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ABSTRACT VIl

ABSTRACT

Cryospray (CSI-) and electrospray mass spectrometry-NE3 technigues have been
utilised to investigate the key features of the ‘in-sohiti self-assembly processes by
which complex polyoxometalate systems, such asC{Hg)sN)2n(Ag2M05O26), and (-
C4Hg)aN)3s[MNM06O15((OCH,)3CNH,),], are formed.

CSI-MS monitoring of the rearrangement of molybdenum Litstcanions, [M@O:4?, in
the presence of silver(l) ions, into a silver-linkg@ctamolybdate structure, has allowed
elucidation of the role of small isopolyoxomolybdate fremts and Agions in the
assembly process. The observation of higher magséats, each with increasing organic
cation contribution concomitant with their increasimgtal nuclearity, has supported the
previously proposed hypothesis that the organic cations datricture-directing role in
promoting the mode of POM structure growth in solutiorhe Tombined use of UV/vis
spectroscopy and real-time CSI-MS monitoring of thetr@asolution allowed correlation
between the decreasing Lindqgvist anion concentration anéassiag 3-octamolybdate
anion concentration. Furthermore, UV/vis spectroscopy uwsed to show that the rate of
decrease in Lindqvist anion concentration, and therefbeeinter-conversion of Lindqvist
into B-octamolybdate anions, decreases as the carbon chaih &Endge alkylammonium

cations in the system increases.

This approach was extended to use ESI-MS monitoring in exagnihe formation of the
more complex, organic-inorganic, Mn-Anderson polyoxorndgte structure K€
C4Ho)aN)3[MNM06O18((OCH)3CNH,)2].  In this investigation, ESI-MS was used to
monitor the real-time, ‘in-solution’ rearrangements @foctamolybdate anions,aq{
MogO2q)*, and coordination of manganese(lll) cations and
tris(hydroxymethyl)aminomethane (TRIS) groups in the foimmabf the Mn-Anderson-
TRIS structure. These investigations have led to thegsal that the rearrangement @f |
MogO2¢)* anions occurs first through decomposition to j@g]? cluster species, i.e. half-
fragments of the octamolybdate anion; followed by decortipasto smaller, stable
isopolyoxomolybdate fragment ions such as dimolybdate @amdlybdate fragment ions.
It has then been proposed these fragments subsequeoittimate with the tripodal TRIS



ABSTRACT IX

ligands, manganese ions, and further molybdate anionictarfblsm the final, derivatized
Mn-Anderson-TRIS cluster.

Investigations into the encapsulation of the high oxidastate heteroanion templates
{1""0Og} and {Te"Og} within polyoxomolybdate clusters, have led to the isolatand
characterization of two new, molybdenum Anderson-baB&M architectures, i.e.
Cs6MNap 34IM0024)-ca7H,O and Na((HOCH,CH;)3NH),[TeM0sO,4)-calOH,O. The use
of coordinating caesium and sodium cations allowed thendtion of a closely-packed
structure composed of the periodate-centred Anderson rdumtenged into two layers,
which then form a repeating ABAB pattern through theidait In contrast, the main
building-blocks of the tellurium-based cluster systemuiest the [TeMgO.4]® anions and
two coordinated cation arrangements, each composedNd-4 dimer and coordinated
TEAH" cation. The presence of this structural motif, anéhter-connection with adjacent
clusters, has led to chain-like packing arrangemeritsnthe greater lattice structure.

The introduction of three aromatic, phenanthridiniuredshcations into polyoxometalate
systems has led to the isolation and characterizaticghree new POM architectures with
emergent photoactivity. The polyoxometalate frameworgaioh is composed of tungsten
Keggin clusters, i.e. [PWO4q*, which are introduced into the systems as pre-formed
building-blocks. Two of the compounds use derivatives ohybro-Imidazo-
Phenanthridinium (DIP) molecules as cations, i.e PED)[PW2040]-5DMSO calH,O and
(DIP-2)[PW2040]-5DMSOcad4H,0, whereas the final compound uses an Imidazo-
Phenanthridinium (IP) molecule as the cationic urat, (lPbluej[PW1,040]-4DMSO. The
use of these cations, which have different steric lydlometry and charge states, has led
to the formation of interesting packing arrangementhiwithe lattice structures of all
three compounds. Additionally, further characterizatbbthese compounds has revealed
they all possess emergent photoactivity, in the formntdrmolecular charge transfer
bands in the solid state. Some degree of interm@echhrge transfer in the solution state
has also been detected for the DIP-2-based structure.
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1 Introduction
1.1 Supramolecular chemistry in Nature and beyond

It was Jean-Marie Lehn, winner of the 1987 Nobel Prizeg moposed the definition of
supramolecular chemistry as “the chemistry of molecudasemblies and of the
intermolecular bond™ This broad-based definition, which can be expressedsimpler
form as the “chemistry of the non-covalent bond’pasticularly appropriate as this field
of chemistry spans not only the areas of organic amyamic chemistry manipulated by
man in the laboratory, but also the biochemical stimast of Nature herséff.

In essence, the definition refers to supramoleculauctres built up from smaller
molecular building-blocks which are arranged into macrooude arrangements using
non-covalent bonds, for example, metal-ligand cootinanteractions, hydrogen bonds
and dipolar interactions.

A key feature of such systems, both biological e.gtéhgary structures of proteins, and
man-made e.g. crown ethers and cryptands, is their yalddit form these complex
supramolecular structures independently from any extetiredtn. This phenomenon,
which is governed by the intermolecular interactionsvben pre-formed building-blocks
of certain size, shape, symmetry, and with specifidibg sites, has become known as
‘self-assembly’.

This phenomenon has attracted increasing interest intrgeams in many areas of
synthetic chemistry, both organic and inorganic, as relsees strive to control and utilise
this so-called ‘bottom-up’ synthetic approach in ordecreate functional supramolecular
structures on the nanometre scale. Research inteythiketic approach is being fuelled,
not only by a desire to mimic the elegant and efficrature of complex supramolecular
structure synthesis in Nature, but also due to current aémdiinal limitations which may
well see ‘top-down’ synthetic approaches such as lithpdgraimited to the tens of
nanometre size scale and unable to produce, for exathplelesired molecular electronic
devices for the next generation of data storage anderdfs
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The field of polyoxometalate chemistry lies within theslm of inorganic supramolecular
chemistry research, and is now the subject of intensueastigation by research groups the
world over. The following sections will provide an indtection to this research area and
to the relatively new application of mass spectromedchniques in elucidating the self-

assembly processes within polyoxometalate chemistry.

1.2 Polyoxometalates

1.2.1 The development of polyoxometalate chemistry

Polyoxometalate (POM) structures can be defined in getemas as molecular metal-
oxide clusters formed through condensation reactionsaoly transition metal-oxygen
anions. The early transition metals in question aoselfound in groups 5 and 6 of the
periodic table, usually with the metal centres in thHaghest oxidation states. For
example, the majority of POM structures currently kn@se composed of aggregations of
molybdenum or tungsten oxoanions. This broad definitidinoer explained in more detail
in section 1.2.2, however, to place the development efreh into this field of chemistry
in context, it is first of interest to consider thstory and the rapidly growing research area

concerning these intriguing inorganic structures.

The first polyoxometalate compound, now known to be JRJAMO0:2040], was discovered
by Berzelius in 1826 and was produced as a yellow precipitat@cadification of
ammonium molybdate solution with phosphoric agid. However, the analytical
composition of polyoxometalate compounds such as thiss wet precisely determined
until 1862 when Marignac investigated the tungstosilicate.8aitsBy the beginning of
the 20" century many different heteropolyacids, e.g. of thenféisPW;,040, and a large
number of their salts had been isolated. Howevenredhe advent of X-ray diffraction
methods, discovered by Laue in 1%1and developed by W. L. Bragg and W. H. Brég,
only theoretical insights into the possible structural positions of these heteropolyanions

could be presented.
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The first of such theories was built around Wernegdsrdination theory, and further
developed by Miolati and then Rosenheim in 1808[his theory was then superseded by
the work of Pauling in 192%, however, it was not until 1933 and Keggin's work in
solving the powder X-ray diffraction pattern o§PN;2040, that definitive evidence for the

structural composition of this heteropolyacid could red™ 1%

Since that time, and with the development of more mck@ single crystal X-ray
diffraction techniques and analysis software, the intgmdiresearch in the field of POM
chemistry has seen a rapid growth, with research re@mglcarried out worldwide. The
heightened interest in this research is due to the gimeatural and electronic diversity of
POM systems and their subsequent potential uses in manyfietds of scientific work.
For example, some of the properties of POMs of mapomance in potential applications
are their redox properties, photochemical activitiesici charge, and conductiviﬁ?.] The
main application of POMs is in the field of oxidatioatalysis, however, some other
examples of POM applications include: (i) medicineg. etargeting of antiviral
chemotherap¥?® ¥ (i) coatings e.g. corrosion-resistant coatingsi) (§ensors; (iv)
sorbents of gasé¥! (v) electrooptics; (vi) electrochemistry/electrods; (vii)

dyes/pigments; (vii) nuclear waste processtflg.

1.2.2 The structure and synthesis of polyoxometalates

Polyoxometalates (POMSs) are clusters of early trmmsiinetal-oxygen anions where the
transition metals (e.g. V, Nb, Ta, Mo, W) are usuallyheir highest oxidation states, i.e.
metal cations existing as’ épecies> ¥ These soluble metal-oxide clusters can be
considered as aggregates of {M@ype building-block units where the metal, M, (also
known as theaddendaatom) is best visualised positioned at the centra pblyhedron
with coordinated oxygen ligands (x = 4 - 7) defining theivest'® The overall structure
of a POM can be represented by aggregated sets of suchdralykigh corner or edge-
sharing modes as shown in Figure 1. Face sharing of poiyhedlso possible, but is
rarely seeft.”’



1 INTRODUCTION 4

a) b)

Figure 1: Example of {MQ} polyhedra where M = group 5 or 6 transition metal such as
Mo or W, linked through a) edge-sharing, and b) corner+sfpanodes.

In general terms, the synthesis of these polyoxoatetalusters can be achieved through
acidification of aqueous solutions of oxoanions e.g. Mo@ith or without the presence
of a templating heteroatom (see section 1.2.3). Theequbst condensation reactions, of
the form shown below, therefore, lead to the isofatof larger negatively charged

polyoxoanion clusters in solution.

XMO," + zH — [M,O,]™ + z/2 HO

However, other synthetic variables in the reactiontesys also play a large part in
directing the condensation of these metal-oxide fragsne Examples of these other
variables include: (i) the concentration and type ofalrexide anions present; (ii) the pH
and type of acid used, (ii) the type and concentrationheteroatom present; (iv)
introduction of any additional ligands; (v) the useeaxucing agent, e.g. as in Mo systems;
(vi) the temperature of the reaction mixture; (vii) sodvent used.

It is the interplay between all of these experimeniattors, along with other
thermodynamic effects such as entropy and enthalpghwhen governs the self-assembly
of specific polyoxoanion clusters in these reactionesyst'® *® Indeed these self-
assembly processes have allowed the isolation ofetiesclusters with a huge variety of
nuclearities, from just two coordinated metal atoms, (€gC4Hog)sN);[M0,07], up to 368
coordinated metal atoms in one discrete clUstel” However, as these POM syntheses
are often carried out in 'one-pot' reactions the aanedhanisms of the self-assembly
processes leading to the formation of high nuclearity tetashave not yet been
conclusively elucidated® If these mechanisms can be fully understood, and dasttro
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these mechanisms introduced to the POM syntheses, tesngsehe exciting prospect of
controlled bottom-up synthetic routes to potentiallyfulseew POM structures.

1.2.3 Classification of polyoxometalate structures

Polyoxometalate structures can be classified intao twain families, ie. the
isopolyoxometalates, and the heteropolyoxometalatespolyoxometalate anions consist
only of the metal cation and oxide anion framework stmagte.g. [MeO,4%, therefore,
are often much more unstable, and are fewer in numben, ttiegr heteropolyanion
counterparts. In contrast, heteropolyoxometalatenancmntain one or more p-, d- or f-
block 'heteroatoms’ coordinated with the metal-oxide alusMhen these heteroatoms
template the formation of the complete polyoxoanigructure, e.g. the central’P
heteroatom within the [PWO.*, they may be referred to as ‘primary’ or ‘central
heteroatoms; whereas those coordinated within the owtl-oxide framework, e.g. the
Ccr'' in [CrSiWi(H20)Os¢>, may be referred to as ‘secondary’ or ‘peripheral
heteroatoms. It is due to the wide variety of hetenma which may be incorporated into
these heteropolyoxometalate structures that thermang more of these structures known
than for the isopolyoxometalates.

The following sections will examine, in more detail, somk the most important
polyoxometalate structures from each of these famildé polyoxometalates. The
relatively new application of mass spectrometry techrsigte examine the formation of

polyoxometalate structures in solution, will then ddgodiscussed.

1.3 Isopolyoxometalates [HM,0,]™

Isopolyanions are classified by the assignment ofgdweeral formula [kM,0,]" and
consist only of the Hgroup 5 or 6 metal (M) cation and the oxide anion fraot&@h®
Therefore, these structures have often been found tousé more unstable than their
heteropolyanion counterparts. Nevertheless, thedgtestures have interesting physical



1 INTRODUCTION 6

properties, e.g. high charges and strongly basic oxygencesrfavhich makes them
interesting as building-block units for larger polyoxonmtetructure€”

1.3.1 The Lindqvist polyoxoanion [MgO1g]™

A prominent example of an isopolyoxometalate structwmamon to all group 5 and 6
metal centres capable of forming polyoxometalates iséxametalate, Lindqvist structure
of general formula [MO:1g™. The compounds [NB:g%, [Tas019®, [MogO1d*, and
[WeO1g)* have all been isolated and the symmetry in all tldisgters is approximately
O The only caveat to this rule is that the hexaraétgbolyoxovanadate structure has,
to date, only been isolated as polyalkoxovanadium clustexsch as
((C4Hg)sN)[V V6O12(OCHs)7], PY [VV.VY,0,(OCHs)12] %2, and
Ba[V"s07(OH)s((OCH,)sCCHs)3]*® where the {\{O1d} cluster core can be stabilized by
the coordinating alkoxo ligands; or when other complemgtiigainds such as met4l 2°
and organometalli®®! complexes are ligated to the {@ig core through the oxygen
bridges and so stabilize the cluster formation.

Looking in more detail at the structure of a convemloLindqvist anion such as
[MogO16]%, each fully oxidized () metal centre bears one terminal oxygen ligand and
shares an additional four-bridging oxo ligands with the adjacent metal centr@he
terminal oxygen ligands have shorter bond lengths, e.g. Adit7 both [MasO1]* and
[WeO1¢]?, in comparison with thex-bridging oxo ligands, e.g. ~1.9 A in both [M®d]*

and [WO.g>. This coordination arrangement leads to consideratioth® overall
structure as being composed of six distorted, edge-shariageath (see Figure 2).
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Figure 2: Structural representations of the g™ Lindqvist anion, where M = ¥/,
Nb>*, Ta*, Mo®*, WP*, and n = 8 (group 5 metal centres) or n = 2 (group 6 mat&ies.
Left: Ball-and-stick representation. Right: Polyhédepresentation showing the six
edge-sharing octahedra which lend the cluster its ovectdihedral symmetry. Colour
scheme: Mo, teal (polyhedra); O, red.

In the [MosO16]® cluster it is the weakly basic and strongly electgatize terminal
oxygen atoms on this fully oxidised POM cluster which fdh@ binding sites. The high
local electron density of these sites is known toaet electrophilic secondary transition
metals such as copper, cobalt and nickel which form compdemterions around the
anion?” 28 |ndeed, it was in an attempt to exploit the nucleophiiiding sites of the
Lindgvist anion, that the coordination of silver(l) casowith this anion was investigated
by Croninet al. It was discovered, however, that the introductiorsiber ions to this
system leads into to the isolation of various siligked [3-MogO2¢* architectures as
described in section 1.3.4.1. In comparison, coordinatiothef[\WsO1g)*" cluster to

complexes of other transition metals has not beserobd.

Organoimido derivatives of both [M0:g?> and [WO.g* polyoxoanions have been
synthesized using either direct or indirect metH&¥s.Such derivatisations have been
pursued with reactions using phosphinimifi&s’ isocyanate§? % or aromatic amines
with N,N'-dicyclohexylcarbodimide (DCCj*** An example of an arylimido derivative
of {Mo¢O,¢} produced using an indirect method is shown in Figure 3. Tnéhssis
involves the rearrangement of theNlogO2¢* anion (see section 1.3.4.2) in the presence
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of 4-bromoaniline hydrochloride and DCC in anhydrous acetantwilproduce the product
[M06O15(p-BrCsHa)]* cluster®”!

Figure 3: Structural representation of the arylimido {Miag} derivative [MosO1s(p-
BrCsH.)]?, synthesized through the rearrangementadf1psO2¢]* in the presence of 4-
bromoaniline hydrochloride and DCC in anhydrous acetonitflleColour scheme: Mo,
teal; O, red; N, blue; C, light grey; Br, green; H, dankygr

1.3.2 Decavanadate polyoxoanion [V6O.g]®

Aqueous solutions containing metavanadate anionsg)(V€an be acidified to pH 6 or
below in order to produce orange solutions containing thevemadate anion [MO2g]®
1838 Eurther studies have established that the decavanadatecamni be protonated in
multiple steps such that [M1002g©™ wheren = 2, 3 or 4, is formed depending on the

acidity of the solutiof£®*!

The structure of the [\O.g® anion can be described as a planar rectangular arriy of
edge-sharing {V@ octahedra with an additional two pairs of edge-sharinglwira
positioned both above and below the plane of the mgatar array®® However, these
octahedra are distorted in order maintain approximatengal balance between the
terminal oxo and bridging oxo ligands, i.e. the approm&O (terminal) bond length is
1.60 A, whilst the approximate V-O (central) bond length. 82 A8 See Figure 4.
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Figure 4: Structural representations of they{#,¢]® decavanadate anion. Left: Ball-and-
stick representation where the differences in V-Onfteal) and V-O (bridging) bond
lengths can be clearly observed. Right: Polyhedmksentation showing the six edge-
sharing {VG;} octahedra which make up the central rectangular arrdytlf@two further
pairs of edge-sharing octahedra which coordinate to bottoghand bottom of the central
plane. Colour scheme: V, teal (polyhedra); O, red.

1.3.3 Heptametalate polyoxoanion [MO24]®

Heptametalate polyoxomolybdafég” and polyoxotungstaté&®® of general formula
[M7024]® where M = Mo(VI) or W(VI), can both be isolated in tkelid state. The
heptamolybdate (paramolybdate) anion can be crystallizdowfog acidification of
aqueous molybdate solution to within the pH range of appro&lynatto 5.5 whereas
the heptatungstate (paratungstate A) anion is crystalivedaqueous tungstate solutions

acidified to a pH of approximately 645>

The structures of [M#D24® and [W0,4® are isostructural with similar dimensions and
these structures can be considered to be composedveh sge-sharing {Mg)

octahedra. Each octahedron is distorted by the meatédecbeing displaced towards the
periphery of the anion. A convenient description ofdberdination arrangement of these
octahedra is to consider the previously describagd)® structure after removal of three

{MO ¢} octahedra from the central rectangular array ofluetlaa (see Figure 5).

It is also interesting to note that the [M,]° anion has proved to be a useful building-
block unit in the assembly of larger POM architect{fe¥! A prominent example is the
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[Mo36O114H20)16]® cluster which may be considered to be composed of two 18-

molybdate centred subunits related through a centre of iameeach of which contains a

{Mo 70,4} building-block surrounded by edge- and corner-sharing {Nja@tahedrd>* >

56, 57]

Figure 5: Left: Structural representation of the,j.¢]° decavanadate anion. The three
metal addenda which can be considered to be removed in order to faB{M;O4]%
framework where M = Mo(VI) or W(VI), are highlighted green. Top Right: Ball-and-
stick representation of the [M0,4° anion. Bottom Right: Polyhedral representation
showing the seven edge-sharing {M@Q@ctahedra of the [MgD,4]® anion. Colour
scheme: V, purple and light green; Mo, teal (polyhedra)e@.

1.3.4 Octamolybdate polyoxoanion [M@O.¢*

There have been eight isomeric forms of the octghalaite polyoxoanion isolated to date,
i.e. a-isomer,B-isomer,y-isomer,s-isomer,e-isomer,(-isomer,n-isomer, and-isomer>®
%l This current description of the octamolybdate structwesever, will focus on the two

most prominent isomeric formsy-MogO.¢]* and B-MogO2¢]*.
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1.3.4.1 B-octamolybdate polyoxoanion

The B-octamolybdate isomer,p{MogO.¢]* can be isolated following acidification of
aqueous molybdate solutions to approximately pH 24%3:%57% |t is composed of eight

distorted octahedra sharing corners and edges. Thercfteiework can be visualised
by, once again, referring back to the decavanadate stucttione considers removal of
two {MOsg} octahedra from the {WO.g cluster framework this then creates the

octanuclear arrangement found in theMogO,¢]*” anion (see Figure 6).

Figure 6: Left: Structural representation of the,j@,4° decavanadate anion. The two
metal addenda, which can be considered to be removedién tr form the framework
observed in [[-MogOz*, are highlighted in green. Top Right: Ball-and-stick
representation of thep{MogO.¢]* anion. Bottom Right: Polyhedral representation
showing the eight corner- and edge-sharing {Mo@xtahedra of thef-MogO.¢]*" anion.
Colour scheme: V, purple and light green; Mo, teal (paly&g O, red.

The [B-MogO¢* anion has been used extensively to coordinate througteritsinal

oxygen binding sites to many first row transition metanpéexes. Examples include
coordination to various Co, Ni, Cu and Zn complexeswvalig the formation of various
architectures and 2-D and 3-D netwofRs’*"® The B-MogOz* anion has also been

reported to bind imidazole ligands through these terminal oxpieling sites’™

Another prominent example of the coordination behaviaopged by the [f-MogO.¢*
anion is its ability to coordinate various silver(l) casausing its terminal oxygen ligands
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to enable it to behave as a bi-, tetra-, or hexadetitgnd’® 8¥2 Work in this area by
Cronin et al revealed that reaction of the molybdenum Lindqvist aniMmgO1g)*,with
silver(l) cations in a variety of coordinating solventsd to the isolation of various

architectures involving, specifically the aggregation of (AgéMa) synthons (see Figure
7)_[81, 83]

Figure 7: Representation of the (F[Ag2M0gO26((CH3)2SO)] structure isolated by the
reaction of P§P" and silver(l) cations with [MgD1¢]* anions in DMSO solutiof” The
(Ag{Mo g}Ag) synthon unit, coordinated with four DMSO solvent malles, is shown in
ball-and-stick representation. The sterically bulkyPP which surrounds, and allows the
isolation of, this ‘monomeric’ building unit is shown aspace-filling representation. This
space-filling representation is then faded in the cemtreclarity. Colour scheme: Mo,
purple; Ag, grey; O, red; S, yellow; C, black; H, white.

The use of rigid, sterically bulky cations such asaggdtenylphosphonium ions in DMSO
solvent allowed isolation of the structure {PRAg>M0sO.¢((CH3).SO)] which is
composed of ‘monomers’ of this (Ag{MpAg) building-block!®! In comparison the use
of varying chain length alkylammonium cations, i.e. tewppl-, tetrabutyl-, tetrahexyl-,
and tetraheptylammonium ions; in a range of solvents agchcetonitrile, DMSO and
DMF, led to the isolation of a variety of architecwmanging from chains, to grids and
2D-networks (see Figure 8). The generation of theserdiift POM architectures was
shown to be governed mainly by the steric requiremeftsh@® organic cations or
coordinated solvent moleculs.8?! Another important feature of these results was the
identification of the unusual {Ag dimers positioned between the {Mocluster units,
which are a result of the repeating (Ag{MAg) building-block units within these
structures. This linking motif is uncommon in POM chenyisind is a rare example of’d
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(i.e. filled d-shell) bridging units which are held together dignificant argentophilic
interactions, i.e. where the Ag-Ag distance is lesa tha sum of the van der Waals radii
(3.44 A)E2
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Figure 8: A summary of the variety of silver-linkefl-octamolybdate architectures
isolated when reacting [M®:g* anions with silver(l) cations in the presence of
tetraphenylphosphonium cations or different chain lentigylaanmonium cations, and by
varying the solvent system usétd®? The ‘monomer’ (Ag{Ma}Ag) building block and
the four coordinated DMSO  solvent molecules of the compound
(PhyP),[Ag2M05026((CH3).SO)] is shown at the top of this figure. The ‘interméds
section of the figure shows structures which are inteiate between the monomer and
polymeric chain structures. In these compounds the si@ns act as linkers between
adjacent {M@} clusters through the formation of long-rang= .8 A) Ag-O contacts,
however, there are no significant argentophilic inteoas between the silver cations of
neighbouring (Ag{M@}Ag) synthons. The ‘chains’ section shows the structure
composed of polymeric, infinite chains, i.e. (Ag{MAg)., where the silver cations
engage in both the long range Ag-O contacts describedeaband argentophilic
interactions. The ‘grids and networks’ section illustrabtesstructures formeda further
silver(l) cations coordinating between adjacent (AgfM®).. chains. Colour scheme:
Mo, teal polyhedra; Ag, blue; O, red; C, grey; S, yelloWon-coordinating solvent
molecules and H atoms are omitted for clarity.
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1.3.4.2 o-octamolybdate polyoxoanion

The [1-MogO.¢* anion can be isolated from aqueous molybdate solutiomswiah
acidification to pH 3-4, via precipitation using organic cations such as
tetrabutylammonium ions. The structure of this octabdye isomer was first reported
by Fuchs and Hartl in 19%8 and can be seen to be related to the Anderson structure
discussed later in section 1.4.1. It consists of a rirsixaedge-sharing octahedra, with the
central octahedron left vacant. This octahedral vacesncapped on opposite faces by two
tripodal, corner-sharing tetrahedra. Therefore, tlegallstructure has an approximategyD
symmetry. It should also be noted that, once agdithe{MoOg¢} octahedra and {MoG}
tetrahedra are distorted and have short Mo-O (terntieaiyl lengths:® 6% See Figure 9.

Figure 9: Representation of theqMogO,¢* anion. Left: Ball-and-stick representation.
Right: Polyhedral representation showing clearly ofhehe trigonal, corner-sharing
{MoO,} tetrahedra capping one face of the central vacant edtah. Colour scheme:
Mo, teal (polyhedra); O, red.

While it has been established, using IR and Raman studiias,[BtMogO,¢* is the

A85. 86l it has

predominant ocatamolybdate isomer in agueous molybdateosokitipH
been found that it is the-isomer which dominates at pH 2*%, and both isomers are
present at pH 3-4. Also in 1976 Klemperer and Shum showethds# isomers undergo a
facile isomerization in acetonitrile, with tifieisomer, which contains only Mo centres in
octahedral coordination environments, being favoured iptésence of small counterions

such as potassium or tetramethylammonium catéhs.

Another interesting feature of ther-MogOz¢* anion is that, on dissolution of n(
C4Hog)4N)4[a-MogO,¢] in acetonitrile and stoichiometric addition oFC;Hg)sNOH, the -
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MogO2¢* anion has been found to decompose in solution and reariatogEVo,07]*
anions. These dimolybdate anions were crystallized fritwe solution as (-
CsHg)aN)2[M0,0;], and the [MeO;]* units were found to be composed of two corner-
sharing {MoQ} tetrahedra. In analogy with the work of Klempererdaghunt®
discussed above, addition of small counterions to §ystes once again precluded the
rearrangement of ther{MogO.¢]* anions into a POM structure containing tetrahedrally
coordinated molybdenum centres. i.e. In this case, sh&iearoducing the dimolybdate

anion, only [MgO.4]° anion systems could be isolat&d.

Although [a-MogO2¢]* anions have been reported to coordinate to copper centngs us
their terminal oxygen ligands as binding sftes? there are far fewer examples in the
literature of such coordination than for thesomer. However,d-MogO.¢* anions are
commonly used as facile precursors in the formation b&roPOM structures such as
organoimido-functionalized [MD1¢]> architectured® 3" 8% (discussed previously in
section 1.3.1), and tris(alkoxo)-functionalized molybdenimderson structur€4°® (see
section 1.4.1).

1.4 Heteropolyoxometalates [XM,0,]™

Heteropolyanions can be assigned the general formuld,f3]" where x<y, and contain
one or more p-, d- or f-block 'heteroatoms’ (X), e.g. fe@s>, SO, PQ>; along with

the basic metal-oxide anion framework. These hetammatan be coordinated in either a
non-solvent accessible environment, or on the surfAiaheo POM structure. A large
variety of elements are known to function as thHesteroatoms hence there are a greater
number of these structures to synthesize and study llbaedpolyoxometalates. Also, as
the structural and electronic properties are easieyrtthatically modify than those of the
isopoly compounds, this type of POM structure has beefotos of intensive study in the

hope of new application discovef{
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1.4.1 The Anderson polyoxoanion [H(XOg)MgO1g™

The Anderson polyoxoanion structure can be assigned the pef@naula
[Hx(XOg)MeO1¢]™ wWhere x = 0-6, n = 2-6 and 8, M = Mo or W, and X = a &nt
heteroatont® °”1%! This polyoxometalate anion is composed of six edgersngMoOg}
or {WOg} octahedra surrounding a central, edge-sharing heteroataheuron i.e.
{XOg}, leading to the planar arrangement shown in Figure 10e Qwverall structure,

therefore, has approximate3ymmetry.

Figure 10: Representation of the molybdenum Anderson”[Meg0.4° anion. Lett:
Ball-and-stick representation showing the octahedral dination environment of the
central heteroatom. Right: Polyhedral representattwowing the seven edge-sharing
octahedra forming a planar arrangement. Colour scheMuwe:teal (polyhedra); Te, light
green (central polyhedron); O, red.

The first Anderson structure to be identified was thidTe"'Mog0.4%,:°Y however, since
that time numerous other examples of Anderson structgetining heteroatoms in a
range of oxidation states from +2 to +7 have been ideshtiflfome molybdate examples
include: [MA'(OH)sM0ogO16]*, [Co"'(OH)sMoeO16]*, [CM"' (OH)sM0gO14*>
[Al III(OH)@I\/|06018]3-, [MnIV(OH)GMOGOls]Z-, [TeVIOGMOGOw]G—, and [V”O@MOGOw]S'.[lS’
102]

While the more limited range of tungsten examplesud®s: [Nf(OH)sWsO1g]*,
[MnIVOGWGOlg]B-, [NiIVOGWGOlg]B-, [TeV' OGWGOlg] 6-, [|V”OGW6018]5-.[18]

The anions with high oxidation state heteroatoms sude4sand ' can be seen to have

unprotonated structures and are sometimes referred tetgseMnderson structur&$:
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193] The lower oxidation state examples, e.g. oxidatiatesvf +2 or +3, are sometimes

referred to as B-type Anderson structures, and these agemeyally have non-acidic
protons bound to the oxygen ligands of the central {a&ztahedron. However, there is
one reported B-type structure, Pt MoeO24]%, where four of the centrak-bridging oxo

ligands and two of the,-bridging oxo ligands are protonatéf!

In general the Anderson polyoxometalate structures disdugbove may be isolated from
aqueous molybdate or tungstate solutions following acidiboato within pH 3-4,
however, the {XMog} salts where X = Mn and Cu, have been found to be unstatde

cannot be recrystallizetf: %8 10%107]

There are examples of both molybdenum Anderson and temgsnderson clusters
undergoing further coordination with transition metal campb e.g. Cu and A
and lanthanide cations, e.g. La, Ce anf'®r**®! However, prominent examples of further
functionalization of B-type molybdenum Anderson struesuinvolve their ability to
coordinate a wide variety of tris(alkoxo) ligands, RC(CHOH); where R = a chosen
substituent group, e.g. alkyl, aryl, nitro etc. This hastéethe isolation of many organic-
inorganic hybrid compounf$°* % 1%hrough the use of an indirect method of synthesis.
This method involves the rearrangementoeMosO.¢* cluster anions, in the presence of
the heteroatom acetate salt, e.g."BH:CO,)s, and the tris(alkoxo) ligand of choice, e.g.
CHsC(CH,OH)z, in order to isolate the derivatized Anderson clus&se Figure 11.

These structures have been found to adopt two differentication arrangements of the
tris(alkoxo) ligands, which appear to be related to the tdifferent protonation
arrangements observed for B-type Anderson cluStérs. The first type involves
coordination of each tris(alkoxo) ligand directly aboaed below the central {Xg§
octahedron, as shown on the left of Figure 11. Eadalkkexo) ligand can, therefore, be
considered to effectively replace the three bridging hydeoXigands surrounding the
central heteroatom unit on each face of the Andectuster™** In the second mode of
coordination the tris(alkoxo) ligands are coordinated alibgetetrahedral cavities off to
either side of the central heteroatom unit, as showrthe right of Figure 11. This
coordination arrangement can be related to the unusual ptatorenvironment of the B-
type Anderson cluster pPtYMoeO,4]? described earlier, i.e. each of the tris(alkoxo)
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ligands can be considered to replace the figbridging hydroxide ligands and one-
bridging hydroxide ligand on opposite faces of the clu3ter.

L g

Figure 11: Representation of the two different coordination maxfdsis(alkoxo) ligands
with B-type Anderson clusters. Left: This cluster, [MogO1s((OCH,)sCNHCO(4-
CsHaN))2* M is an example of the first coordination mode. I.ke Two tris(alkoxo)
ligands, (HOCH)3sCNHCO(4-GH4N), are coordinated directly over opposing faces of the
central {Md"Og} octahedron of the {Mf{Moe} Anderson cluster. Right: This cluster,
[H2Ni"M0gO15((OCH,)sCCH,OH),]*,*Y is an example of the second coordination mode
of tris(alkoxo) ligands with a B-type Anderson clusteEach tris(alkoxo) ligand is
coordinated to the Anderson cluster over the tetrahemraty adjacent to the central
heteroatom octahedron. Colour scheme: Mo, teal pditgheMn, light purple (central
polyhedron); Ni, light green (central polyhedron); O, mdd;blue; C, grey. H atoms are
omitted for clarity.

1.4.2 The Keggin anion [XM1204q"™

The structure of the Keggin anion, general formula [XMg" where M = W or Mo, and
X = a central heteroatom; was first proposed for phogpigstic acid by J. F. Keggin in
1933 on the basis of X-ray powder diffraction d&tal* The structure was later
confirmed using single crystal X-ray and neutron diffractiata!™® It is based on a
central {XOy} heteroatom tetrahedron, around which are arranged twelv®gs}{M
octahedra where M = W or Mo. These twelve {M@ctahedra are arranged into four
groups of three edge-sharing octahedra, i.esGM units, which are linkedria corner-

sharing to each other and to the central heteroatonméetian (see Figure 12). This leads
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to the structure having overall ymmetry for the tungsten Keggin anions. However, the

molybdenum Keggin anions have an overall symmetry chastre chiral group T due to
[18]

small displacements of the Mo atoms from the mirrangs of the {MO:3} units.

Figure 12: Representation of thexJPWi;040)> Keggin anion. Left: Ball-and-stick
representation showing the tetrahedral coordinationhef central heteroatom. Right:
Polyhedral representation showing the twelve {§V@ctahedra arranged into three edge-
sharing {W4O.3} units. These {WO:3} units can be seen to linkja corner-sharing, to
each other and the central tetrahedron (highlighted nk)pi Colour scheme: W, teal
(polyhedra); P, pink (central tetrahedron); O, red.

The structure of the first identified Keggin anion [B®%*, which is shown in Figure 12,

is customarily referred to as theisomer. However, there are four further isomers, as
reported by Baker and Figgis, which are assigned the noaterelp-, vy-, 5-, ande-
isomeric forms. These other isomers are relatedeta-tsomer by rotation through 60° of

(1161 The a-isomer is, however, the most

one, two, three and four of the §@;3} units.
stable isomer of the five, due to the increasing numibezoalombically-unfavourable
octahedral edge-shared contacts in the other isdhhets! Indeed it has been found that
the B-isomers spontaneously isomerize to the more stalidem, a process whose rate
varies from seconds for{PMo;z} at room temperature to hours foB-SiWio} at

150°c®

It is important to note that the majority of heterlypaotungstates adopt either the Keggin
anion structure, or structures derived from this Kegginranidhese so-called lacunary
Keggin derivatives will be discussed in section 1.4.2.1.cdmparison there are fewer
heteropolyoxomolybdates based on Keggin or Keggin-detwelding-blocks. Common
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examples of heteropolyoxotungstates with 10e&YV1,040]" structure include those where
X = A" stV, GéY, P, As’, Fd", cd'. (Also an isopolyoxotungstate where X ="{H
can be formed, which is known as-metatungstate). Some examples of
heteropolyoxomolybdates with the-KMo1:04¢)"™ structure include those where X 2'Si
GeY, P', As’ I8l

1.4.2.1 Lacunary structures derived from the Keggin polyoxoanion

A particularly important feature of heteropolytungstatath the Keggin structure, e.g.
[SiW1,040]*, is their ability to form lacunary structures, whevee or more {W@}
octahedra are removed from the cluster shell and dasequently be replaced by other

coordinating peripheral heteroatoms, e.g."fBiW;10s5(H,0)]*.112%

Such complexes have been prepared in agueous and non-aquebaisssoFor example,
these lacunary polyoxoanion complexes have been prepaeatidification of aqueous
mixtures containing both the heteroatom and jV@ns; whereas in other cases such
complexes have been prepared through partial hydrolysiseoparent’ Keggin anion in
agueous solution whilst in the presence of the secondasrobgéom. This partial
hydrolysis method requires the addition of base and dacefurol of the other reaction
conditions to induce hydrolytic cleavage of W-O bonds deoto selectively remove one,
two or three tungsten centres from the parent dffloi* In more detail, the W centres
are selectively removed with their terminal oxo ligaras [WO{* units, along with the
remainingu,-bridging oxo ligands coordinated to these metal centidss process leads
to the production of undecatungstate {}y, decatungstate ({\W}), and nonatungstate
({Wg}) heteropolyanion lacunary structures (see Figure 14). Tast stable of these

lacunary heteropolyanions are those of the silicotiangs

Due to the existence of four different isometsf, v, €) for the parent Keggin anion, and
due to the variation in location of the metal centeaoved, this leads to an increasingly
large number of ‘positional isomers’ as the numberemfiaved metal centres increases.
Additionally, variations in the orientation of the ceaittetrahedral heteroatom unit relative
to the encapsulating metal-oxide framework can lead tihnduisomeric forms of these
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lacunary structures. For example, in the lacunao[P¥ the central tetrahedral [R
unit can be found in two different orientations with resgecthe surrounding tungsten
oxide framework, leading to two different, stable isondesoted [A-PWO34® and [B-
PWsOs4] 9- [18, 121]

It is pertinent to note at this point that the formatad these A- and B-type isomers may be
described in an alternative manner which considers theydartmetal centres which are
removed from the tungsten oxide framework. This descriilmws the formation of the
A-type isomer to be explainedia the removal of three tungsten centres from three
different {W50:3} edge-sharing units, whilst the B-type isomer is form&dthe removal

of three tungsten centres, all of which make up one edatf\WsO,3} edge-sharing units

(see Figure 13}

[G'PW12040]3_

[A-0-PWgO34]* [B-0-PWgO34]™

Figure 13: Representation of the A- and B-type isomersoaPY\Os4]° with respect to
the [a-PWi2040* Keggin anion. Each of the four groups of {@{s} edge-sharing units,
which make up the metal-oxide framework, is highlighted wifferent colour polyhedra.
The central P& heteroanion is shown as a pink tetrahedron. Bottorn LEhe A-type
{PWg} isomer is formed by removal of three tungsten centresnfthree different
{W 30,3} edge-sharing units. Bottom Right: The B-type {BWsomer is formed by
removal of three tungsten centres from ones®{¢} edge-sharing unit. The resulting non-
coordinated oxygen ligand of the POheteroanion is evident. Colour scheme: W, teal,
purple, blue and orange polyhedra; P, pink tetrahedron; O, red.
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Given these descriptions of the {XMisomer formation it can be clearly observed that
further coordination of these anions is greatly influencethbyresulting orientation of the
central heteroatom tetrahedron. This is because iBitype isomer one of the oxygen
ligands of the {XQ} tetrahedron is accessible for further coordinationhwperipheral
heteroatoms such as transition met&#;whereas in the A-type isomer all the oxygen
ligands of the {XQ} tetrahedron form coordinative bonds with the tungstemde
framework, leaving only the terminal oxo ligands of thegiian oxide framework itself to

form further coordinative interactioH$? See Figure 13 and 14, top two figures.

W) W)

Figure 14: lllustrations of some examples of lacunary Keggamfeworks. Top Left: An
A-type a-isomer of {SiW} coordinated to four peripheral @entres whose coordination
spheres are filled withpuy-bridging acetate and hydroxyl ligands, ie. [A-
SiWg034)Cos(OH)(CHC O3] 224 Top Right:  The B-typea-isomer of {PW}
coordinated to six peripheral Nicentres whose coordination spheres are filled with
diethylenetriamine (dien) ligands, bridging hydroxyl ligandsl avater molecules, i.e.
[Nig(uz-OH)s(H20)x(dien)(B-a-PWoOs4)."*¥  Bottom Left: Thea-isomer of {PWo}
coordinated to four peripheral "ficentres whose coordination spheres are filled with
oxalate (ox) ligands, bridging oxygen ligands, and wat@eaules, i.e. [[(Ti(0X)(HO)(u-
0)s]a-PWig0s7] 2% Bottom Right: Thea-isomer of {GeWi} coordinated to one
peripheral Rli centre whose coordination sphere is filled with DM@6lecules and one
water molecule, i.e. [RYDMSO)(H.0)o-GeWi1034%.*%®)  Colour scheme: W, teal
(polyhedra); Si, purple; P, pink; Co, light blue; Ni, darkehlTi, dark yellow; Ru, orange;
O, red; N, light green; C, grey; S, yellow. H atoms @mitted for clarity.
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The ability to selectively synthesize then further camth such multidentate, lacunary
POM anions to form larger, more complex POM architestusevery important in the
design and synthesis of new POM materials. This @&eaurrently of high research
interest because these new POM architectures, due toathee of their coordinated
groups may have, for example, interesting electrdfficmagneti€?® ! or catalytic

propertieg!3% 131

1.4.3 The Wells-Dawson polyoxoanion [XM 1g062]™

The Wells-Dawson, or simply Dawson polyoxoafith ¥ can be assigned the general
formula [X:M14062]"™ Where M = W or Mo, and X = a central heteroatom aagF, As’,

S”, which forms two tetrahedral heteroanion units, e.gsP@ithin the metal-oxide
framework. The tungsten Dawson anion may be syntleizeugh the reflux of aqueous
sodium tungstate solution with excesgXB,, then isolated either by using potassium or
ammonium cations, or using ether extraction to isalla¢efree acid. The molybdenum
Dawson can be synthesized through direct dimerisafiglMo o} anions (one of the few

molybdenum lacuna which can be recrystallized) in acdiution*®!
i.e. 2[XM0yO31(OHp)s]> == [X2M013067* + 6H,0

There are, to date, six known isomers of theMxQOs2]" Dawson structure which are
assigned the following prefixess, o*, B, B*, v, andy*."3* 3% However, the most stable
of these isomers, and that with the highest symmégy for {X,Wig} and Ds; for
{X:Mo1g}), is the a-isomer. The other isomers, in analogy with the Keganion
described previously, are related to thisomer through 60° rotations of the two {®ks}

caps and/or the two {dD,7} belts [18: 135]

The structural composition of theisomer can most conveniently be described as two A-
type a-{XM ¢} units coordinated together, indeed this dimerisation tpkase directly in
the synthesis of {¥Mo1g}. However, in order to visualise the formation of théerent
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isomeric species it is also helpful to consider ttrecsure as being composed of two
capping {MsO13} units and two central {MO,7} belts. Each {MO:3} unit is composed of
three edge-sharing octahedra which then coordinate thimurghr-sharing to the {dD.7}

belt below. One of the oxo ligands of the encapsuldtgd™ heteroanion also acts ag.a
bridging oxo ligand and coordinates to thisf{Ms} capping unit. Each {MO.7} belt is
composed of three edge-sharing dioctahedra which arecttegdinated together through
corner-sharing linkages, into a planar arrangemehe tiiree remaining oxo ligands of the
encapsulated X£) heteroanion then act as-bridges and coordinate to these dioctahedra.
Six corner-sharing interactions involving each octahedinotime belt coordinate it to the
neighbouring {MO,7} belt. See Figure 15.

Figure 15: Representation of the{X,M1¢0s,]" Dawson anion where M = W or Mo, and
X = a central heteroatom such a§ Rs’, S”, which forms two tetrahedral heteroanion
units, e.g. PG, within the metal-oxide framework. The twod®fXM ¢} cluster units,
which coordinate together through corner-sharing interactians highlighted using
different coloured polyhedra. It is the aggregation ofehé-type,a-{XM o} isomer
subunits which dictates the formation of tiedawson isomer. In this illustration the
metal-oxide octahedra of the cluster shell are showsiugsand green polyhedra, the two
central heteroatoms are shown in purple, and oxygendgya red.

Dawson polyoxoanions can undergo further coordinatiotraiosition metals using their
terminal oxo ligands as binding sites so allowing the coasbn of more complex POM
architecture§=>® 3" Also they can undergo partial hydrolysis in a simikshion to the

Keggin anion described previously, leading to the isolatiobafvson-based lacunary

structures (see section 1.4.3.1).
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To date, the most intensively researched Dawson strust{fPé\W,g} which has been used
in the construction of thin-films with photo- and electmamic™*® and optoelectronic
propertied!®¥ in heterogeneous cataly$t€*? and in biomedical applicatiohg® ***
However, recently there has been interest in constguchew Dawson-like POM
frameworks which, due to the reduced or oxidised nature oénbepsulated templates,
may also possess interesting electronic propertigs.héiped that the development of such

materials could lead to the production of a POM-based device.

Some examples of such research have recently beeedcaut by Croniret al In 2004
the a- andp-isomers of a molybdenum Dawson-like cluster encapaglatvo pyramidal
sulfite ions were produced, which exhibit unusual thermaotrcbehaviout**® The
production of the related, tungsten-based Dawson-likeezlgt" 150s6(S'"” O3)2(H20),]®
was reported in 2005, and this cluster anion was found tlikech molecular switch by
undergoing an unusual electron-transfer reaction onrgeatfihis reaction takes plas@a

a structural rearrangement of the cluster frameworkwailows the two pyramidal sulfite
ions to release up to four electrons to the clustdaseyr producing the blue, sulfate-based,
mixed-valence clustenfW"' ;WY 40s4(S"' 04),]* 149!

Then in 2008, following the incorporation of the unusuatiabedral-template {Wg)
within the Dawson-like isopolyoxotungstatesfit00s: %" it was decided to investigate
the replacement of this octahedral template with ogmeapsulated {Xg} heteroanion
species where the heteroatom X is in a high oxidatiate se.g. {' or Te". This research
has recently led to the production of the catalyticalttive [HW1Os6(1"" Og)]® and
[H3W10s6(Te" Og)]” Dawson-like clusterg?® %9 |n addition it has been found that the
encapsulated tellurate {Y'®©s} heteroanion template in the latter cluster can be reduced
using sodium dithionite to the tellurite anion {f@s}, so enabling the isolation of the new

cluster anion [HW1g0s/(TeV03)]* (see Figure 16§49
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Figure 16: Left: Representation of the e W.g0¢;]” Dawson-like aniof:*?! The
metal-oxide framework is shown as a wire-frame reptasen and the {T€Og}
heteroanion unit as a space-filling model. The two a@nlds which are lost on oxidation
are also shown in sPace-fiIIing format. Right: Reengation of the [HTe"'W1g060]>
Dawson-like anio®*®! Once again the metal-oxide framework is shown as e-frdme
representation and the {{f©s} heteroanion, which is delocalised over two positiontha
cluster as illustrated by the faded pyramidal unit, iswsh@s a space-filling model.
Colour scheme: W, blue; Te, green, O, red. H atomsraitted for clarity.

1.4.3.1 Lacunary structures derived from the Dawson polyoxoanion

The tungsten Dawson polyoxoanions,f¥sOe2]° where X = P or As’, are stable in
solution up to approximately pH 6. However, raising theagdve this level through the
addition of base leads to partial hydrolysis of thesestets to yield lacunary Dawson
species where one or more metal centres are remo\aedontrolled manner. This partial
hydrolysis of the Dawson cluster is similar to thaérs in the formation of the lacunary
Keggin derivatives discussed previously. In the case dD#weson clusters, however, all
the stable lacunary species are derived fronutisemer of the {%W.g} anion. 18 21150

There are three stable lacunary species that can dmugad in this way: of-, ax-
X2W17061]10_, [(X-X2W15056]12_, and EX-H2X2W12048]12_. The Iacunary cluster (X{
HAs,W:¢0s¢] ™' has also been synthesized, however, no phosphategaeak currently

known .[121, 150]
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The formation of these Dawson-derived lacuna can peed by reference to the earlier
description of the ‘parent’” Dawson cluster as beingveerifrom two capping {MO:3}
units and two {MO,7} belts. Using this description, the:fX,W17061]'° lacuna is formed
via removal of one tungsten centre from one of thes@Qw} belts, whilst the .-
XoW17061]*% lacuna is formed through removal of one of the tumgstentres from a
{W 303} cap. An entire {WO,3} cap is removed from the ‘parent’ Dawson cluster to
form the [-X2Wis0s¢/*? species. TheafHoX2Wi1204¢)™% lacuna is formedvia the
removal of six adjacent tungsten atoms that form gitodinal third of the polyanion, i.e.
through the removal of one tungsten centre from edBOfs} cap and two adjacent
tungsten centres from each of the twos{0} belts.

These lacunary Dawson clusters can act as multiddigatels and coordinate with a wide
variety of transition metal and lanthanide ions, wiig the construction of many mixed-
metal polyoxoanions as well as larger, more complex Pbctures?l 1°01%€1 some
examples of the extended coordination ability of tHe@ae/son-lacuna are shown in Figure
17.

{P.W,7} {P.W s} {P.W,2}

Figure 17: lllustrations of some examples of lacunary Dawsameworks. Left: Aru,-
{P2W;7} lacuna functionalized with an organosilyl group (O[Si(J3%$H].) via the four
oxygen atoms in the mono-lacunary site of the clustere. [oz-
P,W17061(O[Si(CH,)sSHL) &% Centre: A {\,O.3} cap is coordinated in the vacant cap
position of aru-{P,Ws} lacuna. The bridging oxo ligands of this cap are theraca by
the three alkoxo ligands of a coordinating tris(hydroxymegimgipomethane group, i.e.
[(H2NC(CH,0)3)PVaW150s¢ % .1%® Right: Six peripheral Fecentres are coordinated into
the six vacancies of an{P,W,2} isomer. Three further Fecentres are then coordinated
through bridging oxygen ligands to these Fe centres. ddelination spheres of these Fe
centres are filled with bridging acetate ligands, i.ePp/:.F€" ¢0s6(OAC);]%. 1% Colour
scheme: W, teal polyhedra; P, pink; Si, purple; V, lgeen; Fe, dark yellow; O, red; N,
blue; C, grey; S, yellow. H atoms are omitted forigfar
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Of particular note from these examples is thelNE(CH.O)s)PVaW1s0s¢ *cluster (centre
of Figure 17) which represents a tris(alkoxo) derivative aoimixed-metal Dawson
lacuna®™® The first of such structures to be isolated, i.e. ([R€O)sV3P:W150sg)®
where R = CH, NO,, CH,OH; were reported by Hikt al in 1993™* Since that time,
research into these derivatized Dawson clusters has sectea the hope of introducing
further functionality to these structures, and hasnt®céed to the isolation of a tetrameric
assembly of these clustét¥! as illustrated on the left of Figure 18. Also, as stermsion
of their research into these triester clusterseHrsopf, Lacéte and Thorimbeet al have
recently reported the isolation of an amide derivatizédedametal Dawson lacurt&?”’
through the reaction of various amide derivatives of Ziardiethyl-1,3-propanediol with

{P2V3Wis} in dimethylacetamide (see the right of Figure 18).

Figure 18: Left: lllustration of the H-bonded tetrameric asbgm of four
[H2NC(CH,0)3P2VaW150s)® clusters?®® One lobe of this distorted tetrahedral structure
is made transparent to highlight the H-bonding intepasti Colour scheme: {\W{ blue
polyhedra; {VQ}, yellow polyhedra; {PQ}, orange polyhedra; C black; N, blue; N-H---O
hydrogen-bonding interactions, purple dotted lines; C-H--e@ shntact distances, golden
dotted lines. Right: Structural representation of
[P2V3W1505((OCH,).C(Et)NHCOCH)]* **? ie. an amide derivatized {PsWis}
Dawson lacuna. Colour scheme for polyhedra: W, dark; grayight gray; P, black.
Colour scheme for ball-and-stick models: C, black; MygH, white; O, small black.
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1.5 Molybdenum blue and Keplerate Structures

The molybdenum blue and Keplerate structures will be dsecusvithin this section as
they comprise a class of highly reduced molybdenum-basgdxoanions, which are
constructed using the ubiquitous pentagonal {(MogMumilding-block units, as explained

below.

1.5.1 Molybdenum blues

The term ‘molybdenum blue’ was first eluded to by Scheel7781°% then by Berzelius
in 1826 and refers to the amorphous blue material precipitated folution following
the reduction of acidified molybdate(VI) solutions usswide variety of reducing agents.
Indeed it is this reaction which forms the basis of tmelybdenum blue test’ to
qualitatively determine the presence of molybdeH§th. Until relatively recently,
however, the composition of this compound was unknowd, was only determined in
1998 through work by Miilleet al*%?

In this important piece of work it was illustrated tHa tanion of the crystalline compound
isolated, i.e. [M@s4(NO)1404oOH)8(H20)70]**, is archetypical for these ‘molybdenum
blue’ compounds. Through comparisons between the spegiosmod powder X-ray
diffraction data of this compound with the molybdenum bluecipitates, the authors
suggested that the molybdenum blue materials were mosthbyoloams of molecular
molybdenum trioxide, with varying degrees of protonation addaon and the probable
formula [(MoOs)1s4(H20)0H,]" 2% This formula is related to that for the anion
[MO 154NO)14042 OH)o5(H20)70]** described above, through replacement of the 14
{MoNO}*" groups with {MoO¥* groups. This is not without precedent as previous
comparable cluster pairs have been identified, e.g.:dM®)sO104H20)16]** and
[MO360112(H20)16]8-.[163-165]

The structure of the [M@{NO)140s0OH)s(H-0);q** anion can be explained with
reference to the smaller building-block units from whtdls composed, i.e. {Mg}, {Mo »}
and {Mo;} units. In this context, the composition of these handdblocks units is
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explained herewith. The {M# building-block unit consists of a central, pentagonal
{MoO,(NO)} bipyramid which shares each of its five equatorddes with five {MoQ}
octahedra, leading to the creation of the {(Mo}Mpentagonal building-block referred to
previously. Two additional corner-sharing {Mgl(bctahedra are then coordinated to this
pentagonal unit. This gives the {Mlobuilding-block in this structure its characteristic
curved appearance (see highlighted polyhedra, left-hand skiguwe 19). In discussing
the construction of this building-block it is interestibg note that the pentagonal
{(Mo)Mos} unit can also be identified in the composition of tbbahe fully oxidized
[M0360114H20)16]® clusteP™ 32 %5 57 (where the central pentagonal bipyramid is
{MoO7}), and the partially reduced {Mg} clusters, of the type
[Mo"'5:M0" 6Fes(NO)eO174OH)s(H20)24] > 1164

The remaining building-block units in this structure, i.e. {ffl®,} and {Mo;} units, are
described as follows: the {Mp building-block unit consists of two corner-sharing
{MoOg¢} octahedra (see red polyhedra, right-hand side of Figure 18i)stwthe {Mo,}
building-block refers to just one {Mafpoctahedral unit (see green polyhedra, right-hand
side of Figure 19).

Using these building-block wunits the formula of the @ust anion
[MO 154NO)14042( OH)25(H20)70] 1, otherwise referred to as {M&}, can be re-written as
[{Mo 2{Mo g{Mo 1}]» or [{Mo"',05(H-0):{Mo "V eXO5(0OH)o(H-0)sMo "V}, wheren

= 14 and X = NO. The arrangement of the building-block&imw this tetradecameric
cluster is illustrated in Figure 19. The 14 {Manits are arranged around the periphery of
the wheel-like structure, both above and below the egaafgene of the cluster and are
coordinated together by the 14 {Mounits. This coordination arrangement is further
reinforced by the 14 {Mg units forming corner-sharing linkages between the {Mo
building-blocks (see Figure 18§
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Figure 19: Structural representation of the [M&NO)140420OH)2s(H20)7¢]** anion,
archetypical of the ‘molybdenum blue’ speciés'®? Left: The majority of the cluster is
shown in ball-and-stick representation where the coloberse is: Mo, teal; O, red.
Highlighted in polyhedral representation is one of the §Muauilding-block units which
make up this structure. The central pentagonal {MbO)} bipyramid is shown in light
blue; the five surrounding, edge-sharing {M$@ctahedra are shown in dark blue; and
the two corner-sharing {Mog) octahedra, on the periphery of this central pentagonal
{(Mo)Mos} unit, are shown in purple. Right: The {Mgq} cluster is shown as a
polyhedral representation. The {N}abuilding-blocks are shown in dark blue, the {Mo
building-blocks are shown in red, and the {iflanits in green.

Further work to synthesize analogues of the {Mowheel-structure, but without the NO
groups, resulted in the isolation of the related mixeenad, wheel-like {Me;¢} cluster,
i.e. [(MoOs)176(H20)s0Hs2].2%% 7! This structure of this cluster is closely related @t tif
the {Mois4 wheel, being composed of the same building-block units. eddiee formula
for {Mo17¢} can be re-written in the same manner as for {Moso revealing this cluster
to be a hexadecameric molybdenum blue species, i.e. ;{Mo g{Mo 1}], or
[{Mo V',05(H,0) KMo "V gXO25(OH)a(H20)sMo "V} » wheren = 16 and X = @8- 168

These molybdenum blue-type species are of great intenestirther study due to their
many intriguing properties. For example, they posseghalectrochemistry due to their
mixed-valence molybdenum centf&é; ¢ have nanometer-sized cavities within the
centre of their wheel-like structures which can act asshior organic and inorganic guest
moleculed!® ** have a high density of states in the HOMO/LUMO regdiading to a
small band gap and, therefore, semi-conductor act¥ffy;and possess interesting
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photochemistry with intervalence charge transfer ttians providing their intense blue

colouringf*® !

1.5.2 Keplerate structures

The building-block principles, explained in the previous sectwhich can be applied in
an attempt to understand the self-assembly of the malyndeblue structures can be
further extended when considering the self-assembly o§pherical Keplerate clusters.
The key building-block in the formation of these clusteithe pentagonal {(Mo)Mg unit
described earlier, which allows the assembly of spakciasters of icosahedral symmetry.
Due to the role played by this pentagonal building unilvats decided to name such
clusters ‘keplerates’ after J. Kepler and his studgesftagonal symmetry in 1596, and as
illustrated by his model of the cosmib¥!

Prominent examples of Keplerate structures include the ;{Mocluster anion
[((M0)M05O21(H20))12(M0"204(CHsCOOH) %] **, 2" the neutral, mixed-valence
{Mo 103 cluster [((Mo)M0sO21(H20)4(CH3COO))oA(MoO(H:0))5*? and the mixed-
metal analogue of this cluster {Mgesq}, i.e. [(MO)M0sO1(H20)s)12(Fe" (OHy)2)30] ™!
(see Figure 20). These cluster species are formed in @ getution, at the appropriate
pH value, through the self-assembly of the pentagonal {{Mdg) units with smaller
linking groups which interconnect these pentagonal buildingkbleca corner-sharing
interactions. For example these linking groups in the {fM@nd {Mo-.Fesq} clusters are
either dinuclear, i.e. [M&O4(CHsCOO)]', or mono-nuclear linkers, i.e. [F€OH,),]*",
respectively. Therefore, the structures of both e$éhclusters can be described using the
analogy: (pentagonylinker)s, and are illustrated in Figure 26%
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Figure 20: Left: Polyhedral representation of the {Mg cluster. The pentagonal
{(Mo)Mo s} building-block units are shown in blue, with the cengpahtagonal {MoG}
bipyramid highlighted in light blue. The dinuclear [K404(CHsCOO)[ linkers are
shown in red and coordinate through corner-sharing interscto adjacent {(Mo)Me
building-blocks*®® " Right: Polyhedral representation of the {idees} cluster. The
pentagonal {(Mo)Me} building-block units are shown in blue, with the centrahfagonal
{MoO+} bipyramid highlighted in light blue. The mononuclear fff@H,),]** linkers are
shown in yellow and coordinate through corner-sharinteractions to adjacent
{(Mo)Mo s} building-blocks. The smaller size of these linking gpe explains the smaller
diameter of the cluster as a whole when compared thith{Mo,33} cluster. This is
illustrated by the dimensions shown above the clu8f&r§!

Keplerate clusters of this type are of great interesthi field of polyoxometalate
chemistry not only due to properties such as their esterg electrochemistry and their
capacity to be linked into extended network structlife§’” but also because their size
and therefore, their accessible ‘pore’ and internaltgaize, can be altered through the
choice of linking group (as shown in Figure 20) so allowirggdbintrolled encapsulation of
molecules of different sizé¥>*’®  Additionally they can be constructed to afford
interesting magnetic properties following incorporatiopafamagnetic centres, as seen in
the {MossFess cluster™ and it has also been reported that, in the presence of
surfactants, composites can be produced which are soflublganic solvents and allow

the production of monolayers and Langmuir-Blodgett fitHs
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1.6 Mass spectral studies of polyoxometalates

The use of mass spectrometry in the study of polyokalate chemistry has grown
steadily over the last two decades. Indeed polyoxontetatampounds are, in some ways,
ideal candidates for mass spectral investigations sineg Have complex isotopic
envelopes resulting from the high number of stable isstopg. tungsten W, 0.1%;
184, 26.5%;'%3W, 14.3%;'%W, 30.6%;'%W, 28.4% ) and molybdenuni’flo, 14.8%:;
%Mo, 9.3%:;%Mo, 15.9%;*®Mo, 16.7%;°"Mo, 9.6%;°*Mo, 24.1%;'°Mo, 9.6%), and are

intrinsically charged.

Initial work using this analytical technique focused on thézation of the fast atom

bombardment (FAB) ionization method. However, althodlgis ionization technique

allows accumulation of useful information on the emilar mass and elemental
composition of POMs, it also leads to extensive idioraand fragmentation, therefore is
not as useful in characterizing the growth processes whoctrad the formation of

extended POM frameworks in the solution st&fe.

For these reasons, the ‘soft’ ionization technique mlsptay mass spectrometry (ESI-
MS), has increasingly been used as the ionization meihetoice in the mass spectral
analysis of polyoxoanion solutions within recent yé&fs-®! More recently still has been
the introduction of an adaptation of this electrospray surc the form of cryospray
(coldspray) ionization (CSH®'# which operates at much lower temperatures than the
related electrospray technique (see section 1.6.2). Thentapplication of both of these
mass spectral techniques in the area of polyoxometakdarod, and their potential future
applications within this area of chemistry, will beadissed below.

1.6.1 Electrospray mass spectrometry of polyoxometalates

As explained above, the use of electrospray massrepety (ESI-MS) in the analysis of
polyoxoanion solutions has expanded rapidly over the gdastde. This ionization
technique has been increasingly favoured in this reseazahbacause the ‘soft’ nature of
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ESI allows the transfer of even large inorganic POM elgstrom solution to the gas

phasélgo' 189]

Until very recently the traditional application oktlESI-MS technique in POM chemistry
has generally involved the analysis of pre-formed POMpmunds dissolved in various
solvent system$®® 1%0192lgr investigations into in-source aggregations of POM fegm

583 193] 5 ch studies have been carried

promoted through the use of high cone voltatfé
out using purely organic solvent systems, e.g. aceton#égietone; mixed aqueous organic
systems, e.g. methanol:water (50:50), acetonitrile:w&€r50); and purely aqueous
systems. POM compounds characterized to date using thet®ds have included
various species of polyoxovanadafgs, 1°* polyoxoniobate§* polyoxotantalateS®
polyoxochromate82 polyoxomolybdate&®? polyoxotungstate'$®® 183 191 1961 gnq

polyoxorhenate8®”

The first group to undertake such studies was that of Hbvedrial who investigated
aqueous solutions of isopolytungstates, peroxotungstates, hateropolymolybdates,
detecting the [WO.g*> and [WO;]*" species in aqueous solution for the first tifig.
Mixed-metal heteropolyanions were also investigated and [tB@WM012Oaq) ™"
species, where n = 0 to 12, were reported. Indeed this pi®oark represents one of only
a handful of studies that have applied ESI-MS to dyeobserve a reacting POM
solution!*8® 2% |n this case ESI-MS was used to monitor the metatdhsmge between
phopshododecatungstates and molybdate anions over timeughhthis work Howartlet

al also showed that the ESI-MS-determined concentratibrseositive species (i.e.
sensitive to changes in pH or the presence of other spewgiay differ from that
determined in bulk measurements. This is due to the irdade in the equilibrium
process by the drying agent (e.g. nitrogen gas) in ESl9Beadesolvation rapidly affects
the pH and the concentrations of the solutes in ttradtion of the analytes.

Colton and Traegérf® investigated heteropolyoxomolybdates compounds dissolved i
acetonitrile and successfully identified intact anioniccigzee.g. [8M01606]%. Le Quan
Tuoi and Mullel*® studied mixed metal polyoxomolybates and polyoxotunstatesxiad
solvent systems such as methanol:water and acetanitrikr, and identified mono-, di-
and tri- anionic species of = jAM01204q, [H4PM011VOsd], [HzPWi204] and
[H4SiW12,040). The group Lau and Siat al carried out similar investigations of mixed
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metal POM systems before extending their researchrougatetrabutylammonium salts
of the isopolyoxomolybdates and tungstates in eitheroneebr mixed methanol:water
solvent system$® Results from this work included detection of the paramibns
[M0,07]%, [M0ogO16]* and [MaO2¢*, as well as the anionic fragments: [HMgdCand
[MoVOs]” from fragmentation of the parent [M®;]* ion; and [MeO;]*, [M0sO1d?,
[M04O13% and [MaO16]* recorded in the fragmentation of the larger parents{D4g)*
and [MaO26]* anions.

Von Nagy-Felsobukiet al have investigated ammonium and various alkali metal
isopolyoxomolybdates dissolved in aqueous solution by ESEMS.Results from the
negative ion mode experiments on the ammonium isopoljokddate systems revealed
three main ion series: (i) monoprotonated mono-anioniesse(ii) unprotonated di-
anionic series; (i) unprotonated tetra-anionic seriéflithin each of these series an
aggregation process of additive polymerisation involving {Mlo@oiety additions was
recognised as giving rise to the large range of aggregal @dts observed. The
monoprotonated monomolybdate anion [HMpQvas the most abundant peak in almost
all sample solutions tested. The proposed condensatawxtion (1) of this abundant
species provides an explanation of the aggregating {ylo®ieties!*®?

[HMoO4] + {H"} {MoQOg} + H,O (1)

A reaction scheme for the aggregation of the polyoxginaate species may then be
represented as the general condensation or protomeiotion given beloli?? (2).

pH" +g[M00,4]* === [Hp2M0O0sq]?"" +rH,O (2)

Von Nagy-Felsobuket al investigated agqueous solutions of ammonium and various alkali
metal isopolyoxotungstaté®! in a similar way with results showing the same gehner
trends in ion series and aggregation via addition polymenms@rocesses as seen for the
isopolyoxomolybdate systems.

An investigation of aqueous solutions of ammonium and wari@alkali metal
polyoxochromates was also carried out by von Nagy-bBaldet all*®*¥ Results from the

negative ion mode experiments on the ammonium dicheeystems revealed three main
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ion series all of which were mono-anionic: (i) unprat®ad series; (i) monoprotonated
series; (iii) triprotonated series. Of particular et are the unprotonated and
monoprotonated anion series which were found to contatednoxidation state species
where the oxidation state of the chromium varied freBnto +2, in conjunction with +6.
The aggregation process within each mono-anionic seriéwilady to the
polyoxomolybdates and polyoxotungstates, was recognized af/mmepsation process
involving {CrOs} moiety additions to give rise to the larger rangd>@fM aggregate units
observed. Condensation reactions of the form of iceec{1) and (2) above were used to
explain the aggregation process. Also, again similarlyhe polyoxomolybdates and
polyoxotungstates, the monoprotonated mono-metalate anidhjs case [HCrg) was
found to be the most abundant peak in all sample so&itested.

In addition to the detailed studies discussed above, tthe applicability of the ESI-MS
technique to complex systems and mixtures has been deatedsin catalytic studies
where the real time transformation of the substcaie be observed, helping the proposal
of a mechanistic pathwd3f™ 2°? Studies into the potential-dependent formation of
unknown multinuclear and mixed-valence polyoxomolybdate cexasl when using on-
line electrochemical flow cell electrospray mass specttry (EC-ESI-MS) have also
been presentetf”

An interesting future application of ESI-MS in POM chstny is concerned with the
monitoring of reacting POM solutions in order to gain samsgyht into the rearrangement
of POM species in solution. As stated previously, thare been very few studies of this
kind carried out to date. Indeed, aside from the workezhrout by Howarthet al in
19978% the only other reports of ESI-MS being utilised in this aaye been the study
of the organosilane functionalization of a Dawsotetapolytungstaté® and a study of
molybdate and tungstate clusters with arylated cattéils.
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1.6.2 Background to cryospray mass spectrometry

Due to the very recent development of the technique ydspray (also known as
coldspray) mass spectrometry it is useful, at ghant, to provide some details
regarding its operation and development, then the applicatf this technique to
polyoxometalate systems will be discussed in secti6r81.

Initial investigations into cryospray mass spectrometere first carried out by Shiea
et al*®® ¥"lthen further developed by Yamaguethial*® 2°* for the investigation of
unstable organometallic complexes. The developmenti®febhnique was required to
allow analysis of these unstable organometallic complexseshe presence of weak,
non-covalent interactions, had previously precluded analpsisother ionization
techniques such as FAB, MALDI, and ESI, due to dissaxgiaof the species. The
technique is, therefore, of interest for investigatiohdabile POM systems because
previous ESI-MS studies of such systems have been dmie the use of low

resolution detectors and the high temperatures utilizékdeifieSI| process.

The cryospray source consists of, essentially, an relgmtay source where the; N
capillary and sprayer gases are maintained at verytémmperatures (minimum -100
°C). The use of low temperature gases promotes iboizaf the target molecules, not
by desolvation at high temperature as in the conventiondl E&cess, but by
increasing the polarizability of the target molecud¢dow temperature (i.e. the result
of higher dielectric constant at low temperatdt&). This allows the molecular ions of
unstable species to be generated and transferred effyciatd the MS detector with
minimal fragmentation effects® 2°°! See Figure 21 for a schematic diagram of the

construction of a cryospray source.
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Figure 21: Schematic diagram showing the construction of the Brilkadtonics Ltd.
cryospray source. The dry gas hose and sprayer gas hiwéeswpply low temperature;N
into the source replace the drying gas and nebulizer gdee inanventional ESI source
respectively.

An example of the power of CSI-MS to investigate weakjglrogen-bonded organic
aggregates is the observation of large, hydrogen-bonded, sthactures of amino acids in
solution, e.g. L-serine, glycine, L-valiffi8® These observations are consistent with the
single crystal X-ray crystallographic data for somehafse amino acids in the solid state.
In this study CSI-MS analysis also allowed observawndralkali metal ion mediated

aggregation of L-proline into cyclic clusters composettioferic and tetrameric subunits.

The application of CSI-MS analysis to organometallystems has not only allowed
identification of organometallic complexes in solutiti but also clarification of
molecular structures previously not possible using othatyacal techniques such as
NMR and single crystal X-ray diffractidff® For example, the study of adamantanoid-
type Pt(ll) complexes by CSI-MS allowed confirmationtioé numbers and structures of
encapsulated guest moleculéd; 2°* and the study of interlocking Pt(ll) cage complexes
composed of tris-(4-pyridyl)-1,3,5-triazine and 2,4,6-tris-(4igpgr4-ylmethyl-phenyl)-



1 INTRODUCTION 40

[1,3,5]triazine ligands allowed clarification of the enbcking behaviour of the ligand
structures in solutiofi® CSI-MS has also been utilised in conjunction with Ristudies

to investigate the metal-induced self-assembly in nitrbaret of a resorcin[4]arene
derivative coordinating Pd or Pt. The coexistence ofirdaerclipped supramolecular
capsule and intraclipped bowl in dynamic equilibrium wasntified using these

technique&®”

1.6.3 Application of CSI-MS to polyoxometalate systems

Although ESI-MS studies have been extremely helpfuldeniifying the composition,

extent of protonation, and the existence of other veltistable POM species in solution,
these studies can be limited when we have to deal afhel clusters with complex

compositions, or those that adopt large and unstabldsmdiurthermore, given the extent
of ionization and the instability of such structures ghhiemperatures, it is often difficult
to establish the presence of some cluster architectuires ESI-MS. This is because the
fragmentation of labile POM clusters occurs at thatiedly high temperatures (150-200

°C) used to desolvate during the ESI process.

In contrast, the low temperatures accessible (miniFl@®O °C) for use with a cryospray
source minimize uncontrolled fragmentation and sowalidficient transfer of very high
nuclearity, yet labile, ionic species into the detegtith minimal interfering effects from
the ionization and desolvation proceéé%]é. By employing this approach it is then
possible to transfer many of the labile species presensoiution into the mass
spectrometer and so allow some correlation between etbeentially gas phase

measurements with solution and solid state stiitfieg%!

Therefore, following the successful application of this temperature mass spectrometry
technique to unstable organometallic complexes, this techmgoew being utilised in
investigations of labile/unstable POM systems. It is Hogeat the potential of this
technique to transfer unstable, yet intact, POM speoniesthe mass spectrometer, will

allow the collection of information important fordang our understanding of the self-
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assembly mechanisms which take place in the synthediseanrangements of complex

POM systems in solution.

The application of CSI-MS to such POM systems is imiisncy, however, an example of
the power of this technique has recently been illustrageCroninet al™*® In this work
three different tris(alkoxo) derivatives of the ;yiWis} Dawson lacuna, described in
section 1.4.3.1, were synthesized. These clusters wefe the form
[RC(CH,0)5P,V3W150s6]® where R = NH, NO, and CH. The cluster where R = NH
was successfully crystallized from acetonitrile as tétrameric, H-bonded nanostructure
([HNC(CH0)3P,V 3W150s4)4)** shown previously in Figure 18. However, the clusters
where R = NQ or CHs, could only be crystallized as monomeric cluster uretsg,
[02NC(CH,0)sP2V3W150s6]

Dimer X =NO,
* Monomer
Trimer
Tetramer *

Pentamer

X =NH

Opp = 5.96 ppm

Dimer

J

: 0o = 5.74 ppm

* Monomer

Trimer *
l Tetramer
b MAAAAAA A s Ao ” L.«_.L.«.JL_

8,,, = 5.53 ppm Manomer

Intensity

3500 4000 " 4500 5000  miz

Figure 22: Comparison of the CSI-MS spectra and supramolecutsndsdies of the
synthesized [RC(CHD)sP,V3sW1s0s¢]® cluster compounds dissolved in acetonitrile
solution and recorded at -40°C. Top: CSI-MS spectrum WRereNG,.. Centre: CSI-
MS spectrum where R = NH Bottom: CSI-MS spectrum where R = £H All spectra
shown are on the same m/z scale.
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CSI-MS analyses were then carried out on acetongalations of each of these samples,
with the N> sprayer and dry gas temperatures set at -40°C (see Figur@tZe analyses
allowed the observation, in solution, of the H-bondethteeric assembly formed by the
cluster where R = NH i.e. [TBA(HoNC(CHO)sPoVsWis0s9)4]° at 4149.5 miz, and
showed the absence of any such macromolecular clggisggates when R = GH

Of particular interest from these results, is theevtation (at low temperatures only) of
cluster aggregates formed by the cluster where R 3, M€spite only monomers being
isolated for this compound in the solid state. This has leeglained by the electron
withdrawing NQ group increasing the acidity, and therefore the H-bonduildgya of the
surrounding CH groups of the tris(alkoxo) cap, as shown by the NMR datenshift
values in Figure 22. The fact that these cluster aggregadoe not observed in mass
spectral analysis at higher temperatures, and cannot beegah the solid state, whereas
the tetrameric assembly has been isolated when Riz i probably due to the greater
strength of the N-H---O hydrogen-bonding interactionsnviRe= NH, than the C-H---O

interactions established when R = NO

It is also important to note that the use of CSI-M8&lysis in this study, not only allowed
observation of these weakly bound cluster assemblienvih= NQ and NH, but also
allowed some insight into their formation. For exd&nmhen R = NH, not only the
previously crystallized tetrameric cluster aggregation wlaserved, but also the smaller
building-block  units  of this  structure. i.e. The monomeri unit
[TBA5(H:NC(CHO)3P.V3W1s0sg)]”  was  identified at 5247.2 m/z, the dimer
[TBAo(HoNC(CHO))PaVaWis0se)2]>  at 3416.7 m/z, and  the  trimer
[TBA 14(H,NC(CH,O)sP5V 3W150s0)3]* at 3874.5 m/z.

In summary, through the work carried out in this studgl-8IS has proved to be an
extremely powerful analytical tool which is yet to bdlyf exploited in the field of

polyoxometalate chemistry. It has been shown torantipnly the identification of weakly
H-bonded nanoassemblies of clusters in solution, battalseveal information about the
building-blocks, and self-assembly mechanisms governindotimeation of these cluster
aggregations. Indeed the potential of CSI-MS to aid tegdend analysis of novel POM
systems is currently being explored in further studies byoni@r et al
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2 Aims

In polyoxometalate chemistry the predominant methodyofhesizing new architectures
involves the use of the ‘one-pot’ synthetic strategy, rehduster building-blocks self-
assemble in solution to form larger, stable cluster agges. However, elucidating the
key species involved in the self-assembly processes, att@d $ormation mechanisms, of
complex polyoxometalate structures formed in this wawtiooes to present a huge
challenge to the analytical chemist. The applicatd mass spectrometry techniques to
this problem is currently in its infancy, with only a hardif ESI-MS studies having been
carried out to directly observe reacting POM solutidfls'®® 1°¢! Therefore, in this study
cryospray (CSI-) and electrospray mass spectrome8i+KES) techniques will be utilised
to investigate the ‘in-solution’ formation of complex pamxomolybdate systems from their
reaction solutions, and the application of these techsituenonitor the progress of such

reactions in real-time will be evaluated.

The second part of this thesis will investigate the ipooation of high oxidation state
heteroanion templates into polyoxometalate structur€is research area has been of
interest for many years as chemists have strived tbhegize compounds with, for
example, improved catalytic activity, or electron-tfanproperties. To this end, Croren

al have recently investigated the incorporation of the highlation state heteroanion
templates {"' Og} and {Te"'Og} into tungsten-based polyoxometalate clusters, leading to
the successful isolation of the periodate- and tellcatdred Dawson clusters
[H3W10s6(1"" 06)]8 1181 and  [HWi1s0s6(T€'06)] .19 In this current study, the
production of the molybdenum analogues of these clustang, of other new,
molybdenum-based polyoxometalate architectures incorpgrdiese high oxidation state
templates, will be investigated.

In the third section, the synthesis of new polyoxotagtacompounds incorporating large
aromatic cations will be explored, in order to develapmpounds with interesting
architectures and emergent photoactivity. In recentstimesearch into the introduction
into polyoxometalate systems of organic counter-catiosith interesting electronic
properties or photoactivity, has been of increasingester This research has been driven
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by the desire to produce new polyoxometalate materialshydissess, not only interesting
architectures, but which also show emergent propertesprioperties not associated with
either the lone POM or the organic component of tis¢esy. In previous work Cronit

al have developed a family of phenanthridinium-based madsaunhich can vary greatly in
structure, size and charge as a feature of the sultiRegroups used in these
moleculed®®® 2% These Dihydro-Imidazo-Phenanthridinium (DIP) and it
Phenanthridinium (IP) molecules also possess highly aiojrelectron-rich cores which
have led to the observation of some interesting phaimical properties in earlier
studies?*!! Therefore, in this current work the incorporatiomipblyoxometalate systems
of DIP and IP cations, of varying size, geometry andgshawill be carried out and the
synthesized compounds fully characterized and investigateshfergent photoactivity.
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3 Results and Discussion

3.1 Examining the ‘in-solution’ self-assembly of polyoxometala
systems using mass spectrometry

One of the most interesting aspects of POM chemigsywith the fact that the clusters
can be viewed as transferable building-blocks or synthdnsAs such, the controlled

assembly of polyoxometalate-based building-blocks defira@al challenge to engineer
these fragments so they can assemble into noveitectures with functionality, such as
increased catalytic activity, or photoactit§. However, despite the increasingly
intensive research in this area, understanding of the legnfiprmation mechanisms and
self-assembly processes which govern POM structure fammegmains limited®: 2 3¢

In practice, this lack of understanding leads to experiat®n where manipulation of

reaction parameters in the commonly used ‘one-pot’ POMhegas often leads to the
formation of new POM structures, all bevia a somewhat serendipitous appro&é&i*?

Although the underlying speciation process behind the formadiomow nuclearity
molybdates and tungstates is well understbod® the process by which larger or
polymeric structures is formed is not clear due to thgel@ombinatorial library of cluster
types / repeat units potentially available as the nunatbepuilding-blocks increasé”
Thus, there is a clear need to develop approaches to bhiegga°® 2** between solid
state and solution studies so that the key featured)eobelf-assembly mechanisms of
POM cluster formation, can be revealed.

In order to address this challenge we have utilisedetiantques of cryospray (CSI-) and
electrospray mass spectrometry (ESI-MS) with a higdolwgion time-of-flight (TOF)
dectector, to examine in detail the species present waation solutions from which
polyoxometalate compounds are crystallized. Additignak have further developed this
approach to allow real-time monitoring of the intepsihanges of the detected species,
and therefore, their concentrations, over the coafrfiee reaction.

This is a new approach to the use of mass spectromégy studying the solution state
species involved in the self-assembly of POMs, withgngeral approach adopted to date,
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involving the dissolution of pre-formed crystalline POM gées into a suitable solvéht:
194,208, 2141 35 discussed previously in the Introduction, section 1.Grdeed as yet, the
only experiments carried out using ESI-MS to directly olise reacting POM solution
have been the study of the organosilane functiori@izaf a Dawson heteropolytungstate
cluster!’®® the study of metal interchange between phosphododectitasngand
phosphododecamolybdate anidti¥,and a study of molybdate and tungstate clusters with
arylated cationg8®

Therefore, the development of this new approach to tisatibn of the powerful
analytical technique of mass spectrometry in the fieldadyoxometalate research, opens
the door to further exploration and expansion of our uraedstg of the building-block
principles which govern the bottom-up processes in soluti@hvall lead us to future
methods for control of these building processes.

3.2 Investigations into the formation of a silver-linked polyoxoméalate
architecture using mass spectrometry

In order to stabilize particular POM building-blocks inwg@n, and so allow mechanistic
insight into the formation of different POM architeasy Croninet al have previously
developed an approach to POM synthesis which uses budlyiorcations to ‘direct’ the
structure growth:*> 215 218 This has been illustrated in previous work in which tteafs
protonated hexamethylenetetramine (HMTAMs counter ions, enabled stabilization and
isolation of the highly charged polyoxomolybdate anion;Mbl’sMo"'1,0s,]*%",121> 226!
followed by the isolation of a family of sulfite-baseDawson-type mixed-valence

polyoxomolybdates [M@Os4(SOs)2]™, using the same synthetic appro&éh.

In particular, this ‘encapsulating’ organic cation metheds utilized to investigate
different chain length alkylammonium salts of the welblvn molybdenum Lindgvist,
[MoeO1¢]%, anion ({Mas}) in reactions with electrophilic silver(l) ior&: 8 This work
produced a family of Ag-substituted, polymeric POM architexs consisting of3-
octamolybdate $-[Mo“'s0.¢]*, ({Mog}) building-blocks linked through coordination to
electrophilic silver(l) ions (see Figure 2%}8
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[MogO1]”

((HDMF),[Ag3(M0gO2s)(DMF )] ) ((n-BuaN)25[Ag2M0gO26(DMSO):],)

Figure 23: Scheme showing the transformation of the LindqvisbranjMosO1g]?, into
the [AgMo0gO26* building-block (centre) which subsequently forms a varigtyPOM
cluster architectures in the solid st&t€® Colour scheme: Mo, teal; Ag, pink; O, red; C,
black; H, white; S, yellow.

Therefore, due to the interesting rearrangement dfitigevist anion into the silver-linked
octamolybdate synthons, which takes place in this POMsyand allows the isolation of
this family of architectures, it was decided to investigate formation of this particular
reaction system in more detail. To this end, in orddollow the self-assembly processes
involved in this polyoxometalate rearrangement, cryosprags spectrometry (CSI-MS),
with a high resolution time-of-flight detector (TOF), datV/vis spectroscopy were
utilised to investigate these cluster rearrangemeintgeineaction solution.

3.2.1 Utilisation of cryospray mass spectrometry and UV/vis speodscopy to

investigate ‘in-solution’ polyoxometalate rearrangements

The application of CSI-MS with a high resolution TOFe¢dr to study labile POM
systems has recently been under investigation by Cetiti*®® This is because ESI-MS
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studies of such systems have been limited by the usevofelsolution detectors and the
high desolvation temperatures utilized in the ESI procéssa result, the majority of ionic
species observed when studying labile POM structures withiaisation source have
been highly ionised, multiply-charged specté%.!82 183, 193. 194 Thig is indicative that

fragmentation of labile POM clusters can occur atrtiatively high temperatures (150-

200°C) used to desolvate during the ESI process.

In contrast, the low temperatures accessible (minirall®0® °C) for use with a cryospray
source minimize uncontrolled fragmentation and sowalidficient transfer of very high
nuclearity, yet labile, ionic species into the detegtith minimal interfering effects from
the ionisation and desolvation proces$®¥s. By employing this approach it is then
possible to transmit many of the labile species presensolution into the mass
spectrometer and so allow a high degree of correldt@ween the essentially gas phase
measurements with solution and solid state stitfies’® However, one must bear in
mind when using the technique of CSI-MS, that it is alsosiptes that the CSI-MS
determined concentration of sensitive species (i.e. senditi changes in pH or the
presence of other species) can still differ to somenexirom that determined in bulk
measurements. This effect was investigated by Hovearsh during ESI-MS studie%®
and is due to the interference in the equilibrium probgste drying agent (e.g. nitrogen
gas) as the desolvation rapidly affects the pH ancctimeentrations of the solutes in the
formation of the analytes.

For this current work, the use of CSI-MS in conjunctiothwdV/vis spectroscopy was
selected, not only to identify species present in theti@n mixture of the chosen POM
reaction system, but also to allow real-time monitgf the Lindqgvist rearrangement into
the silver-linked octamolybdate species. The combined apphcatf these analytical
techniques to monitor real-time, ‘in-solution’ rearrangataen a POM reactant solution is
unprecedented, with previous studies focussing on the isolated US&vis spectroscopic
datd*" or electron spin resonarft@ to study the formation of heteropolyoxomolybdates.
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3.2.2 The silver-linked polyoxomolybdate system under investigation

The rearrangement of the molybdenum Lindqvist, {§Mdo form the -octamolybdate
anion, {Mog}, (as shown in Scheme 1) has previously only been obdendirectlyvia the
crystallization  of  silver-linked p-octamolybdate  species such as n-((
C4sHo)aN)2r[Ag2M0gO2dln (1) (also referred to as TBAAG-M0gOxg,). 50 8

4[M0gO16]* + 2H,0 — 3[M0gO.d* + 4H"

Scheme 1. A formal reaction scheme showing the rearrangemérthe molybdenum
Lindqvist anion, [M@O.g)%, into the octamolybdate anion, [M®¢]*".

This compound is produced by the reaction 0f@4Ho)4N);[M0sO1q] (also referred to as
TBA;[Mo0gO:4]) with silver(l) fluoride in a methanol and acetonitnig@xture. The flexible
tetrabutylammonium cations (TBA) wrap around and encafestha linear chain of linked
[Ag'Mo"'50,6Ag']? units (see Figure 24). X-ray crystallographic studie lodive shown
that these encapsulating cations are packed into a netladclinear, organic ‘tunnels’
along which the polymeric chains of {8dog} » anions propagat&! The silver(l) centres
of these anions form virtually planae&yO, bridging groups which result in close Ag—Ag
contacts (2.85 A) that are shorter than metallic Ag--dfstances (2.89 A), suggesting
significant argentophilic silver(l)-silver(l) interactioR¥ The presence of these
argentophilic interactions was further supported by densihctional theory (DFT)
calculations which found a significant bonding inte@etietween the silver centrés.
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Figure 24: A schematic showing the formation of the polymer©MP architecture
TBA2[Ag2M0gOz¢]n (1) on the reaction of TBAMogOig with AgF. Left:

TBA2[M0sO14] unit is shown in ball and stick representation. Cokalreme: Mo, teal; O,
red; C, light grey; N, blue. Right: Two structural repréaations ofl are shown with the
silver-linked B-octamolybdate chain (ball and stick, and teal polyhedrapped in the
‘encapsulating’ TBA cations (space-filling representgtionA side view along the
{Ag2Mog}.. chain (bottom right) and end-on view of this chain (tagt) is shown.
Colour scheme: Mo, teal polyhedra; Ag, pink; O, red; &clglH, white.

Through this workY the nature of the {Ag linker groups and the Ag coordination
environments, were found to be strongly dependent oretiition conditions, and it can
be suggested that the precursors in the reaction solwgoa not individual {Ag} and
{Mog} groups but, most likely, the (Ag{M§Ag)-type building-blocks, see Figure 25.
Furthermore, the mode of assembly of these synthos imithe solid state is critically
dependent on the reaction conditions. This has béestrdted by the use of different
chain length organic cations and solvent systems whicloasinated a strategy to control
the molecular growth processes from (Ag{##sg) > building-blocks to linear molecular
chains and gridé?
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Figure 25: Structural representation of the silver-linkgdctamolybdate chain (ball and
stick, and teal polyhedra) wrapped in ‘encapsulating’ TBAiooa (space-filling
representation) which makes up the structure of JJB¥®:M0gO2¢]n (1). The organic
cations are partially removed to reveal the encapsulebesh structure (top). The
(Ag{Mo g}Ag) synthon unit, the building-block of this chain, is higjtited below. Colour
scheme: Mo, teal polyhedra; Ag, pink; O, red; N, bluehl&ck; H, white

In this current work the ‘in-solution’ inter-conversiar Lindqvist into f-octamolybdate
anions and subsequent self-assembly into the silver-linR€&M structure (-
CsHg)aN)2n(AgaM0gOse)n (DB has been investigated using CSI-MS and UV/vis
spectroscopy. The use of CSI-MS in conjunction with \iB/épectroscopy was selected,
as explained previously, not only to identify the spepiesent in the reaction mixture, but
also to allow real-time monitoring of the Lindgvist neangement into the silver-linked
octamolybdate species. Therefore, this study has eranthe rearrangements occurring
in the reaction solution from which compoutdcrystallizes, the kinetics of these self-
assembly processes, and the effect of organic catierosithe kinetics of these processes.

3.2.2.1 CSI-MS investigations into thert{C4Hg)4N)21(Ag2M0g0O26)n (1) reaction system

This investigation was carried out using CSI-MS analyseghe reaction solution of
compoundl and allowed access to directly observe the rearrangevhémdqvist anions
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into the (Ag{Mas}Ag) synthon units and the subsequent wrapping of the amestsional
silver-octamolybdate synthons with organic cations. Asudised previously, this is a new
approach to studying the solution state species involvee isefrassembly of POMs with
the general approach adopted to date being dissolutiomr @iréhformed crystalline POM

into a suitable solvent:® 194,208, 214]

Thus far, ESI-MS studies on POM systems have been segmerate only limited mono-
anionic series and multiply-charged ion fragmétits8® %4 |n contrast, the power of
CSI-MS in improving our analytical capabilities in investiggtvery large, labile POM
frameworks is evident immediately on inspection of fhléowing results. Only mono-
anionic and di-anionic series are observed in these sefwlm approximately 285 m/z to
as high as approximately 3800 m/z, indicating the efficiamtsfer of very high nuclearity,
yet labile, ionic species into the detector with mininmatlerfering effects from the

ionisation and desolvation processes.

The six mono-anionic series identified within these ltesare:
(1) [M0Osn] wherem= 2,3 0or 5
(ii) [HMO 1Osm+1] wherem =2 to 6
@)  [H/MomOszmi2] wherem= 210 6
(iv)  [H7MOnOzm:s] wherem=21to 5
(V) [HoMOmWOam+4] wherem = 2 to 6
(vi)  [AgMOmOsm+1]” wherem = 2 to 4

From these identified anion series (see Figure 26) omigsséi) has been observed in
previous ESI-MS studies on polyoxomolybdate syst&fhsvhich underpins the advance
in understanding that can be made with CSI-MS studieddtacting molecular building-
blocks.
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Figure 26: CSI-MS data collected of the reaction solutlonThe six mono-anionic series
identified within these results are highlighted. The stepgards the assembly of the
{Ag(Mo g)Ag} synthon units can be observed by examination of anioilessévi) which
highlights the role of the Agin the rearrangement process of these clusters. @éylar
note from this series are the peaks at 410.7 m/z and 700.%high are attributed to the
species [AgMeO;]” and [AgMa,0O,3]” respectively.

The silver-containing anion series (vi) is of special regé with regards to this POM
reaction system. This is because the role of tHerfajety in the assembly of the stable
silver-linked octamolybdate species has been observedalyg spectral methods for the
first time and is shown to be crucial for the forimatof the larger cluster fragments. The
detection of fragments of the (Ag{MpAg) synthon units, especially [AgM©®-] (peak at
410.7 m/z) and [AgMgO:3]” (peak at 700.5 m/z) are particularly important to
understanding the formation of compouhdrom this reaction system (see Figure 26).
Detection of the [AgMgO;]” fragment of the (Ag{M@tAg) synthon from the reaction
solution supports the theory of rearrangement of the Listicamion into [AgMeO;]
building units, and so indicates that the [Agi@g|” fragment is the smallest stable unit of
the silver-linked POM chain. Indeed the stable naturethid fragment of the
(Ag{Mo g}Ag) synthon unit allowed the isolation in the solidtstaf AoMo0,0; clusters by
Gatehouse and Leverett in 1978! Detection of the [AgMgO13]” species (peak at 700.5
m/z), being half the (Ag{MgtAg) synthon unit, represents the next stepping stonéean t

final rearrangement to the stable silver-linked octamolyddpécies. See Figure 27.
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Figure 27: Representation of the [AgMO;]” and [AgMq,O13]” species identified within
the CSI-MS analyses of a reaction solutiord ¢formal representations of structures based
on crystallographic dat§!! Top: Representation of the [AgM®;]” and [AgMaO.3
species as building-blocks of the (Ag{M#&g) synthon. Bottom: Mass spectra of the
isotopic envelopes for their corresponding mass peaks a? 4106/z and 700.5 m/z
respectively. Colour scheme: Mo, teal polyhedra; Ag,;gihkred.

In the higher mass range of the CSI-MS analysesechaut, the structure directing effect
of the organic cations, hypothesized by Croetiral in previous work®® 8 is illustrated

for the first time. Detection of the following spesi[(AgMaO.¢) TBA,] (peak at 1776.6
m/z), [(AM0gO26)(M04013) TBA3] (peak at 2718.3 m/z), and
[(Ag2M0g026)(M0gO2¢) TBAs]” (peak at 3796.5 m/z), each with an increasing organic
cation contribution, shows the increasing metal nuitieaf the chain of compound
concomitant with the associated increase in orgarnicreapresent (see Figures 28 to 30).
This observation can be interpreted as the start ofelfeassembly aggregation process
where ‘monomeric’ units assemble into larger fragmemhich eventually leads to the
formation of crystals of compountl (see Figure 30). Also this analysis supports the
previously proposed hypothe&i§that the organic cations used in the synthesis do indeed
play an important structural role in promoting the modeP®M structure growth in

solution.
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Figure 28: CSI-MS data collected of the reaction solutioshowing the high nuclearity
fragments observed in the 1500 — 2600 m/z range.

[(Ag,Mo,Q, )(Mo,Q )TBA]™ 2718.3 m/z

[(Ag,M0,0, )(Mo,0, )TBAI? 3796.5 m/z
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Figure 29: CSI-MS data collected of the reaction solutloover the 2500 — 6000 m/z
range.
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Figure 30: Structural representation of the higher mass fragnfeighlighted) identified
within the CSI-MS analyses of a reaction solutiod ¢fiormal representations of structures
based on crystallographic datdlj. This diagram illustrates the increasing metal nudleari
of the chain of compounti concomitant with the associated increase in organionsa
present. Colour scheme: Mo, teal polyhedra; Ag, pinke®; C, grey; N, blue.

Another significant observation from these CSI-MSults is the identification of mixed
oxidation state species in POM fragments from dimolybdgieto hexamolybdate
fragments, where molybdenum is found to exist in oxihastates +4, +5 and +6. This is
an important set of observations as although the sirggieiced molybdate species
[MoVOs]” and the corresponding single reduced tungstate specié®s[Whave been
observed previousK?* ®I mixed oxidation state fragments, such as the dimolybdate
fragment [Md'Mo"Og] (see Figure 31) have only been observed previously when formed
under potential-dependent conditions during on-line eleotimacal flow-cell ESI-MS
(EC-ESI-MS) investigation$3* 2°% 221 The observation of such building units is
interesting as similar building-blocks, such as the (M@} unit,!*®® %2 ?2lhave been
seen to act as essential linker units in the formatfanixed-valence POM structures such
as  (MeNH)y(EtuN)NajNa(H;0)sH1sMo"36M0"' 6010d(OCH,)sCCH,OH),]**Y and
(NH4)1[M036(NO)4O108(H20)1¢).12%)  However, in this context it is important to bear in
mind that the observation of these reduced POM units ¢@uttlie to the voltages (e.g. ion
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transfer voltages and high collision energy voltag®wat mass) used in the technique of

mass spectrometry to investigate fragment ion specles/ahass.
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Figure 31: Comparison of the experimental (black spectrum) and ateul
(superimposed red spectrum) isotopic envelope for the peak & 287 recorded during
CSI-MS analyses of a reaction solutionlof Through this comparison this peak can be
clearly identified as the mixed oxidation state dimolybdapecies [M8Mo"Og].
Unambiguous identification of small species such as thasggssible in this manner only
when the isotopic patterns for the species are verynclistas for the spectrum shown
above.

The CSI-MS analyses described thus far were carried ouh@meaction mixture of
TBA2[M0sO1¢] and silver(l) fluoride after stirring overnight, i.e.llewing the same
experimental steps from the reported synthesi$. oHowever, these results then led to
further investigations into how rapidly the inter-corsien from the Lindqvist anion into
(Ag{Mo g}Ag) synthons actually takes place, and whether the lenftbrganic counter
cation used in the reaction system affects the rathi® rearrangement. These further
investigations were prompted following the observation that yellow colour of the
{Moe} solution disappears rapidly following addition of silMgr(fluoride to ({-
C4Hg)aN)2[M06O1g] solution, but persists for a much longer period of tinteen using a

longer chain organic cation with the Lindgvist anion., €gC7H15)4N)2[M0O1g].
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3.2.2.2 Combined use of UV/vis spectroscopy and CSI-MS to monher real-time
rearrangements of the Lindqvist cluster in a reaction isolutof ((n-
C4Ho)aN)2n(Ag2M0gO2¢)n (1)

In order to investigate the rate of the rearrangementepsoof Lindqgvist anions into
(Ag{Mo g}Ag) synthons, and allow comparison with real-time G&3% monitoring of the
reaction solution, UV/vis spectroscopic studies were @isedonitor the decrease of the
Lindgvist anion absorption band &t= 355 nm over tint&” in a reaction mixture of,
stirred for only 5 min prior to reaction monitoring (seeaBtion MixA in Table 1, section
3.2.2.3).

The relationship between decreasing Lindqvist anion cdrat@m as monitoredria
UV/vis spectroscopy, and concomitant increase in {Manion concentration, was
supported by monitoring Reaction M over time using CSI-MS experiments, hence
providing a real-time profile of the species present enrgaction solution. During these
experiments the CSI-MS method parameters were keptacdrtsiroughout. Therefore,
although the lack of a suitable internal standard precltldeguantitative analysis of the
results, a qualitative relationship between the obsespsties can be elucidated by

monitoring peak intensities over time during the reaction.
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Figure 32: Graphs showing peak intensities plotted against the ¢im€SI-MS data
acquisition during the reaction oh{CsHg)4N)2[M0sO1g] + AgF, i.e. Reaction MiA (best
fits shown). The peak identities and m/z values opteks studied are shown (left) along
with formal representations of the predicted structureshese species (right). Top:
[TBA(M06O1g)] at 1122.6 m/z. Centre: [(AgMO.5)TBA;] at 1776.6 m/z. Bottom:
[(Ag2M0gO,6) TBA] at 1643.2 m/z. Colour scheme: Mo, teal polyhedra; Ag, [@nked;
C, grey; N, blue.

From these results clear, general trends can befiddrih the recorded peak intensities as
monitored over the time of reaction for the specidBA{Mo0s019)]” (peak at 1122.6 m/z),
[(AgM0gO26) TBA] (peak at 1776.6 m/z), and [(AdosO26)TBA]™ (peak at 1643.2 m/z),
see Figure 32. It can be seen from these general treatishe peak intensity of the
reagent [TBA(M@O1g)]’, decreases as the peak intensities recorded for the pshoies
[(AgM0gO26)TBA,]” and [(Ag@MogO26)TBA]™ increase. Interestingly, it can also be
observed from these CSI-MS results that the recordeak petensity of species
[AgM040,3]" (peak at 700.5 m/z) over reaction time appears to rentaost constant
throughout. This suggests that the formation and reanaegt of the [AgMgOi3]

species occurs at approximately the same rate.
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3.2.2.3 UV/vis spectroscopy investigations into the effect oflédmgth of organic counter
cation on the rate of Lindgvist anion rearrangement

The effect of the length of organic counter cation usetdnré¢action system on the rate of
Lindqvist to (Ag{Mog}Ag) synthon rearrangement was then investigated using QV/vi
spectroscopic studies on Reaction MbD, see Table 1. These studies were carried out in
the same way as described previously in section 3.2.2.2heé decrease of the Lindqvist
anion absorption band at= 355 nm in each reaction mixture was monitored over, fithe

with each reaction mix being stirred for only 5 min ptimreaction monitoring.

Reaction MixA ((n-C4H 9)aN)2[M06O14]
Reaction MixB ((n-CsH11)aN)2[M00O19]
Reaction MixC ((n-CgH13)aN)2[M06O1g]
Reaction MixD ((n-C7H15)aN)2[M0019]

Table 1: Hexamolybdate reagents with different chain lengtlylatkmonium cations
used in reaction mixtures with AgF, each stirred for o&lymin prior to reaction
monitoring.

Comparison of the ‘pseudo’ first order rate constasgg Experimental, Section 5.3.7 for
further information), with respect to [{M$], calculated over the first 75 min of each
reaction reveals the general trend that the rateaeadse in the concentration of Lindqvist
anions, and as a result the inter-conversion of Lindgui® p-octamolybdate anions,
decreases as the carbon chain length of the alkylammagations increases, see Figure
33.[225]
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Figure 33: Graph showing the ‘pseudo’ first order rate constasdafkulated using data
from UV/vis spectroscopy studies of Reaction MixD, plotted against the carbon chain
length of the alkylammonium cation used. The black linesisd as a guide for the eye.
Inset: Decrease of the Lindqvist anion absorption banil a 355 nm over time in
Reaction MixD. Also shown are ball and stick representations ofdtrabutylammonium
cation and the much more sterically hindering tetrahaptgionium cation. Colour
scheme: C, grey; N, blue

There is a slight discrepancy in this general trend thighobserved rate constant for the
tetrapentylammonium cation calculated at approximatéy1@* s* higher than that for
the tetrabutylammonium cation. This may be due to theagentyl side chains
representing the maximum cation steric bulk which caadcommodated by the {Moto
{Mog} inter-conversion before the reaction rate is slowsgdnificantly, as per the
tetrahexyl- and tetraheptyl side chains

A possible explanation for the lower rates of intenversion of Lindgvist anions into the
B-octamolybdate anions observed in Reaction MiandD may be attributed to the long
chain, large steric bulk cations hindering the rearrangewiehindqvist anions by both
being too sterically hindering to promote formation of tAg{Mog}Ag) synthonsvia
wrapping around them as effectively as the smallendedrabutylammonium cations, and
also by hindering contact between the silver cations anlyba®num anions. These
results also appear to support the previously proposed hymothasihe steric bulk of the
alkylammonium cations present in a reaction system indeenthe (Ag{M@g}AQ)
synthon-containing crystal structures which can be isolgid¢te solid state from these

reaction mixture€® 18I
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3.2.3 Summary of the CSI-MS and UV/vis spectroscopic investigatianinto the ‘in-
solution’ self-assembly of (G-C4Hg)4N)2n[Ag2M0g02¢]n (1)

In summary CSI-MS has been used to elucidate the @olatate rearrangement of POM
clusters for the first time. Specifically the rad the Ad ions in the assembly of the
stable, silver-linked3-octamolybdate structuré has been revealed using mass spectral
investigations. The identification of anion series (v§, [AgM0nOsm+1]” Wherem = 2 to

4, in particular the [AgMgO;]" and [AgMa,O,3]” fragments of the (Ag{MgAg) synthon
units, are of significance in understanding the formatibaompoundl from this reaction
system. Also mono-anionic series involving mixed oxidatgiate polyoxomolybdate
species, from dimolybdate up to hexamolybdate fragmeat®, been observed for the first
time?Y  Detection, in the CSI-MS analyses, of the speci@gNI0sO.e)TBA,],
[(Ag2M0g0O2¢)(M04013) TBA3], and [(AgM0gO.6)(M0sO26)TBAs], each with an
increasing organic cation contribution, supports the preljiquisposed hypothedid that
the organic cations used in the synthesis do indeed playp@ortant structure-directing
role in promoting the mode of POM structure growth iusoh.

The rate of decrease in Lindqvist anion concentratiot,tl@refore concomitant increase
in {Mog} anion concentration, for Reaction MixturésD, were monitoredvia UV/vis
spectroscopy. This correlation between decreasing Listlguion and increasing {Mp
anion concentration was supported by CSI-MS monitoring aiciRan Mix A, i.e.
TBA2[M0sO1q] + AgF, over time. The use of CSI-MS in this waynonitor real-time, ‘in-
solution’ rearrangements in a POM reactant solutiotoisur knowledge, unprecedented.
This approach can now be extended to investigate thenbofdo ‘in-solution’ processes
governing the formation of other POM systems so enhameinginderstanding and giving
us the potential to control the building-block principles iwed.

The effect of the length of organic counter cation usetdnré¢action system on the rate of
Lindgvist to (Ag{Mog}Ag) synthon rearrangement was examinea comparison of the
‘pseudo’ first order rate constants, with respect to [{Nlaalculated over the first 75 min
in the UV/vis spectroscopy experiment for each reaation The general trend observed
from these calculated rate constants was that tieeofadecrease in the concentration of
Lindgvist anions, and as a result, the inter-conversiohindqvist into f-octamolybdate
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anions, decreases as the carbon chain length of theratkglaium cations increasg&8>

These lower rates of inter-conversion when using atmekybdate reagent with a longer
chain cation may be attributed to the steric bulk o$¢Harge organic groups hindering the
rearrangement of Lindqvist anions, and hindering contactdegtwhe silver cations and
molybdenum anions. These results therefore, support ¢évopsly proposed hypothesis
that the steric bulk of the alkylammonium cations pregem reaction system influences
the (Ag{Mog}Ag) synthon-containing POM structures which can be formad then

isolated in the solid state from these reaction magtf§* *°!

3.3 Examining the formation of an organic-inorganic hybrid
polyoxometalate using mass spectrometry

Following the successful use of mass spectrometry tectsitquavestigate real-time, ‘in-
solution’ rearrangements of the [M®g® Lindqvist in the presence of silver(l) cations
into the silver-linked B-octamolybdate structure nCsHo)4N)2n[Ag2M0sO2¢]n, it was
decided to extend this investigative approach to examine acoonglex POM system.

Herein, we have applied this approach to elucidate th&oiumtion’ formation of a complex
organic-inorganic POM-hybrid system involving the rearrarg@mof fu-MogO.e]*,
coordination of MA", and coordination of two tris(hydroxylmethyl)Jaminomethane
molecules (TRIS) to form the symmetrical Mn-Andersowmluster ((-
C4Hg)sN)3[MNM00:15((OCH,)sCNH,),] (2)°? (see Figure 34).

3.3.1 The manganese Anderson polyoxomolybdate system under investiigat

The reaction system selected for investigation in tusrent work was found, by
Hasenknopf et al, to produce the symmetrical Mn-Anderson clustem- ((
C4Hg)aN)3s[MNM06O15((OCH,)3CNH,)2] (2), which was isolated in the solid state and
characterized by single crystal X-ray diffractlof. It is synthesized by stirring TBfu-
MogO¢), manganese(lll) acetate, and tris(hydroxylmethyl)amigidhane (TRIS) in

acetonitrile solution under reflux conditions for approately 16 hours.



3 RESULTS ANDDISCUSSION 64

Mn"(CH5COO0),

ﬁ
TRIS

Figure 34: lllustration showing the rearrangement of theMogO2¢* anion (shown on
the left) in the presence of manganese(lll) acetatt BRIS into the symmetrical Mn-
Anderson anion [MnMgD1((OCH,)sCNH,)2]* of compound2 (shown on the rightf?
Colour scheme: Mo, teal polyhedra; Mn, orange polyhedrome® N, blue; C, grey. H
atoms are omitted for clarity.

Although there have been many solid state investigatiang trss(alkoxo) ligands to form
novel organic-inorganic hybrid polyoxometalates using, f@meple , the Andersdit®*

199 indqvist[#26%?8 and Dawsofr*® *°8 ?Istructural types, along with investigations of
other POM architecturd&* 2323 there has been very little research into the self-
assembly processes which govern the formation of tlstsectures in solution. In
particular, the use of the technique of mass spectrontetrgid elucidation of the
rearrangements and aggregation processes involved has, lsgefaneglected.

This particular reaction system was selected for imyesdn in this work, not only
because it presents a conveniently accessible, moreleqngluster rearrangement than
previously studied, but importantly this reaction takes placcetonitrile solution which
is a volatile, moderately polar solvent suitable for us@S investigations and which
usually provides MS data with a good signal:noise ratitis Temoves the necessity to
adjust the MS dilution with other solvent additives, eghinique which is sometimes
required to improve the signal:noise ratio when analyziog example, samples dissolved
in purely aqueous solutiof§?’
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3.3.1.1 Mass spectral information on the reaction system whpmduces -
C4Hg)aN)3[MNMo0O15((OCH,)3CNH,)2] (2)

The speciation and fragment rearrangements were igaesti as follows.
Tetrabutylammoniunu-octamolybdate, (FC4Hog)sN)4[a-M0ogO2¢], manganese(lll) acetate,
and TRIS were suspended in acetonitrile solution andedtiat room temperature for
approx 15 min, before refluxing at 80 °C for approx 30 h. Alisjuagre removed at noted
time intervals throughout the reaction, diluted witletaaitrile, and analysed using ESI-
MS (the parameters for which were consistent througalbuins). The first spectrum was
recorded after stirring the reaction solution at roonptature for 13 min. This spectrum
is dominated by peaks which can be assigned to isopolyoybdaik fragments of the
rearranging §-MogO,g]*” anion (Figure 35 and Table 2) and contains the ion series:

)] [Hm2M0yOsm]” wherem= 2 or 3

i) [MO Oam+1]* Wherem= 4 or 5

iii) [NanH1.1M0yOsm+1]” wherem= 3 or 4 anch=0or 1

iv)  [HaMNn**MonOsmea]- wherem = 3 or 4

V) [MOOsm:1 TBA1] wherem= 3t0 5

Vi) [M0gO26TBA3zNa,]” wheren= 0 to 2

The dominance of these isopolyoxomolybdate fragmentsdtes that theafMogO.d*
anion rearranges into these smaller fragment ions frifurther coordination with the Mn
cations and TRIS groups. Indeed the first indicationshisf further coordination are
illustrated by the presence of very low intensity pea&staining TRIS groups and
manganese cations, e.g. [MD3((OCH,)3sCNH,)] (387.8 m/z), and
[Mn"'Mo3sOg((OCH,)sCNH,)2] (706.7 m/z).
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4
x10 [Mo,O4;Na]"

3 [M04013TBA]-
= ) [Mo;0,oNa]” [Mo;04,TBA]"
m .
: -
:':3 [M05046]* [Mos04sTBA]
- [MosO6TBA]"

[MOgOzeTBAzNad-
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Figure 35: ESI-MS data collected of the reaction solutior2ofecorded after stirring at
The spectrum is dominated by isofmyholybdate
fragment peaks. Of particular note is that the tvagompeaks in this spectrum, at 614.6
m/z (the base peak) and 833.8 m/z, are attributed to theesppdo,Oi3Na] and
[Mo4O15TBA]  respectively, i.e. half of the parent (Mie)* cluster anion.

room temperature for 13 min.

m/z Peak Assignment
*287.8 [Mo"'Mo"Og]
296.8 [M04O13]*
*304.8 [Mo,O-H]

367.7 [MOsOle]Z-
*387.8 [M0205((OCH2)3CNHy)|

432.7 [Mo"'Mo",04H]
448.7 [MO3010H]-

470.7 [Mo3O1oNas]
504.7 [Mn"Mo"3010H2]
*533.7 [M030g((OCH2)3sCNH2)|
*594.6 [MO4013H]-

614.6 [MO4013N81]-
690.0 [MO30]_0TBA]-
*706.7 [Mn""Mo30g((OCH2)sCNH2),]
833.8 [MO40]_3TBA]-
977.8 [MO5016TBA]-
1473.7 [MOgOzeTBAlNaz]-
1690.7 [MOgOzeTBAzNa]_]-
1911.0 [MOSOZGTBA:g]-

Table 2: Full, tabulated details of species assigned to the peake ESI-MS spectrum
of the reaction solution d, recorded after stirring at room temperature for 13 mie (se
spectrum in Figure 35). * Peaks marked with an asterisk arergflow intensity and/or

slightly overlaid with other peaks.
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The spectrum recorded after refluxing for approx 7 h (Figujecaé be seen to have
increased in complexity. The dominant peaks are now askignea wide variety of
fragments, i.e. polyoxomolybdate fragments coordinated Mm cations, e.g.
[IMn"Mo"'"MoVO;]” (peak at 358.7 m/z); polyoxomolybdate fragments coordinated t
TRIS, e.g. [MaOs((OCH,)CNH,)]" (peak at 389.8 m/z); or fragments of the product
cluster2, e.g. [Mr' Mo3Og((OCH,)sCNH,),]” (peak at 706.7 m/z). The ion series identified
at this point in the reaction are:

)] [Hm2M0yOsm]” wherem= 2 or 3

ii) [HMO nOzm+1]” wherem= 2 or 3

i) [HMn?*"MonOsms2]” wherem= 2 or 3

iv) [MOmOszm1((OCH,)sCNHy)]” wherem = 2 or 3

) IMN™2*"M030g.:+((OCH,)sCNH,)H]” wheren = 0 or 1

Vi) [MN**M0pOam1((OCHz)3CNH,),]” wherem= 2 to 5

vi)  [MNn**MogO18((OCH.)sCNH2), TBA,..H,]” wheren = 0 or 1

vii)  [MOmOsm1TBA;1] wherem= 3 or 4

[Mo,05((OCH_);CNH2)]”
x10% [Mn"Mo,""VO]" [Mo3;04,TBA]
2 Yi<—[Mn""M0;05((OCH.);CNH,),]
[MJ0207H]'

[Mo;""VOgH]"

-
1

Intensity

[Mn"Mo",043((OCH,);CNH,) TBAH,1*

[M“HIMOGOw((OICH2)3CNH2)2TBA\2]-

>

Aabnd & .

400 600 800 1000 1200 1400 1600
m/z

Figure 36: ESI-MS data collected of the reaction solutior2,afecorded after refluxing at
80 °C for approximately 7 h.

The complexity and ion series observed in this specteimain observable through to the
final spectrum recorded after refluxing for approx 30 h (sgaré 37 to 39 and Table 3).
Some of the prominent fragment ions, their experimespattra, and representations of
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these fragments as building-block units of the ‘parestamolybdate or Mn-Anderson-
TRIS clusters, are illustrated in Figure 38.

[Mo205((OCH_);CNH)I" 1Mo,0,,TBA]

x104 ¥
N <«[Mn"Mo;05((OCH.);CNH,),]"
[Mo,O-H]"
a, [MI'IIIMOleNO;r]-
B 2] Y ViV -
@ [Mo;""VOgH]
(]
c v
= Y < [Mn"Mo;""V044H]"
4 [Mn"'Mog0+5((OCH,);CNH,), TBA,]”
4
[Mn"Mo",0,3((OCH,);CNH,)TBA,H,]*
0 P S Py .
400 600 800 1000 1200 1400 .., 1600

Figure 37: ESI-MS data collected of the reaction solutior2,afecorded after refluxing at
80 °C for approximately 30 h.

Es [M0207H]- '? [MOzOs((OCHz)g,CNHz)]-f

gL.HﬂHI ’l L, § \Hﬂ'l Jw\?
304 8 m/z 389.9 m/z

_g [Mo3O1OTBA]' \ .‘g[Mn”'M0308((OCH%)3CNH)'2)2]'

£ ’ | -y

8 ﬂ" | §1 "

Ly | 114
6900 ' m/z 706.7 m/z

\ f\ Ll H "\ l‘

Figure 38: lllustration showing the experimental mass spectrsoaie prominent small
fragment ions observed during ESI-MS monitoring of reactaati®n 2. The structures
shown (formal representations based on crystallograf#ti&?) are useful to indicate the
role of these fragments as building-blocks of the ‘par@ctamolybdate and Mn-
Anderson-TRIS clusters. Colour scheme: Mo, teallmdya; Mn, orange polyhedron; O,
red; N, blue; C, grey. H atoms are omitted for clarity.
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m/z Peak Assignment
287.8 [Mo"'Mo"Og]
304.8 [M0207H]-
332.2 [Mn"M04O14]*
356.7 [Mn"Mo"'Mo"0]
*373.8 [Mn"Mo,OgH]
387.8 [M0,05((OCH2)sCNH,)|
432.7 [Mo"'Mo",04H]
448.7 [M03010H]-
470.7 [Mo3010Nay]
504.7 [IMn"Mo"3010H2]
519.6 [Mn"Mo3011H]
533.7 [M0305((OCH2)sCNH,)|
*562.8 [IMn""Mo,05((OCH2)3CNH,),]
*572.6 [Mn"Mo",Mo'"YO7((OCH.)3sCNH,)|
*587.7 [Mn"Mo"';M0"Og((OCH,)sCNH)]
*605.7 [IMn"Mo"';M0"Og((OCH.)3sCNH)H]
*621.7 [IMn""M03010((OCH2)sCNH2)H]
658.7 [Mo"Mo',0sTBAH1]
690.0 [MO30]_0TBA]-
706.7 [IMn""Mo30g((OCH2)3CNH,)]
833.8 [MO40]_3TBA]-
852.6 [MnmMO40]_1((OCH2)3CNH2)2]-
868.8 [Mn"Mo"'Mo0"3013((0OCH>)sCNH,) TBAL*
977.8 [M05016TBA]-
1397.7 [IMn"'M0gO18((OCH.)3CNH,), TBA;H]
1639.0 [IMn"'M0gO18((OCH.)sCNH,), TBA]

Table 3: Full, tabulated details of species assigned to the peake ESI-MS spectrum
of the reaction solution &, recorded after refluxing at 80 °C for approximately 30 ke (se
spectrum in Figure 37). * Peaks marked with an asterisk arergflow intensity and/or
slightly overlaid with other peaks.

It is interesting to note at this point the presencélnt’ ions, particularly in the smaller
m/z fragment ions; and mixed oxidation state speciesemmelybdenum is found to exist
in oxidation states +4, +5, and +6. Observation of molybeleand manganese centres in
reduced oxidation states is not entirely unexpected dtieetbigh voltages utilised in the
mass spectrometry ion transfer prodéss. Also single reduced molybdate species
[MoVOs]” and the corresponding single reduced tungstate specié®sWhave been
observed in previous studie&® 2 along with mixed oxidation state fragments of
polyoxomolybdate ion&®® 23 Mixed oxidation state fragments of polyoxochromate

systems have also been observed previously when uslAgl&E8%"
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Figure 39: Overlaid ESI-MS spectra for the peak at 1639.0 m/z assigoed
[IMn""MogO15((OCH,)sCNH,),TBA;]. The red line is an expanded section of the
experimental spectrum of the reaction solutior2,ofecorded after refluxing at 80 °C for
approximately 30 h. The black line is the simulated th@&alespectrum for this peak
assignment.

3.3.1.2 Insight into self-assembly through real-time ESI-M8nitoring and examination

of fragments

Further information, about the rearrangement proceskexjtplace in solution fromaof
MogOx* through to the formation of the product cluster anion
[MNMogO1((OCH,)sCNH,);]*, can be extracted from the ESI-MS monitoring of this
reaction over time. By plotting the intensities loé¢ {peaks assigned, against the time of MS
sampling we can build up a qualitative picture of howddecentration of various species

in solution varies over the time of reaction.

It is appropriate to mention here that a qualitativealathan a quantitative study has been
undertaken because, despite ongoing efforts to find abdaiitnternal standard for use in
such experiments, we have not as yet succeeded infydlenta suitable candidate for use
with such reaction systems. This is due to a numbeeadons, for example, the large
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number of fragment ion present in the mass range undey; stiudrfering aggregations
with sample ion fragments; and the lack of a polyoatatate-based compound with
minimal fragmentation in this mass range under theSecthditions.
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Figure 40: Graph showing the exponential decrease (line of beshdwn) in peak
intensity of the species [MOxTBA3]" (1911.0 m/z) within approximately 1 h to a
minimum, constant value, when carrying out ESI-MS momtpof reaction solutior
over approximately 30 h.

Therefore, through use of a qualitative analysis appraastobserved that the intensity of
both the [M@O26TBA3] (peak at 1911.0 m/z) and the [M®3TBA] (peak at 833.8 m/z)
decrease exponentially and rapidly (i.e. within apprdx and approx 2 h respectively) to
minimum, constant values (Figure 40 and 41), whilst thensity of the product anion
[IMn"'MogO15((OCH,)sCNH,), TBA,] (peak at 1640.0 m/z) increases at a lower respective
rate over the course of the reaction (Figure 42).
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Figure 41: Graph showing the exponential decrease (line of beshdwn) in peak
intensity of the species [MO:3TBA]  (833.8 m/z) within approximately 2 h to a
minimum, constant value, when carrying out ESI-MS momtpof reaction solutior
over approximately 30 h.
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Figure 42: Graph showing the increase in peak intensity of theciespe
[Mn"'MogO15((OCH,)sCNH,),TBA,] (1640.0 m/z) over time when carrying out ESI-MS
monitoring of reaction solutiok over approximately 30 h. (Line of best fit shown.)
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The decrease in reactant ion peak intensity and subsegoesdise in product ion peak
intensity is not surprising, however, the differencespeed of decomposition of the
[MogO26TBA3] ion and formation of the product [MiViogO1s((OCH,)sCNH,), TBA,]
ion suggests the mechanism of formation proceeds further intermediate, rate-
determining steps which then govern the rate of final productfarmation. It is then
interesting to note the changes in intensity of th&geaasigned to the small fragment ions
[Mo,O;H]” (304.8 m/z); [MaOs((OCH;)sCNH,)]™ (389.8 m/z); [M@O10,TBA]™ (690.0
m/z); and [MH'Mo3;Os((OCH,)sCNH,),]” (706.7 m/z) over the course of the reaction.
These peaks are prominent throughout all the spectra &dilegrreaction time 1 h 20 min,
and their intensities are all observed to increase @aation time (see Figure 38 and 43).
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Figure 43: Graphs showing the general trends of increasing peatsityef [Mo,O;H]
(304.8 m/z); [MeOs((OCH)sCNH,)]™ (389.8 m/z); [M@O.0TBA]™ (690.0 m/z); and
[Mn"' Mo30s((OCH,)sCNH,),]” (706.7 m/z) over time, observed when carrying out ESI-
MS monitoring of reaction solutio@ over approximately 30 h. (Lines of best fit are

shown.)

These observations could suggest that the rapid decompaoaitd rearrangement of the
[a-MogO,6]* anion proceeds initiallyia the formation of [M@O13* cluster species (i.e.
[M04O13Na]” (614.6 m/z, base peak) and [M®sTBA] (833.8 m/z)) which are half
fragments of the {Mg clusters and the most prominent peaks in the first spactru
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recorded (see Figure 35); followed by decomposition to smadtable dinuclear, i.e.
[Mo,0O7H]", and trinuclear, i.e. [M#D10TBA]’, isopolyoxomolybdate fragment ions; which
subsequently coordinate with the TRIS and manganese orgjilsling-up to the final

Mn-Anderson-TRIS product ion.

The peak assignments of these small fragment ions hansliggestion that they could act
as intermediates in the formation of the full Mn-Arstn-TRIS cluster, are further
supported by previous solid state studies in which rearrangerhfmMogO,6]* clusters
has been investigated; and similar bi- and tri-oxomolybalaiens coordinated to trialkoxy
ligands have been isolated and characterized using shygtalcX-ray diffraction.

The hypothesis of initial, rapid rearrangement @MosO2¢* clusters,via [M04O13*
clusters, into small, stable fragment ions such as{WH] is supported through the work
of Klempereret al’®” 23 which illustrate the disassembly af-MogO.¢* clusters into
[Mo20-]? anions in basic, acetonitrile solution. Also Penglfound evidence that the{
MogOz¢* cluster rearranges in solution into [M®]* anions prior to functionalization
with organoimido ligands and subsequent aggregation withefufiho,O;] units into the
bifunctionalized hexamolybdate (Lindquvist) clust&.

The proposed formation of tri-molybdate centered fragmesng. [M@OcTBA]™ (690.0
m/z) and [MA' MosOs((OCH,)sCNH,);]” (706.7 m/z), following the disassembly of the |
MogO,¢* clusters into [MeO;]* anions, is supported by the work of Zubietaaf**" in
which the authors found that reaction of TB#AMo0gO¢ with 2-(hydroxymethyl)-2-
methyl-1,3-propanediol (CG4€(CH,OH)s3) in acetonitrile resulted in the rearrangement of
the  {o-Mog} cluster into the small, tri-nuclear  crystal  structure
TBA2[M0307(CH3sC(CH,O)s),]. (See Figure 44).
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Figure 44: Ball-and-stick representation of the tri-nucleanstér anion in the crystal
structure of TBA[M030/(CHsC(CH,0)s)-].*!! This compound was produced by Zubieta
et al by reaction of TBAa-Mo0gOz¢] with 2-(hydroxymethyl)-2-methyl-1,3-propanediol
(CH3C(CH,OH)s3) in acetonitrile. Colour scheme: Mo, teal; O, r€dgrey. H atoms are
omitted for clarity.

It is also interesting to note in subsequent work by Zabiet af**? that
TBA2[M0,04(0O.NC(CH,0)3)2]- 20,NC(CH,OH); was isolated by reaction of
TBA3[M0,0;] with O,NC(CH,OH); in methanol, followed by diffusion with diethyl ether
(see Figure 45). On addition of more THBM¥o0,0;] further aggregation was observed
leading to isolation of both  TBA[M@®s(OCHs)(O.NC(CH,O)),] and
TBA2[M0307(O.NC(CH,O)3);], which is an analogue of the previously reported
TBA[M030/(CH3C(CH,0)s);] compound?3

Figure 45: Ball-and-stick representation of the bi-nuclear clusteion in the crystal
structure of TBA[M0,04O,NC(CH,0)s),]-20,NC(CH,OH):.2*?  This compound was
produced by Zubietat al on reaction of TBAMo0,0;] with O.NC(CH,OH)3 in methanol.
Colour scheme: Mo, teal; O, red; N, blue; C, greyatéins are omitted for clarity.
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In this particular set of experiments Zubietaal then found that on addition of more
TBA2[M0,07] to TBA[M030(OCHs)(O.NC(CH,;0)3),] they were able to isolate another
methoxylated product [M@®s(OMe)(O,NC(CH:O)3),]. These findings led them to
propose the stepwise aggregation scheme of condensaticions given below (where
HsL = CH3;C(CH,OH)3) in an attempt to explain the self-assembly procdsddng the bi-
nuclear, tri-nuclear and tetra-nuclear clusters isolated:
[M0,07]% + 2HsL — [M0204L5]* + 3H:,0
2[M0,04L2]* + [M0,07]* + HsL + MeOH —

[M0o30s(OMe)Ly]” + [MosO7L,]% + 2H,0 + L*
2[Mo03s0s(OMe)L,]” + [M0,0/]* + 6MeOH—

[M04Os(OMe)L 5] + [M04O19(OMe)]? + HoO + 2HL

Although these investigations and proposed reaction schelaie to the formation of
complexes in methanolic solution, some of which contamrdinated methoxy-ligands, it
is nevertheless, of interest to compare the poterg@iegation scheme above, with the bi-,
tri- and tetra-molybdate centered cluster fragmentsreédan the current mass spectral
study of the formation of the TBEMNMo0sO15((OCH,)sCNHy),] (2) compound (see
Tables 2 and 3).

Another noticeable feature of the mass spectral dathisfreaction system is the
increasing prominence of the peaks assigned to;QW®BA]™ (690.0 m/z) and
[Mn"'Mo3sOg((OCH,)sCNH,),]” (706.7 m/z) as the reaction proceeds. Indeed in the final
spectrum, recorded after approximately 30 h reflux, thes@Qdd BA] (690.0m/z) peak is
the base peak, with the [MiMozOg((OCH,)sCNHy)2]” (706.7 m/z) peak at only slightly
lower intensity (see Figure 37). Although the prominence mdrticularly the
[IMn"'Mo3sO0g((OCH,)sCNH,),]” (706.7 m/z) peak at the end of the reaction, might be
considered to be due, in part, from fragmentation ofitked Mn-Anderson-TRIS product
ion, the high intensity of this peak and that of the {®&{@TBA] (690.0m/z) peak, relative

to the other fragment ions in the spectrum, could berpnéted as indicative of these
fragments having a greater degree of stabilization tharother fragments present. An
explanation for this, as suggested in work by Zubi¢tal®**! and Mulleret al**® is that
correlation of the tripodal geometry of the TRIS ligamith the {Mos} anionic units, and
the organic ligand’s ability to reduce the charge densithisfbuilding-block unit, both
act to lend greater stability to these tri-molybdatereehtragment ions.
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Consideration of all of these results, alongside thelagions drawn from the previous
investigation of the ‘in-solution’ rearrangement of th@lyhdenum Lindqvist anion,
[MogO1g]>, adds further weight to the hypotheses presented abovediregathe
rearrangement ofifMogO»¢]*, via [M04O15° clusters, into small, stable anionic units, i.e.
[Mo,O7]% anions, which subsequently aggregate further with the caimtintripodal
TRIS ligands, manganese ions, and molybdate anionic umitsthie final Mn-Anderson-
TRIS product ion.

3.3.2 Summary of the mass spectral investigations into the ‘in-safion’ formation of
((n-C4H9)4N)3[MnM0 6018((OCH2)3CNH2)2] (2)

In summary, the technique of ESI-MS has been utilisedherfirst time to monitor the
real-time, ‘in-solution’ formation of a complex orgammrganic POM-hybrid system.
Through assignment of the fragment ions observed ifE8ieMS spectra of the reaction
solution of2, and by noting the changes in peak intensity of promipeaks in these
spectra over the time of reaction, we have been alygdpose that the rearrangement of
[a-MogO2¢]*, occurs firstvia the formation of [M@O.3]* cluster species (i.e. [MO1sNay]
(614.6 m/z) and [MgO:3TBA]" (833.8 m/z)) which are half-fragments of the {§flo
clusters and the most prominent peaks in the first spaatecorded (see Figure 35). It is
then proposed that this is followed by decomposition to llema stable
isopolyoxomolybdate fragment ions containing just twe,. i[Mo,O;H], and three
molybdenum centres, i.e. [MO10TBA]; which subsequently coordinate with the tripodal
TRIS ligands, i.e. [MgOs((OCH,):CNH,)]" (389.8 m/z); manganese ions, i.e.
[Mn" Mo30g((OCH,)sCNH,)2]” (706.7 m/z); and further molybdate anionic units, to form
the final Mn-Anderson-TRIS cluster 02, i.e. [Mr"MogO1s((OCHz)sCNH,):TBA2]
(1640.0 m/z).



3 RESULTS ANDDISCUSSION 78

3.4 Encapsulating high oxidation state heteroatoms  within
polyoxometalate clusters

It has been of interest for many years to incorpohegé oxidation state heteroanion
templates, such as {10} and {Te"'Og}, within polyoxometalate clusters in order to
affect the properties of the synthesized compoundsteeimprove their catalytic activity
and electron-transfer properties. Such clusters havéudedt periodate-centred
molybdenurft*® 236238 Anderson clusters; periodate-centered nonanuclear i.e.
[IM0¢O3(OH)(OHy)3]*, and tetradecanuclear [(IMD.e):]® molybdenum clusteré®
tellurate-centred molybdendfiff?*? and tungsten Anderson clustéefrs; 2%8 2*3telurate-
centred octamolybdate clusters of structural formulMdO.s(OH,)]*:?*4 and the first
example of a vanadotellurate cluster anion, i.e. [HBY*.?**! Subsequently the
catalytic activity of some of these clusters has begastigated, for example, periodate-
centred Anderson clusters have been found to cattigsexidation of glycol€*®! and
tellurate-centred Anderson clusters have been utilisethansynthesis of mixed metal-
oxide catalyst€*” 2*8 Recently Croninet al have investigated and successfully
synthesized a periodate-centred tungsten Daé#ébmnd a tellurate-centred tungsten
Dawson clustel**”! both of which have been shown to possess catalgticityt towards
the oxidation of alcohols.

Following this work of Croniret al it was decided to investigate whether the analogous
periodate-centred and tellurate-centred molybdenum analoguds @&lso be produced.
Although many experiments have been carried out with thisramind, for example, by
adapting the experimental procedures used to produce the turaggitdgues; making
subtle changes to these procedures e.g. changes to thieepbtder of reagent addition;
and then altering the counter-cations utilised; we hawefas been unsuccessful in
isolating the molybdenum Dawson analogues. Despitehthigever, these experiments
have led to the isolation and characterization ofrite molybdenum Anderson-based
polyoxometalate structures described in the followingices.
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3.5 Formation of Cs; gNag3{IM0o ¢0,4-ca7H,0O (3)

Following the previously described success in isolating péeodate-centred tungsten
Dawson clustelt*® it was decided to pursue the isolation of the periodatires
molybdenum analogue. In the pursuit of this aim a numbexpériments were carried
out, based initially on the experimental procedure usgat@duce the tungsten analogue,
but substituting the sodium tungstate starting material $odium molybdate.
Subsequently, various changes to the experimental procedureasuthe acid used to
adjust the pH of the reaction system, the final pHhef teaction system, the order of
reagent addition, and the counter-cations used, were roaties texperimental procedure
in the hope that this would lead to the isolation ofdasired product. However, instead
these experiments showed a tendency of the molybdenuensis crystallize out of the
reaction solution at approximately pH 1.5, either as guale of the previously reported
{Mo 36} isopolyoxomolybdate cluster, e.g. as
((CH2CHOH)sNH)6{Naz[Mo360112(H20)14]} *® when using protonated triethanolamine as
a counter-cation; or as various previously reported pereckntered molybdenum
Anderson structures, or low nuclearity isopolyoxomolybd&t&swhen using sodium or

potassium as counter-cations.

Despite these setbacks, a new polyoxometalate steutiased on a periodate-centred
molybdenum Anderson cluster was produced on the introducti@aesium as counter-
cations in the reaction system. It was found that medaf periodic acid to an aqueous
solution of sodium molybdate, followed by acidificatingH 1.8 using hydrochloric acid
and subsequent addition of an aqueous caesium chloride spletibto the isolation of
colourless, block, single crystals suitable for singlestal X-ray diffraction. Structural
analysis of the X-ray diffraction data, along withadytical data from other techniques
such as TGA, EA and FAAS, revealed the composition of thgstals to be
Cs6MNap 34IM0 024 -carH.O (3).

The POM cluster anion in compourlis, as previously stated, a periodate-centred
molybdenum Anderson cluster composed of six planar, dugng {MoQOs} octahedra
surrounding a central (KP" heteroanion template, containing iodine in the +7 oxidatio
state. The charge on this [IM2]> Anderson cluster is balanced in the crystal structure
of 3 by caesium and sodium ions. Inspection of the borgtherwithin this POM cluster
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anion reveals all the Mo=0O terminal, bridging Mo-O, dAd bonds to be within the

expected range of those values quoted in the liter&tirege Table 4.

Bond Type Average Bond Distances in Compo8uid
Mo=0 (terminal) 1.71
Mo-O (ue-bridging) 1.92
Mo-O (us-bridging) 2.34
I-O 1.89

Table 4: Average bond distances within the [IMI4]° cluster anions in compourd

Examination of the supramolecular lattice of compo8iadbng the crystallographlzaxis

reveals that the [IMgD.4]* cluster anions are arranged into a series of layétsn the

crystallographicac-plane. One of these layers, assigned layer Abeaoconsidered as a
bilayer composed of two co-linear, offset arrays of PClvster anions running parallel
with the crystallographie-axis, where the clusters in each of these layersegarated by
three coordinating caesium cations (minimum cluster ispas.450 A) and H-bonding
solvent HO molecules which reinforce the layer formation. Thaffget cluster layers are
separated by a minimum cluster spacing of 3.181 A and two catirgjrcaesium cations

are situated between adjacent clusters from theset d¢dfgers. See Figure 46.
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Figure 46: lllustration of compoun® viewed along the crystallographieaxis. Bilayer
A is highlighted with a green arrow showing the offsletster arrays within this bilayer;
the three coordinating caesium cations in the intrarlayéds are highlighted by pink
ellipsoids, whilst the two coordinating caesium catioe$wieen adjacent offset cluster
arrays are highlighted with light blue ellipsoids. Laygris also shown, with the six
coordinating caesium cations and four coordinating, parsdbupied sodium cations
(disordered with caesium cations) between the clustihén this layer being highlighted
with light red ellipsoids. Colour scheme: Mo, tealybhedra; I, gold; Cs, green; Na, grey;
O, red.

The neighbouring, co-linear POM cluster layer, i.e. laBe is composed of stacked
arrangements of POM clusters running parallel with thetaltggraphica-axis, with the
minimum inter-layer cluster spacing found to be 3.077 A cths also the overall
minimum cluster spacing within the supramolecular lattit&.0 However, the clusters
within this layer are found to be offset and orientedhadiragle of 25.5° with respect to the
clusters in bilayer A, when calculating this angleogéntation through the assignment of
mean planes through the molybdenum and iodine centrescbfAnderson cluster. The
clusters in this layer (minimum cluster spacing 5.302 l&)separated by six coordinating
caesium cations; four coordinating, partially-occupied wodcations (disordered with
caesium cations); and H-bonding solveaOHNolecules which lend further stability to this
cluster layer (Figure 46). To complete the cluster éaork this layer of POM clusters,
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and the neighbouring bilayer A, are arranged into a rege&AB pattern within the
crystallographi@ac-plane (see Figure 47).

Figure 47: View of compound along the crystallographlzaxis highlighting the ABAB
layer arrangements of cluster layers running paraliéh whe crystallographia-axis.
Colour scheme: Mo, teal polyhedra; I, gold; Cs, green;gxey; O, red.

When viewing the crystal lattice along the crystallpdra a-axis this repeating ABAB
layer pattern of POM cluster layers remains clearlyeoiable. However, when viewing
along this axis the two offset, co-linear layers of PCINsters which make up bilayer A
are seen to run parallel to the crystallogragihaxis. The neighbouring layer B, found
previously to be composed of clusters oriented at areasfg?5.5° with respect to those
clusters in bilayer A, is also seen to run parallethis crystallographib-axis; and so the
subsequent ABAB cluster layer arrangement is observedextend within the
crystallographicbc-plane when viewing the lattice along the crystallograjphaxis (see
Figure 48).
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Figure 48: View of compound3 along the crystallographia-axis. The ABAB layer
arrangements of cluster layers running parallel with thgstallographicb-axis are
highlighted. Colour scheme: Mo, teal polyhedra; I, gGlsl; green; Na, grey; O, red.

It is important to note, when considering these arrangen@drA and B layers along both
the crystallographie- andb-axes, that the POM clusters in these layers dsetofelative

to one another. Therefore, when viewing the lattloagthe crystallographic-axis, this
leads to the interesting observation that thessebfirrangements of POM clusters then
overlay one another to form co-linear layers wittia trystallographiab-plane, oriented
at approximately 30° to the crystallograpbi@xis. Also when viewing the lattice along
this axis the KO solvent molecules are seen to be positioned imntke-layer voids, and
form H-bonding interactions between the adjacent tay®ee Figure 49.
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Figure 49: Representation a3, when viewed along the crystallograpli@xis (top),
showing the co-linear layers within the crystallogra@iglane, oriented at approx 30° to
the crystallographicb-axis. The HO solvent molecules which form H-bonding
interactions between the adjacent layers can be igetne inter-layer voids. One of the
cluster layers is highlighted in light green to show plesition of these clusters when
viewing the lattice once again along the crystallograpfacis (bottom left) and along the
crystallographid-axis (bottom right). The offset nature of the clustgithin each layer is
highlighted through these representations. All catisas@moved from these figures for
ease of viewing the POM cluster layers. Colour scherivo, teal (and light green)
polyhedra; I, gold; O, red.

3.6 Formation of Nay((HOCH >,CH,)sNH),[TeMogO24]-calOH,O (4)

The tellurate-centred tungsten Dawson cluster has beenessfully isolated and
characterized by Croniet al as described in section 1.4%! Following this discovery it
was hoped, as explained previously for the case of thedate-centred Dawson cluster,
that a successful synthetic route to the telluraterednnolybdenum analogue could also
be developed. However, once again these investigatawe, Iso far, allowed only the
novel molybdenum Anderson-based compound((8MODCH,CH,)sNH)[TeMosO24] (4)
described below, to be isolated and characterized.
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It was found that addition of telluric acid, then droméidition of an aqueous solution of
triethanolamine hydrochloride to an aqueous solution diuso molybdate, followed by
acidification to pH 6.0 using hydrochloric acid, led to tbaation of colourless, rod and
block single crystals suitable for single crystal X-dafjraction. Structural analysis of the
X-ray diffraction data revealed the composition of therystals to be
Nas((HOCH,CH,)3NH),[TeM0gOz4]-calOH,O (4).

The POM cluster anion [TeM©.4® in compound4 is, as stated previously, a tellurate-
centred Anderson cluster. This cluster comprises $axap, edge sharing {Mogp
octahedra surrounding a central {1®g} heteroanion template, where the tellurium is in
the +6 oxidation state. Examination of the unit celleals that the charge on this POM
cluster is balanced by the four coordinating sodium iond Bmo singly-charged,
protonated triethanolamine (TEAHcations, whilst inspection of the cluster bond lengths
allows confirmation that all Mo=0O terminal, Mo-O bridg, and Te-O bonds are within
the expected range of those values quoted in the litefatlgsee Table 5).

Bond Type Average Bond Distances in Compodridi
Mo=0 (terminal) 1.71
Mo-O (ue-bridging) 1.94
Mo-O (us-bridging) 2.28
Te-O 1.92

Table 5: Average bond distances within the [Ted®s4® cluster anions in compourd

When examining the unit cell &f it can be seen that the main building-blocks are the
[TeMosO24]® anions and two coordinated cation arrangements, eachicii /& composed

of a {Nay} dimer and a coordinated TEARation (see Figure 50). In more detail, one of
the sodium cations coordinates to the POM clusteutiin a Mo=0 terminal oxo ligand,
then coordinates to an adjacent sodium cation througletuatorialu,-bridging oxygen
ligands, provided by a water molecule and one of the hydroxupgrof a TEAH cation
respectively. The two remaining hydroxyl groups of the TEAHtion coordinate in the
axial positions of each of these sodium cations, whikstrémaining axial coordination site
of these sodium cations coordinates to the POM thraughbridging oxo ligand on the
cluster. This {Na} dimer and coordinated TEAHarrangement is then repeated on the
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opposing face of the Anderson cluster anion, and thes@gements of cations are related
through a centre of inversion positioned at the tellurdom in the centre of the Anderson

cluster (see Figure 50).

Figure 50: lllustration of the coordinated cation arrangemesdash composed of a {Na
dimer and TEAH cation, which are coordinated to opposing faces of thetral
[TeMos024]® Anderson cluster. Identical bond lengths in this illugiraare shown using
arrows of the same colour and all distances showmaesured in Angstroms (A). Colour
scheme for cluster and cation arrangements: Mo, Teallight green; Na, purple; O, red;
C, grey; N, blue. H atoms are omitted for clarity.

In each of these coordinated cation arrangements,nitbeaseen that the other four
available coordination sites of the sodium cations filted with coordinated water
molecules, two of which act gs-bridging ligands, each coordinating to the adjacent
{Na,} dimer arrangement on a neighbouring POM cluster. Tladd¢o the connection of
four adjacent POM clusters to the central cluster shawv Figure 50; where these
connected clusters are aligned in an almost paralleioiasand are tilted at an angle of
71.5° with respect to the central Anderson cluster (sped-51).
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Figure 51: Representation of the central Anderson cluster anavid, coordinated cation
arrangements as shown in Figure @ahich then coordinate further through-bridging
H,O ligands to the {Ng dimer units of four neighbouring POM clusters. The alimos
parallel alignment of these neighbouring POM cluster$ wite another is highlighted
using red planes. Their tilted arrangement at aneanfjl’1.5° with respect to the green
plane through the central Anderson cluster is showmguslack arrows. Colour scheme:
Mo, teal polyhedra; Te, light green; Na, purple; O, redg@y; N, blue. H atoms are
omitted for clarity.

It is also interesting to note that while two of thes@nected adjacent clusters are situated
to one side of the central Anderson cluster; due tetfeet of the centre of inversion, the
two adjacent clusters connected to the opposing fadbeotentral Anderson, are then

situated to the opposite side of this cluster (see Figyre 52
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Figure 52: lllustrations of the positioning of the four neighbourP@M clusters which
are connected to opposing faces of the central Andefgsteccshown in Figure 50. Due
to the effect of the centre of inversion through theitrg@ Anderson cluster these
neighbouring POM clusters can be seen to be positiongairs, one pair on either side of
the central Anderson cluster (left). This arrangemdntlasters around the central
Anderson cluster can also be seen when viewing thistate along the crystallographie
axis (right). Colour scheme: Mo, teal polyhedra; Tghtligreen; Na, purple; O, red; C,
grey; N, blue. H atoms are omitted for clarity.

When extending the packing and viewing the crystal lattigeaddng the crystallographic
a-axis, this repeating structural motif of four adjace@M clusters connected through
{Nay} dimers to a central Anderson cluster, reveals anresteng layered structure of
inorganic POM building-blocks within the crystallograpbicplane. The POM clusters
are seen to be arranged into co-linear layers runninglglanath the crystallographit-
axis, and the planes of the clusters within each laggrdrallel to one another. However,
due to the tilted arrangement of the clusters surrognidie central Anderson cluster of the
structural motif, as described previously (see Figure 51))dads to the observation of a
repeating ABAB pattern of POM cluster layers within thgstallographicbc-plane (see
Figure 53).
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Figure 53: View of compound! along the crystallograph&-axis showing the co-linear
layers of POM clusters running parallel to the crysta#ipbic b-axis. Due to the tilted

arrangement of the clusters surrounding the centraéisach cluster of the structural motif
(as described in Figure 51), this leads to the observatianrepeating ABAB pattern of
these POM cluster layers within the crystallogragioglane. Colour scheme: Mo, teal
polyhedra; Te, light green; Na, purple; O, red; C, greyblde. H atoms are omitted for
clarity.

This packing arrangement is further reinforced by a vastar&tof H-bonding interactions
formed between the @ molecules coordinated to the {}jalimer units, the bridging and
terminal oxo ligands of the surrounding POM clustersl #e BO solvent molecules

which fill the intra-layer voids between the clusters.

The minimum intra-layer cluster spacing is found to B®3.A, i.e. between terminal oxo
ligands from adjacent POM clusters (also the overalimum cluster spacing within the
lattice of4); whilst the minimum inter-layer spacing is found to4853 A, i.e. between
the terminal oxo ligand of a POM cluster which coordisato a {Na} dimer, and a

terminal oxo ligand of the POM cluster in the adjadager which is coordinated to the

same {Na} dimer (see Figure 54).



3 RESULTS ANDDISCUSSION 90

Figure 54: lllustration of the minimum intra- and inter-clustiyer distances when
viewing the lattice of compoundl along the crystallographi-axis (left). The minimum
intra-cluster layer distances of 3.493 A are shown ugiegn arrows, whilst the minimum
inter-cluster layer distances of 4.353 A are shown usintklderows. These inter-cluster
layer distances can be illustrated more clearly whewing along the crystallographie
axis (right). Colour scheme: Mo, teal polyhedra; Tghtligreen; Na, purple; O, red; C,
grey; N, blue. H atoms are omitted for clarity.

It is interesting to note that, situated between thepers of POM clusters, are inorganic-
organic cation layers composed of the §Ndimer and coordinated TEAHcation motifs,
described previously and illustrated in Figure 50. Theserckty@rs also run parallel with
the crystallographit-axis and, due to the tilted arrangement of the POM clusyers,
this leads to the observation of a wave-like arrangéraésodium cations within each
layer (see Figure 55). Further detailed examination e$ghinorganic-organic cation
layers reveals that, once again as a result of thie #eg¢ween the POM cluster layers, the
foremost section of the cationic structural motif hwit each layer alternates between
neighbouring layers. i.e. When the TEAE&tion is the foremost section of the repeating
cationic structural motif within one cation layer, theis the {Na} dimer of this repeating
motif within the adjacent cation layer which is te tlorefront of the layer (see Figure 55).
These inorganic-organic cation layers then follow a repgaBAB arrangement within

the crystallographibc-plane (see Figure 55).
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Figure 55: Left: View of compound! along the crystallograph@-axis with the wave-
like arrangement of sodium cations between the POMesldsyers highlighted with red
shading. Right: View ofl along the crystallographig-axis highlighting the inorganic-
organic cation layers running between the POM cluster dayer Space-filling
representations are used to illustrate how the foresexston of these inorganic-organic
cation layers alternates between neighbouring layetshe TEAH cations are positioned
to the forefront of layer A, whilst the {Nhdimer units are positioned to the forefront of
layer B. These cation layers are then arrangedan&peating ABAB pattern within the
crystallographicbc-plane. Colour scheme: Mo, teal polyhedra; Te, lightemgreNa,
purple; O, red; C, grey; N, blue. H atoms are omitted farity.

Close inspection of these inorganic-organic cation fayeveals that the minimum intra-
layer spacing of sodium cations is 3.925 A, and the miminmtra-layer carbon-carbon
distance between adjacent TEAghtions is 4.723 A (see black arrows in Figure 56). The
minimum inter-layer distance between sodium catisr®und to be 7.360 A, whilst the
minimum inter-layer spacing between carbon atoms cacedi TEAH cations is 3.787 A

(see green arrows in Figure 56).
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Figure 56: Illlustration of a section of compound when viewed along the
crystallographi@a-axis, highlighting the inorganic-organic cation layersie Black arrows
show the minimum intra-layer spacing of sodium cati®925 A), and the minimum
intra-layer carbon-carbon distance between adjaEEAH" cations (4.723 A). The green
arrows show the minimum inter-layer distance betwsadium cations (7.360 A), and the
minimum inter-layer spacing between carbon atoms cacadj TEAH cations (3.787 A).
Colour scheme: Mo, teal polyhedra; Te, light green;Naple; O, red; C, grey; N, blue.
H atoms are omitted for clarity.

When viewing the crystal lattice of compoufdlong the crystallographkeaxis the POM
clusters can, once again, be seen to be arrangedy@s Idue to the repeating structural
motif of four adjacent POM clusters connected through JNdimers to a central
Anderson cluster, as illustrated in Figure 51 and 52. Howewen studying the lattice
along this crystallographic axis it is evident that thagers of clusters can be viewed in

two different ways.

The first interpretation (Interpretation (a)) of tiwangement of POM clusters is that they
are arranged into co-linear layers running parallel with dhystallographicc-axis and
extending within thebcplane. Each of these layers is composed of procedsio
arrangements of the central Anderson cluster witlwts coordinated {Ng dimer and
TEAH" cationic motifs (described in Figure 50), into a columndr-staucture running

parallel with the crystallographicaxis. The planes of the clusters within each laiger |
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parallel to one another, however, they are tiltechwéspect to those in neighbouring
layers (see Figure 51), leading to the observation thae tilegrated POM-cation layers
then follow a repeating ABAB pattern within the crysighlaphicab-plane (see Figure 57).

Figure 57: View of compound4 along the crystallographit-axis. Top: The
processional arrangement of coordinated clustep{Mamer units (described in Figure
50), into a columnar sub-structure running parallel with thestallographicc-axis, is
highlighted within one of the POM-cation layers using grekipsoids round each cluster-
{Nay} dimer unit. The H-bonding kD solvent molecules lying in the inter-layer voids are
also shown. Bottom: The planes of the clusters widaioh layer lie parallel with one
another, however, they are tilted with respect te¢hof the adjacent layers. This leads to
the observation that these layers are arranged imgpeating ABAB pattern within the
crystallographi@b-plane. Solvent molecules are removed from thistiieon for clarity.
Colour scheme: Mo, teal polyhedra; Te, light green;Naple; O, red; C, grey; N, blue.
H atoms are omitted from both illustrations for dhari

When considering the layers of POM clusters in this \lag inter-layer voids are seen to
be filled with H-bonding solvent ¥ molecules (see Figure 57, top illustration), which
reinforce the crystal lattice by forming H-bonds betwesminal oxo ligands of adjacent
clusters within each layecg 2.9 A), and with water molecules coordinated to theJNa
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dimers within the next POM-cation layera(2.8 A). Also noticeable when studying the
inter-layer spaces is that, on either side of theds/dilled with the H-bonding KD
molecules, the offset clusters from neighbouring layees actually connected together
through the {Na} dimer motifs, so forming part of the repeating sutusture of four
adjacent POM clusters connected through JNdimers to a central Anderson cluster,
discussed previously and illustrated in Figures 51 and 52.

Observation of this inter-layer connection between elgsthen leads to an alternative
interpretation (Interpretation (b)) of the POM clusterangement when viewing the lattice
of 4 along the crystallographiz-axis. This alternative interpretation is centred ardined
arrangement of the POM clusters into chains which t@mangle of approximately 45° to
the crystallographie-axis, and which then connect further through the,jNiamer cation
motifs to produce an inter-connected layer of thesstet chains extending along the
crystallographicb-axis (see Figure 58). This layer is then repeated to torparallel
arrangement of layers within the crystallograplaicplane (see Figure 59, bottom

illustration).
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Figure 58: Top: lllustration of compound showing Interpretation (b) of the POM
cluster arrangement when viewing along the crystalldgcap-axis. Space-filling
representations are used to show the connection ofQMedtusters into chains running at
an angle of approximately 45° to the crystallograpdeiaxis. Bottom: lllustration of
compound4 when viewed slightly offset from the crystallograpbiaxis. This illustration
uses a space-filling representation to show the connecfitimese chainsyia the {Na}
dimer cation motifs, into layers of cluster chainxseading along the crystallographie
axis (as indicated by the black arrows and red plane). u€sttheme: Mo, teal polyhedra;
Te, light green; Na, purple; O, red; C, grey; N, blue.v&al molecules and H atoms are
omitted from both illustrations for clarity.

This interpretation of the chain-like arrangement of POMsters leads to the further
observation that the inter-layer spaces betweerP® clusters actually form organic
cation layers composed of TEARations, with H-bonding ¥ molecules positioned
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within the intra-layer voids. It is the protonated amfiaee of each TEAHcation which
points into the space between each POM cluster layalst the hydroxyl groups on the
opposing face of each cation are coordinated to the}{tlieners within the POM cluster
layers. In a similar fashion to the layers of POMsters, these layers of TEAHKations
follow a repeating pattern within the crystallograplacplane, each layer lying at
approximately 45° to the crystallograplai@xis (see Figure 59).

Figure 59: View of compound! along the crystallographlzaxis. Top: Green ellipsoids
are used to highlight the manner in which the protonated aiameeof each TEAHcation
points into the space between the POM cluster layAlso a space-filling representation
of these TEAH cation-arms illustrates how these cations form owaaition layers
between the POM cluster layers. Bottom: Greenraddarrows highlight the repeating
pattern of both POM cluster layers and the organiocdayers within the crystallographic
ac-plane, with both layers lying at an angle of approxetya45° to the crystallograph&
axis. Colour scheme: Mo, teal polyhedra; Te, light gré&a, purple; O, red; C, grey; N,
blue. Solvent molecules and H atoms are omitted frotin ustrations for clarity.
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After describing both interpretations of the packing whiah be made when viewing the
lattice of4 along the crystallographlzaxis, it is now useful to look back to Interpretation
(a) and Figure 57 before examining the lattice furthergakiwe crystallographic-axis.
When studying the lattice along the crystallograghéxis the A and B layers described in
Interpretation (a), which are constructed of columns ofgssional cluster-{Na dimer
units and run parallel with the crystallographbiaexis, are still evident. However, along
this axis an end-on view of the columnar sub-structurebserved; where each of the
layers runs parallel with the crystallographi@xis; and the layers then follow a repeating
co-linear, yet offset, ABAB arrangement within the staflographicab-plane (see Figure
60).

Figure 60: Representation of compouddvhen viewed along the crystallographiaxis.
The end-on view of the columnar sub-structures which maleaap layer, and which are
composed of processional cluster-gNdimer units, are highlighted in one of these layers
using green circles. The offset arrangement of thegers, which run parallel to the
crystallographica-axis, leads to the observation of a repeating ABAB pattd layers
within the crystallographiab-plane. Colour scheme: Mo, teal polyhedra; Te, lggken;
Na, purple; O, red; C, grey; N, blue. Solvent molecaled H atoms are omitted for
clarity.
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3.6.1 Summary of investigations into the encapsulation of periodate antkllurate
heteroanion templates within polyoxomolybdate clusters

In summary, through investigations into the synthesipeniodate and tellurate-centered
molybdenum Dawson clusters, two novel molybdenum Andebssed polyoxometalate
structures have been isolated and characterized.

Detailed analysis of the first structureseMap:dIM06O24-ca7H,O (3) has revealed a
closely-packed arrangement of periodate-centred molybdeinderson clusters
(minimum cluster spacing 3.077 A) which can be seen to &mmABAB layered cluster
arrangement, when viewing along both the crystallographiand b-axes. Layer A is
composed of a bilayer of offset POM cluster arrays, reviibree coordinating caesium
cations and H-bonding water molecules separate theerduahd reinforce each of these
‘sub-layers’; then two further caesium cations reindoiithie bilayer arrangement by
coordinating between adjacent clusters from each ‘sydrlésee Figure 46). Layer B is
formed by an array of POM clusters which are offset@ented at an angle of 25.5° with
respect to the clusters which make up bilayer A. Thetsireiof this layer is again found
to be reinforced by cation coordination and H-bonding ictemas, i.e. coordinating
caesium cations; partially-occupied sodium cation(dered with caesium cations); and
H-bonding solvent ED molecules are found to occupy the spaces betweetusters and
so lend further stability to this cluster layer (see Fegdir).

Examination of the tellurate-centred molybdenum  Andersostructure
Nay((HOCH,CH,)3sNH),[TeMo0sO-4)-calOH,O (4) has revealed some interesting packing
arrangements which occur as a result of the JN#imer and TEAH cation motifs
coordinated to the [TeM®.4]® Anderson clusters. Within the unit cell, two of these
{Nay} dimer and TEAH cation motifs can be seen coordinated to a central ra&ade
cluster, one situated on each face, and which areddigta centre of inversion positioned
at the tellurium atom in the centre of the POM clugsee Figure 50). Two of the-
bridging RO ligands, from each of these {Nalimer units, then coordinate to the {Na
dimers on neighbouring POM clusters, resulting in thienection of four adjacent POM

clusters to the central Anderson cluster. Thesgr-itbnnected clusters are aligned in an
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almost parallel fashion, and are tilted at an angl&%° with respect to the central
Anderson cluster (see Figure 51).

The presence of this sub-structural, cluster-packing fmogsults in a particularly
interesting, layered arrangement of inter-connectedthslaf POM clusters when viewing
the lattice along the crystallograptieaxis. These chains of POM clusters are observed to
be formedvia connection through the {Nadimer units, and lie at approximately 45° to
the crystallographia-axis. Further inter-connection between these clutains results in
the formation of layers which extend along the criagahphicb-axis, then repeat in a co-
linear fashion within the crystallographac-plane (see Figure 59).

3.7 Introduction of large, photoactive organic cations into
polyoxometalate cluster compounds

Polyoxometalate clusters, as discussed previously inirntreduction, section 1.2.1,
possess a wide range of interesting properties such asardghotochemical activity”’

ionic charge, and conductiviti# Subsequently these compounds have a diverse range of
applications, e.g. from catalysis through to medicinakié®® In recent times there has
been increasing interest in combining these properties thidse of coordinated, or
electrostatically associated, organic counter-catiohi&lwalso present some interesting
electronic properties or photoactivity. Such researatarsied out in order to produce
materials that are not only of structural interest, &b possess emergent electronic
properties or photoactivity, i.e. properties not assediavith the lone polyoxometalate
structure or the lone organic component of the system.

Some examples of such research include the introdudioalectron-rich molecules
derived from tetrathiafulvalene (TTEY; 2°54 substituted amide organic catidfi§;>>®
aromatic amine cation®’?®* and large electron-rich porphyrftfd 265279 jinto
polyoxometalate systems. The works cited using orgarotecules derived from
tetrathiafulvalene with POM clusters have focused on thergent electronic and
magnetic properties of the synthesized hybrid structuvdsist the studies using

substituted amide, aromatic amine, and porphyrin molecmeBOM systems have
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investigated the synthesized structures with respect to thtgresting framework
formations, their photoactivities, and their interncolar charge transfer interactions with
the POM clusters.

In this current work it was, therefore, decided to ingasé the synthesis of novel POM-
organic compounds with interesting structural compositioemergent electronic
properties, and photoactivities. This was pursued through inkroduction, into
polyoxometalate systems, of aromatic organic molecufeeam a family of

phenanthridinium-based molecules developed by Cratinal?%®

This family of
phenanthridinium-based molecules was chosen for ugesimesearch due to the capacity
of these molecules for large variation in structuree sand charge by altering the
substituent R grouff8® 2! (as described in section 3.7.1); and their highly aromatic,
electron-rich cores, which have led to observation arhes interesting photochemical

properties in previous work:!

As an introduction to this work, this family of phenaidimium-based molecules (section
3.7.1), and the specific organic molecules chosen fronfamdy for further investigation
with POM systems (section 3.7.2), are described in mhetal below. The subsequent use
of these molecules in the successful isolation andactenization of three novel POM-

organic compounds with emergent properties is then deddisketion 3.8).

3.7.1 2,3-dihydro-1H-imidazo[1,2f]phenanthridinium (DIP) and imidazo-

phenanthridinium (IP) as organic cations

A family of Dihydro-Imidazo-Phenanthridinium (DIP) recules, which can be
synthesized in facile ‘one-pot’ synthetic reactionss been developed by Croret al?°%!

The presence of the phenanthridinium core leads tihesecules to exhibit DNA affinity
and high cytotoxic activit§’"! as well as photoactivity due to the aromaticity @ tore.

See Figure 61.
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Figure 61: Representation of the DIP framework. The R grougetermined by the
primary amine chosen for reaction with the 2-bromdepwenanthridinium bromide
starting material.

The reaction mechanism for the formation of these ocutds is shown in Figure 62 and
involves nucleophilic addition of a primary amine to thposition of the highly reactive
iminium moiety of the starting material 2-bromoethykephnthridinium bromide (step A),

followed by a 5exo-tetcyclization (step B), and an oxidative hydride 1685272

. N
e/
R

'R
r

Figure 62: Reaction mechanism for the formation of DIP demest. Reaction
conditions are as follows. Step A;®YEtOAc, NaHCQ, 0 °C to room temperature, N2
h; Step C: Aqueous wasK:bromosuccinimide (NBS), 0 °C to room temperature%°h.

Following development of this family of DIP compounds, liertwork was carried out by
Cronin et al to produce a more planar, fully aromatic Imidazo-Phdmwahinium (IP)
molecular framework® The aim was to produce, not only a new subset of inida
containing molecules, but also a family of moleculethwvain even greater DNA binding
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affinity, maximised by the more favourabtern interactions in these higher planarity
structures. Additionally, by introducing an imidazole mieto the structure framework,
this would allow the planar, DNA-binding core of the malecto be modified by

substitution at C1 and C2 (see Figure 63). In contrasttisulos at these sites in the DIP

molecule is harder to achieve, due to the lower reactiwithe alkane bond.

Figure 63: Representations of the IP (left) and DIP (rightpfeavorks. The R group in

the IP framework is determined by the electrophilic reagkasen for use in the final step
of the synthesis. C1 and C2, i.e. the sites for dubista in the IP molecule, and the
corresponding carbon positions in the DIP frameworkiaaeked.

The reaction mechanism for the formation of the IRecule is shown in Figure 64. The
starting material 2-bromoethyl-phenanthridinium broenid reacted with liquid ammonia
to form an alpha addudt (Step A), which then undergoes an intramolecular sgtibn.
Addition of an excess of manganese dioxide under bamitioa conditions (Step B) gives
rise to the two oxidation steps required to obtain mhelazo-phenanthridine intermediate
2. This intermediate subsequently carries out nucleespsulbstitution of an electrophile
R-X (Step C) giving the final IP produét”
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Figure 64: Reaction mechanism for the formation of IP derixegi Reaction conditions
are as follows. Step A: liguid ammonia, -78 °C, 1 h; BeplaCO;, MNO,, -78 °C to
reflux in toluene, 3 h; Step C: electrophile R-X, toluemesrnight reflux?*%

On development of the synthetic route to the IP stres reported® it was observed that
a chloroform solution of the phenanthridine intermettain Figure 64 showed an unusual
degree of photochromic behaviour, turning to blue within aHewrs in daylight. Further
investigations by Croniet af?** with other imidazo-pyridine-like derivatives were daxr
out which showed that molecules containing unsubstitutediarole moieties displayed
similar photochromic behaviour, whereas moleculesrevkiee imidazole moieties carried
substituent R groups in the C1 and C2 positions (see Figure®djmed colourless even
when irradiated with UV light.

In this current work, given the interesting propertiestladse DIP and IP compounds
discussed above; their capacity for variation in stngcsize by altering the substituent R
groups; and highly aromatic, electron-rich cores; it desided to explore the possibility
of utilising these properties within a rigid inorganic fraroekvby incorporation of DIP

and IP molecules into POM synthetic systems.
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3.7.2 DIP and IP compounds selected for use in POM reaction sgsns

3.7.2.1 1-[2-(2-amino-ethylamino)-ethyl]-2,3-dihydra-timidazo[1,2-
flphenanthridinium tribromide

The first DIP compound chosen for investigation in POMteyns was 1-[2-(2-amino-
ethylamino)-ethyl]-2,3-dihyro-H-imidazo[1,2f]phenanthridinium tribromide (also written
as (DIP-1)Bs). This was producedia the previously reported annulation reactbhin

which a primary amine, diethylenetriamine, synthesizedrdaup to a method by Reineke
et al®”® reacts with 2-bromoethyl-phenanthridinium bromide ité=y in a ring-extended
phenanthridinium system with a pendant amine mdiéty. The triply-charged DIP-1
cation could then be made readily available for reactwith a highly anionic POM by

dissolution in aqueous solution. See Figure 65.

Figure 65: Structural representation of the triply-charged DIRtloa, i.e. 1-[2-(2-amino-
ethylamino)-ethyl)-2,3-dihyro-imidazo[1,2f]phenanthridiniunt’*

3.7.2.2 cis-1,3,5-tri(2,3-dihydro-H-imidazo[1,2f]phenanthridinium)cyclohexane
tribromide

The second DIP compound chosen for investigation within PQMhetic systems was
cis-1,3,5-tri(2,3-dihydro-H-imidazo[1,2f]phenanthridinium)cyclohexane tribromide (also
written as (DIP-2)By). This compound was synthesized as previously reported asi
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similar method to that for the DIP-1 compouffd but using the synthesized molecuis
1,3,5-triaminocyclohexaffé®?’" as the primary amine. Although at the time of synthesi
the identity of this molecule was confirmed Y NMR, **C NMR, IR, FAB-MS, and EA,
no single crystal structures of this molecule couldsb&ated. It was for this reason, along
with the interesting photoactivity, and stereo-cheryisfrthis large organic molecule, that
it was decided to investigate the introduction of thidytrgharged cationgis-1,3,5-tri(2,3-
dihydro-1H-imidazo[1,2f]phenanthridinium)cyclohexane (DIP-2), into POM systems

()

See Figure 66.
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Figure 66: Structural representation of the triply-charged DIBa®on, i.e.cis-1,3,5-
tri(2,3-dihydro-H-imidazo[1,2f]phenanthridinium)cyclohexar&®!

3.7.2.3 1H-Imidazo[1,2f]phenanthridinium chloride

The IP compound chosen for investigation in POM syntlsggtems wasH-imidazo[1,2-

flphenanthridinium chloride (also written as (IPblue)Clhis compound was synthesized
following the IP synthesis procedure described previousdyikustrated in Figure 64

2’8 In order to form this unsubstituted IP, the final nuclelipbkubstitution step (Step C
in Figure 64) was carried out using HCI (37%) as the electmpol precipitating the final
product from the solution as a chloride salt. It was Hogpat the use of this singly-
charged IP cation (IPblue), see Figure 67, in reactiotis ROM anions would lead to

interesting structures, as well as photoactivity in tlepcts, due to the potential fafr
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stacking interactions between the IP cations whenttiuetare requires multiple cations

for charge balance.

A
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Figure 67: Structural representation of the singly-charged IPliagon, i.e. H-
imidazo[1,2f]phenanthridiniunt?’®!

3.8 Introduction of 2,3-dihydro-1H-imidazo[1,2f]phenanthridinium
(DIP) and imidazo-phenanthridinium (IP) cations into POM systems

In this current work the aforementioned DIP and IP camps were used in many
reactions using a variety of POM anions, for examgeipus heteroatom-centered Keggin
clusters e.g. [SiMO4d]*, [AIW15040]”, [COW1:040]%; Dawson clusters e.g. #1507,
[W10s6(SO5)2(H20)2]% lacunary clusters e.gy-BiWi0s¢)®, and larger POM structures
e.g. [H2Wse0129 %, were tested. However, due to difficulties during theoituction of
these large organic molecules to the POM systemsné#jerity of these reactions did not
lead to the isolation of single crystals suitabledimgle crystal X-ray diffraction. The two
major difficulties experienced in these experimentsen
* insolubility of the DIP-POM or IP-POM precipitates foed during the
introduction of these large organic molecules to the P®&Jdtems, therefore
precluding recrystallization and subsequent successfutsasal
* upon recrystallization, only very poor quality, very sineaystals or no crystalline
products whatsoever could be recovered from the DMSOMIF Bolvents which

were required for dissolution of the precipitated product.

However, despite the problems described above, it wasl fitha reaction of the DIP and
IP compounds with triply protonated phosphotungstic aci]PW:.040], allowed the
isolation and characterization of the polyoxometalatenpmunds described in the

following sections.
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3.8.1 Formation of (DIP-1)[PW12040]-5DMSOcalH,O (5)

Addition of an aqueous solution containing (DIP-X%)Brexcess, to an agueous solution of
Hs[PW1204¢), resulted in the formation of an orange precipita&ecrystallization of this
precipitate from hot DMSO led to the formation of lgel, needle-like, single crystals
suitable for single crystal X-ray diffraction. Sttural analysis of the X-ray diffraction
data revealed the composition of the crystals to b&{DJPW:04q-5DMSOcalH,O

(©).

Before investigating the packing arrangements within thiecdaof compound5 the
[PW1,040> anion itself, which forms a 1:1 electrostatic relatiipswith the triply-
charged DIP-1 cation, is inspected in more detail. ThisIR@ster is introduced into the
reaction system as a pre-formed cluster building-bloclchvis composed, as discussed
previously (see Introduction, section 1.4.2), of foursM4} sub-units assembled around a
central (PQ)* heteroanion template. Inspection of the bond lengthisinvihis cluster
anion in the crystal structure of compoundeveals all the W=0 terminal bonds, bridging
W-O bonds, and P-O bonds to be within the expected rantd®sd¢ values quoted in the

literature®®® see Table 6.

Bond Type Average Bond Distances in Compo&iid
W=0 (terminal) 1.69
W-O (uz-bridging) 1.91
W-O (us-bridging) 2.45
P-O 1.53

Table 6: Average bond distances within the [PX®q]° cluster anion in compours

Examination of the unit cell of compouriglreveals that the shortest contact distance
between the cation and anion is 2.918 A. Specifically thistact distance is found
between a terminal oxo of the cluster and the aricnnattg nitrogen of the DIP cation.
Looking at the protonated diethylenetriamine chain of tHe, EHe closest contact between
this moiety and the cluster is 3.050 A, i.e. between tHeocsatom adjacent to the terminal
ammonium group of the DIP-1 cation, and a terminal ayanid on the cluster. This close

contact could indicate the presence of a H-bonding irtteradetween the methylene
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hydrogens of the DIP cation and the terminal oxo ligarith@POM cluster. This could be
induced by the close proximity of the protonated ammonium groupgbe methylene
hydrogens in the DIP which exert a negative inductive efipon the methylene group,

and so induce a degree of polarity in the C-H bonds. Figeee 68.

Figure 68: lllustration of the shortest contact distances betwthe DIP-1 cation and
POM anion of compoun8. All distances shown are measured in Angstroms (8jo@
scheme: W, teal polyhedra; P, pink polyhedra; O, red; @; teblue. Solvent molecules
and H atoms are omitted for clarity.

When extending the packing and viewing the crystal lattioagathe crystallographia-
axis, the [PW-04q]* clusters can be seen to form the inorganic structaraework of
compoundb through their anti-parallel arrangement in two layessich run parallel to the
crystallographid-axis. The minimum cluster spacing between theseddge3.152 A, i.e.
between terminal oxo ligands from adjacent clustard;this is also the overall, minimum
distance between two clusters within the supramoledattice of 5. The anti-parallel
layers then follow a repeating ABAB pattern within the/stallographicbc-plane to

complete the inorganic framework (see Figure 69).
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Figure 69: View of compound along the crystallograph&axis. Top: The anti-parallel
arrangement of POM clusters in two layers, which runliehr® the crystallographit-
axis; and the subsequent repeating ABAB pattern of thiesers within the
crystallographidc-plane, are highlighted using red arrows. Bottom: Theewie layers
of DIP-1 cations which run parallel to the crystallographaxis, and which are arranged
in a repeating ABAB pattern within the crystallographi@&Eplane, are highlighted using
green arrows. Colour scheme: W, teal; P, pink; @; & grey; N, blue. Solvent
molecules and H atoms are omitted from both illusiratifor clarity.

It is interesting to look in more detail at the inl@yer voids (minimum cluster spacing
3.655 A) between the A and B inorganic cluster layershes are filled with H-bonding
DIP cations, DMSO and 4@ solvent molecules, as well as disordered DMSO solvent
molecules. This extended H-bonding network is formed d&etwthe protonated
diethylenetriamine chain of the DIP and the surrounding DM&d HO solvent
molecules, i.e. the shortest H-bond between thedatidn and a DMSO molecule is 2.653
A, whilst the H-bond between the DIP cation and»® kholecule is 3.020 A. This @
molecule then forms a corresponding H-bond of 3.023 A wibridging oxo ligand of an
adjacent POM cluster. These interactions all furtbanforce the supramolecular lattice of
5.
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Another noticeable feature of the crystal lattice wiienved along the crystallographae
axis is the wave-like layers of DIP-1 cations which rurafkal to the crystallographic-
axis, and which are arranged in a repeating ABAB pattetmmihe crystallographibc
plane (see Figure 69). This ABAB arrangement is crelayethe DIP cations within each
layer being arranged in a head-to-tail fashion, whilst Die cations of neighbouring
layers are formed into anti-parallel arrangements K&gpare 68 and Figure 70). Indeed the
closest distance between adjacent DIP-1 catiors i;14.140A, which is an intra-layer
distance between the head unit of one DIP and the taibbithe adjacent DIP cation. In
detail, this distance is between a carbon on the aromags of one DIP, and the terminal

ammonium group of the adjacent DIP.

« ot
q,‘ms"A o £ ‘N‘\h\‘ \mméﬁ A £ i‘\f\\/’> A
< ~e P .»\\ "y N4 G et .,»\‘\ "y —
€ B
PRTS Sa 3 - ‘()‘\'\, PR etk s o/ .
> A
) |
1 ’ !
E . .
’ * »
it \\' g 1 \;\‘ d
‘ ¥ *\}\A\ . P \'\:\"'\
\\ y -~ \ «
[ )
4 P! A
B X
T b
‘% 9 0% 9
1 i !
y | ' ’ ) . s ’
A \\. A \\ A d
[ "\. ‘\V\ *\’\. i \y “
\4,""\é P 4\ \B

Figure 70: Top: View of compoun® along the crystallographezaxis. The head-to-tail
orientation of the DIP-1 cations within each wave-likger of the ABAB pattern is
highlighted by the direction of each green arrow. Sdlvaalecules and H atoms are
removed for clarity. Bottom: View of compourtdalong the crystallographib-axis,
showing only the DIP-1 cation layers. This view of tlations provides a clear illustration
of the head-to-tail alignments of DIP cations withiacle layer, and the anti-parallel
arrangements of the DIP cations of neighbouring laye@nce again the head-to-tall
orientation of the DIP-1 cations within each layehighlighted by the direction of each
green arrow. H atoms are omitted from this illustrafior clarity. Colour scheme: W,
teal; P, pink; O, red; C, grey; N, blue.
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When viewing the lattice di along the crystallographaxis, further interesting packing
details become apparent. The inorganic clusters anc&@Iéns are aligned together into
layers running parallel with the crystallographbi@axis, alternating between inorganic and
organic components as you move along the length ofalyer (see Figure 71). These
layers are then arranged into a repeating ABAB pattetinnvthe crystallographiab-
plane. It is noticeable, within each of these inorganganic layers, that each DIP is
positioned so that the aromatic head group is enclosddnviiie layer, whilst the tail
group is directed outwards towards the H-bonding DMSO a@lrHolecules lying within
the inter-layer voids. Due to these H-bonding intiknas a wave-like layer of DMSO
molecules can be seen within each inter-layer voidning parallel to the crystallographic
b-axis. The wave-like pattern of each layer is intraduby the anti-parallel arrangement
the DMSO molecules in order to maximise the H-bondimgractions with the tail groups

of the DIP cations (see Figure 71).
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Figure 71: lllustrations of compoun® when viewed along the crystallograplai@xis.
Top: The inorganic clusters and DIP cations are aligiogether into layers running
parallel with the crystallographib-axis, alternating between inorganic and organic
components as you move along the length of the laydre r&d arrows highlight the
repeating ABAB pattern of these layers within the @jsgraphicab-plane. Bottom: The
positioning of the DIP cations within each inorganic-orgaaiet is highlighted within
one these layers, i.e. the enclosed aromatic head godupe DIP cations are highlighted
using blue circles, whilst the tail groups directed outw#mis the layer are highlighted
using green ellipsoids. Red shading highlights the wavedjers of DMSO molecules
which can be seen within each inter-layer void, running leatal the crystallographib-
axis. Colour scheme: W, teal polyhedra; P, pink; O, redgr€y; N, blue; S, yellow.
Solvent HO molecules and H atoms are omitted from both ili&tns for clarity.

Indeed it should be noted that consideration of thesertdibg interactions when viewed
along the crystallographic-axis could allow the packing to be interpreted equaéyl

another representative way. One could explain the pgad)y assigning a layer structure
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running parallel with the crystallographaeaxis, composed of a repeating sequence of the
following units: POM-(head)DIP(tail)-DMSO. These leyare then seen to form an anti-
parallel ABAB pattern within the crystallographab-plane (see Figure 72). When
interpreting the packing in this manner it is also to irgéng to note that the DIP cations
within each layer are all aligned in a parallel, heathtb-fashion along the
crystallographicc-axis, whilst the DIP cations within neighbouring layed®@at an anti-
parallel head-to-tail arrangement along t¢kexis (see Figure 72).

Figure 72: Top: View of compound along the crystallographic-axis. Each layer
structure, which runs parallel with the crystallograpiiaxis, can be considered to be
composed of a repeating sequence of the following uni@M-Fhead)DIP(tail)-DMSO.
Two of these repeating structural motifs are highlighising green ellipsoids. The anti-
parallel alignment of these motifs within adjacent tayeand the subsequent ABAB
pattern of these layers within the crystallograpdiieplane, is then highlighted using red
arrows. Solvent FD molecules and H atoms are omitted for clarity.tt@w: lllustration
of compounds showing how the DIP cations within each layer, wheawing the lattice
along the crystallographizaxis, are all aligned in a parallel, head-to-tail faskatbng the
crystallographicc-axis (highlighted with dark green ellipsoids), whilst thé& Drations
within neighbouring layers adopt an anti-parallel heathlcarrangement along tleeaxis
(highlighted with light green ellipsoids). Solvent nmlées and H-atoms are omitted for
clarity. Colour scheme: W, teal polyhedra; P, pink;&d, C, grey; N, blue.
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3.8.1.1 Solution and solid state UV/vis spectroscopic analysis @IP-
1)[PW;2040]-5DMSOcalH,O (5)

Following the successful isolation and characterizatibcompound it was decided that
it would be interesting to investigate the spectroscopmparse of this compound to
determine whether any intermolecular charge transfettdbaould be established between
the aromatic DIP cation and POM anion. To this endhes preliminary solid state and
solution state UV/vis spectroscopic analyses have kaeied out as described below.

When carrying out the solution state measurementsoalipounds for analysis were
dissolved in DMSO (as this solvent was used to redhiggtacompound5) and each
measurement was taken from 900 to 200 nm (although bearing inmNOMSO begins
absorbing at approximately 255 nm, see Experimental, Sect®f.5.for baseline
spectrum). Individual spectra over this wavelength rangee taken for each of the
starting materials, i.e. phosphotungstic acid, and (DB?s;l)so that any emergent
intermolecular charge transfer bands in the spectrurooafpound5 could be readily
identified. See Figure 73 and Table 7.
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Figure 73: Solution state UV/vis spectra of phosphotungstic acid (116%mol L%
(top), (DIP-1)Bg (3.8 x 10> mol L") (centre), and compound (1.7 x 10> mol L™
(bottom). All compounds are dissolved in DMSO and thecsa recorded over the 900-
200 nm wavelength range. Peak maxima are highlighted with memldech relate to
Table 7.

From these results it can be seen that the threelsmsa® bands at approximately 343, 360
and 378 nm (peaks 3, 4 and 5, bottom spectrum, Figure 73), wiachttabuted to
electronic transitions within the DIP-1 cation, remainewsiable within the spectrum of
compound5. The remaining major absorbance is located at apprteiyn265 nm (peak
1, bottom spectrum, Figure 73), which can be attributed @¢oottygen ligand-to-metal
charge transfer within the POM anion (found at 266 nm in th&ithdhl spectrum of
phosphotungtic acid). This strong UV response from the RMn in compoundd
overlays the same wavelength range where the remaimirggDIP electronic transitions
are located, i.e. at 258, 272, and 308 nm in the individualrsipecif (DIP-1)Bg (peaks
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1,2 and 3, centre spectrum, Figure 73). Hence this overlayiact ety explain why two
of these DIP-centred transitions (258 nm and 272 nm) appeant dlusa the spectrum of
compounds, whilst the remaining transition can only be seen asall, shouldered band

at approximately 310 nm (peak 2, bottom spectrum, Figure 73).

It is also noted from these results that no othergd transfer bands are present in the
spectrum of compound, indicating no intermolecular charge transfer titaoss are
observable in the solution state. This is likely todoe to the spatial separation and
solvation of the DIP cation and POM anion in solution.

Compound Peak Maxima Wavelength of | Associated Electronic Transition

Numbering | Absorption / nm

H3[PW1204q] 1 266 Oxygen ligand» Metal charge
transfer
(DIP-1)Brs 1 258
2 272
3 308 Electronic transitions centred or
4 343 DIP-1 cation
5 359
6 377
Compoundb 1 265 Oxygen ligané> Metal charge
transfer

(centred on POM cluster)

2 310

3 343 Electronic transitions centred or
4 360 DIP-1 cation

5 378

Table 7: Summary of absorbance peaks observed in the solutate JV/vis
spectroscopy measurements of compourg®M,0,0, (DIP-1)Bri, and compound.

Despite there being no observable intermolecular ch&nayesfer bands found in the
solution state measurementsbat was decided to continue these investigations and check
the solid state spectroscopic responseb,ofising the technique of diffuse reflectance
UV/vis spectroscopy. This was carried out in the hopg tiat only would the closer
proximity of the DIP cation and POM anion in the solidts lead to a detectable
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intermolecular charge transfer transition; but thatghesence of even a weak band would
be more readily detected using this solid-state measuteasgesuch measurements lead to
the promotion of weak bands and suppression of stronges Bahd

When carrying out these solid state measurements eaefidual starting material was
again monitored over the same wavelength range as compourd 1300 to 190 nm, in
order to allow ready identification of any emergentrim@lecular charge transfer bands in
the spectrum ob.

H3[PW12040]

— (DIP-1)Br,
Compound 5

Kubelka-Munk

190 400 600
Wavelength / nm

Figure 74 Overlaid diffuse reflectance UV/vis spectra of stgrimaterials and compound
5. Of particular note is the intermolecular chargasfer band at approximately 460 nm in
the spectrum of compourid(black line). Colour code as shown in figure.

These results show, as expected, suppression of theyetrabsorbance bands between
approximately 190 and 400 nm due to the intra-DIP and intra-Pl@dtr@nic transitions
(which were observed in the solution state); and confirpresence of an intermolecular
charge transfer band at approximately 460 nm between fhe&lon and POM anion in
the solid state (see Figure 74). The presence of tleismotecular charge transfer band in
the solid state, but its absence from the solutiote steeasurement is, therefore, indicative
that either: a) the cation and anion are too far apasblution to allow intermolecular
charge transfer transitions; or b) intermoleculargédransfer transitions might take place
in the solution state as well, but are just too wealetmbservable. Although we cannot
say with certainty which of these two factors ispassible for this phenomenon, we are
able to deduce that the intermolecular charge tranbfareed in the solid state is likely to
take place from the aromatic DIP-1 cation to the fakidised POM anion.
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In addition to these spectroscopic analyses it shouleshdted that preliminary cyclic
voltammetry studies have also been carried out in dodekamine the redox processes of
compound5 in solution. These preliminary results for compodéntlave indicated the
presence of three redox processes which are attributededtroe processes on the
tungsten centres of the POM anion. Also, due to the meesef the DIP-1 cation, these
redox processes are shifted to more negative electaidatials when compared with the
lone HEPW2040 Starting material. As these investigations are onegdimese results will
be discussed further in the Experimental, section 5.6.2.1

3.8.2 Formation of (DIP-2)[PW12040]-5DMSO ca4H,0O (6)

Given the success described above in crystallizing DIP-1h wiiply-charged
phosphotungstic acid, a similar reaction strategy wasedaout with DIP-2 in the hope
that such a sterically demanding organic molecule couldie &rystallized for analysis by
single crystal X-ray diffraction for the first timd) the steric bulk and geometry of the
organic molecule could lead to interesting structuren&tion on reaction with the POM,;
and c) the aromatic core of the DIP moieties extemdiom the arms of the central cis-
TACH structure would lead to interesting photoactivity ia fmal DIP-2-POM structure

produced.

The addition of an excess of (DIP-2)Bin DMSO to an aqueous solution of
phosphotungstic acid led to the rapid precipitation of @whr solid. Dissolution and
recrystallization of this precipitate from hot DMS€xIto isolation of orange, needle-like,
single crystals suitable for single crystal X-rayfrdction. Structural analysis of this
diffraction data allowed the composition of the caystto be assigned as (DIP-
2)[PW;2040] 5DMSOcadH,O (6).

The isolation of compound allowed the first crystallographic confirmation of the
structure of the DIP cation cis-1,3,5-tri(2,3-dihydro-H-imidazo[1,2-

flphenanthridinium)cyclohexane. Hence it is of ie#rto examine, in more detail, its
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structure in the solid state. Studying the unit cell of poumd 6 it can be seen, as
discussed previously, that the DIP rings do not mairdaientirely planar structure in the
solid state, a result of its inability to stabilise flur rings effectively through electron
delocalisation, due to the presence of the alkane bameéeéer the C1 and C2 atoms (see
Figure 63). Further examination reveals that the thredgre DIP arms of DIP-2 do not
lie in planes at 120° to one another. Instead, by asgigr@ntroids to the central aromatic
rings of each DIP pendent and another inside the rirtgeotentral cis-TACH ring, it is
found that the two pendent DIPs closest to the claters A and B) have 121.0° between
their centroids, whereas the angles between thesgeoads and that of the remaining DIP
arms are 127.4° (between arms A and C) and 102.5° (betwmsrBaand C) respectively
(see Figure 75).

Figure 75: Representation showing the angles between the tHR@rms of the DIP-2
cation in compoun®. The green spheres show the position of centroeld tescalculate
these angles. Colour scheme: W, teal polyhedra; B, @irred; C, light grey; N, blue; H,
dark grey. Solvent molecules are omitted for clarity.

Given the interesting geometry of the DIP-2 catiord #re lack of any previous single
crystal X-ray diffraction information about its struot, the orientation of the three
pendent DIP arms and their spatial arrangement wiffeoedo one another is discussed as
follows. Within the DIP-2 cation all three pendent dfns are directed along the same
axis with the shortest C---C distance between carbonsighbouring DIP moieties being
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found between DIP-arm B and DIP-arm C at 4.011 A. Lookind& remaining shortest
C-.-C distances between carbons on neighbouring Digtiesowithin the more sterically
crowded face of DIP-2, the next shortest distance is 62%und between DIP-arm A
and C, followed by a distance of 6.459 A between DIP-aramé\B (see Figure 76, figure
on left). Consideration of the more open and lesscalr crowded face of the DIP-2
cation reveals the shortest inter-DIP moiety CeisBance to be 5.262 A, found between
DIP-arm A and B; followed by 5.366 A between DIP-arm A andui@ 5.866 A between
DIP-arm B and C. See Figure 76, figure on right.

Figure 76: Left: Representation illustrating the position o thortest CC distances

between carbons on neighbouring DIP-arms within the skarically crowded face of the
DIP-2 cation in compound. Right: Representation illustrating the shortestCC

distances between carbons on neighbouring DIP-arms wikleinmore open and less
sterically crowded face of the DIP-2 cation in compow@nd All distances shown are
measured in Angstroms (A). Colour scheme: W, teal pdighe?, pink; O, red; C, light
grey; N, blue; H, dark grey. Solvent molecules are euahitbr clarity.

It is evident through this analysis of the various Ceistances between the DIP pendent
arms that there is a degree of torsion of the plakeste DIP moieties with respect to one
another. Through the examination of the torsion betwee selected bond in the aromatic
region of each DIP arm these torsion angles castumied more closely (see Figure 77,
illustration on left). It is interesting to note thahile the mean torsion angles between
DIP-arms A and B, and between B and C, are only 1.8°6a° respectively; the mean

torsion angle between arms A and C is found to be 3&8&. Figure 77.
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Figure 77: Representations of one DIP-2 cation and closest R@igker anion in
compounds. Left: The bonds, one in each DIP-arm of the RI€ation, used to calculate
the torsions between each these DIP arms are highlightedi. The torsion angles are
also shown. Solvent molecules and H atoms are ednittr clarity. Right: The minimum
distances between the DIP-arms in closest contacttgticluster anion, are shown. Red
arrows show the minimum distances between clusterinaf oxo ligands and the aromatic
ring nitrogens in the DIP-arms of DIP-2. Green arrowswslthe minimum distances
between clustey,-bridging oxo ligands and carbons atoms in the DIP-afnid®-2. All
distances shown are measured in Angstroms (A). Solweecules are omitted for
clarity. Colour scheme: W, teal polyhedra; P, pinkréd, C, light grey; N, blue; H, dark
grey.

We have so far discussed the structural features of HRe2[®ation, however, we must
now consider its relationship with the the [P®q> anion with which it forms a 1:1
electrostatic relationship, and directs the developmian antriguing packing structure in
the solid state, so allowing the recrystallizatiorr@mpounds.

The [PW2040)* anion itself is introduced into the reaction systena ase-formed cluster
building-block. It is composed, as discussed previoushk lisgoduction, section 1.4.2),
of four {Ws013} sub-units assembled around the central JPCheteroanion template.
Examination of this cluster anion in the crystal structbireompound6 reveals all the
W=0 terminal bonds, bridging W-O bonds, and P-O bond®teithin the expected range
of those values quoted in the literattird, see Table 8.
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Bond Type Average Bond Distances in Compo@id
W=0 (terminal) 1.69
W-O (uz-bridging) 1.91
W-O (us-bridging) 2.43
P-O 1.55

Table 8: Average bond distances within the [PX®]° cluster anion in compouri

In the unit cell the [P\O4c]* anion can be seen to be cupped, within the more sterically
crowded face of the DIP-2 cation, by the two DIP armanml B. The shortest contact
distance between the cation and anion is 2.854 A, i.aeketa terminal oxo ligand of the
cluster and the aromatic ring nitrogen of DIP-arm Blef DIP-2 cation. Indeed further
consideration of these short contact distances reveatighe cluster is positioned in the
matrix in such a way as to have a slightly greateracten with DIP-arm B than DIP-arm
A. This is shown by studying the shortest distancesdmiwhe terminal oxo and bridging
oxo ligands of the cluster anion, and the ring atomé@two DIP-arms A and B. In this
way the shortest distance between a terminal oxo @gltister anion and a nitrogen atom
in DIP-arm A is found to be 3.210 A, and the shortest distéetween a-bridging oxo
on the cluster anion and a carbon atom in DIP-arm Alds found to be 3.210 A. In
contrast, looking at the interactions between the etumtd the other cupping DIP-arm B,
the shortest distance between a terminal oxo onltlsec anion and a nitrogen atom in
DIP-arm B is 2.854 A, whereas the shortest distance ketwg-bridging oxo and a
carbon atom in DIP-arm B is 2.986 A. See Figure 77, iliistn on right.

When extending the packing, to view the extended supramaldattiae of compound,
further interesting structural features can be obserwahen viewing the crystal lattice
along the crystallographi-axis, the [PW:Oa4q]* cluster anions, which act as the inorganic
building-blocks of the structure, can be seen to benged into layers composed of two
anti-parallel arrays of clusters (minimum cluster spgc8.126 A). These layers then
follow a repeating ABAB pattern within the crystallograptic-plane. The co-linear
alignment of the clusters within these layers runs panaith the crystallographic-axis,
the inter-layer voids (minimum cluster spacing 4.604 A)ng filled with interacting
pendent DIP arms of the DIP-2 cations, and H-bondingesdohDMSO and kD

molecules. See Figure 78.
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Figure 78: View of compound along the crystallograph@-axis. Each cluster layer is
highlighted by a red arrow and is composed of two anti-lgh@lrays of clusters running
parallel with the crystallographic-axis. The repeating ABAB pattern of these cluster
layers within the crystallographibc-plane is also indicated.nn-stacking DIP-arm C
moieties of adjacent DIP-2 cations, and H-bonding DM8@ HO molecules are also
noticeable in the inter-layer voids. Colour scherié; teal polyhedra; P, pink; O, red; C,
light grey; N, blue; S, yellow. H atoms are omitted ¢larity.

It is particularly interesting that, on viewing thetiee¢ along the crystallograph&axis, it

is noticeable that the DIP-2 cations form another oogampramolecular lattice within the
greater lattice structure. This organic ‘sub-latticet@nprised of two layers of DIP-2
cations arranged in an anti-parallel fashion, which tiodlovt a repeating ABAB pattern

within the crystallographibc-plane, and which runs parallel with the crystallogragic

axis. This repeating ABAB pattern of organic sub-strudbath intersects the anti-parallel
layers of the inorganic clusters, and plays a role parsging these layers into their
inorganic ABAB pattern parallel to the crystallograpbiexis, by occupying part of the

void space between these layers (see Figure 79).
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Figure 79: View of compound6 along the crystallographia-axis. The green arrows
highlight the anti-parallel arrangements of DIP-2 catiamto organic layers within the
lattice of6. These layers follow a repeating ABAB pattern within ¢thegstallographidc
plane, and run parallel to the crystallographiaxis. One of the a)-typern-stacking
interactions (between DIP-arm C moieties) is highkghwith a red circle; and one of the
b)-typenn-stacking interactions (between DIP-arm A moietisgd)ighlighted with a purple
ellipsoid. Colour scheme: W, teal polyhedra; P, pink;ré€a; C, light grey; N, blue.
Solvent molecules and H atoms are omitted for clarity

The organic ‘sub-lattice’ of DIP-2 cations is held tdgegtthrough two different sets of-
stacking interactions: a) between the DIP pendent resipbinting into the void spaces
between the inorganic layers; and b) between the DIBegm¢mmoieties intersecting the

anti-parallel layers of inorganic clusters. See Figi&e

In the a)-typern-stacking interactions these are found to be establiséedeen DIP-arm
C pendent moieties of DIP-2 cations from each altergatiorganic ABAB cluster layer.
This is confirmed by measuring the distance between Heepdf the aromatic region of
one of the interacting DIP arms, with the centroidh&f aromatic region of the other DIP
arm. This minimum inter-planar distance was foundddt513 A, which is within the
282]

expected range for an-stacking interaction distance as quoted in the liteedttiy

However, it is pertinent to mention at this point fltte to the torsion in the DIP-2 cation
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arms, the actual shortest C:--C distance betweemvther-stacking DIP arms is slightly

lower than this value, at 3.442 A.

Another important point of note when considering thesetacking interactions is that
they are seen to be established between only two ohtee aromatic rings of each DIP
arm. The application of a space-filling representatiorthe nrn-stacking DIP-arm C
moieties and one of the adjacent DIP-arm B moietilestrates clearly that this packing
arrangement is dictated by the steric bulk of the aatémg DIP-2 cations, the observed
structure representing the closest contact which cdorbveed between two adjacent DIP-2
cations in this orientation. More specifically, th@ghst C---C distance between DIP-arm
B and DIP-arm C on the adjacent DIP-2 cation is fotnde 3.680 A, whilst the shortest
C-.-C distance between the central cis-TACH ring ari®tddin C of the adjacent DIP-2
cation is 3.939 A. See Figure 80.

Figure 80: lllustrations showing the a)-typer-stacking interactions within compousd
Top: The twonn-stacking aromatic rings of DIP-arm C moieties fromaadnt DIP-2
cations are highlighted by green circles. Bottom: A sfidlceg representation shows the
steric clash between adjacent DIP-2 cations, sstithting that this packing arrangement
represents the closest contact which can be formedebatiwo adjacent DIP-2 cations in
this orientation. Colour scheme: W, teal; P, pinkyé&; C, light grey; N, blue; H, dark
grey. Solvent molecules are omitted for clarity.
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In the b)-typernn-stacking interactions, these are found to be estalliseeveen DIP-arm
A moieties from adjacent DIP-2 cations (see Figure 7B)is is confirmed by measuring
the distance between the plane of the aromatic regfi@me of the interacting DIP arms,
with the centroid of a selected bond in the aromatore of the other DIP arm. This
minimum inter-planar distance was found to be 3.471 Awever, due to the torsion in
the DIP-2 cation arms, and the manner of overlap of theseDIP arms, the actual
shortest C---N distance (both atoms within the ceatmhatic ring of the DIP moieties)
between the twan-stacking DIP arms is slightly higher than this valug€.d95 A, whilst
the shortest C---C distance is also slightly highdrx84 A.

The manner of overlap of the DIP arms in the b)-typatacking interactions can be seen
to be quite different from that for the a)-type intti@ns as only a small portion of the
delocalised aromatic ring system of the DIP arms areladgen establishing the b)-type
form, so indicating this is weaker than the a)-typestacking interaction (see Figure 81).
The finding that the shortest C---C distance in thgd®-interaction (3.584 A), is slightly
higher than that in the a)-type interaction (3.442 Maffirms this analysis of the

interaction strength.
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Figure 81: lllustrations showing the b)-typer-stacking interactions within compousd
Top: The overlaid region of DIP-arm A moieties fradjacent DIP-2 cations, which
forms the b)-typern-stacking interaction, is highlighted by a purple ellipsogbttom: A
space-filling representation shows the steric clash dmtwhenn-stacking DIP-2 cations
and the adjacent inorganic cluster. This illustrates ti@ weaker overlap in thisr-
stacking interaction is dictated by the closest packingngement of the sterically bulky
DIP-2 cation with the surrounding inorganic cluster fraumek. Colour scheme: W, teal,
P, pink; O, red; C, light grey; N, blue; H, dark grey. M8at molecules are omitted for
clarity.

Through the application of a space-filling representat@mnhe nn-stacking DIP-arm A
moieties and the inorganic cluster anion of an adjaseibtcell, this illustrates clearly that
this weaker overlap is dictated by the closest packirangement of the sterically bulky
DIP-2 cation with the surrounding inorganic cluster freumkk. In detail, the shortest
C---O distance between DIP-arm A and a terminal gamdi on the adjacent cluster anion
is found to be 3.266 A, whilst the shortest C---C distdvetween DIP-arm A and the
central cis-TACH ring of the othem-stacking DIP-2 cation is 4.004 A. See Figure 81.
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Although it has been found that both DIP-arms C andtAbéishnz-stacking interactions,
the remaining DIP pendent arm of the DIP-2 cation, i.l2-@&rm B, is not found to
establish any such interaction. Specifically the slsbi@--C distance between the DIP-
arm B on one DIP-2 cation, and that on the neargatewk cation, when looking along the
crystallographicc-axis, is 6.252 A. This is not only too long a distance tonfe nn-
stacking interaction, but more importantly, as carsd®n by viewing the lattice along the
crystallographidb-axis, no part of these two DIP-2 cations are ovendtth one another

(see Figure 82).

Figure 82: Representation of compouBdviewed along the crystallographieaxis. The
DIP-arm B moieties of each DIP-2 cation are showspase-filling models, and using this
representation it can be seen that these DIP armstdoverlay one another, and so do not
form anyznn-stacking interactions. Colour scheme: W, teal polydnedr pink; O, red; C,
light grey; N, blue. Solvent molecules and H atonesaamitted for clarity.

3.8.2.1 Solution and solid state UV/vis spectroscopic analysis @IP-
2)[PW12040]-5DMSOca3H,0 (6)

Following the successful isolation and characterizatibcompounds it was decided that
examination of the spectroscopic response of this compsiumald be undertaken. This
was to allow investigation into the presence of any chiaegesfer interactions between the
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aromatic cation and POM anion. To this end, some pirediiy solution and solid state

UV/vis spectroscopy measurements were carried out.

For the solution state measurements all compounds w&selgd in DMSO (the solvent
used to recrystallize compoulll and each measurement was carried out from 900 to 200
nm (although bearing in mind that DMSO begins absorbing at apps®&nm, see
Experimental, Section 5.6.2.2 for baseline spectrum)alldav identification of emergent
electronic absorption bands in compow)dspectra were recorded for both lone starting
materials, i.e. for phosphotungstic acid, and (DIP-2)Bee Figure 83 and Table 9.
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Figure 83: Solution state UV/vis spectra of phosphotungstic acid (116%mol L%)
(top), (DIP-2)Bg (2.6 x 10> mol L") (centre), and compound (1.5 x 10> mol L™
(bottom). Inset graph for compougdbottom spectrum) is at higher concentration (1.7 x
10* mol L") to show peak maxima 7 and 8. All compounds are dissotv&MSO and
the spectra recorded over the 900-200 nm wavelength range mBrika are highlighted
with numbers which relate to Table 9.
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From these results it can be clearly seen thatsth@bsorbance peaks attributed to the
electronic transitions within the DIP-2 cation can $t#lseen in the spectrum of compound
6 (peaks 1-6, bottom spectrum, Figure 83). The electroniciticanat 266 nm due to the
oxygen ligand-to-metal charge transfer band within the R@Mn (peak 1, top spectrum,
Figure 83) cannot be seen in the spectrum of comp6umolwever, this may be due to the
strong UV response of the DIP cation in this area layerg the signal. However, the
result of most interest from these measurementkeigptesence of two extra absorption
bands (i.e. emergent electronic transitions) in thectsp@ of compounds which are
absent from either the POM or (DIP-2)Bspectra. These bands are positioned at
approximately 421 and 440 nm (peaks 7 and 8, bottom spectrum, Figurd 8Rherugh
they are obviously weak, they nevertheless indicatgtasence of intermolecular charge
transfer bands between the DIP cation and POM anigplution. The fact that this is a
solution state measurement may account for the weakenaf these bands, as the cation-
anion interaction will be weaker in the solution statbere they are not held as closely
together as when in the solid state. We can also ddgtlateas the POM anion is fully
oxidised, then the electronic transition is likely to ilweoan intermolecular electron

transfer from the aromatic DIP-2 cation to the PQibna.
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Compound Peak Maxim@ Wavelength of | Associated Electronic Transitign
Numbering Absorption / nm
H3[PW1204q] 1 266 Oxygen ligand» Metal
charge transfer
(DIP-2)Brs 1 258
2 273
3 310 Electronic transitions centred gn
4 345 DIP-2 cation
5 362
6 381
Compounds 1 257 Electronic transitions centred gn
DIP-2 cation, (possibly
2 275 overlaying POM-centred oxygen
ligand— metal
charge transfer)
3 306
4 345 Electronic transitions centred gn
5 362 DIP-2 cation
6 381
7 421 DIP-2— POM cluster
(Intermolecular charge transfer)
8 440 DIP-2— POM cluster
(Intermolecular charge transfer)

Table 9: Summary of absorbance peaks observed in the solutate V/vis
spectroscopy measurements of compourg®M,0,0, (DIP-2)Bi, and compouné.

Following the successful identification of intermolesulcharge transfer bands in the
solution state measurement of compo@ndt was decided to investigate the solid state
response of this compound, and its starting materials, ubmgechnique of diffuse
reflectance UV/vis spectroscopy. Once again, compai$ the spectrum of compouid
with those of its lone starting materials, allovie tidentification of emergent electronic
transition bands.

A typical feature of solid state UV/vis spectroscopythat strong electronic transition
bands are suppressed, whilst weak bands are profiGtedhis feature is illustrated in
these experiments because those strong bands betweexirmappety 190 and 450 nm, due
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to electronic transitions within the DIP-2 cation andhw the POM anion, are somewhat
suppressed, whilst the intermolecular charge transfer barapproximately 448 nm is
promoted (see Figure 84). Another reason that this ioteomlar charge transfer band is
more prominent in the solid state than in the solutitate measurement could be, as
described previously, due to the closer contact and therestronger intermolecular
interaction between the cation and anion in the sbéte.

5

. H3[PW12O40]

— (DIP-2)Br,
Compound 6

Kubelka-Munk
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Figure 84: Overlaid diffuse reflectance UV/vis spectra for compauHgPW;,040, (DIP-
2)Br3, and compound. Of particular note is the intermolecular charge dfanband at
approximately 448 nm in the spectrum of compo6rfdlack line). Colour code as shown
in figure.

In addition to these spectroscopic analyses, prelimiogelic voltammetry studies have
also been carried out in order to examine the redox gseseof compoun@ in solution.

In a similar manner to compouidthe preliminary results for compoufidave indicated
the presence of three redox processes attributed taoglegtocesses on the tungsten
centres of the POM anion. Due to the presence of tRe2Dcation, two of these redox
processes are shifted to more negative electrode posewtiin compared with the lone
H3PWi2,040 starting material. As these investigations are onggtinrese results will be
discussed further in the Experimental, section 5.6.2.2.
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3.8.2.2 SEM and EDX analysis of (DIP-2)[PMD4q-5DMSOca3H,O (6)

Due to the use of the sterically bulky and geometricaitgresting DIP-2 cation in
producing compound, it was decided to investigate the structure of the i
inorganic framework using SEM and EDX analysis after hgathe compound to high
temperatures in an air atmosphere. In detail, samplesngooundé were heated at 5 °C
min® from room temperature to 1000 °C, under an air atmosphemgving first the
solvent through evaporation, then the organic catiormugtr oxidation. These samples
were then ground up with a pestle and mortar, transfeoredrbon SEM sample holders,
and sputter-coated with gold prior to SEM and EDX analysis.
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Figure 85: Top: SEM image of the area of the prepared compéusample used for
EDX analysis. Bottom: EDX data acquired from this avE&he sample confirming the
composition as W@
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Initial SEM and EDX analysis of these samples revkatame interesting results. Firstly
EDX analysis (and also powder XRD analysis, see Expeattiah, section 5.6.2.2) of the
samples revealed their composition to be V0 expectefsee Figure 85); and secondly

these WQ structures appeared to possess a degree of porosifigsee 86).
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Figure 86: Left: SEM image of the apparently porous structurethef prepared
compounds sample. Right: A close-up SEM image of this porousctire.

Further SEM analysis revealed this inorganic framewoibetcomposed of disc-like, and
in some cases, multi-faceted units packed together (seeeBgur These units were found

to vary within the range of tenths of microns to mng@n diameter (see Figure 88).

.
4

S4700 20.0kV 12.7mm x25.0k SE(U) 1.00um

Figure 87: Left: SEM image of the W&ramework of the prepared compoutidample.
The disc-like and multi-faceted units composing this framiéware clearly observed.
Right: A close-up SEM image of the disc-like unit pasigd in the centre of the image on
the left.
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Figure 88: SEM image of the prepared compouwdample, where the Widramework
units have been measured and been found to vary withinrige od tenths of microns to
microns in diameter.

More detailed SEM analysis to examine the porous natutkeo$ample (see Figure 86)
was also carried out. However, although this analyleiwed measurement of some of the
widely varying pore sizes observed (see top image, Figureit88so revealed that the
apparent porosity is not consistent throughout the saniphis is illustrated in the bottom
images of Figure 89 where the ‘porous’ W&ructure can be seen at the broken edge of a

more closely packed W¢tructure.
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$4700 10.0kV 13.0mm x7.00k SE(U)

Figure 89: Top: SEM image of the apparently porous structure ofi¢la¢ed compound
sample, where the ‘pores’ have been measured and acallyetween 0.5 to 1.0m in
diameter. Bottom Left: SEM image showing that the agmaporosity of the prepared
compound6é sample is not consistent throughout the sample.The area of the sample
towards the top of the image appears to possess some adégrerosity, whilst the area
towards the bottom of the image presents a more plasked WQ framework. Bottom
Right: This more closely packed W@amework is shown in more detail as a close-up
SEM image.

Despite this it was decided to submit some of the safaple BET analysis to confirm if
any degree of porosity would be displayed by the bulkpgam However, the almost
negligible BET reading confirmed the bulk structurdéonon-porous. This may be due in
part to the non-consistency of the apparently porous $#Qcture throughout the sample,
but another contributing factor may be the wide variatmogepth of the ‘pores’, as can be

seen in Figure 86.
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3.8.3 Formation of (IPblue)s[PW1,04-:4DMSO (7)

Following the previously described investigations using trghigrged DIP cations in
reactions with phosphotungstic acid, it was decided to puinssieeaction strategy further
using a more planar, singly-charged imidazo-phenanthridirsation. Hence, the IP
compound selected for use in this reaction wabsinidazo[l,2f]phenanthridinium
chloride ((IPblue)Cl)(as described previously in section 3Y..2.

The synthesis of compourtiwas carried out as follows. Initially an aqueous sofuti

containing an excess of (IPblue)Cl was added to an aqueou®satipphosphotungstic

acid, leading to the formation of an orange precipitafelbsequent redissolution of this
precipitate in hot DMSO led to the recrystallizatiohyellow, needle-like single crystals
suitable for single crystal X-ray diffraction. Sttual analysis of the X-ray diffraction

data revealed the composition of the crystals to &l &R[PW12040]-4DMSO (7).

Examination of the unit cell of compoundshows that each triply-charged POM anion
forms an electrostatic relationship with a columnaarggement of three, singly-charged,
nn-stacked IPblue cations. More detailed study of the ufiitreeeals that the closest

contact distance between the IPblue cation and POM anitwe supramolecular lattice of

7is 2.992 A. Specifically, this contact distance is fouatiieen a terminal oxo ligand of

the POM cluster, and the phenanthridinium ring nitrogfemn of an adjacent IPblue cation
(see Figure 90). Also a H-bonding interaction of 2.995 A loa observed between the
cluster and this IPblue cation, i.e. between a bridgixarigand of the cluster and the

protonated nitrogen atom of the IPblue cation.

When viewing the unit cell along the crystallograpbHaxis it can then be seen that this
IPblue cation forms part of ar-stacking arrangement of three cations running parallel to
the crystallographic-axis. This is confirmed by measuring the distance betwseplane

of one IP cation with the centroid of the adjacentc#ion. The minimum inter-planar
distances found, using this method, between the thregitsavere 3.361 A and 3.289 A
respectively (see Figure 90). The actual shortest codisteinces between the three IP
cations vary slightly from these values, i.e. at 3.29@dkbon-carbon distance) and 3.350
A (carbon-nitrogen distance) respectively. Additionalg carbon-carbon distance of
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3.298 A found between neighbouring IP cations is also thealvehortest contact
distance between IP cations within the crystal laticeompound’.

54 Lﬁﬁ
3.289

"'x\.ﬁf_“\‘;i*

M

Figure 90: lllustration of part of the unit cell of compouiid This representation shows
one of the POM clusters and the closest contacrdist (i.e. 2.992 A, shown in black) it
makes with the IPblue cation positioned at the top of-atacking arrangement of three
IPblue cations. The distances shown using red arrowssezpirthe minimum inter-planar
distances between the three-stacking IPblue cations. These distances are caldulate
between the planes of the outer IPblue cations (shsmg green planes) and the centroid
(shown by a green sphere) within the central IPblueoradi the stack. All distances
shown are measured in Angstréms (A). Colour scheWieteal; P, pink; O, red; C, light
grey; N, blue; H, dark grey. Solvent molecules are euahitbr clarity.

However, although these coplanar IP cations are forinteda nn-stacking arrangement,

they do not overlay one another completely. Thiskbmitlustrated by checking the torsion
angle between each catiora the examination of the torsion between a selected bond
each cation. Using this approach it can be found thatoitsion angle between the IP
cation in closest contact with the POM cluster drartext IP cation in the stack is 111.4°,
then the torsion angle between this cation and thecktgin in the stack is 70.3° (see
Figure 91). Overall this can be seen to create a toesigte of approximately 180°

between the IP cation in closest contact with the PélMter and the last cation in this

three-cation stack (see Figure 91).
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Figure 91: lllustration of part of the unit cell of compouiid This representation shows
one of the POM clusters and the closessstacking arrangement of three IPblue cations.
The bond highlighted in red within each IPblue cation is usedaiculate the torsion
angles between each cation in the stack. Thesenasgles are shown using red arrows.
Also highlighted is the torsion angle of approximately 1B8fween the top and bottom
IPblue cations in the stack. Colour scheme: W, Rapink; O, red; C, light grey; N,
blue; H, dark grey. Solvent molecules are omitted faritgl

Before considering the packing in the crystal lattice imemitetail, the [P\WWOaq)* cluster
anions in the structure, which each form an electrostafationship with the three singly-
charged IP cations, are examined more closely. As ipréhgous studies of compoun8ls
and 6, once again the [PWO.o]> anions are introduced into the reaction system as pre-
formed clusters, and as such the lengths of all the Wer@inal bonds, bridging W-O
bonds, and P-O bonds are checked to ensure they falhwithiexpected range of those

values quoted in the literatf& (see Table 10).

Bond Type Average Bond Distances in Compourid
W=0 (terminal) 1.70
W-O (uz-bridging) 1.91
W-O (us-bridging) 2.46
P-O 1.52

Table 10: Average bond distances within the [P cluster anion in compourd
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Another particularly striking feature when examining the aeil of compound? is the
arrangement of the eight POM clusters within the wglitinto two tetrahedral motifs, each
of which is centred around a DMSO solvent molecule. emWiewing the unit cell along
the crystallographid-axis these idealised tetrahedra are seen to be poditiona co-
linear fashion parallel to the crystallograplosi@axis. However, one of the tetrahedra is
rotated, with respect to the neighbouring tetrahedraouth 90° along its £axis which
runs parallel to the crystallograptieaxis (see Figure 92). It is important to note here that
these decriptions of the tetrahedral arrangements o€ltsters are based on idealised
tetrahedra for ease of description, although on exammatfidhe distances between the
central phosphate heteroanion groups of the clusteemibe seen that the tetrahedra are
actually distorted. In detail, one of the edges of thaliedron is significantly longer, i.e.
16.172 A, than the neighbouring edges which have an averagé ihgpproximately
14.03 A, whilst the opposite edge is rather shorter at 12.132d\Figure 93).

b

c

Figure 92: lllustration of the unit cell of compound showing the arrangement of the
eight POM clusters within the unit cell into two tétealral motifs (highlighted in green),
each of which is centred around a DMSO solvent moleculime of these idealised
tetrahedra is rotated, with respect to its neighbour, thré0g§lalong its €axis which runs
parallel to the crystallographieaxis. Colour scheme: W, teal polyhedra; P, pink; @, re
Cations and solvent molecules are omitted for clarity.
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Figure 93: Representation of one of the idealised tetrahedra {digbt in green) from
the unit cell of compound. Although these tetrahedral representations are based
idealised tetrahedra for ease of description, examinatfothe distances between the
central phosphate heteroanion groups of the clusterslsetlet these tetrahedra are
actually distorted with one of the edges of the tetradretheing significantly longer than
the opposite edge. These distances are indicated iigtine with black arrows and are
measured in Angstréms (). Colour scheme: W, tealhsalya; P, pink; O, red.

When extending the packing and viewing the crystal lattioagathe crystallographib-
axis, these alternating tetrahedral arrangements of BlQd¢ers can be seen to form layers
running parallel with the crystallographieaxis. These co-linear layers are then arranged
into a repeating ABAB pattern within the crystallograpdeplane, whilst the inter-layer
voids (minimum cluster spacing 4.887 A) are filled with disved DMSO solvent
molecules (see Figure 94).
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Figure 94: View of compound? along the crystallographis-axis. The two idealised
tetrahedral arrangements of clusters within the unit @ell (shown in Figure 92) are
highlighted using green parallelograms. These green parallglegaiso enclose the
corresponding organic tetrahedra of IP cation stacksl{eawn in Figure 95). The red
arrows highlight the layers of these alternating tetdsal arrangements, which run parallel
with the crystallographic-axis. Further the red arrows illustrate the arranggotthese
layers into a repeating ABAB pattern within the crystgidaphicac-plane. The inter-layer
voids are seen to be filled with disordered DMSO solvemecules. Colour scheme: W,
teal polyhedra; P, pink; O, red; C, grey; N, blue; Sjoyel H atoms are omitted for
clarity.

Examination of the crystal lattice when viewed along thystallographid-axis reveals,

not only the tetrahedral packing arrangements of the inard2OM building-blocks, but

also a corresponding tetrahedron-based organic sultesuas well. These organic
tetrahedral sub-structures are seen to be interlockéud tWwose composed from the
inorganic POM clusters and are centred around the sawf@CDsolvent molecule (see
Figure 95 and Figure 96).
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Figure 95: lllustration of the unit cell of compournishowing the arrangement of eight,
three-cationn-stacks into two tetrahedral motifs (highlighted in reech of which is
centred around a DMSO solvent molecule. One of tidessdised tetrahedra is rotated,
with respect to its neighbour, through 90° along itsakis which runs parallel to the
crystallographicb-axis. Colour scheme: C, grey; N, blue; O, red; S,oyell POM
clusters, solvent molecules (aside from the DMSOerues positioned in the centre of
each tetrahedron), and H atoms are omitted for clarity

Subsequently, these idealised organic tetrahedra aretsd®npositioned in a co-linear
fashion with each adjacent organic tetrahedron withinctlgstallographicac-plane, and
they are aligned parallel to the crystallographaxis. However, in a similar fashion to the
inorganic tetrahedra, one of these organic tetrahedreot&ed, with respect to its
neighbour, through 90° along itg @xis which runs parallel to the crystallograpbiaxis
(see Figure 95). Once again, these descriptions of tiadedral arrangements of organic
cations are based on idealised tetrahedra for easemipdiesn. However, examination of
the distances between each of the three-cation statksh form the vertices of the
tetrahedra, reveals that these organic tetrahedractuallg distorted. This distortion is
shown in Figure 97 and the distances have been calduateieen centroids positioned
within the central ring of the middle cation in eacte#dication stack.
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Figure 96: lllustration of the unit cell of compourntishowing the vertex positions of the
interlocked inorganic (POM clusters) and organic (threémicatacks) tetrahedra, both of
which are centred around the same DMSO solvent molecter clarity, only the
inorganic tetrahedra are shown (highlighted in green)ouscheme: W, teal polyhedra;
O, red; C, grey; N, blue; S, yellow. H atoms and salveolecules (aside from the DMSO
molecules positioned in the centre of each tetralmdunee omitted for clarity.

o

Figure 97: Representation of one of the idealised organic tedrah@highlighted in red)
from the unit cell of compound Although these tetrahedral representations are based o
idealised tetrahedra for ease of description, exammatidhe distances between each of
the three-cation stacks, which form the verticesheftetrahedra, reveals that these organic
tetrahedra are actually distorted. l.e. One of thgee of the tetrahedron is significantly
longer than the opposite edge. These distances awatiediin the figure with black
arrows and are measured in Angstroms (A). Colour sehe®) grey; N, blue; O, red; S,
yellow. POM clusters, solvent molecules (aside fritnen DMSO molecule positioned in
the centre of the tetrahedron), and H atoms are ediriitir clarity.
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Also, as a result of the interlocking nature of thesganic and inorganic tetrahedra, when
viewing the crystal lattice along the crystallograpivaxis, these alternating, interlocked
tetrahedral arrangements can be seen to form layensing parallel with the
crystallographiac-axis. As described previously, these co-linear layersheme arranged
into a repeating ABAB pattern within the crystallograpieplane, as illustrated in Figure
94.

When viewing the crystal lattice of compourdalong the crystallographic-axis these
alternating, interlocked tetrahedral arrangements whinlparallel to the crystallographic
c-axis are even more clearly displayed and can be seexténd into layers running
parallel to the crystallographieaxis. Each of these co-linear layers is then arranged
the repeating ABAB pattern within the crystallographieplane, as described previously
when viewing the lattice along the crystallograptvaxis. Another feature of viewing the
lattice along the crystallographeeaxis is that the interlocked nature of the IP catiand
POM anions is made more evident by the obvious absence ofgauyic cations from the
inter-layer voids (minimum cluster spacing 4.887 A). dast it is very clear from this
view of the lattice that the inter-layer voids aréetil only with disordered DMSO solvent
molecules. See Figure 98.
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Figure 98: View of compound/ along the crystallographicaxis. The two interlocked

inorganic (POM clusters) and organic (three-cation stdekshedra within the unit cell of
7 (shown in Figure 96) are highlighted using green squares. dhen@ws highlight the

layers of these alternating tetrahedral arrangemewtsch run parallel with the

crystallographicb-axis; and illustrate the arrangement of these lay@s a repeating

ABAB pattern within the crystallograph&b-plane. The inter-layer voids are filled with
DMSO solvent molecules. Colour scheme: W, teallpedya; P, pink; O, red; C, grey; N,
blue; S, yellow. H atoms are omitted for clarity.

It is also interesting to note that, when viewing ¢hgstal lattice along the crystallographic
b-axis, an alternative informative interpretation of tpacking can be made. This
alternative interpretation involves consideration @& imorganic and organic components
as forming integrated layers, consisting of a repeatingconiiposed of a POM cluster and
the closest adjacent stack of three IP cations, @m&sented in Figure 90, i.e. where the
closest distance between the POM and IP cation is femrime 2.992 A. This ‘POM-
IPstack’ unit repeats in a processional, columnar manmatgdavith the crystallographic
c-axis. These columns of ‘POM-IPstack’ units are theargred in an offset, yet parallel
fashion, into a layer of ‘POM-IPstack’ columns withiretbrystallographidc-plane (see
Figure 99).
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Figure 99: Top: View of compound along the crystallographiz-axis where the green
rectangle and purple rectangle highlight adjacent, iatedr inorganic-organic layers.
Bottom left: This figure illustrates layer A when view&@m above. Each ‘POM-
IPstack’ unit is highlighted using a green ellipsoid. Theastsuepeat in a processional,
columnar manner parallel with the crystallograptiaxis and each, of the four columns
shown, follows the direction of the green arrow betbe figure. These four columns are
then arranged in an offset, yet parallel fashion, sonifay a layer of ‘POM-IPstack’
columns within the crystallographiie-plane. Bottom right: This figure illustrates layer B
when viewed from above. Each ‘POM-IPstack’ unit in this dagehighlighted using a
purple ellipsoid. This layer is composed of columns ekéhunits arranged in a similar
fashion to those in layer A, however, these repeatimig in layer B are positioned in an
anti-parallel fashion to those from layer A, as iadéx by the direction of the purple arrow
below the figure. Colour scheme: W, teal polyhedrauiffk; O, red; C, grey; N, blue; S,
yellow. H atoms are omitted from all figures, andveat molecules are also omitted from
the bottom two figures for clarity.

A similarly composed layer, but with the repeating ‘POR&tiack’ units positioned in an
anti-parallel fashion, is arranged parallel to the neighibg layer. The minimum cluster
spacing between these two layers is found to be 3.447 Achwiki also the overall
minimum cluster spacing within the lattice of compoundThese two anti-parallel layers
then follow a repeating ABAB pattern within the crystghiaphic ac-plane (see Figure
100). Also every alternate inter-layer void (minimutuster spacing 4.887 A), as
described previously, is filled with disordered DMSO solvantecules.
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Figure 100: View of compound7 along the crystallographib-axis showing the anti-
parallel, integrated inorganic-organic layers described gnrgi99, following a repeating
ABAB pattern within the crystallographaxc-plane. Colour scheme: W, teal polyhedra; P,
pink; O, red; C, grey; N, blue; S, yellow. H atoms amdtted for clarity.

This alternative interpretation of the lattice, as \@evalong the crystallographieaxis, is
also helpful when studying the lattice along the ctiggdeaphic a-axis. To apply this
interpretation to the lattice when viewed along thest@afjographica-axis, we must
consider once again the repeating ‘POM-IPstack’ units wdnierarranged in processional,
columns running parallel to the crystallographbiexis. When viewed along theaxis
each of these ‘POM-IPstack’ columns is seen to beladewith the adjacent, co-linear,

yet anti-parallel ‘POM-IPstack’ column along thexis (see Figure 101).
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Figure 101: Top: lllustration showing the anti-parallel ‘POM-tRsk’ columns from
each layer of the lattice @f(refer to Figure 99), which are overlaid when viewed aldweg t
crystallographica-axis. Solvent molecules and H atoms are omittecléoity. Bottom:
When viewing the lattice of along the crystallograph&-axis, these overlaid layers give
the appearance of wave-like stacked layers, repeating whitdiorystallographibc-plane.
This wave-like arrangement is particularly noticeablemkiewing the lattice without the
use of polyhedral representations of the cluster aniagistr Colour scheme: W, teal
(polyhedra); P, pink; O, red; C, grey; N, blue. H atonesaamitted for clarity.

This presents a wave-like, stacked layer of anti-pardi@M-IPstack’ columns which
runs parallel to the crystallographieaxis. This layer formation of anti-parallel columnar
stacks is then repeated within the crystallograpliplane, but with each ‘POM-IPstack’
column making up the layer being offset with respect tdRM-IPstack’ column in the
adjacent layer (see Figure 101).
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3.8.3.1 Solution and solid state UV/lvis  spectroscopic  analysis  of
(IPblue}[PW1,040]-4DMSO (7)

Following the successful isolation and characterizatiboompound’ it was decided that,
as carried out previously for compouritland6, some preliminary spectroscopic analyses
of this IP-containing compound should also be undertaken estigate the presence of
any charge transfer interactions between the aromgiiicn and POM anion, when both in
solution and in the solid state.

For the solution state measurements all compounds weesagain dissolved in DMSO,
as this solvent was used to recrystallize compoyrahd each measurement was carried
out over the 900 to 200 nm wavelength range (see Experin&detion 5.6.2.3 for
baseline spectrum of DMSO). Recording the spectrdefldne starting materials, i.e.
phosphotungstic acid, and (IPblue)Cl; allows clear determnmabf emergent charge
transfer bands in the spectrum of compounds can be seen from Figures 102 and Table
11.
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Figure 102: Solution state UV/vis spectra of phosphotungstic acid (116°mol L?)
(top), (IPblue)Cl (2.6 x 16 mol L") (centre), and compound (3.8 x 10° mol L%
(bottom). Inset graph for (IPblue)Cl (centre spectrisnat lower concentration (2.6 x 10
mol L) to show peak maxima 1, 2 and 3 clearly. Inset graph fopoand7 (bottom
spectrum) is at lower concentration (3.7 1ol L™) to show peak maxima 1-4 clearly.
All compounds are dissolved in DMSO and the spectra recayded the 900-200 nm
wavelength range. Peak maxima are highlighted with numtd@ach relate to Table 11.

From these results it can be clearly seen thasékien absorbance peaks due to electronic
transitions within the IPblue cation are still observafidin the spectrum of compourd
(peak 1 and peaks 3-8, bottom spectrum, Figure 102). It is alssibfe that the
shouldered peak at approximately 270 nm in the spectra gdaard7 (peak 2, bottom
spectrum, Figure 102) might be attributed to the overlaid, @Nred, oxygen ligand-to-
metal charge transfer signal found at approximately 266 nmhén Spectrum of
phosphotungstic acid alone (peak 1, top spectrum, Figure 102) evdovalthough these
IP cation-centred and POM-centred transitions cah ksilobserved in the spectrum of

compound?, no further emergent intermolecular charge transdedb are detected.
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Compound Peak Maximaj  Wavelength of Associated
Numbering |  Absorption / nm | Electronic Transition
H3[PW12040] 1 266 Oxygen ligand>
Metal
charge transfer
(IPblue)Cl 1 261
2 278
3 290 Electronic transitions
4 303 centred on IPblue
5 317 cation
6 332
7 349
Compound/ 1 262 Electronic transitior
centred on IPblue
cation
2 270 Oxygen liganée
Metal charge transfer
(centred on POM
cluster)
3 279
4 288 _ N
S 203 Electronic transitions
5 T centred ?n IPblue
cation
7 332
8 349

Table 11: Summary of absorbance peaks observed in the solgtiate UV/vis
spectroscopy measurements for phosphotungstic acid, (IEblie)d compound’ all
dissolved in DMSO and recorded over the 900-200 nm wavelezgdfe.

It was then decided to investigate the solid state UV/pisctsoscopic response of
compound?7, and its lone starting materials for comparison purpogesce again, the
technique of diffuse reflectance UV/vis spectroscopy wdsead to determine whether
any intermolecular charge transfer phenomenon could teetdd when the IP cation and
POM anion are in closer proximity in the solid state.e Tireasurements for each of the
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starting materials and for compournd were carried out over the 1300 to 190 nm
wavelength range, comparisons between these spectrangllolgar identification of any
emergent intermolecular charge transfer bands in tretrspe of7.

4

——H,[PW_O, ]

12 7 40
—— (IPblue)Cl
Compound 7

Kubelka-Munk

190 400 600
Wavelength / nm

Figure 103: Overlaid diffuse reflectance UV/vis spectra for phagphgstic acid,
(IPblue)Cl, and compound recorded over the 1300 to 190 nm wavelength range. Of
particular note is the intermolecular charge trankéard at approximately 410 nm in the
spectrum of compound (black line). Colour code as shown in figure.

It can be seen from these results that, as expedbet using the technique of diffuse
reflectance spectroscopy, the strong absorbance bamds were observed during the
solution state UV/vis measurements are suppréssédihese suppressed bands, between
approximately 190 and 400 nm, are due to the IP cation-ceme&@M anion-centred
electronic transitions, whilst the strong band at appratehg 410 nm is attributed to an
intermolecular charge transfer from the aromatic UPldation to the fully oxidised POM
anion (see Figure 103). The presence of this intermolechlige transfer band in the
solid state UV/vis measurement of compoufidout its absence from the solution state
measurement could, as previously discussed during the inv&stigg compound5,
indicate that either the closer proximity of the catand anion in the solid state allows
such intermolecular charge transitions to take placehair guch transitions might take
place in the solution state as well, but are so weatkthey cannot be detected.
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In addition to these spectroscopic analyses, prelimiogelic voltammetry studies have
also been carried out in order to examine the redox ggseseof compound in solution.

In contrast to the results for compouridand6, preliminary results for compourtihave
indicated the presence of five redox processes (one ifletBfwhich have been attributed
to electron processes on the tungsten centres of thd &@on. Due to the higher
concentration of the singly-charged IPblue cations ptgsieie to charge balance reasons),
these redox processes are shifted to much more negage®ode potentials when
compared with the shifts seen for compoubdsnd 6. As these investigations are on-
going these results will be discussed further in theeEmental, section 5.6.2.3.

3.8.4 Summary of the investigations using 2,3-dihydroHi-imidazo[1,2-
flphenanthridinium (DIP) and imidazo-phenanthridinium (I P) as organic
cations with Keggin [PWi204q)* cluster anions

In summary, through the isolation and characterizadicmompound$, 6 and7 it has been

shown that DIP and IP cations of varying steric bulk gadmetry, and with different
charge states, can be introduced into the POM reasyistem using the Keggin cluster
[PW:2040]%"

The structure of compouriilhas been shown as governed by electrostatic and Hrgpndi
interactions rather than amyr-stacking interactions between DIP cations. Each POM
anion forms an electrostatic 1:1 relationship with ayrgilarged DIP-1 cation; and the
protonated diethylenetriamine chain of DIP-1 leads to thedtion of an extended H-
bonding network with the DMSO and:@ molecules in the structure. The role of these H-
bonding interactions in stabilizing the structuréad revealed by viewing the lattice along
the crystallographiac-axis. When viewing the lattice along this axis the alt@mga
arrangement of DIP cations and POM anions within laye@hsch run parallel with the
crystallographicb-axis, becomes evident. The H-bonding interactions aagimised
through the orientation of the DIP cations within thiasers, i.e. the aromatic head groups
are enclosed within the layer structure, whilst the pratioh tail groups are directed

outwards towards the H-bonding solvent moleculesRk&pae 71).
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Compound6 was, like compound, also produced using a triply-charged DIP cation in
reaction with phosphotungstic acid. However, althougbhelPW:04¢*> anion in the
structure forms an electrostatic 1:1 relationship withR-D cation, the lattice structure is
markedly different from that for compourtddue to the steric bulk and geometry of the
DIP-2 cation. In particular, in the unit cell 6fthe [PW:040]> anion is cupped by the
DIP-2 cation, specifically by the two pendent DIP armandl B, and is positioned in such
a way as to have a slightly greater interaction \BitR-arm B. See Figure 77. Alsax-
stacking interactions play a large role in stabilizing structure of compour@ with two
different types oftr-stacking interactions being identified when viewing thédatalong
the crystallographia-axis (see Figures 79 to 81).

In contrast to compoundsand6, compound? was synthesized through the reaction of a
singly-charged imidazo-phenanthridinium cation, IPbluéhvwhosphotungstic acid. In
the structure o7 each triply-charged POM anion forms an electrostatationship with a
columnar arrangement of three, singly-chargedstacked IPblue cations (see Figure 90).
Examination of the unit cell along the crystallograpkvaxis then reveals an interesting
packing arrangement based on two, interlocked tetrahedoéifs of the eight POM
clusters and cation stacks. Each of these two i@ebkstrahedral motifs are centred
around a DMSO solvent molecule, and one of the tedrahis rotated with respect to its
neighbour, through 90° along itg @xis which runs parallel to the crystallograpbiaxis
(see Figure 95 and 96). When extending the packing, theseashgr interlocked
tetrahedral motifs can be seen to form layers runninglpbvath the crystallographic-
axis, and which then follow a repeating ABAB pattern wnittiie crystallographiac-plane
(see Figure 94).

Investigations of the solution state and solid statevig\8pectroscopic response of each of
these compounds were carried out. These preliminarytigagens have established that
intermolecular charge transfer transitions occur instiiel state for all of the compoun8s

to 7, and are also detected in the solution state for conadp@urhis may be attributed to
the steric bulk of the DIP-2 cations in compouhleading to closer contact between these
cations and POM anions in the solution state, when cadpaith the solution state anion-
cation contact in compounésand?.
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Some preliminary cyclic voltammetry experiments using poumds5 to 7 were carried
out to study the redox activity of the dissolved compountisese experiments revealed
that the observed redox processes identified for eantp@ond could be attributed to
electron processes on the tungsten centres of the B@dMs. Also, because of the
presence of DIP or IP cations in these systems, thegsten-centred redox processes
were seen to be shifted to more negative electrode patemthen compared with the
results for lone phosphotungstic acid. Due to the ongoature of these investigations,

however, these results are discussed further inxtperiinental, section 5.6.2.

Due to the use of the sterically demanding and geomigyricteresting DIP-2 cation in
the formation of compound@, SEM, EDX and powder XRD were used to examine the
structure of the remaining inorganic framework after hegatihe sample to 1000 °C under
an air atmosphere. After oxidation of the organicocat the remaining tungsten oxide
framework was observed to be composed of disc-like andi-facéted tungsten oxide
units, and appeared to possess a degree of porosity. Intorieestigate this apparent
porosity, BET measurements were then carried out. edery these measurements
revealed the bulk structure to be non-porous, possibly aleet non-consistency of the
WO; structure throughout the sample, or to the wide vanati depth of the ‘pores’.
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4 Conclusions and Outlook

4.1 Mass spectrometry as a tool to investigate the ‘in-solutionself-
assembly of polyoxometalate systems

In order to explore the key features of the self-abderaf complex polyoxometalate
systems, the techniques of cryospray (CSI-) and elecapspass spectrometry (ESI-MS)
have been utilised to investigate, in detail, the spgresent within the reaction solutions
from which (00-C4Ho)aN)2n(Ag2M0gO20)n (1) and (6-
C4Hg)sN)3[MNM0eO15((OCH,)sCNH,),]  (2)°? are isolated. This approach has been
further developed to allow real-time monitoring of théemsity changes of the detected
species, and therefore, their concentrations, oeecalrse of the reactions.

4.1.1 Examining the formation of a silver-linked polyoxometalate arbitecture using
mass spectrometry and UV/vis spectroscopy

The technique of CSI-MS was first utilised in this manmemtestigate the ‘in-solution’
rearrangement of molybdenum Lindqvist [Mag® anions ({May}), in the presence of
silver(l)  cations, into the silver-linked B-octamolybdate  structure n{
CsHo)sN)2n(AgaM0sOse)n - (1).BY  Through this investigation the role of small
isopolyoxomolybdate fragments and 'Aipns in the assembly of the silver-linkéd
octamolybdate structuré has been elucidateda the identification of the following
anionic series:

(1) [M0Osn] wherem= 2,3 0or 5

(ii) [HMO 1Osm+1]” wherem =2 to 6

@)  [H/MomOszmi2] wherem= 210 6

(iv)  [H7MOnOzm:s] wherem=21to 5

(V) [HoMOmWOsm+4]” wherem= 2 to 6

(vi)  [AgMOmOsm+1]” wherem = 2 to 4
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Anion series (vi), i.e. [AgM@Osm+1]” wherem = 2 to 4, is of particular interest because the
[AgM0,07]" and [AgMqOs3" fragments of the (Ag{Mg@Ag) synthon units, are of
significance in understanding the formation of compodnfiom this reaction system.
Specifically, detection of the [AgM@-] fragment (peak at 410.7 m/z) supports the theory
of rearrangement of the Lindqvist anion into [Agi@g] building-block units, which are
the smallest stable unit of the silver-linked POM chainlof Then detection of the
[AgM0403]” fragment (peak at 700.5 m/z), which is half the (Agg®) synthon unit,

represents the next stepping stone in the final reamaggeintol (see Figure 104).

Also of interest from these results is the observatbmono-anionic series involving
mixed oxidation state polyoxomolybdate species, from dibudte up to hexamolybdate
fragments, which have been observed for the firse it The observation of such
building units is interesting as similar building-blocksch as the {M&0g} unit,[*¢3 222
%l have been used as essential linker units to form mixetteg@ROM structures such as
(MesNH)2(EtN)Nay[Na(H20)sH15M0 " 36M0 "' 60104 (OCH,)sCCH,OH);] 24 and

(NH4)12[M036(NO)40108(H20)16]. %%

In the higher mass range of these CSI-MS analysetgctaen of the species
[(AgM035O26)TBA;]” (peak at 1776.6 m/z), [(A0sO.6)(M04013) TBA3]” (peak at 2718.3
m/z), and [(AgMo0gO.6)(M0sO26)TBAs]” (peak at 3796.5 m/z), each with an increasing
organic cation contribution concomitant with the i@gieg metal nuclearity, supports the
previously proposed hypothe&i§that the organic cations used in the synthesis do indeed
play an important structure-directing role in promoting tleelenof POM structure growth

in solution (see Figure 104).
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Figure 104: Top: The [AgM@O;] and [AgMaO3]” fragments of the (Ag{MgAQ)
synthon ofl, as observed in the mass spectrum of the reactionicsolof 1, are
highlighted. Bottom: lllustration of the increasing ich#éength of fragments ol as
observed in the higher mass range of the CSI-MS amlyarried out. Colour scheme:
Mo, teal polyhedra; Ag, pink; O, red; C, grey; N, blue. #Huctures shown are formal
representations based on crystallographic §4ta.

The rate of decrease in Lindgvist anion concentratiod, therefore associated increase in
{Mog} anion concentration, for Reaction MixturesD, were monitoredvia UV/vis
spectroscopy. This correlation between decreasing Listlguion and increasing {Mp
anion concentration was supported by CSI-MS monitoring adciten Mix A, i.e.
TBA,[M0sO;9] + AgF, over time. The use of CSI-MS in this wayntonitor real-time, ‘in-
solution’ rearrangements in a POM reactant solution semts a new approach to the
application of mass spectrometry techniques in examiniegs#if-assembly of POM
compounds in solution.
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The effect of the length of organic counter cation usetdnré¢action system on the rate of
Lindgvist to (Ag{Mog}Ag) synthon rearrangement was examinea comparison of the
‘pseudo’ first order rate constants, with respect to [{Nlaalculated over the first 75 min
in the UV/vis spectroscopy experiment for each reaation The general trend observed
from these calculated rate constants was that tieeofadecrease in the concentration of
Lindgvist anions, and as a result, the inter-conversiohindqvist into f-octamolybdate
anions, decreases as the carbon chain length of theratkglaium cations increas&8>
These lower rates of inter-conversion when using atmekybdate reagent with a longer
chain cation have been attributed to the steric bitkese large organic groups hindering
the rearrangement of Lindqvist anions, and hindering cotueateteen the silver cations
and molybdenum anions. In conclusion, therefore, thesgtsesupport the previously
proposed hypothesis that the steric bulk of the alkylanwmo cations present in a
reaction system influences the (Ag{M®g) synthon-containing POM structures which

can be formed and then isolated in the solid state fnese reaction mixturd&: 18

4.1.2 Mass spectral investigations into the ‘in-solution’ formationof an organic-

inorganic hybrid polyoxometalate

Following the mass spectral investigations described almodhe formation of a silver-
linked polyoxomolybdate system, this approach was extendexatoine the formation of
a complex organic-inorganic POM-hybrid system, e. n-((
C4Hg)sN)3[MNM0015((OCH,)sCNH,),] (2).9?

The technique of ESI-MS was utilised in this investigationenable real-time, ‘in-
solution’ monitoring of the rearrangement ofoctamolybdate anionsa{MogOzg*

({Mog}), and coordination of Mn(lll) cations and TRIS groufesading to the formation of
2. The MS data recorded at the start of the reac¢a@iar stirring the reaction solution at
room temperature for 13 min) is dominated by peaks which caradsggned to
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isopolyoxomolybdate fragments of the rearrangiadvpsO.¢* anion (see top of Figure
105) and contains the ion series:

)] [Hm2M0yOsm]” wherem= 2 or 3

i) [MO Oam+1]* Wherem= 4 or 5

iii) [NanH1.1M0yOsm+1] wherem= 3 or 4 anch=0or 1

iv)  [HaMNn**MonOsmea]- Wherem = 3 or 4

V) [MOOsm:1 TBA1] wherem= 3t0 5

Vi) [M0gO26TBA3zNa,]” wheren= 0 to 2

The dominance of these isopolyoxomolybdate fragmentsdtes that theafMogO.¢*
anion rearranges into these smaller fragment ions pwidurther coordination with the
manganese cations and TRIS groups. Indeed the firstatiwhs of this further
coordination are illustrated by the presence of very laenisity peaks containing TRIS
groups and manganese cations, e.g. P{OCH,)sCNH,)] (387.8 m/z), and
[IMn"'Mo3sO0g((OCH,)sCNH,)2] (706.7 m/z).
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Figure 105: Top: ESI-MS spectra of the reaction solutior2@bllected: after stirring at
room temperature for 13 min, and after refluxing at 80 °Gypgroximately 30 h. The{
MogO2¢* anions, manganese(lll) acetate and TRIS starting iasten the reaction
solution are shown faded behind the first spectrum recordéd spectrum is dominated
by isopolyoxomolybdate species. The derivatized Mn-Anderaaion of 2, i.e.
[MNMogO1((OCH,)sCNH,),]*, is shown faded behind the final spectrum recorded. This
spectrum is of greater complexity and contains a wideetyanf fragment ion species.
Bottom: Graphs showing the increasing peak intensith@tmall fragments ions (listed
in purple), when monitoring the reaction solution2bver 30 h using ESI-MS. The
structures of these small fragments are shown fadechdetach graph, and are formal
representations based on crystallographic G8taColour scheme: Mo, teal polyhedra;
Mn, orange polyhedra; O, red; C, grey; N, blue. H atom®anitted for clarity.

The MS data collected after refluxing for approx 7 h isnath greater complexity and the

dominant peaks have been assigned to a wide variety gindémas, such as,
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polyoxomolybdate fragments coordinated to Mn cations,[Blg' Mo"'"MoVO;]” (peak at
358.7 m/z); polyoxomolybdate fragments coordinated to TRIS.g.
[M0,05((OCHz)CNHy)]” (peak at 389.8 m/z); or fragments of the product cluater.g.
[Mn"' Mo30s((OCH,)sCNH,),]” (peak at 706.7 m/z). This complexity of fragment ions
identified, remained observable through to the final spectrecorded after MS
monitoring of this reaction solution for approximately 3(Qske lower spectrum at top of
Figure 105), and the ion series identified were as follows

)] [Hm2M0yOsm]” wherem= 2 or 3

ii) [HMO mOzm+1]” wherem= 2 or 3

i) [HMn?*"MonOsms2]” wherem= 2 or 3

iv) [MOmO3m1((OCH,)3sCNH,)] wherem = 2 or 3

V) IMN™2*"M030g.:+((OCH,)sCNH,)H]” wheren = 0 or 1

Vi) [MN**M0pOam1((OCHz)3CNH,),]” wherem= 2 to 5

vi)  [MNn**MogO18((OCH.)sCNH2), TBA,..H,]” wheren = 0 or 1

vii)  [MOmOsm1TBA;1] wherem= 3 or 4

Additionally, by noting the changes in peak intensitypodminent peaks in the ESI-MS
spectra over the time of this reaction, we were abjgapose that the rearrangementosf [
MogOz¢]*, occurs firstvia the formation of [M@O13)*” cluster species (i.e. [MO:1aNay]
(614.6 m/z) and [MgO:3TBA]" (833.8 m/z)) which are half-fragments of the {§flo
clusters and the most prominent peaks in the first spactecorded (see top of Figure
105). It is proposed that this is followed by decomposition stmaller, stable
isopolyoxomolybdate fragment ions containing just twe,. i[Mo,O;H], and three
molybdenum centres, i.e. [MO10TBA]; which subsequently coordinate with the tripodal
TRIS ligands, i.e. [MgOs((OCH,):CNH,)]" (389.8 m/z); manganese ions, i.e.
[Mn" Mo30g((OCH,)sCNH,)2]” (706.7 miz) (see bottom of Figure 105); and further
molybdate anionic units, to form the final Mn-Anderson-$Rtluster of 2, i.e.
[IMn"'MogO15((OCH,)sCNH,), TBA,] (1640.0 m/z).

In conclusion, these investigations have illustrated pbgver of CSI- and ESI-MS
technigues in examining the self-assembly of POMs fragin thaction solutions, not only
on reaction conclusion, but in real-time. The applicabdf these techniques to elucidate
the ‘in-solution’ processes of ever more complex POBeaws is now underway.
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4.2 Investigating the encapsulation of high oxidation state heteedoms
within polyoxometalate clusters

Cronin et al have recently synthesized two tungsten-based Dawsonerslusthich
encapsulate high oxidation state heteroanion templagesiHsW:gOse(l"" Og)]81**®! and
[HaW:160s6(T€"'0g)]"1**°! and which both possess catalytic activity towards thegation
of alcohols. Following this work it was decided to invgate whether the analogous
periodate-centred and tellurate-centred molybdenum analoguds @&lso be produced.
Although the isolation of these particular compounds inoas to elude us, these
investigations have allowed the isolation and charactenzaf two new molybdenum
Anderson-based polyoxometalate structures, i.@s/AN8y34dIM0s0,4-carH,O (3), and
Nas((HOCH,CH,)3NH),[TeM0gO,4]-calOH,O (4).

4.2.1 Investigations into the encapsulation of periodate and tellur& heteroanion
templates within polyoxomolybdate clusters

It was found that addition of periodic acid to an aqueoligisa of sodium molybdate,
followed by acidification to pH 1.8 using hydrochloric aciddasubsequent addition of an
agueous caesium chloride solution, led to the isolaticcotmiurless, block, single crystals
of Csy.6Nap 3dIM06024-ca7H.O (3).
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»-- Layer B

Figure 106: Left: Representation & when viewed along the crystallograplaxis.
The green arrow highlights the two offset cluster ynahich make up bilayer A. The
pink ellipsoids highlight the three coordinating caesiurioos in the intra-layer voids,
and the light blue ellipsoids highlight the two coordingitocaesium cations between the
offset cluster arrays. The red arrows highlight l&§eand the orange ellipsoids highlight
the six coordinating caesium cations and four, part@digupied sodium cations
(disordered with caesium cations) between the clustérss layer. Right: Representation
of 3 when viewed along the crystallograplaeaxis. The repeating ABAB pattern of
bilayer A and layer B are still observable when viewing Hugice along this axis,
however, when viewing in this direction the cluster layeun parallel with the
crystallographid-axis and the ABAB pattern extends within the crystallpgi@bc-plane.
Colour scheme: Mo, teal polyhedra; I, gold; Cs, green;gxey; O, red.

Analysis of the crystal structure & has revealed a closely-packed arrangement of
periodate-centred molybdenum Anderson clusters which fABAB layered cluster
arrangements, when viewing along both the crystallograghiend b-axes (see Figure
106). Layer A is composed of a bilayer of offset POMstdu arrays, where three
coordinating caesium cations and H-bonding water molecséparate the clusters and
reinforce each of these ‘sub-layers’; then two furiteesium cations reinforce the bilayer
arrangement by coordinating between adjacent clusters déach ‘sub-layer’ (see left of
Figure 106). Layer B is formed by an array of POM clisstenich are offset and oriented
at an angle of 25.5° with respect to the clusters winake up bilayer A. The structure of
this layer is again reinforced by cation coordination aAdoHding interactions. In more
detail, coordinating caesium cations; partially-occupiedilsa cations (disordered with
caesium cations); and H-bonding solvenOHmMolecules, occupy the spaces between the
clusters so further stabilizing this cluster layer (s#edf Figure 106).
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When investigating the polyoxomolybdate structures formadusing {T&'Og} as a
heteroanion  template, the new  molybdenum  Anderson-bassttucture
Nay((HOCH,CH,)3sNH),[TeM0sO24]-calOH,O (@) was isolated. Examination of the
crystal structure oft has revealed that the main building-blocks of the strecawe the
[TeMosO,4]® anions and two coordinated cation arrangements, eachicti s composed
of a {Na;} dimer and a coordinated TEARation. In more detail, within the unit cell of
4, two of these {Ng dimer and TEAH cation motifs are seen to be coordinated to a
central Anderson cluster, one situated on each facewhiuth are related by a centre of
inversion positioned at the tellurium atom in the cenfrehe POM cluster (see top left of
Figure 107). Two of th@y-bridging HO ligands, from each of these {faimer units,
then coordinate to the {Np dimers on neighbouring POM clusters, leading to the
connection of four adjacent POM clusters to the céatnderson cluster (see top right of
Figure 107). These clusters are aligned in an almostlgddieghion, and are tilted at an
angle of 71.5° with respect to the central Anderson cluste
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Figure 107: Top Left: lllustration of the coordinated catiomeargements i, each of
which is composed of a {Npdimer and TEAH cation, coordinated to opposing faces of
the central [TeMgO.4]® Anderson cluster. Top Right: lllustration showire tinter-
connection,via the {N&} dimer units, of four clusters adjacent to the cenfxatlerson
cluster. Bottom: Representation &f when viewed slightly offset from the
crystallographids-axis. The space-filling representation highlights firg tonnection of
the POM clusters into chains, which run at an angle of caqpately 45° to the
crystallographica-axis; then second, the inter-connection of these chamshe {Na}
dimer motifs, into layers of cluster chains extendihgng the crystallographib-axis.
These features are indicated using the black arrows angedhplane. Colour scheme:
Mo, teal polyhedra; Te, light green; Na, purple; O, red;géy; N, blue. Solvent
molecules and H atoms are omitted for clarity.

The inter-connection of these sub-structural motifs leal to some interesting packing
arrangements within the overall crystal latticetofFor example, when viewing the lattice
along the crystallographib-axis, the inter-connection of these structural reolgfads to
the formation of a layered arrangement of inter-cotatechains of POM clusters. These
chains of POM clusters are observed to be formi@d¢onnection through the {Nadimer

units, and lie at approximately 45° to the crystallograpkaxis. Further inter-connection



4 CONCLUSIONS ANDOUTLOOK 168

between these cluster chains results in the formatiolayers which extend along the
crystallographidb-axis, then repeat in a co-linear fashion within the tatiggyraphicac-
plane (see bottom of Figure 107).

In conclusion, two new molybdenum Anderson-based POgbhitactures have been

synthesized, where the Anderson clusters in each asgrgoted around high oxidation

state heteroanion templates, i.e”'{Ds} and {Te"'Og}, and the cations chosen for use in
each system have led to formation of interesting pgc&mangements in the solid state.
Further work will continue to investigate the isolatminlarger molybdenum cluster cages
encapsulating these high oxidation state heteroanionldatespin the hope of developing
stable, yet flexible cluster frameworks capable of strattwearrangement without

decomposition on reduction of the central heteroareomptate.

4.3 Investigations into the synthesis of new polyoxometalate
architectures using pre-formed cluster building-blocls and large,
photoactive organic cations

In order to investigate the synthesis of structuraitgnesting and potentially photoactive
POM-organic compounds, three aromatic, organic molecdtesn a family of
phenanthridinium-based molecules developed by Crenial?® #'% have been used to
synthesize three new POM architectures on reactionphitisphotungstic acid, i.e. (DIP-
1)[PW12040]-5DMSOcalH,0  (6); (DIP-2)[PWi2040 -5DMSOecadH,O  (6); and
(IPbluel[PW;2040]-4DMSO (7). Following the successful isolation of these compsund
some preliminary UV/vis spectroscopy and cyclic voltanmgekperiments have also been
carried out to investigate the presence of any intermtalecharge transfer bands, and the

redox processes of these compounds in solution, resgdgctive
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4.3.1 Investigations using 2,3-dihydro-H-imidazo[1,2f]phenanthridinium (DIP)
and imidazo-phenanthridinium (IP) as organic cations with Kegin
[PW1,04* cluster anions

The successful isolation and characterization afpoundss, 6, and7, has illustrated that
DIP and IP cations of varying steric bulk and geometry, vaitlal different charge states,
may be introduced into the POM reaction system using<#ggin cluster, [P\O4d]>"
Also each of these compounds were synthesized usintarsexperimental procedures,
which allowed the isolation of single crystals suitdblesingle crystal X-ray diffraction.

4.3.1.1 (DIP-1)[PW;;040]-5DMSOcalH,0 (5)

In compounds each [PW:04¢]* anion forms an electrostatic 1:1 relationship with @ytri
charged DIP-1 cation; and the presence of the protonatéyldie¢triamine chain of DIP-
1 leads to the formation of an extended H-bonding netwotk the DMSO and (D
molecules in the structure. Indeed, of particular @gem this structure is the way these
H-bonding interactions are maximised through the layeangement of cations and

anions, when viewing the lattice along the crystallograplaigis.
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Figure 108: Representation dd when viewed along the crystallograpliaxis. The
POM clusters and DIP cations are aligned together ayer$ which are highlighted with
light purple arrows. These layers run parallel with¢hestallographid>-axis and form a
repeating ABAB pattern within the crystallographic-plane. Within one of these layers
the light blue circles highlight the aromatic head groapshe DIP cations which are
enclosed within the layer, whilst the light green ellidsohighlight the protonated tail
groups of the DIP cations which are directed outwards usvdre H-bonding solvent
molecules. The DMSO solvent molecules within theritayer voids are arranged in an
anti-parallel fashion in order to maximise the H-bondimgractions with the tail groups
of the DIP cations. This leads to the appearance okwke layers of these DMSO
solvent molecules in the inter-layer voids, which arenligdpted in red. Colour scheme:
W, teal polyhedra; P, pink; O, red; C, grey; N, blue; 3oye Solvent HO molecules and
H atoms are omitted for clarity.

When viewing along this crystallographic axis the inorganictetssand DIP cations are
aligned together into layers running parallel with the afiesgraphicb-axis, alternating
between inorganic and organic components as you move dergngth of the layer (see
light purple arrows in Figure 108). These layers are themged into a repeating ABAB
pattern within the crystallographiab-plane. In order to maximise the H-bonding
interactions with the DMSO and.8 molecules lying within the inter-layer voids, each
DIP in these inorganic-organic layers is positioned st the aromatic head group is
enclosed within the layer, whilst the protonated tail grisugirected outwards towards the
H-bonding solvent molecules. A wave-like layer ofigquatrallel DMSO molecules can
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then be seen within each inter-layer void, running partallthe crystallographib-axis, as
a result of these H-bonding interactions (see Figure 108).

4.3.1.2 (DIP-2)[PW;;040] 5DMSOcadH,O (6)

Compound6 was also produced using a triply-charged DIP cation inticgaavith
phosphotungstic acid, therefore, each [BW]> anion in the structure forms an
electrostatic, 1:1 relationship with a sterically bulbyP-2 cation. Indeed, in the unit cell
of 6, the [PW-04¢)*> anion can be seen to be cupped, within the more steriaiyded
face of the DIP-2 cation, by the two DIP arms A andaB] is positioned in the matrix in
such a way as to have a slightly greater interaetitim DIP-arm B than DIP-arm A. See
top left of Figure 109.

When viewing the crystal lattice along the crystallogiag-axis, the [PW:Ou0]* cluster
anions can be seen to be arranged into layers composweb adnti-parallel arrays of
clusters, which run parallel with the crystallograptyiaxis, and follow a repeating ABAB
pattern within the crystallographlec-plane. It is also noticeable that the DIP-2 cations
form an organic ‘sub-lattice’ within the greater lagtstructure. This organic ‘sub-Ilattice’
is comprised of two layers of DIP-2 cations arrangeaniranti-parallel fashion, which run
parallel with the crystallographie-axis, and follow a repeating ABAB pattern within the
crystallographicbc-plane. This repeating ABAB pattern of organic sub-stméctboth
intersects the anti-parallel layers of the inorgamisters, and plays a role in separating
these layers into their inorganic ABAB pattern pafalethe crystallographic-axis, by
occupying part of the void space between these layersosemght of Figure 109).
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Figure 109: Top Left: lllustration of one DIP-2 cation and tHesest POM cluster anion
within the unit cell of6. The anion can be seen to be cupped within the morieadiyer
hindered face of the DIP-2 cation, by DIP-arm A and DiR-a8. Top Right:
Representation di when viewed along the crystallographiaxis. The faded red arrows
highlight the cluster layers within the structure. Thiesers are composed of two anti-
parallel cluster arrays, which run parallel with the talsgraphicc-axis. The green
arrows highlight the anti-parallel arrangements DIPina into organic layers which run
parallel with the crystallographig-axis. The red circle highlights one of the a)-type
stacking interactions, and the purple ellipsoid highlighte ohthe b)-typern-stacking
interactions. Solvent molecules and H atoms arettednifor clarity. Bottom Left:
lllustration of the a)-typean-stacking interaction established between DIP-arm C msiet
from adjacent DIP-2 cations. The space-filling repregtem illustrates the steric clash,
therefore the closest packing, between the adjacéinhsa Bottom Right: lllustration of
the b)-typenn-stacking interaction established between DIP-arm A nesidtom adjacent
DIP-2 cations. The space-filling representation illussathe steric clash, therefore the
closest packing, between the-stacking cations and the adjacent POM cluster. Colour
scheme: W, teal polyhedra; P, pink; O, red; C, lighygke blue; H, dark grey. Solvent
molecules are omitted for clarity.

Of particular interest in compoun@l is the arrangement afr-stacking interactions
between the DIP-2 cations of the structure. In detai, different sets ofir-stacking
interactions hold the organic ‘sub-lattice’ of DIP-&ions together: a) between the DIP

pendent moieties pointing into the void spaces betweenirthrganic layers; and b)
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between the DIP pendent moieties intersecting thepanalel layers of inorganic clusters.
See top right of Figure 109.

The a)-typern-stacking interactions are established between DIP-apar@ent moieties
of DIP-2 cations from each alternating inorganic ABABstér layer, and involve two of
the three aromatic rings of each DIP arm (see botédt of Figure 109). In contrast, the
b)-typenn-stacking interactions are established between DIP-amoiaties from adjacent
DIP-2 cations, and only a small portion of the delocdlsematic ring systems of the DIP
arms are overlaid, so indicating this is a weakerraat®on than the a)-type form (see
bottom right, Figure 109). Despite both DIP-arms C anesfablishingnzr-stacking
interactions, the remaining DIP pendent arm of the-Digation, i.e. DIP-arm B, does not
establish any such interaction. This is because, abecaaen by viewing the lattice along
the crystallographid-axis, no part of the DIP-arm B moieties of adjaceations are

overlaid with one another.

4.3.1.3 (IPblue}[PWy,04]-4DMSO ()

Following the isolation of compoundsand6 using triply-charged DIP cations in reactions
with phosphotungstic acid, it was decided to pursue thigiogastrategy further using a
more planar, singly-charged imidazo-phenanthridiniutiona Therefore, (IPblue)Cl was
chosen for reaction with phosphotungstic acid and thigdethe successful isolation and

characterization of compound

Examination of the unit cell of compourdreveals that each triply-charged POM anion
forms an electrostatic relationship with a columnaarsggement of three, singly-charged,
nn-stacked IPblue cations (see top of Figure 110). When viethmginit cell along the
crystallographic b-axis each of thesern-stacks is seen to run parallel to the
crystallographiac-axis, and there is a torsion angle of approximately 186fdsn the IP
cation in closest contact with the POM cluster andlaisé cation in each of these three-

cation stacks.

Another feature of particular interest when studyirgguhit cell of7, is the arrangement of
the eight POM clusters into two tetrahedral motifssheaf which is centred around a
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DMSO solvent molecule. When viewing the unit cell gldhe crystallographib-axis
these idealised tetrahedra are seen to be positionedairzear fashion parallel to the
crystallographicc-axis. However, one of the tetrahedra is rotated, wadpect to the
neighbouring tetrahedron, through 90° along its &is which runs parallel to the
crystallographid>-axis (highlighted in green, centre left of Figure 110). eQtending the
packing and viewing the crystal lattice along the crysgadphicb-axis, these alternating
tetrahedral arrangements of POM clusters form layehgch run parallel with the
crystallographic c-axis, and then follow a repeating ABAB pattern withine th

crystallographi@ac-plane (see bottom of Figure 110).

Figure 110: Top: lllustration of part of the unit cell @'showing one POM cluster anion
and the closest-stacking arrangement of three IPblue cations. Solverieaqules are
omitted for clarity. Centre Left: Illustration ohe unit cell of7, showing the vertex
positions of the interlocked inorganic (POM clusters) amyhwoic tetrahedra (three IPblue
cation-stacks). For clarity, only the inorganic tetdrheare highlighted in green. Centre
Right: lllustration of the unit cell of, showing only the organic tetrahedra (highlighted in
red) whose vertices are formed by the eight, threercatstacks. The solvent molecules
(apart from the DMSO molecule in the centre of eadhalbedron); and H atoms are
omitted from both central figures for clarity. BottonRepresentation of when viewed
along the crystallographib-axis. The idealised, interlocked inorganic and organic
tetrahedra (shown in the centre left figure) are hiditdid with green parallelograms, and
form alternating layers which run parallel with the staflographicc-axis (highlighted
with faded red arrows). H atoms are omitted for glaritColour scheme: W, teal
polyhedra; P, pink; O, red; C, grey; N, blue; H, dark greyeSow.
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Intriguingly, further examination of the lattice rev&@ahot only these tetrahedral packing
arrangements of inorganic POM building-blocks, but alsmmesponding tetrahedron-
based organic sub-structure as well. These organistsudiures are composed of an
arrangement of eight, three-catisrstacks into two tetrahedral motifs (highlighted in red,
centre right of Figure 110), each of which is centred arouBd1&0O solvent molecule.
Indeed these organic tetrahedra are interlocked with tbosgosed from the inorganic
POM clusters and so are centred around the same DMSénsatolecule (see centre left
of Figure 110). As a result of the interlocking natufetreese organic and inorganic
tetrahedra, when viewing the crystal lattice along thgstallographic b-axis, these
alternating, interlocked tetrahedral arrangements carsea® to form layers running
parallel with the crystallographicaxis. As described previously, these co-linear layers
are then arranged into a repeating ABAB pattern withencitystallographi@ac-plane (see
bottom of Figure 110).

4.3.1.4 Further characterization of compourtd3

Investigations of the solution state and solid state W$VApectroscopic response of
compoundsb, 6 and7 were carried out. These preliminary investigationsbéisteed that
intermolecular charge transfer transitions occur in so#id state for all of these
compounds, and are also detected in the solution stateofopound6. A possible
explanation for this may be that the steric bulkhef DIP-2 cations in compourtdeads to
closer contact between these cations and POM anidhe solution state, when compared
with the solution state contact between the lesscatgr demanding DIP-1 (compourk)

or IPblue cations (compour), and the POM anions.

Some preliminary cyclic voltammetry experiments using pounds5 to 7 have been
carried out to study the redox activity of the dissolvechgounds in comparison with their
lone starting materials. These experiments led tdind@ng that, in all of the compounds
investigated, the redox processes identified can be a#dbotelectron processes on the
tungsten centres of the POM anions. Also the presdribe ®IP and IP cations has been
observed to cause these redox processes to shift tonegaive electrode potentials when
compared with the lone phosphotungstic acid starting rrahte However, as these
investigations are ongoing they are discussed further iBxtperimental, section 5.6.2.
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Finally, due to the use of the sterically demanding and gaamally interesting DIP-2

cation in the formation of compoung, SEM, EDX and powder XRD were used to
examine the structure of the remaining inorganic framevadtde heating the sample to
1000 °C under an air atmosphere. Under these condiitonsis found that a tungsten
oxide framework was produced that was composed of disaifilemulti-faceted tungsten

oxide units.

In conclusion, these investigations have led to thehewnt and characterization of three
new POM architectures incorporating phenanthridinium-basgdnic cations of varying
steric bulk, geometry and charge. Also, preliminary UVAfectroscopy experiments
have shown these compounds to possess emergent phatypacti the form of
intermolecular charge transfer bands between the DIRP arations, and POM anions.
Future work will now focus on the development of furtff®®M architectures using
different organic cations from this family of phenamhmium-based molecules and

different POM clusters to provide the inorganic framewdrthese structures.
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5 Experimental

5.1 Materials
All reagents and solvents were supplied by Sigma Aldritlen@ical Company Ltd.,

Thermo Fisher Scientific, and Lancaster Chemicalsle&$ stated otherwise, the materials

were used without further purification.

5.2 Instrumentation
The mass spectrometry and UV/vis spectroscopy instratiemt used in the analysis of

polyoxometalate systemisand2, and the instrumentation used to analyse and characterize

compounds3 to 7 are given below:

Cryospray (CSI-) and electrospray mass spectrometry (ESI-MS) All MS data for the
analysis of polyoxometalate reaction systelnrend2 was collected using a Q-trap, time-
of-flight MS (MicrOTOF-Q MS) instrument supplied by Bruk®&altonics Ltd. This
instrument was equipped either with an electrosprayryrspray source, both of which
were supplied by Bruker Daltonics Ltd. and the detector wamerdf-flight, micro-

channel plate detector.

UV/vis spectroscopy: Solution state UV/vis spectra were collected usinghem&dzu
PharmaSpec UV-1700 UV/vis spectrophotometer in transmiss@de. Quartz cuvettes
with 1.0 cm optical path length were used. Solid statevid\&pectra were collected using
a Jasco V-670 UV/is spectrophotometer equipped with a diflefsectance integrating
sphere.

Fourier-transform infrared (IR) spectroscopy: All samples were prepared as KBr discs
and IR spectra were collected in transmission mode usingASCO FT-IR-410
spectrometer or a JASCO FT-IR 4100 spectrometer. Wawsemsn’ ) are given in cm
with their intensities denoted as vs = very strong,streng, m = medium, w = weak, b =

broad.
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'H- and *C-Nuclear magnetic resonance spectroscopyH- and *C-NMR): *H-NMR
and*C-NMR spectroscopy were performed on a Bruker DPX 400 speetev using the

solvent signal as internal standard.

Single crystal X-Ray diffraction: All single crystal data collections were recordedQ
K on the following instruments: Oxford Diffraction GemUltra S ¢ (Mok,) = 0.71073A
and (Cw,) = 1.5405 A) equipped with a graphite monochromator. Bruker AR&X II

(A (Mok,) = 0.71073 A) equipped with a graphite monochromator.

Powder X-Ray diffraction (XRD): Powder XRD patterns were collected on a Bruker
AXS D8 powder diffractometerA( (Ck,) = 1.5405 A) equipped with a graphite

monochromator. All data was collected in capillaryde@t room temperature.

Elemental analysis (EA): Carbon, nitrogen and hydrogen content of materials were
determined by the microanalysis services within the Deanttrof Chemistry, University
of Glasgow using an EA 1110 CHNS, CE-440 Elemental Analyser.

Thermogravimetric analysis (TGA): Thermogravimetric analyses were carried out using
a Q500 Thermogravimetric Analyzer supplied by TA Instrumeriitkese analyses were
carried out under nitrogen or air flow at a heating o4t °C min’.

Flame atomic absorption spectrometry (FAAS): FAAS was performed at the
Environmental Chemistry Section, Department of Chemisinjversity of Glasgow on a
Perkin-Elmer 1100B Atomic Absorption Spectrophotometer.

Flame photometry: Flame photometry was performed for sodium conteatuation at
the Environmental Chemistry Section, Department of Géteyn University of Glasgow
on a Sherwood M410 Flame Photometer.

Scanning electron microscopy (SEM): Scanning electron microscopy was carried out
using a Hitachi S-4700 SEM instrument and a FEI/Philips XLESEM system using
acceleration voltages of 10-20 kV. Samples were disperseethanol and directly
deposited on clean silicon wafers.
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Energy-dispersive X-ray spectroscopy (EDX): Energy-dispersive X-ray analysis was
carried out using the FEI/Philips XL-30 ESEM system equippid an EDAX Sapphire
EDX detector and using acceleration voltages of 20 kV.

Cyclic voltammetry (CV): CV analyses were carried out using a Voltalab moded GP
301 electro-analysis system. The electrolyte used innahsurements was nf(
C4Hg)sN)PFs (0.2 mol LY, the solvent was DMSO, and all samples were ofagpmately
10° mol LY. The standard three-electrode arrangement was erndploge a Pt mesh
auxiliary electrode, 3 mm glassy carbon working electrcaie Ag/AgCl reference
electrode. All potentials are quoted relative to the A§lreference electrode.

5.3 CSI-MS and UV/vis spectroscopic investigations into théormation
of a silver-linked pB-octamolybdate architecture

5.3.1 Synthesis and characterization of precursors

5.3.1.1 Synthesis of ({-CsH19)4N)2[M0O19] used in the production of reaction solutibn
and Reaction Mixturé for CSI-MS and UV/vis spectroscopic monitoring

((n-C4H19)4N)2[M06014] (also referred to as TBf060:9]) was synthesized according to
literature procedur€$® and its purity was confirmed using IR analysis.

5.3.1.2 Synthesis of ({-CsH11)4N)2[M0sO1¢] used in the production of Reaction Mixture
B for UV/vis spectroscopic monitoring

This method follows that reported by Croeinal®®: NaMoO,-2H,0 (2.40 g, 10.0 mmol)
was dissolved in 50 ml water then the pH reduced to approxdynait 2 by the addition of
concentrated HCI (37 %). §811)sNBr (1.25 g, 3.3 mmol) was dissolved in 10 mL water,
which was then added dropwise to the sodium molybdate @olutith stirring. The
mixture was left stirring at room temperature for 1 lultesg in the formation of a yellow
precipitate. The precipitate was collected, washeld MO, then EtOH:HO (50:50), then
Et,O, and left to dry in a dessicator. The yellow solid waen recrystallized from a
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minimum amount of acetonitrile, yielding yellow needlcrystals of (f-
CsH11)4N)2[M06O1q]. Yield: 1.64 g (1.1 mmol, 66.3 % based on Mo). Elememalysis

in weight % for GoHgsN2M0gO19 (calculated values in brackets): C 32.51 (32.53), H 6.02
(6.01), N 1.97 (1.90).

5.3.1.3 Synthesis of ({-CsH11)4N)2[M0sO1¢] used in the production of Reaction Mixture
C for UV/vis spectroscopic monitoring

This method has been adapted from that reported by Cebalfi®: NaMoO,-2H0 (2.40
g, 9.9 mmol) was dissolved in 50 ml water then the pH malt@ approximately pH 2 by
the addition of concentrated HCI (37 %).Kt23)sNBr (1.35 g, 3.1 mmol) was dissolved in
10 mL water, which was then added dropwise to the sodiutgbohate solution with
stirring. The mixture was left stirring at room temperatfor 1 h resulting in the
formation of a yellow, sticky solid in the flask. Twash this yellow solid, 60 mL of water
was added to the flask and the flask was sonicated forirl5The water was decanted off
and the flask washed again with fresh water. The yeBokWd was dissolved in a
minimum amount of acetonitrile and left open to re@ahige. Yield: 0.25 g (0.16 mmol,
9.7 % based on Mo). Elemental analysis in weight %CiH104N>M0sO19 (calculated
values in brackets): C 37.68 (36.28), H 6.88 (6.60), N 1.946)1.

5.3.1.4 Synthesis of ({-C;H15)aN)2[M0sO19] used in the production of Reaction Mixture
D for UV/vis spectroscopic monitoring

This method follows that reported by Crominaf®®: NaMoO,-2H,0 (2.04 g, 8.4 mmol)
was dissolved in 50 ml water then the pH reduced to approxdynait 2 by the addition of
concentrated HCI (37 %). {Bis5)4NBr (1.62 g, 3.3 mmol) in a mixture of 20 mL water
and 10 mL acetonitrile was then added dropwise to the sodialybdate solution with
stirring. The mixture was left stirring at room temperat for 4 h resulting in the
formation of a yellow, sticky solid in the flask. &lmixed solvent was decanted and fresh

water was added to the flask in order to wash the yellokd.sThe flask was then
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sonicated for 15 min and heated until it became opaque. sdlient was decanted off
again, and the yellow solid dissolved in a minimum amadacetonitrile then left open to
recrystallize at 0 °C. Yellow needle crystals af-QzH1s)4sN)2[M0sO1g] Were collected.
Yield: 0.4 g (0.24 mmol, 16.7 % based on Mo). Elementalyaisain weight % for
CseH12dN2M0601 g (calculated values in brackets): C 39.54 (39.54), H 7.13),7/N 1.58
(1.65).

5.3.2 Sample preparations for CSI-MS analyses

5.3.2.1 Sample preparation of reaction solutibn

Silver(l) fluoride (28 mg, 0.22 mmol) suspended in methanahi(3 by sonication, was
added to a solution of TBfM0601g] (150 mg, 0.11 mmol) in acetonitrile (4 mL). When
left to stir overnight at room temperature, a cloudy &hsuspension was formed.
Filtration of this solution produced a clear colourledatgmn. (i.e. This is the first stage of
the synthesis of TBAJAg2M0gO2¢ln (1).BY) From this solution 2Q.L was removed and
made up to 2 mL with acetonitrile to produce a Tkl L™ dilution suitable for MS

testing.

5.3.2.2 Sample preparation for real-time, CSI-MS monitoring e&&ion MixtureA

Silver(l) fluoride (28 mg, 0.22 mmol) suspended in methanahi(3 by sonication, was
added to a solution of TBfM0601g] (150 mg, 0.11 mmol) in acetonitrile (4 mL). This
solution was stirred, protected from light, for 5 min@m temperature then filtered. The
solution was then kept in the dark throughout the expetim@he reaction was timed
from when the first 2QlL aliquot of this solution was made up to 2 mL with acetdeito
produce the first 1xIHmol L™ dilution suitable for MS testing. The time of remowél
each 20uL aliquot to make up MS dilutions was noted throughout thgeament, with
the final dilution made up approximately 3 h 15 min (i.e. appratehy 195 min) after the
first dilution.
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5.3.2.3 Sample preparations for UV/vis spectroscopy monitoringegdion MixturesA
-D

Reaction MixtureA: Silver(l) fluoride (28 mg, 0.22 mmol) suspended in meth&haohlL)

by sonication, was added to a solution of pBA0sO1g (150 mg, 0.11 mmol) in
acetonitrile (4 mL). This solution was stirred, protdcteom light, for 5 min at room
temperature then filtered. From this solution 126was removed and made up to 4 mL
with acetonitrile:methanol (40:30) solvent to produce #08xmol L™ dilution suitable for
UV/vis spectroscopy testing.

This preparation method was repeated replacing the J[MBAO:ig with ((n-
CsH11)4N)2[M0gO1g] (162 mg, 0.11 mmol), (€CesH 13)4N)2[M0gO1g] (175 mg, 0.11 mmol),
or ((n-C7H15)aN)2[M06O1¢] (187 mg, 0.11 mmol), to produce Reaction Mix C, or D

respectively for UV/vis spectroscopic, time-monitored expents.

In order to calculate the molar absorption coefficidtues for each tetraalkylammonium
hexamolybdate compound used in the UV/vis spectroscopy expesimine method
described above was repeated for each alkylammonium hexadatdy solution, in the
absence of silver(l) fluoride.

5.3.3 CSI-MS experimental and analyses

The following parameters were consistent for all CS-Mcans given below. The
calibration solution used was Agilent ES tuning mix sohjti®ecorder No. G2421A,
enabling calibration between approximately 100 m/z and 3000 fes solution was
diluted 60:1 with MeCN. Samples were introduced into ti&vM direct injection at 180
pnL/h. The cryospray settings were set with the ysraitrogen gas temperature at -40 °C
and the drying nitrogen gas temperature at -20 °C. The i@mitgolor all MS scans
recorded was negative, with the voltage of the capiligrget at 4000 V, end plate offset
at -500 V, funnel 1 RF at 300 Vpp and funnel 2 RF at 400 Vpp. MMigeparameters,



5 EXPERIMENTAL SECTION 183

which were set to specific values for each scan, arengbelow in tabular format (see
Table 12).

MS Parameter Scan of Mass Range
50-1500m/z 1500-2600m/z 2500-6000m/z
Hexapole RF / Vpp 400 700 700
lon Energy / eV/z -5 -5 -5
Low Mass / m/z 600 400 400
Collision Energy / eV/z -100 -20 -30
Collision Cell RF / Vpp 500 1200 1500
Transfer Time / ps 120 150 150
Pre-pulse Storage Time fis 5 40 40
Summation 5000 30000 30000
Time of Acquisition / min 1 3 3
Active focus ON OFF OFF

Table 12: CSI-MS parameters used in data acquisition for thetioeasolutionl and
Reaction MixA, within each mass range shown.

All data was processed using the Bruker Daltonics Dataly&is 3.4 software, whilst
simulated isotope patterns were investigated using BrukesplsdPattern software and

Molecular Weight Calculator 6.45.

All theoretical peak assignments were determim@dcomparison of the experimentally
determined isotopic patterns for each peak, with simulatadpic patterns. For relatively
small POM fragments, e.g. up to approximately {®g]%, the isotopic pattern is quite
distinct and comparison between experimental and sigdigtterns is more meaningful
(see Figure 31 in Results and Discussion, section 3.20Had)for larger fragments where
the isotopic pattern takes on a Gaussian shape andnibtcbe said with certainty that the

suggested peak is unequivocally correct.
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Real-time CSI-MS monitoring experiments:

For all data acquisitions in these

experiments the CSI-MS method parameters used werevas mi the parameter table
above (Table 12) for the mass ranges 50-1500 m/z and 1500-2600 meige garameters

were consistent for all CSI-MS scans.

5.3.4 CSI-MS spectra of reaction solution 1

The spectra shown below represent the CSI-MS datactioe solutiorl, acquired within
each mass range monitored, i.e. 50-1500 m/z, 1500-2600 m/z, 2500-600Bem/Eigures

111to 113.
VimVo 1-
x 105 [Mo"Mo'O,]
\ 4
1.0 [HMo,0 1"
- [AgMo O 1" [HMo,Q.1°
H Moo 1
.'5 ] [ 7 °2 8] [Mosogl- [H7MOZO14]-
c
0.5 - R ;
-qc-’- [H7Mo‘2’09] [HMoO, 1 [H,Mo/Mc"'0, ]
= [AgMo0, I
[H7Mo‘2’Mo'Vq1]' [AgMo,0, 1
300 400 500 600 700
m/z
Figure 111: CSI-MS data collected from the reaction solutionmfravhich ((n-

C4Hg)aN)2n(Ag2M0gO26)n (1) crystallizes. This data was collected over the 50-15@0 m/

acquisition range.

The six mono-anionic series identifigthin these results are

highlighted. All labelled species have been assigm@edomparison of the experimental
isotope patterns with simulated isotopic envelopes.
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Figure 112: CSI-MS data collected from the reaction solutionmfravhich (f-
C4Ho)aN)2n(Ag2M0gO26)n (1) crystallizes. Data collected over the 1500-2600 m/z range.
Species attributed to peaks comparison with simulated isotopic envelopes are labelled

[(Ag,Mo,Q, )(Mo,Q )TBA]™ 2718.3 m/z

[(Ag,M0,0, )(Mo,0, )TBAI? 3796.5 m/z

400

[(Ag,Mo,0, )(AgMo,Q, )TBA I

Intensity

N
[=}
o

2800 3000 3200 3400 3600 3800
m/z
Figure 113: CSI-MS data collected from the reaction solutionmfravhich (f-

C4Ho)aN)2n(Ag2M0gO26)n (1) crystallizes. Data collected over the 2500-6000 m/z range.
Species attributed to peakis comparison with simulated isotopic envelopes are labelled.
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5.3.5 CSI-MS spectra of Reaction Mix A monitored over time

Figures 114 to 119 given below show the CSI-MS spectralatapaired at the beginning,
middle and end points of the CSI-MS kinetic monitoringpenments of the reaction
solution ofTBA2[M0sO19] + AgF, i.e. Reaction MiA.

Tables 13 and 14 show the m/z values and peak assignments appécable) of some of

the peaks shown in these spectra. Table 13 applies pedks labelled in red numbers for
mass spectra collected over the mass range 50-1500 ngashlrable 14 applies to the
peaks labelled in blue numbers for mass spectra collecerdimer mass range 1500-2600

m/z.

Peak Number m/z Peak Assignment
1 285.8 [Mo"Mo"Og]"
2 410.7 [AgMaOy]
3 433.7 [M@Oq]
4 556.6 [AGM@O1]
5 594.4 [HMQO13]
6 700.5 [AgMQ,O13]°
7 1122.6 [TBA(MaO19)]

Table 13: The m/z values and peak assignments corresponding tedipeak numbers in
Figures 114, 116 and 118 are shown.

Peak Number m/z Peak Assignment
1 1526.8 Not assigned
2 1556.3 Not assigned
3 1643.2 [(AgM0gO,) TBA]
4 1776.6 [(AgM0gO26) TBA2]
5 1910.0 [((M@O26) TBA3]
6 2199.8 Not assigned
7 2485.6 Not assigned

Table 14: The m/z values and peak assignments corresponding biuth@eak numbers
in Figures 115, 117 and 119 are shown.
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Figure 114: CSI-MS data acquired at the beginning of the CSI-M$tlarmonitoring of

the reaction solution of TBAM0sO19] + AgF, i.e. Reaction MixA. In detail, this
spectrum was acquired using MS dilution 1 of Reaction Miapproximately 1 min after

this dilution was made up. Data collected for 1 min dker50-1500 m/z range.
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Figure 115: CSI-MS data acquired at the beginning of the CSI-M$tlarmonitoring of

the reaction solution of TBAM0sO19] + AgF, i.e. Reaction MixA. In detail, this
spectrum was acquired using MS dilution 1 of Reaction Miapproximately 3 min after

this dilution was made up. Data collected for 3 min dkerl500-2600 m/z range.
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Figure 116: CSI-MS data acquired approximately half-way throughGB&-MS kinetic

monitoring of the reaction solution of TBMo0eO19] + AgF, i.e. Reaction MixA. In
detail, this spectrum was acquired using MS dilution 6 afdlen Mix A, approximately
86 min after MS dilution 1 was made up. Data collected. farin over the 50-1500 m/z

range.
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Figure 117: CSI-MS data acquired approximately half-way throughGBé-MS kinetic

monitoring of the reaction solution of TBMo0eO19] + AgF, i.e. Reaction MixA. In
detail, this spectrum was acquired using MS dilution 6 afdlen Mix A, approximately
87 min after MS dilution 1 was made up. Data collected3famin over the 1500-2600

m/z range.
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Figure 118: CSI-MS data acquired at the end of CSI-MS kinetic tooimg of the
reaction solution of TBAMo0gO19] + AgF, i.e. Reaction MibA. In detalil, this spectrum
was acquired using MS dilution 12 of Reaction Mixapproximately 194 min after MS
dilution 1 was made up. Data collected for 1 min ove5thel500 m/z range.
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Figure 119: CSI-MS data acquired at the end of CSI-MS kinetic tooimg of the
reaction solution of TBAMo0gO19] + AgF, i.e. Reaction MibA. In detail, this spectrum
was acquired using MS dilution 12 of Reaction Mixapproximately 195 min after MS
dilution 1 was made up. Data collected for 3 min overd&@0—-2600 m/z range.
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Tables 15 to 17 below show the raw data extracted froth@lCSI-MS spectra recorded
in this way during this CSI-MS kinetic monitoring experimemtorder to investigate the
fate of the species [TBA(M®:19)], [(AgM0gO.6)TBA,], and [(AgMo0sO.6)TBA]™ over
time. The graphs shown in Figure 32 in Results and Discyssgation 3.2.2.2, have been
generated using this raw data.

Raw Data MS Dilution Time of actual Relative time of

File Name Number sampling (s) sampling (s) m/z Intensity
EW3-66A 1 80 0 1122.6 542
EW3-66D 2 1058 978 1123.6 118
EW3-66G 3 2024 1944 1123.6 185
EW3-66J 4 3000 2920 1122.6 47
EW3-66M S 4123 4043 1122.6 64
EW3-66Q 6 5148 5068 1122.6 18
EW3-66T 7 6196 6116 1122.6 45
EW3-66W 8 7277 7197 1122.6 37
EW3-66Z 9 8223 8143 1122.7 5
EW3-66AC 10 9319 9239 1122.6 7
EW3-66AF 11 10516 10436 1122.6 6
EW3-66Al 12 11627 11547 1122.6 68

Table 15: The time of sampling and absolute intensities recordethéopeak at 1122.6
m/z (attributed to [TBA(M@O1g)]) during the CSI-MS kinetic monitoring of the reaction
of TBA,[M0gO1g + AgF, i.e. Reaction M, are shown. This raw data has been used to
generate the graph in Figure 32 which shows the MS monitooedade in the intensity of
the [TBA(M0sO19]” Species over time.

Raw Data MS Dilution Time of actual Relative time of

File Name | Number sampling (s) sampling (s) m/z Intensity
EW3-66B 1 165 0 1776.6 257
EW3-66E 2 1145 980 1776.6 206
EW3-66H 3 2112 1947 1776.6 194
EW3-66K 4 3092 2927 1776.6 251
EW3-66N S 4214 4049 1776.6 279
EW3-66R 6 5239 5074 1776.6 419
EW3-66U 7 6288 6123 1776.6 673
EW3-66X 8 7389 7224 1776.6 768
EW3-66AA 9 8394 8229 1776.6 1254
EW3-66AD 10 9410 9245 1776.6 993
EW3-66AG 11 10606 10441 1776.6 1948
EW3-66AJ 12 11714 11549 1776.6 1395

Table 16: The time of sampling and absolute intensities recordethéopeak at 1776.6
m/z (attributed to [(AgMgO.6)TBA2]) during the CSI-MS kinetic monitoring of the
reaction of TBA[M0eO1g] + AgF, i.e. Reaction MiA, are shown. This raw data has been
used to generate the graph in Figure 32 which shows the M#onmeal decrease in the
intensity of the [(AgM@O.6) TBA;]” species over time.
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Raw Data MS Dilution | Time of actual Relative time of

File Name Number sampling (s) sampling (s) m/z Intensity
EW3-66B 1 165 0 1643.2 161
EW3-66E 2 1145 980 1643.2 146
EW3-66H 3 2112 1947 1643.2 103
EW3-66K 4 3092 2927 1643.2 162
EW3-66N S 4214 4049 1643.2 197
EW3-66R 6 5239 5074 1643.2 351
EW3-66U 7 6288 6123 1643.2 509
EW3-66X 8 7389 7224 1643.2 634
EW3-66AA 9 8394 8229 1643.2 1054
EW3-66AD 10 9410 9245 1643.2 848
EW3-66AG 11 10606 10441 1643.2 1424
EW3-66AJ 12 11714 11549 1643.2 1403

Table 17: The time of sampling and absolute intensities recordethéopeak at 1643.2
m/z (attributed to [(AgM0sO26)TBA]) during the CSI-MS kinetic monitoring of the
reaction of TBA[MogO19] + AgF, i.e. Reaction MiA are shown. This raw data has been
used to generate the graph in Figure 32 which shows the M#onmeml decrease in the
intensity of the [(AgM0gO26) TBA] ™ species over time.

5.3.6 UV/vis spectroscopy of Reaction Mixtures A-D

The spectral data collected in order to determine themadisorption coefficient values
for each alkylammonium hexamolybdate used in this study wesrded over the
wavelength range of 500 to 190 nm, using the same concentnatiamolybdate solutions
(acetonitrile:methanol (40:30) solvent) as used when inasigythe Reaction Mixtures
A-D. The collection of kinetic data involved the recordinghef absorbance count at 355
nm at 20 s intervals over a period of 75 min after the UMidn of each reaction mixture
was placed in the instrument. The wavelength of 355 nmcalwasen for these kinetic
monitoring experiments in order to avoid overlap of spe@s shown on the left of Figure

121 below.
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Figure 120: UV spectrum of a low concentration tetrapentylammonhexamolybdate
solution in acetonitrile:methanol (40:30) solvent to allgervation of the peak maxima.

4 — 8.0 Experimental
W‘“ L "lz‘m Line of Best Fit
Vo — 85
v s
£ ‘; 2 y = -5.6746E-04 - 8.1647
| 9.0
= \ = R?=0.9973
o =
2 z
g = 95
2 =
2 Q L1004
< £
\ £ 1054
04 h .
o T T T T T T T T T 11.0
200 250 300 350 400 450 - T T T g T g T = T v 1
0 1000 2000 3000 4000 5000
Wavelength / nm Time/s

Figure 121: Left: Example UV/vis spectra illustrating the decesasabsorbance at 355
nm before and after kinetic monitoring of the reacti@tween (t-CsH11)4N)2[M0sO19] +
AgF in acetonitrile:methanol (40:30) solvent. The rede licorresponds to r{
CsH11)aN)2[M0gO1g] In acetonitrile:methanol (40:30) solvent, whilst the klatine
corresponds to the same concentration of-GgH11)aN)2[M0sO19) + AgF in
acetonitrile:methanol (40:30) solvent after reaction gletion. Right: Graph generated
using the UV/vis data from the Kkinetic monitoring of theaation of ({-
CsH11)aN)2[M0gO1g] + AgF. The graph shows —d(In[{M§)/dt over the first 75 min of
the reaction, where the experimental data is shovatack and the line of best fit is shown
in blue. The linear equation for this line is shown in tgerke, and the absolute value of
the calculated gradient is equal to the rate constanitékp.67 x 18 s™.
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5.3.7 UVl/vis spectroscopic data for Reaction Mixtures A-D

The graph showing —d(In[{M#g])/dt for the kinetic monitoring of {{-CsH11)aN)2[M0sO1]

+ AgF over the first 75 min of the reaction, is includedthe right of Figure 121. The
absolute value of the calculated gradient (i.e. in thisec 5.67 x 16 s?) is the rate
constant (k). Comparison of the rate constants doch elkylammonium cation tested are
shown in Table 18 below and this reveals the general thenidhe rate of decrease in the
concentration of Lindqvist anions decreases as the cadi@min length of the
alkylammonium cations increases. However, it shouldabednthat the absolute figures of
these rate constants will vary according to changesxperimental parameters such as
temperature variation, filtration time prior to kinetmonitoring, and the human error

introduced by the time needed in the solution preparaticcepso

, , Length of alkylammonium AgF + {Mog} soln
Reaction Mix . b hai 1 )
cation carbon chain -d(In[{Mog}])/dt =k / s R
A 4 5.06E-04 1.0000
B 5 5.67E-04 0.9973
C 6 4. 58E-04 0.9994
D 7 3.50E-04 0.9999

Table 18: Calculated ‘pseudo’ first order rate constants for Beadix A-D using data
from UV/vis spectroscopy studies monitoring the decredfdo ¢}] over the first 75 min
of each reaction. The?Ralue for each plot of —d(In[{Mg])/dt, i.e. rate constant, is also
shown.

5.4 ESI-MS investigations into the formation of a derivatized,
manganese Anderson polyoxomolybdate architecture

5.4.1 Synthesis and characterization
5.4.1.1 Synthesis of ({-CsH19)4N)s[a-M0gO26] used in the production of reaction solution

2 for real-time ESI-MS monitoring

((n-C4H10)aN)s[0-M0gO2¢] was synthesized according to literature proceddfésnd its

purity was confirmed using IR analysis.
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5.4.2 Sample preparations for ESI-MS analyses

5.4.2.1 Sample preparation of reaction solut®n

The reaction solution of i{C4Hg)4N)3s[MNM0eO15((OCH,;)sCNH,),] (2) was prepared
following the method given by Hasenknagifal®® though scaled down by a factor of ten
and monitored over 30 h:

((n-C4Hg)aN)4[0-M0gO2¢] (0.80 g, 0.37 mmol), Mn(C¥C0O,)3-2H,0 (0.15 g, 0.56 mmol)
and (HOCH)sCNH, (0.16 g, 0.13 mmol) were mixed in 15 mL of acetonitrile (stlmgk
started at this point). This mixture was stirred for 13 atirmom temperature then the first
100 pL aliquot for MS testing was removed (see details of MS8tidns below). The
mixture was then set-up to reflux at 80 °C (started xedlL23 min on stop-clock) with 100
uL aliquots removed for MS testing approximately hourlytfee first 8 hours of reaction,
then hereafter hourly once again between 24 and 30 toreéme.

MS Dilutions: Each 100uL aliquot of reaction solutio?2 was made up to 10 mL with
MeCN. Then 1 mL of this solution was made up to 5 mL WigCN for direct injection
into the ESI-MS system. The time on the stop-cloek woted when starting each MS data

acquisition.

5.4.3 ESI-MS experimental and analyses

The following parameters, see Table 19, were consisterdlif ESI-MS data collections.
The calibration solution used was Agilent ES tuning mixtsan, Recorder No. G2421A,
enabling calibration between approximately 100 m/z and 3000 fes solution was
diluted 60:1 with acetonitrile. Samples were introduced tintoMSvia direct injection at
180 uL/h. The electrospray source was used with the dryirmggan gas temperature at
approx +100 °C and the ion polarity for all MS data catbexst recorded was negative. All
other MS parameters are given below in tabular format.
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MS Parameter Setting during Data Collection
Mass Range / m/z 50-3000
End Plate Offset / V -1700
Funnel 1 RF / Vpp 300
Funnel 2 RF / Vpp 400
Hexapole RF / Vpp 400
Capillary /' V 4500
Collision Energy / eV -10
Collision Cell RF / Vpp 500
Transfer Time / ps 120
Pre-pulse Storage Time fis 10
Summation 5000
Time of Acquisition / min 2
Active focus OFF

Table 19: ESI-MS parameters used in each data acquisition eétuion solution o2.

All data was processed using the Bruker Daltonics Dataly&is 4.0 software, whilst
simulated isotope patterns were investigated using BrukesplsdPattern software and
Molecular Weight Calculator 6.45. As for the earl@E$I-MS experiments, all theoretical
peak assignments were determindd comparison of the experimentally determined
isotopic patterns for each peak, with simulated isotpgiterns.

5.4.4 ESI-MS analyses of reaction solution 2 monitored over time

Table 20 below shows the noted time intervals at whichNESldata was acquired over
the 30 h of monitoring the formation @8f Spectrum Number 1 is shown in Figure 122,
Spectrum Number 7 is shown in Figure 123, and Spectrum Nul@bershown in Figure
124. Peak intensity information from these spectra, thedtime at which each was
recorded (in hours), were used to produce Figures 40 to 43 irtdRasd Discussion,
section 3.3.1.2.
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ESI-MS Spectrum _ _ |
Number Time on Stop-clock / min Time on Stop-clock / h
1 17.70 03

2 156.07 56

3 216.68 36

4 279.80 27

S 334.15 56

6 391.17 65

! 467.37 78

8 516.28 86

9 1475.17 546

10 1587.97 6.5

1 1652.17 575

12 1783.95 9.7

Table 20: ESI-MS data acquisition at each noted time intervat the 30 h of monitoring
reaction solutior2, three outlying spectra have been removed.

4
x10 [Mo,O1;Na]”

3 [MO4013TBA]-
= , [Mo;04oNa]" [Mo;04,TBA]"
w -
= -
‘g [Mo5046]* [Mos0,4TBA]
B [MogO,sTBA;]

[M08025T8A2N31]-
\ 4 l [MOgOzeTBA1Naz]-
0_ . Y o a b i . ’ A
500 1000 1500 m/z

Figure 122: ESI-MS spectrum collected after stirring the reactolution of2 at room
temperature for 13 min (i.e. ESI-MS Spectrum Number 1 e€T20).
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Figure 123: ESI-MS spectrum collected after refluxing the reactmlnt®n of2 at 80 °C
for approximately 7 h (i.e. ESI-MS Spectrum Number 7 inl@20).
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Figure 124: ESI-MS spectrum collected after refluxing the reactmlnt®n of2 at 80 °C
for approximately 30 h (i.e. ESI-MS Spectrum Number 12 ind ab).



5 EXPERIMENTAL SECTION 198

5.5 The synthesis and characterization of new polyoxomolybdate
architectures with high oxidation state heteroanion temjates

5.5.1 Synthesis and characterization of compounds 3 to 4

5.5.1.1 Synthesis of compour@l Cs;s/Nay3qIMo ¢0,4]-ca7H,O

Aqueous solutions of the starting materials were made tgllass: NaMoO,-2H,0 (8.0

g, 33 mmol) was dissolved in 40 mL water, CsCl (4.0 g, 24 mwmad$) dissolved in 20 mL
water, and HOg (0.40 g, 1.8 mmol) was dissolved in 40 mL water. TEOKIsolution

was added to the MdoO, solution and the pH was reduced to approximately 1.8 using 6
mol L HCI. The CsCl solution was then added dropwise wilttira. The white
precipitate formed was filtered off, and colourless blookstals of3 suitable for single
crystal X-ray diffraction, crystallized from thdtfate on diffusion of MeOH. Yield: 2.65

g ( 1.44 mmol, 26.0 % based on Mo).

Elemental analysis in weight % for £edNay 3dIM0¢0.4]-ca7H,O to confirm the absence
of methanol solvent from the compound and aid assignofewater content (calculated
values in brackets): C 0 (0), H0.83 (0.77), N 0 (0).

TGA analysis (see Figure 125) shows three distinct wéagses when heating 35.0590
mg of3, under an air atmosphere, at 5 °C Thiftom room temperature up to 800 °C. The
first two weight losses, i.e. 6.30 % and 0.99 %, add to giwtah weight loss of 7.30 %.
This weight loss corresponds to the loss of seven sbhater molecules, when the
formula of the compound is ©&Nay3dIM0e024]-ca7H,O (calculated: 6.85 %). The
remaining weight loss of 9.58 % is due to cluster decompngib a metal oxide.
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Figure 125: TGA analysis 08.

FAAS analysis in weight % for GsANay 3dIM060.4]-ca7H,O, to confirm the Mo and Cs
content of3 (calculated values in brackets): Mo 33.2 (31.3), Cs Z39Y].
Flame photometry in weight % for £sNag3dIM060.4]-ca7H,O analysis to confirm the

Na content 08 (calculated value in brackets): Na 1.5 (0.4).

The differences between the experimental and theafetalues for these analyses can be
explained as follows. The theoretical values giveavabare calculated based on the
caesium to sodium ratio assigned using the X-ray diifva data from a single crystal of
3. However, on collecting the bulk crystalline producB8ain which to carry out the other
analyses described here (i.e. EA, TGA, FAAS, flametghetry, and IR) the best
theoretical fit for the FAAS and flame photometnadyses was found when the formula is
CsNay[IM06024)-ca7H,0. i.e. Calculated weight % values for FAAS analydi$/1o and
Cs content, when using this formula are: Mo 32.6, Cs 3Ddlculated weight % value for
flame photometry analysis of Na content, when using fitiewla is: Na 1.3. This
formula also provides calculated values within an acceptablge of the experimentally
determined EA and TGA data. i.e. Calculated weight %efemental analysis of H
content, when using this formula is 0.80%. Calculated weigHor the loss of seven
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solvent water molecules in the TGA analysis3pfvhen the formula of the compound is
CsiNay[IM0 024]-ca7HO is 7.14 %.

This phenomenon can be explained by the process of lirgdtan of the bulk product of

3 over time, wher@ initially crystallizes preferentially with a higheaesium content, then
gradually crystallizes with a lower caesium content| egnerefore higher sodium content,
over time as the concentration of caesium ions enstilution decreases. Indeed this was
observed on repeating this experiment and collectiegpitoduct in separate batches,
where the later batch showed increased Na contenaimgfphotometry.

Characteristic IR-banff8” (in cm®): 3418 (m, b), 1617 (m), 939 (vs), 892 (vs), 682 (vs),
625 (vs), 475 (m).

5.5.1.2 Synthesis of compourti Nay((HOCH,CH,)3NH)2[TeM0gO24]-calOH,O

Aqueous solutions of the starting materials were prepasddllows: NaMoO,-2H0 (20

g, 83 mmol) was dissolved in 50 mL water, ($CH,OH);NH)CI (16 g, 86 mmol) was
dissolved in 50 mL water, and Te(QHL.3 g, 5.6 mmol) was dissolved in 10 mL water.
The Te(OHj) solution was added to the sodium molybdate solution feldbly dropwise
addition of the triethanolamine hydrochloride solutionhwstirring. The pH was then
reduced to approximately 6.1 using 6 mdl HCl. The white precipitate was filtered off
and colourless rod and block crystalsdofsuitable for single crystal X-ray diffraction,
crystallized from the filtrate on diffusion of ethydetate. Yield: 899 mg (0.54 mmol, 3.9
% based on Mo). (Crude product yield: 6.85 g (4.13 mmol, 29.9%&dn Mo))

Elemental analysis in weight % for NEHOCH,CH,)s;NH);[TeMosO,4]-calOH,O
(calculated values in brackets): C 8.54 (8.68), H 3.00 \3\L.&.63 (1.69).

TGA analysis (see Figure 126) shows five distinct weigbsds when heating 33.4240 mg
of 4, under an air atmosphere, from room temperature up to&G6d Re first weight loss,
i.e. 10.52 %, corresponds to the loss of ten solventrwadéecules, when the formula of
the compound is NEQHOCH,CH.)3sNH)2[TeM0gO-4]-calOH,O (calculated: 10.85 %).
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The remaining four weight losses add to give a combinedhtvdoss of 25.03 % (i.e.
10.71 + 4.30 + 5.71 + 4.31 = 25.03 %), which can be assigned wxidegtion of the
organic cations from the compound and cluster decompositthnoss of Te (calculated:

25.79 %).
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Figure 126: TGA analysis o#l.

FAAS analysis in weight % for N{(HOCH,CH,)3sNH),[TeMo0gO-4]-calOH,O, to confirm
the Mo and Te content df(calculated values in brackets): Mo 35.6 (34.7), Te 78.(7.

Flame photometry in weight % for NHOCH,CH,)3NH)2[ TeM0gO.4]-calOH,O analysis
to confirm the Na content df (calculated value in brackets): Na 5.2 (5.5).

Characteristic IR-banéf8? (in cm®): 3456 (vs, b), 1619 (m), 1470 (w), 1449 (w), 1407
(m), 1097 (w), 1062 (w), 1030 (m), 1005 (W), 929 (s), 899 (s), 669 (sXP1446 (m).
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5.6 The synthesis and characterization of new polyoxotungstate
architectures with 2,3-dihydro-1H-imidazo[1,2f]phenanthridinium
(DIP) and imidazo-phenanthridinium (IP) cations

5.6.1 Synthesis and characterization of precursors

1-[2-(2-amino-ethylamino)-ethyl]-2,3-dihyroHtimidazo[1,2f]phenanthridinium
tribromide (also written as (DIP-1)Rr?%® 273 27 ¢is-1 3,5-tri(2,3-dihydro-H-
imidazo[1,2f]phenanthridinium)cyclohexane tribromide (also writt@s (DIP-2)Bg),?%%
and H-imidazo[1,2f]phenanthridinium chloride (also written as (IPbluelf¢} were
synthesized according to literature procedures and theititids confirmed usindH and
13C NMR, and IR analyses.

5.6.2 Synthesis and characterization of compounds 5 to 7

5.6.2.1 Synthesis of compourtst (CioH25N4)[PW12040]-5DMSOcalH;0O also written as
(DIP-1)[PW204¢]-5DMSOcalH,O

A solution of B[PW;,040]-xH20 (201 mg, 7Qumol) in 2 mL water was prepared. To this
solution was added, with stirring, 1-[2-(2-amino-ethylanvathyl]-2,3-dihyro-H-
imidazo[1,2f]phenanthridinium tribromide (115 mg, 0.21 mmol) in 20 mL evat The
resulting yellow-orange precipitate was re-dissolvechat DMSO. Yellow needle-like
crystals of (DIP-1)[PW,Oy0)-5DMSOcalH,O (5), suitable for single crystal X-ray
diffraction, crystallized from this solution within 2 eles. Yield: 194 mg (54.0mol, 77.6
% based on W).

Elemental analysis in weight % for the dehydrated nat&@oH,sN4)[PW:12040]- 5DMSO
(calculated values in brackets): C 9.84 (9.74), H 1.26 JAN62.25 (1.57).

TGA analysis (see Figure 127) shows four distinct wemgges when heating 24.5120 mg
of 5, under an air atmosphere, at 5 °C Tifrom room temperature up to 1000 °C. The
first two weight losses, i.e. 3.68 % and 5.66 %, add to giwgah weight loss of 9.34 %.
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This weight loss corresponds to the loss of four DMSfleaules when the formula of the
compound is (€H25N4)[PW;2040]-4DMSO (calculated: 8.93 %). The weight loss of 8.34
% corresponds to the oxidation of the DIP-1 cationmftbe compound (calculated: 8.84
%). The remaining weight loss of 2.07 % could be due to deasition of the cluster as
the phosphate heteroanions are removed as vola@ie P
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Figure 127: TGA analysis ob.

Characteristic IR-ban&* 2! (in cm?): 3454 (s, b), 1611 (m), 1576 (m), 1550 (m), 1453
(m), 1393 (w), 1306 (m), 1268 (w), 1081 (s), 981 (s), 897 (s), 804 (s(n§9516 (m).

Characteristic solution state UV/vis absorption maxiorebf (DIP-1)Bri, and HPW; 2040,
dissolved in DMSO and recorded over the 900-200 nm wavelenggje rare shown in
Table 21 and Figure 128.
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Compound Peak Maxima Wavelength of | Associated Electronic Transition

Numbering | Absorption / nm

H3[PW1204q] 1 266 Oxygen ligand» Metal charge
transfer
(DIP-1)Brs 1 258
2 272
3 308 Electronic transitions centred or
4 343 DIP-1 cation
5 359
6 377
Compoundb 1 265 Oxygen ligané> Metal charge
transfer

(centred on POM cluster)

2 310

3 343 Electronic transitions centred or
4 360 DIP-1 cation

5 378

Table 21: Absorbance peak maxima observed in the solution stateisJ$flectroscopy
measurements ofJAW;,040, (DIP-1)Br, and compoun8, as shown in Figure 128.
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Figure 128: Solution state UV/vis spectra o&PWi:04 (1.6 x 16° mol L") (top left),
(DIP-1)Br; (3.8 x 10° mol L™ (bottom left), compoun8 (1.7 x 10> mol LY (top right),
and DMSO solvent only (bottom right). All compounds drgsolved in DMSO and the
spectra recorded between 900 and 200 nm, with the DMSO beginniagstob at

approximately 255 nm. Peak maxima are highlighted with numileich relate to Table
21.

Diffuse reflectance UV/vis spectra 6f (DIP-1)Br and HPW;,0,40 are shown overlaid in
Figure 129. The intermolecular charge transfer band at @pmtely 460 nm in the
spectrum of5 is particularly prominent, and indicates charge trangf@m the DIP-1
cation to the fully oxidised POM anion.
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Figure 129: Overlaid diffuse reflectance UV/vis spectra fosPMVi,040, (DIP-1)Br, and
compoundb. Colour code as shown in figure.

Preliminary cyclic voltammetry experiments have besmied out on solutions & (DIP-

1)Brs, and HBPW;,040, each compound being dissolved in DMSO. Although DMS@fts n
the preferred solvent with which to carry out such expents due to the restricted
electrode potential window, the use of this solvent wasaidable as compounsl could

not be dissolved in any other solvent. The voltammuograf (DIP-1)Bg did not show any
clear, high intensity peaks to allow assignment of redoacgsses; whereas the
voltammograms fos and HBPW;2,04 each show three redox processes. These can be
attributed to electron processes on the tungsten seofrthe POM anidff>2%% and are
shifted to more negative electrode potential$ imue to the presence of the DIP-1 cation

(see Figure 130 and Table 22). Further investigations arermnobo these results.
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Figure 130: Overlaid cyclic voltammograms of compoufdn DMSO (black line) and
H3PWi2040 in DMSO (red line) showing redox processes 1-3 for eachpound (scan

1.6

Redox Process

Oxidation Ped
Potential / V vs

KReduction Peak
Potential / V vs

Average Peak
Potential / V vs

Reversibility of
peak

Ag/AgCI Ag/AgCI Ag/AgCI
Compoundb
1 0.395 -0.0992 0.15 Quasi-reversib
2 -0.185 -0.613 -0.40 Quasi-reversibl
3 -0.686 -0.942 -0.81 Quasi-reversibl
H3PW;2,040
1 0.620 - - Irreversible
2 0.304 -0.0412 0.13 Quasi-reversib
3 -0.135 -0.468 -0.30 Quasi-reversibl

e
e

Table 22: Electrochemical data obtained by cyclic voltammetxperiments shown in

Figure 130 on compound in DMSO (black text) and $PW;,040 iIn DMSO (red text).

Scan rate at 50 mV's

5.6.2.2 Synthesis of compourt (CsiHasNe)[PW12040]-5DMSOcadH;0 also written as
(DIP-2)[PW204¢]- 5DMSO ca4H,O

A solution of H[PW;2040]-xH20 (490 mg, 0.17 mmol) in 100 mL water was prepared. To

this solution was added, with stirringgis-1,3,5-tri(2,3-dihydro-H-imidazo[1,2-
flphenanthridinium)cyclohexane tribromide (500 mg, 0.51 mnm#5 mL DMSO. The
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resulting orange-brown precipitate was recrystallizeanf hot DMSO, yielding orange
needle-like crystals of (DIP-2)[PMO40]-5DMSOcad4H,O (6) suitable for single crystal
X-ray diffraction. Yield: 296 mg ( 72.pmol, 42.6 % based on W).

Elemental analysis in weight % for the dehydrated nat&s;H4sNe)[PW12040]- 5SDMSO
(calculated values in brackets): C 18.97 (18.27), H 1.45)IN82.38 (2.10).

TGA analysis (see Figure 131) shows five distinct weigbsds when heating 32.6600 mg
of 6, under an air atmosphere, at 5 °C Tifrom room temperature up to 1000 °C. The
first two weight losses, i.e. 1.77 % and 6.54 %, add to giwgah weight loss of 8.31 %.
This weight loss corresponds to the loss of four DMSfleaules when the formula of the
compound is (€iH45Ng)[PW12040]-4DMSO (calculated: 7.95 %). The following three
weight losses, i.e. 1.40 %, 1.92 % and 14.92%, add to give av@itgit loss of 18.24 %
which corresponds to the oxidation of the DIP-2 cations ftbencompound (calculated:
18.88 %).

105 0.6
1 1.769%
100 f
J ’\ 8.308%
1 - 0.4
95 6.540%
i o
1 1.396% <
—_ = - 0, o
& 90 1.919% 18.23% S
< 1 =
= F0.2 ©
o)) §
e ]
£ 854 =
] o)
o
1 14.92%
80
1 0.0
75
70 ; ; ; . ; : : ‘ ; ; ; ‘ . -0.2
0 200 400 600

Temperature (°C)

Figure 131: TGA analysis ob.
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Characteristic IR-banf8% 264 (in cm'): 3435 (m, b), 1611 (m), 1572 (s), 1532 (s), 1454
(m), 1385 (w), 1301 (m), 1264 (m), 1170 (w), 1079 (vs), 976 (vs), 896418)(vs), 747
(s), 716 (s), 667 (m), 511 (m).

Characteristic solution state UV/vis absorption maxiorésf (DIP-2)Bri, and HPW; 2040,
dissolved in DMSO and recorded over the 900-200 nm wavelenggje rare shown in
Table 23 and Figure 132. Two intermolecular charge trarsfads are identified at
approximately 421 and 440 nm in the spectrung.ofFurther detailed investigations are
ongoing into these results.

Compound Peak Maxim@ Wavelength of | Associated Electronic Transitign
Numbering Absorption / nm
H3[PW1204q] 1 266 Oxygen ligand» Metal
charge transfer
(DIP-2)Brs 1 258
2 273
3 310 Electronic transitions centred gn
4 345 DIP-2 cation
5 362
6 381
Compounds 1 257 Electronic transitions centred gn
DIP-2 cation, (possibly
2 275 overlaying POM-centred oxygen
ligand— metal
charge transfer)
3 306
4 345 Electronic transitions centred gn
5 362 DIP-2 cation
6 381
7 421 DIP-2— POM cluster
(Intermolecular charge transfer)
8 440 DIP-2— POM cluster
(Intermolecular charge transfer)

Table 23: Absorbance peak maxima observed within the solution Bfdfels spectra of
H3PW1204, (DIP-2)Bi, and compoun@, as shown within Figure 132.
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Figure 132: Solution state UV/vis spectra ofPWi2040 (1.6 x 10° mol LY (top left),
(DIP-2)Br; (2.6 x 10° mol L™ (bottom left), compouné (1.5 x 10> mol LY) (top right),

and DMSO solvent only (bottom right).

Inset graph @mmpound6 is at higher

concentration (1.7 x IThmol L) to show peak maxima 7 and 8. All compounds are
dissolved in DMSO and the spectra recorded between 900 and 208ithnthe DMSO
beginning to absorb at approximately 255 nm. Peak maximagrigghied with numbers

which relate to Table 23.

Diffuse reflectance UV/vis spectra 6f (DIP-2)Br and HPW;,0,40 are shown overlaid in

Figure 133. An intermolecular charge transfer band at appately 448 nm can be

identified in the spectrum @, and indicates charge transfer from the DIP-2 catiotiné

fully oxidised POM anion.
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H3[PW1 2040]

— (DIP-2)Br,
Compound 6

Kubelka-Munk

190 400 600 800
Wavelength / nm

Figure 133: Overlaid diffuse reflectance UV/vis spectra fosPMVi,040, (DIP-2)Br, and
compounds. Colour code as shown in figure.

Preliminary cyclic voltammetry experiments have besmied out on solutions &, (DIP-
2)Br3 and HPW;2,040, with each compound dissolved in DMSO. Although DMS@as
the preferred solvent with which to carry out such expents due to the restricted
electrode potential window, the use of this solvent wasaidable as compoungl could

not be dissolved in any other solvent. Although theavothograms of (DIP-2)Brdid not
show any clear, high intensity peaks to allow assignnegntedox processes, the
voltammograms foé and HPW;,0,4 each show three redox processes (however, the
reduction peak of redox process 3 for compo@imannot be observed due to the electrode
potential limit of the solvent window). These redoxgasses can be attributed to electron
processes on the tungsten centres of the POM it and two of these processes are
shifted to more negative electrode potential§ imue to the presence of the DIP-2 cation
(see Figure 134 and Table 24). Further investigations arermnobo these results.
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Figure 134: Overlaid cyclic voltammograms of compouédn DMSO (black line) and
H3PWi2040 in DMSO (red line) showing redox processes 1-3 for eachpound (scan

1.5

Redox Process| Oxidation PealReduction Peak| Average Peak | Reversibility of
Potential / V vs | Potential / V vs | Potential / V vs| peak
Ag/AgCI Ag/AgCI Ag/AgCI
Compounds
1 0.541 -0.102 0.22 Quasi-reversible
2 0.0615 -0.615 -0.277 Quasi-reversible
3 -0.622 - - -
(due to solvent (due to solvent
limit) limit)
H3PWi 2,040
1 0.620 - - Irreversible
2 0.304 -0.0412 0.13 Quasi-reversible
3 -0.135 -0.468 -0.30 Quasi-reversible

Table 24: Electrochemical data obtained by cyclic voltammetxperiments shown in
Figure 134 on compound in DMSO (black text) and $PW;,04, in DMSO (red text).
Scan rate at 50 mV's

SEM, EDX and powder XRD analysis were carried out enpdas of6 after heating under

an air atmosphere at 5 °C rinfrom room temperature to 1000 °C, i.e. so removing first

the solvent through evaporation then the organic catiorigh oxidation.

EDX and

powder XRD data were collected to confirm the Y€ mposition of the remaining

‘porous’ framework material observed in the SEM image® (Results and Discussion,

section 3.8.2.2). See Figure 135 and 136.
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Figure 135: EDX data acquired from an area of the compoaisdmple after preparation
for SEM analysis, i.e. after heating at 5 °C timnder an air atmosphere, from room
temperature to 1000 °C. This data confirms the compositiotheofremaining sample
framework as W@

experimental
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Figure 136: Powder XRD data collected of the compounsample after preparation for
SEM analysis, i.e. after heating at 5 °C Thirunder an air atmosphere, from room
temperature to 1000 °C (red line). Comparison of this dath aisimulated powder
pattern of W@?*® (black line) confirms the composition of the remainingngte
framework as W@
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5.6.2.3 Synthesis of compound: (CisH11N2)3s[PW12040]-4DMSO also written as
(IPbluel[PW:5040]-4DMSO

A solution of B[PW;,040]-xH20 (162 mg, 5umol) in 5 mL water was prepared. To this
solution was added, dropwise with stirring;l-imidazo[1,2f]phenanthridinium chloride
(50 mg, 0.20 mmol) in 2 mL water. The resulting orange pitatgpwas recrystallized
from hot DMSO, yielding yellow needle-like crystals @®Pblue}[PW1,040]-4DMSO ()
suitable for single crystal X-ray diffraction. Yieldt20 mg (31.2umol, 55.5 % based on
W).

Elemental analysis in weight % for {46111N2)3[PW12040]-3DMSO showing loss of one
solvent DMSO (calculated values in brackets): C 16.26 (1,6125).34 (1.36), N 2.12
(2.23).

TGA analysis (see Figure 137) shows six distinct weigtgde when heating 26.1020 mg
of 7, under an air atmosphere, at 5 °C Tifrom room temperature up to 1000 °C. The
first two weight losses, i.e. 5.82 % and 1.33 %, add to giwgah weight loss of 7.15 %.
This weight loss corresponds to the loss of three DM#@cules when the formula of the
compound is (GH11N2)3s[PW12040]-3DMSO (calculated: 6.22 %). The remaining four
weight losses, i.e. 2.27 %, 7.71 %, 3.66 % and 4.04 %, adddagdivtal weight loss of
17.69 % which corresponds to the oxidation of the IPblue cathiemm the compound
(calculated: 17.45 %).
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Figure 137: TGA analysis of.

Characteristic IR-banff&* 2’8 (in cm®): 3435 (m, b), 1631 (m), 1561 (m), 1534 (w), 1472
(w), 1435 (m), 1412 (w), 1334 (w), 1314 (w), 1079 (vs), 1017 (s), 977 (vs)(vBP5810
(vs), 755 (s), 692 (s), 614 (m), 595 (m), 510 (M).

Characteristic solution state UV/vis absorption maxiora/f (IPblue)Cl, and 5PW;2040,
dissolved in DMSO and recorded over the 900-200 nm wavelenggje rare shown in

Table 25 and Figure 138. Further detailed investigations g@rgninto these results.
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Compound Peak Maximaj  Wavelength of Associated
Numbering |  Absorption / nm | Electronic Transition
H3[PW12040] 1 266 Oxygen ligand>
Metal
charge transfer
(IPblue)Cl 1 261
2 278
3 290 Electronic transitions
4 303 centred on IPblue
5 317 cation
6 332
7 349
Compound/ 1 262 Electronic transitior
centred on IPblue
cation
2 270 Oxygen liganée
Metal charge transfer
(centred on POM
cluster)
3 279
4 288 _ N
S 203 Electronic transitions
centred on IPblue
° 317 cation
7 332
8 349

Table 25: Absorption peak maxima observed within the solutiotesth//vis spectra of

H3PW12040, (IPblue)Cl, and compound as shown in Figure 138.
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Figure 138: Solution state UV/vis spectra o&PWi:04 (1.6 x 16° mol L") (top left),
(IPblue)Cl (2.6 x 1d mol L) (bottom left), compound (3.8 x 10° mol LY (top right),
and DMSO solvent only (bottom right). Inset graph foPblue)Cl is at lower
concentration (2.6 x T0mol L™) to show peak maxima 1-3 more clearly. Inset graph for
compound? is at lower concentration (3.7 x 1@nol L) to show peak maxima 1-4 more
clearly. All compounds are dissolved in DMSO and tectra recorded between 900 and
200 nm, with the DMSO solvent beginning to absorb at approg&lyn&55 nm. Peak
maxima are highlighted with numbers which relate to thoJable 25.

Diffuse reflectance UV/vis spectra @f (IPblue)Cl and BPW;,04 are shown overlaid in
Figure 139. An intermolecular charge transfer band caddmgified in the spectrum of
at approximately 410 nm. This indicates a charge transfer the IPblue cation to the
fully oxidised POM anion.
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Figure 139: Overlaid diffuse reflectance UV/vis spectra fofPMV;i2040, (IPblue)Cl, and
compound?. Colour as shown in figure.

Preliminary cyclic voltammetry experiments have beanried out on solutions of,
(IPblue)Cl and HPW;2040, with each compound dissolved in DMSO. DMSO is net th
preferred solvent with which to carry out such experimeloes to the restricted electrode
potential window, however, the use of this solvent was udalbée as compound could
not be dissolved in any other solvent.

Unlike for the series of experiments carried out for poumds5 and6, the voltammogram
of the starting material (IPblue)ClI did show the presesfafiree redox processes (i.e. at
reduction peak potentiatsa -0.99 V, -1.6 V, and -1.8 V). However, only one of these
processes (reduction peak potental0.99 V) lies within the electrode potential window
of the system when monitoring the electrochemicaporse of compound, and this
signal is overlaid by the higher intensity signals frdw tungsten reductions. Therefore,
the five redox processes (one ill-defined) seen in thawvwitogram foi7 can be attributed
to electron processes on the tungsten centres of the 02328 These redox
couples can be seen to be shifted to much more negatiteodEeotentials than in the
lone HEPW1,040 sample, due to the presence of the IPblue cationsHigeee 140 and
Table 26). Further investigations are ongoing into thesdtse
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Figure 140: Overlaid cyclic voltammograms of compouidn DMSO (black line) and
H3PW:2040 iIn DMSO (red line) showing redox processes 1-5 for comg@uand redox
process 3 for BPW;2040 (scan rate at 50 mV's

Redox Process Oxidation | Reduction Peak| Average Peak | Reversibility of
Peak Potential / V vs | Potential / V vs| peak
Potential / V | Ag/AgCI Ag/AgCl
vs Ag/AgCI
Compound/
1 -0.390 -0.453 -0.42 Quasi-reversible
2 -0.539 -0.658 -0.60 Quasi-reversible
3 -0.794 -0.903 -0.85 Quasi-reversible
4 -1.06 -1.20 -1.1 Quasi-reversible
5 -1.31 (-1.39) This is an ill- -
Difficult to read | defined redox
due of solvent | couple.
limit.
H3PWi2040
1 0.620 - - Irreversible
2 0.304 -0.0412 0.13 Quasi-reversible
3 -0.135 -0.468 -0.30 Quasi-reversihle

Table 26: Electrochemical data obtained by cyclic voltammetxperiments shown in
Figure 140 on compound in DMSO (black text) and $PW;,04, in DMSO (red text).

Scan rate at 50 mV's
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6 Crystallographic Section

Single crystal X-ray diffraction data for compour8i® 7 are presented in this thesis. Due
to the large amount of tabulated data such as tablberaf lengths and angles, only the
crystal data and structure refinement information, antéporepresentations of these
compounds are listed in this section. For additional,da& reader is referred to the
supplementary data which is deposited with this thesis andbe obtained from the
University of Glasgow. Structures were solved using Psatteor Direct methods with
SHELXS-97 or SIR-92 using WIinGX routines. Refinement waompdished by full
matrix least-squares oR? via SHELXL-97. All non-hydrogen atoms were refined
anisotropically unless stated otherwise. Hydrogen atomigus were calculated using
standard geometric criteria and refined using a riding imodd data manipulation and
presentation steps were performed using WIinGX. Detailsitefast about the structure
refinement are given in the tables. The following quastiire given in the information
for each structure and were calculated as follows:
wW(F; -F2)?

(n-p) }

Goodness-of-fit (GooF) E\/ >

1

Weighting schemev=
Jmng [0%(F,)? + (AP + (BP)]

[max(l ,s0) +2F]
3
andp: number of parameters; number of data; A, B: weighting scheme parameters
1= 2R 1Rl
2R |

With P=

WR2< \/Z[w(ﬁf -F)’)
Sw(F?)?

Z‘ F - Fcz(mear)‘
2

R(int) =

where both summations involve reflections for whibre than one symmetry equivalent

is averaged.
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6.1 Crystal data and structure refinement for compound 3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Compourt
Cs4.67 Na0.33 11 Mo6 H8 028
1786.85
150(2) K
0.71073 A
Triclinic
P-1
a=8.0130(2) A
b =10.5159(3) A
c =26.1210(6) A
2135.82(9) &
3
4.176 g/én
9.635 nh
2404
0.3x 0.4 x 0.4 ndm
2.78 to 26.00°.

-9<=h<=9, -12<=k<=12, -32<=I<=32

30157

8343 [R(int) = 0.0283]
99.7 %

Full-matrix least-squares 8n F
8343 /0/570

1.093

R1 =0.0285, wR2 = 0.0750

R1 =0.0374, wR2 = 0.0770

1.606 and -1.768®.A

o= 100.034(2)°.
B= 94.587(2)°.
y = 97.692(2)°.
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Ortep representation of compound 3 at 50 % probability level
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6.2 Crystal data and structure refinement for compound 4

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.99°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Compound
C12 H34 031 N2 Na4 Tel Mo6
1497.59
150(2) K
0.71073 A
Monoclinic
P2./n
a=13.3641(6) A a=90°.
b=9.8141(4) A [=94.924(4)°.
c=17.0212(4) A y=90°.
2224.20(14) A
2
2.478 g/ém
2.440 mrh
1612
0.2 x 0.4 x 0.4 n¥mn
2.79 to 25.99°.
-16<=h<=16, -12<=k<=11, -15<=I<=20
11437
4287 [R(int) = 0.0414]
98.1 %
Full-matrix least-squares 8n F
4287 /01286
1.109
R1 =0.0721, wR2 = 0.1848
R1 = 0.0790, wR2 = 0.1872
3.500 and -1.7292.A
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Ortep representation of compound 4 at 50 % probability level
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6.3 Crystal data and structure refinement for compound 5

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 61.69°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Compourts
C29 H57 N4 046 S5 P1 W12
3595.15
150(2) K
1.54184 A
Monoclinic
Rk
a=18.94390(10) A o= 90°.
b =13.56420(10) A  B=93.0780(10)°.
c =27.2546(2) A y=90°.
6993.21(8) &
2
3.350 g/ém
37.833 nth
6187
0.04 x 0.04 x 0.1 Mm
3.90 to 61.69°.
-18<=h<=21, -15<=k<=13, -25<=I<=31
26284
10164 [R(int) = 0.0335]
93.1 %
Full-matrix least-squares 8n F
10164 / 4422 | 946
0.923
R1 =0.0297, wR2 = 0.0672
R1 = 0.0415, wR2 = 0.0695
1.879 and -1.3342@.A
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ORTEP representation of compound 5 at 50 % probability level




6 CRYSTALLOGRAPHIC SECTION 227

6.4 Crystal data and structure refinement for compound 6

Identification code Compourti

Empirical formula C61 H83 N6 049 S5 P1 W12
Formula weight 4081.71

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=14.0249(9) A a=75.812(6)°.

b=17.5962(13) A [=70.004(6)°.
c=20.2941(12) A y=88.572(6)°.

Volume 4553.3(5) R

Z 2

Density (calculated) 2.811 g/ém

Absorption coefficient 15.265 nth

F(000) 3472

Crystal size 0.04 x 0.04 x 0.1 Mm

Theta range for data collection 3.21to 23.26°.

Index ranges -15<=h<=15, -19<=k<=19, -22<=I<=22
Reflections collected 28208

Independent reflections 12777 [R(int) = 0.0654]
Completeness to theta = 23.26° 97.5 %

Refinement method Full-matrix least-squares énF
Data / restraints / parameters 127771628/ 1177
Goodness-of-fit on & 0.848

Final R indices [I>2sigma(l)] R1 =0.0442, wR2 = 0.0877

R indices (all data) R1 = 0.0938, wR2 = 0.0982

Largest diff. peak and hole 1.771 and -1.2232@.A
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ORTEP representation of compound 6 at 50 % probability level
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6.5 Crystal data and structure refinement for compound 7
Due to twinning, the atom displacement parameters couldenafined anisotropically.

Identification code Compound

Empirical formula C53 H57 N6 044 S4 P1 W12

Formula weight 3847.35

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=41.962(8) A o= 90°.
b =19.469(4) A B=112.306(4)°.
c=20.734(3) A y = 90°.

Volume 15672(5) R

Z 6

Density (calculated) 2.381 g/ém

Absorption coefficient 13.255 nth

F(000) 10386

Crystal size 0.05 x 0.05 x 0.15 dm

Theta range for data collection 1.05to 24.07°.

Index ranges -48<=h<=45, -20<=k<=22, -12<=I<=22

Reflections collected 28477

Independent reflections 11938 [R(int) = 0.0895]

Completeness to theta = 24.07° 96.2 %

Refinement method Full-matrix least-squares énF

Data / restraints / parameters 11938 /71476

Goodness-of-fit on & 1.048

Final R indices [I>2sigma(l)] R1 =0.1473, wR2 = 0.3653

R indices (all data) R1 =0.2027, wR2 = 0.4080

Largest diff. peak and hole 14.324 and -10.158%.A
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ORTEP representation of compound 7 at 50 % probability level
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