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Summary

The research presented in this thesis focuses on the synthesis of novel examples of advanced materials. The
project aimed to synthesise new examples of three particular classes of materials; namely organic-inorganic
hybrid polyoxometalates (hybrid POMs), transition metal substituted polyoxometalates (TMS-POMs) and
extended materials (polymer-type and framework-type materials). The thesis explores a synthetic method based
on distinct assembly, disassembly and reassembly steps to access novel examples of the target materials. This
methodology represents a facile and potentially fertile alternative to the more traditional “bottom-up” synthetic
pathways employed elsewhere. The resulting materials were characterised using single crystal X-ray diffraction

(XRD) and a variety of complementary techniques, and their physicochemical properties were examined.

Chapter 1 summarises some of the available literature in an attempt to contextualise the work. The reader
is introduced to the relevant classes of compounds and a brief overview of their properties is presented. Particular

attention is paid (in generalised terms) to the synthesis and application of these compounds.

Chapter 2 introduces the assembly-disassembly-reassembly synthetic procedure that forms the core of this
thesis. Some relevant literature is discussed before the general principles of the technique are outlined. The
Lindgvist hexamolybdate [MogO19]* is identified as a suitable material for this methodology, and its disassembly
behaviour is examined using electrospray ionisation mass spectrometry (ESI-MS). It is demonstrated that the
Lindqvist species undergoes disassembly into smaller molybdate oligomers when dissolved in methanol under
ambient conditions, without applying any chemical or physical stress to the system. Cone voltage (CV) variation
experiments are used to demonstrate that these oligomers are truly present in solution, and are not a result of
collision-induced dissociation (CID) events within the spraying chamber of the ESI-MS instrument. Subsequent
reassembly is demonstrated by addition of phosphonate ligands to the system, which results in the reassembly of
the molybdate oligomers into Strandberg-type molybdate ring systems; [TBA]4[Mo0s015(tBuPQs)] (1) and [TDP-
H]2[M0s015(tBuPOs),] (2). These phosphonate-stabilised compounds represent hybrid POM systems. The

templating effects of the phosphonate ligand in reassembling these ring systems is briefly considered.

Chapter 3 extends the disassembly-reassembly methodology to mixed-metal systems, specifically copper-
molybdate systems. Addition of copper salts to the reaction along with phosphonate ligands generates two mixed-
metal compounds, [TBA]2[MoV'sCu'"4015(OH)2(tBUPO3)4(py)2(CH30)4(H20)] 3) and
[TBA]2[MoV!;CuV'7019(OH)(CH30)7(tBuPO3)s(py)2] (4). These phosphonate-stabilised, copper-containing
compounds represent both hybrid POMs and TMS-POMs. 3 can be formally conceptualised as a {Cus} core
encapsulated by two {Mos} moieties in a sandwich-type motif, while 4 can be formally treated as a {Cu-} core
encapsulated by {Mo,} and {Mos} moieties. The {Mo,} and {Mos} moieties are identified as arising from the
disassembly of the Lindgvist hexamolybdate into dinuclear and trinuclear molybdate oligomers, as observed in
chapter 2. Phosphonate templating effects are briefly considered and determined to be related to the phosphonate
template effect observed in chapter 2 for compounds 1 and 2. Additionally, the magnetic behaviour of the

compounds is examined.



Chapter 4 extends the assembly-disassembly-reassembly methodology to cobalt-molybdate systems and
explores a set of ligand substitution reactions to modify the properties of the resulting compounds. The mixed-
metal hybrid POM compound [TBA]z[M0Y'16C0"012(1-0)14(ls-0)4(tBUPO3)s(MeCOO)2(py)2(H20)6] (5) is
generated using the disassembly-reassembly methodology. The compound is stabilised by phosphonate,
carboxylate and pyridyl ligands; orthogonal substitution of these ligands results in a series of 20 further
compounds being isolated with a range of steric and electronic functionalities grafted on to the cluster core via
the supporting organic ligands. These analogues are briefly discussed and the effects that ligand substitution has
on the physicochemical properties of the compounds is discussed. One example in this series is a polymer system
composed of {Mo310Cog} units connected via 1,4-phenylenediacetate ligands, [TBA]2[M0Y'10C0"s012(H-0)14(13-
0)4(tBuPO3)s(PDA)(py)s(H20)6], (25). The phosphonate templating effect is briefly discussed again, and
demonstrated to be related to the effects observed in chapters 2 and 3.

Chapter 5 extends the assembly-disassembly-reassembly methodology to manganese-molybdate systems,
and explores the redox behaviour of some of the resulting compounds. The manganese analogue of compound 5,
[TBA]2[MoV'1sMn"s012(1-0)14(H3-0)4(tBUPO3)s(MeCOO)2(py)s(H20)s] (26) is generated using the same
methodology. The phosphonate and pyridyl ligands are shown to be amenable to the same simple orthogonal
ligand substitution as observed in chapter 4. Moreover, the carboxylate ligands are demonstrated to arise via in-
situ carbon-carbon bond cleavage of acetylacetonate-type ligands. Atmospheric oxygen is demonstrated to play
an important role in this bond cleavage, possibly as an oxygen source for generation of the carboxylate ligands.
A polymeric analogue [TBAJz[MoY'1sMn'"g012(1-0)14(s-0)s(tBUPO3)s(PDA)(pY)s(H20)s], (30), is also
generated using 1,4-phenylenediacetate ligands. Modification of the reaction conditions produces an unrelated
mixed-metal compound, [CIMns(tBuPO3)s(py)s][MoY'2Mn"'110,(1-O)a(Hs-O)a(pa-O)2(1-OH)2(tBUPO3)10(pY)4]
(31). Modifications of the reaction conditions can replace the {Mng} cation with a bromide-centred analogue
[BrMng(tBuPOs)s(py)s]* (32) or tetrabutylammonium (33). Compound 33 is demonstrated to be a catalyst for the

water oxidation reaction.

Chapter 6 extends some of the disassembly-reassembly concepts to metal-organic framework (MOF)
materials. It is demonstrated that the chloride- and bromide- centred [CIMns(tBuPOs3)s(py)s]* and
[BrMng(tBuPO3)s(py)s]* cations from chapter 5 can be linked together via ditopic pyridyl linkers to generate two-
or three-dimensional frameworks, [CIMns(tBuPO3)s(bpy)s]Cl (34), [CIMng(tBuPO3)s(bpy)2(H20).]CI (35) and
[BrMng(tBuPOs3)s(bpy)s]Br (36). It is demonstrated that the addition of a competing ligand such as pyridine can
displace the linker units, releasing the building units into solution. Subsequent removal of the competing ligand
causes the building units to reassemble into their parent framework. Some potential applications of this effect are

explored.
Chapter 7 describes the experimental details of the work carried out.
Chapter 8 provides a brief conclusion and outlines some possible directions that this research could explore

in the future.

Vi
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Chapter 1 - Introduction

1.1) Motivation

Some of the most intractable challenges facing the world today — changing climates, diminishing natural
resources, rapidly evolving healthcare challenges — are best faced, either wholly or in part, with chemical
solutions. However, in order to meet these challenges, increasingly sophisticated chemical processes will be
required.

In order to develop increasingly sophisticated chemical processes, increasingly sophisticated materials with
complicated architectures and combinations of diverse functionalities will be necessary. Therefore, at the
beginning of this research project, our aim was to develop new examples of advanced materials.

In particular, we were interested in developing materials with combinations of distinct components. Two
classes of material were identified as suitable targets:

e Mixed-Metal Materials
e Organic-Inorganic Hybrid Materials

Both of these classes of material are comprised of distinct components, with their own inherent properties,
which can (at least in principle) combine into a material with more complex chemical and physical properties than
their constituent parts. We were interested in developing new examples of these materials, and examining how
their molecular structures influenced their bulk properties.

Furthermore, we were interested in examining how the nanoscale architecture of a material influenced these
bulk properties. Two classes of material with defined nanostructures were identified as suitable targets:

e Polymeric Materials
e Framework Materials

Both of these classes of materials are comprised of multiple components in an extended architecture, which
can (at least in principle) result in a material with chemical and physical properties distinct from the constituent
parts. Again, we were interested in developing new examples of these materials and examining how their extended

architectures influenced their bulk properties.

Over the course of the next chapter, we will introduce and discuss some examples of these classes of
materials, and provide a general overview of the relevant literature. Particular attention will be paid to common
structural features of these compounds, their physicochemical properties (especially those which give rise to
practical applications), and the relationship between the microscopic structure and macroscopic properties. A
summary of the standard synthetic methodologies used to access these compounds will also be presented.
Additionally, we will consider some of the relevant analytical techniques used in this research. Finally, this

chapter will discuss the specific aims and objectives of this research project.



Chapter 1 - Introduction

1.2) Polyoxometalates (POMs)

Polyoxometalates (POMS) represent an important category of polymetallic molecular species. They are
generally classified as clusters* of group V and VI metals (V, Nb, Ta, Mo and W) with supporting oxo- (0%)
ligands.*? More recently, POM-like oxo-clusters have been prepared using metals outside of this block, such as
the polyoxoaurates® and polyoxopaladates,* but for the purposes of this thesis, our attention will be focused on the
classical POM metals.

The metal centres in a POM (sometimes called addenda atoms) are generally in their highest oxidation states
(+V or +VI). The supporting oxo-ligands play a key structural role, and can be in either bridging or terminal
modes. As such, when describing POM structures it is generally convenient to envision a POM cluster as a series
of corner-, edge- or face- sharing {MOy} polyhedra (Figure 1.2.1). In this sense, POMs are structurally similar to

fragments of the parent bulk metal oxides, and indeed are sometimes used as model compounds to represent bulk

Figure 1.2.1 — Corner-, edge- and face-sharing polyhedra, and their ball-and-stick counterparts. Colour
Scheme: M teal, O red.

oxides.57

POM s occur naturally in certain biological systems,® and have been investigated synthetically since the early
1800’s, beginning with the work of Berzelius® and the development of the synthetic dyes known as “molybdenum
blues”.1® However, for much of their history, it was extremely difficult to characterise their structures with
certainty, as multiple structural configurations were possible for a given elemental composition.!! Advances in
single crystal X-ray diffraction studies, which have become vastly more powerful and rapid over the past 50 years
or so, have aided massively in the rapid structural characterisation of novel POM systems. X-ray crystallography

remains the key technique for determining the structure of a novel POM compound.

*Footnote: The term “cluster”, under the definition given by Cotton, represents molecular species with metal-metal bond character.®
POM species generally do not display metal-metal bonds, with metal-metal interactions being mediated by oxo- ligands, and so should not
technically be designated as clusters. However, it is common convention among POM chemists to shorten the more correct designation “oxo-
cluster” to simply “cluster”. This convention is followed in this work — hence, the use of the term “cluster” should not be construed to reflect

metal-metal bond character in any of the species described in this work.



Chapter 1 - Introduction

1.2.1) Synthesis and Structures

One commonly cited attractive feature of POMs is the ease with which they can be synthesised, generally
employing “one-pot” aggregation and crystallisation of the target species.'?> Classical POM synthesis involves
the acidification of aqueous monomeric metal oxides, which triggers polymerisation of the metal oxides (a process
known as olation).?® Olation proceeds via a complicated series of condensation steps (Figure 1.2.1.1). While
certain details are still the subject of computational and experimental research,'#-1¢ the general process involves

the protonation of terminal oxo- ligands, condensation of multiple metal-oxo centres, and loss of water from the

structure.
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Figure 1.2.1.1 — Two proposed reaction schemes for the aggregation of simple POM systems; A) in the absence
of a templating heteroatom, B) in the presence of a templating heteroatom. Reproduced from references 14 and 15,
respectively.

The details of olation reactions will not be considered here. However, the overall reaction system can usually
be described by fairly simple generic reaction mechanisms. The effect of template species is particularly
significant, as multidentate ligands or ions with defined geometry promote certain {MxOy} geometries over others,
stabilising the cluster and driving equilibrium towards a given structure.t” Two generic formulae for POM
synthesis are:

2(x-1H*
(x)MOZ~ + {template} —— [{template}M,03,,1]"" + (x — 1)H,0

2(x)H*
(x)MO;~ + {template} aduil [{template}M, 03,]" + (x)H,0

It should be noted that these generic formulae gloss over much of the details of POM formation.!4-18 Reaction
intermediates are poorly understood, often transient in nature, and generally difficult to observe experimentally.
The end product of a reaction is influenced by a fine balance of myriad factors, including pH, acid type, metal
species, solvent, temperature, concentration, presence of heteroatoms and the presence of ligands.'**® As a result,
POM synthesis is sometimes considered a “black box” method, where the isolation of new compounds is largely

serendipitous.® Nevertheless, these generic formulae are sufficient to rationalise many POM structures.
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Two archetypal examples of POM species are the Lindqvist and Keggin structures. Both are synthesised via
the acidification of monomeric metal oxide units, but their structures differ considerably due to a significant
template effect.202!

The Lindqvist structure is a hexametalate POM structure with the general formula [M¢O14]?, first reported
in 1952 as the tungstate, [WsO019]*.22  The structure is synthesised in the absence of a templating species, fitting
the generic [{template}MyOsx+1]™ formula for x = 6 and {template} = 0.22?* In this structure, six edge-sharing
{MOg¢} octahedra share a central us-O atom. Each metal centre possesses one terminal —oxo ligand, with twelve
12-O oxo- ligands bridging between metal centres. The structure is one of the simplest and most symmetrical
available, with overall O, symmetry (Figure 1.2.1.2).22%* The structure is classified as an isopolyoxometalate due
to the absence of heteroatoms.

& @

Figure 1.2.1.2 — Ball-and-stick and polyhedral representations of the Lindqgvist hexametalate, [MsO19]™. Colour
Scheme: M teal, O red.

The Keggin structure has the generic formula [XM1204]™. First prepared by Berzelius in 1827, the structure
was not finally solved until the 1930’s by Keggin.?® This structure is synthesised in the presence of a tetrahedral
templating oxo-anion, {XO4}, where X is usually P or Si. The structure fits the generic [{template}MxOsx]™
formula for x = 12 and {template} = {X0,}.2>?" In this structure, the tetrahedral oxo-anion coordinates to all
twelve addenda atoms via its four O-donors, each of which coordinates to three metals in {M3013} units. Twenty-
four of the oxo- ligands are bridging, while the remaining twelve are terminal.?>?" The a-isomer of the Keggin
structure retains the tetrahedral (Tq) symmetry of their central heteroatom, but four lower symmetry isomers exist
which possess one or more {M3013} units that are twisted relative to the a-isomer (Figure 1.2.1.3).2” The structure

is classified as a heteropolyoxometalate due to the central templating heteroatom.

Figure 1.2.1.3 — A) Ball-and-stick and polyhedral representations of the Keggin POM, [XM12040]™. B) The
Keggin structure with one {M3013} unit highlighted in yellow. Colour Scheme: M teal, O red, X grey.
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In addition to the template effect, a general trend in POM synthesis is that further acidification tends to
produce larger clusters. In the case of molybdenum, cluster sizes have been reported ranging from relatively
simple [M0207]* species up to [H16M03sO1032(H20)240(SO4)45]*® (Figure 1.2.1.4).282° Pure tungstates do not
form such large clusters, with the largest reported up to 2008 being a [P4WSs20175]%* cluster,3° but the inclusion
of heteroatoms can increase tungstate cluster size, for example with the [HzsW110SesFe2017s]?* cluster.3! The
higher nuclearity clusters were generally produced at lower pH. Indeed, acid-driven condensation reactions
can proceed to the bulk metal oxide.3?
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Figure 1.2.1.4 — A) The smallest molybdate cluster isolated, [M0207]%. B) The largest molybdate cluster
isolated, [H16M036801032(H20)240(SO4)4g]*®. C) The largest pure tungstate species isolated, [P4Ws20178]?*. D) A
[H3sW110SesFe20178]%* cluster that assembles around the Fe heteroatoms. C) and D) reproduced from references 30
and 31, respectively.

The work of Muller et al is particularly relevant here. Several gigantic molecular molybdate structures were
prepared by exploiting this pH-driven aggregation effect, starting from monomeric metal oxides. One example
which garnered significant attention was the {Mo1s4} “big wheel” species, [M015404s2H14(H20)70]**".** Reported
in 1995, this nanoscale molecule has a torroidal or ring shaped structure which is 3.4 nm wide (outer diameter).33
Two related molybdate ring structures were reported in the following years — the {Mo144} structure is a smaller,
defected version of the {Moas4} ring,3* while the {Mo176} species displays an expanded ring structure of diameter
4.1 nm (outer diameter).*® Interestingly, the {Mo17s} ring cavity can be selectively “filled in” with molybdate
units, creating a disc-shaped {Mo24s} species (Figure 1.2.1.5).% This is a rare example of a larger species
templating the formation of a smaller unit. Other topologies are possible, with giant spherical clusters such as the
{Moi3;} “keplerate” structure.’’ The largest known molybdate structure to date, {Mosgs}, also has a roughly
spherical shape.?®
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(Mo, 7} (Mo,.s}

Figure 1.2.1.5 — The ring-shaped {Mo17s} structure, which can be “filled in” to generate the disk-shaped {Mo24s}
structure. Reproduced from reference 36.

These structures are massive compared to most molecular structures, but are nevertheless discrete molecules
with well-defined structures. Despite their size, they are relatively simple to prepare and easy to store and handle.
These factors have led this class of materials to attract attention for potential application in nanostructured
devices.*®*° In one example, the {Mo1s4} wheel structure can be assembled in solution into vesicle-like structures
roughly 45nm in diameter.®° In another, the {Mo13.} keplerate was used for selective host-guest chemistry.*
Magnetic behaviour can be also imparted to the systems by introducing paramagnetic vanadium (IV) or europium
(11) centres into these giant molybdate structures.*243

A)

Figure 1.2.1.6 — A) the pentagonal {Mos} unit observed in many of the giant molybdate structures, with the
central {MoOv} unit highlighted in yellow. B) The related {Mos} unit, with the two additional {Mo0Oes} octahedra
highlighted in blue.

It should be noted that these structures are difficult to predict from first principles. Instead, common
structural motifs are generally extracted from the crystal structures of the isolated products.* In the case of these
giant structures, a key structural motif is the pentagonal {Moe} molybdate unit. This consists of a central {MoO-}
core which shares edges with five {MoQOs} octahedra to produce a structural unit with Cs symmetry (Figure
1.2.1.6).%5 Eleven of these units are present in {Mo13,}, fourteen in {Mois4}, and sixteen in {Moi7s}. The related
{Mog} unit, which is often used to describe such giant structures, can be described as this pentagonal {Mos} unit
plus two additional {MoOs} octahedra (Figure 1.2.1.6).46
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Ring structures in POMs

Many POM species can be described in terms of ring structures. Ring structures generally form around a
central template or templates with the generic formula [{template}MxOsx]™.

The Anderson (or Anderson-Evans) structure, [XMeO24]™, is a historically significant structure which follows
this trend.#” The structure is consistent with the generic formula, where the templating species is an {XOg}
octahedron and x = 6. The structure consists of six {MOg} octahedra, with the octahedra sharing edges with each
other in such a way as to bend around into a ring around the central templating heteroatom (Figure 1.2.1.7).47-%0
The Anderson structure can incorporate a wide variety of central heteroatoms; high-valent heteroatoms such as
TeV' or IV" tend to produce unprotonated Anderson structures (A-type Anderson structures), while low-valent
heteroatoms such as Mn'" or Co'" tend to produce structures that are protonated at the {XO¢} 0xygen atoms (B-

type Anderson structures).4"-0

@

Figure 1.2.1.7 — The Anderson structure, [XMsO24]™, and the {MOs}s ring structure with the central {XOs}
template removed.

A noteworthy feature of the Anderson structure is that it can be supported by tris(alkoxide) ligands, in one
of two binding motifs.5:-5% In one, two tripodal alkoxide ligands coordinate to the central heteroatom, providing
the oxygen atoms for the {XOg} motif. In another, the tripodal ligands cap a tetrahedral cavity, bridging between

the heterometal and the POM units (Figure 1.2.1.8).52-%% Substitution on only one side of the ring is also possible.>*

gialkan

Figure 1.2.1.8 — The two binding modes of tris(alkoxide) ligands to Anderson-type POMs. Modified from
reference 51.
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A

Figure 1.2.1.9 — The heptametalate structure [M7024]", and the {MQs}s ring structure with the central {MOe¢}
template removed.

The well-known iso-heptametalate species, [M7024], could be considered as related to the Anderson structure
(Figure 1.2.1.9). This structure could be considered a six-membered {MOs}x ring templated by an {MOg}
octahedron, although it is distorted significantly from the Dsq symmetry of the Anderson structure.>>-58

o ()

Figure 1.2.1.10 — The a-octametalate structure [MsOz26]™, and the {MOz}s ring structure with the two central
{MO.} templates removed.

Another six membered ring system is the a-isomer of [MgO2s]*, known as a-octametalate.>®-52 This structure
is closely related to the Anderson structure, but with different templating units. In this structure, the templates are
two {MO4} units, which cap each side of the {M¢O1s} ring (Figure 1.2.1.10).5° The {MO,} units both coordinate
in a tripodal manner to all six of the metal centres of the ring via three u3-O ligands (a n%n%n?:us coordination
mode). Of the remaining oxo- ligands, twelve are terminal and six bridge between metal centres in the ring.5%52
The structure also possesses Dsq symmetry.

The a-octametalate is relatively unusual among POM clusters for retaining a tetrahedral coordination
environment. It is more common for metal centres to expand their coordination environment to an octahedral

environment upon encapsulation into a POM cluster.
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A final significant POM ring structure is the Strandberg structure, [X:Mo0sO,;]".63% Like the a-
octamolybdate, this ring is also templated on each side by a [XO4]™ tetrahedral anion (X in this case can be P, S,
As or Se).53-%¢ |n this case, however, the ring is pentanuclear (Figure 1.2.1.11). Each anion binds to each metal
centre in the ring in a n*:n?n%us coordination mode, with five bridging and ten terminal oxo- ligands completing
the ring structure.53-68

Significantly, Strandberg-type ring structures can also be formed using organic ligands such as phosphonates,
RPO3.5%° These possess similar chemical and electronic properties to the phosphate ion, [PO4]*, but contain
organic moieties. A phosphonate-supported Strandberg-type ring structure was the first reported example of a
hybrid POM species (i.e. one containing organic backbones). Many analogous compounds were subsequently

reported.’”-%° The merits of hybrid POM structures will be discussed in more detail later.

Figure 1.2.1.11 — The Strandberg structure [Ms015(X0Oa4)2]™, and the {MOs}s ring structure with the two central
{XO4} templates removed.

Both the a-octamolybdate and Strandberg structures can be described as an {MoQOs}, ring capped on either
side by two tetrahedral {XO4} moieties. The difference in nuclearity may be due to the different sizes of the
tetrahedral template species — the tetrahedral Mo-O bonds in the a-octamolybdate structure are c. 1.7 A % while
the P-O bonds in the phosphate-templated Strandberg structure are c. 1.5 A % promoting a smaller five-membered

ring. These shorter bond lengths may preclude the formation of larger six membered rings.

10
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Lacunary POMs

The lacunary POMs are another important subset of POM clusters. Essentially, these are structures which
can be conceptualised as a “complete” POM structure (e.g. the Keggin structures mentioned earlier), but with one
or more of the metal atoms (and any terminal oxo- ligands which stabilise them) removed from the structure. The
resulting defect site is referred to as the “lacuna” (Figure 1.2.1.12). Some more complicated POM structures can
be defined in terms of lacunary structures — for example, the common Dawson POM can be described as a dimer
of two lacunary Keggin structures.”

Essentially, the formation of lacunary structures is a pH-driven process — if decreasing pH causes the cluster
to form, then careful control of the pH can “trap” the POM at a partially formed or lacuna stage. In some cases,
lacunary structures are extremely difficult to isolate, but even when obtainable they can require very precise
reaction conditions to prepare (the literature procedure for one lacunary Keggin structure requires the system to
be “held at pH=9.1 for sixteen minutes”).”* Nevertheless, lacunary POM structures are extremely common
intermediates in the literature due to their reproducible syntheses, well-defined geometric and electronic attributes,
and tendency to be highly reactive towards heterometals.

The lacuna site is essentially a cavity with multiple charged oxo- ligands arranged in a pre-ordered geometry
that is favourable to bind metal centres in a chelating fashion. Thus, any heterometal added to the system will
tend to anchor into this cavity. As such, lacunary POMs are sometimes described as “ligands” for heterometal

systems.”

Figure 1.2.1.12 — A lacunary Keggin Structure, [XM11039]™, with the “missing” octahedron highlighted in
yellow. The five O atoms lining the lacuna (yellow) form a pre-ordered cavity to encapsulate metal centres. Colour
Scheme: Mo teal, O red or yellow, X grey.

11
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Transition Metal Substituted POMs

Transition Metal Substituted POMS (TMS-POMs) represent another important subclass of POM structures.
TMS-POMs combine classical POM fragments with some other transition metal or metals to produce mixed-
metal molecular species.

Synthetically, TMS-POMs can be accessed by self-assembly methods. Using lacunary POMs as precursors
in these reactions lends a degree of synthetic control to these systems.” For example, the B-a-isomer of the
trilacunary Keggin tungstate structure can be used with a variety of metals to form {Nig}, {Ni}, {Cus}, {Cus} or
{Fe1s} structures (Figure 1.2.1.13).747 Isomerisation of the lacunary unit can produce subtly different TMS-POM
structures, for example a series of {Mns}-substituted tungstates with varying electrochemical and magnetic
properties.”® Extremely large clusters can be isolated with this methodology, including a {MnsWa24} cluster
formed from lacunary Dawson tungstates.”” Mixed-metal species can also be generated using this approach, such
as the high oxidation state {Mn'VsCe "V} and {Mn'VsCe'Vq} clusters formed from lacunary Dawson tungstates.”®

The motif of sandwich- or half-sandwich compounds is not universal but occurs frequently in these systems.&

a) A-a-XWs b) B-a-XWs

k,“

Figure 1.2.1.13 — Schematic of a lacunary Keggin cluster, B-a-[XWsQOz4]™, can be formally combined with
several other heterometal clusters to generate a range of TMS-POM species. Reproduced from reference 74.

Once incorporated into the POM structure, the heterometals provide a range of functionality, most notably
tuning the electronic and magnetic properties of the POM. Pure POMs are generally diamagnetic and exist
primarily in their highest oxidation state, but TMS-POMSs can access a much wider range of electronic states. For
example, if multiple heterometals are present in the same structure, interactions between spin centres can be
present, producing interesting magnetic behaviour. = Examples of this type of behaviour include
[Mn14012(PO4)4(PW9O34)4]** and [Mos7Cus(NO)s0177(H20)24]%*, both of which display strong antiferromagnetic
coupling behaviour between the paramagnetic spin centres embedded in the POM core.8-8 Moreover, TMS-
POMs can display single molecule magnet behaviour, such as in the case of a [MngO4(H20)4(SiWoO34)4]**
cluster.®

Furthermore, the heterometal ligand site offers an important catalytic function, as a variety of substrates can
coordinate to this site, allowing reactivity to take place that would otherwise not be possible. Examples of

catalytically active TMS-POMs will be discussed in the next section.

12
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1.2.2) Applications

POM s have attracted attention for a wide-ranging set of potential applications.8* Practical applications for
POM s include solar cells,® optical devices,® water purification,®” sensing applications,® medicine,® magnetics®
and electronic devices.®* Here, we shall focus primarily on the use of POMs for catalytic purposes.

POMs are generally considered to be quite robust species. As long as structural rearrangement is not
triggered by the system drifting out of a given pH range, POMs are generally capable of reversibly accepting and
donating both protons and electrons without significant change to the structure of the cluster (Figure 1.2.1.1).%2
Indeed, the robustness of POMs towards changes in redox state has allowed POM solutions to be exploited as
electrolytes.®>% Additionally, POMs can be powerful proton donors, and are sometimes referred to as
“heteropolyacids” for this reason.*® Heterogeneous POMs have therefore found use as acid catalysts in place of

soluble mineral acids, for example in the acid-catalysed Friedel-Crafts acylation of benzene with benzoic
anhydride to benzophenone (Figure 1.2.1.1).%
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Figure 1.2.2.1 — A) Cyclic voltammagrams of several Keggin tungstates, [XW12040]", showing multiple
reversible redox steps. B) Comparison of the kinetics of Friedel-Crafts acylation of benzene by several Keggin
tungstates, [XW12040]™. C) Some redox reactions catalysed by a mixed-metal Keggin POM, [PV3Mo0sO40]®, including
production of adipic acid. D) Schematic of a multicomponent system that uses the mixed-metal Keggin POM
[PV2Mo010040]* to oxidise benzene to phenol. Modified from references 92, 97, 100 and 102.

In addition to their electron and proton transport capabilities, examples of redox catalysis using POMs are
well documented. For example, [PW12040]* can be used to selectively oxidise alkenes to epoxides using peroxide
under biphasic conditions.?® [PMo12040]* can be used to oxidise alcohols to ketones using DMSO as an oxygen
donor.®® More powerful oxidation reactions by POMs include the oxidative cleavage of C-C bonds in various
substituted cyclohexanes to produce the industrially relevant adipic acid by mixed-metal [PV3Mo0yO4]® (Figure

1.2.1.1).100101 The related [PV2Mo010040]> can even aerobically oxidise very inert substrates such as benzene to
produce phenol in a one-step process.'%?
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More recently, POMs have attracted attention for their ability to perform powerful redox reactions relevant
to renewable fuel production. In particular, oxidation of biomass by Keggin-type POMs has been investigated by
Neumann et al. The divanadate-substituted Keggin structured phosphomolybdate, Hs[PV2Mo010040], was used to
oxidise cellulose and hemicellulose to formic acid in a reasonable yield (Figure 1.2.2.2).1% The pentavanadate
Hg[PVsMo07040] was also used to perform the same reaction, this time using in-situ extraction of the product to
improve the yield to 61% from raw beech wood.'® The mono-, di- and tri-vanadate substituted structures were
compared for their ability to oxidise glycerol to formic acid, again with good yields (~40%).1% These processes,
in conjunction with gas reforming of formic acid, are postulated to be a source of hydrogen from biomass.3-10
Similar behaviour was exploited to generate electricity directly from biomass, by using starch to photochemically

reduce [PM012040]* which was subsequently re-oxidised in a fuel cell (Figure 1.2.2.2).1%
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Figure 1.2.2.2 — A) The mixed-metal POM Hs[PV2Mo010040], can be used to oxidise cellulose to formic acid. The
reduced POM is subsequently re-oxidised by molecular oxygen to regenerate the catalytic species. B) A Schematic of
direct electricity production from starch via reduction of the Keggin molybdate, [PM012040]*. C) A TMS-POM
species [Cu2WZn(NOz2)2(ZnWsOs4)2]*> which can cleave alkenes to the corresponding aldehydes using molecular
oxygen in a two-step process. Modified from references 103, 106 and 108.

TMS-POMs also display redox activity. One series of zinc-substituted tungstates presented by Neumann et
al. have been demonstrated to catalyse a variety of small molecule oxidations. The [WZn3(H20)2(ZnWgO34)2]**
species was used to oxidise primary and secondary alcohols using hydrogen peroxide.’®” The related
[CuzWZn(NO2)2(ZnWg034)2]** was shown to catalytically cleave alkenes into two corresponding aldehydes with
air as the oxidant, again with postulated renewable energy implications (Figure 1.2.2.2).1%® The ruthenium
analogue, [Ru,WZn(H20)(OH)(ZnWy0s4)2]*> performs a milder oxidation under aerobic conditions, oxidising

alkenes to the corresponding epoxides.'®
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Light, particularly UV light, can be used to promote these redox processes.*'® UV light can promote a ligand-
to-metal charge transfer from a terminal oxo- ligand, generating a more reactive oxo- radical species (Figure
1.2.2.3)..1*? This effect can be used to oxidise a variety of organic substrates. In one example, chlorinated phenol
pollutants were degraded using the Keggin-structured phosphotungstate, [PW12040]%, under UV light.*2 Co-, Cu-
, Ni- or Mn-substituted Keggin tungstates, [XSiW1:039(H20)]%, were also used to oxidatively degrade organic
dyes by a similar mechanism (Figure 1.2.2.3)..*3 Primary or secondary alcohols can also be selectively
dehydrogenated to aldehydes or ketones using POM species such as [PW12040]% under UV light.1** In some
cases, these processes can result in structural rearrangement, such as in the case of the light-induced reductive
dimerization of [V5014]% to [V10026]*, which occurs with the simultaneous oxidation of methanol to formaldehyde

and subsequent re-oxidation to the {Vs} species (Figure 1.2.2.3).1
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Figure 1.2.2.3 — A) Simplified molecular orbital diagram, demonstrating UV-light-induced ligand-to-metal
charge transfer that generates a reactive oxo- radical. B) [XSiW11039(H20)]® species and a simplified scheme of their
light-induced redox activity with organic substrates. C) Photoactive dimerization of the [V5014]* POM to [V10026]*
and subsequent re-oxidation. D) Re-oxidation of reduced molybdate solutions can be monitored visually over time
due to the intense colour of the reduced species. Modified from references 111, 112, 115 and 106, respectively.

POMs often react in a two-stage process, whereby the substrate is oxidised by the POM, leaving behind a
reduced POM species. In the case of many molybdates, the reduced species tend to have deep blue colours,
allowing redox state to be monitored visually (Figure 1.2.2.3).216 In a second step, this reduced POM reacts with
some oxidising species (such as oxygen or peroxide) to regenerate the original species.''”*® In some systems,
reduction of protons can be used to regenerate the reduced POM species, effectively extracting hydrogen from

organic substrates, 11121
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Special consideration must be given to water splitting. Significant amounts of scientific effort have been
expended in recent years to improve the efficiency of the two water splitting half reactions — oxygen evolution
and hydrogen evolution, respectively.*?> Oxygen evolution involves the oxidation of water (oxidation half-

reaction), while hydrogen evolution involves the reduction of protons (reduction half-reaction).

catalyst

Oxidation: 2H,0 —— 0, + 4H* + 4e”
) catalyst
Reduction: 4H* + 4¢e- —— 2H,
catalyst
Overall: 2H,0 —— 0, + 2H,

If water splitting could be efficiently performed on a large scale, hydrogen could be isolated, stored, and used
as fuel.12312¢ Many postulated energy economies rely on hydrogen as the energy carrier (as it is a carbon-free
energy source), but it should be noted that there are other redox processes which are also chemically feasible!?51%6
- water oxidation in tandem with CO, reduction is the process from which the biosphere derives its energy reserve,
for example.'?” However, water splitting (particularly the oxidation half-reaction) is both thermodynamically and
kinetically hindered, and therefore requires extremely robust and powerful redox catalysts if this method of fuel
production is ever to be realised on a global scale. POMs have garnered significant attention in this regard due to
their aforementioned favourable redox qualities.?

Water splitting can be achieved either electrochemically (using an applied voltage as the thermodynamic
input) or photochemically (using a photosensitising species to provide the thermodynamic driving force). In
practice, photochemical systems are often modelled by (sometimes photo-generated) sacrificial electron donors'?®
or acceptors'® to drive either the oxidation or reduction half-reaction in isolation.

0,
i

Figure 1.2.2.4 — The [SiW12040]*> POM can be used as a proton- and electron- carrier to in electrochemical
water-splitting devices. Reproduced from reference 131.

Electrochemically, POMs can act as useful charge-transport species. For water splitting in particular, the
combination of proton- and electron- storage capabilities on a single POM molecule has proved useful for
electrochemical device design. In one such example, a significant rate increase in electrochemical water splitting
was observed by using a silicotungstate POM, Hs[SiW12040], as an electron- and proton-carrier between a working
carbon electrode and a platinum hydrogen evolution catalyst (Figure 1.2.2.4).%3! In another, the Keggin-structured
phosphomolybdate, Hs[PMo012040] was used as a temporary electron- and proton-storage species, allowing the
oxidation and reduction reactions to be performed at the same electrode at different times by reversing current

direction.1%
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POM species are also exploited as catalytic entities for electrochemical water splitting. In such cases POM
species are generally adhered to or assembled on to the surface of a suitable electrode. Optimal electronic contact
between the POM species and the bulk electrode is one limiting factors in such devices. In one case, a significant
increase in activity was achieved by immobilising a homogenous [Cog(H20)s(OH)3(HPO4)2(PWsO34)3]16- Catalyst
in amorphous carbon paste electrodes.'®3%3¢ Similar effects can be achieved by adhering a POM species to
graphene- or carbon-nanotube modified electrodes via electrostatic interactions.’*>*%¢ Embedding microcrystals
of cobalt/nickel substituted tungstates [CoesNi1.2W12042(0OH)4(H20)g] into macroporous nickel foam electrodes
has also been shown effective.¥”

(Photo)chemical water splitting using POMs as catalysts is also possible.’® Non-POM containing water
oxidation catalysts, such as the “blue dimer”, [RuzO(H20)2(bpy)s]**,1*>4° are known to be susceptible to
inactivation via oxidation of their organic components.'* POM units are perceived to be more robust than organic
components, even under the strongly oxidising reaction conditions of water oxidation, and so POM-based water
oxidation catalysts have been the subject of fairly intense activity recently.

Many examples of active TMS-POM water oxidation catalysts have been reported, using a variety of
transition metals. One particularly successful example is the tetraruthenate POM, [Ru4(H20)4(-O)a(u-OH)a(y-
SiW10036)2]*%. Several studies involving the water oxidation behaviour of this POM have been reported (Figure
1.2.2.5).242-1% This POM contains a tetraruthenium core, where the four oxo-bridged ruthenium centres adopt a
tetrahedral arrangement. The structure can be isolated by two synthetic methods — the oxidative dimerization of
a [Ruz(OH)2(H20)2(y-SiW10036)]* precursor, or by entrapping from solution a tetraruthenium species that had
been previously postulated in the literature.!4” The tungstate units are dilacunary Keggin POMSs, which

encapsulate the transition metal core in a sandwich motif.

hv
420-520 nw
O, +4 H* -
4 [Ru(bpy)s]~
4e”
2 2 [Ru(bpy)s)**”
2 HO 4 [Ru(bpy)s]”* [Ru®PY)3}

2 [Ru(bpy)s]**

1 4 SO% 2 S,05%
(atom code: Ru, O, W,

Figure 1.2.2.5 — The [Rus(H20)4(u-0)4(-OH)2(y-SiW10036)2]'% and it’s photochemical reaction with a
sacrificial oxidising agent to oxidise water. Reproduced from reference 145.
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A manganese-containing POM, [Mn4O3(CH3CO0)3(A-a-SiWw903,)]%, is also a competent water oxidation
catalyst. This compound consists of a trilacuanary Keggin tungstate and an oxo- and acetate-bridged, mixed-
valent I11/1V tetramanganese unit (Figure 1.2.2.6). Reported in 2014 by Kortz et al,'*® it was claimed that this
unit bears similarity to photosystem Il (PSII),49 a ubiquitously occurring enzyme in photosynthesising plants
which catalyses water oxidation. The active catalytic core in PSIl is a mixed-valent tetramanganese core,
analogues of which are highly prized synthetic targets.*®® A closely related POM reported in 2016 by Streb et al.
and also claiming structural similarities to PSII, [Mn4V4017(CH3COO)3]*, contains a very similar manganese unit
stabilised in this case by a vanadate unit (Figure 1.2.2.6).15* Despite their structural similarities, the vanadate case
was considerably more robust than the tungstate case (reported turnover numbers of approximately 1150 and 5,

respectively). In both cases, the complexes are “half-sandwiches” in comparison to the more common sandwich

s

motif.

A) B) 7

-

N
7] /‘»
(.

[Mn",Mn"VO,(Ci,C00),SIW,0,,]*

Figure 1.2.2.6 — A) The [Mn4O3(CH3COO0)3(A-a-SiW9034)]% cluster. B) The [MnsV4017(CH3COO)s]* cluster.
Both contain an {Mnas}-acetate unit and both are competent water oxidation catalysts. Reproduced from references
148 and 151, respectively.

Cobalt-containing POMs for water splitting are also reported.’>? For example, a cobalt substituted Keggin
tungstate POM, [Co,W11034(H20)]" demonstrated photochemical water oxidation with a turnover number of 360
(Figure 1.2.2.7).%8  Two other small molecule molybdate catalysts were presented, [CoMo0gO24Hg]* and
[Co2Mo010038H,]%", with turnover numbers of approximately 110 and 160, respectively. These were unusually
small compounds, indicating that high nuclearity is not necessary for catalysis.'> Nevertheless, most Co-POM
catalysts are considerably larger - the [(Cos(OH)3P04)4(XWg034)4]™ POM (where X=Si, Ge, P or As) contains 16
cobalt centres.!®® This compound was also claimed as a PSII analogue (despite not containing manganese and not
being tetranuclear, see Figure 1.2.2.7). Turnover numbers were tuned only slightly by substitution of X, from
roughly 20 to 40, suggesting that in this case the active metal centres are relatively insensitive to changes in the
POM units.!®
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A)

Figure 1.2.2.7 — Some Cobalt-containing POM-based water-oxidation catalysts; A) The [Co2W110z9(H20)]"
cluster. B) The [(Co4(OH)3PO4)a(XWsO34)4]™ cluster. C) The [Cos(H20)2(PWsO34)2]** cluster. Reproduced from
references 153, 155 and 156, respectively.

While much recent activity has been devoted to TMS-POMSs as water splitting catalysts, it should be noted
that determining the active catalytic species is not always trivial, particularly in the case of oxidation. In 2010, a
[Co4(H20)2(PWs034)2]*% catalyst was reported by Hill et al. to oxidise water (Figure 1.2.2.7).1%6157 | ater studies
provided evidence that the compound may in fact decompose under experimental conditions to amorphous cobalt
oxides (probably via a homogenous Co(ll) intermediate).'581% These studies were subsequently disputed by the
authors of the original report.*®® Since then, other proposed TMS-POM water oxidation catalysts, including the
structurally related [Coa(H20)2(VW9oO34)2]**,*6! have also been demonstrated as precursors to the competent
catalytic species.'®? While heterogenous transition metal oxides are catalytically attractive in their own right,63-
166 distinguishing the active catalyst from decomposition products remains challenging, and often requires
significant supporting evidence.'6”168 This can be further complicated by the possibility of multiple plausible or
even competing reaction pathways, which may change depending on reaction conditions.'6"> Nevertheless,

TMS-POMs remain a very promising class of catalyst for this type of reaction.
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1.2.3) Limitations

One limitation on POM chemistry is that POM structures are generally extremely difficult to functionalise
or modify. %" This is commonly attributed to the stability of the metal-oxo terminal bond. This highly polarised
bond has significant d-z double bond character and is considered highly stable, even upon redox state or
protonation state changes. A typical POM cluster is surrounded by these terminal metal-oxo bonds, which point
radially out from the cluster and “shield” the POM from structural rearrangements induced by reaction with other
species. While this could be considered a positive factor in certain scenarios, it does mean that modifications to
the POM structure are difficult to achieve. As a result, structural diversity in POMs is relatively limited and tends
towards wholly inorganic cluster species.

In consequence, a significant amount of research effort is dedicated to producing POM structures stabilised
by organic ligands. Such systems are known as hybrid systems due to the combination of organic and inorganic
components.'’”® In these cases the organic functional moiety effectively provides a synthetic handle for
modification of the material. By changing the organic moiety but retaining the inorganic structure, functionalised
POMs can be more easily modified to produce favourable material properties.'’ The advantages of such
modifiable hybrid systems will be discussed further in section 1.3.

In some cases, hybrid POMs can be generated directly from using self-assembly techniques. The first
reported organic derivative of a POM was a phosphonate-substituted Strandberg-type ring (Figure 1.2.1.10).57.68
A series of related phosphonate-substituted Strandberg-type ring systems have since been prepared bearing an
array of organic backbones with the general formula [(RPO3),Mo0s015]*.28 Polydentate ligands such as
phosphonates and arsenates have been noted as suitable ligands for hybrid POM formation, as they resemble the

geometry and electronic properties of metal oxide units in POMs (Figure 1.2.3.1).18

Figure 1.2.3.1 — Examples of hybrid POM structures; the cubane-shaped arsenate-substituted
[MoV4Os(CsHsAsO3)4]* and ring-shaped phosphonate-substituted POM [MoVsO12(OH)3(CsHsPO3]%>. Modified from
reference 181.
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Another important example of hybrid POM systems is the Lindqvist hexamolybdate POM, [M0gO19>". Oxo0-
ligands on this cluster can be replaced by organoimido-type ligands, by exploiting coupling reactions in the
presence of a powerful dehydrating agent such as Dicyclohexylcarbodiimide (DCC). 18218 Bridging or terminal
oxo- ligands can be replaced.’® Various functional groups have been incorporated in this manner, including
ferrocene derivatives.'® Substituted Lindqvist structures have attracted particular attention as building units in

more complicated architectures due to their high symmetry and controllable substitution (Figure 1.2.3.2).18¢

B)

Figure 1.2.3.2 — A) Replacement of multiple terminal or bridging oxo- ligands on the Lindqvist hexamolybdate
to generate the hybrid structures [MosO16(CsHsN)3]?" and two isomers of [M0sO14(CsHoN)s]>. B) A hexasubstiuted
Lindgvist core with all terminal oxo- ligands replaced, [M0osO13(C10H17N)6]?. Modified from references 183 and 184.

A final important example of a hybrid POM is the substituted Anderson-type molybdate, usually seen with
manganese (I1) as the central heteroatom.5*5® Tripodal tris(alkoxide) ligands can act as supporting ligands for the
Anderson cluster, in one of two binding modes. 515 In particular, amine-functionalised tris(alkoxides) have
found wide use for further postsynthetic modifications of the cluster (see Figure 1.3.1).187.188

The Strandberg-type, Lindgvist-type and Anderson-type hybrid POMs will all be discussed further in chapter
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TMS-POMs offer an alternative route towards hybrid POMs (Figure 1.2.3.3). In addition to adding electronic
and magnetic diversity to POM clusters, the heterometals in TMS-POMSs tend not to show the same affinity for
inert terminal oxo- ligands. As such, the heterometal offers a more versatile ligand coordination site than other
metals in the cluster, allowing other, more interesting ligands to be coordinated to the cluster. For example,
organoimido- ligands can be introduced into a Keggin-type tungstate via the substitution of one tungstate for a
rhenium centre, generating [PW11039Re(NCsHs)]*.2 A related route towards hybrid POMs is to incorporate
main group elements such as silicon into a POM structure. Examples include the {RSi-O-SiR} diorganosilicon
derivatives of the Keggin tungstate,*®1°* which have been investigated for their self-assembly behaviour.%?

N

N, ;
L S/

W

B) L&o&;)w

“latea

Ks[pyr]
N- ~N
Q. o

QL . O
Si Si
6 TBA
"] eTBA
g~ -

Dglpyr]

Figure 1.2.3.3 — A) An organoimido ligand can be incorporated into a Keggin-type tungstate by replacing one
metal unit with a heterometal, generating [PW1:039Re(NCsHs)]+. B) {RSi-O-SiR} diorganosilicon derivatives of the
Keggin and Dawson tungstates, and their respective geometries. Modified from references 189 and 192.
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1.3) Functional Organic-Inorganic Hybrids

The term “organic-inorganic hybrid material” is an extremely broad umbrella term applied to materials on a
continuum of length scales, from molecular entities through to nanocomposites through to macroscopic
mixtures.*®® For our purposes, hybrid materials will be considered as any covalently-bonded compound composed
of distinct inorganic moieties (e.g. metal-oxo units) and organic moieties (e.g. hydrocarbon units).’* Non-
covalent systems will not be discussed.*®

In comparison to classical inorganic materials such as POMSs, hybrid materials are relatively versatile in
structure and function. The organic units can impart a wide range of functional properties to a material, above
and beyond the metal-based properties considered in the previous section.

Organic functional groups can be used to modulate the chemical properties of the metal units in a hybrid
material. Electron withdrawing or donating groups allow the electronic, magnetic or catalytic behaviour of metal
centres to be modified by manipulating the amount of electron density available to the metal (cf. Hammett
equation).'*® Moreover, these modulating groups can sometimes act as reactive chemical sites for post-synthetic
modification. For example, electron donating amino functional groups can be used in condensation reactions with
suitable electrophiles such as aldehydes or carboxylic acids. This has been exploited to particular effect using
amine-substituted Anderson-type POMs, which can incorporate a range of functional groups via post synthetic
amide condensation (Figure 1.3.1).%7 In one example, a Diels-Alder click reaction was used to further
functionalise an amide-condensed Anderson POM with a variety of functional units.*® Electron withdrawing
halogen substituents also provide a synthetic handle for postsynthetic modification, for example in the case of a
diiodo- substituted Lindqvist POM which was assembled into one-dimensional polymer chains.'®” A similar

approach using click chemistry was used to form one-dimensional chains of a substituted Dawson unit.*%
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Figure 1.3.1 — A) Sequential post-synthetic modifications of the hybrid Mn-substituted Anderson POM,
[MNnMosO18((OCH2)sCNHz)2]* can be performed via amide condensation and Diels-Alder reactions. B) Schematic of
some proposed uses for asymmetrically functionalised hybrid Anderson-type POMs. Modified from references 187
and 188.
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Photoactive moieties are an important set of functional units that can be incorporated into hybrid materials
(Figure 1.3.2). Antenna units can be used to promote electrons to higher molecular orbitals, which in turn can
promote reactivity. For example, Anderson-type POMs functionalised with porphyrin moieties (via amide-type
coupling)®®® can be used to photocatalytically reduce silver ions to nanoparticles.?® A similar porphyrin-
functionalised Dawson-type POM was used to generate a photovoltaic current.2’ Another example used fullerene
moieties as sensitisers with a lacunary Keggin tungstate to induce photooxidation reactions.?®> Luminescent
moieties also display interesting photophysical properties which can be modulated upon inclusion into a hybrid
material. In the case of a nitroquinoline-functionalised hexamolybdate, [M0sO1s(CoN3O2Hs], fluorescence can be
switched on or off based on pH, an effect that is attributed to the bond angle between the organic and inorganic
components.?%

Biologically relevant functional groups are also of interest. It has been shown that POM units can be
functionalised with a series of biologically relevant amino acids via the carboxylate functionality.?®* In another
example, adamantyl substituents incorporated onto a Lindqvist hexamolybdate via organoimido ligands were
found to increase the chemotherapeutic properties of the POM.?% A similar example used the Lindqvist
hexamolybdate substituted with organic moieties to improve transport across biological membranes, and thus

enhance medicinal activity.2%
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Figure 1.3.2 — Photochemical and biological activity of some hybrid POM species. A) A nitroquinoline-
functionalised Lindqgvist molybdate-type compound [M0sO1s(CoN3O2Hs], displays pH-sensitive luminescence, which
is attributed to the bond angle between organic and inorganic components. B) An example of a hybrid POM that has
increased medicinal activity, due to increased membrane transport capabilities imparted by the organic components.

Modified from references 203 and 206.
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In addition to these chemical properties imparted onto POM species by incorporating organic components,
multifunctional organic groups can be used as structure-directing agents to control the microstructure of the
material (Figure 1.3.3). This aggregation of zero-dimensional POM clusters into one dimensional polymers, two
dimensional networks or three dimensional frameworks affects the physical and chemical properties of the
resulting material.?%” One recent example formed polymer chains from Keggin tungstate units, and modified their
packing structures by modifying the bridging metal units.?® Another used e-Keggin-type molybdates supported
by isonicotinate-type ligands in combination with zinc nodes to form two extended diamondoid networks,
[PMoVsMoY'4035(OH)2(Zn)4(L)2]*, where L represents isonicotinate or the phenyl-extended analogue.?®
Another example used a nickel-substituted Dawson POM linked by succinic acid into a three dimensional
network.?!® The properties of extended organic-inorganic hybrid networks will be explored in more detail in the

following section.

Figure 1.3.3 — The incorporation of isonicotinate-type supporting ligands onto Keggin-type molybdates in
combination with zinc nodes yields two diamandoid networks, [PMoVsMoY'4038(OH)2(Zn)4(L)2]%, where L
represents isonicotinate or an extended analogue. Extension of the linker ligand changes the pore size of the resulting
network. Modified from reference 209.
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1.4) Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are an emerging class of polymeric or extended hybrid materials. Despite
recent attempts to formalise the nomenclature in this relatively young and rapidly developing field of interest, the
terminology is still somewhat fluid and so a strict definition of MOFs is somewhat difficult to delineate.?'12%2
Structural and physicochemical features of MOFs overlap heavily with categories such as coordination polymers
or zeolites, but they are generally considered as a distinct class of material.?*3214 Further complicating matters is
the division of MOFs into competing subclasses,?® as well as the sporadic application of the MOF label to
compounds where metal-ligand bonds are not the primary structure directing component.?¢ For the purposes of
this thesis, therefore, MOFs will be considered as any covalently-bonded metal-ligand structure with repeating
units that extend in two or three dimensions.

Conceptually, MOFs can be considered as repeating combinations of metal and ligand building blocks. It is
common practice to reduce these building units to simple geometric shapes such as triangles, squares and
octahedra (Figure 1.4.1).27 The resulting simplified structural units are important descriptors in MOF systems

where geometry and topology have a strong influence on physical properties.?*8
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Figure 1.4.1 — Some common MOF building units and their corresponding simplified geometrical shapes.
Reproduced from reference 217.
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The metal building units can be single metal centres or larger clusters, and are commonly referred to as nodes
or Secondary Building Units (SBUs). The organic ligand units are polytopic ligands (most commonly
polycarboxylates), and are sometimes called linkers, spacers or struts. Both the node and linker tend to be
structurally rigid and symmetric, as this gives rise to well defined, crystalline repeating networks which can be
more easily characterised and studied.?!® MOFs are commonly labelled after the institute in which they were first
produced (cf. the Trinity College Materials or TCM series, Figure 1.4.2).220
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Figure 1.4.2 — a) and c) The inorganic building units in TCM-1 and TCM-2, respectively. b) and d) parts of the
resulting frameworks. Reproduced from reference 220.

Historically, coordination polymers have attracted attention for centuries, with Prussian Blue dyes being used
as an analytical reagent from the early 1700s onwards.??! Zeolites are naturally occurring minerals and have been
studied since at least the mid-1700s with the work of Cronstedt.??? As with POMs, early work was somewhat
hampered by the difficulty in unambiguously assigning a structure to the compound — Prussian Blue was not
characterised crystallographically until the 1970s.222 MOFs however did not emerge as a distinct class of
compounds until the early 1990s, with the term MOF being coined in 1995.22* By this time, X-ray diffraction
techniques were sufficiently rapid and powerful enough to characterise a high throughput of MOF structures. The
MOF literature has accordingly expanded extremely rapidly in the past decades, with single crystal X-ray being
the crucial technique for determining MOF structures.??

Recently, related classes of compounds such as metal organic polyhedra (MOPs),?? porous liquids,?? liquid
MOFs?? and hybrid glasses??® have also garnered attention, but will not be considered here.
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1.4.1) Synthesis and Structures

Like with POMs, MOFs are generally synthesised by “one pot” aggregation and crystallisation.?*
Essentially, metal species are combined in solution with a suitable organic linker, and if the geometries of the
building units are suitable, repeating MOF units can be formed.?3! If the metal node is a polynuclear entity, it can
be added either as a discrete, pre-formed molecular entity or it can be assembled in situ (e.g. the octahedral Zn,O
unit in MOF-52%2). The size and morphology of the particles is dependent on a fine interplay between nucleation,
the amount of available building units, and the time over which the reaction takes place.?33-2%

Recently, some attention has been focused on modifying MOF properties by introducing defects (e.g. vacant
node or linker sites) to the crystal structure.?6-2% However in the vast majority of cases, MOF research relies on
the formation of suitably pristine crystals for characterisation by X-ray diffraction.?®® Therefore, standard
synthetic protocols tend to employ conditions of thermodynamic control, with high temperatures and long reaction
times (c. 150°C for five days).?** Solvothermal conditions like these tend to promote the formation of pristine,
crystalline MOFs while discouraging the formation of amorphous oligomeric materials (cf. Ostwald Ripening).
Faster, less cost intensive synthetic methods such as mechanochemical methods?*! or rapid precipitation?*? are

also possible, but less common.
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Figure 1.4.1.1 — A) Simple geometric arguments allow the dimensionality of a material to be predicted based on
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reference 246.
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In contrast to POMs, whose structures are difficult to predict from first principles, MOF synthesis is
comparatively rational and deliberate.?*32* By choosing building units with rigid and well defined geometry, the
structures of the products can be predicted with a reasonable degree of accuracy.?*> For example, retaining the
geometry of a copper paddlewheel {Cu,(RCOO).} node and varying the geometry (twist and bend angles) of
dicarboxylate linkers, a series of compounds of zero-, one-, two- or three dimensions can be formed, all of which
are easy to rationalise and predict from simple geometric principles (Figure 1.4.1.1).24

The geometry of the building units is closely related to topology of the resulting MOF. Topologically, MOFs
can be considered as simple periodic nets (Figure 1.4.1.2).2472*8 The terminology commonly used to describe
MOF topology is an extension of topological classifications for inorganic solids.?*® Topologically distinct isomers
can display distinct physical properties such as surface area or gas uptake. This was demonstrated by a series of
chemically identical but topologically distinct frameworks, TCM-4, TCM-8 and TCM-10, which all have the
formula [Cus(BTEB)2(H20)2(DMF)] but display distinct physical properties (Figure 1.4.1.2).25°251 Moreover,
because topological nets can be deformed infinitely, series of topologically identical but chemically distinct MOFs
can be prepared by replacement of linker units.?> Most famously, this was demonstrated by the preparation of
the isoreticular (“same net”) IR-MOF series based on MOF-5, [Zn,O(terephthalate)s].?® Properties such as
surface area and porosity could be modified in this series by replacing the linear terephthalate linker with longer
equivalents (Figure 1.4.1.2).

A)

Figure 1.4.1.2 — A) Geometrically distinct forms of the same topological net (a periodic (6,3) net). B)
Representations of three chemically identical but topologically distinct copper MOFs, which have the same formula
[Cus(BTEB)2(H20)2(DMF)]. C) Four topologically identical but chemically distinct zinc MOFs constructed from the
same {ZnO4} node and different ditopic carboxylate ligands. Modified from references 248, 251, and 253
respectively.

The reticular design concept can be complicated by issues such as interpenetration of multiple networks and
the possibility of forming isomers or polymorphs.?* These issues can be controlled to a certain extent by

modifying intermolecular stacking and templating interactions in solution.?%5-257
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Some archetypal MOF systems are shown in Figure 1.4.1.3. MOF-5 and its analogues use linear
terephthalate (or similar) ligands in combination with octahedral {Zn,O} SBUs to generate a simple cubic
structure, [Zn4O(terephthalate)s].?>® UiO-66 uses the same linear linker with {Zrg} units to generate a MOF with
hierarchal pore structure, [ZreOs(OH)a(terephthalate)s].?®° HKUST-1 is generated from the common copper
paddlewheel square SBU with simple triangular trimesic acid linkers, [Cus(trimesate),(H20)3].%°  The NOTT-
112 MOF uses extended hexacarboxylate linkers with the same copper paddlewheel SBU to generate a structure
with multiple pore sizes, [Cus(CasH24012)(H20)3].2* The MIL-101 MOF uses linear terephthalate linkers with
trinuclear chromium SBUs of trigonal prismatic geometry to generate a mesoporous, zeolite-like framework with
hierarchal pore sizes, [Cr3(OH)(trimesate)s(H20),].%%? Zinc-imidazole frameworks (ZIFs) possess imidazolate

ions that bridge between single zinc atoms, displaying zeolite-like structures, such as ZIF-8, [Zn(imidazolate),].?3

Figure 1.4.1.3 — The node or linker units alongside a portion of the parent MOF for : A) MOF-5,
[Zn4O(terephthalate)s]; B) UiO-66, [ZrsOs(OH)a(terephthalate)s]; C) HKUST-1, [Cus(trimesate)2(H20)s]; D) NOTT-
112, [Cus(CasH24012)(H20)3]; E) MIL-101, [Cr3(OH)(trimesate)s(H20)2]; F) ZIF-8, [Zn(imidazolate)z]. Modified
from references 258-263, respectively.
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1.4.2) Applications

Since their conception, numerous possible applications have been proposed for MOFs. Their mechanical
properties, unusual thermal expansion behaviour and electronic properties have given rise to proposed applications
in various aspects of materials science and device fabrication.?642%¢ However, the vast majority of proposed
applications centre on the host-guest chemistry of MOFs. Being predominantly porous materials, they can
incorporate various guest molecules into their structures, giving rise to a series of separation, storage and catalysis
applications.?®® Zeolites are also prized for these properties, and are used on a large scale in industrial settings.?™®

Gas storage properties of MOFs are well documented. In the confined space of MOF pores, gases form
quasi-condensed phases due to the physisorption of multiple monolayers of gas molecules onto the MOF surface.
Initially, the focus was on hydrogen storage as part of a hydrogen economy.?*272 More recently, the focus has
shifted somewhat to CO; capture to alleviate global warming concerns.?’*2’* One key limitation is that the MOFs
must selectively capture CO; at the low partial pressures commonly found in combustion exhaust. One strategy
to tackle this problem is to promote stronger electrostatic interactions by incorporating functional groups like
amines into the MOF, for example in the MOF-74 analogue [Mg2(C140sHe].2"® Another involves finely tuning
the size of the MOF pores to favour the inclusion of CO, over other gases, for example with the SIFSIX series of
MOFs (Figure 1.4.2.1).27277 The pore size approach can also be used to abstract ethyne from ethene using a
SIFSIX MOF.2™®

A) MgBr,6H,0
DEF/EtOH
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T ggav'e 24 h
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in vacuo In vacuo
X 65 min

+
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¥ ~cooH
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H,dobpdc
Mg, (dobpdc) (2)
B) C)

Figure 1.4.2.1 — Two strategies towards increased CO2 uptake in MOFs; A) Incorporation of functional groups

like amines can promote stronger chemisorption interactions, for example in Mg-based MOF-74, [Mg2(C140sHe]; B)
Pore sizes can be restricted to modify the physisorption interactions, for example in the SIFSIX series. C) A DFT-
calculated image of a CO2 molecule in a restricted SIFSIX MOF. Modified from references 275-277, respectively.

MOFs have also attracted attention for their ability to sequester toxic species from the environment. The
zirconium-based UiO-66 MOF was shown to remove arsenic from drinking water.?”® A thiol-substituted analogue
of MOF-5 was shown to sequester heavy metals such as lead and cadmium.?® A nickel framework could

exchange relatively harmless sulphate ions for toxic chromates and manganates.? Inclusion of a guest can also
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alter the physical properties of a MOF, allowing them to be used as sensors for harmful species in the environment.
For example, adsorption of gaseous nerve agents modulates the electrochemical work function of a modified UiO-
66 MOF.%82  MOFs with intrinsic luminescence are particularly useful in this regard, as their luminescence can
be quenched by guest molecules.?®® One recent example exploited this effect to selectively detect the explosive
agent trinitrophenol (TNP) using a luminescent zinc-based MOF.2%* Another used a luminescent europium MOF
to detect the presence of POM species.?

MOFs are catalytically interesting because their de facto heterogeneous nature simplifies work up
significantly.?85287 |f the metal centres in the node have available labile coordination sites, catalysis can occur at
these sites. One such example used a copper paddlewheel-based MOF to catalyse oxidation of alcohols via a
peroxocopper intermediate.?®® Catalytically active entities can also be incorporated into the struts of a MOF. For
example amine-based linker molecules have been shown to catalyse Knoevenagel condensation reactions.?%
Finally catalytic entities can be incorporated as guests in the pores of a MOF, including redox-active ruthenium
or platinum nanoparticles.®*?t  Synergistic effects between nodes, linkers and pore guests can also be
significant.?%2

POM s have been incorporated into MOF pores for catalytic purposes.?®® Electrostatic interactions between
(generally negative) POMs and the (generally positive) MOF building blocks stabilise the structures and allow
them to be synthesised via self-assembly processes.?®#2%> In one case the redox activity of the Keggin
phosphotungstate was enhanced by immobilisation in a modified chromium MOF based on MIL-101, with the
increased activity attributed to hydrogen bonding interactions.?®® Another example used a copper-substituted
phosphotungstate POM inside the copper MOF HKUST-1 to aerobically oxidise toxic mercaptans. Again,
increased activity was seen, and was attributed to intermolecular interactions between the POM and the
framework.?®”  Another example used a Wells-Dawson POM embedded in the pores of a MOF containing
photoactive  Ru(bipyridine)s-based linker molecules, [P2W1sOe2]@[Zrs04(OH)4(Cs2H30NsOsRU)s], to
photoactively evolve hydrogen.?® A similar example used a nickel-containing sandwich POM,
[Nis(H20)2(PWg034)2]*%, to the same effect (Figure 1.4.2.2).2%°

Figure 1.4.2.2 — Two examples of POM-based catalysts incorporated into photoactive MOF matrices to achieve
photocatalytic hydrogen generation; A) A Dawson tungstate incorporated into a ruthenium-modified UiO-66 MOF,
[P2W18062] @[ZrsO4(OH)4(Cs2H30NsO4RU)6]; B) A Nickel-substituted sandwich-type TMS-POM incorporated into an
iridium-modified UiO-66 MOF, [Nis(H20)2(PWs034)2] @[Zrs04(OH)4(C34H30N4O4lr)s;  Modified from references
298 and 299, respectively.
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1.4.3) Limitations

Although MOFs are highly prized for their ability to incorporate guest molecules, guest absorption and
release are fundamentally diffusion limited processes.3® These processes are generally slow and gradual — in one
example, diffusion of iodine guest molecules into a zinc-based MOF required c. 48 hours of slow diffusion before
the MOF was fully loaded with guests.3® In some cases, slow diffusion is desirable, for example in the case of
drug delivery applications.®®* However, in many instances, fast release of a guest molecule is desirable.

The simplest method to drive guest molecules from their host MOF matrix is the application of heat. In one
recent example, heat from sunlight was used to collect adsorbed atmospheric water from MOF-801,
[Zrs04(0OH)(fumarate)s].2%> Other methods take advantage of the flexible nature of some MOFs to induce phase
changes by the application of pressure, modifying guest uptake properties.3°3-3% Cation exchange has also been
shown to trigger extrusion of guests from the host framework. 3

Increasingly, light-active building units have been incorporated into MOFs to modify their guest uptake. 3’
Azo- moieties can be introduced into MOFs as part of a guest molecule, a structural part of the linker molecules,
or as a side-group to the linker molecule.3%¢-31% In all cases, the cis-trans isomerisation of the azo- moiety under
irradiation results in structural changes to the MOF that can eliminate guest molecules from the MOF.3%-310 One
particularly sophisticated example used a two-layered system of “reservoir” MOF pores surrounded with a surface
layer of azobenezne modified pores that serve as a “valve” to either release or retain the guest molecules (Figure
1.4.3.1).31

A)

Figure 1.4.3.1 — A) Stimuli-responsive structural changes can be used to modify guest uptake into a MOF
structure. B) The light-driven cis-trans isomerisation of azobenzene-type units can be exploited to eliminate guest
molecules from the host matrix upon irradiation. C) Schematic of a two-layered “reservoir and valve”-type
azobenezne-modified MOF. Modified from references 308, 309 and 311, respectively.

While these developments are promising, fast, controllable release of guest molecules from MOFs remains

challenging.
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1.5) Mass Spectrometry

As previously discussed, intermediates in POM synthesis can be difficult to isolate. Nevertheless, they
provide valuable insights into the mechanisms of POM formation. Therefore, techniques which can identify
species in solution are of considerable value. To this end, mass spectrometry (MS) represents a valuable
analytical tool to monitor solution behaviour in synthetic systems.

MS analysis has been applied to numerous POM systems to understand their solution behaviour, intermediate
structures, and reaction kinetics (Figure 1.5.1).3123% |t has been shown that MS can be used to investigate POM
protonation states, such as in the case of [HnSbyW1s0s0] Dawson clusters.3*> MS analysis can also be used to
gain mechanistic insight into POM reactions, such as the aggregation and isomerisation of iron-substituted
lacunary Keggin structures.®*¢ MS analysis also allows the kinetics of reactions to be studies, such as in the case

of vanadium substitution into trilacunary Keggin tungstates.3'’
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Figure 1.5.1 — Some examples of the use of mass spectrometry (MS) to analyse POM systems; A) MS analyses of
mixtures of molybdate and tungstate Keggin structures, showing exchange of metal centres over time (bottom-to-top)
to generate mixed metal [HPWxMo1.nO40]? clusters. B) MS analyses of [HmSbnWa1sOs2]* salts, showing different
protonation states. C) The mechanism of iron substitution into y-[SiW100s35]% clusters, as elucidated my MS analyses.
D) MS analyses at several stages of the reaction of lacunary Keggin POM [SiW100z6]® to produce mixed metal
[SiV2W10040]%. Modified from references 314-317, respectively.

A 2008 paper by Cronin et al. used cryospray MS to investigate the rearrangement of the Lindgvist
hexamolybdate [MosO19]> to a silver-molybdate polymer upon addition of silver fluoride to a
methanol/acetonitrile solution of the POM.3® A subsequent 2011 paper by the same group investigated the
rearrangement of the a-octamolybdate [MogO24]* cluster into a hybrid Anderson-type cluster.3*320 These studies

identified several intermediate species that will be discussed in more detail in chapter 2.
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MS instruments use various methods of ionisation to transfer their analyte to the gas phase. Two such
methods will be discussed here; Electrospray lonisation (ESI-MS) and Matrix Assisted Laser Desorption
lonisation (MALDI-MS). These techniques are both noted for their wide applicability (they work with a range of
volatile solvents such as methanol or acetonitrile) and relative softness compared to earlier techniques.3??2 The
type of mass analyser used is also significant, but will not be discussed here.3%3

In the ESI method, a voltage (known as the cone voltage) is applied to a capillary of the solution, causing the
formation of a Taylor Cone and the ejection of microdroplets (Figure 1.5.2).3%4325 Essentially, solvent evaporation
in the chamber (aided by a flow of dry gas) results in increasing charge density and “Coulomb Explosion” events,
effectively ejecting any charged analyte molecules into the gas phase (although different mechanisms for ejection
exist depending on the size of the molecule).3%6-328
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Figure 1.5.2 —A) Schematic of the Taylor Cone (under positive bias) and its position within an ESI-MS device.
B) The effect of modified cone voltage (CV) on the ESI-MS analyses of a cobalt cavitand complex, [Co(C22NsHas)]*,
with increased fragmentation occurring at higher CV values. Modified from references 325 and 329, respectively.

While this method is considered extremely mild and has been used to analyse very large and fragile
molecules, it has been demonstrated that variation of the cone voltage does result in fragmentation of the analyte
molecule (Figure 1.5.2).32%3% [ncreasing the cone voltage effectively increases the kinetic energy of the analyte
molecules, meaning that collisions with gas-phase solvent molecules are more likely to result in a fragmentation
event (a collision induced dissociation, or CID).%3332  This behaviour can differentiate molecules that are truly
present in solution from fragments formed within the spraying chamber — signals caused by “real” species in
solution diminish in intensity on increasing cone voltage, while signals due to their daughter fragments
correspondingly increase in intensity. This effect has been exploited to rule out instrumental fragmentation for a
series of arsonate- stabilised molybdate clusters.*e!
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The MALDI method transfers the analyte to the gas phase by the application of a pulsed laser system, which
causes rapid localised heating of an additive (the matrix, Figure 1.5.3) and the resulting ejection of analyte
molecules into the gas phase via a variety of mechanisms.®*® MALDI is also considered to be a remarkably soft

technique, but again instances of fragmentation have been observed.3*
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Figure 1.5.3 -A) Some compounds commonly used as matrices in MALDI-MS analyses. B) Multinuclear POM
species quickly give rise to quasi-Gaussian isotopic distributions in MS analyses. Modified from references 333 and
336, respectively.

One distinctive aspect of POM clusters in MS analysis is that isotopic envelopes tend to be very broad.
Molybdenum has seven naturally occurring isotopes of reasonable abundance (Mo 14.8%, **Mo 9.3%, *°*Mo
15.9%, %Mo 16.7%, %Mo 24.1% and ®Mo 9.6%),%%>3%¢ which when combined into polynuclear assemblies
quickly give rise to quasi-Gaussian isotopic distributions (Figure 1.5.3).3%7 While isotopic patterns can still be
identified with reasonable certainty,®® there is a certain degree of ambiguity for large clusters when compared to
smaller species which have distinctive isotopic patterns.°
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1.6) Aims and Objectives

The fundamental aim of this project is to develop new examples of advanced materials, such as those
discussed over the course of this chapter. In particular, we were interested in accessing the following classes of
materials:

e Organic-Inorganic Hybrid POMs (i.e. POM compounds supported by one or more organic
ligands)

e TMS-POMs (i.e. POM compounds containing one or more heterometal atoms, particularly
heterometals from the wider transition metal block that do not normally form POM compounds
on their own)

e Extended Systems (i.e. Polymer or MOF-type compounds that contain repeating inorganic and
organic units in extended architectures)

We were interested in accessing novel examples of these materials, investigating their structure-property
relationships, and modifying the properties of the materials wherever possible. In order to access novel examples
of these materials, we were interested in developing a novel synthetic approach, outside of the established

synthetic approaches explored over the course of this chapter.

Therefore, the first part of this project aimed to establish a novel synthetic approach towards these classes of
materials. We aimed to develop a rational synthetic strategy that would access fundamentally different
intermediates than traditional methods, thereby potentially allowing access to our target compounds. This part of

the project is described in chapter 2.

After developing a synthetic strategy, the second part of the project aimed to exploit that strategy to access
our target compounds. The first objective was to obtain hybrid POMs. The aim was to synthesise novel examples
of hybrid POMs by using a suitable organic ligand in the strategy developed in the first part of the project.
Additionally, it was our aim to understand, insofar as was possible, the reaction mechanisms that generated the

hybrid compounds. This part of the project is also described in chapter 2.

Having developed a strategy and demonstrated its efficacy, the third part of the project aimed to extend this
methodology to hybrid TMS-POM species. The aim was to incorporate various heterometals into the synthetic
strategy to generate mixed-metal compounds. Additionally, we wanted to explore how versatile the synthetic
strategy was — we wanted to understand the effects that different heterometals, different ligands, and different
reaction conditions would have on the applied strategy. We therefore set out to explore some of the reaction space
in an attempt to understand the flexibility of the synthetic strategy, as well as generate modifications of the various
TMS-POM compounds. We also wanted to explore how the structural components of the materials affected their
physicochemical properties. This part of the project is explored in chapters 3-5, with each chapter focussing on

a different heterometal.
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Finally, we aimed to apply the developed principles to extended systems such as polymers and MOFs. The

first objective of this part was to generate novel polymer-type compounds by using polytopic ligands in the new

synthetic strategy and to investigate their structures. This part of the project is described in chapters 4 and 5.

The final objective of the project was to develop novel MOF-type compounds using known ligands and nodes,

and to apply the synthetic concepts developed to modify their properties. This part of the project is described in

chapter 6.

In order to achieve these goals, we set out to achieve the following specific objectives:

To analyse literature synthetic procedures and rationally develop an alternative synthetic route
towards our target compounds

To identify possible starting materials and determine if they are suitable candidates for this
methodology

To exploit the methodology to develop novel hybrid POM species

To exploit the methodology to develop novel TMS-POM species

To exploit the methodology to develop novel extended systems

To determine the structure of all of the resulting compounds with appropriate analytical techniques
To examine structural motifs present in the final products and use these to illuminate the processes
by which the compounds formed

To determine structure-property relationships in the final products and exploit them for practical

purposes wherever possible
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Chapter 2 — Assembly, Disassembly and Reassembly

2.1) “Top-down” Synthetic Methods

Synthetic procedures for many advanced materials (such as hybrid POMs or MOFs discussed in the previous
chapter) generally rely on what we term “bottom-up” methodology. These methods essentially combine metals
and ligands in solution and rely on the self-assembly behaviour of the reaction system to produce a more
complicated material. As an approximate rule of thumb, the number of atoms in the molecule of interest (i.e. the
complexity of the system) is always increasing through each synthetic step; metals are assembled into complexes,
complexes are assembled into polymers, polymers are cross-linked into frameworks, etc., etc. In the case of
POMs, a common synthetic procedure is to assemble the monomeric metal oxide [MO4]™ into a lacunary POM
structure, further combine the lacunary structure with heterometals to produce TMS-POMs, and then further
combine the TMS-POMs into network structures. Many examples can be found in the literature that follow this
general “bottom-up” approach.!°

“Top-down” synthetic methodologies are much rarer. For the purposes of this work, we are defining “top-
down” methodologies as any synthetic procedure where, at some point during the reaction, a molecular precursor
disassembles into smaller oligomeric species. The “top-down” label is applied here to any system where

disassembly occurs, even if combinations of assembly and disassembly are taking place.
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In a 2008 report, Cronin et al. demonstrated that combinations of “bottom-up” assembly steps with “top-
down” disassembly steps can be used to generate POM structures that are inaccessible via bottom-up assembly
alone.’® In this procedure, a [P4Ws;0175]%* cluster is assembled “bottom up” from [WO4]> monomers. This
{Ws,} structure (the largest phosphotungstate structure reported at the time) can be described as four {PW11}
lacunary Keggin structures capping a {Ws} ladder-shaped core.'® By dissolving the {Ws,} cluster and adjusting
the pH, the {Ws} cluster can then be sequentially decomposed into a [PsW390134]** cluster and a [P4W440152]%*
cluster (Figure 2.1.1).%8 Thus, a combination of assembly and disassembly techniques were used to access a new

set of otherwise inaccessible POM clusters.

Ly
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Figure 2.1.1 — Combinations of bottom-up and top-down approaches were exploited to synthesise otherwise
inaccessible [PsWs9O134]*% cluster species. Colour Scheme: W blue, P pink, O red. Figure reproduced from reference
16.

Very recently, this partial disassembly approach was also used to generate an otherwise-inaccessible titanium
(IV) substituted trimeric Dawson-type TMS-POM, [Caz(CO3)(OH2,)(P2WisTi3061)3]**, from a related tetrameric
species, [Tia(H20)12CI(P,WisTi3061H3)4]% (Figure 2.1.2).%" Another example exploited the partial disassembly
of lacunary Dawson structures into lacunary Keggin structures to generate cobalt (11) or manganese (II) TMS-
POM species, [Mg(PWs026)(P2W150s6)2(H20)2]% (Figure 2.1.2).1

AR 3
A7),

v ad Ao ' 27 Welis-Dawson
s UnitA

Figure 2.1.2 — A) A [Car(CO3)(OHz2)(P2W15sTi3061)3]** trimer generated from the top-down disassembly of a

tetrameric species. Colour Scheme: W grey, Ti blue, Ca orange, P yellow. Figure reproduced from reference 17.
B) Two [Mes(PWsO2s)(P2W150ss)2(H20)2]% species generated from the partial top-down disassembly of the
Dawson tungstate. Colour Scheme: W blue, M purple or yellow, O red. Figure reproduced from reference 18.
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Mechanistic studies of top-down methods have been examined in the literature before, if sporadically. Ina
(separate) 2008 report, Cronin et al. investigated the reaction of the Lindqvist hexamolybdate species, [M0gO19]*
, with silver fluoride.!® This reaction had been previously reported to result in the rearrangement of the Lindqvist
structure to produce one of a number of networks or frameworks based on -octamolybdate units [MosO2]* with
silver ion linkages; [TBA]2i[Ag2M0gO02¢]n, [TBA]2n[Ag2M0g0O26(CH3CN)2]n, [HDMF]n[AgsM0gO26(DMF)4]s OrF
[TBA]2n[Ag2M0s026(DMS0);]. can all be formed depending on reaction conditions (Figure 2.1.3).2°22 In these
structures, extended networks are produced via coordination of the terminal —oxo ligands to the silver ions to
produce POM-Ag-POM linkages.

(n-BusN)2n[AgzM0eO26] (n-BuaN)20[AgzM0g026(CH3CN)z ], ((HDMF),[Ags(M0gO26)(DMF)s]s)  ((n-BusN)2,[AgzM0gO26(DMSO):],)

Figure 2.1.3 — [TBA]2n[Ag2M08O26]n, [TBA]2n[Ag2M08026(CH3CN)2]n, [HDMF]n[Ag3sMosO26(DMF)4]n or
[TBA]2n[Ag2M0s026(DMSO):]n structures which can be generated from the reaction of Lindgvist hexamolybdate with
silver fluoride under various reaction conditions. Colour Scheme: Mo teal, Ag purple, O red, C black, H white.
Figure modified from reference 19.

In this report the mechanism was identified as a top-down mechanism using cryospray ionisation mass
spectrometry (CSI-MS).*® By applying this technique to the reaction mixture, which contained [MogO1]* and
Ag* ions in a methanol-acetonitrile mixture, several oligomeric species were identified in solution (Figure 2.1.4).
These species could only have formed via a top-down disassembly of the Lindqgvist hexamolybdate.’® The
monoanionic species observed were divided into six classes; [MomOsm] species (m=2,3,5), [HM0omOsm+1]” species
(m=2-6), [H/MomOzm+2]" species (m=2-6), [H/MOnOszm+3]" species (m=2-5), [HoM0OmOzm+4]™ species (m=2-6),
[AgMOmOsm+1]” species (m=2-4);

Vi Vo 1-
x 10°. [Mo MoOs]

1.0+ [H Mon,] =

[AgMo,0,1" [HMo,0_T"
2 HMoVO 1
g Al [Mo,G,1° [H7M°X°14]-

0.5 - - -
£ (Mo [0 M,
- [AgMo,Q, 1"

[AgMo O 1"

Vi alV -
M MaiMo"Q ] O3

m/z

Figure 2.1.4 — A portion of the CSI-MS spectrum for the reaction mixture of Lindgvist hexamolybdate and
silver fluoride in acetonitrile-methanol mixtures. Several disassembly products of the Lindgvist hexamolybdate are
labelled. Figure reproduced from reference 19.
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Subsequent crystallisation from this reaction mixture generated [TBA]2n[Ag2M0gO2]n. The [Ag2M0g026]*
units were proposed to derive from assembly of the oligomeric intermediates identified in solution. The
[AgMo0207]" and [AgMo04013]" species in particular were identified as key synthetic intermediates (Figure 2.1.5).
Although the terminology used in the report does not explicitly acknowledge that separate disassembly and
reassembly steps took place during the reaction (the process is labelled as a “rearrangement”, and the intermediates

as “synthons”), the report is a clear demonstration of top-down synthesis.'® Moreover, mass spectrometry was

shown to be a powerful technique in analysing top-down reaction mechanisms.

A (AgiMoJAg) e IR, -

[AgMo,O,] : [AgMo,O,.]"
e &
- =
11 ‘A M0N0 NEE ___L__._J‘l_l_'-'-'_,_-l-)-i_._i..L.’_i‘A,.
410.7 m'z 7008 m'z
B) by [(AgMo,0,)TBA,I"
‘ : 1776.6 miz
‘.,’ v Q'l°o%m4Qa)mar
( 2718.3 miz
e’ ((Ag M0,Q,)(Mo,Q,)TBA,I
Rps M 3796.5 m/z

Figure 2.1.5 — A) The [AgM0207]- and [AgM04013]" “synthons” for the [TBA]2n[Ag2M0sO2s]n polymer, and their

corresponding mass spectra. B) Schematic representing the growth of the [TBA]2n[Ag2M0gO26]n polymer from
reassembly of the oligomeric species observed in solution. Colour Scheme: Mo teal, Ag purple, O red. Figure
modified from reference 19.
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In a subsequent 2011 paper, Cronin et al. applied a similar strategy to analyse the formation of a hybrid POM
species; namely the conversion of the o-octamolybdate [MogOzs]* species into the tris(alkoxide) supported
Anderson POM structure, [MnMogO15((OCH2)sCNH,)2]*.2 This structure is related to the classical Anderson
structure, where the central {XOs} template is provided by a manganese (Ill) centre supported by two
tris(alkoxide) ligands.?*?" This reaction was already well known,?-%5 and indeed this reaction now seems to be
the standard approach to generate substituted Anderson-type POMSs,38-3 but in this report the reaction was first
identified to proceed via a top-down process.?®

Electrospray lonisation Mass Spectrometry (ESI-MS) was used to analyse the reaction mixture. Two regimes
were investigated — one after a short time (approx. 15 minutes) at room temperature, and one after a longer time
(approx. 30 hours) at reflux. Disassembly of the octamolybdate POM and interaction with the heterometal were

observed quickly, but hybrid species were observed to take longer to generate (Figure 2.1.6).%3
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Figure 2.1.6 — A) A portion of the ESI-MS spectrum for the reaction mixture for formation of a substituted
Anderson POM from the a-octamolybdate [MosOz2s]* species after approx. 15 minutes reaction time. B) A portion of
the ESI-MS spectrum for the same reaction after approx. 30 hours at reflux. Figure reproduced from reference 23.
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By monitoring the change in ESI-MS signals over time, the authors were able to extract kinetic data about
the reaction and proposed a multi-step process that proceeded via two convergent reaction pathways, with the
disassembly of the octamolybdate to a [M04O13]? species identified as a crucial (although not rate-determining)
step (Figure 2.1.7).28
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Figure 2.1.7 — A) Graphs tracking the intensity of certain signals observed in the ESI-MS analyses as a function
of time. B) The proposed disassembly-reassembly mechanism for formation of a substituted Anderson POM from
the a-octamolybdate. Figure reproduced from reference 23.
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The reports discussed above clearly demonstrate that top-down methods can access otherwise inaccessible
products, particularly when assembly and disassembly are combined in the same synthetic process.'6® However,
despite the promising nature of this methodology, top-down synthetic procedures are vastly outnumbered by their
classical bottom-up counterparts. To this day POM synthesis (in particular TMS-POM synthesis) is dominated
by purely bottom-up approaches, mostly involving the lacunary method.**> Top-down methods may therefore
be fertile ground for the generation of new POM compounds (potentially including hybrid and TMS-POM
compounds).

The 2008 and 2011 Cronin et al. papers discussed above lay a clear theoretical foundation for top-down
mechanisms and present fairly comprehensive protocols for analysing such mechanisms.'®2®  However, the
techniques were only used to retroactively analyse the mechanisms of previously reported reactions. In principle,
these techniques could be used as an active tool to aid in the generation of new compounds. The techniques and
protocols developed for the analysis of top-down reactions could be applied to identify conditions under which
certain systems undergo disassembly.

If systems could be identified to undergo disassembly, then synthetic efforts could be concentrated on such
systems to improve synthetic outcomes. Concentrating synthetic efforts on systems where disassembly is known
to take place has a number of potential benefits:

o Disassembled POM oligomers are fundamentally different from both their (known) parent POM

structures and from their daughter monomeric metal oxides;

e Disassembled POM oligomers are likely to be open-shell species (i.e. not coordinatively saturated by

terminal oxo- ligands) and are therefore may be relatively reactive compared to the oxo-saturated POM
clusters;

e The reaction space is fundamentally underexplored;

These considerations indicate that top-down methods may be a fertile reaction space for the isolation of new
and unexpected compounds, particularly hybrid and TMS-POM species. However, to the best of our knowledge,
no systematic exploration of top-down reaction spaces has been attempted.

To this end, we were interested in developing a more systematic approach towards top-down POM synthesis.
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We anticipate that a successful top-down strategy towards new POM species would involve a multi-step
reaction process, consisting of three distinct synthetic steps; assembly (formation of a POM cluster), disassembly
(decomposition into smaller oligomers), and reassembly (reaction of oligomers with suitable reactant species)
(Figure 2.1.8).

The assembly step would consist of the generating a (known) POM species via a bottom-up approach. Many
suitable POM species could be identified and synthesised according to their literature procedures.

The disassembly step would consist of placing these precursor POMs under conditions where they undergo
decomposition or disassembly reactions. This disassembly can in principle be an equilibrium process or an
irreversible transformation. Ideally, disassembly should take place under the mildest possible conditions and with
minimal perturbation applied to the system.

The reassembly step would consist of reacting these disassembly oligomers with suitable reactant species.
To generate hybrid POMs or TMS-POMs, the reactant species would be either organic ligands, heterometals, or
combinations thereof. Templating effects are likely to be highly significant during a reassembly process (as they
are for bottom-up assembly processes, see chapter 1). Therefore ligands and heterometals with strong templating
effects (e.g. polydentate ligands and transition metals, in contrast to monodentate ligands or group | ions) are

expected to have a greater tendency to bias the system towards new cluster geometries.

Disassembly Reassembly
Assembly into into hybrid
into POM olizomers TMS-POMs

v

Figure 2.1.8 — Schematic of the proposed synthetic method, involving distinct assembly, disassembly and
reassembly steps.

To investigate these hypotheses, we developed the following synthetic strategy:
1) Ildentify a suitable POM precursor
2) Screen for conditions under which disassembly oligomers can be observed
3) React these disassembly oligomers with a range of ligands and heterometals

4) lsolate and characterise the resulting products
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2.2) Lindqvist Hexamolybdate (Assembly)

In order to investigate the assembly-disassembly-reassembly technique, a suitable POM precursor had to be
identified. Among the many thousands of available structures, our attention was quickly drawn to the Lindqvist-
structured hexamolybdate, [M0gO19]?".

This structure is a hexanuclear molybdate, a “superoctahedron” of six edge-sharing {MoOs} octahedra
around a central shared us-O atom.*®*5  Twelve u2-O oxo- ligands bridge between the six metal centres, which
are stabilised by an additional six terminal oxo- ligands. All of the metal centres are in their highest oxidation

state, +VI. The structure is highly symmetric, with O, symmetry (Figure 2.2.1).4045

& @

Figure 2.2.1 — Ball-and-stick and polyhedral representations of the Lindqvist hexamolybdate, [M0sO19]?> Colour
Scheme: Mo Teal, O red.

[MosO10]% has a reputation as a robust anion, able to withstand quite harsh conditions - in one example,
M[MosO1s] (where M is Rh(11) or Re(I1)) was prepared by prolonged heating over 350° C.*' Paradoxically, it is
also recognised as a readily-modified structure. Rearrangements of the structure are well known, including
rearrangements to both «- and S- isomers of the octamolybdate (Figure 2.2.2).1%4¢ Indeed several structures can
be isolated which contain both hexamolybdate and octamolybdate within the same structure, which can be

accessed either via the hexamolybdate or octamolybdate.*”°

/

Lindqvist
[Mog0,5]*

p-Octamolybdate
[Mo30,6]*

a-Octamolybdate
[Mog0,6]*

Figure 2.2.2 — Known rearrangements of the Lindqvist hexamolybdate, [M0sO19]%, to the a- and - isomers of
the octamolybdate, [MOgOze]“'.lg’46 Colour Scheme: Mo Teal, O red.
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The structure can also be readily modified by replacing one or more oxo- ligands. An extensive body of
work by several authors has involved the replacement of oxo- ligands of this structure with organoimido-type
ligands, usually by employing a dehydrating agent such as DCC.51-%2 Either the terminal or bridging oxo- ligands
can be selectively replaced by altering synthetic conditions, with up to six of the terminal ligands being replaced

at once (Figure 2.2.3).51-62

1.22 nm

Figure 2.2.3 — Various modifications of the Lindqvist hexamolybdate, [MosO19]%, generated by substituting
organoimido-type ligands in place of various terminal or bridging oxo- ligands. Figure reproduced from reference
51.
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The Lindqvist-structured hexamolybdate POM [MogO10]* was identified as a possible starting material for a

disassembly-reassembly synthetic technique for the following reasons:

1) [M0gO14]? is a simple, reasonably small structure. Any decomposition oligomers will therefore likely be
small, reactive species. This also means that decomposition should be relatively easy to study via mass
spectrometry.5364

2) The structure lacks a strongly coordinating central anion which exhibits a significant templating effect,
such as phosphate. Therefore templating effects should be dominated by species subsequently added to
the system.

3) The possibility of incorporating imine-type ligands into the structure allows an avenue towards modifying
the starting material, introducing new ligands and possibly influencing disassembly behaviour.51-62

4) Rearrangements of the structure are well documented, indicating that the compound is reasonably
reactive,9:46-50

5) The structure has been shown to undergo disassembly under certain circumstances.*®
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2.3) ESI-MS Analysis (Disassembly)

In order to investigate [MogO19]* as a potential starting material for a disassembly-reassembly process,
electrospray ionisation mass spectrometry (ESI-MS) analyses were undertaken to identify conditions under which
decomposition oligomers could be observed.!%2

Several solvent systems were considered for studies of the disassembly process. Methanol, acetonitrile,
water, DMF, DMSO (and mixtures thereof) have all been used in the conversion of [M0sO19]% to S-[M0sO26]*, a
reaction which (at least in some circumstances) has been demonstrated to occur via a top-down disassembly
mechanism.'®?2 We chose methanol from this set of solvents as it is particularly amenable to study via ESI-MS
analysis, although we anticipate that similar behaviour could in principle be observed in other solvents as well.

To this end, solid [TBA]2[Mo0sO19] (where TBA represents the tetrabutylammonium cation, (C4Hg)aN*) was
added to HPLC grade methanol (c. 0.5 mg/ml) and sonicated for 10 minutes. The resulting suspension was filtered
to remove undissolved [TBA]2[M0sO19] and analysed by ESI-MS in negative mode. Although the hexamolybdate
visually appears to be insoluble in methanol, the hexamolybdate anion could be seen in the mass spectrum, both
as the monoanionic adduct with one TBA cation ([TBA][M0¢O1q]", calculated mass 1112.62 m/z, experimental
mass 1121.55 m/z) and as the dianionic species with no cation ([MoY'sO1g]%, calculated mass 439.66 m/z,
experimental mass 439.66 m/z) (Figure 2.3.1). This confirms that methanol is a suitable solvent for

hexamolybdate chemistry.
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Figure 2.3.1 — ESI-MS signals for the [MoeO19]* dianion and the [TBA][MosO10]- monoanionic adduct, as
observed in the ESI-MS analysis of a solution of Lindgvist hexamolybdate [TBA]2[M0sO19] in methanol. Black lines

represent experimental results, red lines represent simulated spectra.

More significantly, a large number of other signals were observed in solution along with the parent cluster
(Figure 2.3.2 and Table 2.3.1). This large number of signals indicates that when dissolved in methanol solution
and without further chemical perturbation, the Lindqvist species does disassemble into a series of smaller

oligomers. These oligomers can be seen in solution along with their parent cluster.
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Many of the signals can be assigned to a molecular species by comparison of the signal with a simulated
molecular spectrum. This technique works very well for the low-mass molybdate oligomers, as these have
distinctive isotopic abundance patterns in the mass spectrum.®3-% However, this technique is less reliable at higher
m/z values, as the multiple overlapping molybdenum isotopes result in extremely broad (almost Gaussian) isotopic
envelope peaks.5®-% Nevertheless, many species can be positively identified, including mononuclear, dinuclear
and trinuclear species.

100 [Mo,04(OCH,)I
[MogO,]%
80 S
5] ,/ [TBA][Mo,04(0OCH;),]
5 [TBA][Mo30,]
20+ I
0- ook I — L L
300 350 400 450 500 550 600 650 70O 750 800 850
m'z

Figure 2.3.2 — Portion of the ESI-MS spectrum for a solution of Lindqvist hexamolybdate [TBA]2[M0sO19] in

methanol, highlighting the parent cluster (blue) and selected decomposition products (red).

Species m/z calc. m/z_exp.
[TBA][MO0gO1o] 1112.62 | 112155
[TBA][M0Y'4013] 834.82 834.84
[TBA][M0Y'3010] 687.93 687.97
[TBA][MoY',06(0OCH3).] 592.09 592.10
[MoV'6010]* 439.66 439.66
[MoV',05(OCHg)s] 365.84 365.85
[Mov',06(OCH3)] 318.79 318.70
H[MoV,0s]" 289.78 289.79
[MoV'O3(OCH3)] 176.90 176.91
H[MoV'0.] 162.89 162.90
H[MoVOs] 146.89 146.90

Table 2.3.1 — Calculated and observed m/z values for the species identified in the ESI-MS analyses for a solution

of Lindgvist hexamolybdate [TBA]2[M0sO190] in methanol. Signals representing the parent cluster are shaded blue.
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For the mononuclear species, signals can be identified representing H[Mo'VO3], H[MoV'O,]" and
[MoY'O3(OCHz3)]~ These species are small enough that the signals can be easily identified from their isotopic
distribution without any ambiguity (Figure 2.3.3). The [Mo“'O3(OCHs)]" mononuclear species is particularly
abundant, dominating the mass spectrum.
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Figure 2.3.3 — Representative ESI-MS signals for mononuclear species identified in solution, H{IMoV'O4]" and
[MoV'O3(OCH3)]". Black lines represent experimental results, red lines represent simulated spectra.

For the dinuclear species, [TBA][MoY;0s(OCHs)2], [Mo0Y',05(OCHs)s], [MoV',0s(OCH3)]" and
H[MoV,0¢]" can all be identified. The isotopic distributions are still distinctive enough that these species can be
identified unambiguously (Figure 2.3.4).
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Figure 2.3.4 — Representative ESI-MS signals for dinuclear species identified in solution, [MoV'20s(OCH?3).]  and
[MoV'205(OCHBa)s]". Black lines represent experimental results, red lines represent simulated spectra.
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A trinuclear species, [TBA][MoY'3010]", (calculated mass 687.93, experimental mass 687.97) can also be
identified. At this point, the isotopic distributions are becoming much broader, but the species can still be
identified (Figure 2.3.5). Additionally, there is a possible hint of a tetranuclear species, [TBA][MoY'4O13]
(calculated mass 834.82, experimental mass 834.84). However, the signal is at extremely low intensity. No
signals were observed that could correspond to {Mos} species.
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Figure 2.3.5 —-ESI-MS signals for possible trinuclear and tetranuclear species identified in solution,
[TBA][Mo0v'3010]" and [TBA][MoVY'4013]". Black lines represent experimental results, red lines represent simulated

spectra.
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Cone Voltage (CV) Experiments:

The variety of molecular structures identified by ESI-MS indicated that [M0sO10]% is a promising candidate
for the disassembly-reassembly technique. However, these signals can arise from two sources — “real” species in
solution, or fragments that arise from collision induced dissociation (CID) of molecules within the spraying
chamber.®7 Therefore, a series of ESI-MS experiments were conducted with varying cone voltage (CV).
Signals that diminish upon increasing cone voltage are due to “real” species, signals that enhance upon increasing

cone voltage are due to CID events.®7

For the H[Mo'VO3]" signal, no signal can be observed at low CV values, and the intensity generally increases
on increasing CV (Figure 2.3.6). Both of these facts indicate that this signal arises from CID events. This fragment
may arise from gas-phase collisions of H{MoY'O4]" and [MoY'O3(OCHz)]. At CV = 75V, the signal is better
represented by [MoVO3].
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Figure 2.3.6 —ESI-MS signals for H{Mo'VOs3]" at various cone voltage values: A) 10 V, B) 25V, C) 30 V, D) 50 V.
E) Simulated spectrum. F) A plot of signal intensity (highest peak) vs. cone voltage values, with a best-fit regression

line drawn to act as a guide for the eye.
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The [HMoY'04]" signal shows a complicated CV dependence. The signal intensity rises to a maximum value
at around CV = 30V before dropping off again (Figure 2.3.7). This can be explained by competing CID events —
at intermediate CV values, increased fragmentation of this species may be compensated by the increased
fragmentation of a heavier species, but at higher CV values fragmentation dominates and the signal intensity
diminishes. However, the extent to which competing CID events is occurring is difficult to quantify with any

accuracy. Thus, it difficult to draw definitive conclusions about this species.
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Figure 2.3.7 —-ESI-MS signals for H{IMoY'O4]" at various cone voltage values: A) 10 V, B) 25V, C) 50 V, D) 75 V.
E) Simulated spectrum. F) A plot of signal intensity (highest peak) vs. cone voltage values, with a best-fit regression
line drawn to act as a guide for the eye.
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The [MoV'0O3(OCHs3)] signal is present at low CV values, and the intensity gradually decreases on increasing

CV, disappearing altogether at high CV values (Figure 2.3.8). This indicates that this signal arises from a “real”
solution phase species. CID events involving this species probably generate H{Mo'VO3]". And [HMoY'O4]" signals.
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Figure 2.3.8 —ESI-MS signals for [MoV'O3(OCHz3)]" at various cone voltage values: A) 10 V, B) 25 V, C) 50 V, D)

75 V. E) Simulated spectrum. F) A plot of signal intensity (highest peak) vs. cone voltage values, with a best-fit

regression line drawn to act as a guide for the eye.
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The H[MoVY20¢] is not present at low CV values, and signal intensity generally increases on increasing CV,
and indicating that this signal arises from CID events (Figure 2.3.9). Gas-phase collisions of [MoY';0s(OCH3)]"
and [TBA][MoV',0s(OCHz3),]" are the likely origins of this signal. At higher CV values (75V), the signal is better

described by [MoYMoV'Og]
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Figure 2.3.9 —-ESI-MS signals for H{MoV20¢]" at various cone voltage values: A) 10 V, B) 25V, C) 30 V, D) 50 V.

E) Simulated spectrum. F) A plot of signal intensity (highest peak) vs. cone voltage values, with a best-fit regression

line drawn to act as a guide for the eye.
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The [MoY,04(OCH3)] signal is present at low CV values, and intensity diminishes at higher values,

indicating that this signal arises from a “real” solution-phase species (Figure 2.3.10). CID events involving this

species could generate either mononuclear or dinuclear fragments.
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Figure 2.3.10 —ESI-MS signals for [MoV'20s(OCHs3)]" at various cone voltage values: A) 10 V, B) 25V, C) 50 V,
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regression line drawn to act as a guide for the eye.
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The [MoV',05(OCHs)s] signal intensity is low, but the signal is present at low CV values and quickly
vanishes on increasing CV, indicating that the signal represents a “real” solution-phase species (Figure 2.3.11).

CID events involving this species could generate either mononuclear or dinuclear fragments.
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The signal for [TBA][MoY',0s(OCHa),]" is present at low CV values, and signal intensity decreases

consistently on increasing CV, indicating that the signal represents a “real” solution-phase species (Figure 2.3.12).

CID events are an unlikely source for this signal anyway, as collision events energetic enough to break metal-
oxygen bonds are unlikely to leave a cation-anion adduct intact. CID events involving this species could generate

either mononuclear or dinuclear fragments.
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The [TBA][MoY'3010] signal has low intensity and does not display any clear trend with respect to CV
(Figure 2.3.13). The presence of a very weak signal at low CV and the fact that this species is a cation-anion

adduct lend support to the hypothesis that this is a real species, but the evidence is too weak to render a confident

assignment of this signal.
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Figure 2.3.13 —ESI-MS signals for [TBA][MoV'3O10] at various cone voltage values: A) 10V, B) 25V, C) 30 V,
D) 50 V. E) Simulated spectrum. F) A plot of signal intensity (highest peak) vs. cone voltage values, with a best-fit

regression line drawn to act as a guide for the eye.
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The [TBA][MoV'4013] signal intensity is very low and does not display a clear trend with respect to CV

(Figure 2.3.14). As with the previous case, the evidence here is too weak to present a definitive assignment of

this species as either real or instrumentational.
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The CV variation experiments give a significant insight into the solution behaviour of the Lindqvist

hexamolybdate [M0sO19]% in methanol solution. Table 2.3.1 can be therefore be updated as follows:

Species m/z _calc. m/z_exp.
[TBA][M0sO10] 1112.62 | 1121.55
[TBA][M0V',013] 834.82 834.84
[TBA][M0V'3010] 687.93 687.97
[TBA][Mo0Y'206(OCH3)2] 592.09 592.10
[MoY'6016]* 439.66 439.66
[MoV',05(OCHs3)s] 365.84 365.85
[MoV',06(OCHs3)] 318.79 318.70
H[MoV206] 289.78 289.79
[MoY'O3(OCHs3)T 176.90 176.91
H[MoV'O.] 162.89 162.90
H[Mo'V O3] 146.89 146.90

Table 2.3.2 — Species identified from the ESI-MS analyses of the Lindgvist hexamolybdate [TBA]2[M0sO19] in
methanol. Signals representing the parent cluster are shaded blue, signals arising from other species in solution are
shaded green, and signals arising from CID events within the spectrometer are shaded red. Signals with some degree
of ambiguity are left unshaded.

Thus, oligomeric molybdate species form via spontaneous disassembly of the Lindgvist
hexamolybdate simply by dissolving the species in methanol. Only the parent POM cluster and a solvent
were present, and no degradative processes such as heating or irradiation were applied. At least two mononuclear
and three dinuclear species can be identified in solution in equilibrium with the parent POM cluster. Trinuclear
and tetranuclear species may also be present. Therefore it was concluded that the Lindgvist hexamolybdate was
likely to be suitable candidate for a disassembly-reassembly synthetic process.

These easily-generated oliogmeric species are in principle more reactive than their parent cluster.
Addition of templating ligands or heterometals to this solution should therefore be able to trap these
oligomeric fragments into new hybrid or TMS-POM architecture.

We conjecture that under a suitable templating bias, new compounds can be formed from these
fragments, either via trapping of these fragments or via condensation of multiple smaller fragments under
a bias applied by templating ligands. The next section will consider the reassembly of these molybdate

fragments under the influence of polydentate templating ligands.
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2.4) Hybrid Structures (Reassembly)

Having identified a suitable POM and a solvent system in which it disassembled, the next step towards a

disassembly-reassembly synthetic procedure was to attempt to reassemble the disassembly oligomers into a new

species by the addition of a suitable reactant.

Tert-butylphosphonate was identified as a potentially suitable ligand for the following reasons:

e As a polydentate ligand, it was expected to exhibit a significant templating effect; each ligand

molecule can interact with multiple metal centres in solution at any given time, potentially bringing

them into close enough contact for condensation to occur between metal centres (Figure 2.4.1);747¢

e The POz unit has a similar geometry and charge to [MoO4]? species; it has been suggested in the

past that this property makes phosphonates suitable ligands to generate hybrid POM species;”’"®

e It was hypothesised that the bulky tert-butyl group might provide steric shielding to protect new

compounds from hydrolysis, particularly during early stages of cluster formation.
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Figure 2.4.1 — Possible binding modes of phosphonate ligands. Reproduced from reference 76.

In the first instance, hybrid POM systems were targeted, on the basis that a POM-ligand system would be

simpler to understand than a mixed-metal hybrid system. The simple reaction system (containing just molybdate

and phosphonate ligands) was expected to generate a Strandberg-type ring structure (c.f. Section 1.2.1), as this is

a common phosphonate-molybdate motif.8-%°

this structure, the phosphonate templates a five-membered ring structure (c.f. Figure 1.2.1.11).

Other phosphonate-molybdate motifs are possible but rare.®? In
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[pip-H2]2[M0s015(tBuPO3),] (1)

To investigate the reassembly behaviour of the oligomeric molybdate fragments with phosphonate templating
ligands, tert-butylphosphonic acid, tBuPOsH,, was combined with [TBA]2[M0sO1g] in methanol. Addition of
piperazine to this reaction mixture resulted in the formation of an amorphous white precipitate over the course of
approximately one hour. Excess starting materials were removed by washing the sample with acetonitrile.
Comparison of the infrared (IR) spectrum of this powder with those of previously synthesised compounds
identified the solid as containing [pip-Hz].[M0sO15(tBuPQs),], (1), where pip represents piperazine and t-Bu
represents the tert-butyl moiety.

This compound is a Strandberg-type polyanion, which was discussed in Chapter 1. The Strandberg structure
is a pentanuclear ring structure, with two phosphonate ligand units binding to either side of the ring (Figure
2.4.1).8384 This type of polyanion was the first reported hybrid polymolybdate, and so several substitutions of the
phosphonate backbone have been reported, although to the best of our knowledge 1 represents the first tert-butyl
substituted Strandberg ring structures.®5#  All previously reported Strandberg ring structures were synthesised
via bottom-up approaches.®-%°

The ring structure contains five Mo"' metal centres and five u2-O bridging oxo- ligands in a ring system.
Each Mo centre has two terminal oxo- ligands supporting the metal centre. The phosphonate ligands both bind to
all five metal centres in a n':n?n?:ps coordination mode. In polyhedral representation, the structure consists of
five edge-sharing {MoOs} octahedra bent into a ring, with the two terminal {MoQOs} octahedra sharing a vertex

with one another (Figure 2.4.2).

Figure 2.4.2 — The Strandberg-type ring structure, [MosO15(RPO3)2]*, in ball-and-stick and polyhedral
representations. [pip-Hz]2[MosO15(tBuPOs).], compound 1, contains a tert-butyl-substituted analogue of this
compound. Colour Scheme: Mo teal, P pink, O red, C black.
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The structural characterisation for 1 is in very good agreement with the reported characterisation for

analogous compounds in the literature. Kwak et al. present IR spectra®® for the methyl-substituted derivative,

[Mos015(MePQOs),]* that are consistent with the IR spectrum for 1+2(MeOH). (Figure 2.4.3 and Table 2.4.1).

Transmission (%)

1087 cmt
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I
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I

1032 cm?
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Wavenumber (cmt)

Figure 2.4.3 — A portion of the infrared (IR) absorption spectrum for [pip-Hz2]2[MosO15(tBuPOz3)2]*2(MeOH).,

compound 1¢2(MeOH)..

1 [M0s015(MePOs),]* Assignment®
1087 1090
1032 1038 P-O
976 982
919 (shoulder) 920 Mo-O (terminal)
892 900
654 660 Mo-O (bridging)

Table 2.4.1 — Comparison of the infrared absorption frequencies (cm) for 1 and the methylphosphonate-

substituted analogue as presented by Kwak et al., along with the assignments proposed by Kwak.%6
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Figure 2.4.4 — The thermogravimetric analysis (TGA) for 1+2(MeOH).

The thermogravimetric analysis (TGA) indicates that 1 forms along with two constituent methanol molecules
per formula unit (Figure 2.4.4). TGA analysis on the resulting white powder was consistent with this formula.
The weight loss up to ¢. 100 °C is consistent with the loss of two methanol molecules per formula unit (calculated
95.1%, observed 94.8%). Subsequent heating over c. 200 °C results in gradual degradation of the organic
components, with the weight above c. 700 °C being attributed to formation of dense oxide phases.
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It seems reasonable to suggest that the phosphonate ligand acted as a template for the formation of this five-
membered ring system. We propose that this ring structure was generated from some (unspecified) combination
of the molybdate oligomers identified in Section 2.3. We know these species are present in solution, as they were
observed in the ESI-MS analyses. Further, we expect the polydentate phosphonate ligand to coordinate to multiple
metal centres (c.f. Figure 2.4.1). This may have drawn the metal centres into close enough contact for
condensation to occur between adjacent metal centres, biasing the system towards the Strandberg structure. Thus,
the disassembly of the Lindqvist hexamolybdate, followed by reassembly under the bias of the phosphonate

template, results in the hybrid structure 1 (Figure 2.4.5).

Phosphonate

v Template
“ A {Mo:}

—
———

Disassembly v Reassembly

Molybdate Fragments

Figure 2.4.5 — The proposed disassembly-reassembly pathway, whereby the Lindqgvist hexamolybdate
disassembled into several oligomeric molybdate fragments, which subsequently reassembled under the influence of a
phosphonate template to form the Strandberg-type ring in 1.

The tendency of oligomers to reassemble into a ring structure around tetrahedral templates is consistent with
literature transformations (e.g. the rearrangement of the Lindqvist to the a-octamolybdate structure). Assembly
into a ring structure around a central template is also consistent with the top-down approaches to hybrid Anderson

clusters.28-39
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[TDP-H2]2[M05015(tBuPOs3),] (2)

Replacement of the piperazine proton source with trimethylenedipyridine (TDP) also resulted in the
formation of a white precipitate over the course of one hour. IR spectroscopic analysis (Figure 2.4.6) was applied
and this solid was found to contain [TDP-H;].[M0sO15(tBuPOs);] (2). This compound is also a tert-
butylphosphonate-substituted Strandberg-type ring structure. Thus, two examples of the Strandberg ring structure

can be generated using the disassembly-reassembly approach.
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Figure 2.4.6 — Comparison of the infrared absorption frequencies (cm) for 2¢0.6(MeOH) (black) and
1+2(MeOH) (red). The similarities between the spectra indicate that they contain the same Strandberg ring motif.
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Figure 4.2.7 — The thermogravimetric analysis (TGA) for 2¢0.6(MeOH).

TGA analysis indicates that 2 forms along with 0.6 methanol molecules per formula unit (calculated 98.6%,
observed 98.6%). Subsequent heating over c. 200 °C shows a very similar decomposition behaviour to 1 (Figure
2.4.7).
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2.5) Notes on the Assembly-Disassembly-Reassembly Method

Mechanism of Reassembly

We demonstrated in the previous section that molybdate oligomers form spontaneously from the Lindqvist
hexamolybdate when dissolved in methanol, and conjectured that these might reassemble under suitable
conditions into hybrid structures. We conjectured that the addition of phosphonate ligands would generate

Strandberg-type rings. Both 1 and 2 are consistent with Strandberg-type ring systems.

The following synthetic points are worth noting:

e Combination of just tert-butylphosphonic acid and the Lindgvist hexamolybdate in methanol did
not result in any reaction, returning only the starting materials. Therefore we can conclude that the
rearrangement was not triggered by the addition of the phosphonate (e.g. via acid-promoted
hydrolysis of the cluster)

e Piperazine and trimethylenedipyridine are both bases and N-donor ligands. However, substitution
of either of these for other N-donor ligands, including pyridine (py) and picoline (pic), did not result
in any reaction, despite their similarity (particularly to TDP). Therefore we can conclude that the
rearrangement was not triggered simply by the addition of the N-donors (e.g. via base-promoted

hydrolysis of the cluster)

Based on the above observations, we propose that the reaction truly does proceed via the (spontaneously
generated) oligomeric molybdate intermediates that were observed in the previous section, and is not due to some
ligand-triggered reaction (e.g. hydrolysis). The phosphonate ligand acts as a template for the reassembly of the
oligomers, bringing molybdate oligomers into close enough contact for condensation to occur between them, but

the phosphonate does not participate in the disassembly of the parent cluster.
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The question remains as to why pip and TDP triggered the reaction, while similar N-donors such as py and
pic did not. We attribute this to stabilisation of the end product in the solid state, rather than to some reaction in
solution. It is well established that precipitation of POM compounds is highly sensitive to the presence of
counterions. A common method of isolating a given POM is to add a suitable counterion to solution, resulting in
the precipitation of the target compound (indeed the Lindqvist hexamolybdate was prepared in this way). In
particular, pip-Hz has previously been used as a cation for numerous Strandberg-type rings.®>** TDP-H; is less
common but has also been used.%

Therefore, we propose that the pip-Hz and TDP-H; cations represented geometrically suitable cations to the
Strandberg ring structure that resulted in precipitation of an electrostatically stabilised solid state. This stable
solid state provided a driving force for the reaction, sequestering the product out of solution and drawing the
reaction equilibrium towards the formation of 1 and 2. We propose that the py-H and pic-H could not generate a
stable solid-state product through efficient electrostatic packing, and so the reaction equilibrium stayed on the side
of the starting materials, resulting in no observable reaction.

We surmise that the presence of a templating ligand alone may be insufficient to drive reassembly in solution
— there must be some stabilising influence in the final product, or else the equilibrium is not driven towards the
products; hence the starting materials are recovered from the reaction mixture. The template is obviously
significant, as it will dictate the form of the final product, but the final structure must be stabilised in some way

relative to the parent cluster (Figure 2.5.1).

A) F'y B) r'y
x Product Oligomers
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Product \/
Parent
Cluster
Reaction Coordinate Reaction Coordinate

Figure 2.5.1 — Generalised energy diagrams for the disassembly-reassembly procedure. A) If the final product is
not stabilised relative to the parent cluster, the equilibrium stays towards the left and the reaction might not proceed.
B) If the product is stable relative to the parent cluster, the equilibrium shifts to the right and the product should
form.
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Solvent Choice

So far, we have considered the disassembly-reassembly procedure only in methanol. We have demonstrated
that the Lindqvist hexamolybdate does disassemble spontaneously in methanol solution, and can be reassembled
upon addition of a bias to generate hybrid compounds.

However, based on literature rearrangements of the Lindgvist hexamolybdate, we conjectured that
acetonitrile might also be a suitable solvent for the disassembly-reassembly technique. Therefore, the syntheses
of 1 and 2 were repeated using acetonitrile as the solvent. In both cases, the reaction proceeded as described
above, generating white powders over the course of approximately one hour. The two powders were found to
contain 1 and 2 respectively, based on IR measurements (Figures 2.5.2 and 2.5.3).
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Figure 2.5.2 — Comparison of the infrared absorption frequencies (cm-1) for powders containing 1, as
synthesised from methanol (black) or acetonitrile (red).
P-O region Mo=0 region Mo-0 region

10:0

Transmission [9%)
(9]
[ ==}

1200 1100 1000 SO0 BOOD J00 600

Wawvenumber [cm™)

Figure 2.5.3 — Comparison of the infrared absorption frequencies (cm2) for powders containing 2, as
synthesised from methanol (black) or acetonitrile (red).
Thus, acetonitrile also appears to be a suitable solvent for the disassembly-reassembly method, producing
identical products to methanol as a solvent.
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Moreover, after 2 was synthesised in acetonitrile, the solution was filtered and subsequently allowed to stand
for several weeks. A single colourless crystal of suitable quality for analysis via single crystal X-ray diffraction
(XRD) was obtained from this solution after approximately one month.

As anticipated, the crystal contained [TDP-H]o.[MosO15(tBuPOs3)2], 2, along with two constituent acetonitrile
molecules and two constituent water molecules. The crystal formed in the monoclinic space group P2/c.

The isolation of this crystal structure confirms the assignment of 1 and 2 based on their IR spectra as tert-
butylphosphonate-substituted Strandberg-type ring systems.

The crystal structure displays an interesting packing motif in the crystalline state. Each Strandberg ring is
charge-balanced by four protonated pyridyl groups, as expected, with the propylene linkages connecting the
structure in to an electrostatically-bound pseudo-polymer system. Two TDP-H; molecules link between a pair
Strandberg rings, while two more connect each pair to the neighbouring pair in a ladder motif (Figure 2.5.4).

Water and acetonitrile molecules occupy the voids between each ladder-like pseudopolymer.

Cron Je=iCron J=aiCrm D

A)

C

Figure 2.5.4 — A) The ladder-like repeating units in [TDP-Hz]2[MosO15(tBuP0s):] (2), with solvent molecules
removed and tert-butyl groups reduced to a C atom for clarity B) Schematic of the ladder-like connections, with the
[MosO15(tBuPQ3)2]* units represented as “POM?” and the protonated pyridyl ligands represented as red rectangles.

C) The crystal packing of compound 2 as viewed down the crystallographic a-axis. D) The crystal packing of
compound 2 as viewed down the crystallographic b-axis, showing the propagation of the ladder-like pseudopolymer
units. Colour Scheme: Mo teal, P pink, O red, C black. H atoms omitted for clarity.

Given that the bulk sample of 2 precipitated over the course of about one hour whereas this crystal took
approximately one month to form, we cannot necessarily conclude that the bulk sample also displays this ladder-
like pseudopolymer structure (the bulk sample is completely amorphous, showing no peaks in a Powder X-ray
Diffraction (PXRD) analysis). However, this crystal structure does demonstrate the type of solid-state stabilising
interaction we proposed above, where the cation links between Strandberg rings to make a stable solid-state

product, which pulls the equilibrium away from the parent cluster towards the new product.
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Identification code

2:2(MeCN)+2(H20)
Empirical formula Ci52H236M020N24092P5
Formula weight (g/mol) 5800.32
Temperature (K) 100.15
Wavelength (A) 1.54178
Crystal system Monoclinic
Space group P2/c
a(A) 22.3468(7)
b (A) 11.6096(4)
c(A) 22.9061(7)
a(°) 90
B () 116.3740(10)
v (%) 90
Volume (A3) 5324.1(3)
z 1
Calculated density peac (g/cm®) 1.809
Absorption coefficient u (mm™) 10.684
F(000) 2775.0

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

7.614 t0 131.722
26<h<26,-13<k<11,-26<1<25
30325
8719 [Rin = 0.0457]
8719/0/681
1.054
R; = 0.0298, WR, = 0.0773
R: = 0.0317, R, = 0.0787
0.93/-0.74

Table 2.5.1 — Crystallographic details for 2¢2(MeCN)<2(H20)
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mo(1) O(17) 1.7136(1) 5.914 +VI
0(18) 1.7174(1)
0(8) 1.8995(1)
0(2) 1.9456(1)
0O(15) 2.3037(1)
0(13) 2.3593(1)
Mo(2) 0(@3) 1.7005(1) 5.917 +VI
0(23) 1.7219(1)
0(1) 1.9238(1)
0(2) 1.9586(1)
0(13) 2.2144(1)
0O(16) 2.4056(1)
Mo(3) 0(5) 1.7115(2) 6.014 +VI
0(9) 1.7207(1)
O(4) 1.8982(1)
0(1) 1.9000(1)
0O(16) 2.3286(1)
0O(11) 2.3515(1)
Mo(4) 0O(6) 1.7005(1) 5.955 +VI
0(10) 1.7144(1)
O(4) 1.9161(1)
o(7) 1.9657(1)
0(14) 2.1990(1)
0O(11) 2.4320(1)
Mo(5) 0(22) 1.6986(1) 6.026 +VI
0(21) 1.7193(1)
0(8) 1.9117(1)
o(7) 1.9309(1)
0(12) 2.2174(1)
0O(14) 2.4172(1)

Table 2.5.2 — Crystallographically-determined bond lengths for the molybdenum centres in 2, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

Bond lengths in 2 vary depending on the type of O-donor ligand (Table 2.5.2). Terminal oxo- ligands display
Mo-O bond lengths around 1.7 A, bridging oxo- ligands around 1.9 A, and phosphonate O-donors display bond
lengths in the 2.2-2.4 A range. These bond lengths are all consistent with Strandberg-type ring systems in the
literature. 8586

Bond Valence Sum (BVS) analysis is used to demonstrate the oxidation states of the metal centres based on
bond length. BVS is defined as:

By, — B;
BVS = Zexp(obfl)

Bi represents a given bond length, B, represents an idealised bond length for a given pair of atoms, and b

represents an empirical constant. BVS analysis confirms that all Mo centres in 2 are in oxidation state +V1.
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Given the success in generating both 1 and 2 from acetonitrile, we concluded that the reactions probably
went through similar intermediates as proposed for the methanol case (i.e. mononuclear, dinuclear and trinuclear
molybdate oligomers that reassembled into a five membered ring via condensation reaction under a phosphonate
templating effect).

As acetonitrile is also a suitable volatile solvent for ESI analysis, we attempted to analyse possible
disassembly fragments of the Lindgvist hexamolybdate in acetonitrile as well. However, [TBA]2[M06O1q] is
considerably more soluble in acetonitrile than methanol. Therefore, in simple repetitions of the ESI-MS analysis
from the previous section, signals corresponding to the parent cluster dominated the spectra, and no disassembly
oligomers were observed.

However, the reaction system behaves almost identically in both acetonitrile as in methanol — the reaction is
not triggered by tert-butylphosphonate alone, nor the addition of N-donors such as pyridine or picoline, occurs
over a similar timescale, and produces identical products (constituent solvents notwithstanding). These facts
indicate that a very similar mechanism may occur in the acetonitrile and methanol cases. Therefore, we propose
that the Lindqgvist hexamolybdate also undergoes spontaneous disassembly to oligomeric molybdate species in
acetonitrile, although we have no direct evidence for the existence of such oligomers.

87



Chapter 2 — Assembly, Disassembly and Reassembly

2.6) Conclusions and Outlook

In summary, we have outlined a synthetic approach towards novel POM compounds by exploiting a “top-
down” method consisting of distinct assembly, disassembly and reassembly steps.

The Lindgvist hexamolybdate was chosen as a suitable precursor POM, and was assembled from the
monomeric starting material according to literature procedures.

ESI-MS analyses were used to demonstrate that the Lindqvist hexamolybdate undergoes spontaneous
disassembly in methanol at room temperature without perturbing the system. Under these conditions, the parent
POM species can be seen in equilibrium with a series of oligomeric molybdate species. CV variation experiments
indicate that these observations are not generated in situ during the analysis.

Reassembly of the resulting oligomers was achieved by the addition of tert-butylphosphonic acid to the
reaction mixture.  Two substituted Strandberg-type ring systems were generated in this fashion,
[TBA]4[M0s015(tBuPQs)2] (1) and [TDP-Hz]2[M0os015(tBuPQOs)2] (2), depending on counterions available in the
system. The phosphonate species acted as a template for a five-membered ring system, triggering reassembly of
the molybdate oligomers present in solution into the product species.

Thus, the assembly-disassembly-reassembly methodology has been demonstrated to work in principle,
generating two hybrid POM compounds that would normally be accessed using purely bottom-up approaches.

Having demonstrated the principle, this methodology can now be expanded to other systems. In particular,
we are interested in applying this methodology towards the generation of TMS-POM species by the incorporation
of heterometals into the reaction system. We anticipate that similar templating effects should be seen in mixed-
metal systems, but with potentially new geometries being accessible via the differing coordination modes of the
heterometals.

Over the next three chapters, the synthesis of TMS-POMs via the assembly-disassembly-reassembly
methodology will be explored.
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Chapter 3 — Hybrid Copper-Polyoxomolybdates

3.1) Copper in POM Chemistry

In the previous Chapter, we demonstrated the disassembly behaviour of the Lindqvist hexamolybdate in
methanol, and exploited this behaviour to synthesise Strandberg-type hybrid POM systems.

Having demonstrated the efficacy of this disassembly-reassembly technique to generate hybrid systems, we
turned our attention towards generating mixed-metal compounds. Mixed metal TMS-POM compounds can in
principle display additional functionality in comparison to single metal systems.

Paramagnetic metal centres offer more interesting magnetic properties than the diamagnetic metal centres
typically seen in POM clusters. Magnetic compounds have wide-ranging practical applications, including
electronics, data storage and transmission, diagnostics and sensing.>” Paramagnetic metal centres within a POM
structure in particular can be used to study magnetic interactions of relatively isolated paramagnetic centres in
defined environments.®¢ Many examples of paramagnetic TMS-POMs have been characterised using a variety
of metals, in particular in a POM-sandwich motif, including Mn, Fe, Ni, etc.1"-2¢

We identified copper (I1)-containing TMS-POM structures as a suitable synthetic target, for the following
reasons:

e Copper is an earth abundant metal, and is therefore readily accessible and not prohibitively
expensive. Copper (I1) salts are commercially available with a variety of counterions, including
chloride, acetate, nitrate and sulfate.

o  Copper (I) centres can access multiple possible coordination geometries and thus may be
synthetically more flexible than other alternatives.?” This may facilitate incorporation of copper
(1) into a TMS-POM cluster.

o Copper (Il) centres possess an S=1/2 ground state which offers an ideal, relatively simple
magnetic system for study. Compounds with odd numbers of copper (I1) centres are particularly
interesting as these represent spin-frustrated cluster entities, which cannot achieve an overall
S=0 ground state via ferromagnetic coupling of the spin centres.?8-32

Despite these apparent advantages, copper (1) substituted molybdates are relatively rare. In contrast to
copper (1) tungstates, of which many examples exist,3-% traditional synthetic attempts to combine copper (I1)
with molybdate POMs tend to produce compounds where a terminal oxo- ligand on a POM unit acts as a loosely-
bound ligand to a copper centre, rather than binding a copper centre into the POM core®"-4! (with the exception of
some Anderson-type copper-molybdates*?#4).  The disassembly-reassembly technique, therefore, could
potentially represent a plausible alternative route towards these interesting compounds.

Therefore, we set out to exploit our disassembly-reassembly approach to generate copper (1) cluster
compounds by incorporating a copper (1) salt into a very similar reaction mixture that generated compounds 1.

Two compounds were isolated from this procedure, which shall be described over the next Chapter.
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3.2) [TBA]2[M0oV!sCu'1s016(OH)2(tBuPO3)a(py)2(CH30)4(H20)],
(3)

[TBA]2[MoY'sCu"4016(OH)2(tBuPO3)a(py)2(CH30)4(H20)], 3), where TBA represents
tetrabutylammonium, t-Bu represents the tert-butyl moiety and py represents pyridine, was synthesised from the
reaction of copper (1) acetate with tert-butylphosphonic acid and Lindqvist hexamolybdate in methanol in the
presence of pyridine. After several weeks of slow solvent evaporation, pale blue plate-like crystals that contain 3
can be separated manually from the large green block crystals that form alongside them (these green crystals will
be discussed in more detail later).

The pale blue crystals were subjected to single crystal X-ray diffraction and found to contain 3, along with
two constituent methanol molecules and one constituent water molecule, in the monoclinic crystal system in space
group P2,/C (Table 3.2.1).

The cluster core in 3 contains four copper centres and six molybdenum centres. Formally, the structure can
be conceptualised as two {Mos} units encapsulating a {Cus} core in a sandwich motif (Figure 3.2.1). The two
{Mos} units are stabilised by a total of sixteen oxo- ligands, in either terminal or bridging modes. The {Cus} unit
is bridged by two u3-OH hydroxyl moieties. The {Mos} and {Cus} units are bridged together by four u,-O
bridging methoxy- ligands, as well as four fully deprotonated tert-butylphosphonate ligands which each
coordinate to five metal centres each. The coordination spheres of the {Cu4} core are completed by two pyridine

ligands and one water ligand.

A)

Figure 3.2.1 — A) Full representation of the [MoY'sCu'4016(OH)2(tBuPO3)4(py)2(CHz0)4(H20)]? cluster in 3. B)
Simplified representation of the same cluster - molybdate and phosphonate moieties are shown as polyhedra,
pyridine and tert-butyl groups are reduced to single N and C atoms respectively, and H atoms are removed from the
methoxy groups. Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black, H white.
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Identification code

3+2(MeOH)*(H;0)
Empirical formula CeaH144CusM0gN4O35P4
Formula weight (g/mol) 2531.50
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2i/c
a(A) 33.787(3)
b (A) 13.6491(10)
c(A) 22.4826(16)
a(°) 90
B () 105.0681(13)
v (%) 90
Volume (A%) 10011.6(13)
Z 4
Calculated density peac (g/cm®) 1.680
Absorption coefficient u (mm™) 1.698
F(000) 5152
Crystal size (mm?) 0.160 x 0.120 x 0.060
2@ range for data collection (°) 3.234 to 55.056
Index ranges -43<h<43,-17<k<17,-29<1<29
Reflections collected 356699
Independent reflections 23014 [Rint = 0.0589]
Data/restraints/parameters 23014/10/1121
Goodness-of-fit on F2 1.087
Final R indices [I>=20 (I)] R; =0.0388, wR, = 0.0873
Final R indices [all data] R: = 0.0554, wR, = 0.0951
Largest diff. peak and hole (e A?) 1.801/-1.177

Table 3.2.1 — Crystallographic details for compound 3+2(MeOH)*(H:O).

The two crystallographically distinct tetrabutylammonium cations both display crystallographic disorder.

The N(3) cation is modelled as completely disordered over two positions with occupancy 67/33%. The N(4)

cation is modelled with one carbon atom (C(59)) disordered over two positions with occupancy 55/45%.
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{Mos} units

The {Mos} units in 3 can be conceptualised as three edge-sharing {MoQOsg} distorted octahedra in a bend
arrangement (Figure 3.2.2). Mo(1) is stabilised by three oxo- ligands, two of which are terminal, O(5) and O(6).
The third oxo- ligand, O(7), and a bridging phosphonate O-donor, O(8), represent the shared edge with the Mo(2)
octahedron. A bridging methoxy ligand O(3) and another bridging phosphonate O-donor O(4) bridge to the copper
centre Cu(1). Mo(1), Mo(3), Mo(4) and Mo(6) all have equivalent coordination environments.

Mo(2) and Mo(5) are the central Mo centres of their respective {Mos} units, and so have equivalent
environments to each other. They do not have any interactions with copper centres, with bridging interactions
only taking place to other Mo centres. Mo(2) also possesses two terminal oxo- ligands, O(9) and O(10). The
bridging oxo- ligand O(7) and bridging phosphonate O-donor O(8) form a shared edge with the Mo(1) octahedron
while the bridging oxo- ligand O(11) and bridging phosphonate O-donor O(12) form a shared edge with the Mo(3)
octahedron.

Figure 3.2.2 — The two {Mos} moieties in 3. A) Mo(1)-Mo(3). B) Mo(4)-Mo(6). Atoms outside the direct
coordination spheres of the molybdenum atoms are partially faded out. Colour Scheme: Mo teal, Cu light blue, P
pink, O red, N blue, C black.

In the previous Chapter, it was demonstrated that the Lindqvist hexamolybdate disassembles in methanol.
There was some evidence for the existence of a [TBA][Mo03010]" species in solution (c.f. Table 2.3.2), but the
evidence was somewhat weak (c.f. Figure 2.3.13).

However, the presence of {Mo30g(OCHz).} moieties in 3 supports the hypothesis that {Mo3010} species may
exist in solution. The {MosOg(OCHj3),} moieties could arise from the {Mo3O10} species via substitution of two
oxo- ligands with methoxy ligands.

Alternatively, the {Mo3;0s(OCHs),} moieties could arise from condensation reactions between mononuclear
or dinuclear molybdate fragments.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mo(1) 0O(6) 1.700(3) 5.988 +VI
0O(5) 1.702(3)
o(7) 1.887(3)
0(@3) 2.050(3)
0(4) 2.176(3)
0(8) 2.380(3)
Mo(2) 0(10) 1.694(3) 6.016 +VI
0(9) 1.704(3)
o(7) 1.920(3)
0(11) 1.937(3)
0(12) 2.306(3)
0(8) 2.373(3)
Mo(3) 0(14) 1.703(3) 5.961 +VI
0(13) 1.714(3)
0O(11) 1.872(3)
0O(15) 2.061(2)
0O(16) 2.137(3)
0(12) 2.432(3)
Mo(4) 0(27) 1.699(4) 6.009 +VI
0(26) 1.701(3)
0(24) 1.922(3)
0(29) 1.936(3)
0O(25) 2.329(3)
0(28) 2.341(2)
Mo(5) 0O(31) 1.670(3) 5.961 +VI
0(30) 1.710(3)
0(29) 1.870(2)
0(32) 2.044(2)
0(33) 2.180(3)
0(28) 2.443(3)
Mo(6) 0(23) 1.695(3) 5.981 +VI
0(22) 1.712(3)
0(24) 1.881(3)
0(19) 2.052(3)
0(21) 2.157(3)
0O(25) 2.412(3)

Table 3.2.2 — Crystallographically-determined bond lengths for the molybdenum centres in 3, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The crystallographically determined Mo-O bond lengths in 3 range from 1.694(3) A to 2.443(3) A, depending
on the type of O-donor (Table 3.2.2). Terminal oxo- ligands display Mo-O bond lengths of roughly 1.7 A, bridging
oxo- ligands display Mo-O bond lengths around 1.9 A and bridging methoxy ligands display Mo-O bond lengths
of around 2.0 A. Phosphonate O-donors display more variation in Mo-O bond lengths, roughly in the range of
2.2 Ato 2.4 A. All Mo-O bond lengths observed crystallographically in 3 are consistent with similar complexes
observed in the literature.®>“*® When subjected to Bond Valence Sum (BVS) analysis, all bond lengths are

consistent with Mo centres in oxidation state +V1.
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Bond

Bond Angle (°)

Bond

Bond Angle (°)

O(7)-Mo(1)-O(8)
0O(3)-Mo(1)-O(4)
O(4)-Mo(1)-0(8)
O(7)-Mo(1)-0O(4)
0O(3)-Mo(1)-0(8)
0(6)-Mo(1)-O(8)
0O(6)-Mo(1)-0(3)
O(5)-Mo(1)-0(4)
0O(5)-Mo(1)-0(3)
O(5)-Mo(1)-0(7)
0O(6)-Mo(1)-0(7)
0O(6)-Mo(1)-0(5)

Angle Variance (¢?)
Distortion Index

0(11)-Mo(3)-0(12)
0(15)-Mo(3)-0(16)
0(16)-Mo(3)-0(12)
0(11)-Mo(3)-0(16)
0(15)-Mo(3)-0(12)
0(13)-Mo(3)-0(12)
0(13)-Mo(3)-0(15)
0(14)-Mo(3)-0(16)
0(14)-Mo(3)-0(15)
0(14)-Mo(3)-0(11)
0(13)-Mo(3)-0(11)
0(14)-Mo(3)-0(13)

Angle Variance (¢?)
Distortion Index

0(29)-Mo(5)-0(28)
0(32)-Mo(5)-0(33)
0(33)-Mo(5)-0(28)
0(32)-Mo(5)-0(28)
0(29)-Mo(5)-0(33)
0(30)-Mo(5)-0(28)
0(30)-Mo(5)-0(32)
0(31)-Mo(5)-0(33)
0(31)-Mo(5)-0(32)
0(31)-Mo(5)-0(29)
0(30)-Mo(5)-0(29)
0(31)-Mo(5)-0(30)

Angle Variance (¢?)
Distortion Index

73.35(11)
74.88(10)
75.73(9)
84.20(11)
85.33(10)
87.43(12)
91.43(14)
93.87(12)
97.86(13)
100.01(14)
103.26(14)
103.99(14)

120.2
0.102

71.60(10)
73.93(9)
76.03(9)

85.98(10)
86.44(9)

86.60(12)

90.31(11)

95.72(11)

98.53(11)

100.75(12)

102.88(12)

103.22(14)

126.74
0.103

71.85(10)
73.34(10)
75.81(9)
85.91(9)
86.42(10)
86.89(12)
90.46(12)
94.84(12)
98.50(12)
100.70(12)
102.86(13)
103.99(14)

129.0
0.099

0(7)-Mo(2)-0(8)
0(11)-Mo(2)-0(12)
0(12)-Mo(2)-0(8)
0(11)-Mo(2)-0(8)
0(7)-Mo(2)-0(12)

0(9)-Mo(2)-0(8)
0(10)-Mo(2)-0(12)
0(9)-Mo(2)-0(11)

0(9)-Mo(2)-0(7)
0(10)-Mo(2)-0(7)
0(10)-Mo(2)-0(11)
0(10)-Mo(2)-0(9)

Angle Variance (¢?)
Distortion Index

0(29)-Mo(4)-0(28)
0(24)-Mo(4)-0(25)
0(25)-Mo(4)-0(28)
0(29)-Mo(4)-0(25)
0(24)-Mo(4)-0(28)
0(27)-Mo(4)-0(28)
0(26)-Mo(4)-0(25)
0(26)-Mo(4)-0(29)
0(27)-Mo(4)-0(24)
0(27)-Mo(4)-0(29)
0(26)-Mo(4)-0(24)
0(27)-Mo(4)-0(26)

Angle Variance (¢?)
Distortion Index

0(24)-Mo(6)-0(25)
0(19)-Mo(6)-0(21)
0(21)-Mo(6)-0(25)
0(22)-Mo(6)-0(25)
0(24)-Mo(6)-0(21)
0(19)-Mo(6)-0(25)
0(22)-Mo(6)-0(19)
0(23)-Mo(6)-0(19)
0(23)-Mo(6)-0(21)
0(23)-Mo(6)-0(24)
0(22)-Mo(6)-0(24)
0(23)-Mo(6)-0(22)

Angle Variance (¢?)
Distortion Index

72.97(11)
73.58(10)
75.69(9)
82.32(10)
83.11(10)
88.86(12)
91.89(12)
98.03(13)
98.98(13)
99.84(14)
100.25(14)
104.14(15)

129.3
0.109

73.27(10)
73.71(11)
73.96(9)
82.95(10)
83.65(10)
91.30(13)
91.58(14)
97.38(13)
97.61(15)
100.27(14)
100.29(14)
103.99(17)

128.7
0.109

72.38(11)
74.12(10)
77.00(9)
83.49(13)
84.72(11)
88.48(10)
91.35(14)
97.57(13)
97.87(13)
99.69(15)
103.00(15)
103.25(16)

124.0
0.103

Table 3.2.3 — Crystallographically-determined bond angles for the molybdenum centres in 3, along with their

Angle Variance (¢2) and Distortion Index (DI) values.
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For metal centres with octahedral coordination geometries, the Bond Angle Variance (c%c) and the
Distortion Index (DI) are two methods to quantify the extent of distortion away from the idealised octahedral

geometry. The Bond Angle Variance is defined as:
12
2 1 oy 2
Ooct = HZ(ai —-90 )
=

o represents a bond angle in the system (only the angles between cis- bonded ligands are considered).4%5°
o2t = 0 represents a perfect octahedron. The 62 values for Mo centres in compound 3 range from 120.2 to
129.3, indicating that the coordination octahedra in the system are highly distorted (Table 3.2.3).

The Distortion Index is defined as:
12
1
DI = 12amzllai — ]
=

a;i and am represent an individual bond angle and the average bond angle, respectively (again, considering

only cis- bonded ligands).5%2 Again DI = 0 reflects an undistorted coordination octahedron. The DI values are
significantly higher, ranging from 0.099 to 0.109 (Table 3.2.3).
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{Cua} units

The {Cua} unit consists of four copper (11) centres and two us-OH hydroxyl moieties. Each hydroxyl ligand
coordinates to three copper centres to form two fused triangles (Figure 3.2.3). The central copper atoms, Cu(2)
and Cu(3), are coordinated by both O(1) and O(18), while the peripheral copper atoms Cu(1) and Cu(4) only
coordinate to one hydroxyl ligand each (O(1) and O(18) respectively. This arrangement is common in the
literature.53-5¢

All copper centres in 3 display square pyramidal coordination environments. For Cu(1l) and Cu(4), the
peripheral copper centres, these coordination spheres are {CuO4N} environments, while for the central Cu(2) and
Cu(3), the coordination sphere is {CuQOs}.

The base of the pyramid for Cu(l) is defined by pyridyl N-donor N(1), us-OH hydroxyl ligand O(1),
monodentate phosphonate O-donor O(2), and bridging methoxy ligand O(3). The apex of the pyramid is defined
by bridging phosphonate O-donor O(4), which bridges to the same molybdenum centre as methoxy ligand O(3).
The coordination environment for Cu(4) is equivalent.

The coordination environment for Cu(2) is very similar to that for Cu(1) and Cu(4), but with a hydroxyl O-
donor in place of a pyridyl N-donor. The base of the pyramid is defined by two us-OH hydroxyl donors O(1) and
0(18), a monodentate phosphonate O-donor O(17) and bridging methoxy ligand O(15). The bridging
phosphonate O-donor O(16) represents the apex of the pyramid.

Cu(3) is somewhat different to the other copper centres. The base of the pyramid is defined equivalently to
that for Cu(2) — two u3-OH hydroxyl donors O(1) and O(18), one bridging methoxy ligand O(19), and one
monodentate phosphonate O-donor O(20). However, Cu(3) recruits a water ligand to act as the apical ligand for
its coordination sphere.

A) B)

Cufd)

Figure 3.2.3 —-A) The hydroxy-bonded {Cua4} unit. B) This unit along with its peripheral supporting atoms.
Atoms outside the direct coordination spheres of the copper atoms are partially faded out. Colour Scheme: Mo teal,
Cu light blue, P pink, O red, N blue, C black, H white.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Cu(l) 0(2) 1.959(3) 2.028 +11
0(@3) 1.960(3)
0(1) 1.979(2)
N(1) 2.000(3)
0(4) 2.330(3)
Cu(2) 0(17) 1.900(3) 1.953 all
0(18) 1.967(3)
0O(15) 1.978(3)
0(1) 2.015(2)
0(16) 2.402(2)
Cu(3) 0(19) 1.948(3) 1.923 +11
0(20) 1.950(3)
0(18) 2.007(2)
0(1) 2.030(2)
0(35) 2.259(3)
Cu(4) 0(34) 1.944(3) 2.102 +11
0(32) 1.945(3)
0(18) 1.966(3)
N(2) 1.986(3)
0(33) 2.326(2)

Table 3.2.4 — Crystallographically-determined bond lengths for the copper centres in 3, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The crystallographically identified copper-ligand bond lengths also depend on interaction type (Table 3.2.4).

For the Cu-O or Cu-N bonds which represent the square bases of their respective pyramids, bond lengths range

from 1.900(3) A to 2.030(2) A, depending on interaction. Bridging methoxy ligands and the monodentate

phosphonate O-donors both display Cu-O bond lengths of around 1.9 A. Bridging us-OH units display Cu-O bond
lengths of around 2.0 A. The two Cu-N bond lengths are 1.986(3) A and 2.000(3) A. These are all in good

agreement with literature bond lengths.57-62

The Cu-O bonds which represents the apexes of their respective pyramids are considerably longer than those
which form the base of the pyramid. The copper-water bond Cu(3)-O(35) is 2.259(3) A. The bridging
phosphonate O-donor interactions Cu(1)-O(4), Cu(2)-O(16) and Cu(4)-O(33) is are 2.330(3) A, 2.402(2) A and

2.326(2) A, respectively. This is consistent with square pyramidal copper (1) complexes reported previously.>”

62
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Bond Bond Angle (°) Bond Bond Angle (°)
0(3)-Cu(1)-0(4) 73.07(11) 0O(15)-Cu(2)-0(16) 69.64(9)
0(2)-Cu(1)-0(3) 86.01(11) 0(18)-Cu(2)-0(1) 82.57(10)
0(2)-Cu(1)-0(2) 88.15(10) 0O(17)-Cu(2)-0(15) 88.68(11)
N(1)-Cu(1)-0(4) 92.43(12) O(17)-Cu(2)-0(1) 92.30(11)
0O(3)-Cu(1)-N(2) 92.68(13) 0(18)-Cu(2)-0(16) 92.47(9)
0O(1)-Cu(1)-N(1) 93.02(12) 0(18)-Cu(2)-0(15) 97.23(10)
0(2)-Cu(1)-0(4) 100.08(10) 0O(17)-Cu(2)-0(16) 101.19(9)
0(1)-Cu(1)-0(4) 107.94(10) O(1)-Cu(2)-0(16) 106.72(9)
0(2)-Cu(1)-N(1) 166.43(13) 0O(17)-Cu(2)-0(18) 166.29(10)
0O(3)-Cu(1)-0(1) 174.17(11) 0O(15)-Cu(2)-0(1) 176.35(10)

Geometry Index (zs) 0.129 Geometry Index (zs) 0.167
0(18)-Cu(3)-0(1) 81.25(10) 0(32)-Cu(4)-0(33) 71.86(10)
0(20)-Cu(3)-0(18) 90.77(11) 0O(34)-Cu(4)-0(18) 85.03(10)
0(19)-Cu(3)-0(20) 92.11(12) 0O(34)-Cu(4)-0(32) 91.46(11)
0O(1)-Cu(3)-0(35) 92.11(10) 0O(18)-Cu(4)-N(2) 91.80(12)
0(20)-Cu(3)-0(35) 92.82(11) 0(32)-Cu(4)-N(2) 91.90(12)
0O(18)-Cu(3)-0(35) 93.68(10) N(2)-Cu(4)-0(33) 96.70(11)
0(19)-Cu(3)-0(1) 94.95(11) 0O(34)-Cu(4)-0(33) 102.92(10)
0(19)-Cu(3)-0(35) 96.63(11) 0(18)-Cu(4)-0(33) 107.76(10)
0(19)-Cu(3)-0(18) 169.14(11) 0(34)-Cu(4)-N(2) 160.17(12)
0(20)-Cu(3)-0(1) 170.87(11) 0(32)-Cu(4)-0(18) 176.30(11)

Geometry Index (zs) 0.028 Geometry Index (rs) 0.268

Table 3.2.5 — Crystallographically-determined bond angles for the copper centres in 3, along with their
Geometry Index (ts) values.

For five-coordinate centres, the geometry index (zs) provides a metric to quantify the distortion from the
idealised square planar geometry. The geometry index is defined as:
a; —Qaz
60°
a1 and o represent the largest and second largest bond angles in the system, respectively.®® For an ideal

T =

square pyramid zs = 0 and for an ideal trigonal bipyramid zs = 1.

The Cu(3) centre displays closest to ideal square pyramidal geometry, at zs = 0.028 (Table 3.2.5). The water
ligand O(35) may have been recruited into the Cu(3) coordination sphere in order to minimise the distortion from
ideal geometry. However the other copper centres are unable to recruit such ancillary ligands, and so display

more distorted environments, with zs values ranging from 0.129 to 0.268.
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Phosphonate binding modes

Two phosphonate binding modes are present in 3 (Figure 3.2.4). Three of the tert-butylphosphonate ligands
bind to the cluster in #:7%#?%us binding modes, bridging between two copper and three molybdenum centres.
P(1) bridges between Mo(1) and Mo(2) with O-donor O(8), between Mo(3) and Cu(2) with O-donor O(16), and
coordinates to Cu(1) via monodentate O-donor O(2). The monodentate donor O(2) forms part of the base of the
Cu(1) pyramid, the bridging donor O(16) represents the apex of the Cu(2) pyramid. Phosphonates P(2) and P(3)
coordinate in equivalent fashion.

Phosphonate P(4) coordinates in a n*:#%:#%us binding mode. Monodentate O-donor O(34) coordinates to
Cu(4) and bridging O-donor O(28) coordinates to both Mo(4) and Mo(5). O(21) coordinates to only Mo(6).

These polydentate phosphonate ligands bear a striking resemblance to the ligands in 1 and 2, which also
display phosphonate ligands coordinating to five-membered ring-like systems. This may indicate that 3 forms
due to the substitution of copper centres into a phosphonate-templated ring structure. This is consistent with the
formation of phosphonate-templated Strandberg-type ring systems 1 and 2 via condensation between multiple

metal units.

A)

Figure 3.2.4 — The bonding motifs of phosphonate ligands A) P(1), representative of P(2) and P(3), which all
bind in :y%:5?:us binding modes. B) P(4), which binds in a #*:5%:#?:u4 binding mode. Tert-butyl moieties are
removed for clarity, and atoms not directly coordinated by the phosphonate ligands are partially faded out. Colour
Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black.

Atom Bond Valence Sum Assignment
0o(1) 1.025 u3-OH
0(18) 1.105 us-OH
0O(35) 0.173 H-0

Table 3.2.6 — BVS values for oxygen atoms in 3, and their assigned protonation states.
Hydrogen positions for the O-donor ligands O(1), O(18) and O(35) are calculated. Bond Valence Sum (BVS)
confirms the identities of these ligands as bridging hydroxides and monodentate water ligands, respectively (Table
3.2.6). BVS values for an oxygen atom in the approximate range 1.8-2.0 indicates oxo- ligands, 1.0-1.2 indicates

hydroxo ligands, and values in the 0.2-0.4 range indicate water ligands.5465
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Crystal Packing

3 crystallises along with two constituent methanol molecules and one constituent water molecule. One of
the methanol molecules is modelled as being disordered equally over two positions. The crystal packing is shown
in Figure 3.2.5.

A)

Figure 3.2.5 — Crystal packing diagrams for 3«2(MeOH)*(H20), as viewed down: A) The crystallographic a-axis,
B) the crystallographic b-axis., C) the crystallographic c-axis. Colour Scheme: Mo teal, Cu light blue, P pink, O red,
N blue, C black.
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Figure 3.2.6 — Temperature dependence of the yT (magnetic susceptibility by temperature) product for 3 over
the temperature range 4 — 300 K.

The temperature dependence of the magnetic susceptibility (y) of 3 was measured over the temperature (T)
range 4-300 K (Figure 3.2.6) at a constant magnetic field strength of 1.0 T. At temperatures above c. 150 K, the
»T product is roughly constant at c. 1.4 cm® mol* K. This indicates paramagnetic behaviour (i.e. the spin centres

are all decoupled from each other), which is described by the Curie Law:

Npg
3k,

Here C is the material-dependant Curie constant, ug is the Bohr magneton, kp is Boltzmann’s constant, and

C=xT= g*SES+1)

2
1\3'% =0.12505 cm® K mol?. g isthe Landé g-factor and S is the spin state of a metal centre.®® For the four S =%
b

copper (I1) spin centres in 3, the expected value is therefore 1.5 cm® mol* K when g = 2, which is in reasonable
agreement for the experimental values observed.

At lower temperatures, the T product drops towards zero, reaching a minimum value of 0.105 cm® mol* K
at T =4 K. This is indicative of predominantly antiferromagnetic interactions between the four copper centres.
Ferromagnetic coupling may still be present in the compound, but it is dominated by antiferromagnetic

interactions. The xT product decreases towards zero, indicating a probable overall ground state of St = 0.
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Figure 3.2.7 — The IR spectrum for 3<2(MeOH)+(H20).

The infrared (IR) spectrum for 3<2(MeOH)+(H2O) (Figure 3.2.7) is consistent with the structure as
determined by XRD. The IR spectrum bares similarity to the spectra recorded for compounds 1 and 2, which is
unsurprising given the presence of similar ligands (especially tert-butylphosphonate and oxo- ligands in similar
binding modes). The broad feature at 3448 cm™ is due to hydrogen-bonding ~OH moieties (methanol and water),
while the distinctive feature at 2960 cm™ is due to a combination of C-H vibrations in the organic ligands and
TBA cations. The features in the 1300 — 1600 cm™ region are additionally ascribed to the organic portion of the
molecule, particularly C-C vibrations. By analogy with compounds 1 and 2, the features in the ¢.950 — 1100 cm-
! region can be assigned as arising from P-O vibrations, with the features in the ¢.850 — 950 cm™ region assigned
to Mo=0 terminal bonds. The P-O and M=0 features have converged somewhat with respect to compounds 1
and 2, which may indicate a shift in bonding character with respect to 1 and 2 (Figure 3.2.8). The feature at 678
cm? is assigned as a Mo-O bridging interaction.

P-O region Mo=0 region
B |
3
5
= 2
=
1200 1100 1000 900 800

Wavenumber (cm1)

Figure 3.2.8 — Comparison of a portion of the IR spectrum for 2¢0.6(MeOH) (red) and 3¢2(MeOH)+(H20).
(black).
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Figure 3.2.9 — Thermogravimetric Analysis (TGA) of 3 over the range 30-830°C.

Thermogravimetric analysis (TGA) for a dried sample of 3 indicates that the compound is stable in a nitrogen
atmosphere up to ¢. 160 °C (Figure 3.2.9). A weight loss of 1.1% occurs up to this temperature, which is attributed
to loss of solvent due to incomplete drying. The compound then undergoes a further weight loss of 8.6% centred
around c. 180 °C, which likely corresponds to the loss of bound water and pyridine ligands (expected 7.9%).
Further weight losses are observed beginning at ¢. 250 °C which likely correspond to ligand decomposition

reactions. The gradual weight loss above c. 500 °C may correspond to oxide formation.
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Figure 3.2.10 — A) Negative mode MALDI-MS analysis of 3 in methanol. B) Magnified portion of the spectrum.
C-E) Experimental (black) and simulated (red) MALDI-MS signals for three possible molecular species observed in
solution, H{MoV'sCu'"4016(tBuPO3)4(CH30)a(OH)2(CH3zOH)3]", HIMoV'6Cu'4016(tBuPO3)4(CH30)4(OH)2(CH30H)2],

and H[MoV'sCu'"4O16(tBuPO3)4(CH30)4(OH)]", respectively.

The MALDI-MS analysis of a solution of 3 in methanol contains several signals, some of which can be

tentatively assigned as molecular species (Figure 3.2.10 and Table 3.2.6).

One signal is assigned as

H[MoV'sCu"4016(tBuPO3)4(CH30)4(OH)2(CH30H)s] (expected mass 1886.49, observed mass 1886.35), which

corresponds to the cluster core of 3 with the pyridine and water ligands replaced by methanol (which is not

unexpected in a methanol solution).

Two possible fragments of this species are also observed,

H[MoV'sCu"4016(tBUPO3)4(CH30)4(OH)2(CH30H)2]" and H[MoV'sCu"4016(tBuPO3)4(CH30)4 (OH),], which

correspond to the loss of one and three methanol ligands respectively from this species.

Species m/z calc. m/z exp.
H[MoV'sCu'"4016(tBuPO3)4(CH30)4(OH)2(CH3OH)s]" 1886.49 | 1886.35
H[MoV'sCu'"4016(tBuPO3)4(CH30)4(OH)2(CH3OH),] 1854.47 | 1854.33
H[MoV'sCu'"4016(tBuPO3)4(CH30)4(OH)J] 1789.50 | 1789.27

Table 3.2.6 — Possible species observed in the MALDI-MS analysis of 3 in methanol.
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3.3) [TBA]2[MoV!7Cu'7019(OH)(CH30)7(tBuPO3)s(CsHsN)2], (4)

[TBA][MoY!;CuV'7019(OH)(CH30)7(tBuPOs)s(pY)2], 4, where TBA represents tetrabutylammonium, t-Bu
represents the tert-butyl moiety and py represents pyridine, was synthesised from the reaction of copper (1) acetate
with tert-butylphosphonic acid and Lindgvist hexamolybdate in methanol in the presence of pyridine. After
several weeks of slow solvent evaporation, green block-like crystals that contain 4 crystallise alongside the pale
blue crystals containing 3 that were described in the previous section. The crystals containing 4 can be separated
from the mixture manually.

The green block crystals were subjected to analysis by single crystal X-ray diffraction and found to contain
4, along with six constituent methanol molecules, in the monoclinic crystal system in space group C2/C (Table
3.3.1).

The cluster core in 4 contains seven copper centres and seven molybdenum centres. Formally, the structure
can be conceptualised as one {Mos} unit and two {Mo} units encapsulating a {Cu-} core (Figures 3.3.1 and
3.3.2). The molybdate units are stabilised by a total of eighteen oxo- ligands, in either terminal or bridging modes.
The {Cu7} unit is stabilised by a combination of a central u4-O oxo- ligand, bridging phosphonate interactions,
and two us ligands, O(10) and O(10’), which are disordered between usz-OH hydroxyl ligands and u3-OCHs
methoxy ligands in a 50/50 ratio.

The molybdate units are bridged to the {Cu-} core by a total of six x,-O bridging methoxy- ligands, as well
as six fully deprotonated tert-butylphosphonate ligands. The coordination spheres of the {Cu-} core are completed
by two pyridine ligands. The cluster is C, symmetric, with the symmetry axis running through the central u4-O

oxo- ligand, one copper centre, Cu(5), and one molybdenum centre, Mo(4).

Figure 3.3.1 — Full representation of the [MoV'7Cu¥'7019(OH)(CH30)-(tBuPO3)s(py)2]> cluster in 4. Colour
Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black, H white.
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Figure 3.3.2 — Simplified representation of the [MoY'7CuV'7015(OH)(CH30)7(tBuPO3)s(py)2]* cluster in 4.
Molybdate and phosphonate moieties are shown as polyhedra, pyridine and tert-butyl groups are reduced to single N
and C atoms respectively, and H atoms are removed from the methoxy groups, and the disordered methoxy/hydroxo

ligands are shown as hydroxo ligands. Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black, H
white.
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Identification code 4+6(MeOH)
Empirical formula C73H158Cu7M07N4045Ps
Formula weight (g/mol) 3114.20
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group C2lc
a(A) 18.3636(14)
b (A) 35.236(3)
c(A) 18.6488(14)
a(°) 90
B () 92.9173(13)
v (°) 90
Volume (A3) 12051.1(16)
4 4
Calculated density peac (g/cm®) 1.716
Absorption coefficient u (mm™) 2.065
F(000) 6284
Crystal size (mm?) 0.210 x 0.150 x 0.120
2@ range for data collection (°) 3.182 t0 52.854
Index ranges 22<h<22,-44<k<44,-23<1<23
Reflections collected 193771
Independent reflections 12376 [Rint = 0.0339]
Data/restraints/parameters 12376/0/663
Goodness-of-fit on F2 1.062
Final R indices [I>=2c6 (I)] R1 =0.0294, wR; = 0.0671
Final R indices [all data] R: = 0.0369, wR, = 0.0721
Largest diff. peak and hole (e A?) 1.817/-1.751

Table 3.3.1 — Crystallographic details for compound 4¢6(MeOH).
4 crystallises along with approximately six constituent methanol molecules. These molecules are not

assigned crystallographic positions but were treated as a diffuse contribution to the overall crystal scattering using
the SQUEEZE technique.
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Molybdate units

The {Mos} unit in 4 defined by metal centres Mo(3), Mo(4) and Mo(3), is equivalent to the {Mos} unitin 3
as described in the previous section (Figure 3.3.3).

The {Mo,} units can be described as pairs of edge-sharing {MoOs} octahedra. Both Mo(1) and Mo(2) are
stabilised by two terminal oxo- ligands, one bridging oxo-, two bridging phosphonate O-donors, and one bridging
methoxy ligand. Bridging oxo- ligand O(5) and bridging phosphonate O-donor O(4) represent the shared edge
between the coordination octahedra. Mo(1) is bridged to Cu(5) by the bridging methoxy ligand O(14) and the
bridging phosphonate donor O(3). Similarly Mo(2) is bridged to Cu(7) by the bridging methoxy ligand O(9) and
the bridging phosphonate donor O(8).

The symmetry related Mo(1”) and Mo(2’) display equivalent coordination environments (Figure 3.3.3).

Figure 3.3.3 — The molybdate moieties in 4. A) Mo(1) and Mo(2). B) The symmetry-related Mo(1”) and Mo(2’).
C) Mo(3)-Mo(3’). Atoms outside the direct coordination spheres of the molybdenum atoms are partially faded out.
Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black.

As is the case for 3, the {M030g(OCHj3)2} moiety in 4 may arise either from {Mo3O10} species or from
condensation of mononuclear or dinuclear molybdates (see Table 2.3.2). Similarly, the {Mo0,0s} moieties in 4
may arise from the dinuclear species generated by the disassembly of the Lindqvist species. In particular, they
may arise from the [MoV',05(OCHa;)s] species via loss of a methoxy ligand, from [MoV',06(OCHs)]" via
replacement of an oxo- ligand with a methoxy ligand, or from [TBA][Mo"',06(OCHs),]" via a combination of
oxo- replacement and methoxy loss. The units could also arise from condensation of two mononuclear molybdates
(see Table 2.3.2).
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mo(1) 0(2) 1.694(1) 5.981 +VI
0(1) 1.706(1)
O(5) 1.902(1)
0(14) 2.015(1)
0(@3) 2.202(1)
O(4) 2.392(2)
Mo(2) 0O(6) 1.702(1) 5.962 +VI
o(7) 1.706(1)
0O(5) 1.889(1)
0(9) 2.019(1)
0(8) 2.212(2)
O(4) 2.385(2)
Mo(3) o(17) 1.702(1) 5.963 +VI
0(18) 1.705(1)
0(19) 1.886(1)
0(16) 2.064(1)
0(22) 2.157(1)
0(21) 2.385(2)
Mo(4) 0(20) 1.702(1) 5.984 +VI
0(20%) 1.702(1)
0(19) 1.928(1)
0(19%) 1.928(1)
0(21) 2.346(1)
0(21°) 2.346(1)

Table 3.2.2 — Crystallographically-determined bond lengths for the molybdenum centres in 4, along with their

oxidation state as determined by Bond Valence Sum (BVS) analysis.

Similar to bond lengths observed in 3, Mo-O bond lengths in 4 range from 1.694(1) A to 2.392(2) A,

depending on the type of O-donor (Table 3.2.2). Bond lengths display similar trends as in 3 - terminal oxo- ligands

display Mo-O bond lengths of roughly 1.7 A, bridging oxo- ligands display Mo-O bond lengths around 1.9 A and

bridging methoxy ligands display Mo-O bond lengths of around 2.0 A. Phosphonate O-donors bonds range from

2.2 Ato 2.4 A. Bond lengths are consistent with those observed in the literature.*>*¢ Bond Valence Sum (BVS)

analysis indicates all Mo centres are in oxidation state +VI.
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Bond Bond Angle (°) Bond Bond Angle (°)
O(5)-Mo(1)-0(4) 74.06(8) 0O(8)-Mo(2)-0(4) 73.46(7)
O(3)-Mo(1)-0(4) 74.63(7) O(5)-Mo(2)-0(4) 74.46(8)

0(14)-Mo(1)-0(3) 75.53(8) 0(9)-Mo(2)-0(8) 74.65(8)
0O(5)-Mo(1)-0(3) 83.10(8) 0O(5)-Mo(2)-0(8) 84.80(9)
0(14)-Mo(1)-0(4) 83.92(7) 0(9)-Mo(2)-0(4) 85.62(8)
O(1)-Mo(1)-0(4) 87.39(9) O(7)-Mo(2)-0(4) 89.44(10)
0O(1)-Mo(1)-0(14) 92.98(9) O(7)-Mo(2)-0(9) 93.61(11)
0(2)-Mo(1)-0(3) 95.35(10) 0O(6)-Mo(2)-0(8) 93.79(10)
0(2)-Mo(1)-0(14) 97.66(9) 0O(6)-Mo(2)-0(9) 95.90(10)
0(2)-Mo(1)-0(5) 101.10(10) 0O(6)-Mo(2)-0(5) 99.96(10)
O(1)-Mo(1)-0(5) 101.76(10) O(7)-Mo(2)-0(5) 101.36(11)
0(2)-Mo(1)-0(1) 103.16(11) 0O(6)-Mo(2)-0(7) 104.00(12)
Angle Variance (c¢?) 120.2 Angle Variance (¢°) 116.7
Distortion Index 0.102 Distortion Index 0.099
0(19)-Mo(3)-0(21) 72.55(10) 0(19)-Mo(4)-0(21) 72.82(10)
0(16)-Mo(3)-0(22) 74.90(9) 0(19°)-Mo(4)-0(21°) 72.82(10)
0(22)-Mo(3)-0(21) 77.43(9) 0(21)-Mo(4)-0(21”) 74.63(12)
0(19)-Mo(3)-0(22) 85.87(10) 0(19)-Mo(4)-0(21”) 84.14(9)
0(16)-Mo(3)-0(21) 86.61(9) 0(19%)-Mo(4)-0(21) 84.14(9)
0(18)-Mo(3)-0(21) 87.23(11) 0(20)-Mo(4)-0(21) 91.47(12)
0O(18)-Mo(3)-0(16) 90.61(11) 0(20”)-Mo(4)-0(21”) 91.47(12)
0O(17)-Mo(3)-0(22) 93.56(12) 0(20%)-Mo(4)-0(19) 97.70(13)
O(17)-Mo(3)-0(16) 97.44(11) 0(20)-Mo(4)-0(19”) 97.71(13)
0O(17)-Mo(3)-0(19) 100.59(12) 0(20)-Mo(4)-0(19) 100.11(12)
0(18)-Mo(3)-0(19) 102.82(12) 0(20°)-Mo(4)-0(19) 100.11(12)
0O(17)-Mo(3)-0(18) 103.03(14) 0(20)-Mo(4)-0(20%) 103.4(2)
Angle Variance (¢?) 112.9 Angle Variance (¢°) 127.5
Distortion Index 0.092 Distortion Index 0.107

Table 3.3.3 — Crystallographically-determined bond lengths for the molybdenum centres in 4, along with their
Angle Variance (¢2) and Distortion Index (DI) values.

As is the case for 3, the {MoQOg} coordination environments in 4 are highly distorted from the ideal octahedral
geometry, with o2 values ranging from 112.9 to 127.5, and DI values ranging from 0.092 to 0.107 (Table 3.3.3).

oot and DI are defined as:

1 12
Ol = 72 ) (@ = 90°)
i=1

12
1
DI = 12amzllai —
i=

a; and am represent an individual bond angle and the average bond angle, respectively.*9-52
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{Cu+} core

The {Cus} core of 4 is primarily aggregated by the u4-O ligand O(15) and the two u3-O ligands O(10) and
0(10) (Figure 3.3.4). The us-O ligand O(10) bridges between copper centres Cu(6), Cu(7) and Cu(8). The us-O
ligand O(15) bridges between Cu(6) and Cu(8) and their symmetry counterparts, Cu(6”) and Cu(8”). Cu(6’) and
Cu(8’) are then bridged to the Cu(7’) by O(10’). The final copper centre, Cu(5), is connected to the rest of the
{Cur} core via two bridging phosphonate O-donors, O(13) and O(13”).

Three different coordination environments are seen for copper centres in 4. Cu(5) displays a distorted
octahedral coordination environment. In addition to O(13) and O(13”), Cu(5) is stabilised by bridging methoxy
ligand O(14) and bridging phosphonate O-donor O(3), which both bridge to Mo(1), as well as their symmetry
counterparts, O(14’) and O(3’).

Two centres adopt square planar coordination geometries, Cu(6) and Cu(6’). Cu(6) is coordinated by
monodentate phosphonate O-donor O(12), bridging phosphonate O-donor O(13”), us-O O(10) and w4-O O(15).

Cu(7), Cu(7’), Cu(8) and Cu(8’) all display distorted square planar coordination geometry. Cu(7) is stabilised
by one pyridyl N-donor N(1), one bridging methoxy O(9), one bridging phosphonate O(8), one monodentate
phosphonate O-donor O(11), and u3-O ligand O(10). O(8) and O(9) both bridge to Mo(2). O(8) represents the
apex of the square pyramidal coordination environment. Cu(8) is coordinated by us-O O(10), u4-O O(15),
monodentate phosphonate O-donor O(23), bridging methoxy O(16), and bridging phosphonate O(22). O(16) and

0(22) bridge to Mo(3). O(22) represents the apex of the square pyramidal coordination environment.

Figure 3.3.4 —A) The {Cu7} core of 4. B) This unit along with its peripheral supporting atoms. Atoms outside the
direct coordination spheres of the copper atoms are partially faded out. Colour Scheme: Mo teal, Cu light blue, P
pink, O red, N blue, C black, H white.

116



Chapter 3 — Hybrid Copper-Polyoxomolybdates

Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Cu(b) 0(14) 1.942(1) 2.018 +11
O(14°) 1.942(1)
0(13) 2.014(1)
0(13”) 2.014(1)
0(@3) 2.401(1)
0(3") 2.401(2)
Cu(6) 0O(15) 1.892(1) 1.872 +11
0(12) 1.898(1)
0(10) 2.002(1)
0(13) 2.041(1)
Cu(7) 0(9) 1.939(1) 2.111 +11
0(10) 1.957(1)
0(11) 1.970(1)
N(1) 2.001(1)
0(8) 2.243(1)
Cu(8) 0(23) 1.912(1) 1.962 +11
0(15) 1.941(1)
0(16) 1.968(1)
0(10) 2.008(1)
0(22) 2.484(1)

Table 3.3.4 — Crystallographically-determined bond lengths for the copper centres in 4, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

Copper bond lengths in 4 follow similar trends as in 3 (Table 3.3.4). Bridging methoxy ligands and the uu-
O ligand display Cu-O bond lengths of about 1.9 A. .3-O ligands display Cu-O bond lengths of around 2.0 A.
The Cu-N bond is 2.001 A. Phosphonate ligands display a range of bond lengths up to 2.484 A. The ligands

which represent the apex of a square pyramid, O(22) and O(8), display much longer Cu-O bond lengths than their

counterpart ligands. The O(3) and O(3’) ligands to Cu(5) similarly display much longer Cu-O bond lengths than

the other bonds to Cu(5), and may represent a Jahn-Teller axis on Cu(5).

All bond lengths observed are consistent with literature bond lengths.>-%2 Bond Valence Sum (BVS) analysis

indicates that all copper centres are in oxidation state +I11.
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Bond Bond Angle (°) Bond Bond Angle (°)
O(14)-Cu(5)-0(3”) 72.09(8)
0O(14”)-Cu(5)-0(3) 72.10(8)
0O(13)-Cu(5)-0(13”) 83.35(11)
0O(14°)-Cu(5)-0(13) 91.13(8) 0O(15)-Cu(6)-0(10) 84.43(9)
0O(14)-Cu(5)-0(13”) 91.13(8) 0(12)-Cu(6)-0(10) 90.99(10)
O(13)-Cu(5)-0(3) 91.70(7) 0O(12)-Cu(6)-0(13) 91.82(9)
0(13”)-Cu(5)-0(3") 91.70(7) 0O(15)-Cu(6)-0(13”) 92.66(8)
0O(14)-Cu(5)-0(3) 92.93(8) 0O(15)-Cu(6)-0(12) 173.77(7)
0O(14”)-Cu(5)-0(3") 92.93(8) 0O(10)-Cu(6)-0(13) 176.87(10)
0O(14)-Cu(5)-0(14°) 94.56(12)
0(13”)-Cu(5)-0(3) 104.63(7)
O(13)-Cu(5)-0(3”) 104.63(7)
Angle Variance (¢?) 105.4 Geometry Index (s) 0.066
Distortion Index 0.076
0(9)-Cu(7)-0(8) 75.46(8) 0(22)-Cu(8)-0(16) 69.34(3)
0O(10)-Cu(7)-0(11) 83.20(10) 0O(15)-Cu(8)-0(10) 83.01(7)
0(9)-Cu(7)-0(11) 87.62(10) 0(22)-Cu(8)-0(10) 85.77(4)
0(9)-Cu(7)-N(1) 93.05(11) 0(23)-Cu(8)-0(16) 89.60(11)
O(10)-Cu(7)-N(1) 96.39(11) 0O(16)-Cu(8)-0(10) 93.01(10)
N(1)-Cu(7)-0(8) 97.11(10) 0(23)-Cu(8)-0(15) 94.91(7)
O(11)-Cu(7)-0(8) 97.75(8) 0(22)-Cu(8)-0(15) 106.62(4)
0O(10)-Cu(7)-0(8) 103.54(9) 0(22)-Cu(8)-0(23) 107.75(4)
O(11)-Cu(7)-N(1) 164.80(11) 0(23)-Cu(8)-0(10) 170.43(10)
0(9)-Cu(7)-0(10) 170.56(10) 0O(15)-Cu(8)-0(16) 174.61(9)
Geometry Index (zs) 0.096 Geometry Index (rs) 0.070

Table 3.3.5 — Crystallographically-determined bond angles for the copper centres in 4, along with their
appropriate distortion parameters.

All copper coordination environments are distorted somewhat from their ideal geometries. The four
coordinate geometry index 74 is defined as:
_360° — (ay + a;)
= 7 360°— 20

oy and o represent the largest and second largest bond angles in the system, respectively. 0 represents the

ideal tetrahedral angle (c. 109.5°).%7 For an ideal square plane, 72 = 0 and for an ideal tetrahedron 74 = 1. A value
of 74 = 0.066 indicates a small amount of distortion from square planar.

The octahedral coordination geometry of metal centre Cu(5) displays similar levels of distortion to the
octahedral coordination geometries of the Mo centres in 4 (Table 3.3.5). The centres with square planar
coordination environments, Cu(7) and Cu(8), display moderately lower levels of distortion to the square planar
environments in 3.

o2, DI and s are defined in the same way as previously.#9-5263
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Phosphonate binding modes

Three phosphonate binding modes are present in 4, representing the three crystallographically distinct
phosphonate ligands present. All phosphonate ligands bind in #':52:52us binding modes (Figure 3.3.5).

P(1) bridges between Mo(1) and Cu(5) via O-donor O(3), between Mo(2) and Cu(7) with O-donor O(8), and
coordinates to Cu(6) via monodentate O-donor O(12). O(8) represents the apex of the Cu(7) pyramid, while O(3)
occupies a Jahn-Teller axis on Cu(6).

P(2) also binds in a nY:#%5%us binding mode. O(4) bridges between Mo(1) and Mo(2), O(13) bridges
between Cu(5) and Cu(6°), and O(11) coordinates to Cu(7).

P(3) binds in a very similar fashion to phosphonate ligands in 3. O(21) bridges between Mo(3) and Mo(4),
0(22) bridges between Mo(3’) and Cu(8”), and O(23) coordinates to Cu(8).

As with compounds 1-3, the presence of five-membered phosphonate ring systems seems to be a significant

structural factor in 4, which may indicate a phosphonate templating effect in the formation of 4.

Cu(®’)

Figure 3.3.5 — The phosphonate ligands in 4, all of which bind in ':5?:5?.us binding modes.
A) P(1). B) P(2). C) P(3).
Tert-butyl moieties are removed for clarity, and atoms not directly coordinated by the phosphonate ligands are
partially faded out. Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black.

Atom Bond Valence Sum Assignment
0(10) 1.269 us-OH
0O(15) 2.074 ua-O

Table 3.3.6 — BVS values for oxygen atoms in 4, and their assigned protonation states.

The Bond Valence Sum (BVS) analysis confirms the identity of atom O(15) as an oxo- ligand. BVS values
for an oxygen atom in the approximate range 1.8-2.0 indicates oxo- ligands, 1.0-1.2 indicates hydroxo ligands,
and values in the 0.2-0.4 range indicate water ligands.®45

BVS analysis for O(10) is consistent with a u3-OH ligand (Table 3.3.6). However, the presence of a partially
occupied carbon atom C(13) indicates O(10) may be part of a methoxy ligand. Therefore O(10) is assigned as
being disordered u3-OH hydroxyl ligands and u3-OCHs methoxy ligands at a 50/50 ratio. The hydrogen for the

OH moiety could not be located crystallographically and was assigned a calculated position.
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Crystal Packing

A)

q)

Figure 3.3.6 — Crystal packing diagrams for 46(MeOH), as viewed down : A) The crystallographic a-axis, B) the
crystallographic b-axis. C) the crystallographic c-axis.
For clarity, solvent and cation molecules are removed and the cluster is shown in its simplified representation.
Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black.
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Figure 3.3.7 — Temperature dependence of the T (magnetic susceptibility by temperature) product for 4 over
the temperature range 4 —300 K. The dotted red line indicates where the T value was expected to plateau at higher
temperatures, as predicted by the Curie Law.

The temperature dependence of the magnetic susceptibility (y) of 4 was also measured over the temperature
(T) range 4-300 K (Figure 3.3.7) at a constant magnetic field strength of 1.0 T. The behaviour is not quite as
expected. It was expected that the behaviour of 4 would be broadly similar to that of 3, i.e. at room temperature,
thermal disorder was expected to overcome any interactions with spin centres and result in paramagnetic

behaviour described by the Curie Law:

N 2
C= AT = 2 g (S)S +1)
3k,
2
C is a material-specific Curie constant, ug is the Bohr magneton, ky is Boltzmann’s constant, and ’:% =
b

0.12505 cm® K mol™. g is the Landé g-factor and S is the spin state of a metal centre.® The expected 4T value
for seven S = % copper (l1) spin centres is 2.625 cm® mol™ K when g = 2. It is currently not clear why the T
value at high temperatures diverges so strongly from the expected behaviour.

At lower temperatures, the ¥ T product does not drop to zero, reaching a minimum value of 1.09 cm® mol? K
at T=4K. Again this deviates somewhat from the expected behaviour. As a compound with seven S = % spin
centres, the compound was expected to display spin-frustrated behaviour with a ground state of St = %, which

should theoretically display a xT value of 0.375 cm® mol™? K. Again, the reason for this discrepancy is not clear.
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Figure 3.3.8 — The IR spectrum of 4¢6(MeOH).

The infrared (IR) spectrum for 4+6(MeOH) (Figure 3.3.8) is consistent with the structure as determined by
XRD, and extremely similar to that for compound 3+2(MeOH)+(H,0). The feature at 2960 cm™ is due to a
combination of C-H vibrations in the organic ligands and TBA cations. The features in the 1300 — 1600 cm'*
region are additionally ascribed to the organic portion of the molecule, particularly C-C vibrations. Features in
the ¢.950 — 1100 cm™* region are assigned as P-O vibrations, with the features in the ¢.850 — 950 cm* region
assigned to Mo=0 terminal bonds. The feature at 678 cm™ is assigned as a Mo-O bridging interaction.
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Figure 3.3.9- The TGA analysis of 4.

Thermogravimetric analysis (TGA) for a dried sample of 4 indicates that the compound is stable in a nitrogen
atmosphere up to ¢. 200 °C (Figure 3.3.9). The compound then undergoes a further weight loss of 10.0% centred
c. 220 °C. Further weight losses are observed beginning at c. 250 °C which likely correspond to ligand

decomposition reactions, similar to those observed in the case of 3. The gradual weight loss above c. 550 °C may
correspond to oxide formation.
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Figure 3.3.10 — The negative mode MALDI-MS spectra of 3 (top) and 4 (bottom) in methanol, with similarities
between the spectra highlighted.

The MALDI-MS analysis of a solution of 4 in methanol (Figure 3.3.10) does not display any signals
consistent with the structure of 4 as determined by XRD, indicating that 4 is likely not stable in solution. However,
the analysis is almost identical to that of 3 (apart from shifts in the relative intensities of some signals), meaning
that 4 may (at least partially) decompose to 3 in solution. This is not completely implausible, given the structural

similarities between 3 and 4.
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3.4) Conclusions

In this Chapter, the “top down” synthetic method of assembly, disassembly and reassembly which was
developed in Chapter 2 was extended to incorporate mixed metal systems. Copper (I1) was identified as a suitable
heterometal for this approach. The synthetic approach involved the disassembly of the Lindqvist hexamolybdate
POM followed by subsequent reassembly with phosphonate ligands in the presence of a copper (I1) salt to generate
mixed-metal species stabilised by organic ligands.

Two new compounds were generated from this procedure, namely
[TBA]2[MoY'sCu"4016(OH)2(tBuPOs)4(py)2(CH30)4(H20)], (3), and
[TBA][MoY';CuV'7019(OH)(CH30)/(tBuPO3)s(py)2], (4), where TBA represents tetrabutylammonium, tBu
represents the tert-butyl moiety and py represents pyridine. These two compounds crystallise from the same
reaction solution, and can be separated manually due to the distinct visual difference between the crystals of the
two compounds (blue plates vs. green blocks respectively). The two compounds are both mixed-metal compounds
stabilised by organic ligands (i.e. hybrid TMS-POMs).

The structures of these compounds were determined using single crystal X-ray crystallography, and
supplemental characterisation techniques including IR spectroscopy and mass spectrometry.

These compounds contain {Mo02,0s(OCHjs).} and {Mos0g(OCHs),} moieties (Figure 3.4.1), which we
believe arose from the disassembly of the Lindgvist POM to produce molybdate oligomers including
[TBA][M0Y',06(OCHs)2]", [M0Y';05(0CHs)s]" and [MoV',0s(OCH3)]" (see Chapter 2). We propose that the
{Mo-} and {Mos} moieties in 3 and 4 may have arisen directly from these fragments via ligand substitution, or
from the condensation of multiple monomeric fragments which were also observed in the disassembly of the
Lindgvist POM (see Chapter 2).

{Mo3045(OCH;),}

{Mo,05(OCH;),}

Figure 3.4.1 — The structure of compound 4, highlighting the {M0205(OCH?3)2} and {Mo3sOs(OCHz)2} ring
systems.
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The compounds also contain five-coordinate phosphonate ligands, which bind to mixed-metal {Mo,Cus} and
{MosCu,} ring systems. These mixed-metal ring systems bear striking similarity to the Strandberg-type {Mos}
ring systems 1 and 2 (see Chapter 2). We propose that the phosphonate ligands act as templating species for five-
membered ring systems, which in a mixed solution of molybdate and copper species can lead to the assembly of

{Mo,Cus} and {Mo3sCu.} ring systems which ultimately lead to the formation of 3 and 4.

Mo Heterometal

{Mo:}

lor2

v

Ladl iy

Phosphonate

v— Template
Molybdate fragments \

Cu" heterometal

L

{Me;Cu;} and {MosCu,}
3and 4

Figure 3.4.2 — The proposed templating effects of phosphonate ligands in molybdate reassembly; in the absence
of heterometals, 5-membered Strandberg-type rings are generated, while in the presence of copper (I1), mixed-metal
{Mo02Cus} and {MosCuz} mixed-metal ring systems give rise to compounds 3 and 4.

The magnetic properties of 3 and 4 were also studied. 3 displays the expected paramagnetic Curie behaviour
at room temperature, with predominantly antiferromagnetic interactions between the copper (II) centres
dominating at low temperatures, leading to an overall ground state of St = 0. However, for reasons that remain

unclear, the magnetic behaviour of 4 did not fit this expected pattern.

In conclusion, the assembly-disassembly-reassembly technique was exploited to generate new, hybrid TMS-
POM species, [TBA]2[MoY'sCu''4O16(OH)2(tBUPO3)a(py)2(CH30)4(H20)], 3, and
[TBA]2[MoVv!;CuV'7019(OH)(CH30)7 (tBuPOs)s(py)2], 4. The structures of the compounds were determined using
single crystal XRD as well as supplemental techniques. The structural motifs were analysed, with the molybdate
fragments observed in 3 and 4 proposed to arise from disassembly of the Lindqvist structure. Additionally, a
probable template effect whereby the phosphonate ligands promote five-membered ring systems, ultimately

leading to the formation of 3 and 4, was proposed. Finally, the magnetic properties of 3 and 4 were examined.
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Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

4.1) Mixed-Metal POM Clusters - Cobalt

In the previous chapter, we demonstrated that the disassembly behaviour of the Lindqvist Hexamolybdate in
methanol could be exploited in a disassembly-reassembly synthetic procedure to isolate mixed-metal hybrid POM
systems by the addition of copper (l1) salts into the reaction mixture. Having demonstrated the efficacy of this
approach with copper (1) salts, we turned our attention to cobalt (1) salts.

Like copper(ll), cobalt (I1) centres possess a range of suitable properties that make them attractive synthetic
targets for incorporation into a TMS-POM structure:

e Cobalt is a cheap, earth abundant metal, which is commercially available with a variety of
counterions. Cobalt has been repeatedly flagged as an ideal metal to incorporate into TMS-
POM s for this reason.*™*

e Cobalt (1) centres possess relatively flexible coordination geometries, which may facilitate
synthesis of a TMS-POM cluster.

e  Cobalt (II) centres are magnetically more versatile than the copper (l1) centres explored in the
previous chapter. Cobalt (11) centres can access both high spin (quartet) and low spin (doublet)
electronic configurations, depending on the geometry around the metal centre and the strength
of the associated ligand field. This has led cobalt (II) compounds to be investigated for their
magnetic properties.>8

e Cobalt is a redox active metal, which has led to a variety of applications in catalysis.®** In
particular, cobalt-containing POMs such as [(Co4(OH)3PO4)a(XW9O34)4]™ and
[Co4(H20)2(PW4034)2]'%, have been reported as water oxidation catalysts.*2-1°

Cobalt (1) substituted molybdates have been reported previously.’*-18 Cobalt (11) (along with attendant
ligands) can act as the central templating ion in the Keggin structure, the Anderson-Evans structure, and related
molybdates.’®*%* A common motif in cobalt-molybdates is the {Mo:2Co} motif [H1sCo(PO4)sM01,030], where a
single Co centre is sandwiched between two {Mog}-type rings.?*?" Larger cobalt-molybdate clusters have also
been reported, such as [Cog(en)s(H20)2M020076]% and [Hz1M012024C012(PO4)23(H20)4]>.25% However, as with
copper-molybdates, most of the examples reported in the literature feature the terminal oxo- ligand of a POM unit
acting as a loosely-bound ligand to a cobalt centre.30-%

Therefore, we set out to extend our disassembly-reassembly approach to generate cobalt (Il) cluster
compounds. Several compounds were isolated from this procedure, which shall be described over the next

chapter.
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4.2) [TBA]2[M0"'10C0"6012(u-0)14(3-0)4(tBUPO3)6
(MeCOOQO)2(py)2(H20)¢], (5)

In an extension of the disassembly-reassembly method towards hybrid TMS-POMs as discussed in the
previous chapter, cobalt (11) acetate was combined with Lindqgvist hexamolybdate and tert-butylphosphonic acid
and in acetonitrile in the presence of pyridine. Pink-purple crystals were obtained from this reaction mixture after
several days.

The crystals were subjected to single crystal X-ray diffraction and found to contain
[TBA]2[M0Y'10C0"§012(-O)14(M3-0)4(tBUPO3)s(MeCOO)2(py)2(H20)s], 5,  where  TBA  represents
tetrabutylammonium, t-Bu represents the tert-butyl moiety and py represents pyridine, along with three
constituent acetonitrile molecules per formula unit. The crystals formed in the monoclinic crystal system in space
group P2i/n.

The cluster core in 5 can be conceptualised as two {Mos} units formally encapsulating a {Cog} core in a
sandwich motif (Figures 4.2.1 and 4.2.2). The two {Mos} units are stabilised by a total of thirty oxo- ligands, in
either terminal or bridging modes. The {Mos} units are stabilised by phosphonate ligands, two of which support
only molybdenum centres, and four of which bridge between the {Mos} units and the {Cos} core. The {Cos}
core unit can be further subdivided into two sets of {Co,} dimers and two isolated Co centres. Acetate ligands
coordinate to the {Coz} dimers in a syn-, syn- binding mode. The cobalt coordination environments are completed
by water and pyridine ligands. The cluster is symmetrical to inversion through a point at the centre of the {Cos}

core.

Figure 4.2.1 — Full representation of the [M0¥'10C0'"6O12(p1-O)14(13-O)a(tBuPO3)s(MeCOO)2(py)2(H20)s]% cluster
in 5. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black, H white.
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Figure 4.2.2 — Simplified representation of the [MoY'10C0'"6O12(1-O)14(13-O)a(tBuP O3)s(MeCO0)2(py)2(H20)6]*
cluster in 5 - molybdate and phosphonate moieties are shown as polyhedra, pyridine and tert-butyl groups are
reduced to single N and C atoms respectively, and H atoms are removed from the water and acetate ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Identification code

5+3(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C76H163C06M010N7055P6
3601.92
100(2)
0.71073
Monoclinic
P2i/n
14.9997(4)
25.6304(7)
17.4332(5)
90
96.0101(11)
90
6665.3(3)
2
1.794
1.786
3608
0.190 x 0.180 x 0.160
2.836 to 68.958
-23<h<23,-40<k<40,-27<1<27
274655
28146 [Rin = 0.0416]
28146/49/779
1.006
R1 =0.0302, wR; = 0.0731
R1 =0.0483, wR, = 0.0779
2.034/-1.301

Table 4.2.1 — Crystallographic details for compound 5¢3(MeCN).
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{Mos} units

The {Mos} units in 5 can be conceptualised as four edge-sharing {MoQOs} octahedra in a bend arrangement
(Figure 4.2.3a), along with an additional {Mo00O.} tetrahedron (Figure 4.2.3b). The {Mo00O.} tetrahedron is in the
interior of the cluster and occupies one face of the bend unit, while the other peripheral side is occupied by a
phosphonate ligand. The unit is stabilised by a total of fifteen oxo-ligands; six of which are terminal, five of which
bridge between molybdenum centres, and four of which bridge between molybdenum and cobalt centres.

Within the bend unit, Mo(1) is stabilised by two phosphonate O donors, O(9) and O(10), one terminal oxo-
ligand O(8) and three bridging oxo- ligands, O(7), O(11) and O(12). O(11) and O(12) represent the shared edge
of the Mo(1) and Mo(2) octahedra. Mo(3) is additionally stabilised by two terminal oxo- ligands, O(18) and
0(19), a bridging oxo- ligand O(21) and a bridging phosphonate O(20). The latter two O donors represent the
shared edge between the Mo(2) and Mo(3) octahedra. Mo(3) and Mo(4) display similar coordination
environments to Mo(2) and Mo(1), respectively.

0(12) and O(24) are u3-O ligands which connect the bend arrangement to the {MoO4} centre with tetrahedral
geometry, Mo(5). The coordination sphere of Mo(5) is completed by two bridging oxo- ligands, O(13) and O(14),

which connect to the {Cog} core.

Figure 4.2.3 — The {Mos} units in 5. A) The bend unit, Mo(1)-Mo(4). B) The tetrahedral molybdenum centre,
Mo(5), and its relationship to the bend unit. Atoms outside the direct coordination spheres of the relevant
molybdenum atoms are partially faded out. Colour Scheme: Mo teal, Co dark blue, P pink, O red.

The {Mos} unit displays structural similarity to the Strandberg-type ring systems observed in the previous
chapters. Breaking two Mo-O bonds in the {Mos} unit produces a {MosO1s} unit with the same Mo-O
connectivity as the Strandberg ring system (Figure 4.2.4, c.f. Figure 1.2.1.11).

Break Bonds Deform
—_— —_—

{Mo:} unit Strandberg Ring

Figure 4.2.4 — The {Mos} units in 5 bares structural similarity to the Strandberg-type ring system.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mo(1) 0(8) 1.688(2) 6.086 +VI
o(7) 1.753(1)
0(11) 1.873(2)
0(9) 2.027(1)
0(10) 2.084(1)
0(12) 2.328(1)
Mo(2) 0(19) 1.695(2) 5.985 +VI
0(18) 1.717(2)
0(21) 1.920(1)
0(11) 1.923(1)
0(20) 2.308(1)
0(12) 2.382(1)
Mo(3) 0(22) 1.694(2) 5.968 +VI
0(23) 1.719(2)
0(21) 1.916(1)
0O(25) 1.932(1)
0(20) 2.328(1)
0(24) 2.357(1)
Mo(4) 0(28) 1.690(1) 6.063 +VI
0(26) 1.748(1)
0(25) 1.878(1)
0(29) 2.034(2)
0(27) 2.085(1)
0(24) 2.328(1)
Mo(5) 0(14) 1.721(1) 5.858 +VI
0(13) 1.741(2)
0(12) 1.804(1)
0(24) 1.805(1)

Table 4.2.2 — Crystallographically-determined bond lengths for the molybdenum centres in 5, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The crystallographically determined Mo-O bond lengths in 5 range from 1.688(2) A to 2.382(1) A, depending
on the type of O-donor (Table 4.2.2). Terminal oxo- ligands display Mo-O bond lengths of roughly 1.7 A, Mo-
O-Co bridging oxo- ligands display Mo-O bond lengths around 1.7 A while Mo-O-Mo bridging oxo- ligands
display Mo-O bond lengths around 1.9 A. Phosphonate O-donors display more variation in Mo-O bond lengths,
roughly in the range of 2.0 A to 2.35 A. The ps-O ligands O(12) and O(24) display short bond lengths to Mo(5)
(roughly 1.8 A) and longer bonds to the other Mo centres (Mo(1)-Mo(4), roughly 2.35 A).

All Mo-O bond lengths observed crystallographically in 5 are consistent with similar complexes observed in
the literature.®-%® When subjected to Bond Valence Sum (BVS) analysis, all bond lengths are consistent with Mo

centres in oxidation state +V1I.
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Bond

Bond Angle (°)

Bond

Bond Angle (°)

0(11)-Mo(1)-0(12)
0(10)-Mo(1)-0(12)
0(9)-Mo(1)-0(10)
0(9)-Mo(1)-0(12)
0(7)-Mo(1)-0(12)
0(11)-Mo(1)-0(10)
0(7)-Mo(1)-0(9)
0(8)-Mo(1)-0(10)
0(7)-Mo(1)-0(11)
0(8)-Mo(1)-0(9)
0(8)-Mo(1)-0(11)
0(8)-Mo(1)-0(7)

Angle Variance (¢?)
Distortion Index

0(21)-Mo(3)-0(20)
0(25)-Mo(3)-0(24)
0(20)-Mo(3)-0(24)
0(21)-Mo(3)-0(24)
0(25)-Mo(3)-0(20)
0(23)-Mo(3)-0(24)
0(22)-Mo(3)-0(20)
0(22)-Mo(3)-0(25)
0(23)-Mo(3)-0(21)
0(23)-Mo(3)-0(25)
0(22)-Mo(3)-0(21)
0(22)-Mo(3)-0(23)

Angle Variance (¢?)
Distortion Index

0(14)-Mo(2)-0(24)
0(14)-Mo(2)-0(12)
0(13)-Mo(2)-0(12)
0(14)-Mo(2)-0(13)
0(13)-Mo(2)-0(24)
0(12)-Mo(2)-0(24)

Geometry Index (z4)

75.87(5)
76.94(5)
78.19(5)
82.46(5)
84.02(6)
84.85(6)
90.21(6)
96.21(7)
99.64(6)
99.88(7)
100.09(7)
103.31(7)

103.4
0.100

72.86(5)
74.05(5)
75.24(4)
79.96(5)
81.27(5)
87.93(6)
92.40(6)
98.83(7)
98.86(7)
99.89(7)
102.08(7)
104.88(7)

143.2
0.118

108.66(6)
109.09(6)
109.19(6)
109.47(6)
109.56(6)
110.85(6)

0.990

0(21)-Mo(2)-0(20)
0(11)-Mo(2)-0(12)
0(20)-Mo(2)-0(12)
0(21)-Mo(2)-0(12)
0(11)-Mo(2)-0(20)
0(18)-Mo(2)-0(12)
0(19)-Mo(2)-0(20)
0(18)-Mo(2)-0(21)
0(18)-Mo(2)-0(11)
0(19)-Mo(2)-0(11)
0(19)-Mo(2)-0(21)
0(19)-Mo(2)-0(18)

Angle Variance (¢?)
Distortion Index

0(25)-Mo(4)-0(24)
0(27)-Mo(4)-0(24)
0(29)-Mo(4)-0(27)
0(29)-Mo(4)-0(24)
0(26)-Mo(4)-0(24)
0(25)-Mo(4)-0(27)
0(26)-Mo(4)-0(29)
0(28)-Mo(4)-0(27)
0(28)-Mo(4)-0(29)
0(28)-Mo(4)-0(25)
0(26)-Mo(4)-0(25)
0(28)-Mo(4)-0(26)

Angle Variance (¢?)
Distortion Index

73.29(5)
73.68(5)
74.96(5)
79.24(5)
81.27(6)
87.85(6)
92.78(6)
98.10(7)
99.75(7)
100.09(7)
102.13(7)
104.79(7)

145.9
0.119

75.69(5)
76.94(5)
78.09(5)
83.36(5)
84.43(5)
85.64(6)
89.75(6)
95.68(7)
99.52(6)
99.65(7)
99.74(6)
103.57(7)

100.6
0.096

Table 4.2.3 — Crystallographically-determined bond angles for the molybdenum centres in 5, along with their
appropriate distortion parameters.
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o%ct, DI and 74 are defined in the same way as in the previous chapter,40-44

The c?ct Values for the Mo centres with octahedral coordination geometry in compound 5 range from 100.6
to 145.9, indicating that the coordination octahedra in the system are highly distorted, particularly for Mo(2) and
Mo(3) (Table 4.2.3). This is in agreement with the distortion index values, which range from 0.096 to 0.119. The
significant distortion in the octahedral coordination environments reflects the variety of O-donor ligands (terminal
O- ligands, bridging p-O and triply bridging ps-O ligands, monodentate phosphonates and bridging
phosphonates).

In contrast, the tetrahedral coordination environment of Mo(5) is extremely close to an ideal tetrahedron (zs
=0.990, where 74 = 1 represents an ideal tetrahedron). Mo centres with tetrahedral coordination geometries are
rare in extended molybdate structures (one significant exception being the a-octamolybdate).*>“® It is much
more common for an Mo centre with tetrahedral geometry to expand its coordination sphere to octahedral when

incorporated into an extended POM.*3-%8
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Assembly and Templating Effects

The {Mos} unit in 5 is the key structural unit, and formation of 5 probably depends on the self-assembly of
this unit in solution. As is the case for the molybdate units in 1-4, we propose that this molybdate unit self-
assembled from condensation reactions between the molybdate oligomers that arose from the disassembly of the
Lindqvist hexamolybdate.

As in the case of 1-4, it seems reasonable to suggest that the phosphonate ligand acted as a template for the
formation of this molybdate unit. Specifically, we highlight the similarities between the phosphonate-supported
bend unit and the Strandberg ring system (Figure 4.2.5). The phosphonate-supported bend unit could reasonably
self-assemble due to the templating effects of the phosphonate ligand. The opposite face of this unit could act
either as a binding site for a second phosphonate ligands (c.f. Strandberg rings, Figure 1.2.1.11), or for a tetrahedral
{MoO:.} unit (c.f a-octamolybdate, Figure 1.2.1.10). These self-assembly events would likely be transient in the
absence of any stabilising influence (c.f. Figure 2.5.1).

We propose that the phosphonate-supported {Mo4} bend unit could reversibly bind tetrahedral {MoO4} units
to generate the {Mos} unit in 5. In the presence of cobalt (11) as a heterometal, this unit can assemble into the
stable cluster 5 (Figure 4.2.5). In the absence of cobalt (I1), this stable arrangement cannot be reached and the
dominant product is therefore the Strandberg ring system (assuming the presence of a suitable cation, as in 1 or
2).

No Heterometal

PR {Mos}
1 or52
{MoOd)
_ %
—

{Mo,} bend unit \

Co' heterometal

Figure 4.2.5 — The proposed templating effects of phosphonate ligands in molybdate reassembly. The proposed
{Moa4} bend unit could reversibly bind {M0Qa4} units to generate a transient {Mos} unit. In the absence of
heterometals, the {Mo0O4} unit gets displaced by a second phosphonate and the Strandberg-type rings are generated.
However in the presence of cobalt (I1) the {Mos} unit can be trapped into a stable architecture, forming the mixed-
metal hybrid POM 5.

The trapping of a transient {Mos} unit by cobalt (1) centres to generate 5 would be consistent with the
presence of unusual {MoQO4} tetrahedron in 5. It is much more common for molybdenum centres to expand their
coordination environments to octahedral upon incorporation into a POM unit. We propose that this unusual

arrangement is due to the trapping of a transient {Mos} species which would not normally be isolated.
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{Cog¢} units

The {Cos} core of 5 can be further subdivided into two sets of dinuclear {Co-} units, and two isolated Co
centres.

Each {Co.} unit consists of two Co centres with square pyramidal coordination geometries, bridged together
by an acetate moiety and two phosphonate O donors (Figure 4.2.6a). The two O donors of the acetate ligand (O(2)
and O(3)) represent the apexes of the respective pyramidal coordination polyhedra, while the two phosphonate O
donors (O(4) and O(5)) represent the shared edge between the two pyramids. This carboxylate-bridged dimer
arrangement is common in the literature.5°-6°

Each centre in the {Co2} unit is additionally stabilised by one water ligand each (O(1) and O(6)), and one
bridging oxo- ligand each (O(7) and O(26°)). These latter bridging ligands connect to the molybdenum centres
Mo(1) and Mo(4’) in the two {Mos} units — in this way, the {Co,} units act as a bridge between the {Mos} units.

The two remaining cobalt centres also bridge between the two {Mos} units (Figure 4.2.6b). Co(3) is
connected to both of the {Mo0O.} tetrahedra via two cis- pu-O ligand, O(14) and O(13”). Two phosphonate O-
donors, O(16) and O(17), occupy trans- positions around the metal centre, while an additional water ligand O(15)
and pyridine ligand N(2) on the periphery of the cluster core complete the {CoOsN} coordination sphere.

Thus, the cobalt centres all play a role in bridging between the molybdate units. This bridging behaviour

may have played a role in templating the structure, promoting the formation of 5.

A)

Figure 4.2.6 — The {Cos} subunits in 5. A) The dinuclear unit, Co(1) and Co(2). B) The isolated Co centre, Co(3).
Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black, H white.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Co(1) 0(1) 1.975(1) 2.015 +11
0(2) 1.982(2)
O(4) 1.988(1)
0(26%) 2.047(1)
0O(5) 2.189(2)
Co(2) 0O(6) 1.981(1) 2.005 all
0(@3) 1.985(2)
0O(5) 1.991(1)
o(7) 2.044(1)
O(4) 2.187(2)
Co(3) 0(16) 2.051(1) 1.971 +11
0(17) 2.054(1)
0(13”) 2.069(1)
N(2) 2.140(3)
0O(15) 2.143(1)
0(14) 2.190(1)

Table 4.2.4 — Crystallographically-determined bond lengths for the cobalt centres in 5, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The Co-O bond lengths observed in 5 range from 1.975(1) A to 2.190(1) A, depending on the type of O-
donor (Table 4.2.4). Co(1) and Co(2) in particular display very similar bond lengths to each other — their water
and acetate ligands both display bond lengths of around 2.0 A. The phosphonate O-donors are slightly skewed in
the dimer unit — O(4) is about 0.2 A closer to Co(1) than to Co(2), and vice versa for O(5). The bridging oxo-
ligands display Co-O bond lengths of around 2.0 A.

Co(3) displays slightly different bond lengths. The phosphonate O-donors display bond lengths of around
2.0 A, with the water ligand displaying a bond length of around 2.2 A. Again there is a slight asymmetry in the
bond lengths — the bridging oxo- ligand O(13°) is about 0.14 A closer to Co(3) than the equivalent bridging oxo-
ligand O(14). The Co-N bond length is 2.140(3) A. These bond lengths are all consistent with similar complexes
in the literature, and indicate that all Co centres in 5 are in oxidation state +11.53-68
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Bond Bond Angle (°) Bond Bond Angle (°)
0(4)-Co(1)-0(5) 81.05(5) 0(5)-Co(2)-0(4) 81.03(5)
0(1)-Co(1)-0O(5) 85.57(5) 0(6)-Co(2)-0(4) 85.52(5)
0(2)-Co(1)-0(5) 89.98(6) 0O(5)-Co(2)-0(7) 90.61(5)

0O(4)-Co(1)-0(26) 90.60(6) 0(3)-Co(2)-0(4) 91.21(6)
O(1)-Co(1)-0(26) 93.46(6) 0O(6)-Co(2)-0(7) 94.30(6)
0(2)-Co(1)-0(4) 95.85(6) 0(3)-Co(2)-0(5) 99.95(6)
0(2)-Co(1)-0(26) 102.02(6) 0(3)-Co(2)-0(7) 101.11(6)
0O(1)-Co(1)-0(2) 123.65(7) 0(3)-Co(2)-0(6) 116.96(6)
0(1)-Co(1)-0(4) 138.23(6) 0O(5)-Co(2)-0(6) 140.90(6)
0O(5)-Co(1)-0(26) 166.08(6) 0(4)-Co(2)-0(7) 166.18(6)
Geometry Index (zs) 0.464 Geometry Index (zs) 0.421
0(15)-Co(3)-0(14) 83.06(5)
0O(17)-Co(3)-N(2) 84.9(2)
0O(13”)-Co(3)-0(14) 87.27(5)
0(16)-Co(3)-N(2) 87.8(2)
0(13”)-Co(3)-N(2) 88.37(18)
0(16)-Co(3)-0(15) 90.08(5)
0(17)-Co(3)-0(15) 90.22(5)
0O(17)-Co(3)-0(13) 90.23(5)
0(16)-Co(3)-0(13”) 90.72(5)
0(17)-Co(3)-0(14) 92.60(5)
0(16)-Co(3)-0(14) 94.80(5)
N(2)-Co(3)-0(15) 101.29(18)
Angle Variance (¢?) 22.5
Distortion Index 0.035

Table 4.2.5 — Crystallographically-determined bond angles for the cobalt centres in 5, along with their
appropriate distortion parameters.

The Co(1) and Co(2) coordination environments are quite distorted from their ideal square planar geometries
(Table 4.2.5). Values of s = 0.464 and 75 = 0.421 are calculated for Co(1) and Co(2) respectively.®
The Co(3) coordination environment meanwhile is much closer to an idealised octahedral geometry, with an

angle variance value of o%ct = 22.5 and a distortion index value of DI = 0.035. o2 and DI are defined in the

same way as previously.*043
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Phosphonate binding modes

Two phosphonate binding modes are present in 5, with all three crystallographically distinct tert-
butylphosphonate ligands binding to the cluster in #*:5%:#% 14 binding modes (Figure 4.2.7).

P(1) bridges between the two metal centres Co(1°) and Co(2’) (via O(4’)), coordinates to the Co(3) centre
(via O(16)), and to the Mo(4) centre (via O(29)). Thus, P(1) bridges between the three significant structural
features in 5; an {Mos} unit, a {Co,} dinuclear unit, and an isolated Co centre. P(2) coordinates in an equivalent
fashion.

P(3) coordinates only to the molybdate unit, coordinating to one side of the {Mo4} bend unit. P(3) coordinates
to Mo(1) and Mo(4) via O(10) and O(27) respectively, and bridges between Mo(2) and Mo(3) via O(20).

The prevalence of #':5 5% 14 binding modes is consistent with the expected polydentate behaviour of the
phosphonate ligands. In particular, the {Mo4} binding motif of P(3) is reminiscent of the {Mos} binding motif
displayed by the Strandberg-type compounds 1 and 2. The {Mo4} binding motif displayed here may be related to
an intermediate in the formation of the {Mos} units in 1 and 2. Additionally, the {CozMo} binding motifs of P(1)
and P(2) are reminiscent of the mixed-metal ring systems in 3 and 4, and may also have formed in a similar

manner.

Figure 4.2.7 — The phosphonate binding modes in 5. A) P(1), which is representative of P(2). B) P(3).
Tert-butyl moieties are removed for clarity, and atoms not directly coordinated by the phosphonate ligands are
partially faded out. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Intramolecular Hydrogen Bonding

Each face of the cluster core in 5 engages in a network of hydrogen-bonding interactions between the H-
donor water molecules in the cluster (O(1), O(6), and O(15)) and a series of H-acceptor terminal oxo- ligands
(0(18) and 0O(23)) and phosphonate oxygens (O(9), O(10), O(27), O(29), O(16) and O(17)). The interatomic
distances and angles for the crystallographically observable atoms are consistent with “moderately weak” (i.e.
mostly electrostatic) hydrogen bonding.”®"2 This network of weak H-O interactions may help stabilise the cluster
core (distances and angles are consistent with bond energies c. 4-15 kcal mol™?),” and could potentially play a role
in templating the structure (Figure 4.2.8).

Co(2)

Mo(2" G2 Mo(3"

Figure 4.2.8 — The intramolecular hydrogen-oxygen interactions for one face of the cluster core in 5, with O-
H...O interactions displayed as dotted lines. Atoms not directly involved in the network are partially faded out. Tert-
butyl groups are removed and pyridine and carboxylate moieties reduced for clarity. Colour Scheme: Mo teal, Co
dark blue, P pink, O red, N blue, C black, H white.

Atom Bond Valence Sum Assignment
0(1) 0.465 H-0
0O(6) 0.460 H-0
0O(15) 0.300 H-0

Table 4.2.6 — BVS values for oxygen atoms in 5, and their assigned protonation states.

Bond Valence Sum (BVS) for the O-donor ligands O(1), O(6) and O(15) confirms the identities of these
ligands as monodentate water ligands (Table 4.2.6). BVS values for an oxygen atom in the approximate range
1.8-2.0 indicates oxo- ligands, 1.0-1.2 indicates hydroxo ligands, and values in the 0.2-0.4 range indicate water

ligands.”™ Hydrogen atoms could not be located crystallographically and so their positions are calculated.
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Packing and Disorder

5 crystallises along with three constituent acetonitrile molecules in the monoclinic crystal system in space
group P21/n. The crystal packing is shown in Figure 4.2.9.

One arm of the N(1) tetrabutlyammonium cation is crystallographically modelled as disordered over two
positions with occupancy 50/50%. The pyridine ligand N(2) is crystallographically modelled as being disordered
over three positions in a 30/40/30% ratio. Two solvent acetonitrile molecules, N(3) and N(4), are disordered over
two positions each, with occupancy 50/50%.

Figure 4.2.9 — Crystal packing diagrams for 5-3(MeCN), as viewed down : A) The crystallographic a-axis, B) the
crystallographic b-axis. C) the crystallographic c-axis.
For clarity, solvent and cation molecules are removed and the cluster is shown in its simplified representation.
Colour Scheme: Mo teal, Cu light blue, P pink, O red, N blue, C black.
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Figure 4.2.10 — A) The IR spectrum for 5¢3(MeCN).

The infrared spectrum for 5¢3(MeCN) (Figure 4.2.10) is consistent with the crystallographic data presented
above. The feature at 2964 cm™ is assigned to the C-H organic backbones of the TBA cation and organic ligand
groups. The features in the 1300 — 1600 cm™ region are additionally ascribed to the organic portion of the
molecule. The band at 1568 cm* and shoulder 1417 cm are assigned as carboxylate symmetric and asymmetric
stretches, respectively, with the difference between these two bands (A = 151 ¢cm™) being consistent with the
bidentate acetate bridging mode.”™ Three strong signals are observed in the ¢.950 — 1150 cm* region (at 1095 cm
1,977 cm™ and 891 cm™), which are attributed to P-O vibrations by extension of the analyses in the previous two

chapters (c.f. Figure 2.4.3). Similarly, features below 950 ¢cm* probably arise from a combination of Mo-O and
Co-0 vibrations.
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Figure 4.2.11 — TGA of compound 5.

The thermogravimetric analysis (TGA) for dried crystals of 5 is presented in Figure 4.2.11. No solvent loss
is observed up to c. 150 °C. The weight loss centred on c. 200 °C probably corresponds to loss of water any
pyridine ligands from the complex (expected 92.3%, observed 89.9%). The discrepancy in the observed and
calculated values may be due to the partial incorporation of additional pyridine ligands (see Section 4.3).
Subsequent weight loss features are attributed to a combination of ligand decomposition reactions (c. 300 °C - c.
700 °C) and oxide formation (> 700 °C).

147



Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

A) 100 B) 1004
£
2
4 [Mo";M0":CogtBuPO;)045(H0):T S 75
EE
3
£ ; 2 i
= [TBA][Mo",,Coy(tBUPO,}s0.o{ MeCOO),(H.00 = ‘ HH ‘
] 50 }
s 2180 2180 2200 2220 2240
g 100 -
=
o —
= g
[:E}
8
5 504
=
=
3
: I\H M H H‘ |
0 .||I|| | | ||I|.
Z180 2180 2200 2220 feXi]
mz
c) 100 - D) 100 -
& &
@ L4}
2 2
@ e T 754
=l b=
c c
5 5
: H\H HI Sl HHHH
50 Al L 1 ‘ 5 50 | . X
2980 2990 3000 2430 2500 2510 26520
100 4 100 -
& g
@ [:E}
a3 8
5 50 S =0
= =
= c
E] E]
: HH H\ : ||\H H\H
0 | | , 0 | ! | [ L
80 2560 3000 2480 2500 2510 2530
mz mz

Figure 4.2.12 — A) Negative mode MALDI-MS of compound 5 in acetonitrile. B) Experimental (black) and
simulated (red) spectra for the orange-shaded region in A. C) Experimental (black) and simulated (red) spectra for
the [TBA][M010C0s(tBuPO3)sO030(MeCOO)2(H20)] peak. D) Experimental (black) and simulated (red) spectra for the
[MoV'sMoVY3Cos(tBuPO3)sO26(H20)3] peak.

Several species can be seen in the MALDI-MS analysis of compound 5 in acetonitrile that are consistent
with fragments of 5 (Figure 4.2.12 and Table 4.2.7). The largest observable species in the spectrum can be
assigned as [TBA][M019Cos(tBUPO3)s030(MeCO0)2(H20)] (expected mass 2900.00, observed mass 2900.01),
which corresponds to the loss of two pyridine and five water molecules from 5. Interestingly, several
decomposition products can be observed in the spectrum as the compound loses the peripheral ligands followed
by a series of successive {MoOy} fragments. The most intense peak observed in the spectrum is
[MoV'sMoV3Cog(tBuPO3)s026(H20)s]", followed by a series of smaller fragments. These fragments come in
clusters of four peaks, representing different protonation/charge states.
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Species m/z calc. m/z obs.
[TBA][M010C0s(tBuPO3)s030(MeCOO),(H,0)] 2900.00 | 2900.01
[MoY'sMoV3Cos(tBUPO3)6026(H20)3] 2503.83 | 2503.79
[MoY'sMoVCos(tBuPO3)s027] 2465.79 | 2465.80
F[MoVsMoV:Cos(tBUPO3)sO2s(H20)al | 237794 | 237787 |
i [MoY'sMoV3Cos(tBuPO3)6023(H20)3] 2359.93 | 2359.89 I
I [M0"'sM0V3C0s(tBUPO3)s023(H20)2] 2341.93 2341.88 |
i [M0V1sM0V3C0s(tBUPO3)s02(H20)]° 232391 | 2323.89 :
F[MoVsMov,Cos(tBUPO3)sO20(H20)al | 2235.05 | 223497 |
i [MoY'3MoV,4Cos(tBuPO3)6020(H20)3] 2216.04 | 2216.00 I
I [M0¥'sM0V4C0s(tBUPO3)s020(H20)2] 2197.03 2196.96 |
i [M0V3M0V4C0s(tBUPO3)s020(H20):] 2180.02 | 2179.98 I
F[MoVMoVsCos(tBUPO:)sO1s(H20)e) | 209520 | 2095.02 |
i [Mo'VMoV5Cos(tBuPO3)015(H20)s]" 2076.18 | 2076.02 I
I [M0'YM0V5C0s(tBuP03)s015(H20)4]" 2057.17 2057.01 |
i [M0VM0YsCos(tBUPO3)s015(H20)2]- 202315 | 2023.03 I

Table 4.2.7 — Possible species observed in the MALDI-MS analysis of 5 in acetonitrile.
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4.3) Ligand Substitution of 5 — Pyridyl Substitution

As discussed in chapter 1, hybrid POM structures (ie. POM structures supported by organic ligands) are
significant because they represent a synthetic handle for manipulation of the compound. Substitution of any
particular organic ligand for another with an equivalent ligand allows the properties of the compound to be
modified while retaining the same core structure. Electron withdrawing or donating substituents, for example, can
be exploited to manipulate the electronic properties of metal centres. Moreover, the compound can be endowed
with entirely new functionality (e.g. light harvesting ability or luminescence) by incorporating organic ligands
with appropriate functional groups. In addition, polyfunctional ligands allow the dimensionality of the compounds
to be manipulated, allowing zero dimensional clusters to be assembled into more sophisticated architectures like
polymers or frameworks.

Compound 5 possesses a hybrid structure with three distinct classes of organic ligands supporting the cluster
core - phosphonates, carboxylates and pyridyl ligands (in addition to water and oxo ligands). In this respect,
compound 5 represents an ideal compound to explore the versatility of hybrid POM structures (Figure 4.3.1).
Modifications of these three ligand classes are all synthetically feasible, allowing additional functionality to be
incorporated. Moreover, the presence of multiple ligand classes was predicted to allow orthogonal substitution
of any of the three ligand classes, while maintaining the integrity of the others.

Figure 4.3.1 — The cluster core of 5, highlighting the three distinct ligand sites represented by the phosphonate
ligands (R1), carboxylate ligands (Rz2) and pyridy! ligands (Rs).
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To this end, a series of analogues of compound 5 were prepared by substituting one or more of the organic
ligands found in 5 (Figure 4.3.2). In the first instance, the pyridyl ligands represented a relatively simple and
straightforward target for substitution. Pyridyl ligands are monodentate by nature and therefore probably do not
play a significant role in templating of the final structure, but allow the principle of ligand substitution to be
demonstrated easily. Picoline was identified as a suitable substitution for pyridine, as it was deemed to be suitably

similar in structure and reactivity to allow the reaction to proceed (as well as being reasonably straightforward to

% S
POs* o Z

N

identify crystallographically).

Figure 4.3.2 — The three organic ligands present in 5.

Therefore, cobalt (I1) acetate, tert-butylphosphonic acid and Lindqvist hexamolybdate were combined in
acetonitrile in the presence of picoline. The reaction mixture yielded pink-purple crystals after several days. The
crystals were subjected to single crystal X-ray diffraction and found to contain [TBA]2[M0"'16C0"6012(l1-O)14(H3-
0)4(tBuPQO3)s(MeCOO)(pic)s(H20)¢], 6. The crystals formed in the triclinic crystal system in the space group P-
1, and also contained 4.4 constituent acetonitrile molecules per formula unit.  TBA represents

tetrabutylammonium, t-Bu represents the tert-butyl moiety and pic represents picoline (Figure 4.3.3).

P04 o G

Figure 4.3.3 — The three organic ligands present in 6.
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The core structure of 6 represents an analogue structure to 5, but with pyridine ligands replaced by picoline
ligands. There is one minor structural difference in 6 that is noteworthy — in 6, one of the cobalt centres in the
dinuclear units recruits an extra N-donor ligand (picoline) into its coordination sphere to generate a {CoOsN}
environment (Figure 4.3.4). This simple substitution indicates that ligand modification of the core structure in 5

is indeed possible, encouraging the incorporation of more sophisticated ligand moieties onto the core of 5.

A)

Figure 4.3.4 — A) Simplified representation of the cluster core in 6 showing the picoline ligands. B) The
dinuclear cobalt unit in 6. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black, H white.
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Identification code

6+4.4(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Co2.8H1852C06M010N10.4055P6
3910.7
100(2)
0.71073
Triclinic
P-1
13.9147(6)
17.0418(7)
17.3781(7)
74.8370(10)
80.3310(10)
83.527(2)
3910.7(3)
1
1.645
1.529
1951.0
0.11x0.1x0.09
2.976 t0 61.136
-19<h<19,-24<k<24,-24<1<24
159269
23891 [Rint = 0.0618]
23891/41/923
1.093
R1 =0.0460, wR, = 0.1089
R1=0.0841, wR, = 0.1320
1.79/-1.21

Table 4.3.1 — Crystallographic details for compound 64.4(MeCN).

Crystallographically, two arms of the tetrabutylammonium cations are modelled as being disordered in

0.43:0.57 and 0.32:0.68 ratios, respectively. One crystallographically distinct acetonitrile molecule is disordered
over three positions in a 0.5:0.25:0.25 ratio, while another is 0.2 occupied.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Co(1) 0(1) 2.037(3) 1.851 +11
0(2) 2.078(3)
0O(5) 2.092(3)
0(26%) 2.147(4)
N(3) 2.159(4)
O(4) 2.352(4)
Co(2) 0O(6) 1.977(3) 1.980 +11
0(3) 1.983(3)
O(4) 1.998(3)
o(7) 2.072(4)
0O(5) 2.182(3)
Co(3) 0(16) 2.035(3) 2.033 +11
o(17) 2.038(3)
0(14) 2.101(3)
N(2) 2.126(3)
0(13”) 2.145(3)
0(15) 2.155(4)

Table 4.3.2 — Crystallographically-determined bond lengths for the cobalt centres in 6, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The cobalt bond lengths in 6 range from 1.977(3) A to 2.352(4) A, depending on the type of interaction
(Table 4.3.2). The bond lengths for the cobalt centres Co(2) and Co(3) in 6 are extremely similar to their
counterparts in 5, as expected (c.f. Table 4.2.4).

However the incorporation of an extra N-donor ligand shifts bond lengths to slightly larger values in Co(1).
The phosphonate O-donor O(4) in particular shifts significantly, from a bond length of ¢. 2.19 A to ¢. 2.35 A,
resulting in a more significant asymmetry in the phosphonate O-donors than exists in 5.

Interestingly, despite incorporating an extra ligand into its coordination sphere, the BVS value for Co(1)

deviates more significantly from the expected value than the equivalent centre in 5.
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Bond

Bond Angle (°)

Bond

Bond Angle (°)

0(5)-Co(1)-0(4)
0(1)-Co(1)-0(4)
0(2)-Co(1)-N(3)
0(2)-Co(1)-0(5)
0(1)-Co(1)-N(3)
0(1)-Co(1)-0(26)
0(5)-Co(1)-0(26")
0(26')-Co(1)-N(3)
0(2)-Co(1)-0(4)
0(2)-Co(1)-0(26)
N(3)-Co(1)-0(4)
0(1)-Co(1)-0(5)

Angle Variance (¢?)

Distortion Index

0(5)-Co(2)-0(4)
0(5)-Co(2)-0(6)
0(6)-Co(2)-0(7)
0(4)-Co(2)-0(7)
0(3)-Co(2)-0(5)
0(3)-Co(2)-0(7)
0(3)-Co(2)-0(4)
0(6)-Co(2)-0(3)
0(6)-Co(2)-0(4)
0(7)-Co(2)-0(5)

Geometry Index (s)

77.80(11)
79.93(12)
80.89(15)
84.28(13)
85.11(14)
85.53(12)
85.62(11)
93.78(14)
94.99(14)
105.15(14)
108.00(14)
110.28(12)

130.27
0.105

83.91(12)
88.00(12)
90.17(12)
90.25(13)
94.42(14)
98.18(14)
104.13(14)
110.76(14)
144.67(13)
167.10(12)

0.374

0(13)-Co(3)-0(15)
0(17)-Co(3)-N(2)
0(17)-Co(3)-0(14)
0(16)-Co(3)-0(14)
0(14)-Co(3)-N(2)
0(17)-Co(3)-0(13)
0(16)-Co(3)-N(2)
0(16)-Co(3)-O(15)
0(13)-Co(3)-0(14)
0(13)-Co(3)-0(16)
0(13)-Co(3)-0(15)
N(2)-Co(3)-O(15)

Angle Variance (¢?)

Distortion Index

82.93(11)
84.93(13)
86.27(11)
89.05(12)
89.13(12)
90.29(11)
91.82(13)
91.87(12)
92.01(11)
93.06(11)
93.07(12)
95.85(12)

14.1
0.033

Table 4.3.3 — Crystallographically-determined bond angles for the cobalt centres in 6, along with the

appropriate distortion parameters.

The cobalt centres in the dinuclear unit both display significant distortion away from their idealised

ligand onto 6 offers any additional stabilisation over 5.

geometries (Table 4.2.9). The octahedral environment around Co(1) is quite highly distorted, with 6% and DI
values of 130.27 and 0.105, respectively. The Co(2) centre has a 75 value of 0.374, which is slightly smaller than
(but still comparable to) the analogous zs values in 5 (zs = 0.464 and zs = 0.421, c.f. Table 4.2.5). Given the extent

of distortion in both 5 and 6, it is somewhat unclear to what extent the incorporation of an additional N-donor

The Co(3) coordination environment has very close to ideal octahedral geometry, with c%: and DI values

of 14.1 and 0.033, respectively.

o%ct, DI and 75 are defined in the same way as previously.40-436°
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A)

B)

<)

Figure 4.3.5 — Crystal packing diagrams for 6+4.4(MeCN), as viewed down : A) The crystallographic a-axis, B)
the crystallographic b-axis. C) the crystallographic c-axis.
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4.4) Ligand Substitution of 5 — Carboxylate Substitution

Having demonstrated the principle that pyridyl ligands on the cluster core of 5 can be replaced with analogous
ligands, we decided to investigate the possibility of modifying the cluster core at the carboxylate position. Holding
the phosphonate and pyridyl ligands constant, a series of substitutions were made by substituting different
carboxylate ligands into the reaction mixture. Initially, carboxylate ligands bearing additional functional groups
were avoided as the reactivity of the system was not yet fully understood.

In the first instance, benzoate ligands were targeted as a suitable substitution for the acetate ligands on the
basis that the phenyl moiety was sufficiently rigid to be easily identifiable through crystallography, and on the
basis that cobalt (1) benzoate was a readily available starting material.

Replacing cobalt (I1) acetate with cobalt (1) benzoate and holding all other synthetic parameters constant
yielded crystals of [TBA]2[MoV'10C0"6012(U-0)14(ls-0)4(tBuPO3)s(PhCOO)2(py)2(H20)6], 7, as pink-purple
crystals after approximately one week of slow evaporation. TBA represents tetrabutylammonium, t-Bu represents
the tert-butyl moiety, Ph represents a phenyl group and py represents pyridine. The crystals formed in the
monoclinic crystal system in space group C2/c. No constituent solvent molecules were observed either

crystallographically or through TGA analysis.

PO,;> - =

COO N

Figure 4.4.1 — The three organic ligands present in 7.

The structure of 7 represents an analogue of 5 with benzoate ligands substituted in place of the acetate ligands
in 5 (Figures 4.4.1 and 4.4.2). The structure incorporates additional pyridine molecules onto the dinuclear unit
like 6. The structure indicates that the cobalt-molybdate core can accommodate both aromatic and aliphatic
carboxylate supporting ligands into its structure. Moreover, the para- and meta- positions of the benzoate ligand
are reasonably remote from the cluster core of 5, and offering possibilities that functional groups could be

incorporated at these positions without conflicting with the assembly of the cluster core.
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Figure 4.4.2 — Simplified representation of the cluster core in 7, showing the benzoate ligands. Colour Scheme:
Mo teal, Co dark blue, P pink, O red, N blue, C black, H white.
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Having successfully isolated 7, the next target identified for incorporation onto the cluster core was the
phenylacetate ligand. Similar to the benzoate ligand but incorporating an extra —CH,— spacer, this represented a
natural extension to the series.

The phenylacetate salt of cobalt (1I) was not commercially available, but could be synthesised relatively
easily. However, this proved an unnecessary synthetic step as cobalt (I1) nitrate along with the free carboxylic
acid could be used, generating the same product.

Therefore, cobalt (11) nitrate and phenylacetic acid were substituted into the synthetic procedure for 5 in place
of cobalt (I1) acetate. The reaction mixture yielded pink-purple crystals after approximately one week. The
crystals were subjected to single crystal X-ray diffraction and found to contain [TBA]2[M0Y'16C0"012(1-0)14(l3-
0)4(tBuPQO3)s(BzCOO0)2(py)2(H20)6] (8), along with 3.5 constituent acetonitrile molecules per formula unit in the
monoclinic crystal system in space group P2:/n. TBA represents tetrabutylammonium, t-Bu represents the tert-

butyl moiety, Bz represents a benzyl group and py represents pyridine.

POs% Z

COO0 N

Figure 4.4.3 — The three organic ligands present in 8.

The structure of 8 represents an analogue of 5 with phenylacetate ligands substituted in place of the acetate
ligands in 5 (Figures 4.4.3 and 4.4.4). Unlike 5-7, the carboxylate ligand in 8 possesses rotational freedom of
movement due to the —CH»- (methylene) spacer. Nevertheless, the compound could be crystallised without any
significant disorder being introduced into the crystal structure. The O-C-C-Ph torsion angle is 20.2° in the
crystalline state, probably due to crystal packing considerations. This indicates that reasonably flexible ligands
can be incorporated onto the cluster core of 5 without sacrificing the ability to characterise the compound

crystallographically.

Figure 4.4.4 — Simplified representation of the cluster core in 8, showing the phenylacetate ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Having incorporated an aromatic carboxylate ligand onto the core of 7 and a rotationally flexible carboxylate
ligand onto the core of 8, we decided to investigate the addition of bulky aliphatic side groups at the carboxylate
positions. Initially, pivalate substitutions of the cluster core were targeted, but these were unsuccessful (possibly
due to the tendency of pivalate ligands to form cobalt cluster complexes under similar conditions™).

However, by substituting cobalt (I1) nitrate and 1-adamantylcarboxylic acid into the synthesis of 5 in place
of cobalt (1) acetate, [TBA]2[M0"'10C0"6012(l-O)14(Hs-O)4(tBUPO3)s(Ad-COO)2(py)2(H20)s] (9) could be
isolated. TBA represents tetrabutylammonium, t-Bu represents the tert-butyl moiety, Ad represents the adamantyl
group and py represents pyridine. 9 crystallised overnight as pink-purple crystals in the monoclinic crystal
system in space group C2/c. No constituent solvent molecules were observed crystallographically or through

TGA analysis. The cluster incorporated additional pyridine ligands onto the dinuclear cobalt units, in the same

@ (-
coo N/

Figure 4.4.5 — The three organic ligands present in 9.

manner as 6.

PO,

The structure of 9 represents an analogue of 5 with adamantylcarboxylate ligands substituted in place of the
acetate ligands in 5 (Figures 4.4.5 and 4.4.6). The adamantyl group is quite a sterically bulky system of fused

aliphatic rings, indicating the tolerance of the synthetic procedure towards bulky side groups.

Figure 4.4.6 — Simplified representation of the cluster core in 9, showing the adamantylcarboxylate ligands.
Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Identification code

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

CooH167C06M010N6Os5P6
3910.7
100(2)
0.71073
Monoclinic
C2/c
21.7038(18)
24.446(2)
28.467(3)
90.00
109.836(1)
90.00
14208(2)
4
1.758
1.680
7544.0
0.18 x 0.12 x 0.04
3.042 to 56.608
-28<h<28,-32<k<31,-37<1<23
55974
17629 [Rin = 0.0464]
17629/17/671
1.079
R1 =0.0615, wR; = 0.1584
R1 =0.1086, wR, = 0.1956
1.93/-1.72

Table 4.4.1 — Crystallographic details for compound 7.

No solvent molecules or solvent-accessible voids were observed crystallographically. The pyridine ligands

on Co(3) are modelled as disordered over two positions in 0.51:0.49 ratios. Reflections with lops-lcac/c greater

than 10 were omitted.
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Identification code

83.5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Cs9H1725C06M010N7.5055Ps
3773.82
100(2)
0.71073
Monoclinic
P2i/n
15.6966(7)
19.5580(9)
23.4785(10)
90.00
97.587
90.00
7144.7(6)
2
1.754
1.671
3788.0
0.176 % 0.108 x 0.068
2.95 10 59.338
21 <£h<28,-27<k<27,-32<1<32
246867
20165 [Rin = 0.0738]
20165/32/866
1.193
R1 =0.0514, wR, = 0.1041
R1 =0.0836, wR, = 0.1185
2.03/-1.36

Table 4.4.2 — Crystallographic details for compound 8¢3.5(MeCN).

The terminal methyl groups on two arms of the tetrabutlyammonium cations are modelled as being disordered

over two positions in 0.3:0.7 and 0.4:0.6 ratios, respectively. One crystallographically distinct acetonitrile
molecule is disordered over two positions in a 0.56:0.44 ratio, and the other is 0.75 occupied.
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Identification code

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c (A)
a(°)
B
v (%)
Volume (A%)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

CosH176C0sM010N6Os5P6
3865.24
100(2)
0.71073
Monoclinic
C2/c
22.2697(15)
24.3823(17)
28.6484(18)
90.00
110.0166(17)
90.00
14616.1(17)
4
1.757
1.635
7768
0.280 % 0.070 % 0.060
3.300 to 55.052
21<h<28,-31<k<3l,-37<1<37
179819
16792 [Rint = 0.0692]
16792/79/858
1.086
R1 =0.0563, wR, = 0.1383
R1 =0.0906, wR, = 0.1627
1.494/-1.542

Table 4.4.3 — Crystallographic details for compound 9.

The terminal methyl groups on two arms of the tetrabutlyammonium cations are modelled as being disordered

over two positions in 0.44:0.56 and 0.41:0.59 ratios, respectively. One of the crystallographically distinct pyridine

ligands is modelled as disordered over two positions in a 0.41:0.59 ratio. No solvent molecules or solvent-

accessible voids were observed.
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Figure 4.4.7 — Crystal packing diagrams for 7, as viewed down : A) The crystallographic a-axis, B) the
crystallographic b-axis. C) the crystallographic c-axis.
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A)

B)

C)

Figure 4.4.8 — Crystal packing diagrams for 8+3.5(MeCN), as viewed down : A) The crystallographic a-axis, B)
the crystallographic b-axis. C) the crystallographic c-axis.
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A)

B)

<)

Figure 4.4.9 — Crystal packing diagrams for 9, as viewed down : A) The crystallographic a-axis, B) the
crystallographic b-axis. C) the crystallographic c-axis.
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4.5) Ligand Substitution of 5 — Phosphonate Substitution

Having successfully incorporated a range of simple aromatic and aliphatic ligands at the carboxylate
positions, we turned our attention towards the phosphonate moieties. In particular, we were interested in
generating an analogous series to 5, 7, 8 and 9 (which have different carboxylate ligands) by substituting different
phosphonate ligands onto the structure.

Adamantylphosphonate was targeted as a suitable substitute to the tert-butylphosphonate used so far in this
work. This ligand was identified as a suitable substitute as it is also contains a tertiary carbon centre, and therefore
should display similar steric shielding effects in the early formation of the cluster core. Additionally, the
adamantyl group is reasonably rigid and should therefore be amenable to crystallographic analysis.

Therefore, 1-adamantylphosphonic acid was incorporated into the synthesis of 5 in place of tert-
butylphosphonic acid. The resulting reaction mixture yielded pink-purple crystals overnight. The crystals were
subjected to single crystal X-ray diffraction and found to contain [TBAJ][M0"'16C0"6012(l1-O)1a(His-
0)4(AdPO3)s(MeCOO).(py)2(H20)6] (10), along with 9.5 constituent acetonitrile molecules per formula unit in
the monoclinic crystal system in space group P2i/n. TBA represents tetrabutylammonium, Ad represents the

adamantyl group and py represents pyridine.

PO5*
Fig 4.5.1 — The three organic ligands present in 10

The structure of 10 represents an adamantylphosphonate-substituted analogue of 5 (Figures 4.5.1 and 4.5.2).
The isolation of 10 proves that substitution of 5 can also take place at the phosphonate positions. Moreover, 5 has
now been modified at all three organic ligand positions — the phosphonate, carboxylate and pyridyl positions.
Orthogonal ligand substitution in this manner is quite rare, and allows for a much higher degree of structural

flexibility than is generally available in POM systems.
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Figure 4.5.2 — Simplified representation of the cluster core in 10, showing the adamantyl backbones on the
phosphonate ligands as well as the acetate ligands. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C
black.
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Having demonstrated substitution of the phosphonate ligands in the case of 5, a series of analogues were
generated, corresponding to the adamantylphosphonate-substituted analogues of 7-9. These compounds can
equivalently be considered as adamantylphosphonate-substituted analogues of 7-9, or carboxylate-substituted
analogues of 10. The compounds all display the same structural features as their substituted counterparts,
demonstrating the orthogonality of the ligand substitution (Figures 4.5.3 and 4.5.4).

[TBA]2[M0oV'15C0"s012(11-0)14(113-0)4(AdPO3)s(PhCO0).(py)2(H20)s] (11), crystallised over one week
along with two constituent acetonitrile molecules per formula unit. The crystals formed in the monoclinic crystal
system in space group C2/m.

[TBA]2[M0Y'15C0"6012(-0)14(p3-0)4(AdPO3)s(Ph-CH2-COO)2(py)s(H20)s] (12), crystallised over two
weeks along with five constituent acetonitrile molecules per formula unit. The crystals formed in the monoclinic
crystal system in space group P-1.

[TBA]2[MoY'15C0"s012(11-0)14(113-0)4(AdPO3)s(AdCOO)2(py)2(H20)6] (13), crystallised overnight along
with six constituent acetonitrile molecules per formula unit. The crystals formed in the triclinic crystal system in

space group P-1.

11. \\\

F:[]g? COo M

12:

cCOO N
POL*

13: \\_‘

PO,* Coo~ =

Figure 4.5.3 — The organic ligands present in 11-13.
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Figure 4.5.4 — A) Simplified representation of the cluster cores in 11 (left) and 13 (right), showing the adamantyl
phosphonate moieties and carboxylate ligands. B) The two cluster units in 12, with four (left) and two (right)
pyridine ligands per cluster unit. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C grey.

The crystal structure for 12 contain two crystallographically distinct cluster units — one which incorporates
two pyridine ligands in the manner of 5, and one which incorporates four in the same manner as 6. Hence the
overall formula is given as containing three pyridine molecules per cluster unit.

This incorporation of pyridine ligands appears to affect the carboxylate torsion angle, O-C-C-Ph. In the case
without the additional pyridine ligands on the dinuclear cobalt unit (i.e. equivalent to 5), this torsion angle is 6.6°,
while in the case with additional pyridine ligands (i.e. equivalent to 6), the angle increases to 43.2° (Figure 4.5.4

B). This difference in torsion angle may simply be due to crystal packing constraints.
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Identification code

109.5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Ci25H218 5C06M010N135058P6
4337.42
100(2)
0.71073
Monoclinic
P2i/n
17.6667(8)
25.3666(12)
20.0291(9)
90
107.6720(10)
90
8552.3(7)
2
1.684
1.409
4398.0
0.15x 0.12 x 0.05
2.671052.234
21<h<2l,-31<k<3l,24<1<24
104339
16945 [Rin = 0.0909]
16945/83/1006
0.889
R1 =0.0356, wR; = 0.0643
R1=0.0817, wR, = 0.0730
1.04/-1.22

Table 4.5.1 — Crystallographic details for compound 10+9.5(MeCN).

Of the five crystallographically distinct acetonitrile molecules, two are fully occupied, one is modelled as
disordered ina 0.72/0.28 ratio, one in a 0.75/0.25 ratio, and the fifth is modelled as being 0.75 occupied, split over

two positions in a 0.25/0.5 ratio.
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Identification code

11:2(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C240H354C012M020N120116P12
8260.93
100(2)
0.71073
Monoclinic
C2/m
20.7884(13)
28.1953(12)
10.9483(8)
90
91.4630(10)
90
16749.0(12)
2
1.638
1.433
8300.0
0.14 x 0.13 x 0.06
2.736 to 51.566
-36<h<36,-34<k<34,-24<1<22
157139
16357 [Rin = 0.0738]
16357/145/938
1.068
R1 =0.0698, wR, = 0.1668
R1=0.1279, wR, = 0.2192
2.77/-2.14

Table 4.5.2 — Crystallographic details for compound 11¢2(MeCN).

The pyridine ligands are modelled as disordered over two positions in a 50/50 ratio. The terminal carbon

one arm of the tetrabutylammonium cation is modelled as disordered over two positions in a 0.61/0.39 ratio.
Constraints (DFIX and DANG) were used on the adamantyl groups.
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Identification code

12+5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c (1)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C133H203C06M010N10058P6
4368.84
100(2)
0.71073
Triclinic
P-1
17.7506(7)
18.8983(8)
27.1892(12)
75.8350(10)
80.8820(10)
72.5210(10)
8399.5(6)
2
1.727
1.435
4414.0
0.14 x 0.1 x 0.07
2.748 t0 52.994
-22<h<22,-23<k<23,-34<1<34
202902
34616 [Rin = 0.0895]
34616/1/1956
1.009
R1 =0.0439, wR; = 0.0957
R1 =0.0883, wR, = 0.1160
1.94/-1.83

Table 4.5.3 — Crystallographic details for compound 12¢5(MeCN).
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Identification code

13+6(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Ci36H130C06M010N10058P6
4331.29
100(2)
0.71073
Triclinic
P-1
16.9115(8)
17.8098(9)
18.2776(9)
65.2690(10)
64.0720(10)
84.8630(10)
4467.4(4)
1
1.610
1.349
2152.0
2.696 to 59.09
23<h<23,24<k<24,-25<1<25
152064
24963 [Rint = 0.0528]
24963/4/971
1.022
R1 =0.0622, wR; = 0.1622
R1 =0.0986, wR;, = 0.1969
2.95/-1.75

Table 4.5.4 — Crystallographic details for compound 13+6(MeCN).

The adamantyl groups on the carboxylate ligands are modelled as being rotationally disordered over two

positions in a 0.59/0.41 ratio. Of the three crystallographically distinct acetonitrile molecules, two are modelled

as fully occupied and the third is modelled as disordered over two positions with 50/50 occupancy.

174



Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

A)

<)

Figure 4.5.5 — Crystal packing diagrams for 10+9.5(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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A)

B)

<)

Figure 4.5.6 — Crystal packing diagrams for 11«2(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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A)

B)

<)

Figure 4.5.7 — Crystal packing diagrams for 12¢5(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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Figure 4.5.8 — Crystal packing diagrams for 13«6(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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4.6) Ligand Substitution of 5 — Functional Groups

Having demonstrated that the pyridyl, carboxylate and phosphonate ligands on the core of 5 could be
substituted with a range of other simple hydrocarbon backbones in an orthogonal manner, we then looked to
incorporate functional moieties onto the cluster core. As discussed in Chapter 1, the incorporation of functional
moieties into POM systems is highly desirable as it generates structural and functional diversity and allows
modification of the physicochemical properties of the parent clusters (c.f. Sections 1.2.3 and 1.3).

The carboxylate moieties were chosen as the most suitable position to explore possible modifications of the
cluster core. Specifically, we identified substituted benzoic acids as being particularly promising for
functionalised cluster synthesis. Firstly, a wide range of functionalised benzoic acids are readily commercially
available. As demonstrated with the synthesis of 8, 9, 12 and 13, the free acids can be used directly in the synthesis
in combination with cobalt (I1) nitrate to generate the target clusters, making synthesis straightforward. The meta-
and para- positions were particularly targeted as these positions were deemed to be sufficiently remote from the
carboxylate that they were unlikely to interfere with templating effects at the carboxylate moiety (e.g. through
chelation of a metal centre). They are also generally sufficiently rigid as to be amenable to crystallographic
identification.

In the first instance, brominated benzoate ligands were targeted. Bromo- groups are known to exert a
significant electronic influence on a phenyl ring system such as benzoate, but do not act as coordinating or
donating groups to any significant extent. Therefore they should not interfere with templating effects (e.g. by
competing for ligand binding sites). To this end, 4-bromobenzoic acid and 3,5-dibromobenzoic acid (BrPhCOOH
and Br,PhCOOH) were substituted into the reaction (Figure 4.6.1).

[TBA]2[MoV'15C0"s012(4-0)14(1Us-0)4(tBUPO3)s(BrPhCO0),(py)2(H20)s]  (14)  crystallised  over
approximately two weeks. XRD analysis indicates that the crystals were monoclinic, with cell parameters a =
21.48 A, b=14.06 A, c =25.39 A and # = 100.47°. IR analysis confirms the identity of the compound (Figure
4.6.2), while TGA analysis indicates that the crystals also contained one constituent acetonitrile molecule per
formula unit (Figure 4.6.3).

[TBA]2[M0V'16C0"6012(1-0)14(H3-O)4(tBUPO3)s(Bro,PhCO0)2(py)2(H20)s]  (15) also crystallised over
approximately two weeks. XRD analysis indicates that the crystals were monoclinic, with cell parameters a =
33.32 A, b=1385A, ¢ =3753 Aand = 113.76°. IR analysis confirms the identity of the compound (Figure
4.6.2), while TGA analysis indicates that the crystals also contained 2.5 constituent acetonitrile molecules per
formula unit (Figure 4.6.4).

These structures represent brominated analogues of compound 7. The isolation of 14 and 15 was promising
because it indicated that functional groups (outside of simple hydrocarbons) could be incorporated onto the cobalt-

molybdate cluster core.
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Figure 4.6.1 — The organic ligands present in 14-15.
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Figure 4.6.2 — Portion of the IR spectra for 5¢3(MeCN) (black), 14¢(MeCN) (red) and 15¢2.5(MeCN) (blue),
indicating that they have the same structure.
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Figure 4.6.3 — TGA analysis for 14¢(MeCN).
TGA analysis for 14 (Figure 4.6.3) shows the loss of one acetonitrile molecule per formula unit upon heating
to ¢. 100 °C (calculated 98.9%, observed 98.7%). Further heating results in the loss of two pyridine and six water

molecules per formula unit (calculated 91.9%, observed 91.8%), indicating that the dinuclear cobalt units do not
incorporate additional pyridine ligands.
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Figure 4.6.4 — TGA analysis for 15¢2.5(MeCN).
TGA analysis for 15 (Figure 4.6.4) shows the loss of 2.5 acetonitrile molecules per formula unit upon heating
to c. 100 °C (calculated 97.4%, observed 97.5%). Further heating results in the loss of two pyridine and six water

molecules per formula unit (calculated 90.8%, observed 90.7%), indicating that the dinuclear cobalt units do not
incorporate additional pyridine ligands.
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Having successfully incorporated brominated ligands onto the cluster core, other electron-withdrawing and
donating moieties were targeted. Like the bromo- groups, nitro- groups offered electronic modification of the
benzoate ligand without incorporating strongly coordinating moieties that might interfere with templating effects.
Therefore, 4-nitrobenzoic acid (NO,PhCOOH) was incorporated into the reaction system.

[TBA]2[M0Y'16C0"6012(U-0)14(l3-O)4(tBUPO3)s(NOPhCOO)2(py)a(H20)s] (16) crystallised over two
weeks. The crystals formed in the monoclinic crystal system in space group P2:/n. As expected this compound
was a nitro-substituted analogue of 7 (Figures 4.6.5 and 4.6.6). 16 incorporated additional pyridine ligands onto
the dinuclear cobalt units in the same manner as 6. No constituent solvent molecules or solvent-accessible voids
were observed.

NO,

COO

Figure 4.6.5 — The organic ligands present in 16.

Figure 4.6.6 — Simplified representation of the cluster core in 16, showing the 4-nitrobenzoate ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Identification code

16

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

CooH166C06M010N5O62P6
3851.10
100(2)
0.71073
Monoclinic
P2i/n
15.8130(7)
27.6899(12)
15.8146(7)
90
99.1780(10)
90
6835.9(5)
2
1.871
1.750
3860
0.040 x 0.300 x 0.473
2.940 to 61.300
-22<=h<=22, -39<=k<=39, -22<=I<=22
389959
21105 [Rin = 0.0307]
21105/0/834
1.091
R1 =0.0239, wR, = 0.0584
R1 =0.0279, wR, = 0.0612
1.787/-1.090

Table 4.6.1 — Crystallographic details for compound 16.

183



Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

A)

B)

<)

Figure 4.6.7 — Crystal packing diagrams for 16, as viewed down: A) The crystallographic a-axis, B) the
crystallographic b-axis. C) The crystallographic c-axis.
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Having incorporated electron-withdrawing functionalities, electron-donating functionalities were targeted
next. Primary amine groups represent electron donating functionalities that are structurally and synthetically
related to the nitro- groups present in 16. Therefore, 4-aminobenzoic acid was incorporated reaction system
(Figure 4.6.8).

[TBA]2[M0Y'16C0"6012(U-0)14(l3-0)4(tBUPO3)s(NH.PhCOO)2(py)2(H20)s] - (17)  crystallised  over
approximately two weeks. XRD analysis indicates that the crystals were monoclinic, with cell parameters a =
16.04 A, b =28.20 A, ¢ =16.09 A and = 106.15°. IR analysis confirms the identity of the compound (Figure
4.6.9), while TGA analysis indicates that the crystals do not contain any constituent acetonitrile molecules (Figure
4.6.10).

Amino groups are particularly interesting functionalities to incorporate because they offer significant
possibilities for facile post-synthetic modification of the cluster (e.g. through Schiff-base condensation reactions).

However, 17 proved to be particularly insoluble, making post-synthetic modification difficult to achieve in

practice.
NH,
PO;% © O
N
coo
Figure 4.6.8 — The organic ligands present in 17.
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Figure 4.6.9 — Comparison of the IR spectrum for 5¢3(MeCN) and 17.
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Figure 4.6.10 — TGA analysis for 17.

TGA analysis for 17 (Figure 4.6.10) shows no loss of solvent molecules up to a temperature of ¢. 180 °C
(99.8%). Further heating to 300 °C results in the loss of two pyridine and six water molecules per formula unit

(calculated 92.7%, observed 92.7%), indicating that the dinuclear cobalt units do not incorporate additional
pyridine ligands. Further heating results in ligand decomposition reactions.
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Another functional group with interesting potential applications in post-synthetic modification is the
aldehyde moiety. This is an electron withdrawing group, and relatively sensitive to reaction conditions (e.g.
oxidation or nucleophilic attack can occur). Nevertheless, the functionality could be incorporated onto the cluster
core through incorporation of 4-formylbenzoic acid (CHOPhCOOH) into the reaction mixture (Figure 4.6.11).

[TBA]2[M0Y'16C0"6012(U-0)14(l3-0)4(tBUPO3)s(CHOPhCOO)(py)2(H20)s]  (18)  crystallised  over
approximately one week. XRD analysis indicates that the crystals were monoclinic, with cell parameters a =
20.67 A, b =24.35 A, c=28.18 A and = 109.75°. IR analysis confirms the identity of the compound (Figure
4.6.12), while TGA analysis indicates that the crystals do not contain any constituent solvent molecules (Figure
4.6.13).

This compound has significantly better solubility than 17, making further reactions such as Schiff-base

condensation reactions a promising avenue towards post-synthetic modification of the cluster.

CHO
\’A @
PO;* i : =
N
Ccoo

Figure 4.6.11 — The organic ligands present in 18.
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Figure 4.6.12 — Comparison of the IR spectrum for 5¢3(MeCN) and 18.
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Figure 4.6.13 — TGA analysis for 18.

TGA analysis for 18 (Figure 4.6.13) shows no loss of solvent molecules up to a temperature of ¢. 180 °C
(99.8%). Further heating to 240 °C results in the loss of two pyridine and six water molecules per formula unit

(calculated 92.7%, observed 92.6%), indicating that the dinuclear cobalt units do not incorporate additional
pyridine ligands. Further heating results in ligand decomposition reactions.
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Finally, vanillic acid (vanCOOH) was investigated. Vanillic acid is a derivative of vanillin (a natural
product) and consists of a substituted benzoate ligand with both alcohol (-OH) and ether (-OMe) substituents.
Both of these substituents display electron donating effects. Moreover, the —OH and —OMe substituents are in the
ortho- position relative to each other, offering a potential chelating site with which to bind heterometals (Figures
4.6.14 and 4.6.15).

[TBA]2[M0oY'15C0"s012(11-0)14(13-O)4(tBUPO3)s(vanCOO0),(py)2(H20)6] (19) crystallised over two weeks
along with six constituent acetonitrile molecules per formula unit. The crystals formed in the monoclinic crystal
system in space group C2/c.

Other attempts to incorporate chelating sites onto the cluster core generally did not result in the formation of
the intended cluster core (probably due to chelation of the cobalt metal at the chelating site, which resulted in the
cobalt-chelate complex being sequestered out of solution before the POM core could form). However in this
instance, the chelating site apparently did not offer a sufficiently attractive binding site to the cobalt metal, and so
19 was able to form. However, examples of metals binding at this chelating site are reported in the literature, and
so this may represent another possible avenue towards post-synthetic modification of the cluster.

OH

0]

™~ X
Z

POs% N

COO

Figure 4.6.14 — The organic ligands present in 19.

Figure 4.6.15 — Simplified representation of the cluster core in 19, showing the vanillic acid ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Identification code

19+6(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Co4H178C06M010N10062P6
3939.25
100(2)
0.71073
Monoclinic
C2/c
41.0011(10)
15.7446(4)
29.8657(13)
90
126.06
90
15585.7(9)
4
1.679
1.538
7920.0
0.222 x 0.195 x 0.157
2.940 to 61.300
-22<=h<=22, -39<=k<=39, -22<=I<=22
2.934 to 70.106
-66 <h<66,-22<k<25,-46<1<48
191248
34319 [Rin = 0.0321]
34319/28/926
1.050
R1 =0.0280, wR;, = 0.0670

Table 4.6.2 — Crystallographic details for 19¢6(MeCN).

Of the three crystallographically distinct acetonitrile molecules, two are modelled as being fully occupied

and one is modelled as disordered over four positions with occupancy 0.25 each.
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A)

B)

<)

Figure 4.6.16 — Crystal packing diagrams for 19+6(MeCN), as viewed down : A) The crystallographic a-axis, B)
the crystallographic b-axis. C) the crystallographic c-axis.
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Figure 4.6.17 — Cyclic voltammagram sweeps for A) compound 16 and B) compound 17, which differ by an
electron withdrawing (nitro-, 16) or donating (amino- 17) group on the carboxylate ligands.

Preliminary electrochemical analysis indicates that the electronic behaviour of the compounds is influenced
by the presence of electron withdrawing or donating substituents on the cluster core. Comparison of 16 (which
contains an electron withdrawing nitro- group) with 17 (which contains an electron donating amino- group)
indicates a slight shift in oxidation potentials, with the first oxidation event shifting from c. 0.4 V vs. NHE (16)
c. 0.45V vs. NHE (17). This illustrates that the electronic properties of the cluster core can be manipulated by
modifying the peripheral ligands.

When tested for electrocatalytic water oxidation, none of the compounds tested (5, 7, 10, 13, 16 and 17)
demonstrated catalytic water oxidation.
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4.7) Ligand Substitution of 5 — Photoactive Groups

Having incorporated several potentially reactive functional groups onto the cobalt-molybdate core, we then
looked at optically active moieties. We decided to incorporate planar aromatic systems (Figure 4.7.1), as these

tend to display significant UV absorption and luminescence capabilities.””-8°

S
0

20:
PO,
Ccoo
21 \% O O
P
Ccoo
POs* N
CcCoo
23:

B\
W,

COOo
Figure 4.7.1 — The organic ligands present in 20-23.
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[TBA]2[M0Y'15C0"6012(U-0)14(13-O)4a(tBUPO3)s(NapCOO)2(py)2(H20)6] (20) crystallised over two weeks
along with two constituent acetonitrile molecules per formula unit (Figure 4.7.2). The crystals formed in the
monoclinic crystal system in space group P2:/n.

[TBA]2[M0Y'16C0"6012(U-0)14(l3-O)4(tBUPO3)s(pyrCOO)2(py)2(H20)6] (21) crystallised over four weeks
along with 3.5 constituent acetonitrile molecules per formula unit (Figure 4.7.3). The crystals formed in the
triclinic crystal system in space group P-1.

[TBA]2[M0Y'19C0"6012(1-0)14(p3-0)4(tBUPO3)s(anthCOO)2(py)2(H20)6] (22) crystallised over two weeks
along with six constituent acetonitrile molecules per formula unit (Figure 4.7.4). The crystals formed in the
monoclinic crystal system in space group P-1.

[TBA]2[M0Y'19C0"6012(1-0)14(p3-0)4(tBUPO3)s(fluoCOO)2(py)2(H20)s] (23) crystallised over two weeks
along with 4.17 constituent acetonitrile molecules per formula unit. The crystals formed in the monoclinic crystal
system in space group P-1.

Nap represents the 2-naphthyl moiety, pyr represents the 1-pyrene moiety, anth represents the 9-anthracene

moiety, and fluo represents the 9-fluorene moiety.

Figure 4.7.2 — Simplified representation of the cluster core in 20, showing the 2-naphthalene ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.

194



Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

Figure 4.7.3 — Simplified representation of the cluster core in 21, showing the 1-pyrene ligands. Colour Scheme:
Mo teal, Co dark blue, P pink, O red, N blue, C black.

Figure 4.7.4 — Simplified representation of the cluster core in 22, showing the 9-anthracene ligands. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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The cluster core in 23 engages in z-r interactions between the flourerene moieties on adjacent cluster entities
(Figure 4.7.5). The interplanar distance is approximately 3.3 A, which is consistent with z-z interactions.8! This

stacking results in a one-dimensional pseudopolymer propagating through the crystal structure.

A)

Figure 4.7.5 — A) z-m interactions between the fluorine moieties on adjacent cluster entities in crystals of
23+4(MeCN). B) These z-z interactions result in the formation of a one-dimensional pseudopolymer that propagates
through the crystalline state. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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Identification code 20+2(MeCN)
Empirical formula Cu6HgaC03M05N3029P3
Formula weight (g/mol) 1892.56
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2:/n
a(A) 15.8891(16)
b (A) 18.8429(19)
c(A) 23.550(2)
a(°) 90
B () 90.414(2)
v (%) 90
Volume (A3) 7050.6(12)
Z 4
Calculated density peac (g/cm®) 1.783
Absorption coefficient u (mm™) 1.693
F(000) 3796.0
Crystal size (mm?) 0.32 x 0.13 x 0.06
2@ range for data collection (°) 3.352 to 63.068
Index ranges 23 <h<23,-27<k<27,-34<1<34
Reflections collected 184130
Independent reflections 23509 [Rin = 0.0447]
Data/restraints/parameters 23509/0/817
Goodness-of-fit on F? 1.122
Final R indices [I>=2c6 (I)] R: =0.0359, wR, = 0.0723
Final R indices [all data] R: = 0.0535, wR, = 0.0786
Largest diff. peak and hole (e A%) 1.88/-0.92

Table 4.7.1 — Crystallographic details for compound 20¢2(MeCN).
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Identification code

213.5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c6 (I)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C107H166C06M010N7.5055P6
3984.26
100(2)
0.71073
Triclinic
P-1
14.1248(4)
17.1990(4)
18.2808(4)
115.5330(10)
102.8840(10)
93.8560(10)
3838.43(17)
1
1.724
1.560
1996.0
0.225 x 0.197 x 0.14
2.572 t0 82.756
26 <h<26,-31<k<31,-33<1<33
489731
51532 [Rint = 0.0412]
51532/3/887
1.112
R1 =0.0431, wR, =0.1191
R1 =0.0639, wR, = 0.1324
4.12/-2.27

Table 4.7.2 — Crystallographic details for compound 21¢3.5(MeCN).

The acetonitrile molecules are disordered with 0.5 or 0.25 occupancy.
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Identification code

22+6(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a(°)
B
v (%)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient u (mm™)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>=2c (1)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C108H184C06M010N10058Ps
4049.44
100(2)
0.71073
Triclinic
P-1
13.7204(5)
17.4996(6)
18.0558(6)
105.8800(10)
106.5320(10)
100.2090(10)
3841.4(2)
1
1.750
1.561
2038.0
0.22 x0.18 x 0.13
2.878 10 56.638
-18<h<18,-23<k<23,-24<1<24
112190
19102 [Rint = 0.0372]
19102/0/911
1.052
R1 =0.0260, wR, = 0.0547
R1=0.0413, wR, = 0.0613
1.01/-0.59

Table 4.7.3 — Crystallographic details for compound 22¢6(MeCN).
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Identification code

23+4(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)

b (A)
c(A)
a (%)
B
Y (°)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C103.33H176C06M010Ng.17058Ps
3959.65
100(2)
0.71073
Triclinic
P-1
13.4626(10)
17.5362(13)
19.9202(15)
112.340(2)
108.453(2)
93.499(3)
4037.1(5)
1
1.629
1.483
1989.0
0.185 % 0.163 x 0.116
2.662 to 55.124
-17<h<17,-22<k<22,-25<1<25
74772
14772
74772/54/907
1.058
R1 =0.0545, wR, = 0.1397
R1 =0.0826, wR, = 0.1581
1.52/-1.11

Table 4.7.4 — Crystallographic details for compound 23«4(MeCN).

Of the three crystallographically distinct acetonitrile molecules, one is disordered over two positions in a
50/50 ratio, another disordered in a 25/75 ratio, and the third is 1/3 occupied.
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Packing Diagrams

A)

B)

<)

Figure 4.7.6 — Crystal packing diagrams for 20-2(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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A)

B)

<)

Figure 4.7.7 — Crystal packing diagrams for 213.5(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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Figure 4.7.8 — Crystal packing diagrams for 22¢6(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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Figure 4.7.9 — Crystal packing diagrams for 23<4(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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Photoactivity

To investigate the photophysical properties of the compounds, ultraviolet-visible (UV-Vis) absorption
spectra were recorded for ¢. 30 uM samples of 20-23 in acetonitrile. Incorporation of the photoactive moieties
significantly alters the ultraviolet absorbance of the compounds (Figure 4.7.10). In addition to a weak absorbance
in the visible region (¢ = 341 M cm™ at A = 560 nm), compounds 21 and 22 show particularly strong absorbance
in the ¢. 300-400 nm region, each showing multiple absorbance bands. The pyrene moieties in 21 absorb at c.
350 and 380 nm, while the anthracene moieties in 22 absorb at c¢. 350, 370 and 385 nm. Absorption coefficient
(¢) values for these absorption bands are in the range 1.0x10* M2 cm™ (compound 21, /4 = 380 nm) to 4.0x10* M-
Lem? (compound 21, 4 = 350 nm). These ¢ values are consistent with organic z-7* transitions.

Compounds 20 and 23 do not absorb strongly in the near ultraviolet (c. 300-400 nm). Absorbance rises
sharply below c. 300 nm for all of the compounds, probably due to Mo-O charge transfer bands, which dominate

the spectra in this region.

15

- 20
— 21

Absorbance

[=]
in

300 330 360

Wavelength (nm)
Figure 4.7.10 — Portion of the ultraviolet absorbance spectra for compounds 20-23 in acetonitrile.

Compounds 21 and 22 were selected for further photophysical studies, based on their strong absorbance in
the near ultraviolet. The excitation wavelength was set at 350 nm, as both 21 and 22 display maxima in absorption
around this wavelength. Under these conditions, both 21 and 22 display luminescent behaviour (Figure 4.7.11).

When excited at 350 nm, 21 luminesces with maxima in emission at 395 nm and 410 nm. When excited at
the same wavelength, 22 emits over a broad range of visible wavelengths, with emission centred at 460 nm. This
indicates that the photoexcited ligand states in these compounds are not quenched by interaction with the TMS-
POM core, allowing luminescence to occur.

This behaviour is represented visually in Figure 4.7.11, showing compounds 20-23 under irradiation at 365
nm. Compound 21 luminesces blue under these conditions, while compound 22 luminesces blue-green.

Compounds 20 and 23 do not display visible luminescence under these conditions.
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Figure 4.7.11 — A) Normalised photoluminescence spectra for c. 30 uM samples of 21 (black) and 22 (red) in
acetonitrile when excited at A = 350 nm. B) Samples of 20-23 (left-to-right) in acetonitrile under irradiation at 360 nm,
showing visible luminescence of 21 and 22.

Thus, by incorporating photoactive ligands onto the cobalt-molybdate cluster core, we have significantly
modified the absorption spectra of the compounds, as well as introducing colour-tuneable luminescence properties

to the compounds.
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Photodynamic Behaviour

In addition to the modification of the absorption and luminescence behaviour of the cobalt-molybdate core
by the incorporation of photoactive moieties, photodynamic switching behaviour can also be introduced via
supporting carboxylate ligands. The azobenzene moiety is well-known to undergo dynamic motion upon
irradiation, switching from the trans- ground state to the cis- conformation upon irradiation at c. 360 nm.%2-8

[TBA]2[M0Y'16C0"6012(U-0)14(l3-O)4(tBuPO3)s(azoCO0),(py)2(H20)s] (24) was synthesised using 4-
(phenylazo)benzoic acid (Figure 4.7.12 and 4.7.13). 24 crystallised over two weeks along with one constituent

acetonitrile molecules per formula unit. The crystals formed in the monoclinic crystal system in space group

P21/n.
N
NF
PO;* Z
N
CoO

Figure 4.7.12 — The organic ligands present in 24.

Figure 4.7.13 — Simplified representation of the cluster core in 24, showing the azobenzene moieties. Colour
Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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As is the case for 23, z-r interactions between the organic moieties direct the molecular stacking arrangement
in the crystalline state (Figure 4.7.14). These =-z interactions results in a one-dimensional pseudopolymer
propagating through the crystal structure. The interplanar distance is approximately 3.3 A, which is consistent

with z-z interactions.8!

A)

R

o<

Figure 4.7.14 — A) z-m interactions between the azobenzene moieties on adjacent cluster entities in crystals of
24+(MeCN). B) These z-z interactions result in the formation of a one-dimensional pseudopolymer that propagates
through the crystalline state. Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.
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— Before irradiation (trans)

— Afterirradiation (cis)

Absorbance

430 nm

b =

Wavelength (nm)

Figure 4.7.15 — UV-Vis absorption spectrum of 24 in acetonitrile, before and after irradiation at 360 nm.

Azobenzene moieties are well known to undergo cis-trans isomerisation under UV radiation. This dynamic

process can be monitored using UV-Visible absorption spectroscopy (Figure 4.7.15).
When dissolved in acetonitrile, the UV-Vis absorption spectrum of 24 is dominated by an absorption band

and 325 nm. Upon irradiation for 5 minutes at 360 nm, the absorption feature at 325 nm diminishes, along with
the growth of a much smaller feature at 430 nm. This behaviour is consistent with cis-trans azobenzene

isomerisation previously reported in the literature.82-8
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Identification code

24+(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)

Crystal system
Space group
a(A)

b (A)

c(A)

a (%)

B
Y (°)

Volume (A3)

z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)

Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Co2H154C06M010N5Os5P6
3799.02
100(2)
0.71073
Monoclinic
P2i/n
15.8651(12)
19.9490(15)
22.8883(17)
90
96.434(2)
90
7198.4(9)
2
1.753
1.659
3796.0
0.12 x 0.11 x 0.06
2.974 to 50.854
-14<h<19,-24<k<24,-27<1<27
69588
13142 [Rin = 0.1106]
13142/0/554
1.003
R1 =0.0940, wR; = 0.2252
R1=0.1754, wR, = 0.2770
3.32/-1.63

Table 4.7.5 — Crystallographic details for compound 24¢(MeCN).
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Figure 4.7.16 — Crystal packing diagrams for 24¢(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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4.8) Ligand Substitution of 5 — Polymeric Materials

One of the goals that we set out to achieve with this project was to generate extended materials (i.e. polymeric
or framework materials). Given the success in generating numerous substituted analogues of 5, the cobalt-
molybdate reaction mixture seemed like an ideal system with which to attempt to generate polymeric materials
using polytopic ligand systems.

Again, we decided to substitute the system at the carboxylate functionality, due to the easy availability of
polytopic carboxylate ligands. Initial attempts using rigid polytopic carboxylates (e.g. terephthalate or trimesate)
did not yield the target compounds, generally yielding amorphous cobalt compounds. These were not fully
characterised but may represent cobalt-based coordination polymers of these ligands.®8° We hypothesised that
these relatively short, rigid linkers might have constrained the system into an electrostatically unfavourable
packing configuration (c.f. Figure 2.5.1).

Therefore, more flexible ligands were examined. Phenylenediacetic acid (PDA-H) is a rotationally flexible
ditopic carboxylate, which bears similarity to the phenylacetate ligands used in 8 and 12. 8 and 12 can
accommodate rotational flexibility around the —CH»— moieties in phenylacetate (c.f. Figure 4.5.2), potentially
allowing the system flexibility to find a favourable packing arrangement. To this end, PDA-H, was incorporated

into the reaction system (Figure 4.8.1).

COO

\_/

PO,

Coo
Figure 4.8.1 — The organic ligands present in 24.

Figure 4.8.2 — Simplified representation of the cluster core in 25, showing the PDA moieties. Colour Scheme:
Mo teal, Co dark blue, P pink, O red, N blue, C black.
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[TBA]2[M0Y'16C0"6012(H-0)14(l3-O)a(tBuPO3)s(PDA) (pY)2(H20)s] (25) crystallised over the course of
approximately one month (Figure 4.8.2). The crystals also contained 7.5 acetonitrile molecules per formula unit,
and formed in the triclinic crystal system in space group P-1.

This compound has a polymeric structure, with one-dimensional hybrid polymer chains propagating
throughout the crystal (Figure 4.8.3). The polymer chains propagate perpendicular to the crystallographic c-axis

A)

Figure 4.8.3 — A) Two repeat units of the polymer chain. B) The crystal structure of 25¢7.5(MeCN) as viewed
down the crystallographic c-axis, showing the parallel polymer chains propagating perpendicular to the c-axis.
Colour Scheme: Mo teal, Co dark blue, P pink, O red, N blue, C black.

The torsion angle at the carboxylate site does seem to be significant, with the O-C-C-Ph angle increasing in
this instance to be close to perpendicular (83°). The equivalent torsion angles in 8 and 12 were approximately in

the range 0-45°. We attribute this difference to the different packing constraints on the polymer species.
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Identification code

25+7.5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)
b (A)
c(A)
a (%)
B
Y (°)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)
Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Ca55Hg7.25C03M05N5.75029P3
1928.36
100(2)
0.71073
Triclinic
P-1
13.7500(4)
16.8554(5)
17.1095(5)
107.6320(10)
95.0120(10)
101.6640(10)
3653.79(19)
2
1.753
1.636
1937.0
0.131 % 0.076 % 0.04
3.064 to 62.178
-19<h<19,-24<k<22,-23<1<24
73920
22705 [Rint = 0.0889]
22705/8/848
1.002
Ri1=0.0544, wR, = 0.0903
R1 =0.1150, wR; = 0.1056
1.64/-1.01

Table 4.8.1 — Crystallographic details for 25¢7.5(MeCN).

Of the four crystallographically distinct acetonitrile solvent molecules, three are modelled as fully occupied

and one is modelled with 0.75 occupancy.

214



Chapter 4 — Hybrid Cobalt-Polyoxomolybdates

A)

B)

<)

Figure 4.8.4 — Crystal packing diagrams for 25¢7.5(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis.
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4.9) Conclusions

In summary, this chapter explored the extension of the assembly-disassembly-reassembly methodology
developed over the previous two chapters to cobalt-molybdate systems. The disassembly of the Lindqvist
hexamolybdate followed by reassembly in the presence of cobalt (I1) generated a mixed-metal hybrid POM,
[TBA]2[M0VY'15C0"6012(H-0)14(Lz-O)4(tBuPO3)s(MeCOO)2(py)2(H20)s], 5.

This compound contains two {Mos} units capping a central {Coe} unit in a sandwich motif. The {Coe} core
unit can be further subdivided into two sets of {Co,} dimers and two isolated Co centres. The compound is
symmetric to inversion. Phosphonate templating effects and intramolecular hydrogen bonding appear to play a
role in stabilising the structure. The compound was characterised by XRD as well as supplemental techniques
including IR and mass spectrometry.

The {Mos} units are believed to arise out of phosphonate-templated condensation reactions between
molybdate oligomers. The phosphonate ligand may act as a template for the formation of an {Mo4} bend unit,
which might reversibly bind {MoQO4} units to generate the {Mos} unit. In the presence of cobalt (I1), this transient
unit could be trapped into the stable structure 5. In the absence of cobalt (I1), the {MoO.} tetrahedron is displaced

by a second phosphonate and the Strandberg-type rings in 1 or 2 become the dominant product (Figure 4.9.1).

No Heterometal
-

{Mo0,}

{Mo,} bend unit \

Co'' heterometal

Figure 4.9.1 — The proposed templating effects of phosphonate ligands in molybdate reassembly. The proposed
{Moa4} bend unit could reversibly bind {Mo0Oa4} units to generate a transient {Mos} unit. In the absence of
heterometals, the {MoOa4} unit gets displaced by a second phosphonate and the Strandberg-type rings are generated.
However in the presence of cobalt (I1) the {Mos} unit can be trapped into a stable architecture, forming the mixed-
metal hybrid POM 5.
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Significantly, the cluster core in 5 is supported by three distinct classes of organic ligand — phosphonates,
carboxylates and pyridyl ligands. Substitution of any particular organic ligand for another with an equivalent
ligand allows the properties of the compound to be modified while retaining the same core structure.

This concept was demonstrated with a series of analogous structures, 6-25. [TBA]2[M0V'10C0'"6012(u-
0)14(3-0)4(tBuPO3)s(MeCOO),(pic)a(H20)¢], 6, demonstrated the replacement of the pyridine ligands with
picoline.  7-9 demonstrated the replacement of the acetate ligands with benzoate, phenylacetate and
adamantylcarboxyalte ligands, respectively. 10-13 demonstrated the replacement of the tert-butylphosphonate
ligands with adamantylphosphonate ligands. In the 10-13 series, adamantylphosphonate ligands were combined
with acetate, benzoate, phenylacetate and adamantylcarboxyalte ligands respectively, demonstrating that the
different ligand classes can be substituted in an orthogonal manner.

More sophisticated functional groups can also be introduced onto the cluster core of 5. The series 14-19
introduced a series of functional groups at the carboxylate moiety by introducing benzoate ligands substituted at
the meta- and/or para- positions. These substitutions included bromo-, nitro-, amino-, aldehyde-, alcohol- and
ether-substituted benzoate ligands. These functional groups modify the electronic properties of the cluster core,

as well as providing possible avenues for post-synthetic modification of the cluster core.

Figure 4.9.2 — The cluster core of 5, highlighting the three distinct ligand sites represented by the phosphonate
ligands (R1), carboxylate ligands (Rz2) and pyridy! ligands (Rs).
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The series 20-23 contained polyaromatic moieties at the carboxylate moiety, and were investigated for their
photoactive properties. UV-Vis absorption spectroscopy demonstrated that the incorporation of these units
significantly alters the ultraviolet absorption of the cluster core. Compounds 21 and 22 display visible
luminescence when illuminated with UV light as a result of their organic ligands.

[TBA]2[M0Y'16C0"6012(U-0)14(l3-0)4(tBuPO3)s(azoCO0)2(py)2(H20)s] (24) contains a photodynamic
azobenzene moiety. This moiety was shown to undergo cis-trans isomerisation is solution under irradiation with
UV light.

Finally, [TBA]2[M0Y'16C0"6012(1-0)14(l3-0)4(tBUPO3)s(PDA)2(pY)2(H20)6] (25) is a polymeric compound,
consisting of {Mo10Cos} cluster units linked via polytopic phenylenediacetate ligands. These linker ligands
connect the cluster units into one-dimensional chains that propagate through the crystal structure.

In conclusion, a series of cobalt-molybdate mixed metal hybrid POM clusters, 5-25, was characterised and
isolated. These compounds were all synthesised via the assembly-disassembly-reassembly technique. This series
contains a variety of phosphonate, carboxylate and pyridyl ligand substitutions, allowing the structure to be
modified by the substitution of the organic ligands. Any one organic unit (phosphonate, carboxylate or pyridyl
ligand) can be substituted without affecting the other organic units. This allows distinct functional and steric

groups to be incorporated into the cluster as desired.
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5.1) Manganese in POM Chemistry

In the previous chapter, we demonstrated that the assembly-disassembly-reassembly methodology can be
exploited to produce hybrid TMS-POM species from Lindqvist Hexamolybdate and cobalt (I1) salts. The presence
of distinct organic ligands supporting the resulting cluster cores allowed for extensive manipulation of the
structures to generate a series of analogous compounds. Having demonstrated the efficacy of this approach with
cobalt (11) salts, we turned our attention to manganese (111) salts.

Like copper(ll) and cobalt (I1), manganese (111) centres possess a range of suitable properties that make them
attractive synthetic targets for incorporation into a TMS-POM structure:

e Manganese is a cheap, earth abundant metal, which is commercially available with a variety of
counterions.

e Manganese (lIl) centres display significant Jahn-Teller distortion, resulting in labile
coordination sites with significant reactivity, which may facilitate synthesis of a TMS-POM
cluster.

e Manganese centres of various oxidation states can access both high spin and low spin electronic
configurations, leading manganese compounds to be investigated for their magnetic
properties.'* Some manganese compounds have also attracted considerable attention for their
single molecule magnet behaviour.>8

e Manganese is a redox active metal, which has led to a variety of applications in catalysis.®**
Manganese is present in a variety of biologically relevant redox active enzymes, including PSII.
1213 This has led to significant efforts to emulate PSII synthetically, for example with the
[Mn403(CH3CO0)3(A-0-SiW9034)]% and [Mn4V4017(CH3COO)3]* TMS-POM clusters.415

Manganese substituted molybdates have been reported previously.'®1® By far the most common structural
motifs are for a manganese (I1) centre to serve as the central heteroatom in an Anderson-Evans molybdate (often
with tris-alkoxide supporting organic ligands)?®-2’ or for a manganese (I1) centre to be sandwiched between two
{Mos) rings in a {Mo1,Mn} motif, [HisMn(PO4)sM012030].28%* Some substituted Keggin structures are also
known.%>-3" However it is common for the terminal oxo- ligand of a POM unit to act as a loosely-bound ligand to
a manganese centre instead of incorporating the manganese centre into the body of a POM cluster.38-4°

Therefore, we set out to extend our disassembly-reassembly approach to generate manganese-substituted
TMS-POM cluster compounds. Several compounds were isolated from this procedure, which shall be described

over the next chapter.
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5.2) [TBA]2[MoV!1oMn"s012(u-O)14(3-0)4(tBuPO3)s
(MeCOO)2(py)s(H20)6], (26)

In an extension of the disassembly-reassembly method towards hybrid TMS-POMs as discussed in the
previous two chapters, manganese (I11) acetylacetonate was combined with Lindqvist hexamolybdate and tert-
butylphosphonic acid and in acetonitrile in the presence of pyridine.® The resulting dark brown solution was left
to stand for one week, over which time it gradually decolourised to a pale yellow colour. Yellow-orange crystals
were obtained from this solution after one week.

The crystals were subjected to single crystal X-ray diffraction and found to contain
[TBA][MoY'1oMn"6012(1-0)14(H3-0)4(tBUPO3)s(MeCOO)2(py)a(H20)s], 26, where  TBA  represents
tetrabutylammonium, tBu represents the tert-butyl moiety and py represents pyridine. The crystals formed in the
monoclinic crystal system in space group P2i/c, and also contained six acetonitrile molecules per formula unit.

The cluster core in 26 is a manganese (I1) analogue of the cluster cores of compounds 5-25. It can be
conceptualised as two {Mos} units formally encapsulating a {Mne} core in a sandwich motif (Figures 5.2.1 and
5.2.2). The two {Mos} units are stabilised by a total of thirty oxo- ligands, in either terminal or bridging modes.
The {Mos} units are stabilised by phosphonate ligands, two of which support only molybdenum centres, and four
of which bridge between the {Mos} units and the {Mng} core. The {Mng} core unit can be further subdivided
into two sets of {Mn;} dimers and two isolated Mn centres. Acetate ligands coordinate to the {Mnz} dimers in a
syn-, syn- binding mode. The cobalt coordination environments are completed by water and pyridine ligands.

The cluster is symmetrical to inversion through a point at the centre of the {Mng} core.

Figure 5.2.1 — Full representation of the [MoY'1oMn''6O12(p1-O)14(3-O)a(tBuPOs)es (MeCOO)2(py)4(H20)s]*

cluster in 5. Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black. H atoms omitted for clarity.
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Figure 5.2.2 — Simplified representation of the [MoY'10Mn''sO012(-O)14(13-O)a(tBUPO3)s(MeCOO)2(py)4(H20)6]*
cluster in 26 — molybdate, manganese and phosphonate moieties are shown as polyhedra, pyridine and tert-butyl
groups are reduced to single N and C atoms respectively, and H atoms are removed from the water and acetate

ligands. Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black.

Due to the similarities between the 26 and the cobalt systems described in the previous chapter, we propose
that similar templating effects occur in the two systems (c.f. Figure 4.2.5). We propose that the {Mos} unit is
templated primarily by a phosphonate ligand, and that this transient unit is trapped into a stable architecture by

assembly into the {Mo1Mne} cluster core.
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Identification code

26+6(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)

Crystal system
Space group
a(A)

b (A)

c(A)

a (%)

B
Y (°)

Volume (A3)

z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)

Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Co2H184MNsM010N12055Ps
3861.36
100(2)
0.71073

Monoclinic

P2i/c
14.638(3)
24.750(5)
23.287(7)
90
120.03(2)
90
7304(3)
2
1.756
1.475
3887
0.16 x0.112 x 0.10
3.26 t0 50.00
-17<h<17,-29<k<29,-27<1<25
63245
12855 [Rint = 0.0339]
12855/3/804
0.997
R: =0.0443, wR, = 0.1365
R: =0.0584, wR, = 0.1529
2.89/-1.09

Table 5.2.1 — Crystallographic details for compound 26¢6(MeCN).
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Due to the similarities between 26 and the cobalt analogues 2-25 discussed in the previous chapter, the
structure of 26 will not be discussed in as much detail. The molybdate moieties, phosphonate binding modes, and
intramolecular hydrogen bonding are all extremely similar in this structure to the analogues discussed in section
4.2.2. The manganese coordination environments (Figure 5.2.3) are also extremely similar to the examples
discussed in the previous chapter. 26 incorporates additional N-donors onto the dinuclear manganese unit, in a
similar fashion to 6.

B)
O[24)

Mo(5')

Figure 5.2.3 — Manganese centres in 26. A) The dinuclear unit. B) The isolated Mn centre. Colour Scheme: Mo
teal, Mn orange, P pink, O red, N blue, C black.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mn(1) 0(19) 2.054(4) 2.145 +11
0(10%) 2.084(4)
0(22) 2.096(4)
027" 2.125(3)
o(7) 2.167(3)
Mn(2) o(17) 2.127(4) 1.933 all
0O(50) 2.136(4)
0(9) 2.179(3)
o(7) 2.208(4)
N(2) 2.323(5)
0(10%) 2.335(3)
Mn(3) 0(26) 2.105(3) 2.114 +11
0O(37) 2.109(3)
o(15%) 2.154(3)
0(34) 2.231(3)
0(13) 2.261(5)
N(3) 2.276(7)

Table 5.2.2 — Crystallographically-determined bond lengths for the manganese centres in 26, along with their
oxidation state as determined by Bond Valence Sum (BVS) analysis.

The manganese bond lengths in 26 range from 2.054(4) A to 2.335(3) A, depending on the type of interaction
(Table 5.2.2 and Figure 5.2.3). The bond lengths tend to be slightly longer than for the equivalent cobalt centres
(c.f. Table 4.2.8). On the dinuclear unit, acetate, water and bridging oxo- ligands display bond lengths of around
2.1 A. The phosphonate O-donors display a wider range of bond lengths, from 2.084(4) A to 2.335(3) A. There
is an asymmetry in the phosphonate O-donors, with both O(7) and O(10’) being closer to Mn(1) than Mn(2). The
Mn(2)-N(2) distance is 2.335(3). The isolated Mn centre displays short phosphonate bonds (c. 2.1 A) and long
water and pyridine bonds (c. 2.3 A). The bridging oxo- ligands are asymmetric, with O(15°) displaying a c. 0.1
A shorter bond distance than O(13).

All bond lengths are consistent with manganese (11) compounds reported in the literature, and BVS analysis
indicates that all Mn centres are in oxidation state +11.44% As the starting material was a manganese (I11) salt,

this indicates redox activity in the synthesis of 26. This will be discussed in more detail in section 5.5.

229



Chapter 5 — Hybrid Manganese-Polyoxomolybdates

Bond Bond Angle (°) Bond Bond Angle (°)
0(10)-Mn(2)-0(7) 75.49(12) 0(13)-Mn(3)-0(34) 81.94(15)
0O(17)-Mn(2)-0(10") 79.69(12) N(3)-Mn(3)-0(37) 86.92(13)
N(2)-Mn(2)-O(50) 79.98(16) N(3)-Mn(3)-O(26) 87.42(13)
0(9)-Mn(2)-0(7) 81.84(12) 0O(15')-Mn(3)-0(26) 88.57(11)
0(10")-Mn(2)-0(50) 84.49(14) 0(15')-Mn(3)-0(37) 89.32(11)
N(2)-Mn(2)-0(9) 84.7(13) 0(15)-Mn(3)-0(13) 90.09(16)
N(2)-Mn(2)-O(17) 85.6(17) 0(34)-Mn(3)-0(26) 90.83(11)
0(50)-Mn(2)-0(7) 87.82(12) 0O(34)-Mn(3)-0(37) 92.07(11)
O(17)-Mn(2)-0(9) 88.59(13) 0O(13)-Mn(3)-0(37) 92.23(12)
O(17)-Mn(2)-0(7) 115.47(16) N(3)-Mn(3)-0(34) 93.12(20)
0O(50)-Mn(2)-0(9) 119.06(14) 0(13)-Mn(3)-0(26) 93.64(11)
N(2)-Mn(2)-O(10") 124.8(14) N(3)-Mn(3)-0(15") 94.86(20)
Angle Variance (¢?) 297.51 Angle Variance (¢?) 12.7
Distortion Index 0.108 Distortion Index 0.030
0(10”)-Mn(1)-O(7) 81.76(13)
0(10°)-Mn(1)-0(27*) 88.33(13)
0(22)-Mn(1)-0(7) 89.61(13)
0(22)-Mn(1)-0(27°) 90.77(13)
0(19)-Mn(1)-0(27) 96.46(13)
0(19)-Mn(1)-0(7) 98.40(13)
0(19)-Mn(1)-0(10%) 108.05(16)
0(19)-Mn(1)-0(22) 109.34(15)
0(22)-Mn(1)-0(10%) 142.46(13)
O(7)-Mn(1)-0(27") 164.12(12)
Geometry Index (s) 0.361

Table 5.2.3 — Crystallographically-determined bond angles for the manganese centres in 26, along with the

appropriate distortion parameters.

The manganese centres in the dinuclear unit of 26 display significant distortion away from their idealised
geometries (Table 5.2.3). The pentacoordinate centre Mn(1) has a geometry index zs = 0.361, which is a similar
level of distortion as displayed by the cobalt analogues discussed in the previous chapter (c.f. Tables 4.2.5 and
4.2.9). The hexacoordinate Mn(2) centre, however, displays significant distortion away from the ideal octahedral
coordination geometry, with 6% and DI values of 297.51 and 0.108, respectively.

The Mn(3) centre, however, displays very close to ideal geometry, with 6% and DI values of 12.7 and 0.030,
respectively.

o, DI and s are defined in the same way as previously.*+8
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Packing
26 crystallises along with six constituent acetonitrile molecules in the monoclinic crystal system in space
group P2i/c. The crystal packing is shown in Figure 5.2.4. The packing in the system is not dissimilar to the

packing seen in the analogous cobalt compound (c.f. Figure 4.2.7).

B)

<)

Figure 5.2.4 — Crystal packing diagrams for 26#6(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis. Colour Scheme: Mo teal, Mn orange, P pink, O red, N
blue, C grey.

231



Chapter 5 — Hybrid Manganese-Polyoxomolybdates

5.3) Ligand Substitution of 26

When the synthesis of 26 was repeated using methanol in place of acetonitrile as a solvent, yellow-orange
crystals were formed over several days. When subjected to XRD analysis, the crystals were found to contain
[TBA]2[MoY'1oMn"6012(1-0)14(s-0)4(tBUPO3)6(MeCOO)2(MeOH)4(H20)s], 27, where TBA represents
tetrabutylammonium and tBu represents the tert-butyl moiety. The crystals formed in the monoclinic space group
P2:/n. The crystals also contained five methanol molecules per formula unit.

27 is analogous to 26, with methanol ligands replacing the pyridine ligands in 26, binding to both the
dinuclear units and the isolated manganese centres (Figure 5.3.1).

This substitution of pyridine for methanol ligands is fairly trivial, but it indicates that for the manganese
compounds at least, the cluster core can be generated in either methanol or acetonitrile (c.f. compounds 1 and 2).
This supports the hypothesis that similar synthetic intermediates (disassembly oligomers) form in both acetonitrile

and methanol.

Figure 5.3.1 — Simplified representation of the cluster core in 27, showing the methanol ligands on the dinuclear
units. Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black, H white.
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Identification code 27+5(MeOH)
Empirical formula C345HoMN3M0sN O34 5P3
Formula weight (g/mol) 1800.44
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2./n
a(A) 16.5333(13)
b (A) 25.282(2)
c(A) 17.6221(14)
a(°) 90
B 97.443(2)
Y (°) 90
Volume (A3) 7303.9(10)
Z 4
Calculated density peac (g/cm®) 1.637
Absorption coefficient u (mm™) 1.472
F(000) 3608.0
Crystal size (mm®) 0.32x0.25x 0.21
20 range for data collection (°) 2.834 10 52.894
Index ranges -20<h<20,-31<k<31,-22<1<22
Reflections collected 347085
Independent reflections 15018 [Rint = 0.0759]
Data/restraints/parameters 15018/11/647
Goodness-of-fit on F2 1.098

Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

R1=0.0971, wR, = 0.2155
R: =0.1550, wR> = 0.2703
1.92/-1.65

Table 5.3.1 — Crystallographic details for compound 27¢5(MeOH).
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Packing
27 crystallises along with five methanol molecules in the monoclinic crystal system in space group P2i/n.

The crystal packing is shown in Figure 5.3.2.

A)

B)

Figure 5.3.2 — Crystal packing diagrams for 27-5(MeOH), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis. Colour Scheme: Mo teal, Mn orange, P pink, O red, N
blue, C grey.
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When the synthesis of 26 was repeated using adamantylphosphonic acid in place of tert-butylphosphonic
acid, yellow-orange crystals were formed after one week. When subjected to XRD analysis, the crystals were
found to contain [TBA][MoY'1eMn"s012(U-0)14(l3-0)4(AdPO3)s(MeCOO)2(py)a(H20)s], 28, where TBA
represents tetrabutylammonium, Ad represents the adamantly group and py represents pyridine. The crystals
formed in the triclinic space group P-1.

This compound is the adamantylphosphonate analogue of 26, or alternatively, the manganese (I1) analogue
of compound 10 (Figure 5.3.3). This indicates that the same orthogonal ligand substitution performed in the series

5-25 can also be performed here.

Figure 5.3.3 — Simplified representation of the cluster core in 28, showing the adamantyl backbones on the
phosphonate ligands. Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black.

235



Chapter 5 — Hybrid Manganese-Polyoxomolybdates

Identification code

28+3(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)

b (A)
c(A)
a (%)
B
Y (°)
Volume (A3)
z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=20 ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

Ca232H400MN12M020N120116P12
8341.68
100(2)
0.71073
Triclinic
P-1
15.1276(5)
20.2822(7)
27.5272(9)
89.5500(10)
85.2160(10)
84.3200(10)
8375.2(5)
1
1.654
1.294
4236.0
1.484 t0 57.514
20<h<20,-27<k<27,-37<1<37
254326
43465 [Rin = 0.0332]
43465/0/1561
1412
R1 =0.0558, wR; = 0.1586
R1 =0.0665, wR; = 0.1664
6.78/-2.93

Table 5.3.2 — Crystallographic details for compound 28¢3(MeCN).
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Packing
28 crystallises along with three acetonitrile molecules in the triclinic crystal system in space group P-1. The

crystal packing is shown in Figure 5.4.2.

A)

B)

c)

Figure 5.3.4 — Crystal packing diagrams for 28«3(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis. Colour Scheme: Mo teal, Mn orange, P pink, O red, N
blue, C grey.
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5.4) C-C Bond Cleavage by Manganese Compounds

Compounds 26-28 all contain acetate ligands which bridge between the manganese centres in the dinuclear
units. This acetate ligand must arise from in situ ligand generation, as no acetate source was included in any of
the reaction mixtures. It was hypothesised that the acetate may have been generated via in situ cleavage of the
acetylacetonate (acac) counterions to the manganese (111) starting material.**5® (Hydrolysis of the acetonitrile
solvent was also proposed after the isolation of compound 26,%° but was ruled out by the isolation of compound
27 in the absence of acetonitrile).

To validate this hypothesis, the syntheses were repeated using an alternative manganese (I11) starting
material, 2,2,6,6-tetramethylheptan-(3,5)-dionato manganese (I11), (Mn(TMH)3) (Figure 5.4.1). Like acac, TMH
is the enolate of a 1,3-diketone, and should therefore in principle engage in similar reactivity. Assuming that the
acac is being cleaved into acetate ligands, this tert-butyl-substituted compound should generate pivalate-

substituted analogues of compounds 26-28.

A) o] o 0
— R
M f
R R O -
B) 0 o - 0] o
)“\/J‘\ //
acac TMH

Figure 5.4.1 — A) The C-C bond cleavage reaction that was proposed to generate the acetate ligands in

compounds 25-27. B) The structures of the acac and TMH anions.
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When the synthesis of 27 was repeated using Mn(TMH)3 in place of Mn(acac)s, yellow-orange crystals were
formed after one week. When subjected to XRD analysis, the crystals were found to contain
[TBA]2[MoY'1oMn"6012(1-0)14(s-0)4(tBUPO3)s(tBUCOO)(MeOH)4(H20)6], 29, where TBA represents
tetrabutylammonium and tBu represents the tert-butyl moiety. The crystals formed in the monoclinic space group
P21/n and also contained six methanol molecules.

This compound is the pivalate-substituted analogue of 27, as predicted. This indicates that the carboxylate

ligands in 26-28 do indeed arise from the cleavage of acetylacetonate-type ligands (Figure 5.4.2).

Figure 5.4.2 — Simplified representation of the cluster core in 29, showing the tert-butyl side groups on the
carboxylate ligands. These ligands can only have arisen via the in situ cleavage of acetylacetonate-type ligands.

Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black.
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Identification code 29+6(MeOH)
Empirical formula C76H192MnsM010N2065Ps
Formula weight (g/mol) 3697.16
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2i/n
a(A) 16.980(3)
b (A) 24.374(4)
c(A) 17.930(3)
a(°) 90
B (°) 102.289(4)
Y (°) 90
Volume (A3) 7251(2)
4 2
Calculated density peac (g/cm®) 1.693
Absorption coefficient p (mm™?) 1.485
F(000) 3732
20 range for data collection (°) 2.860 to 52.254
Index ranges -21<h<20, -30<k<30, -15<1<22
Reflections collected 108539
Independent reflections 14317 [Rinc = 0.0418]
Data/restraints/parameters 14317/3/785
Goodness-of-fit on F2 1.149
Final R indices [I>=2c (I)] R; = 0.0512, WR, = 0.1341
Final R indices [all data] R1=0.0771, wR, = 0.1647
Largest diff. peak and hole (e A3) 1.648/-2.092

Table 5.4.1 — Crystallographic details for compound 29+6(MeOH).

The solvent molecules were modelled as being disordered over six positions with partial occupancies (93,
66, 50, 41, 30 and 20%), with constraints (DFIX) applied to some of these molecules. The coordinated methanol

molecule O(5) was modelled as disordered over three positions with 39/33/28% occupancy. The carbon atom in
this ligand was held isotropic.
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Packing

A)

B)

C)

Figure 5.4.3 — Crystal packing diagrams for 29+6(MeOH), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis. Colour Scheme: Mo teal, Mn orange, P pink, O red, N
blue, C black.
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Carbon-carbon bond cleavage of this type could potentially proceed via oxidative or hydrolytic processes.>*
% The most likely oxygen sources for this bond cleavage are the oxo-cluster, water and atmospheric oxygen.57-62
It would be expensive and difficult to rule out either of the first two potential sources with any certainty (e.g.
through isotope labelling experiments), but atmospheric oxygen can be excluded from the reaction mixture with
relative ease. To this end, the synthesis of 26 was repeated under a nitrogen atmosphere, using solvent that had
been previously degassed (via the freeze-pump-thaw method), and the resulting solution was stored in an airtight
container under nitrogen atmosphere.

In contrast to the reaction performed under an oxygenated atmosphere, which decolourised over the course
of about one week, this solution retained its dark brown colour for an extended period of time (at least six months,
Figure 5.4.4). After six months under an inert atmosphere, the dark brown solution was subsequently exposed to
the atmosphere, after which it decolourised over the course of one week and produced crystals containing 26.
This provides fairly strong evidence that molecular oxygen is indeed necessary for the production of 26 and its
analogues. While this does not conclusively demonstrate that the oxygen in the carboxylate ligands originates
from the atmosphere (e.g. molecular oxygen may play a role in activating some other species rather than being
inserted into the carbon-carbon bond), it does provide support for the hypothesis that the carbon-carbon bond
cleavage seen in these compounds proceeds via an oxidative mechanism with atmospheric molecular oxygen as

the oxygen source.

A)

B)

Figure 5.4.4 —A) The hypothesised in situ cleavage of acac-type ligands to produce carboxylates. B) Simplified

structures of 27 and 29 as determined by XRD, highlighting the different carboxylate ligands that were formed via
this C-C bond cleavage. C) The reaction mixtures for 26 when exposed to air for one week (left) and when stored

under nitrogen for 6 months (right), indicating that atmospheric oxygen may play a role in the cleavage of the acac-

type ligands.

Of course, the active species in this reaction is not 26 itself but presumably is some precursor to 26. This

active species has not yet been identified.
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5.5) Polymeric Manganese Compounds

One of the objectives for this research project as set out in chapter 1 was to generate extended structures (i.e.
polymer or framework-type materials with repeating organic and inorganic units with an extended architecture).
To this end, the synthesis of compound 26 was repeated in the presence of PDA-H, in a similar manner to the
synthesis of compound 25 in the previous chapter.

After one week, orange crystals were obtained from the reaction mixture, which were found to contain
[TBA]2[M0oY'1oMn"6012(1-0)14(s-0)4(tBuPO3)s(PDA) (py)4(H20)6], 30, where TBA is the tetrabutylammonium
cation, tBu represents the tert-butyl moiety, PDA represents phenylenediacetate, and py represents pyridine. The
crystals also contain two acetonitrile molecules per formula unit, and crystallise in the triclinic space group P-1.

As expected, the compound is a polymeric analogue of 26, or alternatively is a manganese (I1) analogue of
compound 25 (Figure 5.5.1).

A)

B)

Figure 5.5.1 —A) Side-on and B) top-down views of two units of the polymer chain in [TBA]2[Mo"'1oMn'sO1(u-
0)14(ps-O)4(tBuPOs)s(PDA)(py)4(H20)6], 30. The {MnsMoao} units are held together by PDA ligands. Colour
scheme: Mo teal, Mn orang, P pink, O red, N blue, C black.

The O-C-C-Ph torsion angle in 30 (71°) is comparable to the equivalent torsion angle in 25 (83°), indicating

that there may be similar packing constraints in the two compounds.
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Identification code

30-2(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)

Crystal system
Space group
a(A)

b (A)

c(A)

a (%)

B
Y (°)

Volume (A3)

z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c (1)]
Final R indices [all data]
Largest diff. peak and hole (e A?)

CooH172MnsM010N5Os5Pe
3769.22
100(2)
0.71073
Triclinic
P-1
13.9591(6)
17.0195(6)
17.5948(6)
100.782(2)
100.743(2)
103.585(2)
3873.6(3)
1
1.616
11.465
1891.0
7.398 to 132.188
-15<h<9,-19<k<19,-20<1<20
30325
12691 [Rine = 0.0453]
12691/0/821
0.719
R:1 =0.0371, wR; = 0.0981
R1 =0.0451, wR; = 0.1062
1.29/-0.97

Table 5.5.2 — Crystallographic details for compound 302(MeCN).
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Packing
The crystal packing diagrams for compound 30<2(MeCN) are shown in Figure 5.5.2. The polymer chains
propagate in a direction perpendicular to the a- and c-axes.

A)

B)

<)

Figure 5.5.2 — Crystal packing diagrams for 30-2(MeCN), as viewed down: A) The crystallographic a-axis, B)
the crystallographic b-axis. C) The crystallographic c-axis. Colour Scheme: Mo teal, Mn orange, P pink, O red, N
blue, C grey.
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5.6) [Cl Mn!!l6(tBUPO3)s(py)s]
[MoV'2Mn"1102(u-0)a(pa-0)s(U-OH)2(tBuPO3)10(py)4],
(31)

In light of the successful isolation of compound 30, it was hypothesised that an analogous polymer compound
could be formed using a shorted organic linker, terephthalate. To this end, manganese (I11) acetylacetonate was
combined with Lindqvist hexamolybdate and tert-butylphosphonic acid in acetonitrile in the presence of pyridine
and terephthalic acid. The intended compound did not form; however, serendipitously, small brown crystals were
obtained from the reaction mixture after 2 days.

The crystals were subjected to analysis by XRD and found to  contain
[CleMn"g(tBUPOs)s(py)s][M0Y'2Mn"'1102(U-0O)a(Us-0)a(s-O)2(U-OH)2(tBUPOs)10(py)a], 31, where tBu
represents the tert-butyl moiety and py represents pyridine. The crystals also contained 4.5 acetonitrile molecules
per formula unit, and formed in the monoclinic space group P2:/c. The crystal structure contained two distinct
phosphonate-supported cluster entities, both of which are analogues of compounds previously reported by the
Schmitt group (Figures 5.6.1 and 5.6.2).536

Firstly, 31 contains a cationic {Mng} species, [ClcMn"'s(tBuPO3)s(py)s]*. This cluster consists of a cage of
six manganese (I11) centres in around a central, encapsulated chloride ion. Eight tert-butylphosphonate ligands
support the cluster, each binding to three manganese centres. Six pyridine ligands also support the cluster, one
binding to each metal centre. The cluster is symmetric to inversion through the chloride ion.

The second cluster is an anionic {MniiMoy} cluster, [MoY,Mn"'1;0,(1-O)a(Hs-O)a(pa-O)2(H-
OH)2(tBuPO3)10(py)4]. The cluster can be conceptualised as a three-layered structure. The central layer consists
of a hexagonal {Mn7} moiety supported by six multiply-bridging (4s-O and pa-O) oxo-. The top and bottom
layers both consist of {MoMny} units, each of which can be further subdivided into an isolated {MoOg}
octahedron and a hydroxo- and phosphonate-bridged dinuclear manganese unit. These components are connected
via a total of four bridging (u-O) oxo- ligands and ten fully deprotonated tert-butylphosphonate ligands (five of
which bridge between the middle and top layers, the other five of which bridge between the middle and bottom
layers). The structure is symmetric to inversion through the central manganese atom.

Samples of 31 generated by the method described above (using Mn(acac)s as a manganese (I11) source) were
contaminated by crystals containing 26. However by modifying the reaction procedure to generate manganese
(111) via the comproportionation of potassium permanganate and manganese (1) chloride, samples of 31 could be
generated without the possibility of generating 26 (via in situ cleavage of the acac ligand).

Interestingly, although this compound contains only isolated molybdate centres, it does not appear to form

when the Lindgvist species is substituted by monomeric molybdate, [M0O4]%.
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Figure 5.6.1 — Full representation of the two cluster entities in compound 31, [ClcMn"'s(tBuPO3)s(py)s]* and
[MoVv'2Mn"'1302(p-0)a(ps-O)a(Ha-O)2(u-OH)2(tBuPOs)10(py)4] . Colour Scheme: Mo teal, Mn orange, Cl light green, P
pink, O red, N blue, C black. H atoms omitted for clarity.

Figure 5.6.2 — Simplified representation of the cluster entities in 31, [CleMn"'s(tBuPO3)s(py)s]* and

[MoV'2Mn"'1102(U-0)a(p3-O)4(s-O)2(U-OH)2(tBuPO3)10(py)a]". Molybdate, manganese and phosphonate moieties are
shown as polyhedra, while pyridine and tert-butyl groups are reduced to single N and C atoms respectively. Colour

Scheme: Mo teal, Mn orange, Cl light green, P pink, O red, N blue, C black.
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Identification code

31+4.5(MeCN)

Empirical formula
Formula weight (g/mol)
Temperature (K)
Wavelength (A)

Crystal system
Space group
a(A)

b (A)

c(A)

a (%)

B
Y (°)

Volume (A3)

z
Calculated density peac (g/cm®)
Absorption coefficient p (mm™?)
F(000)

Crystal size (mm?)

20 range for data collection (°)
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [[>=2c ()]
Final R indices [all data]
Largest diff. peak and hole (e A?)

C131H225 5CIMN17M02N14 5068P 18
4810.52
100(2)
0.71073
Monoclinic
P2i/c
24.9217(8)
16.7635(5)
26.4380(8)
90
112.200(2)
90
10226.4(6)
2
1.562
11.316
4906.0
0.13 x 0.09 x 0.02
3.8310120.196
28<h<27,-18<k<18,-29<1<27
93826
15014 [Rin = 0.1760]
15014/12/1112
1.034
R1 =0.0878, wR; = 0.2248
R1 =0.1606, wR, = 0.2710
1.48/-0.75

Table 5.6.1 — Crystallographic details for compound 314.5(MeCN)
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The {Mng} cation

The cationic {Mng} cluster entity, [ClcMn"'s(tBuPO3)s(py)s]*, has been previously reported by the Schmitt
group.t® In the previous report, the cluster entity was also generated using picoline, methanol, water, and
pyridinecarboxaldehyde ligands (or mixtures thereof) in place of the pyridine ligands, but is otherwise identical.
Figure 5.6.3 compares the {Mnsg} cluster entity in 31 to the picoline analogue.®®

A) B)

Figure 5.6.3 —A) The {Mne} cluster entity in 31, [ClcMn'"s(tBuPO3)s(py)s]*. Colour Scheme: Mn orange, Cl light
green, P pink, O red, N blue, C black. B) An analogous previously reported {Mne} cluster entity,
[CleMng(tBuPOs)s(pic)s]*. Colour Scheme: Mn blue, Cl green, P pink, O red, N blue, C black. Reproduced from
reference 63.

The chloride ion in the {Mng} cluster sits at the centre of an octahedron of Mn"" centres (in this way, the
cluster represents an inversion of the familiar octahedral coordination environments of metal centres surrounded
by donating ligands). Each of the faces of this octahedron are capped by one of eight tert-butylphosphonate
ligands (Figure 5.6.4). Each phosphonate ligand coordinates to three manganese centres in a n:n:n%:us binding
mode. The coordination environments of each manganese centre is completed by one pyridine N-donor.

Each manganese centre is Jahn-Teller distorted (axially elongated), as expected for manganese (111) centres.

The distorted axis for each centre is the Br-N axis, perpendicular to the {Mn0O.} phosphonate O-donor plane.

Figure 5.6.4 — The {Mne} cluster entity in 31, [ClecMn!"s(tBuPO3)s(py)s]*, represented as an octahedron centred
on the central Cl ion. Phosphonate ligands cap the eight faces of this octahedron, while pyridine ligands coordinate at

the six vertices. Colour Scheme: Mn orange, P pink, O red, N blue.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mn(1) 0(1) 1.839(11) 3.460 +1
0(10%) 1.860(12)
0(2) 1.865(12)
0(@3) 1.8772(11)
N(1) 2.2255(12)
CI(1) 3.097(9)
Mn(2) o(11%) 1.843(12) 3.418 +1
0O(5) 1.860(11)
O(4) 1.873(11)
0(12%) 1.875(11)
N(2) 2.244(11)
Cl(1) 3.112(8)
Mn(3) 0O(6) 1.860(14) 3.325 +11
0(8) 1.867(15)
0(9) 1.875(10)
o(7) 1.885(10)
N(3) 2.2667(11)
Cl(1) 3.125(10)

Table 5.6.2 — Crystallographically-determined bond lengths for the metal centres in the {Mne} unit in 31, along

with their oxidation state as determined by Bond Valence Sum (BVS) analysis.

All three crystallographically distinct manganese centres in the {Mng} unit in 31 display axially elongation

along their respective CI-Mn-N axes (Table 5.6.2). This is consistent with Jahn-Teller distortion, common in

manganese (111) metal centres.

The Mn-O distances in the {Mng} unit are all fairly consistent at c. 1.85 A. This reflects the high symmetry

of the system. Mn-N bond distances are consistent with Jahn-Teller distorted Mn(l11)-pyridine bond lengths in

the literature at c. 2.2 A.%% The Mn-Cl bond lengths are quite long, at over 3 A. This is also consistent with

Jahn-Teller distorted Mn(l11)-halide bond lengths in the literature.®370.7
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Bond Bond Angle (°) Bond Bond Angle (°)
0(3)-Mn(1)-N(1) 88.0(4) CI(1)-Mn(2)-O(11") 88.2(5)
CI(1)-Mn(1)-0(1) 88.0(4) 0(5)-Mn(2)-O(4) 88.2(6)
CI(1)-Mn(1)-0(2) 88.8(4) CI(1)-Mn(2)-0O(4) 88.6(5)
CI(1)-Mn(1)-0(3) 88.9(4) CI(1)-Mn(2)-0O(5) 88.9(5)
0(1)-Mn(1)-0(2) 89.1(6) O(4)-Mn(2)-N(2) 89.3(4)
0(1)-Mn(1)-0(2) 89.9(7) O(11°)-Mn(2)-0(12”) 89.3(5)
O(1)-Mn(1)-0(107) 90.0(6) CI(1)-Mn(2)-0(12") 89.4(5)
0(2)-Mn(1)-0(3) 90.4(6) 0(5)-Mn(2)-N(2) 89.4(6)
0(10°)-Mn(1)-0(3) 90.5(7) 0(11°)-Mn(2)-O(4) 91(5)
0(10°)-Mn(1)-N(2) 90.6(5) 0(5)-Mn(2)-0(12") 91.4(6)
0(2)-Mn(1)-N(1) 90.8(5) O(12")-Mn(2)-N(2) 92.7(6)
O(1)-Mn(1)-N(1) 95.0(4) 0(11°)-Mn(2)-N(2) 93.5(6)
Angle Variance (¢?) 3.4 Angle Variance (¢°) 3.1

Distortion Index 0.013 Distortion Index 0.016
Cl(1)-Mn(3)-0(8) 87.3(6)

0O(8)-Mn(3)-0(9) 87.7(6)

0(6)-Mn(3)-0(7) 88.5(6)

CI(1)-Mn(3)-0(7) 88.5(5)

Cl(1)-Mn(3)-0(6) 88.8(5)

O(7)-Mn(3)-N(3) 89.1(5)

CI(1)-Mn(3)-0(9) 89.3(5)

0(6)-Mn(3)-N(3) 91.4(4)

0O(6)-Mn(3)-0(9) 91.5(6)

0O(8)-Mn(3)-0(7) 92.1(7)

0(8)-Mn(3)-N(3) 92.6(5)

0(9)-Mn(3)-N(3) 93.1(4)

Angle Variance (¢?) 4.1
Distortion Index 0.020

Table 5.6.3 — Crystallographically-determined bond angles for the metal centres in the {Mne} unit in 31, along
with their appropriate distortion parameters.

The manganese centres in the {Mng} unit display very little distortion away from the ideal octahedral
coordination environments (axially elongation aside), with all bond angles close to 90° (Table 5.6.3). %t and DI
values are very low, ranging from 3.4-4.1 and 0.013-0.020, respectively.

o2t and DI are defined in the same way as previously.*#7
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The {Mn11Mo2} anion

This {Mn1:Mo,} cluster, [MoY';Mn"';;02(-0)4(13-O)a(Ha-O)2(U-OH)2(tBuPO3)10(py)a] , is also an analogue
of a previously reported compound from the Schmitt group (Figure 5.6.5). This cluster is a molybdate-substituted
analogue of an  {Mn;z} cluster, formulated as  [(Mn'"osMn'"s)Mn"5(js-O)s(p-OH)o(1-
MeO)4(tBuPO3)10(MeOH)2(pic)s]*5*.8* The {Mni11Moz} cluster replaces two manganese centres in the {Mnis}

cluster with molybdate moieties.

A) B)

Figure 5.6.5 —A) The {Mn11Mog} cluster entity in 31, [MoY'2Mn""1102(u-O)a(p3-O)a(pa-O)2(-
OH)2(tBuPOz3)10(py)4]~. Colour Scheme: Mo teal, Mn orange, P pink, O red, N blue, C black. B) An analogous
previously reported {Mn13} cluster entity, [(Mn"osMn"o5)Mn"12(us-O)s(-OH)2(u-
MeO)4(tBuPOs)10(MeOH)2(pic)s]®**. Colour Scheme: Mn blue, P pink, O red, N blue, C black. Reproduced from
reference 64.

The {Mn11Mo2} cluster in 31 can be subdivided into three layers, a {Mn7} “middle” layer, and two {MoMn,}
layers (Figure 5.6.6) . The top and bottom layers can each be further subdivided into an isolated Mo centre and a

dinuclear manganese unit. The structure is held together by bridging phosphonate and oxo- ligands.

Top Layer
{MoMn,}

Middle Layer
{Mn;}

Bottom Layer
{MoMn,}

Figure 5.6.6 —The {Mn11Moz} cluster entity in can be divided into three distinct layers. Colour Scheme: Mo teal,

Mn orange, P pink, O red, N blue.
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Middle {Mn-} layer

The middle layer of the cluster core in 31 is described as a {Mn-;QOs} structure with C; symmetry. Taken
along with the supporting phosphonate and oxo- ligands, the middle layer is overall a {Mn7O24} unit, which bares
structural similarity to the [XMsO2:]™ Anderson POM structure (Figure 5.6.7, c.f. Figure 1.2.1.7). All of the
manganese centres in this unit display highly distorted (axially elongated) {MnOs} coordination environments, as
expected for Mn'"" centres.

The {Mn7Os} structure is supported by six internal bridging oxo- ligands. All of these oxo- ligands are
multiply-bridging ps-O ligands, each of which bridge between three manganese centres in the {Mn-} layer, and
additionally coordinate to one metal centre in either the top or bottom layers. O(15) and O(15°) bridge between
the {Mn7} layer and the molybdate units, while each of O(13), O(13), O(14) and O(14’) bridge between the

{Mn;} layer and one of the manganese centres in the dinuclear units in the top and bottom layers (Figure 5.6.8).

B)

Mn(6') Mn(5')
Figure 5.6.7 — A) The {Mn7Os} unit in the middle layer of the {Mn11Moz} cluster. B) The {Mn7Os} unit including
the supporting phosphonate and oxo- ligands, generating an overall {Mn7O24} unit. Colour Scheme: Mn orange, O
red.

Figure 5.6.8 — Bridging oxo- ligands connect the {Mn7} unit to the metal centres in the top and bottom layers of

the cluster. Colour Scheme: Mo teal, Mn orange, O red.
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Dinuclear manganese unit

Figure 5.6.9 — The dinuclear manganese units in the {Mn11Moz} cluster. Colour Scheme: Mn orange, P pink, O
red, N blue.

The manganese centres in the dinuclear unit are both described by highly distorted (axially elongated)
{MnOsN} coordination environments (Figure 5.6.9). The unit is bridged together by a shared hydroxo ligand
0(29), and by a phosphonate ligand which binds to each centre in a monodentate fashion via O(26) and O(25).
The unit is additionally stabilised by four monodentate phosphonate O-donors (O(24), O(27), O(28) and O(30)).
Each centre is connected to the {Mn7} layer by a ps-O ligand, O(13) or O(14). The coordination environments of
each metal centre are completed by pyridine ligands (N(4) and N(5)). The distorted axis for each metal centre is
defined by the pyridine - ps-O axis, i.e. N(4)-O(14) and N(5)-O(13), respectively.
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Molybdate units

The isolated Mo centres in the {Mn11:Mo_} cluster are supported by two phosphonate and four oxo-ligands.
The two phosphonate O-donors O(32) and O(33) coordinate in a monodentate fashion. The two x-O oxo-ligands
0(19) and O(20) and the us-O oxo-ligand O(15) all connect the molybdenum centre to the central {Mn-} layer.

The molybdenum coordination environment is completed by the terminal oxo- ligand O(21).

Figure 5.6.10 — The molybdenum centre in the {Mn11:Mo2} cluster. Colour Scheme: Mo teal, Mn orange, P pink,
O red.

The substitution of a molybdate unit in the {Mn11:Mo.} cluster in place of a manganese (I11) centre in the
{Mny3} cluster® results in significant differences between the two clusters. The monoanionic bridging methoxy
ligands in {Mna3} are replaced by dianionic bridging oxo- ligands, while the neutral terminal methanol ligand is
replaced by a dianionic terminal oxo- ligand. This results in two significant changes in 31 with respect to {Mnys}:

e Alabile coordination site (terminal methanol) is now replaced by a strongly bound oxo- ligand,
effectively blocking coordination from occurring at this site (Figure 5.6.11).
e There is an overall difference in charge in the cluster; the {Mnis} cluster was overall cationic

while the {Mn11Mo} cluster is anionic (Figure 5.6.11)

A) £ B)
/ o(21)
~
Mn(7)
{Mn''(MeO),(MeOH)} {Mo"!(u-0),(0)}
Overall Charge = +1 Overall Charge=0

Figure 5.6.11 — A) The {Mn(MeO)2(MeOH)} unit in the {Mnu3} cluster. B) The equivalent {MoOs} unit in the
{Mnu1Moz} cluster. Colour Scheme: Mo teal, Mn orange, P pink, O red, C black.
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Metal Atom Bonded Atom Bond Length (A) BVS Oxidation State
Mn(4) 0(13) 1.994(7) 2.609 +11
0(13”) 1.994(7)
0(14) 2.022(9)
O(14°) 2.022(9)
0O(15) 2.230(7)
0O(15%) 2.230(7)
Mn(5) O(17) 1.937(10) 2.994 +1
0(23%) 1.940(7)
0(14) 1.948(7)
0(13%) 1.960(10)
0(16) 2.208(7)
o@i1) 2.233(8)
Mn(6) 0(15) 1.917(9) 3.109 +11
0(18) 1.930(10)
0(14) 1.951(7)
0(19) 1.956(8)
o@1) 2.182(7)
0(34) 2.187(7)
Mn(7) 0(15) 1.908(7) 3.080 +1
0(22) 1.925(8)
0(20) 1.967(9)
0(13) 1.971(9)
0(16%) 2.181(9)
0(34) 2.194(9)
Mn(8) 0(26) 1.876(7) 3.130 +1
0(28) 1.878(7)
0(27) 1.898(11)
0(29) 1.959(9)
N(4) 2.2653(10)
0(14) 2.608(10)
Mn(9) 0(25) 1.874(10) 3.157 +11
0(30) 1.883(8)
0(24) 1.910(8)
0(29) 1.942(8)
N(5) 2.240(10)
0(13) 2.594(10)
Mo(1) 0(21) 1.730(9) 5.808 +VI
0(20) 1.805(9)
0(19) 1.825(9)
0(33) 2.080(10)
0(32) 2.086(9)
0O(15) 2.259(7)

Table 5.6.4 — Crystallographically-determined bond lengths for the metal centres in the {Mn11Moz} unit in 31,

along with their oxidation state as determined by Bond Valence Sum (BVS) analysis.
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As expected for Jahn-Teller distorted (axially elongated) Mn'" centres, all of the manganese centres in 31
display four short bonds in the plane (c. 1.9 A) and two longer bonds which define the Jahn-Teller axis for the
metal centre. The Mn(2)-O(18) and Mn(3)-O(17) bonds are particularly elongated at c. 2.6 A, but this is still in
the reported range for Mn'"" centres reported in the literature.”>"®

BVS analysis deviates somewhat from the expected values in this case, but the BVS results are mostly in
good agreement with +111 oxidation states, with the possible exception of the Mn(4) centre, which displays a BVS
value of 2.609. The equivalent Mn centre in the previously reported {Mn3} compound displayed a similar BVS
value, and in that example was assigned as being 50/50 disordered between +11 and +111 oxidation states.®* Here
however, it is assigned as being fully in the +111 oxidation state due to charge-balance considerations. It is not

clear why this metal centre displays such a large deviation from the expected BVS value.
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Bond

Bond Angle (°)

Bond

Bond Angle (°)

0(14)-Mn(4)-O(15)
0(14’)-Mn(4)-0(15")
0(13)-Mn(4)-0(15)
0(13°)-Mn(4)-0(15")
0(13)-Mn(4)-0(14°)
0(13°)-Mn(4)-O(14)
0(13)-Mn(4)-0(14)
0(13°)-Mn(4)-0(14")
0(13)-Mn(4)-0(15°)
0(13°)-Mn(4)-O(15)
0(14)-Mn(4)-0(15")
0(14’)-Mn(4)-O(15)

Angle Variance (¢?)
Distortion Index

0(15)-Mn(6)-0(34)
0(14)-Mn(6)-0(31°)
0(15)-Mn(6)-0(19)
0(15)-Mn(6)-O(14)
0(15)-Mn(6)-0(31°)
0(19)-Mn(6)-0(34)
0(19)-Mn(6)-0(31°)
0(18)-Mn(6)-0(31°)
0(18)-Mn(6)-O(14)
0(14)-Mn(6)-O(34)
0(18)-Mn(6)-0(19)
0(18)-Mn(6)-0(34)

Angle Variance (¢?)
Distortion Index

0(14)-Mn(8)-0(27)
0(28)-Mn(8)-N(4)
0(26)-Mn(8)-0(27)
0(26)-Mn(8)-N(4)
0(14)-Mn(8)-0(29)
0(28)-Mn(8)-0(29)
0(14)-Mn(8)-0(28)
0(28)-Mn(8)-0(27)
0(27)-Mn(8)-N(4)
0(26)-Mn(8)-0(29)
0(29)-Mn(8)-N(4)
0(14)-Mn(8)-O(26)

Angle Variance (¢?)
Distortion Index

76.8(3)
76.8(3)
77.1(3)
77.1(3)
81.0(3)
81.0(3)
99.0(3)
99.0(3)
102.9(3)
102.9(3)
103.2(3)
103.2(3)

153.3
0.130

83.0(3)
84.3(3)
84.3(3)
86.4(3)
86.8(3)
88.9(3)
89.9(3)
91.5(3)
93.2(3)
95.2(3)
95.9(4)
98.6(3)

26.1
0.047

85.4(3)
86.2(3)
87.5(3)
88.1(3)
88.1(3)
88.5(3)
90.9(3)
91.7(3)
92.4(3)
92.9(3)
94.1(3)
94.8(3)

9.9
0.030

0(14)-Mn(5)-0(31°)
0(13")-Mn(5)-O(16)
0(14)-Mn(5)-0(13")
0(13°)-Mn(5)-0(31")
0(23°)-Mn(5)-O(16)
0(17)-Mn(5)-0(31°)
0(14)-Mn(5)-O(16)
0(17)-Mn(5)-0(23")
0(17)-Mn(5)-0(14)
0(23°)-Mn(5)-0(13")
0(23°)-Mn(5)-0(31")
0(17)-Mn(5)-0(16)

Angle Variance (¢?)
Distortion Index

0(15)-Mn(7)-0(34)
0(13)-Mn(7)-0(16")
0(15)-Mn(7)-0(20)
0(15)-Mn(7)-0(13)
0(15)-Mn(7)-0(16")
0(20)-Mn(7)-0(34)
0(22)-Mn(7)-0(16")
0(20)-Mn(7)-0(16")
0(22)-Mn(7)-0(13)
0(13)-Mn(7)-0(34)
0(22)-Mn(7)-0(20)
0(22)-Mn(7)-0(34)

Angle Variance (¢?)
Distortion Index

0(30)-Mn(9)-N(5)
0(13)-Mn(9)-0(24)
0(25)-Mn(9)-N(5)
0(25)-Mn(9)-0(24)
0(13)-Mn(9)-0(29)
0(24)-Mn(9)-N(5)
0(30)-Mn(9)-0(29)
0(30)-Mn(9)-0(24)
0(13)-Mn(9)-0(30)
0(25)-Mn(9)-0(29)
0(13)-Mn(9)-0(25)
0(29)-Mn(9)-N(5)

Angle Variance (¢?)
Distortion Index

83.0(3)
83.3(3)
83.7(3)
87.1(3)
87.3(3)
87.4(3)
87.9(3)
90.2(3)
92.8(3)
93.7(3)
101.4(3)
101.8(3)

41.0
0.056

83.0(3)
83.7(3)
84.1(3)
85.8(3)
86.6(3)
88.1(3)
91.1(3)
91.1(3)
92.9(3)
95.3(3)
96.9(4)
99.3(3)

29.9
0.051

86.1(4)
86.4(3)
87.1(4)
87.3(4)
87.8(3)
88.2(4)
88.5(3)
91.7(4)
92.3(3)
93.2(3)
94.5(3)
97.4(4)

134
0.035

Table 5.6.5 — Crystallographically-determined bond angles for the manganese centres in the {Mn11Moz} unit in

31, along with their distortion parameters.
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Bond Bond Angle (°)
0(19)-Mo(1)-O(15) 78.4(3)
0(20)-Mo(1)-O(15) 78.6(3)
0(32°)-Mo(1)-O(15) 81.7(3)
0(33”)-Mo(1)-0(32") 81.8(3)
0(33”)-Mo(1)-O(15) 82.4(3)
0(19)-Mo(1)-0(32’) 86.1(3)
0(20)-Mo(1)-0(33) 88.1(3)
0(21)-Mo(1)-0(33") 96.0(4)
0(20)-Mo(1)-0(19) 97.2(4)
0(21)-Mo(1)-0(32) 97.3(4)
0(21)-Mo(1)-O(20) 102.2(4)
0(21)-Mo(1)-0(19) 103.1(4)
Angle Variance (¢?) 85.3

Distortion Index 0.091

Table 5.6.6 — Crystallographically-determined bond angles for the molybdenum centre in the {Mn11Moz} unit in
31, along with distortion parameters.

The manganese centres in the {Mni1Mo} largely display relatively undistorted octahedral coordination
environments (Table 5.7.5). Vales of 6% are in the 0-40 range and DI values in the 0.030-0.060 range. The
central Mn(4) is an exception to this, displaying significantly higher c% and DI values (153.3 and 0.130,
respectively).

The molybdenum centre also displays a mildly distorted coordination environment, with 6%t and DI values
of 85.3 and 0.091, respectively (Table 5.7.6).

o2t and DI are defined in the same way as previously.*#7
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Phosphonate Binding Modes

The structure of 31 contains 9 crystallographically distinct phosphonate ligands.

Four of these (P(1) to P(4)) are associated with the {Mng} cation. These all display equivalent coordination
modes, coordinating to three distinct manganese centres in a #*:5:#%us binding mode (Figure 5.6.12).

The remaining five are associated with the {Mn11Mo,} anion. P(5) connects the central {Mn-} layer to the
dinuclear unit (Mn(8)) in a #*:*:#%:u3 binding mode, coordinating through O(27), O(18) and O(17). P(8), P(5’)
and P(8”) coordinate in an equivalent fashion (Figure 5.7.13). P(6) connects the {Mn7} layer, the dinuclear unit
and the isolate molybdenum centre. P(6) coordinates in a #%:;':n%us binding mode through O(16) (bidentate,
supporting the {Mn-} layer), O(28) (monodentate, supporting the dinuclear unit Mn(8)) and O(33) (monodentate,
supporting the molybdenum centre. P(7), P(6”) and P(7°) coordinate in an equivalent fashion. Finally, P(9)
supports both centres in the dinuclear unit, and connects this unit to the central {Mn-} layer. P(9) coordinates in
a monodentate fashion through O(25) and O(26) to the dinuclear unit metal centres Mn(9) and Mn (8),
respectively. P(9) further supports the {Mn-} unit in a bidentate fashion through O(34), which coordinates to
Mn(7) and Mn(6). P(9’) coordinates in an equivalent fashion.

A) B)

Mn(&) Mn(5)

C)

Figure 5.6.12 — The phosphonate binding modes in 31. Colour Scheme: Mo teal, Mn orange, P pink, O red.

Tert-butyl groups are removed for clarity.
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P®)

P(©)

Figure 5.6.13 — The phosphonate binding modes in the {Mn11Moz} anion in 31. Colour Scheme: Mo teal, Mn

orange, P pink, O red. Tert-butyl groups and pyridine ligands are removed for clarity.

In combination, the ten phosphonate ligands in the {Mn11Mo,} anion in 31 all connect the middle {Mn-}

layer to either the manganese or molybdenum metal centres in the top or bottom layers (Figure 5.6.13).
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P-O region Mo=0 region Mo-O region

Transmission

Mo-O signals

Wavenumber {cm™)

Figure 5.6.14 — Comparison of the IR spectrum for 31«4.5(MeCN) (black) with the IR spectra for the previously
reported {Mns} (blue) and {Mn13} (red) compounds.®364

IR spectroscopy of compound 31 is consistent with the structure as described above. The P-O region is quite
crowded, which is consistent with the multiple phosphonate coordination modes (Figure 5.6.14). Comparison of
the spectrum of 31 with the previously reported {Mns} and {Mn3} allows these signals to be assigned as arising
from either the {Mng} cation or the {Mn3;Mo,} anion.53%* As expected, additional signals arise in 31 which are
assigned to the molybdenum-oxo bonds — the signal at 905 cm™ is assigned to the terminal Mo=0 bond and the

signal at 742 cmt is assigned to the bridging Mo-O bonds (based on assignments by Kwak et al., c.f. Table 2.4.1).78
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Figure 5.6.16 — TGA for compound 31+4.5(MeCN).

The TGA of compound 31+4.5(MeCN) is presented in Figure 5.6.15. The weight loss up to 100 °C is
consistent with the loss of 4.5 acetonitrile molecules per formula unit (expected 96.2%, observed 96.3%). Further

heating to 250 °C is consistent with the loss of a further 10 bound pyridine ligands (expected 79.8%, observed
79.9%).
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5.7) Modifications of compound 31

Having isolated and characterised compound 31, we decided to investigate modifications to the compound.
We were interested in retaining the {Mn11Mo.} cluster, as it represents an intriguing analogue to the previously
reported {Mni3} compound. Therefore, we set out to generate the {Mni11:Mo} cluster with different cationic
species balancing the charge.

To this end, the reaction procedure which generated 31 was repeated, replacing the manganese (I1) chloride
with other manganese (I1) halide salts. The idea was to modify the characteristics of the {Mne} cation while
retaining the characteristics of the {Mn11Mo_} cluster. However, the fluoride and iodide analogues of the reaction
did not produce phase-pure products.

However, when manganese (I1) bromide combined with potassium permanganate, Lindqgvist hexamolybdate
and tert-butylphosphonic acid were combined in acetonitrile, brown crystals were obtained from the reaction
mixture after two days. These crystals contained [BreMn's(tBuPOs)s(py)s][MoV'2Mn"'1102(u-O)a(ps-O)a(a-
0)2(u-OH)2(tBuPO3)10(py)4], 32, along with 4.5 acetonitrile molecules per formula unit.

This compound is analogous to compound 31, but with a bromide-centred {Mng} cation instead of a chloride-
centred {Mne} cation.

The crystals were found to possess the same unit cell as 31-4.5(MeCN), forming in the monoclinic crystal
system with cell parameters a = 24.96 A, b = 16.77 A, ¢ = 26.38 A and 8 = 112.09°. Therefore we can assume

similar solid-state packing arrangements, etc. Supplemental characterisation confirms the identity of compound
32 (Figure 5.7.1).

100
80

60

Transmission (%)

40

20
1200 1100 1000 900 800 700 600

Wavenumber (cm™1)

Figure 5.7.1 — IR spectrum for compound 32¢4.5(MeCN).
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While 32 demonstrates that the structure of 31 can be modified, we were particularly interested in
investigating the catalytic properties of the {Mn11Mo.} cluster. This cluster represents an intriguing analogue to
the previously reported {Mni3} compound, and therefore comparisons of their reactivity could be enlightening.
However, 31 and 32 both represent challenges to the catalytic study of the {Mn1:Moy} cluster, as any reactivity
from the {Mne} cation would have to be disentangled from the reactivity of 31 or 32.

To this end, the synthesis of 31 and 32 was repeated but with all halide ions replaced by nitrate ions. The
principle was that the {Mns} cation would be unable to form without a central templating halide species. Excess
tetrabutylammonium hexafluorophosphate was additionally added to the system, to promote the formation of the
tetrabutylammonium salt.

An amorphous brown powder was produced. IR analysis indicates that this solid contained
[TBA][MoY'2Mn"'1302(u-0)4(H3-O)a(ps-0)2(U-OH)2(tBuPO3)10(py)s], 33.  This compound represents the
tetrabutylammonium salt of the {Mn1;Mo} species (Figure 5.7.2). IR signals at 1144 cm™ and 1021 cm
associated with the {Mn¢} cation have disappeared (c.f. Figure 5.6.14) and TGA indicates that this powder also
contains 1.5 constituent solvent molecules per formula unit (Expected 97.5%, observed 97.4%, Figure 5.8.3).
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Figure 5.7.2 — IR spectrum for compound 33¢1.5(MeCN).
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Figure 5.7.3 — TGA for compound 33¢1.5(MeCN).
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5.8) Water Oxidation Catalysis by 33

Compound 33 represented an intriguing synthetic target as the {Mn;1Mo,} cluster entity bares strong
similarity to the previously reported {Mni3} cluster, but with two important differences — two of the labile ligand
binding sites have been effectively blocked off by terminal oxo- ligands, and the overall charge of the cluster is
now anionic instead of cationic as before (c.f. Figure 5.6.11). Therefore, we set out to compare the catalytic
activity of 33 with respect to water oxidation, and to compare it to the {Mn13} analogue.5

A dried sample of 33 was tested as a catalyst for photochemical water oxidation in the presence of a sacrificial
oxidant. A 6.2 nM solution of 33 in a phosphate buffer at pH = 7 was combined in solution with a ruthenium
tris(bipyridine) photosensitiser and an excess of sodium persulfate, a sacrificial electron acceptor. The solution
was placed in a sealed container, protected from ambient light and allowed to come to thermal equilibrium with a
water bath (25 °C). The solution was subsequently irradiated with a blue LED light (A = 470 nm, incident power
estimated as 9.6 mW/cm?). Oxygen concentration was monitored using a Clarke electrode.

Oxygen evolution was observed immediately (Figure 5.8.1), plateauing after about 100 seconds with a
turnover number (TON) of about 14 (i.e. 14 molecules of oxygen were produced for each molecule of catalyst
present).

Interestingly, the {Mni3} analogue, when tested under equivalent conditions, demonstrated similar
behaviour, but with a TON of about 20, indicating that the {Mni3} analogue may be more catalytically active than
the {Mn1:Mo-} analogue.

The reason for this difference is not yet completely clear. We hypothesise that since the time required for
the two catalysts to deactivate is similar (c. 100 s), the two compounds may undergo similar deactivation pathways
with similar kinetics. The difference in activity over this time might therefore be simply attributed to the fact that
one potential water binding site is blocked off by an oxo- ligand on the {Mn11Mo,} species, rendering it less active

over the course of the measurement. However, more detailed evidence is required to confirm or refute this

hypothesis.
A) ] B)
I 33 = 1 {Mn3}
E; %_ 15
Eﬁ 10 TON =14 = TOMN =20
2 E 10
g
[ T 1 'I T 1
e gles ruee 0 gles ruee
Time (5} Tme (5]

Figure 5.8.1 — A) Photochemical oxygen evolution by 33. B) Photochemical oxygen evolution by {Mn13}.54
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The catalysis data presented in Figure 5.9.1 is still a relatively preliminary result. As noted in Chapter 1,
identification of the active catalyst in water oxidation reactions is not always trivial. Further studies are required
to demonstrate if the proposed compounds are indeed the true catalytic species, or if decomposition to an active
catalytic species in solution can be observed. More detailed kinetic studies would also be valuable for elucidation

of the catalytic mechanism. Further studies of this apparent catalytic behaviour will be undertaken.
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5.9) Conclusions

In conclusion, this chapter demonstrated the extension of the assembly-disassembly-reassembly
methodology to manganese-molybdenum mixed-metal compounds.

The disassembly of the Lindgvist hexamolybdate followed by reassembly in the presence of manganese (111)
generated a mixed-metal hybrid POM, [TBA]z[MoY'16Mn"6012(1-0)14(Hs-0)2(tBUPO3)s(MeCOO)2(py)4(H20)6],
26. This compound was structurally characterised to be analogous to the cobalt compounds discussed in the
previous chapter, 5-25. The compound contains two {Mos} units capping a central {Mng} unit in a sandwich
motif. The {Mne} core unit can be further subdivided into two sets of {Mn} dimers and two isolated Mn centres.
Phosphonate templating effects and intramolecular hydrogen bonding probably play a similar role in stabilising
the structure as they did in the cobalt examples (c.f. Figure 4.9.1).

The ligand substitution procedures developed for the cobalt analogues can also be applied to 26, generating
pyridyl- and phosphonate-substituted analogues [TBA]2[MoY'10Mn"6012(-O)14(Us-
0)4(tBuPO3)s(MeCO0)2(MeOH)4(H20)s], 27, and [TBA]2[MoY'16Mn"5012(1-0)14(s-
0)4(AdPO3)s(MeCOO0)2(py)a(H20)s], 28.

Intriguingly, the reaction system was demonstrated to display significant C-C bond cleavage ability. Some
unidentified precursor to 26 is capable of cleaving acetylacetonate-type ligand species to generate carboxylate
ligands. Atmospheric oxygen appears to play some role in this system, possibly as an oxygen source. This feature
of the reaction system was exploited to generate a carboxylate-substituted analogue of 26,
[TBA]2[M0oY'1sMn""6012(-0)14(s-0)4(tBUPO3)(tBUCOO)2(MeOH)4(H20)6], 29.

A polymer analogue of this {Mo10Mng} sandwich motif could also be obtained by incorporating PDA ligands
to generate [TBA]2[M0"'10Mn"s012(-O)14(H3-O)a(tBuPO3)s(PDA)(py)a(H20)s], 30. This polymer compound
bears significant similarity to the cobalt analogue, compound 25.

Modification of this reaction system produced a series of compounds not based on the {Mo10Mng} sandwich
motif.  [ClcMn"'s(tBuPOs)s(py)s][MoV'2Mn"'110,(U-0)a(ps-0)4(a-O)2(-OH)2(tBUPO3)10(py)a], 31, is a
compound of two manganese-containing cluster units, both of which are supported by phosphonate and pyridine
ligands. The cationic {Mns} entity is a chloride-centred octahedron of manganese (111) ions, with each face of the
octahedron capped by a tert-butylphosphonate ligand, and each vertex occupied by a pyridine ligand. This cation
has been previously reported.®® The anionic {Mn11Mo,} cluster is a mixed-metal hybrid species, which is
analogous to a previously reported {Mni3} compound.®* This cluster consists of a central {Mn7} oxo-layer, which
is connected to two dinuclear manganese units and two isolated molybdenum centres by bridging oxo- and
phosphonate ligands.

The {Mn¢} cation could be modified to form the bromide-centred analogue in
[BreMn"s(tBuPO3)s(py)s][MoY'2Mn!"1102(1-0)4(1z-O)a(Ha-O)2(U-OH)2(tBuPO3)10(py)s], 32, or replaced with
tetrabutylammonium in [TBA][MoY';Mn'"'1;05(-0)4(H3-O) a(Ha-O)2(1-OH)2(tBUPO3)10(pY)4], 33.

This last compound appears to be a competent water oxidation catalyst, photochemically oxidising water to
generate oxygen with a turnover number (TON) of 14. We postulate that the activity of the {Mn11Mo,} species
is lower than that of the {Mn3} equivalent (TON = 20) because the oxo- groups effectively block some of the

reactive sites, although further experiments are necessary to elucidate the details of this reaction.
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In conclusion, a series of mixed-metal hybrid manganese-molybdenum compounds were generated using the
assembly-disassembly-reassembly technique. One set of these is analogous to the cobalt compounds discussed in
the previous chapter. The reaction mixture from which these compounds are generated is capable of cleaving C-
C bonds in acac-type ligands, apparently through reaction with atmospheric oxygen. This effect was exploited to
generate carboxylate ligands in situ. A second set of compounds was analogous to previously reported {Mng}

and {Mn13} compounds. One of these appears to be active as a photochemical water oxidation catalyst.
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Chapter 6 — Disassembly and Reassembly of Metal-Organic Frameworks

6.1) Metal-Organic Frameworks

As discussed in the introductory chapter, extended systems such as Metal-Organic Frameworks exhibit
interesting physicochemical properties which have garnered them significant attention over the past few decades.
Chief among these is the tendency towards highly porous materials, which gives rise to range of host-guest
applications, including separation, storage and catalysis.*

However, it was also noted in the introduction that many of these host-guest processes rely fundamentally
on diffusion, which is frequently a relatively slow process.’-** Guest molecules diffusing either into or out of a
host MOF matrix can do so over a period of multiple days in some instances (Figure 6.1.1).** Of course, this may
be desirable depending on the intended application (e.g. drug delivery applications),*>* but in many cases fast
uptake or release can be desirable.

For example, MOFs have attracted attention for potential carbon capture and storage applications. The
principle is that MOFs would (ideally selectively) absorb CO, from waste gases, allowing it to be sequestered and
stored elsewhere.’>" However, practical considerations would require the framework to be evacuated in a
reasonable timescale at controlled intervals, so that the host matrix could be reused for further carbon capture
cycles (Figure 6.1.2).82! For gas-uptake systems, release of the guest molecule from the host matrix is generally
achieved by applying (often very significant) temperature or pressure differences. *2* In a real-world scenario,

applying these relatively harsh stimuli might not be a practical way to regenerate the host matrix.
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Figure 6.1.1 — An example of slow diffusion in MOF systems, showing the capture of iodine from solution over
the course of 48 hours. Reproduced from reference 11.
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To this end, several strategies exist to essentially modify the release behaviour of a host, allowing host
matrices to be recycled (Figure 6.1.2).222% The following strategies have been explored:
e Applying decreased pressure to the host MOF (typically to extract gaseous guests)8°
e Applying increased pressure to the host MOF (to induce a phase change which forces guests
from their host pores)?%
e Heating the host MOF (effectively increasing the rate of diffusion)?6-2
e Embedding magnetic nanoparticles into the host MOF (effectively allowing localised heating
upon application of alternating magnetic fields)2%
e Cation exchange (to displace guests)3.3?
e Applying light to light-sensitive MOFs (e.g. MOFs containing azobenzene-type constituents,
which undergo structural changes under irradiation)33-3%
These systems all have advantages and disadvantages depending on their intended use. While they all
represent promising developments in the manipulation of MOF host-guest behaviour, controllable release of guest
molecules still represents somewhat of a barrier to the widespread practical application of MOFs.

Gas capture

ered gas release

External stimuli /
/ tri /

Figure 6.1.2 — An example of slow diffusion in MOF systems, showing the capture of iodine from solution over
the course of 48 hours. Reproduced from reference 22.
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Therefore, we were interested in exploring methods for fast, controllable, and reliable uptake and release of
guest molecules in MOF-type host matrices. In light of our work on disassembly in POM systems, we considered
applying some of the disassembly-reassembly concepts to this challenge. We hypothesised that by breaking apart
the bonds holding a MOF together (i.e. disassembling the MOF), release of the guest molecules could be achieved.
In principle this could be achieved in a stimulus-responsive way, so that disassembly (and concomitant release of
guest molecules) could be achieved in a controllable manner.

This methodology has some precedent in the literature. One example exploited the addition of chelating
ligands to the system in order to trigger partial decomposition of an iron-terephthalate MOF, MIL88(Fe), in order
to release a guest molecule.®® The MOF was loaded with an anti-biofilm agent, 5-(4-chlorophenyl)-N-(2-
isobutyl)-2-aminoimidazole. Addition of iron-chelating ligands such as citrate would result in partial degradation
of the MOF, and consequently the release of the anti-biofilm agent.

Neatly, it was demonstrated that iron-scavenging microorganisms would achieve the same effect, effectively

triggering the release of the anti-biofilm agent whenever biofilms began to form (Figure 6.1.3).3¢

t enterobactin .
‘ —_—

Figure 6.1.3 — Disassembly of an iron MOF, MIL88(Fe), can be triggered by naturally occurring iron-
scavenging microorganisms, resulting in release of an anti-biofilm agent. Reproduced from reference 36.

This report clearly demonstrates that partial MOF disassembly can be beneficial, depending on the intended
application. In this example, MOF disassembly was relatively slow (occurring over c. 24 hours), and the MOF
was only partly disassembled at any given step.% This was beneficial for the desired application (gradual release
on a similar timescale to biofilm formation), but many applications might require fast release (e.g. sensing

applications).
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In a sensing example where fast release of a guest was desirable, an adenine-zinc MOF,
[Zns(adeninate)s(terephthalate)s0],3% was loaded with ruthenium (I1) tris(bipyridine) cation guests.®’
Subsequent addition of mercury ions to the system resulted in displacement of photosensitiser cations, resulting
in localised charge-imbalances that rendered the framework unstable.>” Addition of mercury was demonstrated
to completely disintegrate the parent MOF, not simply release the photosensitiser through cation exchange. This
disassembly was exploited as a visible sensor for the presence of mercury ions, as the disassembly of the

framework released the red-orange ruthenium (l1) tris(bipyridine) cations into solution (Figure 6.1.4).%
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Figure 6.1.4 — A) Disassembly of a zinc MOF [Zns(adeninate)s(terephthalate)sO] can be triggered by the
addition of mercury ions Hg?*, resulting in release of a ruthenium dye. B) This stimulus-responsive disassembly was
exploited as a selective sensor for Hg?* ions. Reproduced from reference 37.
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In many scenarios, disassembly of the MOF would only be of practical use if the MOF could be subsequently
reassembled. In the previous two examples, disassembly-induced release of guest molecules was beneficial, but
reassembly was not demonstrated.®*%" Reassembly would have allowed the MOF to be recovered, and
subsequently reused for further practical cycles.

Disassembly of a MOF followed by reassembly also has precedent in the literature. In one example, the
archetypal framework MOF-5%-4° was disassembled by reaction with water (a known decomposition pathway of
MOF-5)*142 to generate a non-porous material. However, the constituent parts could subsequently be reassembled
into a pristine MOF (Figure 6.1.5) by the addition of strong acids (to force the constituent components into
solution) followed by strong bases (to deprotonate the linker molecules and allow them to re-bind as ligand
species).** The physicochemical properties of the MOF (gas uptake, surface area, diffraction pattern, etc.) were
unaffected by the disassembly-reassembly process, although modification of the reaction conditions allowed
control over the morphology of the crystals.** This paper was concerned with the recovery of degraded MOF
samples, and so only examined the effects of disassembly and reassembly on a host matrix and did not consider

the effects of disassembly on the release of guests (Figure 6.1.5).%3
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Figure 6.1.5 — A) MOF-5 can be degraded to a non-porous form, and subsequently reassembled from solution by
manipulating pH conditions. B) The regenerated MOF samples display identical physical properties (gas uptake) as
the Reproduced from reference 43.

This example demonstrates the principle of disassembly-reassembly quite well, although the conditions used
are quite harsh. This somewhat limits the range of practical applications for disassembly-reassembly as a method
to controllably release guest molecules. Under harsh disassembly-reassembly conditions, the guest molecule must
be resilient towards chemical degradation. Harsh procedures also raise practical considerations, as circumstances

may constrain what is practical or safe for a given application.
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Taking these considerations into account, we set out to design a MOF-type structure which could be
disassembled into its constituent parts (releasing any guest molecules in the process), and subsequently
reassembled from solution, all under mild conditions. Ideally, these disassembly and reassembly steps should be
stimulus-responsive.

In order to achieve this, it would be necessary to design a framework where the framework is maintained by
reasonably labile bonds. We hypothesised that, in such a system, the difference in stability between the parent
framework and its constituent parts would be sufficiently small that a mild external stimulus could shift the balance
towards the one system or the other, as desired (Figure 6.1.6). In this way, disassembly and reassembly (along

with release of guest molecules) could be achieved under mild conditions.

A) + RN X B) r'y
/! .
o ! Disassembled o =TT T~
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£ #" £ MOF ———" Disassembled
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MOF Conditions Conditions

v

Reaction Coordinate Reaction Coordinate

Figure 6.1.6 — Hypothetical energy diagrams for A) A strongly-bound MOF, where harsh conditions are
necessary to shift between assembled and disassembled states, and B) A labile MOF which could shift between

assembled and disassembled states upon application of a mild stimulus.

We reasoned that a simple ligand-exchange mechanism would generate the desired effect. If only bridging
ligands are present in the system, bridging interactions should dominate and the framework material should be the
dominant structure. However, if the bridging ligands were displaced by suitable terminal ligands, the system
should disassemble into its constituent building blocks. Therefore, simply adding or removing a competing
terminal ligand to the system should, in theory, shift the system from the (heterogeneous) parent framework to the

(homogenous) building-blocks and back again, in principle indefinitely (Figure 6.1.7).

Add Terminal
Ligand
. ° ¢
! Remove A
i —— ; Terminal Ligand ¢
Heterogeneous Homogenous
MOF Building Units

Figure 6.1.7 — Hypothetical model of the disassembly-reassembly methodology applied to MOF structures.
Addition of a terminal ligand should displace the bridging ligands, promoting a disassembled MOF (homogenous
building units in solution). Removal of this ligand should concurrently promote the reassembly of a MOF structure.
Yellow octahedra represent MOF nodes, Green balls terminal ligands, green tubes ditopic linkers.
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MOF frameworks with labile bonds are generally rare, as robust networks are generally highly prized (e.g.
to survive the harsh, low-pressure conditions of gas sorption analysis). Therefore we set out to identify a suitable
metal building unit from which a weakly-bound framework could be assembled.

The metal building unit in question would require the following characteristics:

e Ligand binding sites available in a suitable geometry that could generate a two- or three-
dimensional framework. A highly symmetric building unit would be ideal.
e Weakly bound terminal ligands present on these units, such that they could be reasonably easy

to displace.

The linker units should possess complementary characteristics:
e Multiple binding sites present in a geometry that would complement the geometry of the metal
unit to generate stable topologies. Again, high symmetry is valuable.
e Reasonably mild ligand behaviour (for example, chelating ligands would probably be unsuitable

as these would be comparatively difficult to displace).

Consideration should also be given to the guest molecule when designing a labile framework. If the
framework structure is weakly-bound, care should be taken that any guest molecules should not interfere with the
disassembly-reassembly process (i.e. a guest with significant ligand character could displace linker molecules if
the linker molecules are sufficiently labile).

Re-capture of the guest molecule upon reassembly should also be considered, depending on the application.
Two regimes should be considered:

o  First, where the guest molecule is being released in order to free the host matrix to capture more
guest molecules (i.e. where the intention is to reuse the host matrix, for example in CO; capture
systems).

e Second, where the guest molecule is required for the intended application (e.g. the example
demonstrated in Figure 6.1.3, where the guest molecule is the active sensing component.
Reassembly of the parent MOF while leaving the guest molecules free in solution would not
allow further cycles to be exploited in this case).

In the first regime, guest molecules should have no particular impetus to return to the host matrix upon
reassembly (i.e. it should have more affinity for the solution in which disassembly-reassembly takes place than
for the framework system). In the second regime, however, there should be some significant affinity between the
guest molecule and host matrix (e.g. electrostatic/charge balancing interactions, hydrogen bonding, or other

supramolecular interactions).
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Taking all of these considerations into account, we identified the {Mnes} species present in compound 31,

[CleMn!"s(tBUPO3)s(py)s]*, to be a suitable building unit from which to construct a MOF-type framework that

would be susceptible to disassembly (Figure 6.1.8).#* The unit possesses the following beneficial characteristics:

A)

The unit is highly symmetric and well characterised.

The unit possesses six terminal ligands in a simple octahedral arrangement. Combination of
this octahedral arrangement with simple linear linkers should in principle generate a simple
cubic framework.

The six terminal ligands are all on the Jahn-Teller distorted (elongated) axes of their respective
manganese (I11) ions. Coordination bonds along these distorted axes are generally quite labile,
and so the terminal ligands should be susceptible to displacement.

The unit has been characterised with many different monodentate ligands in the terminal
positions, including pyridine, picoline, methanol, water and pyrdinecarboxaldehyde, including
mixtures thereof. This indicates that ligand substitution reactions at these positions are
synthetically reasonable.**

A one-dimensional polymer chain containing this building unit linked by 4,4’-bipyridine ligands
has been previously characterised using single crystal XRD,
[CleMn"s(tBuPO3)s(py)a(bpy)]Cl,. This synthesis used combinations of terminal and bridging
ligands, but it indicates that extended structures containing this unit are synthetically
achieveable.**

The unit is cationic. This lends the system to applications where guest recapture would be
desirable, as the framework will not reassemble without a charge-balancing anion.

The central chloride ion can be replaced with bromide ions (as in compound 32). This indicates
that structural modifications of the unit are possible. Moreover, this chloride ion occupies the
Jahn-Teller axis for all six manganese centres in the unit. Replacement of this chloride with
bromide could in principle effect the lability of the terminal ligands, potentially providing a

measure of synthetic control over the system.

B)

Figure 6.1.8 — The [CleMn!s(tBuPOz3)s(py)s]* cation, {Mne}, in A) its full form and B) a reduced form,

emphasising the octahedral symmetry of the pyridyl N-donors (blue). Colour Scheme: Mn orange, Cl green, P pink,

O red, N blue, C black. H atoms omitted for clarity.

Therefore, we set out to generate MOF-type structures using the {Mng} species and rigid linear linkers. The

products resulting from these reactions will be described in the next section.
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6.2) MOF Compounds from {Mns}

The {Mng} structure was previously prepared by the comproportionation of manganese (I1) chloride with
potassium permanganate to generate manganese (l11) ions in the presence of tert-butylphosphonic acid and a
monodentate ligand (typically a pyridyl-type ligand). 1,4-phenylenediacetic acid (PDA-H,) was also added to the
reaction mixture — it is unclear what role this plays in the reaction, as it does not form part of the final product,
but it does appear to promote the formation of the {Mng} compound over the formation of the {Mn3} compound
that forms under similar conditions.*#4

To generate a MOF-type structure using this building unit, this reaction was simply repeated with the terminal
pyridyl ligand replaced by the ditopic equivalent, 4,4’-bipyridine. This resulted in the formation of a brown solid,
[ClcMn"g(tBuPO3)s(bpy)s]Cl, 34, where bpy represents 4,4’-bipyridine. Unfortunately, crystals suitable for
analysis by XRD were not obtained, but supplemental chacterisation techniques are consistent with the assigned
formula.

We postulate that this compound consists of {Mne} units linked together by bpy linker ligands in three
dimensions to form a simple cubic network (Figure 6.2.1, c.f. MOF-5). In this configuration, each cubic pore

should be occupied by one charge-balancing chloride ion.

Figure 6.2.1 — Hypothesised structure of [ClcMn''s(tBuPO3)s(bpy)z]Cl, 34. Yellow octahedra represent the

{Mne} nodes, green rods represent the bipyridine linkers, and the red ball represents the chloride ion.

A cubic structure of this nature would be expected to be highly symmetric (P-43m space group). Based on
crystallographic data, for the {Mns} cluster and for 4,4’-bipyridine ligands, the length of any given side should
be approximately 17.65 A.
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By comparison with the previously-reported {Mne¢} compounds, IR spectroscopy (Figure 6.2.2) indicates
that the {Mng} core forms and is present in 34. It seems reasonable to conclude that if the {Mng} core is present

that it should be linked by bipyridyl ligands, in some arrangement.
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Figure 6.2.2 — Portion of the IR spectrum of compound 34, compared to that of the previously reported {Mne}

core.*

Powder X-ray Diffraction (PXRD) indicates that the obtained powder is crystalline (i.e. locally ordered)
(Figure 6.2.3). This is consistent with a locally ordered arrangement, as expected for the highly symmetric and

rigid building units.
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Figure 6.2.3 — PXRD spectrum of compound 34.
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TGA analysis indicates that the compound does not contain any constituent solvent molecules, showing no
weight loss upon heating to ¢. 140 °C (Figure 6.2.4). This may indicate the absence of accessible voids in the
structure (possibly due to a combination of the bulky tert-butyl groups and chloride counterions, which could
potentially block solvents from accessing the pores). The compound appears to be reasonably unstable compared

to other MOFs, undergoing significant thermal decomposition beginning at c. 140 °C.
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Figure 6.2.4 — TGA analysis of compound 34.

Finally, gas sorption analysis was performed (Figure 6.2.5). Unfortunately, this analysis does not show any
significant porosity. This is consistent with the TGA analysis, which does not appear to display any solvent-
accessible void volume. This is tentatively assigned to a combination of the bulky tert-butyl groups and chloride
counterions occupying the otherwise-accessible void space. Gas-sorption analysis indicates a surface area of 130
m?/g by the BET method.
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Figure 6.2.5 — Gas sorption analysis of compound 34.
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Interestingly, modification of the reaction conditions to include 2/3 the amount of bpy produces a related
compound, [CleMn"'g(tBuPO3)s(bpy)2(H20)2]CI, 35. In contrast to 34, this compound probably has a two-
dimensional, sheet-like structure (Figure 6.2.6), with bpy ligands linking the {Mns} building units in one plane
with axial ligands occupied by water ligands. In this arrangement, the chloride counterions would probably

intercalate between these sheets.

Figure 6.2.6 — Hypothesised sheet structure of compound 35. Yellow octahedra represent the {Mns} nodes, green
rods represent the bipyridine linkers, and the green balls represents terminal water ligands.

The water ligands in this structure are assigned as taking up trans- positions relative to each other on the
{Mneg} core, with the bpy ligands all occupying the same equatorial plane on the {Mne} core. This is consistent
with the previously reported crystal structures of the {Mn¢} core with mixed supporting ligands,
[CleMn"g(tBUPO3)s(MeOH)4(H20)2]* and [ClcMn's(tBuPOs)s(pyridinecarboxaldehyde)s(H20)2]*.4* In these
systems, the water ligands were demonstrated by XRD to occupy mutually trans- positions, indicating that this
substitution pattern may be more favourable.

Of course, disorder is entirely possible in this system. Water ligands could potentially coordinate to mutually
cis- coordination site. Additionally, {Mng} units could be “twisted” so that two of their bpy ligands could point
out of the plane, connecting the system in three dimensions but in a disordered way. However, the compound is
presented in the configuration most likely to be the thermodynamic minimum — two dimensional sheets, with
water ligands occupying trans- positions on either side of the sheet.

In this configuration, hydrogen bonding interactions between these terminal water ligands could potentially

play a role in the stacking interactions between the sheets.
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As with the previous compound, IR spectroscopy (Figure 6.2.7) indicates that the {Mne} core forms and is

present in 35. It seems reasonable to conclude that if the {Mns} core is present that it should be linked by bipyridyl

ligands, in some arrangement.

Transmission (%)

100

(A=}
(=]

1200

1100

1000

{Mng}

35

[==]

00 700 600

Wavenumber (cm™t)

Figure 6.2.7 — IR spectrum of compound 35, compared to that of the previously reported {Mns} core.*

Powder X-ray Diffraction (PXRD) indicates that the obtained powder is (at least locally) crystalline (Figure

6.2.8). However the pattern is different from 34, indicating that some different local arrangement of the building

units is present.
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Figure 6.2.8 — PXRD spectrum of compound 35.
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TGA analysis indicates that the compound does not contain any constituent solvent molecules (Figure 6.2.9).
Again, this may indicate the absence of accessible voids in the structure (possibly due to a combination of the

bulky tert-butyl groups and chloride counterions, which could potentially block solvents from accessing the

pores).
The thermal behaviour of 35 is quite different to that of 34. Compound 35 appears to be more stable than its

three dimensional counterpart 34, undergoing a more gradual weight decrease up to a temperature of ¢. 400 °C

before significant decomposition takes place.
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Figure 6.2.9 — TGA analysis of compound 35.

Finally, gas sorption analysis was performed (Figure 6.2.10). Unfortunately, this analysis does not show any
significant porosity. This is consistent with the TGA analysis, which does not appear to display any solvent-
accessible void volume. This is tentatively assigned to a combination of the bulky tert-butyl groups and chloride
counterions occupying the otherwise-accessible void space. Gas-sorption analysis indicates a surface area of 125
m?/g by the BET method.
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Figure 6.2.10- Gas sorption analysis of compound 35.
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Bromide Analogue

As mentioned in Section 6.1, bromide analogues of the {Mns} unit can be generated (c.f. compound 32).
Therefore, we set out to generate a bromine-substituted analogue of compound 34, [BreMn'"g(tBuPOs)s(bpy)s]Br,
36. This analogue was generated simply by exchanging the chloride salt for the bromide salt of manganese (I1).

36 has an analogous structure to 34 (c.f. Figures 6.2.1), but with chloride ions replaced by bromide ions (both
in the centre of the {Mne} unit, and as the external counterion). IR analysis indicates that the {Mng} structure is

intact in the bromide analogue. (Figure 6.2.11).
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Figure 6.2.11 — Portion of the IR spectra of compounds 36 and 34.

Replacement of the external halide ion indicates that the encapsulated “guest” anions in the structures 34-36
could potentially be replaced with more exotic anions. As guest molecules, simple halides do not offer significant
functionality to the reaction system, but other anionic species could potentially occupy the charge-balancing role
of the external halide ions. If these anionic species possessed their own interesting properties (e.g. catalytic
activity, photoactivity, sensing capability, etc.), then in principle, these molecules could be released into solution
upon disassembly of the parent framework material, and re-sequestered upon reassembly of the framework.

Additionally, the central halide occupies the Jahn-Teller distorted axes of all six manganese (I11) centres in
the {Mng} unit. As such, this halide ion could potentially significantly affect the ligand behaviour of the pyridyl-
type ligands. In principle, this chloride-halide substitution could affect the stability of the parent frameworks, and

the amount of impetus required to disassemble the framework.
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6.3) MOF Disassembly and Reassembly

Having generated the MOF-type compounds 34-36, we set out to investigate if the disassembly-reassembly
procedure outlined in Section 6.1 could be applied to these systems. The idea is that addition of competitor ligands
to these systems should result in the displacement of the bridging ligands, causing the MOF to disassemble into
its constituent parts (c.f. Figure 6.1.7).

This was demonstrated in preliminary experiments using compound 34 (Figure 6.3.1). A sample of 34 (c.
20 mg in 20 ml acetonitrile) was stirred at room temperature for c. 24 hours. There is no evidence of MOF
disassembly after this time, and the MOF remains entirely heterogeneous.

However addition of pyridine to the system results in gradual disassembly of the MOF framework, resulting
in the disassembly of the framework. The brown solid 34 disappears, along with the appearance of an orange-
brown colour to the solution (Figure 6.3.2). The {Mne} core is shown to be still intact in solution by mass
spectrometry (Figure 6.3.3).

As a reasonably volatile liquid, the pyridine can be easily removed from the system simply by placing the
system under reduced pressure. The resulting evaporation of pyridine (along with the supporting acetonitrile
solvent) results in the precipitation of a brown solid in quantitative yield. This brown powder is identical to the
original sample of 34 by both IR and PXRD (Figures 6.3.4 and 6.3.5).

q Add pyridine
| a

452

Remove
pyridine

Figure 6.3.1 — A sample of 34 does not dissolve in pure acetonitrile (left), but addition of pyridine (a competitor
ligand) to the system results in dissolution of the component parts of 34 (right). The competitor ligand can be

removed under reduced pressure, regenerating 34.

We propose that addition of pyridine to the system displaces the bipyridine linker ligands in 34, resulting in
disassembly of the framework. This exploits the labile nature of the Jahn-Teller distorted manganese-bipyridine
bonds, allowing the framework-maintaining bonds to be disrupted under mild conditions, without degrading the
constituent parts of the framework.

The constituent parts of the framework are then free components in solution. Excess pyridine is required in
order to maintain the equilibrium point in this homogenous phase. However, the pyridine can be easily removed
under reduced pressure. Analysis indicates that the resulting brown powder is identical to the original sample 34.

Thus, stimulus-responsive reassembly of the framework was achieved, again under mild conditions.
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Additionally, the “guest” chloride ion is released into solution upon disassembly of the framework.
Moreover, reassembly of the framework results in the re-capture of the chloride guest into the framework (no
other anionic species is present, and charge-balance is required for the framework to form). Thus, we have
achieved the aim of releasing a guest molecule from its host matrix as well as recapturing it, in a stimulus-
responsive manner, by means of a disassembly-reassembly mechanism.
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Figure 6.3.2 — Absorption spectra showing the gradual disassembly of 34 upon addition of aliquots of pyridine.
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Figure 6.3.3 — Mass spectrum of the disassembly solution, showing the experimental data (black) and the
simulated spectrum for [CIMns(tBuPOz3)s]* (corresponding to the loss of six pyridyl ligands), demonstrating that the
{Mne} unit stays intact in solution.
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100

Transmission (%)

- Before Disassembly
— After Disassembly

1200 1100 1000 900 800 700 600

Wavenumber (cm)

Figure 6.3.4 — Comparison of the IR spectra for 34 before and after applying the disassembly-reassembly

procedure.
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Figure 6.3.5- Comparison of the PXRD spectra for 34 before and after applying the disassembly-reassembly

procedure.
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6.4) Conclusions and Outlook

In conclusion, we have generated three new MOF-type compounds based on the {Mns} unit seen in the
previous chapter; [CleMn"g(tBuPO3)s(bpy)s]Cl, 34, [CleMn''s(tBuPOs)s(bpy)2(H20)2]Cl, 35, and
[BreMn's(tBuPO3)s(bpy)s]Br, 36.

34 and 36 are probably three-dimensional frameworks, with {Mn¢} nodes connected by bipyrdine linker
ligands in a simple cubic network. Each pore of the network is occupied by a chloride or bromide counterion.

35 is probably a two-dimensional network, with {Mns} nodes connected in a continuous sheet by bipyrdine
linker ligands, and water ligands occupying the coordination sites on either side of the sheets. The chloride
counterions intercalate between the sheets.

Importantly, it was demonstrated that 34 could be reversibly disassembled and reassembled in a stimulus-
responsive manner (Figure 6.4.1). Addition of pyridine caused the disassembly of the framework 34 by displacing
the bipyridine linker units, resulting in the components of the framework dissolving into solution. Subsequent

removal of the pyridine under reduced pressure regenerated the framework.

r '——'ﬁ
TNy Add pyridine /

9
—
i Remove
‘ pyridine
Heterogeneous Homogenous
MOF Building Units

Figure 6.4.1 - Summary of the disassembly-reassembly procedure, as applied to 34.

These results represent an intriguing insight into the disassembly and reassembly of MOF structures, but this
work is very much still in its preliminary stages. Many questions remain to be answered about the behaviour of
the system. These questions include:

e Can the system be modified further, and if so, how far?

e Could alternative linker units be employed?

e Can more exotic anions be introduced into these structures, in place of the chloride and bromide
ions explored so far?

e If such anions could be introduced to the structure, would the disassembly-reassembly
methodology allow them to be selectively released into and captured back out of solution?

e Would they retain their useful physicochemical properties in solution?

e Can the disassembly-reassembly behaviour be quantified? If so could we use this information
to fine-tune the strength of the framework?

e Can alternative competitor ligands be employed?

o Arethere morphological differences (e.g. particle size) between the samples (particularly before

and after the disassembly-reassembly technique is applied)?
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Many promising candidates could be used to generate additional MOF structures. In particular, we are
interested in extended versions of the linear bipyrdine ligands, as these could generate structures with the same
topology but with larger pore sizes. This strategy was successful in the case of MOF-5 and its analogues (c.f.
Figure 1.4.1.2)®, and if applied here could potentially separate the nodes sufficiently to generate guest-accessible
pores. Linker units with other topologies are also possible (e.g. tripodal pyridyl ligands), which could generate
alternative topologies (Figure 6.4.2).

Non-pyridyl ligands also represent an interesting alternative. We know that O-donor ligands can coordinate
to the {Mns} node, including water and methanol ligands.** These should display different binding strengths
compared to the N-donor pyridyl ligands, which could offer an avenue towards fine-tuning the disassembly-
reassembly behaviour.

Additionally, functionality could be introduced at the linker unit. For example, fluorescent linker units could
be employed (e.g. substituted naphthalenes or coumarins, which are employed elsewhere as fluorescent sensors).

If possible, this offers an interesting and simple avenue towards introducing functionality to the system.
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Figure 6.4.2 — Polytopic linker units that could potentially generate new structures along with the {Mns} node.
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Additionally, many promising anions could be incorporated into the pores of the MOF-structures. Chlorides
and bromides have been incorporated so far, indicating that substitution might be possible, but it is still unclear
how far the system could be modified.

Simple anions such as hexafluorophosphate or hexafluorosilicate are ideal candidates for initial study of
anion exchange behaviour (Figure 6.4.3). These are both relatively hydrophobic and possess octahedral
symmetry, which should in principle complement the hydrophobic, cubic pores of the three dimensional
frameworks. Additionally, these anions have relatively poor ligand character, and so would be unlikely to interfere
with ligand binding interactions. In principle, these anions could be incorporated into the structures by simple
ligand exchange procedures (e.g. soaking the framework in a near-saturated solution of the target anion).

As hexafluorosilicate is dianionic, it would represent an interesting comparison to the monoanionic
hexafluorophosphate. Assuming no significant changes to the structure occur, incorporation of dianions should
leave every other pore unoccupied due to charge balance considerations, potentially opening up more accessible

pore volume to guest molecules.

- 2_
F F
F | F
/|\F /l\F
F F
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Figure 6.4.3 — Simple anions that could potentially be incorporated into the system.

In principle, increasingly large anions could be incorporated in order to increase accessible void volume,
although this strategy could run into steric problems as the anions increase in size. Increasingly large anions may

require increasingly long linker ligands in order to accommodate their size.
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Moreover, much more exotic ions could be incorporated into the system. For example, photoactive or
luminescent species could introduce interesting functionality to the frameworks. However, we are particularly
interested in incorporating catalytically active anions into the system. Many examples of catalytically active POM
species could be introduced to the system (c.f. Section 1.2.2).

The end goal of incorporating catalytic entities into the MOF would be to exploit the disassembly-reassembly
behaviour to controllably shift the catalytically active species between homogenous and heterogeneous states.
The catalyst could be stored in its host matrix until desired, released into solution upon disassembly, used to
perform some homogenous catalytic transformation, and then trapped back into the heterogeneous state and easily

removed from the system (Figure 6.4.4).
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Figure 6.4.4 — Hypothetical end goal of incorporating catalytically active anions into the MOF structure. The
catalyst could be released into solution to perform the reaction, then sequestered into the solid MOF structure when
the reaction is complete.

This disassembly-reassembly catalytic cycle is the end goal of this avenue of research. In order to achieve
this goal, several conditions must be met - the catalyst must be resilient towards the disassembly conditions, while
the framework components (the {Mns} nodes and linker ligands) must be resilient towards the catalytic conditions.
We are currently in the process of identifying suitable candidate catalysts, substrates and conditions for this

hypothetical application, and hope to make progress towards realising this goal in the near future.
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7.1) Methods and Materials

Reagents

All chemicals were of reagent grade and were purchased from Sigma-Aldrich, Alfa Aesar or Acros Organics,
and were used as received without further purification. Solvents were supplied by in-house solvent suppliers, and
were used as received without further purification. Methanol was of technical grade quality and acetonitrile was

of HPLC quality, except where otherwise noted. Water was deionised before use, except where otherwise noted.

Mass Spectrometry

MS samples were prepared using either HPLC grade methanol or HPLC grade acetonitrile. Samples for
analysis were added to the solvent (c. 0.5 mg/ml) and sonicated for c. 15 minutes before being passed through a
Teflon filter (pore size c. 200 xm) to remove any solid particles. Samples were then analysed by either Dr. Martin
Feeney or Dr. Gary Hessman.

MALDI spectra were acquired using a Waters Maldi Q-Tof Premier in negative mode using DCTB (trans-2-
[3-4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) as a MALDI matrix. The laser operated at 337
nm. The instrument was calibrated using PEG and the internal lock mass used was [Glu] Fibrinopetide B.
MassLynx 4.1 software and mMass software were used to carry out the analysis.

ESI mass spectra were acquired using a Micromass time of flight mass spectrometer (tof), interfaced to a
Waters 2690 HPLC. The instrument was operated in positive or negative mode as required. Leucine Enkephalin
was used as an internal lock mass. Masses were recorded over the range 100-1000 m/z. The bath gas was nitrogen.
MassLynx 4.0 software and mMass software were used to carry out the analysis.

For ESI-MS analyses, the following operating conditions were used: ESI capillary voltage 2500V, cone
voltage 25V, desolvation temperature 300°C, source temperature 100°C. For CV variation experiments, all other

parameters were held constant, and the cone voltage varied to 10 V, 30 V, 50 V and 75 V.

Single Crystal XRD

Single crystal X-ray Diffraction data were collected by Dr. Brendan Twamley, Dr. Tom McCabe, Dr. Amal
Cherian Kathalikkattil, Dr. Lauren Macreadie, Friedrich Steuber or Paul Wix.

Analyses were performed using a Bruker APEX2 Duo diffractometer equipped with a Mo-Ka source (A =
0.71073 A) and a Cu-Ka source (A= 1.5418 A). Data was gathered using a Bruker SMART APEX2 area detector.
Structures were solved using Bruker APEX v2011.8-0 software and refined using OLEX 2 software. H positions
were calculated using a riding model. Where appropriate, the SQUEEZE routine was used to model disordered

solvent molecules.
Powder XRD

Powder diffraction data was gathered using a Bruker D2 Phaser using a low-background silicon sample

holder. Data were gathered between 20 =5 © and 26 = 55 °, with the sample rotating at 1 rotation per minute.
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Infrared Spectroscopy (IR)
Infrared data in the 4000-650 cm™ region were obtained using a PerkinElmer Spectrum One FT-IR
spectrometer with a universal Attenuated Total Reflectance (ATR) sampling accessory. The following symbols

were used to describe the spectra: w weak, m medium, s strong, sh shoulder, b broad.

Thermogravimetric Analyses (TGA)
Thermogravimetric analyses were performed using a Perkin Elmer Pyriss 1 TGA instrument that had been
previously calibrated using nickel and iron standards. Approximately 5 mg of the samples were heated in a

ceramic crucible under a nitrogen atmosphere, from room temperature to c. 800° C, at a rate of 10° C/min.

CHN Elemental Analyses
Elemental analyses were performed by the Microanalysis Lab of the School of Chemistry and Chemical

Biology in University College Dublin using an Exeter Analytical CE 440 instrument.

UV-Vis Absorption Spectroscopy
UV-Vis absorption spectra were recorded using a Lambda 35 spectrometer from Perkin Elmer using a pair
of matched Quartz cuvettes (path length 20mm) at room temperature. Analysis was performed using UVWinlab

software. Samples were c¢. 30 uM in acetonitrile.

Photoluminescence Spectroscopy
Luminescence spectra were recorded using a FluoroMax-4 spectrofluorometer using a Quartz cuvette (cell
length 10mm) at room temperature. Analysis was performed using FluorEssence v 3.5 software. Samples were

c. 30 uM in acetonitrile.

Magnetic Susceptibility Measurements

Magnetic susceptibility measurements were performed by Dr. Munuswamy Venkatesan usinga 5 T MPMS
SQUID from Quantum Design. Temperature dependence of magnetization was measured in temperature range 2-
300 K in an applied magnetic field of 0.1 T.

Water Oxidation Measurements

Water oxidation measurements were performed by Dr. Amal Cherian Kathalikkattil and Rory Elliott a
needle-mounted Clarke electrode from Unisense (OX-NP-7041) and a blue LED LED (A = 470, incident power
estimated as 9.6 mW/cm).

Gas Sorption Analyses

Nitrogen gas sorption analyses were performed by Debobroto Sensharma using a Quantachrome Autosorb-
iQ. The temperature was maintained at 77 K using a liquid nitrogen bath. The samples were activated at 80 °C for
eight hours under secondary vacuum prior to the measurements and the mass of the samples was measured after

the activation. The N, and He gas cylinders in CP grade were obtained from BOC Gases Ireland.
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7.2) Synthesis

T

PO,

Organic Ligands
Adamantylphosphonic acid (AdPO3Hz)

Adamantylphosphonic acid was prepared by a modification of literature procedure for other tertiary
phosphonic acids.! Solid 1-bromoadamantane (5.4 g, 25 mmol) and aluminium trichloride (3.33 g, 25 mmol)
were combined at 0 °C, followed by slow addition of excess phosphorus trichloride (10 ml) at 0 °C. After standing
at room temperature overnight, the solid was dispersed in chloroform (100 ml) and poured over a mixture of ice
(100 g) and hydrochloric acid (35 %, 50 ml) and stirred vigorously for c. 15 minutes, adding more ice as required.
The chloroform layer was allowed to separate, and the aqueous layer extracted again with chloroform. The
combined chloroform solutions were dried using MgSQO4 and evaporated under reduced pressure. Without further
purification, the resulting solid was added to a concentrated aqueous KOH (50 ml) solution at 0 °C before refluxing
overnight. The solution was subsequently neutralised with ice-cold HCI at 0 °C, resulting in a white precipitate
that was washed with copious amounts of water and dried under vacuum. Yield: 3.5 g, 65 %. NMR: 64 (CDCl3)
1.8 (6H, d), 1.7 (3H, m), 1.6 (6H, d).
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Metal Complexes

Lindqgvist Hexamolybdate [TBA]2[M06O1s]

The Lindqvist Hexamolybdate species [TBA]:[MosO19] was prepared by literature procedure.? Sodium
molybdate (2.5 g, 10.3 mmol) was dissolved in 10 ml of water and acidified drop-wise with hydrochloric acid (35
%, 1.75 ml). A solution of TBA bromide (1.2 g, 3.75 mmol in 2 ml water) was added, producing a white
precipitate. The slurry was refluxed overnight, turning yellow. The yellow solid was filtered off and washed with
water and diethyl ether before air-drying for one hour. The solid was then recrystallized from boiling acetone (c.
100 ml) by cooling overnight at -20 °C. The large yellow crystals were isolated by filtration, washed with diethyl
ether and air dried. Yield: 1.62 g, 69.1%. FT-IR vmax (cm™): 2962 (w), 2873 (w), 1468 (m), 951 (Mo=0) (s), 789
(Mo-O bridging) (s).

Strandberg Ring Structures (Chapter 2):

[TBA]2[M0s019] (0.137 g, 0.1 mmol), tert-butylphosphonic acid (0.067 g, 0.5 mmol) and either piperazine
(2) or trimethylenedipyridine (2) (0.5 mmol) were combined in methanol (25 ml) and stirred at room temperature.
The yellow crystals of [TBA]2[M0sO1¢] gradually disappeared along with the concomitant production of a white
precipitate over the course of one hour. The white solid was isolated by filtration, washed with hot acetonitrile
and diethyl ether and left to air dry.

[pip-H2]2[M05015(tBUPO3)2]*2(MeOH), 1°2(MeOH):

Yield: 0.085 g, 58.0% based on Mo. FT-IR (ATR) vmax (cm™): 3400 (w, b), 2970 (w, b), 2732 (w, b), 2441
(w, b), 1602 (m), 1456 (m), 1397 (w), 1317 (w), 1205 (w), 1087 (P-O) (m), 1032 (P-O) (m), 976 (P-O) (m), 919
(Mo=0) (sh), 892 (M0=0) (s), 654 (Mo-O) (s).

[TDP-H2]2[M0sO15(tBuPOs3)2]*0.6(MeOH), 2¢0.6(MeOH)

Yield: 0.080 g, 47.3% based on Mo. FT-IR (ATR) vmax (cm™): 3463 (w, b), 3067 (w), 2860 (w), 1636 (m),
1503 (m), 1393 (w), 1361 (w), 1207 (w), 1102 (P-O) (m), 1034 (P-O) (m), 973 (P-O) (m), 906 (Mo=0) (sh), 894
(Mo=0) (s), 657 (Mo-0) (s).
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Copper-Molybdate Structures (Chapter 3):

[TBA]2[M0sO19] (0.137 g, 0.1 mmol), tert-butylphosphonic acid (0.067 g, 0.5 mmol), copper (Il) acetate
monohydrate (0.100 g, 0.5 mmol) and tetrabutylammonium bromide (0.322 g, 1 mmol) were combined in
methanol (25 ml). Pyridine (80 xl, 1 mmol) was added. The solution was stirred at room temperature for four
hours. The blue-green solution was filtered and left to evaporate slowly. Pale blue, plate-like crystals of
3+2(MeOH)*(H20) and large, green, block-like crystals of 4¢6(MeOH) formed from the same solution over the
course of one week. The crystals were separated manually based on appearance before being washed with diethyl
ether and air dried.

[TBA]2[M0V'sCu''4016(OH)2(tBuPO3)4(py)2(CH30)4(H20)]+2(MeOH)*(H20), 3*2(MeOH)*(H20)

Yield: 0.098 g, 31.0% based on Cu. FT-IR (ATR) vmax (cm™): 3570 (vw), 2967 (w) (C-H), 2879 (w) (C-H),
1613 (vw), 1486 (w), 1480 (w), 1069 (P-O) (m), 1023 (P-O) (m), 977 (m) (P-O), 934 (m) (Mo=0), 932 (m)
(Mo=0), 778 (m) (M0-O). CHN Analysis for MogCusPs033N4CesH144; Expected C% 30.23, H% 5.71, N% 2.20;
Found C% 29.12, H% 5.20, N% 1.89. MALDI-MS for MogCuP4035C23He3 calculated m/z 1886.49, observed m/z
1886.35

[TBA]2[MoV!7CuV!7019(OH)(CH30)7(tBUPQO3)s(py)2]*6(MeOH), 4¢6(MeOH)

Yield: 0.143 g, 41.5% based on Cu. FT-IR (ATR) vmax (cm™): 2967 (w) (C-H), 2879 (w) (C-H), 1610 (w),
1452 (w), 1082 (m) (P-0O), 1000 (m) (P-O), 975 (m) (P-0O), 905 (s) (M0=0), 742 (m) (Mo-0). CHN Analysis for
Mo7Cu7PsOs3N4CrsH1s2; Expected C% 28.06, H% 5.05, N% 1.68; Found C% 28.06, H% 4.82, N% 1.70.

304



Chapter 7 — Experimental Details

Cobalt-Molybdate Structures (Chapter 4)

Method A: [TBA]2[MogO19] (0.137 g, 0.1 mmol), the appropriate cobalt (I1) carboxylate salt (0.5 mmol),
tert-butylphosphonic acid or 1-adamantlyphosphonic acid (0.5 mmol) and tetrabutylammonium bromide (0.322
g, 1 mmol) were combined in acetonitrile (25 ml). Pyridine or picoline (1 mmol) was added. The solution was
stirred at room temperature for four hours. The (generally purple) solution was filtered and left to evaporate
slowly until crystalline material formed. The crystals were isolated by filtration, washed with diethyl ether and
air dried.

Method B: [TBA]2[M0eO1g] (0.068 g, 0.05 mmol), cobalt (II) nitrate (0.072 g, 0.25 mmol), tert-
butylphosphonic acid or 1-adamantlyphosphonic acid (0.5 mmol), the appropriate carboxylic acid (0.5 mmol) and
tetrabutylammonium bromide (0.161 g, 0.5 mmol) were combined in acetonitrile (25 ml). Pyridine (40 ul, 0.5
mmol) was added. The solution was stirred at room temperature for four hours. The (generally purple) solution
was filtered and left to evaporate slowly until crystalline material formed. The crystals were isolated by filtration,
washed with diethyl ether and air dried.

[TBA]2[M0V'10C0"6012(l-O)14(Hz-O)a(tBUPO3)s(MeCOO)2(py)2(H20)s]*3(MeCN), 5¢3(MeCN)

Method A. Yield: 0.152 g, 68.8% based on Mo. FT-IR (ATR) vmax (cm™): 3460 (W), 3425 (w), 3147 (b),
2964 (w) (C-H), 2873 (w) (C-H), 1644 (w), 1600 (w), 1568 (vsym) (M), 1479 (m), 1445 (m), 1417 (sh) (vasym) (A
= 151), 1396 (w), 1097 (s) (P-0), 975 (s) (P-O), 956 (s) (P-0O), 891 (s) (M0=0), 771 (s), 699 (s) (Mo-O). CHN
Analysis for M010C0sPsOssNsCs1H16s; Expected C% 26.42, H% 4.60, N% 3.04; Found C% 26.45, H% 4.35, N%
2.85. UV-Vis Amax/nm (emax/M™* cm™): 560 (341). MALDI-MS for Mo1oC0sPsOs3N1CasHos (loss of 1 TBA, 2 py,
5 H,0) calculated m/z 2900.00, observed m/z 2900.01.

[TBA]2[M0V'10C0"6012(l-O)14(Hz-O)a(tBUPO3)s(MeCOO)2(pic)a(H20)s] *4.4(MeCN), 624.4(MeCN)

Method A. Yield 0.096 g, 51.7% based on Mo. FT-IR (ATR) vmax (cm™): 3469 (w), 3432 (w), 3171 (b), 2964
(w) (C-H), 2874 (w) (C-H), 1639 (w), 1602 (m), 1562 (vsym) (M), 1486 (M), 1446 (m), 1383 (W) (vasym) (A =179),
1098 (s) (P-0), 968 (s) (P-O), 948 (s) (P-0), 886 (s) (Mo=0), 850 (s), 823 (s), 765 (s), 699 (s) (Mo-O). MALDI-
MS for Mo10C06PsOs3N1CasHog (loss of 1 TBA, 4 pic, 5 H,0) calculated m/z 2900.00, observed m/z 2900.01.

[TBA]2[M0V'10C0"6012(-O)14(Hz-O)a(tBUPO3)s(PhCO0)2(py)2(H20)6], 7

Method A. Yield: 0.120 g, 55.5% based on Mo. FT-IR (ATR) vmax (cm™): 3487 (w), 3441 (w), 3240 (b),
2970 (w) (C-H), 2869 (w) (C-H), 1738 (m), 1602 (m), 1564 (vsym) (M), 1538 (m), 1479 (m), 1405 (M) (vasym) (A
=159), 1215 (w), 1096 (s) (P-0), 973 (s) (P-O), 938 (s) (P-0), 890 (s) (M0=0), 768 (s), 707 (s) (M0-O). MALDI-
MS for Mo1oC0sPsO52N1CssH100 (l0ss of 1 TBA, 2 py, 6 H20) calculated m/z 3094.02, observed m/z 3094.16.

[TBA]2[M0V'10C0"6012(-O)14(Hs-O)a(tBuPO3)s(BzCOO)2(py)2(H20)s] *3.5(MeCN), 8+3.5(MeCN)

Method B. Yield: 0.045 g, 39.7% based on Mo. FT-IR (ATR) vmax (cm™): 3469 (w), 3432 (w), 3171 (b),
2964 (w) (C-H), 2874 (w) (C-H), 1639 (w), 1602 (m), 1560 (vsym) (M), 1478 (M), 1396 (M) (vasym) (A = 164), 1293
(w), 1096 (s) (P-O), 975 (s) (P-0), 953 (s) (P-0), 891 (s) (Mo=0), 850 (s), 823 (s), 770 (s), 700 (s) (Mo-O). CHN
Analysis for Mo1gC0osPsOssN4Cg2H162; Expected C% 27.12, H% 4.49, N% 1.54; Found C% 27.04, H% 4.41, N%
1.26. MALDI-MS for M019C06PsOs2N1CsH104 (loss of 1 TBA, 2 py, 6 H,0) calculated m/z 3122.05, observed
m/z 3122.05.

[TBA]2[M0Y'10C0"6012(-O)14(3-O)a(tBuPO3)s(AdCOO)2(py)2(H20)s], 9

Method B. Yield 0.034 g, 40.3% based on Mo. FT-IR (ATR) vmax (cm™): 3478 (w), 3155 (b), 2903 (w) (C-
H), 1640 (w), 1602 (m), 1535 (vsym) (M), 1479 (m), 1445 (m), 1395 (sh) (vasym) (A = 140), 1312 (w), 1097 (s) (P-
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0), 973 (s) (P-0), 947 (s) (P-0), 912 (s), 890 (s) (M0=0), 850 (s), 826 (s), 770 (s), 699 (s) (M0-0O). CHN Analysis
for M010C06PsOssN4CgsH17s; Expected C% 28.41, H% 4.82, N% 1.50; Found C% 28.72, H% 4.71, N% 1.39.
MALDI-MS for M01gC06PsOs0CssHeg (10ss of 2 TBA, 1 AdCOOQ, 2 py, 6 H,0) calculated m/z 2790.79, observed
m/z 2790.82.

[TBA]2[M0Y'10C0"6012(-O)14(H3-0)a(AdPO3)s(MeCOO)2(py)2(H20)6]#9.5(MeCN), 10#9.5(MeCN)

Method A. Yield 0.032 g, 17.3% based on Mo. FT-IR (ATR) vmax (cm™): 3189 (b), 2903 (w) (C-H), 2850
(W) (C-H), 1604 (m), 1562 (vsym) (M), 1486 (M), 1446 (m), 1383 (W) (vasym) (A =179), 1098 (s) (P-O), 968 (s) (P-
0), 948 (s) (P-O), 886 (s) (Mo=0), 850 (s), 823 (s), 765 (s), 699 (s) (Mo-O). CHN Analysis for
Mo010C06P605sN4Cro6H196; Expected C% 32.25, H% 4.85, N% 1.42; Found C% 28.94, H% 4.09, N% 0.92.
MALDI-MS for Mo1oC0sPsOssN1CgoHa40 (l0ss of 1 TBA, 2 py, 2 H,0) calculated m/z 3511.32, observed m/z
3511.34.

[TBA]2[M0V'10C0"6012(-O)14(H3-0)a(AdPO3)s(PhCOO)2(py)2(H20)s]*2(MeCN), 112(MeCN)

Method A. Yield 0.024 g, 9.6% based on Mo. FT-IR (ATR) vmax (cm™): 3456 (w), 3167 (b), 2903 (w) (C-
H), 2850 (W) (C-H), 1640 (W), 1601 (m), 1535 (veym) (M), 1484 (m), 1446 (M), 1407 (M) (vasym) (A = 128), 1097
(s) (P-0), 970 (s) (P-0), 952 (s) (P-0), 887 (s) (M0=0), 827 (s), 768 (s), 697 (s) (Mo-O). CHN Analysis for
Mo010C06P605sN4C116H194; Expected C% 34.22, H% 4.80, N% 1.37; Found C% 33.87, H% 4.68, N% 1.64.
MALDI-MS for M01gC0sPsOssN1CooH144 (loss of 1 TBA, 2 py, 2 H,0) calculated m/z 3634.35, observed m/z
3634.43.

[TBA]2[M0V'10C0"6012(-O)14(Hs-O)a(AdP O3)s(BzCOO)2(py)3(H20)s]*5(MeCN), 12¢5(MeCN)

Method B. Yield 0.027 g, 20.5% based on Mo. FT-IR (ATR) vmax (cm™): 3431 (w), 3167 (b), 2903 (w) (C-
H), 2850 (w) (C-H), 1567 (vsym) (M), 1485 (m), 1446 (m), 1407 (M) (vasym) (A = 160), 1098 (s) (P-O), 978 (s) (P-
0), 950 (s) (P-O), 888 (s) (Mo=0), 851 (s), 824 (s), 771 (s), 701 (s) (Mo-O). CHN Analysis for
Mo010C06P605sN4Cr18H198; Expected C% 34.60, H% 4.87, N% 1.36; Found C% 32.97, H% 4.62, N% 1.12.
MALDI-MS for M01gC0sPsOs2N1Co2H140 (loss of 1 TBA, 2 py, 5 H,0) calculated m/z 3591.34, observed m/z
3591.37.

[TBA]2[M0V'10C0"6012(l-O)14(3-O)a(AdPO3)s(AdCOO)2(py)2(H20)s]*6(MeCN), 13+6(MeCN)

Method B. Yield 0.031 g, 23.3% based on Mo. FT-IR (ATR) vmax (cm™): 3181 (b), 2903 (w) (C-H), 1602
(W), 1534 (vsym) (M), 1480 (M), 1446 (m), 1421 (M) (vasym) (A = 113), 1097 (s) (P-0), 973 (s) (P-0), 947 (s) (P-
0), 890 (s) (Mo=0), 851 (s), 829 (s), 771 (s), 699 (s) (Mo-O). CHN Analysis for M010C0sPsOssN4C124H214;
Expected C% 35.56, H% 5.15, N% 1.33; Found C% 31.89, H% 4.41, N% 1.62. MALDI-MS for
M010C06Ps052N1CosHis6 (10ss of 1 TBA, 2 py, 6 H,0) calculated m/z 3678.48, observed m/z 3678.47.

[TBA]2[M0Y'10C0'"6012(-O)14(p3-O)a(tBuPO3)s(BrPhCO0)2(py)2(H20)s]*(MeCN), 14¢(MeCN)

Method B. Yield 0.056 g, 51.5% based on Mo. FT-IR (ATR) vmax (cm™): 3435 (w), 3169 (b), 2964 (w) (C-
H), 2873 (w) (C-H), 1587 (w), 1542 (veym) (M), 1477 (m), 1446 (m), 1407 (M) (vasym) (A = 135), 1097 (s) (P-O),
975 (s) (P-0), 952 (s) (P-O), 888 (s) (Mo=0), 850 (s), 824 (s), 769 (s), 702 (s) (Mo-O). CHN Analysis for
Mo10C0sPs0ssN4CgoH156Brr2; Expected C% 25.54, H% 4.18, N% 1.48; Found C% 25.59, H% 4.01, N% 1.11.
MALDI-MS for M019Co6PsOs2N1Cs4HgsBr2 (loss of 1 TBA, 2 py, 6 H,0) calculated m/z 3251.84, observed m/z
3251.60.
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[TBA]2[M0V'10C0"6012(l-O)14(Uz-O)a(tBUPO3)s(Br2PhCO0)2(py)2(H20)s]*2.5(MeCN), 15¢2.5(MeCN)

Method B. Yield 0.069 g, 57.2% based on Mo. FT-IR (ATR) vmax (cm™): 3432 (w), 3160 (b), 2965 (w) (C-
H), 2874 (w) (C-H), 1585 (w), 1544 (vsym) (M), 1478 (m), 1446 (m), 1432 (m), 1396 (M) (vasym) (A = 148), 1376
(m), 1098 (s) (P-O), 976 (s) (P-O), 953 (s) (P-0O), 888 (s) (M0=0), 846 (s), 821 (s), 769 (s), 705 (s) (Mo-O). CHN
Analysis for M010C0sPsO0ssNg5CesH161.5Brs; Expected C% 25.38, H% 4.04, N% 2.26; Found C% 25.53, H% 4.08,
N% 1.28. MALDI-MS for Mo1oC06PsO52N1Cs4HgsBra (loss of 1 TBA, 2 py, 6 H,0) calculated m/z 3410.66,
observed m/z 3410.47.

[TBA]2[M0V'10C0"6012(l-O)14(Uz-O)a(tBUPO3)s(NO2PhCOO)2(py)s(H20)6], 16

Method B. Yield 0.043 g, 37.2% based on Mo. FT-IR (ATR) vmax (cm™): 3416 (w), 3257 (b), 2961 (w) (C-
H), 2871(w) (C-H), 1571 (m), 1529 (veym) (M), 1479 (m), 1445 (m), 1411 (m), 1347 (M) (vasym) (A = 182), 1087
(s) (P-0), 977 (s) (P-0O), 943 (s) (P-0), 898 (s) (M0=0), 854 (s), 816 (s), 790 (s), 757 (S), 702 (s) (M0-0O). Analysis
for M010C0sPs0s2NsCooH16s; Expected C% 28.07, H% 4.34, N% 2.90; Found C% 27.76, H% 4.29, N% 2.69.
MALDI-MS for M010C0sPsOs6N3CssHos (loss of 1 TBA, 4 py, 6 H,0) calculated m/z 3251.84, observed m/z
3251.60.

[TBA]2[M0oV'10Co'"6012(l-O)14(l3-0)a(tBUPO3)s(NH2PhCOO)2(py)2(H20)s], 17

Method B. Yield 0.062 g, 56.9% based on Mo. FT-IR (ATR) vmax (cm™): 3439 (w), 3190 (b), 2906 (w) (C-
H), 1698 (m), 1591 (m), 1551 (m) (vsym), 1478 (M), 1447 (m), 1409 (M), (vasym) (A = 133), 1276 (m), 1098 (s) (P-
0), 975 (s) (P-0), 951 (s) (P-0), 891 (s) (M0=0), 877 (s), 800 (s), 772 (s), 708 (s) (M0-0O).

[TBA]2[M0oV'10C0'"s012(l-O)14(l3-O)a(tBUP O3)s(CHOPhCOO)2(py)2(H20)¢], 18

Method B. Yield 0.024 g, 21.9% based on Mo. FT-IR (ATR) vmax (cm™): 3437 (w), 3170 (b), 2968 (w) (C-
H), 2871 (w) (C-H), 1677 (w), 1603(w), 1548 (M) (vsym), 1479 (M), 1448 (m), 1409 (M), (vasym) (A = 139), 1201
(m), 1095 (s) (P-O), 978 (s) (P-0), 949 (s) (P-0), 890 (s) (Mo=0), 770 (s), 697 (s) (M0-0O).

[TBA]2[M0V'10C0"'6012(p-O)14(Hs-O)a(tBUPO3)s(vanCOO)2(py)a(H20)6]6(MeCN), 19¢6(MeCN)

Method B. Yield 0.055g, 47.3% based on Mo. FT-IR (ATR) vma (cm™): 3416 (w), 3257 (b), 2961 (w) (C-
H), 2871(w) (C-H), 1571 (m), 1529 (vsym) (M), 1479 (m), 1445 (m), 1411 (m), 1347 (M) (vasym) (A = 182), 1087
(s) (P-0), 977 (s) (P-O), 943 (s) (P-0O), 898 (s) (M0=0), 854 (s), 816 (s), 790 (s), 757 (s), 702 (s) (M0-0O).

[TBA]2[M0V'10C0'"6012(-O)14(p3-O)a(tBUPO3)s(NapCOO)2(py)2(H20)s]2(MeCN), 20¢2(MeCN)

Method B. Yield 0.044 g, 38.1% based on Mo. FT-IR (ATR) vmax (cm™): 3437 (w), 3170 (b), 2968 (w) (C-
H), 2871 (w) (C-H), 1677 (w), 1603(w), 1548 (M) (vsym), 1479 (M), 1448 (m), 1409 (M), (vasym) (A = 139), 1201
(m), 1095 (s) (P-O), 978 (s) (P-O), 949 (s) (P-0), 890 (s) (Mo=0), 770 (s), 697 (s) (Mo-O). CHN Analysis for
Mo010C06P605sN4CssHa62; Expected C% 28.54, H% 4.41, N% 1.51; Found C% 28.22, H% 4.38, N% 1.27. UV-Vis
Amax/nm (Ema/M™ cmt): 560 (340). MALDI-MS for Mo10C0sPsOs2N1Cs2H104 (l0ss of 1 TBA, 2 py, 6 H,0)
calculated m/z 3193.05, observed m/z 3193.10.

[TBA]2[M0V'10C0"6012(-O)14(H3-O)a(tBUPO3)s(pyrCO0O)2(py)2(H20)s]*3.5(MeCN), 2123.5(MeCN)

Method B. Yield 0.035 g, 29.2% based on Mo. FT-IR (ATR) vmax (cm™): 3432 (w), 3174 (b), 2962 (w) (C-
H), 2873 (w) (C-H), 1640 (w), 1602(w), 1585 (m), 1559 (M) (vsym), 1531 (M), 1476 (m), 1445 (m), 1412 (m),
(vVasym) (A = 147), 1403 (m), 1363 (w), 1318 (w), 1099 (s) (P-O), 974 (s) (P-O), 947 (s) (P-0O), 890 (s) (M0=0),
850 (s), 820 (s), 767 (s), 699 (S) (Mo-O). CHN Analysis for Mo10C0sPsOssN4CgooH166; Expected C% 31.19, H%
4.34, N% 1.45, Found C% 29.98, H% 4.29, N% 1.17. UV-Vis Amax/nm (emax/M™? cm™): 350 (4.0x10%), 380
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(1.0x10%), 560 (340). MALDI-MS for M010C0sPsOs,N1C7sH10s (loss of 1 TBA, 2 py, 6 H0) calculated m/z
3343.09, observed m/z 3343.13.

[TBA]2[M0oY'10C0'"6012(l-O)14(p3-0)a(tBuP O3)s(anthCOO)2(py)2(H20)s]*6(MeCN), 22+6(MeCN)

Method B. Yield 0.032 g, 26.3% based on Mo. FT-IR (ATR) vmax (cm™): 3463 (w), 3150 (b), 2963 (w) (C-
H), 2874 (w) (C-H), 1601 (w), 1548 (m) (vsym), 1476 (m), 1445 (m), 1423 (m), 1392 (M) (vasym) (A = 156), 1316
(w), 1276 (w), 1098 (s) (P-O), 974 (s) (P-O), 948 (s) (P-O), 890 (s) (M0o=0), 848 (s), 822 (s), 758 (s), 700 ()
(Mo-0). CHN Analysis for Mo1gC0sPsO0ssN4CesH166; Expected C% 30.31, H% 4.39, N% 1.47, Found C% 30.23,
H% 4.30, N% 1.16. UV-Vis Amax/nm (gma/M™* cm?): 350 (2.7x10%), 370 (3.4x10%), 385 (2.8 x10%), 560 (340).
MALDI-MS for Mo1oC06PsO52N1C7oH10s (Ioss of 1 TBA, 2 py, 6 H.0) calculated m/z 3294.08, observed m/z
3293.96.

[TBA]2[M0V'10C0"6012(l-O)14(Hs-O)a(tBuPO3)s(fluoCO0)2(py)2(H20)6]*4(MeCN), 23+4(MeCN)

Method B. Yield 0.034 g, 28.8% based on Mo. FT-IR (ATR) vmax (cm™): 3437 (w), 3170 (b), 2968 (w) (C-
H), 2871 (W) (C-H), 1677 (w), 1603(w), 1548 (M) (veym), 1479 (m), 1448 (m), 1409 (M), (vasym) (A = 139), 1201
(m), 1095 (s) (P-0), 978 (s) (P-0O), 949 (s) (P-O), 890 (s) (M0=0), 770 (s), 697 (s) (Mo-O). CHN Analysis for
Mo010C06P0ssN4CgsH164; Expected C% 29.89, H% 4.37, N% 1.48, Found C% 29.82, H% 4.32, N% 1.20. UV-
Vis Amax/nm (emax/M™2 cm?) 1 300 (3.3x10%), 560 (340). MALDI-MS for Mo1oC0sPsOs2N1C72H106 (I0ss of 1 TBA,
2 py, 6 H20) calculated m/z 3272.09, observed m/z 3272.55.

[TBA]2[M0V'10C0"'6012(-O)14(Hs-O)a(tBUPO3)s(az0CO0O)2(py)2(H20)s]*1(MeCN), 24¢1(MeCN)

Method B. Yield 0.029 g, 24.8% based on Mo. FT-IR (ATR) vmax (cm™): 3431 (w), 3162 (b), 2965 (w) (C-
H), 2874 (W) (C-H), 1639 (w), 1593(W), 1541 (M) (vsym), 1478 (M), 1446 (m), 1408 (M), (vasym) (A = 133), 1201
(m), 1095 (s) (P-0), 978 (s) (P-0), 949 (s) (P-O), 890 (s) (M0=0), 770 (s), 697 (s) (Mo-O). CHN Analysis for
Mo010C06P0ssNsCorH166; Expected C% 28.99, H% 4.39, N% 2.94, Found C% 28.27, H% 4.31, N% 2.83.
MALDI-MS for Mo01oC0sPsOs2NsCssH10s (Ioss of 1 TBA, 2 py, 6 H,0) calculated m/z 3303.10, observed m/z
3303.16.

[TBA]2[M0V'10C0"6012(-O)14(Hs-O)a(tBUPO3)s(PDA) (py)2(H20)6]7.5(MeCN), 25¢7.5(MeCN)

Method B. Yield 0.022 g, 19.0% based on Mo. FT-IR (ATR) vmax (cm™): 3435 (w), 3159 (b), 2964 (w) (C-
H), 2872 (w) (C-H), 1566 (M) (vsym), 1477 (M), 1446 (m), 1401 (M) (vasym) (A = 165), 1096 (s) (P-O), 974 (s) (P-
0), 949 (s) (P-O), 890 (s) (Mo=0), 853 (s), 825 (s), 769 (s), 700 (s) (Mo-O). CHN Analysis for
Mo010C06P60ssNsCs2H166; Expected C% 25.69, H% 4.42, N% 1.57, Found C% 25.46, H% 4.30, N% 1.28.
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Manganese-Molybdate Structures (Chapter 5):

[TBA]2[M0V'10Mn!"'6012(p1-0)14(Us-O)a(tBUPO3)s(MeCOO)2(py)a(H20)s]*6 (MeCN), 26°6(MeCN)

[TBA]2[M0sO1s] (0.137 g, 0.1 mmol), manganese (Ill) acetylacetonate (0.175 g, 0.5 mmol), tert-
butylphosphonic acid (0.068 g, 0.5 mmol) and tetrabutylammonium bromide (0.322 g, 1 mmol) were combined
in acetonitrile (25 ml). Pyridine (80 pL, 1 mmol) was added. The solution was stirred at room temperature for
four hours. The dark brown-red solution was filtered and left to evaporate slowly. Orange crystals formed over
the course of one week with decolourisation of the solution. The crystals were isolated by filtration, washed with
diethyl ether and air dried. Yield 0.136 g, 58.7% based on Mo. FT-IR (ATR) vmax (cm™): 3442 (w), 3262 (b),
2964 (w) (C-H), 2872 (w) (C-H), 1635 (w), 1597 (w), 1565 (m) (vsym), 1478 (m), 1443 (m), 1400 (M) (vasym) (A =
165), 1101 (s) (P-0), 972 (s) (P-0O), 947 (s) (P-O), 893 (s) (M0=0), 848 (s), 796 (s), 767 (s), 701 (s) (Mo-0O).
CHN Analysis for Mo1oMngPsOssN4CroH1s4; Expected C% 24.33, H% 4.49, N% 1.62, Found C% 24.32, H% 4.55,
N% 1.62. MALDI-MS for Mo10MnsPsOs3N1CasHgg (loss of 1 TBA, 4 py, 5 H,0) calculated m/z 2964.08, observed
m/z 2964.00.

[TBA]2[M0oV'10Mn'"s012(1-O)14(3-0)4(tBUP O3)s(MeCO0)2(MeOH)4(H20)s]*5(MeOH), 27+5(MeOH)

The procedure for 26+6(MeCN) was repeated using methanol in place of acetonitrile. Yield 0.105 g, 48.8%
based on Mo. FT-IR (ATR) vmax (cm™): 3440 (w), 3266 (b), 2966 (w) (C-H), 2873 (w) (C-H), 1630 (w), 1568
(m) (vsym), 1478 (m), 1433 (M) (vasym) (A = 135), 1104 (s) (P-0O), 972 (s) (P-0O), 951 (s) (P-O), 889 (s) (M0=0),
848 (s), 793 (s), 763 (s), 704 (s) (M0-0). CHN Analysis for Mo1oMngPsOsoN2Cs2H1s2; Expected C% 22.15, H%
4.55, N% 0.83, Found C% 21.32, H% 4.39, N% 0.53. MALDI-MS for M01oMngPsOs4N1CasH100 (l0ss of 1 TBA,
4 MeOH, 4 H,0) calculated m/z 9282.04, observed m/z 2981.99.

[TBA]2[M0V'10Mn""6012(p-0)14(Us-0)a(AdPO3)s(MeCOO)2(py)s(H20)6]*3(MeCN), 28+3(MeCN)

The procedure for 266(MeCN) was repeated using Adamantylphosphonic acid in place of tert-
butylphosphonic acid. Yield 0.028 g, 11.1% based on Mo. FT-IR (ATR) vmax (cm™): 3443 (w), 2903 (m) (C-H),
2849 (w) (C-H), 1631 (w), 1568 (m) (vsym), 1478 (m), 1433 (M) (vasym) (A = 135), 1100 (s) (P-O), 967 (s) (P-O),
948 (s) (P-O), 892 (s) (Mo=0), 845 (s), 797 (s), 766 (s), 701 (s) (Mo-O). CHN Analysis for
Mo010MngPsOssN4CiosH190; Expected C% 32.45, H% 4.88, N% 1.42, Found C% 32.77, H% 4.64, N% 1.49.
MALDI-MS for Mo1oMngPsOs4N1CgoHass (loss of 1 TBA, 4 py, 4 H,0) calculated m/z 3450.32, observed m/z
3450.26.

[TBA]2[M0oV'10Mn'"s012(1-O)14(3-0)4(tBUPO3)s(tBUCOQ)2(MeOH)4(H20)6]3(MeCN), 29+6(MeOH)

The procedure for 27¢5(MeOH) was repeated using adamantylphosphonic acid in place of tert-
butylphosphonic acid. Yield 0.062 g, 22.4% based on Mo. FT-IR (ATR) vmax (cm?): 3525 (w), 2967 (w) (C-H),
2869 (w) (C-H), 1601 (w), 1599 (m), 1566 (W) (vsym), 1522 (w), 1477 (m), 1392 (w), 1360 (w), 1117 (s), 1068 (s)
(P-0), 978 (s) (P-0O), 940 (s) (P-0), 894 (s) (M0=0), 832 (s), 799 (s), 757 (s), 700 (s) (Mo-O). CHN Analysis for
Mo010MngPsO0g2N2CroH172; Expected C% 23.96, H% 4.94, N% 0.79, Found C% 24.02, H% 4.32, N% 0.87.

[TBA]2[M0oY'10Mn'"s012(1-O)14(3-0)4(tBUPO3)s(PDA) (py)s(H20)6]*2(MeCN), 30+2(MeCN)

The procedure for 26+6(MeCN) was repeated, adding phenylenediacetic acid (0.097 g, 0.5 mmol) to the
reaction mixture. Yield 0.012 g, 5.4% based on Mo. . FT-IR (ATR) vmax (cm?): 3443 (w), 2903 (m) (C-H), 2849
(w) (C-H), 1631 (w), 1568 (m) (vsym), 1478 (M), 1433 (M) (vasym) (A = 135), 1100 (s) (P-O), 967 (s) (P-O), 948 (5)
(P-0), 892 (s) (M0=0), 845 (s), 797 (s), 766 (s), 701 (s) (Mo-O).
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[CleMn"g(tBuPOs)s(py)s] [MoY'2Mn'"'1102(p-O)4(p3-O)a(pa-O)2(1-OH)2(tBUPO3)10(py)4]*4.5(MeCN),
31+4.5(MeCN)

Method A: [TBA]2[M0gO1¢] (0.137 g, 0.1 mmol), manganese (I11) acetylacetonate (0.175 g, 0.5 mmol), tert-
butylphosphonic acid (0.068 g, 0.5 mmol), tetramethylammonium chloride (0.110 g, 1 mmol) and terephthalic
acid (0.083 g, 0.5 mmol) were combined in acetonitrile (25 ml). Pyridine (80 uL, 1 mmol) was added. The
solution was stirred at room temperature for four hours. The dark brown solution was filtered and left to evaporate
slowly. Brown crystals formed over the course of a few days. The crystals were separated manually from orange
crystals of 26+6(MeCN), washed with diethyl ether and air dried.

Method B: [TBA]2[M0sO19] (0.137 g, 0.1 mmol), potassium permanganate (0.016 g, 0.1 mmol), manganese
(1) chloride dihydrate  (0.161 g, 1 mmol), tert-butylphosphonic acid (0.068 g, 0.5 mmol) and
tetramethylammonium chloride (0.110 g, 1 mmol) were combined in acetonitrile (25 ml). Pyridine (80 pL, 1
mmol) was added. The solution was stirred at room temperature for four hours. The dark brown solution was
filtered and left to evaporate slowly. Brown crystals formed over the course of a few days. The crystals were
isolated by filtration, washed with diethyl ether and air dried.

Yield (Method B) 0.075 g, 44.2% based on Mn. FT-IR (ATR) vmax (cm™): 3375 (b), 2963 (w) (C-H), 2869
(w) (C-H), 1574 (w), 1484 (m), 1390 (m), 1206 (m), 1129 (s) (P-O), 1102 (s) (P-O), 1081 (s) (P-0O), 1054 (s) (P-
0), 1020 (s) (P-0), 973 (s) (P-0), 950 (s), 906 (s) (M0=0), 833 (s), 754 (s) (M0-0), 657 (5).

[BreMn'g(tBuPOs)s(py)s][M0V'2Mn"1102(j-O)a(pz-O)a(pa-O)2(u-OH)2(tBUPO3)10(py)4]*4.5(MeCN),
32¢4.5(MeCN)

Method B for 31+4.5(MeCN) was repeated using manganese (11) bromide tetrahydrate in place of manganese
(1) chloride dihydrate and tetrabutylammonium bromide for tetramethylammonium chloride. Yield 0.040 g,
23.5% based on Mn. FT-IR (ATR) vmax (cm™): 3434 (b), 2970 (w) (C-H), 2866 (w) (C-H), 1576 (w), 1477 (m),
1447 (m), 1390 (m), 1202 (m), 1142 (s) (P-0), 1119 (s) (P-O), 1070 (s) (P-0), 1020 (s) (P-O), 974 (s) (P-0), 942
(), 907 (s) (M0o=0), 833 (s), 754 (s) (M0-0), 699 (s), 661 (5).

[TBA][MoY'2Mn'"'1102(u-O)a(pz-O)a(pa-O)2(U-OH)2(tBUPOs)10(py)4]*1.5(MeCN), 33+1.5(MeCN)

Method B for 31-4.5(MeCN) was repeated using manganese (I1) nitrate tetrahydrate in place of manganese
(1) chloride dehydrate and tetrabutylammonium hexafluorophosphate in place of tetramethylammonium chloride.
Yield 0.052 g, 31.7% based on Mn. FT-IR (ATR) vmax (cm™): 2972 (w) (C-H), 2868 (w) (C-H), 1567 (w), 1478
(m), 1447 (m), 1118 (s) (P-0O), 1068 (s) (P-0O), 1000 (s) (P-0O), 979 (s) (P-O), 942 (s), 907 (s) (Mo=0), 833 (s),
759 (s) (Mo-0), 700 (s), 668 (s).

310



Chapter 7 — Experimental Details

MOF Structures (Chapter 6):

[CleMn"s(tBuPOs)s(bpy)s]Cl, 34

Potassium permanganate (0.032 g, 0.2 mmol), manganese (1) chloride dihydrate (0.161 g, 1 mmol), tert-
butylphosphonic acid (0.136 g, 1 mmol), 4,4’-bipyridine (0.093 g, 0.6 mmol) and 1,4-penylenediacetic acid
(0.193g, 1 mmol) were combined in acetonitrile (25 ml). The mixture was stirred at room temperature for four
hours. The brown precipitate was isolated by filtration, washed with acetonitrile, water and diethyl ether and air
dried. Yield: 0.280 g, 71.5% based on Mn. FT-IR (ATR) vmax (cm™): 2969 (w) (C-H), 1656 (s), 1605 (m), 1447
(m), 1388 (m), 1137 (s) (P-0), 1041 (m) (P-O), 1013 (s) (P-0O), 833 (s), 811 (s), 733 (s), 661 (S).

[CleMn"g(tBuPOs)s(bpy)2(H20)2]Cl, 35

The procedure for 35 was repeated using 0.062 g (0.4 mmol) of 4,4’-bipyridine. Yield: 0.220 g, 59.9% based
on Mn. FT-IR (ATR) vmax (cm™): 2969 (w) (C-H), 1691 (s), 1408 (m), 1340 (m), 1234 (m), 1202 (m), 1138 (s)
(P-0), 1070 (m) (P-0), 1021 (s) (P-O), 894 (s), 858 (s), 832 (s), 784 (s), 673 (5).

[CleMng(tBuPOs)s(bpy)2(H20):]Cl, 35

The procedure for 35 was repeated using manganese (I1) bromide tetrahydrate in place of manganese (I1)
chloride dihydrate. Yield: 0.250 g, 61.1% based on Mn. FT-IR (ATR) vmax (cm™): 2968 (w) (C-H), 1680 (s),
1607 (m), 1478 (m), 1134 (s) (P-0), 1068 (m) (P-0), 1010 (s) (P-O), 864 (s), 832 (s), 661 (5).
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7.3) Experimental Procedures

Water Oxidation Procedure (Compound 33):

A 6.3x10°° molar stock solution of 33+1.5(MeCN) (stock A) was prepared in pH 7, 0.01 M phosphate buffer,
and a second stock solution of 10 mM Na»S,0g was also prepared in pH 7, 0.01 M phosphate buffer (11.9mg/mL,
stock B). A 7mL glass vial containing a stir bar was loaded with 2 mg [Ru(bpy)2(deeb)](PFs). (resulting in 0.5
mM photosensitizer in the whole reaction mixture). It was then crimped with butyl septum cap, foiled to protect
from light and was clamped to the setup. Stirring was set at 500 rpm, and the bath temperature at 25 °C. 4mL of
stock A and 1mL of stock B were injected through the septum to the vial. Clark electrode for O, sensing (Unisense)
and the ground cable were inserted, after which the real time values are monitored. The setup was then degassed
with a flow of N2 injected and left for a few minutes to obtain a constant level of O just above zero. Further, the
foil was unwrapped, blue LED (470 nm wavelength light) was shown at power = 1 at a distance of 1cm from the

sample (incident power estimated as 9.6 mW/cm?), and the O, evolution was recorded continuously.

MOF disassembly procedure (Compound 34):

Compound 34 (20 mg, 1 umol) was added to 20 ml acetonitrile. Aliquots of pyridine were added (up to 500
ul, 6 mmol). After each addition, the sample was stirred for 10 minutes. Before absorption spectra were obtained,
the sample was centrifuged (5000 rpm for 5 minutes) to aggregate any solid particles at the bottom of the sample
vial and a sample was removed from the top of the vial for analysis. After analysis the samples were combined
and further aliquots added. The resulting solution was diluted with acetonitrile for analysis by mass spectrometry.

Reassembly procedure:

The solution was evaporated under reduced pressure using a rotary evaporator (60 °C, 200 mbar), producing
a brown powder. Additional acetonitrile was added and the procedure was repeated twice more to remove

additional pyridine.

7.4) References

1 P. C. Crofts and G. M. Kosolapoff, J. Am. Chem. Soc., 1953, 75, 3379.
2 N. J. Hur, W. G. Klemperer and R. C. Wang, Inorg. Synth., 1990, 27, 77.
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Summary

In summary of the work in presented in this thesis, we have developed a synthetic strategy to generate new
examples of advanced materials which contain multiple chemically distinct components. In contrast to the more
traditional “bottom-up” approaches to these materials, the methodology employed in this work uses distinct
assembly, disassembly, and reassembly processes to access these materials. In particular, we have applied this
synthetic methodology to generate three classes of materials:

e Organic-Inorganic Hybrid Materials (Compounds 1-33)
e TMS-POMs (Compounds 3-33)
e Extended Materials (Compounds 25, 30)

In order to achieve these synthetic goals, the following strategy was applied:

e The Lindgvist hexamolybdate species was identified as a suitable material to undergo disassembly
and reassembly under mild synthetic conditions.

e Using ESI-MS analysis, the Lindgvist hexamolybdate was demonstrated to undergo disassembly in
solution under ambient conditions, generating a series of mononuclear and polynuclear molybdate
fragments (Figure 8.1). CV variation experiments were carried out to demonstrate that these
fragments are really present in solution and are not the result of instrumental effects.

[Mo,04(0CH;)I

1004

a0 | [MogO45]*
3l ./ [TBA][Mo,04(0OCH;),]"
é 401 [TBA][Mo030;,]
20| 1
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Figure 8.1 — ESI-MS of the Lindqvist hexamolybdate in methanol, showing the parent cluster (blue) and

disassembled molybdate fragments (red).
e Phosphonate ligands were used to reassemble these fragments into hybrid {Mos} Strandberg-type
compounds, 1 and 2 (Figure 8.2). The templating effects of the phosphonate ligand were shown to

be important for the success of the disassembly-reassembly methodology.

Phosphonate

v Template

vé A

——ip
—
Disassembly "' Reassembly

Molybdate Fragments

{Moc}

Figure 8.2 — Proposed disassembly of the hexamolybdate into molybdate fragments, followed by phosphonate-
templated reassembly into Strandberg-type {Mos} species.
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e The methodology was extended to mixed metal systems, starting with copper (I1)-molybdates 3 and
4. The phosphonate templating effects that governed the formation of 1 and 2 were also shown to

be significant in the formation of 3 and 4 (Figure 8.3).
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Figure 8.3 — Proposed reassembly of the disassembled molybdate fragments in the presence of copper (I1) ions to
generate compounds 3 and 4.

e The methodology was further extended to cobalt (11)-molybdates. Related phosphonate templating

effects were also demonstrated in the formation of {Mo10Cos} compound 5 (Figure 8.4).

No Heterometal
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Figure 8.4 — Proposed phosphonate-templated reassembly of the {Mos} units in 5, which in the presence of cobalt (1)
ions can generate compound 5.
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e The hybrid nature of 5 was exploited to generate a series of analogous compounds, 6-25, through a
series of ligand-exchange syntheses (Figure 8.5).

Figure 8.5 — The cluster core of 5, highlighting the three distinct ligand sites represented by the phosphonate ligands
(Ru1), carboxylate ligands (R2) and pyridyl ligands (Rs). Modifications at these positions generate compounds 5-25.

e The methodology was then extended to manganese systems. {Mo1oMng} compounds 26-30 were
manganese (I1) analogues of compound 5 (Figure 8.6).

e The reaction system was modified to generate compound 31, a mixed system containing a {Mne}
cation and a {Mni11Mo.} anion. The system was further modified to replace the {Mng} cation to
generate compounds 32 and 33.

Figure 8.6 — Simplified representations of the {Mo10Mne} (left) and {Mni1Moz} (right) cluster entities in compounds
26-30 and 31-33, respectively.
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e Polymeric compounds 25 and 30 were generated by incorporation of bridging carboxylate ligands

into the disassembly-reassembly reactions (Figure 8.7).

Figure 8.7 — Simplified representations of the polymeric compound 25, generated from polytopic carboxylate ligands.

e These compounds were all characterised by single crystal XRD where possible, and by
supplementary characterisation techniques including IR, TGA and mass spectrometry as

appropriate.
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Having synthesised and characterised these compounds, we set out to investigate their structure-dependant
physicochemical properties:
e Compounds 3 and 4 were investigated for their magnetic properties.  Predominantly
antiferromagnetic coupling interactions between the copper (I) spin centres in 3 were identified,
although the magnetic properties of 4 are not understood (Figure 8.8).
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Figure 8.8 — Temperature dependence of the xT (magnetic susceptibility by temperature) product for
compound 3.

e The effects of electron withdrawing and electron donating substituents on the electronic properties
of the metal centres in hybrid TMS-POMs were investigated in the case of nitro- (electron

withdrawing) and amino- (electron donating) substituted cobalt compounds, 16 and 17 (Figure 8.9).
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Figure 8.9 — Cyclic voltammagrams for compounds 16 and 17, containing electron withdrawing and donating
substituents, respectively.
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e The effects of UV-absorbing substituents on the photophysical properties of the compounds was

investigated for the series of aromatic-substituted TMS-POMSs 20-23. Compounds 21 and 22 were

shown to display visible luminescence when irradiated with UV light (Figure 8.10).

20: 21: 22: 23:

Figure 8.10 - Samples of 20-23 (left-to-right) in acetonitrile under irradiation at 360 nm, showing visible luminescence
of 21 and 22.

e The azobenzene-containing TMS-POM 24 was shown to undergo dynamic cis-trans isomerisation
under UV irradiation (Figure 8.11).

— Before irradiation (trans)

— Afterirradiation (cis)
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b e
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Figure 8.11 — Absorption spectrum of 24 in acetonitrile before and after irradiation, indicating cis-trans isomerisation

of the azobenzene moieties.
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Chemical reactivity was also investigated, where possible:

e The reaction systems that generated the manganese-molybdate compounds 26-30 were
demonstrated to be capable of cleaving C-C bonds. This was exploited to generate carboxylate
ligands in situ from the cleavage of acac-type ligands. The active compound is an unidentified
precursor to compounds 26-30. It was demonstrated that the reaction requires atmospheric oxygen

to proceed (Figure 8.12)
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Figure 8.12 — The reaction systems that generate compounds 26-30 are capable of cleaving C-C bonds, which was

exploited to generate acetate and pivalate ligands in situ.

e The {Mn11:Mo;} compound 33 was investigated for photochemical water oxidation (Figure 8.13).
The compound appears to catalyse the reaction, with a TON of 14. Comparison with an analogous
{Mn33} compound (TON = 20) indicates that the substitution of two Mn centres for two Mo centres
lowers the activity of the compound. This is tentatively attributed to the blocking of potential
reaction sites by relatively inert oxo- ligands in the {Mni1Mo2} case, although further analysis is

required.
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Figure 8.13 — Photochemical oxygen evolution by 33 and by a related {Mn13} compound.
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Having exploited the assembly-disassembly-reassembly technique to generate novel compounds 1-33, the
principles of disassembly and reassembly were applied to MOF-type compounds. Three MOF-type compounds
were generated from the {Mng} cation units in compounds 31 and 32 connected via 4,4’-bipyridine ligands. These
compounds are tentatively assigned as three dimensional and two dimensional framework structures, 34-36.

In the case of 34, it was demonstrated that the addition of a competitor ligand (pyridine) could displace the
bridging bipyridine ligands, resulting in the disassembly of the framework into its constituent components. The
{Mn¢} nodes were demonstrated to remain intact in solution upon disassembly of the framework. It was also
demonstrated that removal of the competitor pyridine ligand under reduced pressure resulted in the reassembly of

the parent framework 34 (Figure 8.14).

Add pyridine

Remove
pyridine

Homogenous

Heterogeneous
MOF Building Units

Figure 8.14 - Summary of the disassembly-reassembly procedure, as applied to 34.
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Future Work

The success (so far) of the assembly-disassembly-reassembly methodology for the production of hybrid

POMs, TMS-POMs and extended materials indicates that the methodology may be a valuable tool in the

generation of new compounds. However, the compounds presented in this thesis probably represents only a small

subset of the possible compounds that could be generated from this technique. Possible avenues for future work

include:

Chemical reactivity. So far, we have only explored a few examples of chemical reactivity using the
compounds generated in this thesis. However many catalytically active TMS-POMs are known (c.f.
Section 1.2.2). The advantage of hybrid POMs with respect to catalysis is that reactivity can be
tuned by modification of the steric and electronic attributes of the organic ligands. Investigation of
the chemical activity of the compounds generated so far would be interesting in this regard. We are
particularly interested in investigating the activity of our compounds with respect to water splitting
reactions, but many other redox processes are promising candidates for catalytic studies.

Different POM precursors. Modification of the synthetic procedures explored so far is potentially
fertile ground for generating new compounds. For example, replacing the hexamolybdate with
heptamolybdate or octamolybdate could in principle generate different oligomeric intermediates,
which could influence the final product.

Different POM metals. This thesis only considered the molybdates, but vanadates and tungstates
could behave in a similar manner.

Different heterometals. The first-row transition metal heterometals considered in this thesis
represent only a small subset of possible heterometals which could be included. For example,
heavier metals such as ruthenium or iridium could introduce interesting chemical functionality into
the materials. Lanthanide heterometals could introduce interesting magnetic and photochemical
properties. Heterometals with restricted coordination geometries such as platinum or palladium
could modify the geometries of the materials.

Different heterometal ligands.  The examples of the assembly-disassembly-reassembly
methodology examined so far all used hydrated carboxylate or nitrate heterometal salts. However
including different ligands with the heterometal could generate different compounds — for example,
incorporating chelating ligands onto the heterometal could restrict possible coordination
environments, thus modifying the template effect.

Polynuclear heterometal assemblies. In all of the cases explored in this thesis, mononuclear
heterometals were included. However, pre-ordered polynuclear assemblies would respond
differently to templating effects, possibly generating different compounds.

Different ligands. Phosphonates, carboxylates and monodentate ligands such as pyridine or
methanol were all demonstrated to be suitable ligands for the assembly-disassembly-reassembly
approach. Substitution of any of these ligands was shown to generate modifications of the product
clusters. Moreover, the organic ligands clearly have a strong templating effect — therefore
modification of the template should generate different products. This is already demonstrated by
the disassembly-reassembly approaches towards hybrid Anderson-type POMs, where tris(alkoxide)

ligands (in combination with a suitable heterometal) template an Anderson ring structure.
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Chapter 8 — Conclusions and Outlook

Different polytopic ligands. The generation of compounds 25 and 30 indicates that extended
structures can be formed using the assembly-disassembly-reassembly method, but only one
dimensional polymers have been explored so far. Different linker ligands (e.g. triangular or
tetrahedral linker ligands) could generate network structures. This is particularly interesting in the
case of the cobalt and manganese compounds 5-30, as these possess phosphonate, carboxylate and
pyridyl ligands — in principle these different ligand sites could all be used to generate extended
structures.

Different reaction conditions. All of the synthesis described in this thesis take place at ambient
conditions (room temperature, atmospheric pressure, under air). Modification of these conditions
could generate different compounds.

Different solvent systems. Methanol and acetonitrile are known to be favourable solvents for the
assembly-disassembly-reassembly method, but many other solvents are possible.

Post-synthetic modification. Many of the compounds described in Chapter 4 contain functional
groups that might be amenable to post-synthetic modification. For example, the amine functionality
in 16 or the aldehyde functionality in 18 are both good candidates for post-synthetic modification
of their respective cluster compounds through Schiff-base condensation reactions. These could be
exploited to introduce additional functionality or to incorporate the clusters into extended networks.
Disassembly and reassembly of MOFs. Much work remains to be done on the disassembly and

reassembly of MOF compounds — this is discussed in more detail in Section 6.4.
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