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Summary

This thesis presents a significant contribution of research to the field of hybrid inorganic-
organic polyoxometalates. Herein the functionalisation of polyoxovanadate clusters with aryl
arsonates and aryl phosphonates is described and the structural and physiochemical properties
of the product materials are discussed. Chapter 1 introduces the reader to the field of
research, highlights recent significant achievements and puts accomplishments into a broader

context.

Chapter 2 discusses the isolation of four novel mixed—valent pentanuclear clusters stabilised
by aryl arsonate ligands. The mixed-valent pentanuclear vanadium {Vs00}*" unit was
stabilised by the following arsonate ligands: (4-aminophenyl)arsonic acid , (4-
carboxylphenyl)arsonic acid, (4-hydroxyphenyl)arsonic acid and (3-acetamido-4-
hydroxyphenyl)arsonic acid to give the respective complexes: Nas[VsOgq(O3;AsCeHs-4-
NH)4]-20.5H20-3DMF (1), Nag[Vs509(03AsCsHs-4-COO)4]-6DMF-27H,0 (2), Nas[VsOq
(O3AsCgHs-4-OH),]-17.5H,0-5DMF  (3) and Nas[VsO9(O3AsCsHs-3-NHCOCH3-4-OH)4]

-19H,0-3DMF (4).

Within Chapter 3, it is reported that pH variations and increased metal:ligand ratios lead to
the synthesis and structural characterisation of four nano-sized cluster cages which are
contained in the following compounds: Nas[V20,4(OH)4(H20)s(O3AsCcHs-4-
NH3)10]:3DMF-16H,0  (5), NagH;[V14022(OH)4(H20)2(03PCsHy-4-NHz)g]- 7DMEF- 12H,0
(6), NasH,[Cl,cV40,4(OH)3(03AsCsHs-4-NH) 0] 6DMF-15H,0 (7) and Na;He[ V16024

(OH)3(03AsCgHs-4-NH»)g]- 6DMF- 13H,0 (8).

Chapter 4 discusses the formation, the structures and the characterisation of three caged

mixed-valent structures stabilised by aryl diphosphonate ligands: NagH,[(H20),cV o0
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(O3PCgH4-4-PO3)4]- 34H,0 (9), NagH[(H,0),cV100:5(03PCioHg-4-PO3)4]-44H,0 (10), and

NagH2 [(DMF)zCV]()O] 8(O3PC 1 2H3—4-PO3)4]' 30H20 (1 1).

Potency studies were undertaken for 9 and 11. These indicate that the compounds have low
toxicity against cells derived from K562: chronic myelogenous leukaemia cancer cell lines,

A549: lung carcinoma cancer cell lines and mutu-1: Burkitt’s lymphoma cancer cell lines.

The magnetic susceptibility was measured and modelled for compounds 1, 5, 9 and 11.
Ferromagnetic interactions within the pentanuclear units in 9 and 11 stabilise S=2 ground
states. Comparable pentanuclear subunits in the arsonate-stabilised compounds 1 and 5 reveal
anti-ferromagnetic interactions with the bridging dinuclear moieties. Tentatively, a magneto-
structural correlation graph has been plotted of the magnetic exchange constant, J, as a

function of the V-O-V angle.

Chapter 5 reports the synthesis and characterisation of self-assembled condensed hybrid
cluster cores at lower pH values. Two condensed polyoxovanadate cores stabilised by (4-
aminophenyl)arsonic acid were isolated, NaH4[V00,3(03AsCsHs-4-NH>)7(DMF),]-5SH,O
-7DMF (12) and Nag[V303,(03AsC¢Hs-4-NH;);3]- 7H,O-8DMF (13). A cubane structural
motif in HyNay[(VVO)4(OH)s (OsPC oH7)s]-3DMF-12H,0 (14), was stabilised using (1-
naphthalene)phosphonic acid. The solvothermal synthesis of functionalised polyoxovanadates
was also investigated resulting in the isolation of Ha[(VO);2(OH);2(O3PC oH7)s]- 13H,0
-6DMF (15). In some cases, ligand decomposition was observed and in one case we were

able to isolate the decomposition product, Ha[V2Asg040(H20)].

Chapter 6 provides a description of the materials and methods used as well as the

experimental details for the synthesis of the compounds described herein.
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Chapter One

Introduction



1.1 Polyoxometalate definition and history

Polyoxometalates clusters can generally be described as anionic clusters built from early
transition metal ions in their highest oxidation state (typically Mo, W and V) linked by
bridging oxo-ligands. The history of polyoxometalates originates with the synthesis of the
first heteropoly acid, ammonium 12-molybdophosphate in 1826 by Berzelius.!"! However, it
was not until the discovery of the tungstosilicic acids and their salts by Galisard de Marignac
in 1864 that the analytical composition of the 12:1 heteropoly acid species was precisely

determined.”!

a)

A

Figure 1.1 — (a) a-Keggin structure: [PMo0,,04]*. (b) Evans-Anderson structure: [H;CrMog0,,]”".
(c) Wells-Dawson structure: [PngxOM]g'. Colour Code: Mo blue, Cr green, P pink, O red;
polyhedral representations.

The first attempts to explain the structure of 12:1 heteropoly species were made by Werner in
1907 based on his new ideas of coordination chemistry. Later Pauling proposed that the
structure could consist of a 12:1 complex in which the twelve {MOg} units were arranged
surrounding a central AOj4 tetrahedron (A = suitable heteroatom such as P, As, Si etc).[3 ) The
structure that Pauling elaborated upon was revealed to be incorrect because he did not
consider the possibility of edge-sharing {MOg} octahedra. The correct structure of this
heterpolyanionic cluster was determined when J. F. Keggin identified the structure utilising

X-ray powder diffraction (Fig. 1.1a)."" The Keggin structure consists of a heteroatom binding



to four oxygen atoms to form a tetrahedron; this tetrahedron is located centrally in the cluster.
The tetrahedron is surrounded by twelve octahedral {MQg} units which share common edges
within three characteristics {Mo3O;3} units. The development of X-ray crystallography was
to play a critical role in the confirmation of this structure. This analytical technique was also
crucial for the discovery of many other subtypes of polyoxometalates such as Evans —
Anderson and Wells — Dawson structures (Fig. 1.1)." It was realised that many different
structural isomers exist for these previously mentioned structures. Baker and Figgis were able
to demonstrate this for the Keggin structure in 1970 when they showed that different
rotational orientations of the {Mo30O;3} units connected to the central heteroatom of the

Keggin structure can lead to the stabilisation of five different structural isomers (a, B, y, & and

)'[5]

In addition to the isomeric forms of the Keggin structure, it was found that one, two or three
of the {MOg} units could be removed resulting in species which are known as lacunary
derivates. These lacunary systems could be achieved by treating the Keggin structure with a
strong base or by careful control of the pH and stoichiometry during the synthesis. Upon
removal of the {MOg} unit, the resulting ‘missing octahedron’ provides an ideal binding site
to functionalise these clusters with geometrical compatible transition metal ions which in turn
can be functionalised with a wide variety of external coordinating ligands. This synthetic
approach for functionalisation, however, is not applicable to all Keggin isomers, as not all
Keggin lacunary structures are kinetically or thermodynamically stable. Lacunary structures

and the functionalisation of such polyoxometalates will be further discussed in section 1.3.

Polyoxometalates can be sub divided in isopolyoxometalates or heteropolyoxometalates.
Isopolyoxometalates exclusively consist of early transition metal and oxygen atoms while
heteropolyoxometalates contains heteroatoms preferentially located in the centre of metal

oxide cluster and usually display tetrahedral or octahedral coordination geometry. The
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Keggin and Wells-Dawson structures are the most prominent examples of

heteropolyoxometalates.

Due to the wide variety of polyoxometalates constantly being generated, a strict and inclusive
definition of what constitutes a polyoxometalate cluster is constantly evolving; however there
are some characteristic features of this class of compound. Polyoxometalates are generally
composed of {MOy}, {MOs} or {MOg} metal-oxo building units or a combination of these
units. These basic building blocks can be combined to form a variety of clusters depending on
the connectivity modes. The connectivity of these metal oxide building units is
predominantly characterised by edge-sharing or corner-sharing interactions. The metal oxide
building blocks are composed of early transition metal ions that polarise terminal oxo ligands
efficiently. This normally results in clusters where the metal-oxygen bonds point radially
outwards. These short M=O bonds possess stabilising dn-pmt contributions that protect the
polyoxometalate cluster from decomposition but this bond also hampers the functionalisation
of these clusters and limits the formation of often desired hybrid organic-inorganic materials.
Alternatively, it could be considered that the M=O bond blocks one coordinating site of the
building units ({MO4}, {MOs}, {MOg}) when they undergo condensation reactions. The
effect of this blocked coordination site might explain why this class of compound is capable

of forming large 0-dimensional systems.

In recent years there has been great interest in polyoxometalate research, with the advent of
large, highly symmetrical polyoxometalates such as wheel shaped molybdenum blue anions
and spherical Keplerates reported by Miiller ez al ) These clusters are the result of linking
repeating sub-units of molybdenum oxide through condensation reactions. These
condensation reactions lead to giant, nano-sized polyoxomolybdates whose structures are
dependent on the formation of particular building units as defined by the experimental

procedure.” Spherical polyoxometalate clusters similar to those shown in Fig. 1.2 can serve
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as molecular containers containing functional sites that can be exploited for molecular
recognition utilising supramolecular chemistry approaches.®) One of the largest spherical

polyoxometalate clusters containing 368 molybdenum atoms was reported in 2002."")

."‘

'v'
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n“

B ¥

{Moj76}*
{Moy76} {Moy4}

Figure 1.2 — (a) A polyhedral representation of the giant anionic polyoxometalate cluster of
[H16M03650103(H20)240(SO4)as]™ with the observed symmetry fragments of {Moass} (Dsg) and
{Moyo} (Cay). (b) A perspective view of the pore at either end of the giant {Mos!} cluster™” (c) An
example of a nano-sized metal oxide [(M0O;);76(H,0)s0)’> ring.'” (d) A large spherical-shaped
[{Mo,"'05(H20):} 16{Mos™"" Oz(413-0):H(H:0):M0 """ } 16{Mos " Ogg(H20)24}2]" cluster.""! () The
formal addition of two {Moss}* units to the inner surface of the {Mo,;}* wheel leads to the
formation of the {Mo,s} cluster. Polyhedral represented building units {Mo,;} yellow, {Mo,} red,
{Mog} blue with blue-turquoise pentagonal bipyramids, {Mog}’ green.



The [H](,M036301032(H20)240(SO4)48]48' cluster anion has an approximate D4 symmetry and
consists of a central {Moags} ball-shaped fragment with Dgg symmetry ({Mosss! =
{Mo3s50754(H>0)19:(S04)32!) and two  {Mogy} capping fragments ({Moy}! =
{Mo49024(H>0),4(S04)s}) with C4, symmetry. It has a cavity of approximately 2.5 x 4.0 nm
which encapsulates ca. 400 water molecules.

The wheel-shaped {Mo;7} cluster reported in 1998, has an inner diameter of 2.3 nm (Fig.
1.2c)“0] and can also be considered to be a building unit for a closed shell {M024g}[”] cluster
(Fig. 1.2d) where the {Mo)7} ring unit is capped by two {Moss} fragments (Fig. 1.2¢). These
clusters can be considered as molecular nanoparticles of molybdenum oxide and therefore the
properties of these clusters are of significant interest due to their potential industrial
applications. The application of polyoxometalates as catalysts will be discussed in more

detail in section 1.5.

1.2 Structures of polyoxovanadates

1.2.1 Polyoxovanadates

In this thesis, I intend to explore the formation of novel vanadium oxide clusters stabilised by
organic functionalities. Vanadium oxides represent a large subclass of polyoxometalate
clusters. Some examples of purely inorganic polyoxovanadates can be seen in Fig. 1.3.['%
The building units of these clusters include {VO4}, {VOs} and {VOs} polyhedra. Their
tendency to polymerise and to form shell or cage structures allows for a wide range of
polyoxovanadate clusters to be formed.!"") Purely inorganic polyoxovanadate clusters that
have been synthesised range from small oligomeric structures to clusters with nano-sized

entities. Examples include [V30o]", [V4012]", [Vs014]”, [V10026]", [V10O030]'", [V12030]",



[V13034]%, [V14036]*, [VisO36]”, [VisOa2l”, [V1603e]”, [V1603s]”, [V1603s]' >, [V170a2]",

[Vi5042]'", [V1s046]”, [Vi90u0)”, [V22054]® and [V3405,]'" anions ¥

a) b) c)

Figure 1.3 — (a) A polyhedral representation of an anionic decavanadate [V,OOZR](” cluster. (b) A
cavitand polyoxovanadate [V]gO42(X)]9' cluster"™. (c) A “cluster within a cluster’- [V3,05,]"" ") (X
= halide excluding F); Polyhedral representations {VO,} green.

The type and composition of the resultant polyoxovanadate clusters can be influenced by the
synthetic conditions. For instance it is well established that reducing conditions influence the
condensation process and consequently the cluster type. Common reducing agents affect the
reduction of vanadium(V) ions to oxidation state (IV). Another important structure-directing
effect in the synthesis of polyoxovanadate clusters can be attributed to templating agents

present in solution.

1.2.2 The template effect in the synthesis of polyoxovanadate clusters of

different shapes and sizes

Templating agents that have been used to influence the shape and size of the resultant
polyoxovanadate cluster shells include but are not limited to anions such as N3', NO3',ClOy,
Br Gl e E. SO42', PO,* and VO, ions. In addition, cationic species and H,O are known to

have structure-directing effects during the polyoxovanadate formation. The geometric and



electronic features associated with the V=0 moiety are also regarded to have a significant
influence on polyoxovanadate phases that evolve during condensation reactions (self-
templating effect). Anionic template agents can be subdivided into two classes: templating
agents with weak interactions with the cluster shell and templating agents that strongly
interact with vanadium ions and the cluster shell. It has been demonstrated that if the type of
interaction is weak between the central nucleophilic anion or molecule (CI', Br’, I', H,O, Ny,
NO;, ClO4, V=0 group, SO4¥) and the electrophilic V™" centre, then the square pyramidal
coordinated vanadium ions are linked to form a cavitand cluster.!"”) Alternatively, when the
anion carries a sufficiently high charge, (PO,”, VO,”) strong templating interactions promote
the formation of building blocks that contain vanadium ions with predominately octahedral
coordination environments.!"®) In the latter case, template ions become an integral part of the
cluster and are bonded to the vanadium centres of the cluster shell through strong

coordination bonds.

Examples of different templated polyoxovanadates can be found in Fig. 1.4: Fig. 1.4a
displays the polyoxovanadate cluster [HsV 304(X)]’ assembled in the presence of a weakly
interacting halide template!'”), where (X = CI, Br, I). Fig. 1.4b highlights the

polyoxovanadate cluster [H9V|804(,VO4]8' assembled around a strongly interacting VO

18]

template!'® which becomes an integral part of the cluster shell through coordinative bonding.

Fig. 1.4c displays a cyclic [NigVi0030(OH)2(H,0),]* polyoxovanadate incorporating a

o] Fig. 1.4d shows the V,0Os structure that can be

cationic {NigO,¢} transition metal template.
considered as a self-templated structure whereby the V=0 bonds stabilise an undulated
layered arrangement.!" ') The classification of templates can be substantiated by examining
cluster topologies and the bond lengths between templates and cluster atoms. [HsV15042(X)]”
clusters are templated by spherical halide atoms with the resulting cage structure having

[17

approximately Dgq symmetry!'” (Fig. 1.3b, Fig. 1.4a). The effective inner cavity of the



clusters display radii of 375 pm (mean value from V-atoms to the centre) and can encapsulate
CI', Br and I ions (covalent radii ranging between 181 pm to 220 pm).l'" Although there are
large distances between the central halide ions and the vanadium atoms in these species, there
are very weak coordination bonds which are decisive for the stability and the formation of the

cluster compound.

c)
Cl: Weak interacting Ni*": Strong interacting
anionic template cationic template
b) d)
[ s ¢
VO : Strong interacting V,0s: Self interacting
anionic template weak anionic template

Figure 1.4 — The crystal structures of polyoxovanadate clusters stabilised by different templates; (a)
[HaV1:02(X)]”, " (b) [HoV1504VO4]" ™ (¢) [NiaV19030(OH)2(H,0)]* " and (d) [V2Os]. 1
Polyoxovanadate exo skeleton shell gray, Vanadium green, oxygen red. Polyhedral representations:
{VOs} green, {NiOg} light blue. Red dash lines represent weak V=0 to V=0 interaction.

The shape and size of the templating agent can be critical for the formation of different

polyoxovanadate clusters. It can be shown that if Cl" and SO,* are used under comparable

9



reaction conditions, the resulting polyoxovanadate clusters [V18042(C1)]13 * and
[V15042(SO4)]* reveal symmetry and topologies that are related to the structure of the anionic

templating agent (Fig. 1.5).

a)

CI - template

b)

SO42' - template

Figure 1.5 — A perspective view of the ball and stick representations of two structurally related
polyoxovanadate structures. (a) The pentanuclear vanadium {VsO,} substructures are at 45° to each
other in [V, 8042(C1)]”' (Dyg). (b) In [V]XO42(SO4)]8' (Ty), the pentanuclear {VsOo} units are aligned
due to the different template effect of the sulphate anion.!”) Red bonds highlight the pentanuclear
{V50o} unit on one face for comparison. The template ions shown on the right have been modelled
showing their solvent accessible surface areas. Colour code: V green, Cl light green, S golden-
brown, O red.
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The cluster shell of [V13042(C1)]]3' (Fig. 1.5a) can formally be converted into the cluster shell
of [V15042(SO4)]* by the rotation of one of its pentanuclear {VsOq} sub-units by 45°.!'") This
phenomenon, described as induced self-organisation has lead to the characterisation of a
series of structurally related clusters that from in the presence of different sized and shaped
templates. If a more linear type of template anion is used, e.g. an azide anion, the
polyoxovanadate [Vi5044(N3)]” can be isolated'” where pentanuclear sub-units {VsOq} are
mirror images of each other resulting in an structural arrangement that is similar to the
[V18042(SO4)]8' cluster (Fig. 1.5b). However, the use of the azide template results in a cluster
with an oblong shape and incorporates two additional oxygen donor atoms in the shell
structure. Utilising perchlorate as the template anion leads to a cluster which has a similar
tetrahedral symmetry to the structure obtained when the sulphate anions are employed.
However, the perchlorate ion which weakly interacts with the host shell templates a larger

cluster with the formula [V2,0s4(C104)]%.["”

The weak interaction between a cavitand cluster and its guest are comparable to interlayer
{V=0...V=0} interactions in the V,0Os (Fig. 1.4d). However, while in V,Os, the self-
templating effect predetermines an undulated layered structure; spherical anionic templating
agents often affect the formation of curved building units to produce spherical clusters. A
common prerequisite for a weakly interacting template is that the template agent has a
relative low nucleophilicity and low bascity, a feature which is agreement with the frequently

observed encapsulation of Br’, Cl',I', ClIO4 or NO5 ions.['”)

When the anionic template carries a sufficiently high charge, the interaction between the
template and cluster ions is strong. PO, VO are examples of strongly interacting
templates. The structures of a large proportion of the classical heteropolyoxometalates are
based on such templates. The Keggin structure, the Wells-Dawson structure and the Evans-

Anderson structure are prominent examples that incorporate strongly interacting templates

11



containing group 14 or 15 elements. The small F™ ions usually do not reside in the cavity of
polyoxovanadate clusters. It has been demonstrated that the F ion strongly interacts with the
vanadium metal centres to induce condensed structures of octahedral building blocks. In this

respect, it behaves similar to phosphoric acid templates.*”

The tendency of polyoxovanadates to encapsulate species of different sizes is associated with
the preferred linking motifs of tetragonal {VOs} pyramids to condense into convex sub-units;
this can be explained in analogue to the frans effect with respect to the V=0 bond.[*"
Polyoxomolybdates and polyoxotungstates prefer octahedral {MOg} structural motifs and

weakly coordinating template ions contained within hollow spheres are rarely observed.

1.3 Functionalisation of polyoxometalates

Methodologies to functionalise polyoxometalates are wide ranging and many different
research groups have provided a substantial base of literature for the functionalisation of
polyoxometalates. The majority of the functionalisation approaches can be grouped into one

of the following categories:
1.3.1 Counter-ion exchange for the functionalisation of polyoxometalates

One functionalisation method involves exchanging the counter-ions of a polyoxometalate
cluster with organic counter-ions in order to gain advantageous properties from the resultant
hybrid materials. Such hybrid materials may exhibit an increased solubility in common
solvents. Common organic cationic counter-ions used in conjunction with anionic
polyoxometalates are quaternary ammonium salts.”*) These quaternary ammonium salts can

be synthesised to include a tailored functional group depending on the desired application.

12



Examples of polyoxometalates functionalised by quaternary ammonium ions comprise of the
inclusion of photo-active chromophores for photocatalysis, the inclusion of long alkyl chains
to aid self-assembly processes or the use of organic amine groups to attach the salt to a metal
surface for corrosion inhibition.””) Corrosion resistant coatings using polyoxometalates are
well established industrial applications of these functionalised materials; often a synergistic
effect between the properties of polyoxometalates and the ammonium counter-ions is
observed. In the case of corrosion inhibition, the organic amines offer a cathodic protection of
the metal surface whilst the polyoxometalates inhibit oxidation. Polyoxometalate
functionalised by quaternary ammonium ions are used as dyes, pigments and inks.
Furthermore, these hybrid materials have found use in membrane sensors such as gas sensors,
solid-state electrochromic devices and electrochemical fuel cells. Further industrial

applications of these hybrid polyoxometalates have been reviewed by Katsoulis er al.l*”!

1.3.2 Oxo ligand exchange to incorporate organic moieties

Synthetic approaches to incorporate organic moieties into polyoxometalates include the
preparation of imido, diazenido, organosilyl, and alkoxo derivatives. Their preparation has
been an active research field over the last two decades and a huge range of compounds have
been reported. Most of these compounds tend to be more sensitive to decomposition on
exposure to air or moisture than traditional polyoxometalates with Keggin or Wells-Dawson
structure that contain solely terminal oxo ligands. Research in the functionalisation of the
polyoxometalates through covalent grafting of organic moieties allows the redox and acid—
base properties of functionalised polyoxometalates to be tuned. Most of the resulting

functionalised polyoxometalates find potential applications in catalysis and material science.
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Covalent grafting approaches to introduce organic moieties into polyoxometalates have been

reviewed by Proust ez al., in 19981*) and more recently again in 2008.1*"

1.3.3 Functionalisation through the incorporation of main-group and

transition metals in polyoxometalate clusters

Over the past several decades, many research groups have explored the incorporation of main
group elements into polyoxovanadate clusters.”” These different research groups have
mainly focused on the functionalisation of the spherical [V|8042]12' cluster and the use of
these functionalised clusters as building blocks for open-framework materials. Such efforts
resulted in a large number of vanadoarsenate, vandoantimonate, vandogermanate and
vanadosilicate clusters that have been synthesised and characterised. The vanadoarsenates
[As;nV\s,.nOn(G)]z""2 (G = H,0, CI', SO4* or NOy) in particular are of interest as they
display interesting electronic and magnetic properties or host-guest interactions. Examples of
these vanadoarsenates in which a water molecule is located at the centre of these clusters

have been detailed in Table 1.1.

Table 1.1 — Vanadoarsenate clusters [AssnV5nO04]" "

[AssV16042(H,0)]* fi=3 Guo-Yu Yang et al. 2008}
[AseV15042(H,0)1% n=3 Miiller ez al. 19987
[AssV14042(H20)05]" = Jacobson et al. 19917

The [AS4V16042(H20)]8' vanadoarsenate cluster can be derived from a [V18042H9(VO4)]6'
(Fig. 1.4b) rhombicuboactahedron-type cluster by omitting the central vanadium atom and

replacing two square pyramidal {VOs} ions with two [As,Os]*" groups. Further replacement

14




of two square pyramids {VOs} ions of polyoxoanion [As4V]6042(H20)]8' with two [A5205]4'
groups results in the formation of the polyoxoanionic [AsxV14O42(H20)o_5]4' cluster (Fig.
1.6b). These vanadoarsenate clusters have also been extensively investigated as building
blocks for robust three dimensional frameworks when can be linked through transition metal

units (Fig. 1.6¢).?*

]6- 18]

Figure 1.6 — (a) Functionalisation of the anionic [V304,Hg(VOy) cluster through the replacement
of the vanadium{VOs} square pyramids with {As,Os} (blue arrows). (b) The resulting vanadoarsenate
cluster [AsgV,4O4g(HgO)0_5]4‘ 7 where four {As,0s} units replace four vanadium {VOs} units. (c)
[{Ni(en),}4(4,4’-bipy)s{Ni(H,0),} o[ AsgV1404(NO3)]4 16H,0, is one of the many examples of 3-D
networks utilising an polyoxovanadoarsenate as a building block in combination with a transition
metal.*® Polyhedral representations: {VO,} green, {AsO;} orange, {NiOg} blue; Oxygen red.

The incorporation of a transition metal into the lacunary sites of a polyoxometalate cluster
has been a long established research area and due to the large volume of research material,
the functionalisation of polyoxometalates by transition metals will not be discussed in detail
within this thesis except to highlight some examples.”””) The incorporation of catalytically
active transition metals into the shell of a polyoxometalate cluster provides an approach to
generate unique advantageous properties. An example of such a catalyst is achieved by the
incorporation of a vanadate ion in a heteropolytungstate cluster by Hill e al. He reports the
selective delignification/bleaching of wood fibres for the production of cellulose (paper)

using a two step oxidation process using this catalyst.[3 0] Recently, Cronin ef al. have reported
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a large number of polyoxometalate clusters that have been functionalised with transition
metals, lanthanide metals or main group elements leading to many diverse and interesting
structural cluster motifs.*') Some general examples of such structures include the anionic
clusters  of  [KFe;2(OH)is(a-1,2,3-P;W150s6)a]™,  [(Mo12sEusOss5H10(H20)51)21,
[(MoPaW16060)3]* M = Co, Mn, Fe, [(Ni2PaW16060):]", [W72Mn;0263Ges]*” and

[HeWe3Ses0s11°+. 2

1.3.4 The incorporation of organoarsonate and organophosphonate

ligands in the structural shell of functionalised polyoxovanadates

The functionalisation of polyoxometalates through the incorporation of organoarsonate and
organophosphonate groups has been established for sometime but has not been advanced to
the same extent as most of the previously mentioned functionalisation techniques.
Phosphonate ligands show versatility in the preparation of structurally unique clusters and
extended compounds in which the metal centres of the hybrid clusters can be fully oxidised,
reduced or exist in a mixed-valent oxidation state. Hybrid polyoxometalates containing
organophosphonate ligands or organoarsonate ligands can be categorised depending on their
dimensionality: 0-D molecular coordination compounds, 1-D linear chains, 2-D layered
compounds and 3-D networks. The unusual absorptive and catalytic properties for layered
hybrid phosphonate materials have lead to the development of these materials as catalysts and

ion exchangers.***

-Phosphonate functionalised polyoxovanadates

Recently there has been a revived interest in nano-sized phosphonate stabilised vanadium

complexes with a view to the synthesis and design of inorganic materials of specific size,
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conformation and properties for potential application in electronics, catalysis and
medicine.!"” The desire to synthesise large spherical or discrete bowl-shaped metal-oxo
clusters using organic ligands is motivated by the interesting host-guest and encapsulation
properties of these compounds.!'” Their physical properties make them promising materials
for electronic devices and recently it has been demonstrated, that ligand-stabilised species can
self assemble into potential components for molecular nanodevices. This approach has been
referred to by Cronin ef al. as the “bottom-up” route in the synthesis of nano-scale

polyoxometalate molecular devices.[****

a) b) c)

ci

03

Figure 1.7 — Ball and stick representations of dinuclear vanadium complexes that contain two bridging
organophosphonate ligands.”’” (a) [V,0,Cl,(PhPO;H),(H,0),] (b) [(VO),0,Cly(t-CsHsPO3H,)]™ (c)
[V,04(CH;C4H4CH,PO5),]* (organic moiety deleted for clarity). Colour code: V dark green, Cl light
green, P purple, O red, C black, H white.

The structural motifs observed in dinuclear phosphonate-stabilised species can be considered
as building blocks of larger polyoxovanadate clusters.* Three representative dinuclear
vanadium complexes that contain u-O, O’ bridging organophosphonates are shown in Fig.
1.7. [V20,Cl2(PhPO3H)>(H,0),] and [(VO);OZClz(t-C4H9PO3H2)]2' contains vanadium ions in
the oxidation state +IV.*>3¢) In [V20,Cl(PhPO3H),(H,0),] the two terminal oxo ligands of
the two vanadium ions are arranged in an anti-position whilst in [(VO)202C12(1—C4H9P03Hz)]z'
the terminal oxo ligands adopt syn-positions. To prepare these complexes large bulky (PPhy)"

counter-ions were used to prevent the condensation of the dinuclear complexes into larger
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oligomers or clusters. The oxidised analogue of [V,0,Cl,(PhPOs;H),(H,0),] has also been
prepared.[3 1 The oxidised compound, [V204(CH3C6H4CH2PO3)2]2', shown in Fig. 1.7¢
represents a rare example of a complex in which the V" ions are tetrahedrally coordinated
and have two cis coordinating terminal oxo ligands. The isolation of these dinuclear species
has consecutively lead to the synthesis of many structural motifs depending on the reaction

conditions.

As can be seen from the reaction profiles in Fig. 1.8,°” the introduction of water and/or
oxygen leads to the isolation of a much larger molecular species or the formation of

condensed layered vanadium phosphonates.

[V15025(H20)5(PhPO3),0Cls]* (vi) [V40,0(PhPO;)4(PhPO;H),]* (iv)

CH;CN, H,O CH.Cl,, Ag’
MeOH CH}CN/H}_O
[V50,(OCH;)2(PhPO;)s| < [(VO),Clo(H,0)2(PhPOsH),] ey [\ O(PhPO-)-H,O]
0, : Reflux 72h (iii)
(v) (i)
CH;CN, O,

[V;0,,CI(PhPO;),]* (i)

Figure 1.8 — Reaction profile using the dinuclear species as a precursor for condensation into larger
oligomers, clusters and inorganic solids.”” (i) [(VO),Cly(H,0),(PhPOsH),]; (ii) [V;0,,CI(PhPO;)e]* ;
(it)) [VO(PhPOs)'H,0]; (iv) [V4O1o(PhPO;)s(PhPOsH),]™: (v) [VsO4(OCH;),(PhPOs)s] and (vi)
[V15025(H;0)2(PhPO3)2CL] "

The cluster [V13025(H20)2(PhPO3)20Cl4]4' is suggested to be a ‘cluster of clusters’

demonstrating that the small oligomers can be linked into cluster of nanometre dimensions by

[12

comparatively rational synthetic routes.'” In this thesis, we will examine whether similar
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building units can be isolated in aqueous solution and whether these building units can be

used to produce larger oligomers similar to that observed in the reaction profile of Fig. 1.8.

Figure 1.9 — Ball and stick representations of four related functionalised polyoxovanadate clusters:
(@) [CLEV10n(OH)s(H0)(OsPPh)] "™ (b)  [CLE(V12020)(H0)12(PhPO):L.™  (©)
[CICV504(0,CPh),J* " and (d) [(N3),CV,405(OH)s(H,0)(O3PPh)s]*.** Colour Code: V green, Cl
light green, P purple, O red, N blue, C black, H white.

A second synthetic approach to prepare nano-sized clusters of phosphonate functionalised
polyoxovanadates involves the self-assembly of phosphonate ligands and vanadate salts
under reducing conditions in aqueous solutions. Miiller et al. reported the synthesis of
[V14022(OH)4(H20)(O3PPh)g]6' 3% This cluster that provides a nanometre-sized cavity for the

inclusion of anions and cations is shown in Fig. 1.9. The cluster consists of two mixed-valent

pentanuclear {VsOq}*" sub-units, each with a localised central V(V) site which are bridged
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intramolecularly by two binuclear {V,'YO,(OH),(H,0)(OsPPh);} moieties. These fragments
condense to form a cage structure with a cavity enclosing two NH4Cl units. The choice of

solvent can be hugely influential on the condensation process as seen in Fig. 1.8.

Clearfield et al. recently reported the non-aqueous synthesis of a related mixed-valent
dodecanuclear vanadium cluster [Cl,C(V,0,0)(H20);2(PhPOs3)g] encapsulating two chloride

anions (see Fig. 1.9b).5) Clearfield’s structure could be described as two cationic {V4Og}*"
caps which are symmetrically bridged though four PhPO5” tetrahedra to a central grid of four
{VWO(H20)3}2+ units.” The cluster is therefore charge neutral and the charge of the two
chloride ions that reside in the cavity of cluster is balanced by two external
triethylammonium  cations. It is noteworthy that the {V4Og}*" units in
[CLLC(V12020)(H20)12(PhPO3)g] (Fig. 1.9b) are topologically related to the {VsOg}3+ sub-
units observed in [V402:(OH)s(H,0)(O3PPh)s]® (Fig. 1.9a) and [HsV504,X]" (Fig. 1.5) by
removal of the central {VYO3}’" and flattening of the {V4O4}*" motif. This observation
reveals  the  structural  relationship  between  this  series  of  clusters.
[V14022(0H)4(H20)(O3PPh)g]6’ (Fig. 19a) can be formally constructed from [Cl,C
(V12020)(H20)12(PhPOs)g] (Fig. 1.9b) by the reduction of the VYV centres, capping of each
{V40g}*" structural motif by a {V'O;}*" group, and pair-wise condensation of the four
{VO(H20)3}2+ units to give two bridging {V202(OH)2(H20)}2+ groups. The redox related
structural transformations of the {V5Oo}”" and {V4Os}*" units have been further investigated
and resulted in the synthesis of a tetranuclear and a mixed-valent pentanuclear vanadium

carboxylate complex (Fig. 1.9¢).1"

Most of the complexes that we have discussed contain chloride ions in the centre of their
concave building units strongly suggesting that these ions act as templates during their

formation. However, the templating mechanism remains somehow obscure considering the
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fact that the same [V4022(OH)4(H,0)(OsPPh)s]® structure can be obtained using different
anionic or neutral templates including azide anions or acetonitrile molecules (Fig. 1.9d).1*”
Charge compensation, steric and geometrical effects may also contribute to the assembly

processes of these hybrid polyoxovanadate clusters.*”)

Investigations into the solvothermal synthesis of hybrid polyoxovanadates has also been
carried out in the last decade with numerous novel compounds being reported™ **! (Fig.

1.10a).

Figure 1.10 — The crystal structures of solvothermally synthesised polyoxovanadate solids. (a) A
functionalised polyoxovanadate [(V304)(H,O)(PhPOs);]™ tubular structure as viewed in the
crystallographic c-axis.*¥ (b) A pyrophosphonate functionalised polyoxovanadate enclosing a
chloride anion."* Colour code: V green, Cl light green, P purple, O red, C black.

In particular, Zubieta et al. reported the synthesis of a fascinating tubular organophosphonate
structure.”*” The structure shown in Fig. 1.10a consists of [(V304)(H,O)(PhPO3);]", tubes
running parallel to the crystallographic c-axis. The phenyl groups of the organic ligands
extend outwards from the periphery of the tubes, while the vanadyl oxo groups are directed
both to the interior and the exterior of the resulting cavity. Solvothermal reaction conditions
can also lead to metal mediated, thermally induced condensation reactions that involve the in
situ fusion of phosphonic acids into pyrophosphonate ligands which allows the self-assembly

of novel clusters.
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An example of this is the solvothermal synthesis of [(VO)s(PhP(O),OP(O),Ph)4CI] in which
the cluster shell is constructed from vanadium centred square pyramids and the fused

pyrophosphonate tetrahedra which enclose a chloride anion (Fig. 1.10b).[*”!
-Arsonate functionalised polyoxovanadates

The introduction of purely inorganic arsenate ions, AsO4>~ which are geometrically similar to
the square pentanuclear {VO4} units has been previously discussed in section 1.3.3. The
geometry and bonding requirements of an organoarsonate moiety are comparable to those of
an arsenate anion and therefore their mutual substitution during synthesis could provide a
promising approach for the preparation of functionalised polyoxovanadates. The synthetic
procedures for the functionalisation of polyoxovanadate clusters using organoarsonates are
comparable to those generating organophosphonate stabilised oxovanadates. However, there
are some subtle differences that influence the product formation and to date the numbers of
organoarsonate stabilised polyoxovanadate structures reported are far lower than those of the

phosphonate functionalised clusters.

Bond valence sum analysis shows that the typical lengths of the As'-O and the V"-O single
bonds are almost identical.l*®’ However, the P¥-O bond is 0.15A shorter than the As"-O bond
and therefore the arsonate functionality is favourably suited for incorporation in a
polyoxovanadate cluster without major change to the overall structural arrangement of the
cluster. Reported aryl arsonate functionalised polyoxovanadates include the anionic clusters
[V10024(03AsCeHs-4-NH,)3]* B [Ha(V6010(03AsPh)e) )" [2CH30HcV,014(OH)4

(PhAsO3)0]* * and [2H,0cV 1,012(0OH)2(H,0),(PhAsO;3)10(PhAsOsH), .14

[V10024(03AsCsH4-4-NH,)3]* (Fig. 1.11a) and [Ha(V6O10(O3AsPh)e)]> were synthesised by
refluxing an inorganic decavanadate cluster [V1002g]4' in methanol with (4-
aminophenyl)arsonic acid and phenylarsonic acid, respectively. It is reported that the two
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geometrically different clusters are isolated due to the minor changes of the organic ligand
structure. Both, [2CH3OHCV]2014(OH)4(PhAsO3)10]4' (Fig 1.11b) and [2H,0cV,0;2(0OH),
(HzO)z(PhAsO3)10(PhAsO3H)4]2' were synthesised under solvothermal reaction conditions.[*"!
Similarly to the phosphonate ligand systems, pyroarsonate-containing vanadates can also be

in situ synthesised as a result of metal mediated, thermally induced condensation reactions.**

a) b)

Figure 1.11 — Two organoarsonate functionalised polyoxovanadates. (a) [V0024(O;AsCeHs4-4-
NH,);]*“" (b) [V12014(OH)4(PhAsO3),0]".1*! Colour code: V green, As orange, O red, N blue, C
black.

1.4 Metal organic frameworks (MOFs) — Functionalised

polyoxometalates as potential building units
It is worth noting that in 2001, Stein er al. synthesised a series of organoarsonate
functionalised polyoxomolybdate clusters with the concept that the functionalised

polyoxomolybdate clusters could be used as building blocks for constructing a predictable

open framework coordination network.
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Figure 1.12 —Polyhedral representations of two organoarsonate functionalised polyoxomolybdate
clusters.*”! (a) The (4-carboxylphenyl)arsonate functionalised polyoxomolybdate, [M0,,043(03AsC¢H,
COOH),]* (b) The packing arrangement of the clusters of (a) in the crystal structure as viewed in the
crystallographic @-axis. (c¢) The (4-hydroxylphenyl)arsonate functionalised polyoxomolybdate,
[Mo,2043(O3ASC(,H4OH)4]4’. (d) The packing arrangement of the clusters of (c) in the crystal structure
as viewed in the crystallographic c-axis. Colour code: Mo blue, As orange, O red, C black, H white.

Stein proposed that by “employing well-defined clusters, with a set number of bonding sites
and with directionality to the bonding interactions, as building blocks, it could be possible to
predetermine with more accuracy the final connectivity and architecture of the crystalline
material”.  Utilising previously synthesised polyoxomolybdate building blocks

([M012043(03AsR),]* where R = CHj;, C,H,OH, Ph, C¢H;NH;", C4H,CN, CeH,OH,
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CsH4COOR), Stein intended to use the functionalising arsonate ligands to influence both the

connectivity and the formation of new polyoxometalate frameworks.

Two examples of building blocks and their respective packing arrangements in their crystal
structure have been shown in Fig. 1.12. The functionalised polyoxomolybdate building
blocks, [M01,043(03AsC¢HsCOOH)4]* and [Mo;,043(03AsCsH4sOH)4]*, consist of four units
of three edge sharing {MoOs} octahedra which are bridged by four organoarsonate
tetrahedra.’') These organoarsonate tetrahedra are arranged around the functionalised
molybdate cluster in a tetrahedral fashion (Fig. 1.12a and 1.12c¢). The overall crystal structure
including the [M012043(O3ASC6H4COOH)4]4' building unit can be described as two
independent, interpenetrating 3D frameworks containing hydrogen-bonded 2D sheets held
together along the third axis by {O-Na-O} linkages leading to a closely packed structure. In
contrast, the overall crystal structure of the  (4-hydroxyphenyl)arsonate
[M012043(O3ASC6H40H)4]4' building units can be described as an open-framework structure
in which solvent filled channels run parallel to the crystallographic c-axis (Fig. 1.12d).
Finally, it is important to note that the synthesis of these latter discussed structures was
achieved by the addition of transition metal salts: aqueous copper sulphate was added to
[M01,043(03AsC¢H4COOH)4]* to generate the closely packed framework and aqueous iron
nitrate was added to [M012043(O3ASC6H40H)4]4' in a DMSO/water solution to produce the
open-framework structure. However, neither of the transition metals was present in the final
product. Ideally, the construction of functionalised polyoxometalates with stronger
interactions between the clusters such as coordination bonds or covalent bonds will lead to
more robust 3-D frameworks. However, the difficulty to predict the favourable linkages of
the building blocks and the consequences of these linkages on the overall connectivity in the
crystal structure meant that Stein was unable to produce significant numbers of ‘rational’

network structures. Possible and difficult to predict linkages that can prevail include
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interactions between the terminal oxo ligands of the clusters and the counter-ions/transition
metals, interactions between terminal oxo ligands and the functionalising organic groups and
interactions between the functionalised organic groups themselves. Additionally, if the
bonding interactions are weak and dynamic (i.e. hydrogen bonding) then small changes in the
synthetic technique (use of different solvents or counter-ions) can lead to differently ordered

crystalline products as reported by Stein et al.[*’

Prior to Stein’s work, a class of hybrid materials classified as metal-organic frameworks were

%1 Later, Yaghi et al. successfully developed a

proposed by Hoskins and Robson in 1989.
conceptual approach that requires the use of secondary building units to direct the assembly
of ordered frameworks.”'! By systematically varying and functionalising the pore matrices of
the framework, it is possible to produce some of the most efficient gas storage metal-organic
frameworks."*) However, Yaghi states that “specific future challenges include the ability to
design sophisticated molecular building blocks that would act as carriers of structural and
functional information to be expressed in a target material” " The desirability of such target
materials would be large pore size, high apparent surface area, selective uptake of small
molecules, and optical responses to the inclusion of guests. In order to produce a robust
porous material, one must consider the construction of a molecular scaffold by connecting
inorganic clusters through rigid organic linkers. These ‘building blocks’ will predetermine a
geometrically well defined structure. It is the connectivity of the building unit that determines
the topologies of the resultant hybrid material and therefore its properties. Yaghi’s reticular
synthetic concept allows the rationalisation of the formation and structure of the hybrid
organic-inorganic material. It derives metal-organic frameworks from their parent classical
inorganic structure types in which bonds and polyhedrons are augmented by rigid linkers and

(51

organic/inorganic SBUs.>! Fig. 1.13 shows a cubic primitive network whose topology can be

related to the ReO; structure. The tetranuclear subunits in [Zng(us-O)(BDA)s;] can be
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envisaged as octahedral SBUs and are linked through rigid benzene dicarboxylic acid ligands
into an augmented ReO; network.”? In these structures, extension of the ligand system
provides a facile approach to increase pore size and surface area. The expansion of a given

topology using a modular set of ligands is usually described as isoreticular expansion.

Figure 1.13 — Representation of the reticular synthesis concept which can be applied to prepare
metal-organic frameworks.”" (a - b) Linkage of tetranuclear zinc complexes [Zn4(us-O)(BDA),]
into a metal organic framework. (c) ReOs; topology. (d) Representation of the octahedral
{Zn,OCO,} SBU in this structure. (¢) Topology of the structure (primitive cubic net) shown as ball
and stick model. (f) Augmentation of this topology by using extended ligands (isoreticular
expansion).

Yaghi ef al. have argued that although there are numerous different topologies in existence,
there seems to be only a small number of simple, high symmetry structures that would be

U The suitability of the building unit will rely both on the

predicted to form most commonly.
rigidity and directionality of the bonding which must be reliably maintained during the
assembly process. However, even if the predetermined structure is formed, one must be

aware that there is a possibility of catenation, where two or more identical frameworks are

inter-grown leading to interpenetration and interweaving which occurs at the expense of pore
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volume and surface area. It is surprising that the vast number of existing polyoxometalate
clusters with physiochemical properties allowing their use in catalysis and gas sorption have

not yet been systematically exploited as building blocks for MOFs.

a) b)

Figure 1.14 — Potential polyoxometalate building blocks. (a) The functionalised polymolybdate
[Mo,2043(O3A5C6H4COOH)4]4' representing a tetrahedral secondary building unit (SBU) BY could be
compared to the already established tetrahedral SBUs. (b) An example of an organic tetrahedral SBU,
adamantine-1,3,5,7-tetracarboxylate.®?) (¢ - d) The proposed functionalisation of the previously
synthesised polyoxovanadate [Cl,V40,,(OH)4(H,0)(OsPPH)]" cluster and polyoxomolybdate -
[MOSVM07V'O3O(BPO4)3(O3PPh)G]5' cluster™ could lead to the potential isolation of new POM -
MOFs. Topologies of the predicted SBUs have been highlighted in grey framework with arrows
indicating the theoretical points of connectivity. Colour code: Mo cyan, V green, P purple, O red, C
black, H white.

Following the combination of Stein’s ideas and Yaghi’s reticular synthesis concept, we could

envisage an SBU approach that takes advantage of polyoxometalate clusters which are
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stabilised by organic ligands and whose coordination sites point into distinct directions of
space (see Fig. 1.14). One could expect that the assembly of these building blocks into
networks preferentially results in a limited number of default topologies which are
determined by the geometries of the SBUs used and which are often related to an inorganic
structure type. The use of tetrahedral SBUs, for instance should preferentially result in
networks related to the diamond, SrAl* or CaGa204‘ structure whilst the combination of
tetrahedral and square planar SBUs could lead to an augmented PtS topology. The rigid
ligands could be systemically extended resulting in further augmentation of a new topology.
This reticular synthesis concept for functionalised polyoxometalates could yield compounds
that exhibit unprecedented surface areas, are thermally stable and readily accommodate
guests. The high surface area hybrid polyoxometalate frameworks would provide additional
functionalities from the organic components within the highly ordered and amendable
cavities that will allow for shape- and size-selectivity; characteristics that could be exploited

for catalytic acid-base and redox processes.

1.5 Polyoxometalates as catalysts

Many industrially driven research activities aim to exploit polyoxometalates as acids and
redox catalysts (Table 1.2).°*) The role of polyoxometalates as heterogeneous catalysts has

previously been reviewed by Misono e al.,™¥

and the role of polyoxometalates as a
homogeneous catalyst has been reviewed by Hill er al.”> Polyoxometalates, both solid and in
solution, are amongst the strongest mineral acids often exhibiting acid strengths higher than

those of H,SO4 and HCIO4. At present, about 180 important industrial processes use solid

acids.
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Examples of reactions in which polyoxometalates are applied as catalysts include dehydration
of alcohols, cracking and alkylation of hydrocarbons and electrophilic addition of alcohols to
olefins.[%® However, a significant number of acid-catalysed reactions, such as esterifications,
hydrations, hydrolysis and Friedel-Crafts reactions still use conventional Lewis and Brensted
acids. These processes are typically associated with problems with respect to toxicity,
corrosion, catalyst waste, or difficulty in separation and recovery of the catalysts. In
particular, solid acids that operate at low temperature in aqueous solutions are for

environmental reasons desirable materials for industrial applications.

Table 1.2 — Commercialised products that utilise polyoxometalates as catalysts™")

Scale Year of
Production (kt/n) introduction Catalyst Place
2-Propanol 50 1972 H4SiW 5,040 Tokuyama Soda
Methacrylic acid 220 1982 Mo-V-POM Mitsubishi
Tert-butyl alcohol 5.6 1984 H3;PMo0;,04 Asahi Kasei
Butyl ketone-2 40 1985 H3PMo0,,04 Dehigary
Poly(trimethylene
40 1987 H3PW13040 Asahi Kasei
carbonate)
Pd(Te)- Showa Denkn
Acetic acid 2-3 1997
SiW 1,040 (Oita)
Pd(Te)- Showa Denkn
Ethyl acetate 10 1997
SiW 1,040 (Oita)
2,6-di-tert-butyl-p-methyl Jilin, Liaoning,
1-2 1996 H3PM012040
phenol Hebei
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In contrast to many solid acids which often lose their activities in aqueous solutions,
polyoxometalates can show promising turnover numbers of reactions in which H,O
participates i.e esterification, transesterifications, hydrolyses and hydrations."”
Polyoxometalates have received considerable attention as catalysts and precursors for oxide-
based selective oxidations.”® Research activities include the investigation of catalytic oxygen
transfer reactions in heterogeneous and homogenous phases to provide alternatives to

s s s . 0
stoichiometric oxidations.> "

a)
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Figure 1.15 — Some examples of catalytic reactions utilising the VO(acac), or NH,VO;:"" (a)
dehydrogenation, (b) oxygenation, (c¢) & (d) bromoperoxidase mimic (e) oxidation of heteroatoms.

Selective catalytic oxidation reactions are amongst the most important industrial processes.
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Of particular interest are selective oxidations of aldehydes and alcohols, oxidative
dehydrogenations of alkenes, selective epoxidations, ammoxidations or metathesis reactions
of alkenes (Fig. 1.15).°®) Important prerequisites for applicable technologies are stable
catalysts that minimise the waste product of the applied oxidant in combination with high

product selectivity and reaction rates at ambient temperature.[*” *!J

1.6 Molecular entities — Supramolecular host-guest chemistry

The assembly of metal-ligand mediated molecular capsules comprises one of the most
vibrant areas of chemistry. A key issue for the formation of such metallosupramolecular
entities is the identification of pre-organised, kinetically stable building blocks that provide
ligand-accessible coordination sites to direct assembly into the desired molecules.

Depending on their dimension and composition, the cavities in molecular capsules can
provide unique chemical environments serving, for instance, as reaction vessels or
supramolecular containers. There are many examples in which polyoxometalate clusters can
be identified as supramolecular cages/hosts for guest compounds. Miiller et al. has
established a wide base of research on large polyoxometalates cluster cages that can capture,
retain and release guest molecules.'” An example of a supramolecular host-guest interaction
within a polyoxometalate is provided by the inclusion of a rather large zinc porphyrin guest
within a {Moy7} ring cavity which was demonstrated by Aida ef al. (Fig. 1.16a).[°”]

The first soluble oxide inclusion compound, [(C¢Hs)sP]s[CH3CNcV,03,]-3CH3CN-4H,0,
was reported by Yaghi e al. in 1989 (Fig. 1.16b).1°* This polyoxovanadate cluster contains a
weakly coordinating acetonitrile solvent molecule. The N donor of the acetonitrile molecule

forms only weak bonds to the vanadium ions in the cluster in the range of 3.238 A to 3.747

A. However, upon dissolving the compound in acetonitrile, the acetonitrile guests remain
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largely associated with the polyoxovanadate host as confirmed by NMR experiments. The
methyl '"H NMR signals of the bound acetonitrile molecules are shifted downfield (5 = 2.38
ppm) compared to the solvent acetonitrile molecules (6§ = 2.08 ppm). These host-guest
interactions were subsequently theoretically modelled by Bénard et al. who confirmed that

the permanent dipole moment on the acetonitrile molecules interacts with an opposite dipolar

field generated inside the cavity resulting in an interaction energy of -14.4 kcal-mol ™ .[*”!

Figure 1.16 — (a) Schematic representation of the incorporation of zinc 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin within the cavity of a {Mo,7¢} wheel-type cluster (polyhedral representation)(
Zn: pink, N: blue, C: grey, H: white).!” (b) Perspective plot of the non-hydrogen atoms for the
[CH3CNCV]2032]4' anion as observed in [(C6H5)4P]4[CH3CNCV12032]-3CH3CN-4HZO.["’4] Colour
code: V green, O red, N blue and C black. (c) A space filling representation highlighting the host-guest
interaction between the weakly coordinating acetonitrile molecules and the [V, 2032]4' host.

A more recent theoretical study by Su ef al. in 2010 underlines that the incorporation of
different guest anions, e.g. CI', Br’, I', NO3™ within the bowl shaped hybrid polyoxovanadate
cluster, [V509(02CPh)4]2’ (Fig. 1.9c), can influence its redox properties. The study
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demonstrated that generally host-guest interactions afford the redox potentials of the involved
V atoms to shift to negative values when compared to the V redox potentials of the isolated

hosts. Thus the shift in redox potentials could be exploited for ion recognition.!*"

1.7 Magnetic properties of polyoxometalates

Following the establishment by Miiller ez al. that giant polyoxometalates clusters could be
synthesised, a substantial effort was undertaken to understand the magnetic attributes of these
clusters and develop new related giant molecular clusters with advantageous magnetic
properties.

a)

Figure 1.17 — (a) A wire frame representation of the {Mos,Feso} polyoxometalate cluster highlighting
the Fe' magnetic centres (yellow) which are isolated and connected the molybdate sub-units
(blue).’*! (b) A {Ni},} cluster stabilised by three polyoxotungstate ligands to give the anionic
[Ni;5(OH)o-WO4(W,0,4(OH))(PW4034);]* cluster.”” Colour code: W grey, Mo blue, Fe yellow, Ni
green, O red.

A review by Gatteschi et al. summarises the commonly observed magnetic characteristics in

(67

these giant polyoxometalate clusters.’” There have been several investigations into the

incorporation of paramagnetic centres into polyoxometalate clusters in order to synthesise
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tailor-made magnets. For instance, 30 iron(III) metal centres were incorporated into a large
polyoxometalate  clusters  resulting in a compound with the formula
[Mo72Fe3(M0207(H20))2(M020sH(H,0))-(CH;CO0)12(H:0)1]- 1S0H,0  (Fig. 1.17a).["
The iron ions are embedded within the diamagnetic polyoxomolybdate framework of the
molecule and are approximately equally spaced apart (ca. 6.4 A). There is a general anti-
ferromagnetic exchange interaction between the iron centres between 300 and 30 K. At low
temperature (65 mK), the iron centres within these polyoxomolybdate clusters experience
spin frustration and a low energy magnetic excitation spectrum was recorded using low
temperature inelastic neutron scattering studies to confirm this behaviour.[*”’

However, tailor-made magnets require a high degree of control over the size of the cluster,
the arrangement of the magnetic centres, the spin topology and the magnetic anisotropy, all of
which is still difficult to achieve. A feature of polyoxometalates is that they are used as
ligands to stabilise transition metal clusters in which the metal centres are strongly
magnetically coupled. An example of such a system includes the stabilisation of a {Ni»}
cluster (Fig. 1.17b) by three magnetically silent polyoxotungstate ligands,
[Ni]2(OH)9W04(W7026(OH))(PW9034)3]25'.[70] Magnetic investigation of this compound
indicates the presence of dominantly ferromagnetic interactions within the {Ni,»} core. The
xT product reaches a maximum of 23.2 cm® K mol” at 8.0 K. The magnetic interactions
between the Ni(II) metal centres could not be modelled due to the low symmetry of the
cluster and the large amount of different intra-complex magnetic interactions.

Polyoxovanadates represent an important sub-class of magnetic polyoxometalates. Magnetic
polyoxovanadates contain predominantly V(IV) metal centres. The oxovanadium(1V)
subunits within these clusters commonly occur as O-bridged dimers and exhibit strong anti-
ferromagnetic interactions between the metal centres. Several large polyoxovanadate clusters

such as [V 5As604(H20)]® and [V'"V1504,]'> have received attention in literature due to
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their interesting magnetic properties.[7]’ 2} The anionic cluster [le5AS6O42(H20)]6'(Fig.
1.18) contains fifteen paramagnetic vanadium atoms which are organised into three distinct
layers. The spin centres within the two hexagon units are anti-ferromagnetically coupled.
They represent anti-ferromagnetic layers that sandwich a spin frustrated triangular unit (Fig.
1.18b). It should be noted that the spins within the triangle are weakly coupled to those in the
hexagonal units. This {V,s} cluster can be considered as a simple model of a magnetic
multilayer structure.[””!

Miiller et al. and Plass ef al. have correlated some structural features of the often occurring
oxovanadium dimers to the observed magnetic behaviour.”> ™ Nevertheless, a detailed
magneto-structural correlation is yet to be reported. However, it is apparent that both the

metal-metal distance and the angle at the bridging oxygen atom play an important role.!””

a) b)
. e
S .
=)
(I,: AN il ‘\Z
]

Figure 1.18 - (a) A ball and stick representation of the anionic cluster within
Ks[V"V15A50040(H,0)]-8H,0 - {Vy5}.*! (b) A pictorial representation of the preferred spin
orientations on the magnetic planes of {V;s}. Colour code: V dark green, CI light green, As orange,

Recently, Winpenny ef al. have investigated the synthesis of V""" and V'V phosphonate-

stabilised clusters to further develop synthetic approaches or single-molecule magnets.[76]
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Christou et al. have reported a  tetranuclear  vanadium(Ill)  complex,
[V40,(0,CPh)7(bpy)2](ClO4), which displays single molecular magnetic characteristics.!””
This compound stabilises an S = 3 ground state and the compound has an anisotropy

parameter of D = -1.5 cm™ which confirms that this compound can be classified as a single

molecule magnet.

1.8 Medicinal properties of polyoxometalates

Comprehensive accounts on the anti-tumour, anti-viral and anti-bacterial activities of
polyoxometalates have been reported by Yamase!”™ and Hasenknopf.m] The significant
therapeutically activity of polyoxometalates was first noticed in the 1970s with the discovery
that [SiW1,040]", [Na(SbW7044)3(Sb0O7):]"* and [(AsWeOs33)s(WO,)s]™ exhibit activity
against various non-retro RNA and DNA viruses in vitro and in vivo. These polyoxometalates
also inhibit RNA-dependent DNA polymerases of retroviruses and show some antiviral
activity against the human immunodeficiency virus (HIV). Although these compounds were
further tested in two independent human clinical trials, these clusters were found to be too

toxic.

Many different roles have been established for vanadium compounds in biological systems
but they do not have a significant role in human physiology. In human biochemistry in
particular, Evangelou has reviewed the role of vanadium compounds in the treatment of
cancer.*” Vanadium compounds are known to cause DNA cleavage, activation of xenobiotic
enzymes, in vivo production of free radicals, inhibition of protein tyrosine phosphatases
and/or the activation of protein tyrosine kinases. Oxovanadium(IV) and oxovanadium(V)
compounds have been shown to have potency as an inhibitor of phosphoryl transfer enzymes.

These enzymes transfer phosphate groups from phosphorylated tyrosine residues on proteins
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within the body. Additionally, simple oxovanadates have demonstrated promising results as a
new potential treatment drug for diabetes mellitus in humans.®") As previously discussed,
these compounds show catalytic activity in oxidation and oxygen transfer reactions (see
section 1.5) and a similar effect is found for oxovanadium compounds in biological studies.
The mechanism through which vanadate compounds act have been extensively
investigated®” but the full mode of action is still not fully understood. It has also been shown
that sodium vanadate(V) induces reactive oxygen species in pulmonary lung tissue leading to

).31 P53 is a transcription factor that regulates the cell

the transactivation of protein 53 (p53
cycle and hence functions as a tumour suppressor. Vanadyl(IV) sulphate was reported to
differentially damage DNA in human lymphocytes and HeLa cells.™ It should be noted that
the genotoxicity of the vanadate was increased with the presence of vitamin C. Vitamin C is
known for its antioxidative properties and it has been proposed that the vitamin could be
interacting with the vanadyl salts and contribute to the oxidative damage to DNA through the
production of hydroxyl and lipid alkoxyl radicals.® It has also been shown that vanadate
salts have a biphasic effect on DNA synthesis. At low concentration, vanadate compounds
promote proliferation and differentiation of the cells while at high concentrations, the
opposite effect is observed and cell colony formation is inhibited. Finally, vanadate
compounds have been found to have a time-dependant response. Short term exposure to
vanadate compounds (1-2 days) has lead to an increase in cell numbers while longer exposure

B4 Sodium

to 50uM of vanadate has lead to massive apoptosis of mammary epithelial cells.
vanadate(V) and vanadium(IV) sulphate have been tested in human clinical trials. It was
reported that these compounds were well tolerated by patients and that side effects were

uncommon, with any such reported side effects primarily related to anomalies in the

gastrointestinal tract.™ The application and potential use of polyoxovanadates and other
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vanadium containing compounds has yet to be fully researched for their viability as effective

drugs.

1.9 Present study

Early transition metal ions polarise terminal O®" ligands efficiently often resulting in purely
‘inorganic’ polyoxometalate clusters as described in previous sections of this introduction.
Many advanced developments of polyoxometalate containing materials are hindered by the
limited availability of functionalised polyoxometalates that contain organic molecules
directly incorporated into the cluster shell. Organic ligands with tetrahedral binding sites
which display geometrical and electronic similarities to metal-oxygen units in
polyoxometalates appear to be good candidates for functionalisation purposes. Organic
phosphonates and arsonates fulfil these criteria and our research aims to investigate how
these can be rationally exploited to create functionalised polyoxovanadates. One objective is
the synthesis and isolation of novel ligand stabilised polyoxovanadate capsular entities

incorporating organoarsonate or organophosphonate ligands.

The synthesis of hybrid polyoxovanadate clusters with rigid organophosphonate and
organoarsonate ligands that point in defined directions of space might link the clusters into

open frameworks that are highly desired for catalysis, gas sorption and separation studies.

In order to produce these hybrid materials, we propose to synthesise a variety of
organoarsonate and organophosphonate ligands as well as obtain commercially available
organoarsonate ligands. As a short term objective, we intend to investigate the ligands shown
in Fig. 1.19 under reducing conditions in the presence of vanadate salts in an aqueous
containing solution. Our chosen synthetic approach will involve the partial reduction of

vanadate(V) salts in the presence of these organic ligands using appropriate reducing agents.
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The synthesis of novel functionalised clusters will be dependent on the careful control of the
ligand:metal ratio, the amount and nature of reducing agent used, the template effect of any

anionic species present in solution as well as the pH of the reaction mixture.

a) N, b)) O ) o d) oH
g
0
HO—As-OH HO—As-OH HO—As-OH HO—As-OH
o) 5 o) 0
i
HO—P—OH
0 0
€) I O
D ® wob-on M pobon D
HO—P—0OH e HO—P—OH HO—P—OH HO—P—OH
(0] o) l

Figure 1.19 — Proposed functionalising organoarsonate and organophosphonate ligands. The
organoarsonate ligands can be synthesised by the Bart reaction and the organophosphonate ligands
can be synthesised by the modified Michaelis-Arbusov reaction. (a) (4-aminophenyl)arsonic acid (p-
arsanilic  acid), (b) (4-carboxyphenyl)arsonic acid (4-arsonobenzoic acid), (c) (4-
hydroxyphenyl)arsonic acid, (d) (3-acetamido-4-hydroxyphenyl)arsonic acid (acetarsone), (e) (4-
aminophenyl)phosphonic acid, (f) (1-naphthalene)phosphonic acid, (g) (1,4-benzene)bisphosphonic
acid, (h) (1,4-naphthalene)bisphosphonic acid and (i) ([1,1'-biphenyl]-4,4'-diyl)bisphosphonic acid.

In order to accomplish our objectives, we initially set out to obtain the following:

- To synthesise aromatic arsonate and phosphonate ligands

- To investigate the synthesis of novel organoarsonate and organophosphonate

stabilised polyoxovanadate clusters

- To augment or enlarge any novel hybrid clusters in order to increase the enclosed

cavity
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- To use the functionalising ligands to control the self-assembly of the clusters into

open framework structures

- To structurally characterise all novel compounds through single crystal X-ray

diffraction

- To characterise the physical properties and other attributes of the materials

- To monitor the formation of these compounds via spectroscopic methods and

investigate the stability of these compounds in solution

Long term objectives:

- To understand the structure directing influences of the functionalised clusters so that
the ligands can be used either in an intra-molecular connectivity mode to construct
capsular entities or an inter-molecular connectivity mode between clusters in an iso-

recticular approach to synthesising new materials

- To investigate the magnetic properties of the relevant compounds with particular
emphasis on the magneto structural correlation of different types of polyoxovanadates

stabilised by organic moieties
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Chapter Two

Pentanuclear aryl arsonate functionalised vanadium

complexes
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2.1 Introduction

The functionalisation of polyoxovanadates using group 5 elements has seen a wide range of
compounds being discovered. Resulting purely inorganic heteropolyoxovanadates that
incorporate arsenate and arsenite ions display a diversity of structure types which nowadays
are being increasingly used as starting materials in hydrothermal synthesis in order to
construct 3-D networks.*® However, there are a limited number of polyoxovanadate clusters
reported which are stabilised by organoarsonates.***” New functionalisation approaches and
careful control of the assembly process can give rise to the formation of new compounds
which might result in the discovery of new MOFs, cages, hybrid capsules or other

supramolecular compounds.

In this chapter, we describe the isolation of novel mixed-valent pentanuclear
polyoxovanadates stabilised by aromatic organoarsonate ligands. We demonstrate that the
nature and stability of the mixed-valent pentanuclear core structure which is present in all of
the isolated compounds, tolerates the incorporation of aromatic organoarsonate ligands with a
variety of para positioned secondary functional groups. These secondary functional groups

direct the assembly of the packing arrangement of the complexes in the crystal structure.

2.1.1 Aromatic arsonate ligands

Aromatic arsonic acid ligands with varying functional groups in the para position to the
arsonic acid groups were used to prepare a series of functionalised clusters. (3-acetamido-4-
hydroxyphenyl)arsonic acid (acetarsone), (4-hydroxyphenyl)arsonic acid and (4-
aminophenyl)arsonic acid (p-arsanilic acid) are commercially available. (4-

carboxylphenyl)arsonic acid (4-arsonobenzoic acid) was prepared by the Bart reaction
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according a literature procedure.’®*”) The Bart reaction involves the addition of an aqueous
alkaline solution of sodium arsenate to the diazonium salt of the pre-requisite amine (Fig.
2.1). The reaction requires a copper(ll) catalyst and gives the maximum yield when buffered
with sodium carbonate. Historically, the first method for preparing aromatic arsonates was
the Bechamp reaction which involves heating aromatic amines, phenols or phenyl ethers with

(85, 86

arsonic acid under reflux for several hours. ] However, the yield for this reaction is

usually quite poor (< 25%).

1) H,SO4/ H,0 0\ .
> NE%@ g——s/
2) NaNO,, <5°C \
e ASzog/ NazCO:;
NES@ 8—\5/0 — /\'Ls + N,
\,, CuSO, (cat) Ho”” [ ¢

Figure 2.1 — A general reaction schematic of the Bart reaction.”® (a) Initially the diazonium salt is
prepared when the sodium nitrite is added to the acidified amine at 5°C. This freshly prepared
diazonium salt is then added with stirring to the alkaline arsonate solution. (b) Nitrogen gas evolves
upon formation of the product. Sodium sulphate and carbon dioxide are also produced as by-
products of this particular reaction.

b)

Aryl arsonates have a reasonable thermal stability and are expected to be stable in the
presence of air, moisture or heat under normal synthetic conditions. This is an important
factor when considering organoarsonate ligands as appropriate starting materials for
coordination complexes including supramolecular cage structures and MOFs. Differential
Thermal Analysis (DTA) in air results generally reveal exothermic decomposition processes
above 300 °C where aryl arsonates undergo oxidative degradation.*”! This decomposition

temperature, which is common to other aromatic classes of ligands will limit the thermal
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stability of any product and might limit applications in certain areas, e.g. heterogeneous

catalysis.

2.2 Synthesis of a mixed-valent vanadium(VIV/VV) pentanuclear

complex incorporating (4-aminophenyl)arsonic acid

2.2.1 The synthesis of Nas[V50¢(0;AsC¢H4-4-NH,)4]:20.5H,0-3DMF (1)

Compound 1, Nas[Vs0¢(O3AsCsHs-4-NH;)4]-20.5H,0-3DMF is the product of the self-
assembly of (4-aminophenyl)arsonic acid, sodium azide and sodium metavanadate under
partially reducing conditions in a water/DMF solution. Sodium azide is thought to act as a
templating agent as discussed in the chapter 1, 1.2.2. The self-assembly process is initiated
with the addition of the reducing agent, hydrazine hydrate, at neutral pH which instigates a
colour change from bright yellow to a dark green solution and an accompanying increase in
pH. The pH of the solution was monitored and was re-adjusted to a neutral pH with
hydrochloric acid after the addition of the reducing agent. Green plate-shaped crystals of 1
formed from the reaction mixture after two days. The resulting crystals were characterised by
single crystal X-ray diffraction, CHN analysis, thermogravimetric analysis (TGA), infrared

spectroscopy (IR), ultraviolet-visible (UV-vis) spectroscopy and mass spectrometry.

2.2.2 Solid state characterisation: The structural characterisation of

Nas [V509(O3ASC6H4-4-NH2)4] . 20.5H20' 3DMF (1)

The cluster crystallises in the triclinic space group, P-1. The polyoxovanadate core in 1

consists of five vanadium atoms that are surrounded by O-donors in a square pyramidal
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coordination mode (Fig. 2.2). The base of the central pyramid shares common edges with its
four surrounding {V'VOs} polyhedra to give the typical convex mixed-valent {V'O(u3-

0)4V"401,} unit.

a)

b)

.

Figure 2.2 — (a) A ball and stick representation of the anionic [V509(O3ASC(,H4—4-NH2)4]5’ cluster as
viewed in the direction of the crystallographic a-axis. (b) A plan view of the anionic cluster with two
coordinating sodium counter-ions which bind to the rim of the complex as viewed along the
crystallographic c-axis. (Colour code: V green, As orange, Na yellow, O red, N blue, C black, H

white.

The remaining two O donors in the base of each {V'VOs} square pyramid are provided by
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four (4-aminophenyl)arsonate ligands each bridging between two V atoms in an O,0’-syn,

syn coordination mode.

The V-O bond lengths are indicative of the oxidation state of the V centres. Using bond
valence sum analysis (BVSA — see appendix 1), the oxidation state of V(1) was calculated to
be oxidation state +V (Table 2.1). The bond lengths between V(1) and the u3-O” ligands
O(1), O(2), O(3), O(4) vary between 1.871(2) — 1.879(2) A and the terminal V(1)=Oerm bond
is 1.602(1) A long. The peripheral vanadium ions V(2), V(3), V(4) and V(5) are calculated to
be in oxidation state +IV (Table 2.1) which correlates to a lengthening of the bond distances
of these metal centres to the 13-O% oxygen donors. These V-O distances range between
1.952(2) — 1.973(2) A. The bond distances between these V centres and the ligand O donors
of the organic ligands vary between 1.956(2) — 1.976(3) A whilst all terminal V=0 bond

distances are almost identical and vary between 1.601(2) — 1.606(2) A.

Table 2.1 — Bond sum valence analysis for 1
V & O sites Bond Valence Sum (BVS) | Assigned Oxidation State
V(1) 5:019 +5
V(2) 4.125 +4
V(3) 4.064 +4
V(4) 4.067 +4
V(5) 4.101 +4
140 (1) (2) 3) () 2.031-2.092 2
4-0 (9) (11) (12) (13) (15) (16) (18) (19) | 1.761-1.842 )
Orerminat (3)(6)(7)(8)(32) 1.618:1.722 1]

The polyoxovanadate cluster carries an overall charge of —5 which is compensated by five
sodium counter-ions. All of these counter-ions are partially hydrated and display highly

distorted octahedral coordination spheres.
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Figure 2.3 — (a) The anionic cluster core with four of the charge balancing sodium ions. The fifth
isolated solvated sodium ion, the aromatic rings and the non-bridging oxygen of the arsonate ligand
have been removed for clarity. The dashed line represents the polymeric structure involving sodium
ions. (b) The packing diagram of 1 with a view in the direction of the crystallographic a-axis. (c) A
polyhedral representation of the mixed-valent pentanuclear units as viewed in the direction of the
crystallographic c-axis; the vanadium pentanuclear core are represent by vanadium polyhedra.
Colour code: V green, Na yellow, As orange, O red, N blue, C black, H white.

Two of these sodium counter-ions, Na(2) and Na(5) coordinate to opposite sides of the rim of
the complex through the arsonate donor atoms O(11), O(12), O(15) and O(18) (Fig. 2.2b).
These arsonate functionalities provide bi-dentate binding sites for the sodium ions. Na(2)
further connects through two H,O molecules to Na(3) which itself links to Na(4) through two

further H,O molecules. The resulting distorted octahedra share common edges. Na(5), whose
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coordination sphere comprises of a DMF molecule binds through a bridging H,O molecule to
Na(4) and symmetry equivalents (Fig. 2.3a). This bridging motif results in a 1-D chain
structure of sodium ions that connect the vanadium complexes and these chains are aligned
parallel to crystallographic a-axis. An additional sodium Na(1) counter-ion is fully hydrated
and is disordered over two positions. It is not connected to the 1-D chain assembly. Within
the crystal structure, the solvated sodium ions link the clusters forming areas with demarked
hydrophilic boundaries (Fig. 2.3b). The sodium counter-ions are located in the ab plane of the
crystal structure as shown in Fig. 2.3c. The intermolecular distances of the N atoms of the
amine groups to the terminal V=0 oxygen atoms range between 3.125(2) to 3.292(4) A and

are in agreement with weak H-bonds.!*”!

2.2.3 Further solid state characterisation of 1: Thermogravimetric analysis

and Infrared spectroscopy

- Infrared spectroscopy

Before the crystal structure of 1 was determined by X-ray diffraction, the compound was
characterised by infrared spectroscopy (Fig. 2.4). To identify new compounds, infrared
spectroscopy proved to be a powerful tool in distinguishing unfunctionalised purely inorganic
polyoxovanadate clusters from functionalised clusters. The preparation method for 1 was
found to be sensitive to the pH range in which the reaction was carried out. A subtle
difference in the pH can lead to the formation of the [V13042]9' cluster which has previously

been reported in the literature.!””
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Figure 2.4 —Infrared spectroscopy of 1 (red solid line) compared with the (4-aminophenyl)arsonic
ligand (blue dashed line); a complete IR spectrum of 1 can found in the appendix 2.

Observation of characteristic ligand stretches allowed us to identify the functionalised
product. Such characteristic stretches of the organoarsonate ligands include signals at 1090
em’ (m, v, As-C) and 824 cm’! (s, v, As—O).[46‘ 7l Other stretches that were observed appear
at 1650 cm™', 1630 cm™ (s, v, C=0 {DMF}; 8, HOH {H,0}), 1504 cm™ (m, v, C=C), 1313
cem™ (w-m, v, C-N) and 782 cm™ (s, v, V-O-V/V-0-As). Stretches relating to (v NH;) and (va
NH,) of the aromatic ligand were not located as they were predicted to reside in the same
region as the strong O-H stretches due to water molecules of crystallisation. Stretches for
V=0 terminal oxygen bonds appeared for 1 at 998 cm™ and 977 cm™ respectively and

correspond with those reported in literature for similar compounds.™ %)

-Thermogravimetric analysis

The stability of freshly prepared crystals of 1 was investigated by thermogravimetric analysis

in a temperature range of 30 — 900°C in air (Fig. 2.5). A broad step between ca. 30 °C and
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315 °C (17.7%) corresponds to the loss of constitution water and DMF solvent molecules.
Total oxidation of the organic ligand starting at ca. 314 °C destroys the cluster in 1. An
oxidation at this temperature is in agreement with reported oxidative degradations of

[85

organoarsonate ligands.®® A further thermogravimetric step between ca. 390 °C and 545 °C

is expected to result in an oxide formation.
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Figure 2.5 — The solid state characterisation of 1: thermogravimetric analysis carried out under in air.
The derivative of the TGA curve was calculated and the derivative curve is represented as a red dashed
line.

2.2.4 Solution characterisation of 1: Mass spectrometry, NMR and UV-vis

spectroscopy

-Mass spectrometry

Compound 1 was found to dissolve and be stable in polar solvents such as DMSO or DMF. A
solution of 1 was prepared in DMSO and the sample was analysed using time of flight mass
spectrometry in the negative mode (ES-MS). The mass spectrum recorded for 1 (see Fig. 2.6a

and appendix 2) contains a wide spread of defragmentation peaks as well as peaks matching
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to the molecular mass of the compound. A molecular weight signal m/z = 1262.4670 was
modelled to correspond to the negatively ionised cluster in 1, (appendix 2). The highest
intensity peak measured corresponds to the arsonate ligand, which has a molecular mass of
216.9596 g mol” (M", m/z = 215.9632).
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Figure 2.6 — The characterisation of 1 in solution. (a) Mass spectrum of 1 in DMSO utilising TOF-
MS spectrometry. Complete mass spectra (see appendix 2). (b) The UV-vis spectrum of a | mM
solution of 1 in DMSO.

-NMR

The spectrum of 1 in deuterated DMSO is in agreement with the crystallographically
determined structure. However, 1 degrades within a few days, liberating free ligand. The
spectrum for 1 exhibits resonance shifts at 9.99 ppm (br, 8H), 7.19 ppm (s, 8H) and 5.49 ppm
(s, 8H) with an integration of the peaks corresponding to a 1:1:1 ratio (see appendix 2 for
NMR spectrum of 1). Two of the most upfield peaks were assigned to the protons on the
aromatic rings of the ligand of the complex. The broad downfield peak was assigned to the
protons of the amines. This broad downfield peak is also observed for the free ligand in
DMSO. The broadening of the peaks in the NMR spectrum of 1 is a result of the

paramagnetic vanadium(IV) ions.
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-UV-vis spectroscopy

A solution of 1 was prepared in DMSO and the UV-vis spectrum was measured (Fig. 2.6b).
An absorption at 395 nm is observed and is due to a intensive charge transfer in the near UV
region (m(O) — d(V)). (48] A much weaker broad absorbance due to the d-d transitions is
observed at 701 nm (¢ = 577.3 L.mol'cm™) with a small shoulder at 600 nm (¢ = 518.8

L.mo]']cm']) due to an intervalence charge transfer.[%4%
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Table 2.2 — Crystal data and structure refinement for 1.

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 = 28.32°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. peak and hole

Compound 1

C33 Hgs Ass N7 Nas Ous.50 Vs
1962.42 g mol”
150(2) K

0.71073 A
Triclinic

E
a=13.9310(16) A a = 82.657(2)°.
b=15.1369(17) A B =78.338(2)°.
c=17.502(2) A y = 88.612(2)°.
3584.8(7) A3

2

1.818 Mg/m3

2.593 mm-!
1982

0.1 x 0.1 x 0.2 mm3

1.20 to 28.32°.

-18<=h<=18, -20<=k<=20, -23<=]<=23
50501

17776 [R(int) = 0.0776]

99.6 %

Full-matrix least-squares on F2

17776 /57 /1026

0.807
R; =0.0339, wR, = 0.0887
R; =0.0421, wR, = 0.0959

2.280 and -0.891 e.A-3
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2.3 Synthesis of a mixed-valent vanadium(V'/V") pentanuclear

complex incorporating (4-carboxylphenyl)arsonic acid

2.3.1 The synthesis of Nag[V504(0;AsCcH4-4-COQO),]:6DMF-27H,0 (2)

The mixed-valent pentanuclear structure of Nag[Vs0¢(O3AsCcHs-4-COO)4]-6DMF-27H,0
(2) was synthesised using the same experimental procedure that led to the formation of 1
(Fig. 2.7). However the ligand, (4-aminophenyl)arsonic acid, was replaced by the
corresponding molar equivalents of (4-carboxylphenyl)arsonic acid (Fig. 1.19) during the
synthesis. Hydrazine monohydrate was again used as the reducing agent and the pH was
adjusted to pH 7.3 using concentrated hydrochloric acid. After several days, dark green block
crystals were collected and the structure was determined using single crystal X-ray

diffraction.

2.3.2 The structural characterisation of Nao[VsOy¢(O3AsCcH4-4-COO)y):

6DMF-27H,0 (2)

The structure solves in the monoclinic space group, P2,/c. The pentanuclear mixed-valent
cluster core in 2 is very similar to that in 1. Again the typical convex mixed-valent {V"O(u;-
0);VV,01,} unit is observed with each of the four fully deprotonated (4-
carboxylphenyl)arsonic acid ligands bridging between two V atoms in an O,0’-syn, syn
coordination mode. The inclusion of a carboxylic acid functionality does not hamper the self-
assembly of this arsonate-vanadium hybrid core structure. The central V(1) is in oxidation

state +5 as calculated using BVSA (Table 2.3) and the bond lengths between the V(1) ion and
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the /13-02' ligands O(1), O(2), O(3), O(4) vary between 1.867(1) —1.883(1) A and the terminal

V(1)=Oyerm bond is 1.633(1) A long.

b)

Figure 2.7 — (a) A ball and stick representation of the anionic core [V509(03A5C6H4-4—COO)4]°’
viewed along the crystallographic c-axis. (b) A side on view of the anionic core as viewed along the
crystallographic b-axis. Colour code: V green, As orange, O red, N blue, C black, H white.

The peripheral vanadium ions V(2), V(3), V(4) and V(5) are again found to be in oxidation
state +IV. Their V-O distances range between from 1.941(1) to 2.001(1) A and are again
slightly longer when compared to those in 1. The bond distances between these V centres and
the arsonate O-donors vary between 1.958(1) — 1.990(1) A; the terminal V=0 bond distances

are shorter varying between 1.608(1) — 1.615(1) A when compared with 1.

Table 2.3 — Bond sum valence analysis for 2
V site BVS Assigned O.S.
V(1) 5.089 +5
V(2) 4.022 +4
V(3) 4.030 +4
V(4) 4.032 4
V(5) 4.069 +4
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The deprotonation of the carboxylic acid functionality at the crystallising pH value infers an
extra —4 charge on the cluster in 2. The resulting overall -9 charge is compensated by nine
solvated sodium ions. These solvated sodium ions form a layer between the anionic clusters
to give a lamellar structure in which undulated organic and inorganic areas are separated

when viewed in the direction of the crystallographic a-axis (Fig. 2.8b).

As discussed in section 2.2.2, the rim of the pentanuclear core offers bi-dentate binding sites

for the sodium counter-ions. In 2, all four of these binding sites are occupied by sodium ions.

a)

Figure 2.8 — (a) A ball and stick representation of two anionic clusters of 2 showing the coordinated
sodium counter-ions sandwiched between these two pentanuclear core structures. (b) A polyhedral
representation of these cores when viewed in the direction of the crystallographic a-axis Colour code:
V green, Na yellow, As orange, O red, N blue, C black, H white.

An inversion centre generates four symmetric equivalent neighbour sodium ions that bind to
the latter sodium ions through u;-bridging water molecules and bind to the rim of a
symmetrically equivalent pentanuclear core. Eight sodium ions make up a small layer that is
sandwiched between two pentanuclear clusters (Fig. 2.8a). The remaining sodium ions are
further linked through to these sodium ions, bridged by the carboxylate functional groups,

DMF and water molecules. The DMF molecules bind to the sodium ions so that undulated.
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inorganic-organic layers result and these layers are arranged parallel to the ab plane. The
carboxylate functionalities of the organic ligands straddle the organic layers and connect the

hydrophilic areas, which contain the sodium and vanadium ions.

2.3.3 Further solid state characterisation of 2: Thermogravimetric analysis

and Infrared spectroscepy

a) b)
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Figure 2.9 — The solid state characterisation of 2. (a) Thermogravimetric analysis carried out in
an air atmosphere. (b) An infrared spectrum of 2 (solid line) compared with that of the (4-
carboxylphenyl)arsonic acid (dashed line) — full spectrum in appendix 2.

-Thermogravimetric analysis

A thermogravimetric analysis was carried out on 2 in a temperature range between 30°C to
900°C (Fig. 2.9a) in an air atmosphere. When the derivative of the TGA curve of 2 is
calculated, three major weight loss events are observed centred at 75°C, 330°C and 500°C.
The weight loss between 30°C and 200°C is associated with the loss of crystallisation water
molecules and DMF molecules (22%). The thermogravimetric steps centred at 330°C and

500°C 1s expected to be associated with the ligand undergoing degradation in two
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decomposition steps leading to the destruction of the cluster (6.25%, 12.43%). The formation

of a stable inorganic phase is observed at 530°C.
- Infrared spectroscopy

An infrared spectrum of 2 was recorded (Fig. 2.9b) prior to the structure determination by
single crystal X-ray diffraction. Notable stretches observed include signals at 1095 cm™ (s, v,
As-C), 996 cm™ (VIV=0), 986 cm™ (V¥=0), 831 cm™ (s, v, As-O) and 793 cm™’ (s, v, V-O-
V/V-0-As).*" 41 The carbonyl stretch is present in the infrared spectrum of (4-
carboxylphenyl)arsonic acid at 1684 em™ (vs, v, C=0) and in the complex at 1652 cm’'(vs, v,
C=0)." ¥ However, there is an underlying but not distinct carbonyl stretch present due to
the presence of DMF solvent molecules in 2. A broad signal at 3470 cm™ can be attributed to

OH stretches of the solvent water molecules (full spectrum in appendix 2).

2.3.4 Solution characterisation of 2: UV-vis spectroscopy

- UV-vis spectroscopy

Compound 2 only partially dissolves in pure DMSO and its UV-vis spectrum was recorded in
a deoxygenated DMSO/water mixture. The resulting spectrum, shown in Fig. 2.10 is very
similar to that of 1. The spectrum is characterised by a broad absorption in the near UV
region, while much weaker broad absorbencies occur due to the d(V)-d(V) transitions at 714
nm (¢ = 320.6 L.mol’lcm‘l). A small shoulder at 604 nm (¢ = 259.3 L.mol'lcm'l) can be
attributed to intervalence charge transfers."® *? The UV-vis spectrum suggests that the
compound is stable under these experimental conditions. However in pure H,O, 2 seemed to

decompose: the absorptions due to the d(V)-d(V) transitions shift to 731 nm (¢ = 634.7
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L.mol'em™) whilst the intervalence charge transfer absorptions undergo a blue shift to 575

nm (e = 559.6 L.mol'ecm™).
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Figure 2.10 — UV-Vis spectrum of 2 in a deoxygenated DMSO/H,0 (9:1 w:w) mixture (ImM).
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Table 2.4 — Crystal data and structure refinement for 2.

Identification code Compound 2

Empirical formula Ca6 He1 Ass Ng Nag Ogr Vs

Formula weight 2451.30 g mol™*

Temperature 1502) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/n

Unit cell dimensions a=18.026(4) A g =90°
b=23.202(5) A B=121.29(2)°.
c=2631209) A v = 90°.

Volume 9404(4) A3

Z 4

Density (calculated) 1.731 Mg/m3

Absorption coefficient 2.026 mm-!

F(000) 4884

Crystal size 0.2x0.2x 0.1 mm3

Theta range for data collection 1.26 to 25.00°.

Index ranges -21<=h<=21, -27<=k<=27, -25<=1<=31

Reflections collected 73662

Independent reflections 16358 [R(int) = 0.0505]

Completeness to theta = 25.00° 98.8 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 16358 /0/ 1201

Goodness-of-fit on F2 1:159

Final R indices [I>2sigma(I)] R; =0.0883, wR, =0.2815

R indices (all data) R;=0.1221, wR, =0.3568

Largest diff. peak and hole 3.126 and -4.386 e.A-3
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2.4 Synthesis of a mixed-valent vanadium(VW/VV) pentanuclear

complex incorporating (4-hydroxyphenyl)arsonic acid

2.4.1 The synthesis of Nas[Vs0(0;AsCsH-4-OH),]-17.5H,0-5DMF (3)

Compound 3, Nas[Vs09(03AsCsHy-4-OH),]- 17.5H,0-SDMF, was synthesised in a similar
synthetic manner to 1. Sodium metavanadate was partially reduced in the presence of (4-
hydroxyphenyl)arsonic acid in a water/DMF solution using hydrazine hydrate. A dark black
green solution resulted upon reduction of the vandate at pH 7.2 and black green cube shaped
crystals where observed after two weeks. These crystals became opaque due to the loss of
solvents molecules when left outside the mother solution at room temperature for several

days.

2.4.2 The structural characterisation of Nas[Vs50¢(0;AsCsH4-4-OH),]

-17.5H,0-5DMF (3)

Nas[V50¢(C3AsCecHs-4-OH)4)- 17.5H,0-5SDMF (3), crystallises in an orthorhombic space
group, Pnn2, as opposed to lower symmetry groups observed for 1 and 2. Similarly to 1 and
2, 3 contains the mixed-valent pentanuclear {V'O(u3-0);V' 4012} core with four (4-
hydroxyphenyl)arsonate ligands each bridging between two V atoms in an O,0’-syn, syn
coordination mode. The asymmetric unit consists of three vanadium centres and the complete
pentanuclear unit is generated by a C, symmetry operation (Fig. 2.11). Bond valence sum
analysis was again used to calculate the oxidation states (Table 2.5). The central V(1) was
found to be in oxidation state +V with bond lengths between V(1) ions and the x 20" ligands

O(1) and O(2), to be 1.866(5) and 1.885(5) A and the terminal V(1)=Oerm bond is 1.619(8) A

62



long (Fig. 2.11b). The peripheral vanadium ions V(2) and V(3) are calculated to be in

oxidation state +1V which is consistent with the clusters in 1 and 2.

Figure 2.11 — (a) A ball and stick representation of the hybrid polyoxovanadate core as viewed along
the crystallographic b-axis. (b) The plan view of the pentanuclear cluster as viewed along the
crystallographic c-axis. Colour code: V green, As orange, O red, N blue, C black.

The range for these V-u3-O distances is 1.941(1) — 2.001(1) A. The bond distances between

these V centres and the organic ligand O donors vary between 1.967(6) — 2.009(6) A whilst

the terminal V=0 bond distances range between 1.606(6) — 1.612(6) A.

Table 2.5 — Bond sum valance analysis for 3

V site BVS Assigned O.S.
V(1) 3.961 +4
V(2) 4.072 +4
V(3) 4.882 +5
430 (1) (2) 2.066, 2.064 2
4-0 (6) (7) (10) (11) 1.830 - 1.928 2
Oerminal (8)(9) 1.575,1.731 )
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The hydroxy functions of the organic ligands remain protonated and the mixed-valent
pentanuclear cluster has an overall charge of —5, which is compensated by five solvated
sodium ions. Four of these solvated sodium ions coordinate to the rim of the pentanuclear

structure in a fashion that was also observed in 2 (Fig. 2.12a, Fig. 2.12c¢).

a)

017

045 &1 &1

045 017

Figure 2.13 — (a) A ball and stick representation of the Nas[VsOy(O3;AsC¢Hs-4-OH),] in 3. Na(5) is
disordered over two positions and situated in the centre of the rim of the pentanuclear cluster; (b) A
perspective view of the resulting channels in 3 viewed along the crystallographic a-axis. The solvent
molecules in the channels have been omitted for clarity. (¢c) A grey wire frame representation of the
pentanuclear anionic cluster of 3. (d) The nature of the connectivity of the sodium counter-ions
between neighbouring pentanuclear units is shown. Disordered water molecules have been omitted
for clarity. (V, As and Na atoms are shown in polyhedral presentation in (b). Colour code: V green,
As orange, Na yellow, O red, N blue, C black, H white).
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The fifth isolated sodium ion Na(5) is disordered over two locations (Na5(i), Na5(ii)) located
in the centre of the rim comprised of the other four bound sodium ions. The hydroxy groups
of the organic ligands point in the direction of the V=0 tips and bind to sodium counter-ions
associated with a neighbouring cluster. The connectivity of the pentanuclear clusters is
demonstrated in Fig. 2.12¢ & 2.12d. The sodium counter-ion Na(l) and its symmetry
equivalents can be considered to have distorted octahedral coordination spheres. Two
coordination sites of Na(1) are bound to the rim of the anionic vanadium cluster of 3 (Fig.
2.13c¢), whilst two frans coordination sites are bound by the hydroxy functional groups, O(17)
0(45), of the adjacent neighbouring clusters (Fig. 2.12d). Two water molecules complete the
coordination sphere of Na(1). This arrangement results in an open-framework structure in
which solvent molecules are contained within channels that run in the direction of the
crystallographic a-axis (Fig. 2.12b). Due to the large number of disordered solvent molecules
contained in the channels of 3, it was deemed appropriate to use the program SQUEEZE in
order to model the structure.”” It was noted from the CHN analysis (see 6.3.3) that 3 is most
likely to contain three additional DMF molecules in its structure. Due to their disorder, we

were not able to locate and refine these molecules.

2.4.3 Further solid state characterisation of 3: Thermogravimetric analysis

and Infrared spectroscopy

- Thermogravimetric analysis

A TGA was carried out on the crystalline solid of 3 (Fig. 2.13a). The TGA analysis is
comparable with that of 1 and 2. The first broad weight loss is observed between 30°C to ca.
290°C. This weight loss corresponds to the loss of the crystallisation water molecules and

DMF molecuies (16.53%). A small weight loss centred at ca. 334°C is attributed to initial
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decomposition of the organic ligands incorporated in the complex (5.31%) followed by a

much larger weight loss (34.4%) at ca. 358 °C. An oxide formation is presumed to occur at

542 °C.
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Figure 2.13 — Solid state characterisation of 3. (a) TGA analysis of the crystalline powder of 3. (b)
The infrared spectrum of 3 (red) compared with the infrared spectrum of the starting arsonate ligand
(blue dashed).

- Infrared spectroscopy

The infrared spectrum of 3 (Fig. 2.13b) is very similar to that of 1 and 2. Notably, stretches
include signals at 1096 cm™ (s, v, As-C), 1002 cm™ (V"V=0), 986 cm™ (V¥=0), 831 cm' (s,
v, As-O) and 791 cm’! (s, v, V-O-V/V-0-As). Stretches that appear both in the ligand and in
the complex are thought to originate from the aromatic C=C bonds which characteristically
appear in the region of 1440-1625 cm’! {m, v, 1389 cm']; m, v, 1430 cm'l; m, v, 1439 cm'];

m, v, 1491 cm'l} for 3.1%%
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2.4.4 Solution characterisation of 3: Mass spectrometry and UV-vis

spectroscopy

-Mass spectrometry

Compound 3 was dissolved in a DMSO and a mass spectrum was recorded (appendix 2 and
Fig. 2.14a). The deprotonated (4-hydroxyphenyl)arsonate ligand is observed at m/z =
216.9350 (AsO3HC¢H4OH"). A fragmentation of the ligand is also observed whereby a water
molecule is lost to give a molecular formula of [AsO3;C¢Hs]” (m/z = 198.9380). An intense
signal at m/z = 1266.3 is observed and modelled to correspond to the anionic complex of 3

with a molecular formula of H4[V5As40,5Co4Ha4] (appendix 2).

a) b)
2000.00 G5
1800.00 | 0.445
1600.00 | Za8 \
: 0.395
1400.00 | \\
= 1266.29 v
~ 1200.00 | §" 45 4 \
£1000.00 | £ 0295 4\ ——
Z E ——
2 800.00 | R ok | \
i 1267.30 0.195 - %
400.00 +—— O i N \ /
1268.26 0.145 1
200.00 PO}
0.00 0.095 - ;

7 5
114000 119000 1240.00 129000  1340.00 Gl 200 i 7 o

: Wavelengt
M Z (negative mode) it )

Figure 2.14 — The characterisation of 3 in solution. (a) Mass spectrum of 3 in DMSO. (b) UV-Vis
spectroscopy of 1 mM solution of 3 in a deaerated DMSO solution.

-UV-vis spectroscopy

The UV-vis spectrum for 3 in DMSO is very similar to that of the UV-vis spectra of 1 and 2.
The solution of 3 displays the typically strong n(O) — d(V) charge transfer absorption in the
near UV region. A weaker broad absorbence due to the d(V)-d(V) transitions is observed at

704 nm whilst a shoulder at 605 nm is the result of an intervalence charge transfer effect (Fig.
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4.14b). The aqueous solution of 3 shows very low intensity absorbances in the visible region
when compared to a DMSO solution of 3 with an equivalent molar concentration (see
appendix 2). This is consistent with the decomposition of 3 in aqueous solutions which has

similarly been observed for 2.
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Table 2.6 — Crystal data and structure refinement for 3.

Identification code Compound 3

Empirical formula Co4 Hig Ass Nas O33 Vs

Formula weight 1501.70 g mol™

Temperature 150(2) K

Wavelength 0.71070 A

Crystal system Orthorhombic

Space group Pnn2

Unit cell dimensions a=14.512(7) A o =90°.
b=122.664(12) A B =90°.
c=13.699(8) A v =90°.

Volume 4506(4) A3

Z 2

Density (calculated) 1.107 Mg/m3

Absorption coefficient 2.034 mm-!

F(000) 1452

Crystal size 0.35x 0.3 x 0.15 mm?3

Theta range for data collection 2.23 to 25.00°.

Index ranges -17<=h<=12, -23<=k<=26, -16<=1<=16

Reflections collected 19183

Independent reflections 7712 [R(int) = 0.0541]

Completeness to theta = 25.00° 99.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7712/1/312

Goodness-of-fit on F2 1.027

Final R indices [[>2sigma(])] R; =0.0645, wR, =0.1685

R indices (all data) R, =0.0754, wR, =0.1769

Largest diff. peak and hole 0.609 and -0.547 e.A-3
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2.5 Synthesis of a mixed-valent vanadium(V'V/VV) pentanuclear
complex incorporating (3-acetamido-4-hydroxyphenyl)arsonic

acid

2:5:1 The synthesis of Na;s[V509(03;AsC¢H4-3-NHCOCH;-4-

OH),]- 19H,0-3DMF (4)

Nas[Vs509(03AsCsHs-3-NHCOCH;-4-OH)4]- 19H,0-3DMF (4) was synthesised in the same
synthetic manner as 3. Sodium metavanadate was partially reduced with hydrazine hydrate in
the presence of (3-acetamido-4-hydroxyphenyl)arsonic acid in a water/DMF solution. A dark
black green solution resulted upon reduction at pH 7.2 and dark green cube shaped crystals
where observed after a week. The crystals of 4 were more robust than those of 3. The crystals
did not become opaque when removed from the mother liquor due to the loss of solvents

molecules, as was the case for crystals of 3.

2.5.2 The structural characterisation of Nas[Vs04(0;AsC¢H;-3-NHCOCH;-

4-OH),]:19H,0-3DMF (4)

Compound 4, Nas[Vs09(0O3AsC¢Hs-3-NHCOCH;3-4-OH)4]- 19H,0-3DMEF, crystallises in the
orthorhombic space group, /mm?2, a higher symmetry group than that of the crystal structure
of 3. Similarly to 3, this hybrid cluster contains five vanadium ions, each with a square
pyramidal coordination sphere. The central pyramid again shares common edges with its four
surrounding {V'VOs} polyhedra to give the typical convex mixed-valent {V'O(us-
0):V"V4015} unit. In contrast to 3, the two O donors from each {V'VOs} peripheral square

pyramid are provided by four (3-acetamido-4-hydroxyphenyl)arsonate ligands. Again, each
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of these ligands bridges between two V atoms in an O,0’-syn, syn coordination mode (Fig

2.15).

Although the cluster core structure in 4 can be unambiguously resolved, the organic ligands
were found to be highly disordered and a detailed location and refinement of the atoms was
unattainable. It was noted that especially the flexible mera positioned amide side chains of the

arsonic acid ligand were highly disordered.

a)

b)

Figure 2.15 — (a) A ball and stick representation of the mixed-valent anionic core of 4 as viewed
along the crystallographic b-axis. (b) The anionic core structure of 4 as viewed along the
crystallographic c-axis. The amide functional groups are disordered over several positions as are the
aromatic rings. Disordered atom positions have been deleted for clarity. Colour code: V green, As
orange, O red, N blue, C black.
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The phenomenon of disordered phenylarsonate ligands is well documented to hamper

detailed structural analyses in comparable functionalised polyoxovanadate clusters.[*%)

As previously discussed, bond valence sum analysis was used to calculate the oxidation states
(see Table 2.7). The central V(1) was found to be in oxidation state +V with bond lengths
between V(1) ions and the ,ug-Oz' ligands O(1), O(2), O(3), O(4) to vary between 1.867(1) —
1.883(1) A and the terminal V(1)=O¢em bond was found to be 1.633(1) A long (Fig. 2.16a
and 2.16b). The peripheral vanadium ions V(2), V(3), V(4) and V(5) are calculated to be in
oxidation state +IV. These V-O distances range between 1.941(1) A and 2.001(1) A. The
bond distances between these V centres and the organoarsonate ligand O donors vary
between 1.958(1) — 1.990(1) A whilst the terminal V=0 bond distances vary between

1.608(1) — 1.615(1) A.

Table 2.7 — Bond sum valance analysis for 4
V & O site Bond Valence Sum analysis Assigned Oxidation State
Vi 3.961 +4
V2 4.072 +4
V3 4.882 +5
43-0 (1) (2) 2.066,2.064 -2
-0 (6) (7) (10) (11) 1.830 — 1.928 2
Orerminat (8)(9) 1.575,1.731 -2

The charge of the mixed-valent pentanuclear polyoxovanadate is compensated by five
solvated sodium ions suggesting that the hydroxy functions of the organic ligands remain
protonated. This observation is in agreement with the structure determination of 3 and applied
synthetic conditions. Despite the disorder in the structure of 4, four solvated sodium counter-
ions were clearly located. These coordinate to the rim of the inorganic calyx structure (Fig.

2.16a) A fifth solvated sodium counter-ion appears to be disordered over two locations and
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was located above the bowl-shaped cluster. A similar position was also occupied by a sodium
counter-ion in 3. The hydroxy groups O(16) and its symmetry equivalents extending from the
exterior tips of the organoarsonate ligands of the complex coordinate to the rim-bound
sodium counter-ions of neighbouring pentanuclear structures (Fig. 2.16b). This connectivity

mode was also observed in 3.

a) b)

016 016

Figure 2.16 — (a) A wire frame representation of the anionic cluster core of 4 with the rim bound
sodium counter-ions highlighted. (b) Highlighting the connectivity of the sodium counter-ion Na(1)
which bridges between neighbouring clusters. (¢) A polyhedral representation of the pentanuclear
core with coordinating sodium counter-ions as viewed in the crystallographic c-axis. (d) A
perspective view of the channels in crystal structure of 4 as viewed along the crystallographic g-axis.
The disordered side chains, disordered aromatic ring atoms and disordered solvent molecules have
been removed for clarity. Colour code: V green, As orange, Na yellow, O red, N blue, C black;
Polyhedral representations: V green, Na yellow, As orange.
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The arrangement results in an open framework structure in which solvent molecules reside in
channels and these channels extend along the crystallographic a-axis (Fig. 2.16d). The meta-
positioned amide groups of the arsonates seem to provide the walls of the solvent channels
(Fig. 2.16¢). Due to the large number of disordered solvent molecules contained in the
channel of 4 it was deemed appropriate to use the program SQUEEZE in order to model the

structure.”” The molecular formula was assigned using the results of the CHN analysis.

2.5.3 Further solid state characterisation of 4: Thermogravimetric analysis,

Infrared spectroscopy and BET surface area analysis
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Figure 2.17 — Solid state characterisation of 4. (a) TGA analysis of 4; TGA analysis (blue line),
derivation of the TGA curve (red dashed line). (b) Infrared spectrum of 4 (red solid line) and infrared
spectrum of the organoarsonate ligand (blue dashed line).

-Thermogravimetric analysis

A TGA of 4 was performed in a temperature range between 30 °C and 900 °C in air (Fig.
2.17a). Three major events were observed in the temperature range between 30 °C and ca.

310 °C corresponding to loss of the crystallisation water molecules and DMF molecules
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(22.7%). The fourth weight loss centred at 338 °C is presumed to correspond to the start of
the decomposition of the complex and is associated with the loss of the hydroxy groups and
the amide side chains from the aromatic organoarsonate ligands (12.2%). A subsequent
weight loss observed between 476 °C and 635 °C results from the oxidative degradation of
the remaining carbon atoms of the aromatic rings of the ligands (13.8%) as well as from the

decomposition of the arsonate functionality.

-Infrared spectroscopy

Infrared spectroscopy was again utilised as a tool to determine the inclusion of the arsonate
ligand as supported by the characteristic stretches of (3-acetamido-4-hydroxyphenyl)arsonic
acid (Fig. 2.17b). Characteristic stretches arising from the aromatic moieties and the amide
groups appear in the region 1400-1600 cm™ (m, v, 1400 cm™'; m, v, 1414 cm™; m, v, 1536
cm"; m, v, 1594 cm']).[gs’ * Additionally observed stretches include 1091 cm’! (As-C), 1003
em’ (VV=0), 985 cm™ (VV=0) and 799 cm™."*® *") The latter signal is related to the V-O-
As/V-O-V bonds within the anionic cluster core. A carbonyl stretch appears at 1654 cm’’
relates to the DMF solvent molecules (s, v, C=O {DMF}) as well to carbonyl stretches due to

the amide functionality on the ligand.

-BET

Compound 4 was heated under vacuum to 30°C for 24 hours. The Brunanuer-Emmett-Teller
(BET) method was used to determine the surface area using nitrogen as the adsorbate at 77K.
The slope was calculated to be 203.381 kg with an intercept at 91.34 kg™'. The correlation

coefficient r was 0.981793 and the C constant was calculated to be 3.227. Using the BET
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equation (appendix 2), the surface area analysis was calculated to be 11.816 m?/g. When the
sample was heated to higher temperatures under vacuum, no reliable BET surface area was

could be determined indicating that the 3-D structure collapses.

2.5.4 Solution characterisation of 4: UV-vis spectroscopy

A 1mM solution of 4 in DMSO was prepared and the solution was characterised by UV-vis
spectroscopy (see appendix 2). The UV-vis spectrum of 4 shows very similar absorptions to
that of the DMSO solutions of 1 — 3. The most notable absorptions in the visible region are a
broad absorption at 703 nm (d-d transitions) and an accompanying shoulder at 603 nm due to
the intervalence charge transfer within the mixed-valent pentanuclear complex. A UV-vis

spectrum of 4 was also recorded in an aqueous solution but it indicated the decomposition of

4.
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Table 2.8 — crystal data and structure refinement for 4.

Identification code Compound 4

Empirical formula C27 Ho Asq Ny soNas Osg.50 Vs

Formula weight 1639.69 g mol™

Temperature 118(2) K

Wavelength 0.71075 A

Crystal system Orthorhombic

Space group Imm2

Unit cell dimensions a=15.314(6) A a =90°.
b =20.284(8) A B =90°.
c=15.268(6) A v = 90°.

Volume 4743(3) A3

Z 2

Density (calculated) 1.169 Mg/m3

Absorption coefficient 1.943 mm-1

F(000) 1583

Crystal size 0.2x 0.2 x 0.2 mm3

Theta range for data collection 1.67 to 24.99°.

Index ranges -18<=h<=10, -16<=k<=24, -17<=I<=18

Reflections collected 10307

Independent reflections 4360 [R(int) = 0.0446]

Completeness to theta = 24.99° 99.1 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4360/1/252

Goodness-of-fit on F2 0.982

Final R indices [[>2sigma(])] R;=0.0730, wR, =0.1919

R indices (all data) R; =0.0855, wR, =0.2033

Largest diff. peak and hole 0.567 and -0.970 ¢.A-3
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2.6 Summary of mixed-valent vanadium(V""/V") pentanuclear

complexes functionalised with organoarsonate ligands

In this chapter, we present four novel mixed-valent organoarsonate functionalised clusters.
The compounds were structurally characterised using single crystal X-ray diffraction and
found to contain the mixed-valent pentanuclear {V'O(u3-0)sV'" 4015} unit. The introduction
of different functional groups in the para position of the arsonate ligand (amine, carboxylate,

hydroxy) does not hamper the self-assembly of this hybrid core structure (Fig. 2.18).

A
B

Figure 2.18 — (a — d) Summary of the anionic mixed-valent pentanuclear complexes stabilised by
aromatic arsonate ligands. Disordered atom positions and hydrogen atoms have been removed for
clarity. Colour code: V green, As orange, O red, N blue, C black.

a)
c)
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UV-vis spectroscopy and mass spectrometry confirm that these compounds are stable in
DMSO solutions. Mass spectra were recorded for 1 — 4 and modelled for the anionic clusters
of 1 and 3. Bond valence sum analysis characterises the oxidation states of the vanadium
ions. Infrared spectroscopy and UV-vis spectroscopy are agreement with the mixed-valent
nature of these compounds.”®® **) Infrared spectroscopy was in addition used as a preliminary

characterisation technique to confirm the incorporation of the organoarsonate ligands.

Our structural analyses demonstrate that the packing arrangements of the anionic clusters in 1
— 4 are strongly influenced by the different functionalising groups in para position to the
arsonate functionality. The hybrid clusters containing peripheral hydroxy groups (3 and 4)
were found to have open framework structures and accordingly, their surface areas were
investigated. However, the BET surface area analyses strongly suggest that the 3-D
arrangements of the anionic clusters in 3 and 4 collapse upon removal of the solvent
molecules. The instability of these compounds to solvent removal can be attributed to weak
intermolecular bonding between the anionic clusters in the packing structure of 3 and 4.
Future work will involve the synthesis of mixed-valent pentanuclear clusters whose
functionalities will enable them to form stronger intermolecular bonds. A promising
candidate for this work is the cluster in 2. Its carboxylate functional group is ideal to

coordinate to other transition metal ions producing stable 3-D frameworks.
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Chapter Three

Assembly of pentanuclear secondary building units

to produce hybrid cages
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3.1 Introduction

The accessibility of the mixed-valent pentanuclear vanadium complex in 1 stabilised by (4-
aminophenyl)arsonic acid in solution, instigated our motivation to exploit this structural motif
for the preparation of hybrid cages. The aim of this chapter is to describe the isolation of
novel nanodimensional hybrid polyoxovanadate cages functionalised by aryl arsonates. These
hybrid polyoxovanadate caged structures are found to have different electronic environments
within their respective cavities and can accommodate anionic guests or neutral solvent
molecules depending on the respective compound. The synthesis of these novel hybrid
polyoxovanadate cages can be procured by influencing the assembly process through slight
perturbations in the reaction conditions, e.g. by changing the pH of the reaction conditions. In
addition to pH changes, we decided to investigate the influence of increasing the

vanadium(I'V): ligand ratio and its consequences on the self-assembly process.

3.2 Synthesis of a vanadium(IV) dodecanuclear cluster

incorporating (4-aminophenyl)arsonic acid

o o | The synthesis of Nay|V1,014(OH)4(H,0)4(03AsC¢Hy-4-

NH,),0]:3DMF- 16H,0 (5)

The novel complex Nay[V2014(OH)s(H20)4(03AsCsHs-4-NH>)10]-: 3DMF- 16H,0 (5) forms
under almost identical reaction conditions to that of 1. However in order to prepare 5, the pH
of the reaction solution was lowered to ca. pH 4.9. From this solution, blue cubic crystals of 5
formed after several hours. The structure of 5 was charcterised using single crystal X-ray

diffraction.
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-UV-vis study of the transformation of the cluster 1 into that of §

Upon decreasing the pH of the reaction system that yielded 1, the characteristic green colour
transforms into a light blue appearance and the crystallisation of § begins within a few hours.
The colour change and the transformation between the clusters in 1 and 5 can be monitored

by UV-vis spectroscopy (Fig. 3.1) allowing us to optimise the formation conditions for 5.

b) c)
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Figure 3.1 — The UV-vis spectra indicating the transformation of the anionic cluster of 1 into that of
5. (a) and (c) concentration dependence of 1 and 5 in DMF/H,0 reaction mixtures, respectively
(arrows indicate increasing concentration). (b) Transformation of the anionic cluster of 1 into that of
5 upon successively reducing the pH of five different reaction mixtures (spectrum 1 pH 7.3 to
spectrum 6, pH = 4.86).

Reaction mixtures of 1 were stepwise acidified from pH 7.30 (green solution) to ca. pH 4.9
(turquoise/blue solution) and UV-Vis spectra were recorded at each different pH (Fig. 3.1b).
The reaction mixtures containing the compounds are clearly disguisable in the visible region
of the spectrum. DMF/H,0 reaction mixtures that produce 1 show absorption maxima at 721,

600 (sh) and 395 nm (Fig. 3.1a) whilst the solution that contains 5§ which forms at pH 5
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displays absorption maxima at 703, 624 and 404 nm (Fig. 3.1c). At this pH, these emerging

bands reach a maximum and 5 separates, phase-pure from the solution.

3.2.2 The structural characterisation of Na4[V,0,4(OH)4(H,0)4(0;AsCcH,-

4-NH,);0]: 3DMF-16H,0 (5)

a)

Figure 3.2 — (a - b) Ball and stick representations of the Nay(H,0),0[V1,012(OH)4(H,0), (O3AsCeHa-
4-NH,)0] cluster in 5 from two different perspectives; hydrogen atoms have been omitted for clarity.
Colour code: V green, Na yellow, As orange, O red, N blue, C black.

Nay[V12014(OH)4(H20)4(03AsCsHs-4-NH») 0] 3DMF- 16H,0 (5) crystallises in the triclinc
space group, P-1. The polyoxometalate cage in 5 contains 12 vanadium atoms, 10 (4-
aminophenyl)arsonate ligands, 14 oxo ligands, 4 hydroxo ligands and four solvated sodium

ions that are incorporated in the framework of the cage and compensate the negative charge
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of the anionic hybrid polyoxovanadate cluster. The structure of the cluster contained within §

can be seen in Fig. 3.2. The core structure is shown in Fig. 3.3.

The cluster can be visualised as the linkage of two ‘calyx’ clusters of 1 via eight arsonate
functionalities and two {O4VW(OH)2VWO4} (Fig. 3.3b) units in which the V ions share a
common edge of their distorted octahedral coordination polyhedra. Within one
{0,V"Y(OH),V"V04} unit the O-donors O(10), O(17), O(19), O(20) opposite to the common
edge are provided by four (4-aminophenyl)arsonate ligands; two of these ligands link to the

same ‘calyx’ rim.

a) ¢)
027
026
d)
b)

027 §20

ve 025 ysg

02 023 017
010 019

029 028

Figure 3.3 — Ball and stick representations of different perspective views of the V-O core structure in
5. (a) The cluster core with a side on view onto the concave {AsO(u>-0),V'";0;,} unit of 5 which is
connected by four arsonate ligands to the two bridging dinuclear units. (b) The central dinuclear
{0,V"Y(OH),V"V0,} bridging unit. (c) A plan view of the cluster core structure. (d) The vanadate
centred mixed-valent pentanuclear cores present in 1 — 4.
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However, the {VVO(;13-O)4VW4012} motif present in 1 is not exactly replicated in 5; instead
of the {VYOs} unit, arsonate groups of the organic ligands extend the apex of the concave
caps of the cage. The structural equivalence of the apical moieties, {As'O4} and {V'O4} can

be explained by valence-bond considerations which predict similar As¥-O and V¥-O bond

lengths.[46]
Table 3.1 — Bond sum valence analysis for 5

V & O sites Bond Valence Sum (BVS) Assigned Oxidation State
V(1) 4.022 +4
V(2) 4.079 +4
V(3) 4.159 +4
V(4) 4.187 +4
V() 4.185 +4
V(6) 4.049 +4
13-0 (1) (3) 4) (5) 2.066-2.092 -2
u-OH (23) (25) 1.191-1.206 -1
Oterminal 1.570-1.722 2

Using bond valence sum analysis, the oxidation states of V(5) and V(6) were calculated to be
+1V. The bond lengths between V(5), V(6) and the x,-hydroxo ligands O(23) and O(25) vary
between 1.968(3) — 1.983(3) A; bond distances between V(5), V(6) and the arsonate oxygen
donors O(10), O(17), O(19), O(20) are in the range of 1.932(5) to 1.982(2) A and the
terminal V(5)=Otm and V(6)=Oym bond lengths are 1.603(2) and 1.610(3) A long,
respectively. The bond lengths between As(5) and /13-02‘ ligands O(1), O(3), O(4), O(5) vary
between 1.801(3) — 1.815(2) A (Fig. 3.3a). Bond valence sum analysis confirms that the
peripheral vanadium ions of the concave capping unit, V(1), V(2), V(3) and V(4) adopt the
oxidation state +IV, the bond distances between these vanadium centres and the /13-02'
ligands range between 1.962(4) — 2.000(3) A. The bond distances between these peripheral V
centres and the peripheral arsonate ligand O donors vary between 1.920(5) — 1.959(5) A

whilst the terminal V=0 bond distances for these ions are 1.596(4) and 1.621(3) A long. The
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calculated bond valence sum and the associated oxidation states of the vanadium and

bridging oxygen atoms within the cluster anion of 5 are shown in Table 3.1.

Figure 3.4 — Different perspective views of the {Nas(H,0)0}[V1,012(OH)4(H,0)4(O3AsCsHs-4-
NH,),0] clusters in the crystal structure of 5. (a) A view of the anionic cluster in the direction of the
crystallographic b-axis; (b) in the [1,1,0] direction; (¢) in the [1,1,1] direction and (d) in the direction
of the crystallographic c-axis. Crystallisation solvent molecules have been omitted for clarity.
Exterior cage dimensions shaded in light blue: approximately 11.8 A x 8.6 A x 8.2 A. Colour code:
V green, Na yellow, As orange, O red, N blue, C black, H white.

It is noted that a polyoxovanadate cluster with a similar core structure has been reported by
Zubieta er al.*®) Differently to the structure reported by Zubieta ef al., the solid state structure

of the cage in 5 is completed and closed by two {O2(H2O)Na(u3-H,0);Na (H,0)O,} units to
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give an overall neutral charge. Within this unit, distorted sodium octahedral coordination
polyhedra share a common face and each of these dinuclear sodium units are linked via two
arsonate O atoms to two vanadium atoms of the opposite concave cap of the cluster (Fig.
3.2b). The cavity of the cluster within the solid state structure of 5 might preferentially
accommodate neutral guests considering that the four incorporated sodium counter-ions ions
neutralise the negative charge on the anionic structure. The approximate dimensionality of
the cavity in the anionic cluster of 5 is characterised by a rectangular arrangement of four
peripheral As atoms in the capping motif with an As-As distance of 5.5 x 5.8 A and a
distance of 5.9 A between the plane of these arsenic atoms in the two respective capping
motifs within the cluster. Within the cavity of the anionic cluster of 5, two symmetry related
water molecules are located at the focal positions of the concave capping motifs. The
interaction distances between the vanadium atoms V(1), V(2), V(3), V(4) and the residing
water molecules vary from 3.146(7) A to 3.476(4) A.

The packing arrangement of the clusters cores in the crystal structure of 5 is shown in Fig.
3.4a — d. The clusters pack in such a way that a relatively open-framework structure results.
The cavities between the clusters are occupied by constitutional water and DMF solvent
molecules. The spacing between the clusters is a result of a rather complicated network of
weak interactions between the H atoms of the amine functionalities and the terminal O atoms
of the V=0 bonds. The weak interaction distances between the donor and acceptor atoms

range from 3.048(17) to 3.432(21) A.
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323 Further solid state characterisation of
Nas[V1,014(OH)4(H,0)4(03AsCsH4-4-NH3) 9] 3DMF-16H,0 (5);

Thermogravimetric analysis and Infrared spectroscopy

- Thermogravimetric analysis

The stability of 5 was investigated by thermogravimetric analysis in air between 30 °C and
900 °C (Fig. 3.5a). A broad step between 25 °C and 200 °C (13.6%) corresponds to the loss
of constitution water molecules, coordinated water molecules and DMF solvent. The
oxidative degradation of the organic ligands above 300 °C (23.6%) destroys the hybrid
cluster. A thermogravimetric step at 565 °C is observed in air and is expected to be associated

with oxide formation.
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Figure 3.5 — (a) Thermogravimetric analysis of 5 in air (blue line) and the derivative of the measured
TGA line (red dashed line). (b) An infrared spectrum of 5.

- Infrared spectroscopy

An infrared spectrum of 5§ was recorded and is shown in Fig. 3.5b. The infrared spectrum of 5
is very similar to that of 1. The characteristic stretches of the (4-aminophenyl)arsonate ligand

are present and include the As-C stretch at 1097 cm™ and the As-O stretch at 898 cm™ .14 #7)
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The stretches at ca. 822 cm’™ originate from {V-O-As} or {V-O-V} units in the cluster core.
These infrared band stretches correspond to those previously reported for polyoxovanadates

(46.47) There is a carbonyl stretch at 1653 cm™ due to the

functionalised with organoarsonates.
DMF molecules present in the structure of 5. A broad band at ca. 3365 cm™' can be attributed
to the water of crystallisation (see appendix 3). There is a band stretch at 985 cm™ due to the
V=0 bond. Similarly to 1, the IR spectrum of 5 reveals bands that originate from the arsonate
ligand and these bands were assigned by comparing the spectrum of (4-aminophenyl)arsonic
acid with that of 5. Stretches ranging between 1440-1625cm™ are related to the aromatic

functionalities of organic ligand.™*

3.24 Characterisation of Nay|V12,014(OH)4(H,0)4(0;AsCsHy-4-
NH3)10]:3DMF-16H,0 (5) in solution; NMR, Mass spectrometry and UV-

vis spectroscopy

- NMR

The cluster of 5 appears to be stable in DMSO. A 'H NMR spectrum was recorded in
deuterated DMSO and four broad peaks were observed. The broadening of the peaks can be
attributed to the paramagnetic nature of the vanadium(IV) metal centres. The four peaks
appear at 10.07 ppm (br, 20H, NH>), 7.71 ppm (br, 4H), 7.05 ppm (br, 16H), 5.67 ppm (br,
20H) and integrate in a 5:1:4:5 ratio which is consistent with the crystallographically
determined structure. The three most upfield peaks were assigned to the aromatic H atoms of
the (4-aminophenyl)arsonate ligand while the most downfield peak was assigned to the amine

H atoms of the organic ligand. The full spectrum can be found in the appendix 3.
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-Mass spectrometry

Compound 5 was dissolved in DMSO and analysed by electrospray mass spectrometry. The
mass spectrum of 5 was measured in the negative ionisation mode and consists of many

defragmentation signals (see appendix 3).
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Figure 3.6 — The characterisation of 5 in solution. (a) Modelled isotopic envelope for

Na4[(H30)2CV,gOl6(OH)2(O3ASC<,H44-NH2)]0]2' m/z = 15894 (top) and electrospray mass
spectrometry in the negative mode of a DMSO solution of 5 (bottom). (b) UV-vis spectroscopy of
1mM solution of 6 in DMSO.

A signal arising from a -2 charged species is observed at m/z = 1571.82 and corresponds to
the deprotonated anionic cluster of 5 with four coordinating sodium counter-ions,
Na4[Vle|6(OH)2(O3ASC6H4-4-NH2)10]2'. A second related signal arising from a -2 charged
species is observed at m/z = 1560.83 and corresponds to the mono-deprotonated anionic
cluster of 5 and three sodium counter-ions, Na3[V12015(OH)3(O3ASC6H4-4-NH2)]0]2'. The
intense signal observed at m/z = 1589.4742 arising from a -2 charged species was modelled
(Fig. 3.6a) and corresponded to the deprotonated anionic cluster of 5 with four sodium
counter-ions and two water molecules, Na4[(H20)2CV12016(0H)2(03ASC6H4-4-NH2)10]2'.
There is also an intense signal at m/z = 1426.58 of a charged species present in the mass

spectrum of 5. Although this signal cannot be assigned, it is thought to be a stable
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defragmentation ion as it appears in the mass spectra of the related compound 7 which will be
discussed later within this chapter. An intense signal at m/z = 215.96 corresponds to the

deprotonated (4-aminophenyl)arsonate ligand and is also observed in the mass spectrum of 1.

-UV-vis spectroscopy

The UV-vis spectrum of 5 was measured in DMSO (Fig. 3.6b). A broad absorption between
400 nm and 480 nm is observed due to the m(O) — d(V) ligand to metal charge transfer
between the (4-aminophenyl)arsonate ligand and the vanadium ions. In the visible region,
two broad absorptions due to d-d transitions are observed at 710nm (e = 789.2 L.mol'cm™)
and 620nm (¢ = 748.0 L.mol'cm™). The UV-vis spectrum of 5 in DMSO is in agreement
with the UV-vis analysis of the reaction mixture when investigating the transformation of 1

into 5 (see 3.2.1).
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Table 3.2 — Crystal data and structure refinement for 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 = 25.57°

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>