4 at 0.1 bar) Small pores, pore F 303
atoms

SIFSIX-3-Zn 2.73 Small pores, pore F 159
atoms

In 1998, Kondo and Kitagawa proposed the classification of porous coordination polymers
into three generations.®®* First generation PCPs were classified as those unstable to the loss
of inclusions (such as solvent molecules). Second generation PCPs were those that were
stable to framework evacuation and could reversibly adsorb guests. The third generation
consisted of frameworks that showed dynamic or stimulus responsive behaviour in addition
to reversible adsorption of guests. This proved to be extraordinary foresight, early in the
development of MOFs as a field of research. Indeed, the article in which this classification
was published was aimed at the predictable synthesis of second-generation frameworks.
Subsequently, while second generation frameworks now represent a substantial portion of
the chemical literature, the potential of more dynamic MOFs, also known as ‘soft porous

crystals’ has become clear.633%
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The description of ligands in MOFs as rigid became an accepted practice in order to ensure
structural predictability and robustness, and because of the difficulty of crystallising MOFs
with flexible ligands.3® However, as MOF chemistry progressed, examples of dynamic
behaviour and the use of flexible ligands became frequent.®’3%® |Landmark research by
Férey and contemporaries unearthed a category of MOFs in which unconventional
isotherms were observed due to structural changes brought about by interactions between
the adsorbate and the framework at certain threshold pressures. Subsequently, ‘breathing’,
‘gating’, ‘buckling’ and ‘swelling’ effects have been reported in several 3™-generation
MOFs.39%313 Adsorbate-induced structural flexibility has been demonstrated even in ZIF-
8, a MOF built with small, rigid, imidazolate linkers, under very high external

pressure 314315

Physical uptake of guests other than the adsorbate of interest is also known to trigger
structural transitions in frameworks, by altering void shapes or relative orientations of
interpenetrating nets.3*320 Chemical reactions of frameworks with substrates, or the
application of chemical stimuli such as reduction/oxidation or pH can also yield 3"-
generation behaviour, and these transitions may occur in a fashion that preserves single
crystallinity (single crystal — single crystal transitions).®?¥32® Stimuli in the form of
temperature, electric field,3?* magnetic field,3* and incident light can also be used to alter
the structure and properties of specific MOFs.326327 Light, in particular, is an attractive
stimulus by which structural transitions might be modulated in MOFs; it is ubiquitous in
the form of solar radiation and its incidence upon a system can easily be controlled at low
cost.3® The absorption of incident light in MOFs, and the nature of the response to light
can be chosen by selecting appropriate chromophoric components in a modular fashion.
Light-harvesting, photoactive MOFs, built by the use of, photo-sensitizer ligands or metal
centres, have been developed for applications such as sensing and catalysis.®?*3% Ligands
that display photoresponsive behaviour when incorporated in MOFs are mainly based on
azobenzene and dithienylethene moieties, which are well-known species used in molecular
switches.®3¥3% |n addition, the photochemical [2+2] cycloaddition of proximate C=C
moieties in the solid state has been extensively used to modify the dimensionality of

coordination polymers addressably.33
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Fig. 1.3.4 — Graphical schematic representations of structural photoresponse for CO; uptake
modulation in MOFs, by (a) guest incorporation (adapted from Ref. 337), (b) pendant group

functionalisation (adapted from Ref. 338), (c) photoresponsive functionalisation of the MOF
backbone (adapted from Ref. 339).
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Structural photoresponse in MOFs is particularly applicable to CO, uptake modulation,
since COz sorption can take place at ordinary temperatures and pressures, and no additional
apparatus is required. MOFs with light-induced changes in porosity are primarily of three
types — those containing photosensitive guest molecules, nanoparticles or surface
coatings, 372434 those with photo-isomerisable pendant groups built into their
ligands, 338343346 and those with photoresponsive groups built integrally into the ligand
backbone of the MOF (Fig. 1.3.4).339347-349 With the exception of the third technique, these
methods require partially restricting or blocking the MOF pores, resulting in reduced gas
uptakes. Further, building these photo-responsive groups into the backbone of the
framework allows real-time responses to light, allowing for high-speed release of the
adsorbate gas, whereas with guests or pendant groups that isomerise in response to light,
various factors such as steric and kinetic hindrance within each cavity lead to relatively
slow responses. Suppressed bending or pedal-like motion of ligands have been shown to
produce significant dynamic changes in uptake despite the modest magnitude of the

induced structural change.3*°

In addition to the applications mentioned, MOFs are excellent candidates for other
problems pertaining to chemicals in the gas phase, such as methane adsorption,313%7
storage3582%° and separation®*~3% of hydrocarbons, detection of specific gases and volatile

organic compounds (VOCs),**"-3"° and toxic gas removal and sequestration.3/1-374
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Fig. 1.3.5 —Release of standard drug molecules from MIL-100 nanoparticles in phosphate
buffer solution, at 37°C. From Ref. 375.

The simplicity of MOF structures allows for function to be derived from various aspects of

their form. The interpretation of MOF structures as a means by which to customisably
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organise void space lends itself to MOFs being used as host matrices for intricate
separations®’®3"® and delicate chemical reactions.®”*#! Large molecules, including some
natural products, have been immobilised in the crystalline phase within MOF pores in order
to determine their structures using X-ray crystallography, as an alternative to growing pure
single crystals. 380382383 Thjs interpretation of MOF structures also forms the basis for their
use in biomolecule protection®®*3% drug delivery®’>38-38 and other sustained-release
applications (Fig. 1.3.5).3893%

Likewise, MOFs may be thought of as ordered arrays of accessible catalytically active
metal centres or organic ligands. Their tunability in terms of composition and void
dimensions allows their application to specific types of transformation, and allows them to
operate in a size/shape selective or enantioselective manner.3%:3% MOFs are limited by
their stability to harsh conditions, but in moderate conditions a number of instances of
exceptional catalytic performance have been reported.>® Various possibilities for
customisation — such as post-synthetic modifiability,3%3% incorporation of catalytically
active guests,169400-403 ysing choromophoric ligands®*®*4%" or metalloligands,*%84%° or
engineered defects*'%*!! — provide a platform by which MOFs can be tailored to chemical
demands for specific chemical reactions or synthesis of value-added compounds.*'?
Similarly, using organic ligands to space paramagnetic metal centres is an approach that
has had a strong impact in magnetic materials synthesis,*'® spin-crossover chemistry,*4415

and quantum information storage materials.*
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Fig. 1.3.6 — The number of unique patents appearing as Scopus search results, by year, for
the search terms “coordination polymer”, and “metal-organic framework” in the title,
abstract, or keywords, from 1990 to 2017. Up to date as of June 2018.

A holistic approach to the MOF structure, utilising the tunability of void dimensions as
well as the modular incorporation of luminescent SBUs or ligands, or specialised guests,
yields selective and responsive porous materials in which luminescence may be modulated
by the uptake of certain guests for applications in sensing devices.1%417-420 A number of
other applications for MOFs exist and more are likely to emerge in the coming years.*?* 430
The scalability of MOF synthesis is an active area of research**43, and several MOF-
based commercial products have become available in recent years for gas storage and other,

more specialised, applications (Fig. 1.3.6).4344%
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1.4: Objectives

The objective of the work described in this thesis has been to synthesise and characterise
novel metal-organic framework and coordination polymer compounds, in order to analyse
the effects of various kinds of structural flexibility and functional group incorporation on
their topologies and porosities. The term ‘flexibility’ is used to describe conformational
freedom in the ligands used - leading to structural diversity, as well as emergent dynamic
behaviour in frameworks. Particular emphasis is given to the topological and
supramolecular impact of this flexibility on the crystal structures of the resultant
coordination polymers, and the implications for properties such as porosity and gas storage

capacity. A number of metal-ligand combinations are studied.
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Fig. 1.4.1 — Carboxylate and pyridyl-based ligands used for coordination polymer formation
in this study: 2-tpt - 2,4,6-tris(2-pyridyl)-1,3,5-triazine; 4-tpt - 2,4,6-tris(4-pyridyl)-1,3,5-
triazine; azpy — 4,4'-azopyridine; bpet - 1,2-bis(4-pyridyl)ethane; dabpy - 3,3'-diamino-4,4'-
bipyridine; dnbpy - 3,3'-dinitro-4,4'-bipyridine; Hobdc - benzene-1,4-dicarboxylate; H.bpdc
- biphenyl-4,4'-dicarboxylate; tdp - trimethylenedipyridine/1,2-Bis(4-pyridyl)propane;
Hsbtb - 4,4' 4""-benzene-1,3,5-triyl-tribenzoic acid; Hsbteb - 4,4',4""-(benzene-1,3,5-
triyltris(ethyne-2,1-diyl)tribenzoate; Hsbbc - 4,4',4"'-(benzene-1,3,5-triyl-tris(benzene-4,1-
diyl))tribenzoate.
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In the first part of the work, we set out to explore the supramolecular assemblies produced
when M?* jons are combined with a tritopic N-donor and a tricarboxylate ligand. Two
synthetic strategies are applied. First, the 2-tpt ligand is used, in which a chelating binding
mode is dominant. This mode hinders oxo-cluster formation, and forces the resultant
coordination polymer to adopt similar low-dimensional structures with a variety of M?*
ions. We examine the effects of differing ionic radii on the overall supramolecular
assembly. The second strategy is to use a tritopic N-donor ligand with no chelating modes
available. With SBU formation now allowed, the adoption of a capping mode with pendant

functional groups was envisioned.

The second part of the project focuses on another mixed ligand strategy - the use of ditopic
N-donor ligands with various functionalities and degrees of flexibility in combination with
short anionic linkers and M?* centres. The synthetic objectives are twofold — pore
dimensions on the order of the kinetic diameter of CO>, in order to enable high enthalpies
of adsorption and selectivity, and an exploration of the potential of conformationally
flexible and photoswitchable ligands for the formation of 2D and 3D materials with

attractive COz sorption properties.

The installation of similar functional and addressable ditopic N-donor ligands as auxiliary
building blocks into pto MOFs is then described. These MOFs have a porous 3-dimensional
structure with unsaturated metal centres located favourably for the incorporation of ditopic
neutral linkers of appropriate length. The generality of this principle is tested with linkers
of varying lengths and different M?* centres. In addition, the possibility of photoswitchable
CO. adsorption is investigated.

As discussed in the introduction, extended ligands create possibilities for unusual ligand
conformations and resultant MOFs with unusual topologies. Extensions such as ethynyl
and p-phenylene moieties confer varying degrees of conformational flexibility upon
ligands. Extended tritopic ligands containing these spacers are employed for the synthesis
of MOFs with potential ‘non-default’ structures. Simulations are carried out in order to
estimate the potential porosities of these materials. Auxiliary ligands may be incorporated
where appropriate.
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Finally, we aim to synthesise some MOFs using these extended tritopic ligands according
to conventional design principles. An important advantage of using these ligands is the
enhanced porosity of ‘default’ MOFs obtained. A number of SBUs are chosen based on
potential applications and MOFs are synthesised. Their porosity and properties are then

evaluated by a combination of experimental and computational techniques.

These experiments were intended to provide insight into the impact of flexibility on the
design of MOFs and coordination polymers, and on their applications. The interplay of
small conformational changes and the various interactions and bonds that compose the
crystal structure of a coordination polymer is crucial to their rational design.
Conformational possibilities available to ligands, as well as emergent flexibility within
assembled MOFs, have important, often favourable, consequences in various contexts.
Addressable changes and responses to stimuli are contingent upon the accommodation of
dynamic behaviour in MOFs, and represent an important development within the field.
Understanding these factors helps build a more comprehensive theory of synthetic MOF
chemistry, and adds nuance to important discussions pertaining to design and applications.
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2.1: Introduction

One-dimensional coordination polymers (1D CPs), are the simplest class of coordination
polymer materials topologically, and are of interest due to their electronic, magnetic, optic
and catalytic properties.** From a supramolecular point of view, 1D CPs are a class of
materials in which bonding and non-bonding interactions both play a key role in influencing
connectivity in their respective dimensions, and therefore the functions of the materials.>®
1D chains may possess straight, zigzag, or more intricate ladder or ribbon conformations.?’
The overall crystal structures are determined by the non-bonding interactions between
individual chains, commonly involving H-bonding or n-r stacking interactions.®*° Various
interwoven structural motifs and entanglements between chains can be promoted by these
interactions, and dynamic changes in these arrangements can be engineered.!! Similarly, in
2D CPs, the overall crystal structure is determined by both the strong coordination bonds
that form the framework, and the weak interactions that govern the supramolecular

orientation of frameworks relative to each other in the crystalline state.'?
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Figure 2.1 (a) - The Hsbtb ligand; (b) - the 2-tpt ligand; (c) - the 4-tpt ligand.

1,3,5-Tris(4-carboxyphenyl)benzene (Hsbtb), 2,4,6-tris(2-pyridyl)-1,3,5-triazine (2-tpt),
and 2,4,6-tris(4-pyridyl)-1,3,5-triazine (4-tpt) are examples of typical tritopic ligands used
in coordination chemistry (Fig 2.1).131* The Hsbtb ligand has previously been combined
with N-donors, and 2-tpt and 4-tpt with carboxylate ligands, to yield a number of extended
mixed-ligand materials.®>*" Combinations of these ligands present attractive synthetic
possibilities due to the availability of N- and O-donor functionalities, as well as extensive
n-conjugation. These features confer stability and functionality to the resulting

coordination polymers, and can result in synergistic structure directing effects.!®2*
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Figure 2.2 — The coordination modes (above, adapted from ref. 22) in reported
crystal structures containing 2-tpt complexes (nuclearity in superscript), and a bar
graph of the frequency of their occurrence in the CCDC (below).

The charge neutrality of the 4-tpt ligand allows full or partial utilisation as a tritopic linker,
allowing it to be used as a ditopic linker, or simply a capping group, resulting in the
potential for diverse structures incorporating mixed ligands. The prevalence of the
chelating 2,2":6’,2"- terpyridine-type coordination mode (Al) by the 2-tpt ligand allows the
conception of a polymer system in which three coordinative positions on the metal centre
are occupied by N-donor atoms (Fig. 2.2). This would impair the formation of oligonuclear
secondary building units (SBUs) and lead to structures based on mononuclear metal
centres.?? In this scenario, the variability between metal centres in terms of SBU formation
becomes greatly reduced, giving rise to systems in which various metal centres could be

applied for the formation of structurally related coordination polymers. Flexibility in the
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ligands accommodates different metal centres within the same polymer motif, but the
resulting conformational changes change the 3D packing of the polymer chains. Thereby,
combinations of Hsbtb with 2-tpt or 4-tpt into coordination polymers yield elegant
structural platforms in which the hierarchical organisation of 1D, 2D, and 3D structure can
be studied by rational comparison, and the effect of small changes in synthetic conditions
or the identity of the metal ion used is evident in the supramolecular structure. Use of the
4-tpt ligand, in which the extensive m-conjugation is retained, but chelating modes are not
available, was expected to allow the formation of oligonuclear SBUs. The structure

directing effect of 4-tpt could then be compared to that of 2-tpt in similar systems.
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2.2: Compounds 1-4, [M(Hbtb)(2-tpt)], M = Zn, Ni, Mn, Cd
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Figure 2.3 — A representation of the 1D coordination polymer chain in 1. Inset: asymmetric
unit. Colour scheme: light turquoise, Zn; blue, N; red, O; grey, C; dark grey, H.

Compound 1, [Zn(Hbtb)(2-tpt)]-DMF, was synthesised by adding zinc(ll) nitrate
hexahydrate to Hsbtb and 2-tpt in DMF to form a slurry, which was then agitated until
clarification. On heating for 4 days at 100°C, colourless single crystals of 1 were obtained.
Single crystal X-ray diffraction experiments showed that 1 crystallises in the in the
monoclinic crystal system and the C2/c space group, with cell dimensions of a = 33.908(2)
A, b=17.5051(13) A, ¢ = 15.7559(13) A, and a = y = 90°, = 115.591(5)° (Fig. 2.3).

(a) (b)

Figure 2.4 - The coordination environment in 1 with labelled atoms (a); and a polyhedral
representation of the coordination environment (b).
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1 is a one-dimensional coordination polymer in which the carboxylate groups of two Hbtb>
ligands are bound to each Zn(ll) centre in a syn-monodentate fashion, and each zinc centre
is bound to a 2-tpt ligand in a tridentate chelating fashion. This creates a slightly distorted
trigonal bipyramidal Zn(ll) coordination environment in which two nitrogen donor atoms
from the 2-tpt ligand are located in the axial positions (Fig. 2.4). The Zn-O distances are
1.948(3) A and 1.963(3) A. Some important interatomic distances and angles are reported
below (Table 2.1).

Table 2.1 - Selected interatomic distances and angles in 1.

Atoms | Distance Atoms Angle
Zn-01 | 2.821(4) A 02-Zn-04 | 100.8(1)°
Zn-02 | 1.948(3) A N1-Zn-N3 | 146.7(2)°
Zn-03 | 2.742(3) A N1-Zn-02 | 93.5(1)°
Zn-04 [ 1.963(3) A N1-Zn-O4 | 99.8(1)°

Zn-N1 | 2.268(5) A
Zn-N2 | 2.056(3) A
Zn-N3 | 2.249(5) A
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Figure 2.5 — A representation of the 1D coordination polymer chain in 2. Inset: asymmetric
unit. Colour scheme: green, Ni; blue, N; red, O; grey, C; dark grey, H.
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Compound 2, [Ni(Hbtb)(2-tpt)]-0.5DMF, was synthesised by adding nickel(Il) nitrate
hexahydrate to Hsbtb and 2-tpt in DMF to form a slurry, which was then agitated until
clarification. On heating for 4 days at 100°C, some green single crystals of 2 were obtained
along with a brown polycrystalline co-product. Single crystal X-ray diffraction experiments
showed that 2 crystallises in the in the monoclinic crystal system and the C2/c space group,
with cell dimensions of a = 34.7205(18) A, b = 17.3089(6) A, ¢ = 15.8202(7) A, and a = »
=90°, = 115.923(2)° (Fig 2.5).

(a) (b)

Figure 2.6 - The coordination environment in 2 with labelled atoms (a); and a polyhedral
representation of the coordination environment (b).

2 is a one-dimensional coordination polymer in which one carboxylate group from a Hbtb?
ligand is bound to the Ni(ll) centre in a syn-syn symmetric bidentate chelating fashion, and
the other in a syn-monodentate fashion. Each nickel centre is bound to a 2-tpt ligand in a
tridentate chelating mode, resulting in a distorted octahedral coordination environment
overall. The Ni-O distances are 2.0860(387) A and 2.0456(467) A for the chelating mode,
and 1.9230(306) A for the monodentate mode (Fig. 2.6). Due to the presence of structural
disorder, interatomic distances and angles reported are based on part A from the final
crystallographic model (Table 2.2). The contribution from highly disordered solvent

molecules was removed using the Squeeze routine (PLATON).%
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Table 2.2 - Selected interatomic distances and angles in 2.

Atoms | Distance Atoms Angle
Ni-O1 | 2.09(4) A O1-Ni-N1 | 96.3(5)°
Ni-02 |3.18(1) A O1-Ni-O4 | 94.1(4)°
Ni-O3 | 2.05(5) A 03-Ni-04 | 62.0(3)°
Ni-04 | 1.92(3) A N1-Ni-N3 | 154.4(5)°
Ni-N1 | 1.88(6) A 01-Ni-N2 | 114.5(5)°
Ni-N2 [ 1.99(3) A

Ni-N3 | 2.12(2) A
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Figure 2.7 — A representation of the two distinct 1D coordination polymer chains in 3. Inset:
asymmetric unit. Colour scheme: lavender, Mn; blue, N; red, O; grey, C. Hydrogen atoms
removed for clarity

Compound 3, [Mn(Hbtb)(2-tpt)]-1.25DMF, was synthesised by adding manganese(ll)
chloride tetrahydrate to Hsbtb and 2-tpt in DMF to form a slurry, which was then agitated
until clarification. On heating for 4 days at 100°C, pale orange single crystals of 3 were
obtained. Single crystal X-ray diffraction experiments showed that 3 crystallises in the in
the monoclinic crystal system and the P2i/c space group, with cell dimensions of a =
16.2604(6) A, b =17.3810(6) A, ¢ = 30.3417(10) A, and a = y = 90°, = 101.280(2)°.
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(a) (b)

Figure 2.8 - The coordination environment in 3 around the 7-coordinate Mn centre (a); and
around the 6-coordinate Mn centre (right).

(b)

Figure 2.9 - Polyhedral representations of the coordination environment in 3 around the 7-
coordinate Mn centre (left); and around the 6-coordinate Mn centre (b).

3 is a one-dimensional coordination polymer, and the asymmetric unit consists of two
monomeric fragments from separate 1D chains (Fig. 2.7). In one of these, the fragment
containing Mn2, the Mn(Il) centre is 6-coordinated with one syn-syn symmetric
carboxylate chelating mode, and one syn-monodentate mode resulting in a distorted
octahedral geometry. In the other fragment the Mn(ll) centre is 7-coordinated and both
carboxylates show syn-syn symmetric chelating modes forming a capped octahedral

geometry (Fig. 2.8, 2.9). In both fragments the 2-tpt ligand acts as a tridentate chelating
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ligand around the Mn(l1) centre. Due to some disorder associated with the btb ligand moiety
in the Mn2 centred fragment, interatomic distances and angles reported are based on part
A from the structural model (Table 2.3).

Table 2.3 - Selected interatomic distances and angles in 3.

Atoms Distance Atoms Angle
Mn1-01 2.132(2) A 02-Mn1-06 167.24(8)°
Mn1-02 2.467(2) A N1-Mn1-N3 139.6(1)°
Mn1-05 2.249(2) A 06-Mn1-N1 82.86(9)°
Mn1-06 2.229(2) A 02-Mn1-N3 85.66(9)°
Mn1-N1 2.350(3) A 01-Mn1-02 56.72(8)°
Mn1-N2 2.223(2) A 05-Mn1-06 58.39(8)°
Mn1-N3 2.360(3) A
Mn2-07 2.1794(2) A 08-Mn2-011A | 150.5(2)°
Mn2-08 2.4086(3) A 08-Mn2-07 56.48(9)°
Mn2-011A 1.97(6) A N7-Mn2-N9 139.4(1)°
Mn2-012A 2.966(6) A N8-Mn2-08 93.02(9)°
Mn2-N7 2.336(3) A O7-Mn2-N9 81.2(1)°
Mn2-N8 2.222(3) A
Mn2-N9 2.326(3) A
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Figure 2.10 — A representation of the asymmetric unit of 4. Colour scheme: Yellow, Cd;
blue, N; red, O; grey, C. Hydrogen atoms removed for clarity.

Compound 4, [Cd(Hbtb)(2-tpt)]-DMF, was synthesised by adding cadmium(Il) nitrate
tetrahydrate to Hsbtb and 2-tpt in DMF to form a slurry, which was then agitated until
clarification. On heating for 4 days at 100°C, colourless single crystals of 4 were obtained.

Single crystal X-ray diffraction experiments showed that 4 crystallises in the in the

monoclinic crystal system and the P2i/c space group, with cell dimensions of a =
16.281(3)A, b =17.516(3) A, c =30.291(4) A, and a = y = 90°, 5 = 100.546(3)°.

?OZA

(@)

(b)

Figure 2.11 - The coordination environment in 4 around the 6-coordinate Cd centre (a); and
around the 7-coordinate Cd centre (b).
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(b)

Figure 2.12 - Polyhedral representations of the coordination environment in 4 around the 6-
coordinate Cd centre (left); and around the 7-coordinate Cd centre (right).

4 forms as a one-dimensional coordination polymer, and as in 3, the asymmetric unit
consists of two monomeric fragments from separate 1D chains (Fig. 2.10). In one of these,
the fragment containing Cd1, the Cd(ll) centre is 6-coordinated with one syn-syn symmetric
carboxylate chelating mode, and one syn-monodentate mode resulting in a distorted
octahedral geometry. In the other fragment the Cd(Il) centre is 7-coordinated and both
carboxylates show syn-syn symmetric chelating modes forming a capped trigonal prismatic
geometry (Fig. 2.11, 2.12). In both fragments, the 2-tpt ligand acts as a tridentate chelating
ligand around the Cd(ll) centre. Due to disorder associated with the btb ligand moiety in
the Cd1 centred fragment, interatomic distances and angles reported are based on part A

from the structural model (Table 2.4).
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Table 2.4 - Selected interatomic distances and angles in 4.

Atoms Distance Atoms Angle
Cd1-07 2.234(9) A 01-Cd1-04 143.7(8)°
Cd1-08 2.569(9) A 01-Cd1-N3 99.2(7)°
Cd1-011 2.346(9) A N1-Cd1-N3 135.6(4)°
Cd1-012 2.342(9) A 03-Cd1-04 54.7(3)°
Cd1-N1 2.43(1) A 04-Cd1-N2 94.6(3)°
Cd1-N2 2.315(9) A N1-Cd1-04 89.6(3)°
Cd1-N3 2.42(1) A
Cd2-01A 2.10(3) A 08-Cd2-012 168.0(3)°
Cd2-02 2.82(3) A 011-Cd2-012 | 56.5(3)°
Cd2-03 2.28(9) A 07-Cd2-08 54.7(3)°
Cd2-04 2.486(9) A N7-Cd2-N9 136.2(4)°
Cd2-N1 2.43(1) A N8-Cd2-012 95.3(3)°
Cd2-N2 2.33(1) A N7-Cd2-012 83.9(3)°
Cd2-N3 2.41(1) A

1, 2, 3, and 4, therefore are shown to consist of infinite one-dimensional coordination
polymer chains. Each metal centre is bound to two Hbtb? ligands via the carboxylate
groups, as well as one 2-tpt ligand. Two of the peripheral benzoate groups of each Hbtb?
ligand bind to a metal centre, leaving one protonated benzoic acid group unbound and
pendant in the structure. The 2-tpt ligand, in which one pyridyl ring remains uncoordinated,
acts as a capping group for the metal centres through a chelating coordination mode (Al
Fig. 2.2). This impairs the formation of oligonuclear secondary building units (SBUs) and
leads to structures based on mononuclear metal centres, providing a valuable platform to
assess the impact of the characteristics of single metal ions as nodes around which
supramolecular architectures are built. Together, the two ligands give rise to 1D polymeric
chains with uncoordinated N- and O- donors. All four structures form honeycomb-like 2D
networks which are stabilised by hydrogen bonds between the protonated moiety of the

Hbtb? ligand and the carboxylate group of a deprotonated Hbtb? arm (Fig. 2.13).
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Figure 2.13 — The H-bonded 2D honeycomb motif in 1 as viewed down the crystallographic
c-axis, which is representative of the structure present in all four 1D CPs -1, 2, 3, and 4.

The geometries of coordination environments around the metal centres in 1, 2, 3, and 4,
were analysed using Shape V2.1.2* The results of the analysis are given in Table 2.5 below,

and confirm the initial assessments of coordination geometry in the coordination polymers.

Table 2.5 - Results of the geometrical analysis of the coordination environment in 1,
2, 3, and 4, with Shape V2.1. Continuous shape measure values are given. Lower
values correspond to more appropriate assignment of geometry.

Square pyramid Trigonal bipyramid Vacant octahedron
! 3.418 4.893 5.009
Octahedron Trigonal prism
: 4.873 8.861
Capped octahedron Capped trigonal prism
3 2.933 3.258
Capped trigonal prism Capped octahedron
¥ 3.312 4.566
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Figure 2.14 (a — d) — Representations of the overall packing in 1, 2, 3, and 4 respectively,
viewed along the approximate 2-tpt planes and perpendicular to the approximate Hbtb?*
planes (c-direction in 1, 2; a-direction in 3, 4). The differences in alignment of phenyl rings
are apparent. Solvent molecules omitted for clarity.

The packing in all four CPs is stabilised by extensive aromatic interaction between the
Hbtb? ligands (Fig. 2.14). For the compounds containing the smaller metal ions, 1 (Zn?*)
and 2 (Ni?*), two different stacking modes occur in the crystal structures, which we name
type 1 and type 2 (Figure 2.15, Table 2.6). Type 1 stacking occurs between two Hbtb?
ligands that are rotated 180° to each other leading to pairwise, somewhat offset, aromatic
interactions between pairs of central and peripheral phenyl rings. In type 2 stacking the
Hbtb? ligands are rotated 180° relative to each other and there is an offset overlap between
two pairs of peripheral phenyl rings. Further, in 1 and 2, the Hbtb? ligands are stacked in a
1-2-1-2 fashion adopting alternating type 1 and type 2 stacking, in sequence, throughout
the structure. Pairs of CP chains participating in type 2 stacking are additionally weakly
associated through aromatic interactions of the 2-tpt ligands which are aligned
perpendicular to the Hbtb?-based sheets (Fig. 2.16). Type 1 stacking CP pairs do not show
stabilising interactions between 2-tpt ligands.
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Type 1 Stacking Type 2 Stacking Type 3 Stacking

Figure 2.15 — The classification of aromatic stacking interaction modes used to distinguish
between the supramolecular structures of 1, 2, 3, and 4.

In general, the strength of aromatic interactions is understood to be dependent on the angle
between the two m-systems and is related to the magnitude of the inter-plane distance
between aromatic systems.?>?® Misalignments, tilting effects, and the consequent increased
inter-plane distances hinder aromatic interactions, and therefore, they become less
favourable within a supramolecular arrangement. r-conjugation within a benzoate group
aligns the carboxylate plane with the phenyl plane.?” The phenyl rings of the Hbtb? ligand,
however, are naturally non-coplanar with respect to each other because of the steric
repulsion from aryl protons on adjacent rings (Har - Har repulsion). Torsion angles ca. 35°-
45° between phenyl rings in biphenyl-type pairs are energetically the most favourable and

are typically encountered in the literature.?®

Figure 2.16 — Aromatic interactions between 2-tpt ligands (aromatic systems highlighted in
navy blue), viewed along the crystallographic b-direction in 1.

In 1 and 2, in which monodentate carboxylates are present in every CP chain, angles

between phenyl ring planes are within this limit, as the uncoordinated carboxylate oxygen
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atom enables the facile rotation of the benzoate group to accommodate this preferred
geometry, ensuring the accommodation of preferred angles both in the coordination
environment of the metal and between phenyl planes. Only in the case of the larger M(l1)
ions, Mn (3) and Cd (4), the bidentate binding mode and subsequent steric repulsion of the
oxygen atoms leads to an increase of the angle between the two carboxylate groups bound
to the same (7-coordinate) metal ion from 41° up to 69°. Thus, the modified coordination
environment of the metal ions extends to the aromatic system of the ligand and influences
the relative orientations of the phenyl rings, leading to less favourable aromatic interactions
between the 2D sheets. Centroid-centroid distances and interplanar angles between phenyl
rings in the case of type 2 stacking increase from 3.6 A and 14.8° in 1 to 5.0 A and 46.4°
(outside the range of conventional - 7 interactions) in 3 as a result of the steric repulsion
from the coordination environment. While type 1 and type 2 stacking modes are observed
in 3 and 4, reduced favourability for stabilising 7-m interactions forces the structures to
accommodate a third, distinct stacking arrangement that governs the packing of the 2D
sheets. This type 3 stacking arrangement is facilitated by two Hbtb? ligands that are rotated
180° to each other around the perpendicular axis of the central benzene ring (Fig. 2.15).
Consequently, the honeycomb type sheets in 3 and 4 stack in 1-2-1-3 fashion instead of 1-
2-1-2. Thus, this flexibility in packing enables the system to accommodate various metal

ions with relatively large differences in ionic radius (Figure 2.17, Table 2.6).

(a) (b)

Figure 2.17 — The 1-2-1-2 stacking mode in 1 (left); the 1-2-1-3 stacking mode in 3.
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The challenge posed by unfavourable steric effects due to ion size in the 1D polymeric
structure is overcome by rearrangements in the three dimensional packing illustrating a
hierarchical supramolecular response to a local modification created at the metal centre.
Hirshfeld surface analyses (Appendix 9.1) were carried out in order to gain a better
understanding of the locations of the short contacts associated with these interactions.?%
Decomposed fingerprint plots for percent values corresponding to C---C and C---H
interactions were used as an indicator of the prevalence of the n-m interactions and the -
system overlap. Tilting of the benzene rings results in a higher C---H and lower C---C
contribution and therefore raises the C---H/C---C ratio (an ad hoc measure of the extent to
which pairwise n-stacking is offset), as stacking phenyl rings become more misaligned.
This ratio is positively correlated with the ion size of the transition metal (Appendix 9.1.3).
The ratios increase from 3.9 for the smallest to 6.1 for the largest metal ion in the series.
(Table 2.6). Importantly, the locations of C---C contacts and O---H contacts as shown by
Hirshfeld surface analysis agree very well with the identified stacking sequences and
hydrogen bonds (Fig. 2.18).

i
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(a) (b) (c)

Figure 2.18 — C... C contacts corresponding to (a) type 1, (b) type 2, (c) type 3 stacking modes
mapped on to Hirshfeld surfaces generated for the asymmetric units of 1 (a, b) and 3 (c)
respectively.
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Table 2.6 - Comparison of structural features in 1-4.

1-Zn 2—Ni 3-Mn 4 -Cd
Coordination 5-C 6-c 6,7-c 6,7-c
COO' denticity Mono Mono, bi Mono, bi Mono, bi
lonic radii® 0.68 0.69 0.9 1.03
Crystal radii® 0.82 0.83 1.04 1.17
Stacking modes AB AB AB,C A,B,C
Stacking sequence 1-2-1-2 1-2-1-2 1-2-1-3 1-2-1-3
M-O distances 1.94 1.95 217-2.41 2.14 —2.56
M-N distances 2.06 —2.27 1.89-2.10 2.22-2.35 2.29-2.40
Shape analysis Square Octahedral Capped octahedral Capped trigonal
pyramidal prismatic
Plane angle (°) 41.164 14.097/48.081 | 45.019(47.624)/69.299 | 45.594/69.412
Hirshfeld C---C (%) | 6.8 5 53 5.3
Hirshfeld C---H (%) | 26.7 22.8 28.1 32.2
C---C/C---H ratio 3.9 4.6 5.3 6.1

In addition, Hirshfeld surface analysis also confirms the role of the pendant protonated

carboxylic acid moiety in forming short H-bonding interactions with oxygen atoms from

deprotonated carboxylate groups, resulting in the aforementioned 2D honeycomb-like

motifs in all four compounds. The constitutional DMF solvent molecules do not play any

apparent structural role in 1-4, explaining the high degree of solvent disorder.
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Figure 2.19 (a — d) — Thermogravimetric analysis for 1, 2, 3, and 4 respectively.

The thermal stability of the compounds was evaluated by thermogravimetric analysis,

revealing stability up to 370°C upon which the organic ligands undergo degradation (Fig.

2.19). A preceding step corresponding to the loss of trapped DMF molecules at 120°C is

observed for all investigated compounds. The relatively high temperature for the onset of

solvent loss agrees well with the observation that in both kinds of packing arrangement,

disordered DMF molecules are contained in inaccessible voids. Therefore, solvent loss can

only occur with a related structural deformation. Phase-purity of the as-synthesised

crystalline materials was assessed by powder X-ray diffraction studies (Fig. 2.20). While

1 and 4 appear phase pure, PXRD patterns from 2 and 3 indicate the presence of impurities

in significant quantity.
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