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Abstract

It has been a long-sought scientific target for sustainable chemistry to make effective
use of solar energy to drive reactions. Recent research is shining a light on molecular
photocatalysts with versatility and tunable properties. Polyoxometalates (POMs) have
shown great potential as a result of their appealing photo- and electrochemical properties,
as well as their unmatched structural diversity, excellent stability and tunable solubility.
In particular, by removing one or more metal centres, POMs can form lacunary derivatives
which can be further modified and functionalized. However, the photo-activity of POMs
is normally restricted within the UV range and shows little absorption in the visible-
light region of the spectrum. On the other hand, perylene diimide (PDI) dyes are a
class of cheap and stable organic dyes with strong visible light absorption. It is therefore
potentially attractive to tune the inherent properties of POMs with this kind of organic

chromophore to form visible-light-driven photocatalysts.

This report describes a modular design approach for a new inorganic-organic hybrid POM
which studies the optimization the photocatalytic performance of POM under visible light
using a photosensitive ligand system. [PyW ;704 ((P=0)CysH;5,07N,P),| anion was suc-
cessfully synthesised and characterised via NMR, Mass Spectrometry, CHN elemental
analysis, IR, UV-Vis spectrometry, fluorescence emission and electrochemistry. It was
determined that the hybrid POM is successfully obtained and there is photo-driven in-
tramolecular charge transfer from the photoactive organic ligand to the inorganic POM

core.
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1 Introduction

1.1 Polyoxometalates (POMs)

Polyoxometalates (POMs) are an intriguing class of discrete metal-oxide clusters which
are formed from early transition metal (Figure 1.1) cations in their highest oxidation
states. The clusters are bridged to each other or linked by oxo ligands, and oxoanion
heteroatoms often act as template of POMs structures. POMs are normally formed by
oxoanions of transition metals (TMs) self assembling to each other or condensing in an
acidic environment. Common transition-metals forming POMs include V!V-V, Mo"! and
WV and template oxoanions include PO, SiO; and SO/ 123, POMs have diverse

structures, most of them have impressive photoactivity and electronic properties!.
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Figure 1.1: Common metals that can form POMs

POMs occupy a unique position somewhere between meso-scale and nano-scale molecular
materials. In particular, they are highly functionalisable through a range of synthetic

approaches, allowing the properties of the resultant cluster species to be finely tuned by
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controlled modification of the structure and composition of the metal-oxide shell. An
especially attractive approach involves the replacement of one or more metal centres with
organic moieties, yielding organic-inorganic hybrid polyoxometalates species which have
been explored as new photoactive materials for photo- and electro-catalysis!®®l. These
species are of particular interest because it has been shown that organic functionalisa-
tion is a powerful means to both directly tune the electronic structure of the POMI,
whilst adding additional function or properties through the inclusion of select organic

functionalities.

1.1.1 Structure and Classification of POMs

Although there is a large amount of POM structures with various shapes and sizes, they
can be defined by a set of quite straightforward structural concepts. Despite their large
sizes and complicated composition, POMs are mostly assembled by individual metal oxide
polyhedra units, Each unit is composed of a metal atom coordinated to 4 to 7 oxo-ligands,
and can be expressed as [MOy| where x = 4 - 7 (6 is the most common in POM structures)
(Figure 1.2 left). These addenda metal ions in the centre are usually early transition
metals of groups V and VI (such as V, W, Mo) in their highest oxidation states (the
electronic configuration is ether d° or d!). The oxo-ligands act as bridging atoms between

metals and reinforce the structures!®!. The M—O oxo-groups which can link anywhere

‘ [(MO4] Terminal M=0
‘ [MO5]

c [MO6]

Equatorial bridging M-O

0

4 % [MO7] Trans-influenced bridging M-O

Figure 1.2: Left: Possible [MO,| building blocks in POM structures. Right: Main struc-
tural features of the most common [MOg| polyhedra.
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between two to six addenda atoms lead to the multiple metal oxide structures. The
formation of terminal M=O bonds acts as the key to the stability of clusters in many
kinds of octahedral configuration POMs by weakening the opposite vertex oxygen atom
sharing its orbital, resulting in strong thermodynamic counteraction and a displacement
from standard octahedron (Figure 1.2 right). The terminal M=O are shortened and less
nucleophilic and do not tend to form bonds with metal atoms, whilst the bridging M—O
are more nucleophilic which tend to connect the positively charged addenda atoms and
heteroatoms. Further condensation reactions of single units may lead to polymeric metal
oxides, but these typically acid mediated reaction are avoided by basicity of the surface

terminal M=0, as the result of high polarisation of addenda metal towards oxo-ligands.

Another reason of the structural variety of POMs is the formation modes during acid-
mediated condensation of single [MOy| polyhedra. There are three ways distinguished by
the number of oxo-ligands shared by two octahedral units to connect each unit during
polymerisation : corner sharing, edge sharing and face sharing (Figure 1.3). These motifs
are often combined in single anion structures, but the construction is limited by the
Lipscomb Principle!®! which stipulates that no more than two unshared terminal oxo-
ligands should be seen in any polyhedra. Based on this rule that is applicable to all
POM structures, clusters can generally be classified into three types. The POMs only
possessing octahedra with one M=O0 are type I POMs while type II POMs are those only
containing octahedra with two terminal cis-oxo ligands, and type III POMs possess both
kinds of octahedral’! (Figure 1.4). Normally type I and III POMs show reversible redox

chemistry "), Whilst type II POMs are unable to be reduced easily!*.

Corner sharing Edge sharing Face sharing

Figure 1.3: Binding modes of polyhedral units
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Type I Type II Type III

Figure 1.4: Three types of POMs

When POM structure is discussed from the point of view of individual metal oxide poly-
hedra unit, a final important element is heteroatoms which are cationic guests acting as
templating atoms inside the POM core, which are normally p-block or d-block elements.
Due to the trans-effect, the inward facing M=0O bonds are weakened by the strongly po-
larised outward facing terminal oxo-ligands, resulting in space inside POM clusters for a
large range of sizes of heteroatoms. The POMs which contain heteroatoms are defined
as heteropolyoxometalates while isopolyoxometalates refers to those that do not. Some
isopolyoxometalates possess a 6 oxo-ligand instead as templating atom (Figure 1.5)13],

The shape and charge affected by various heteroatoms lead to numerous structures and

properties in POMs.

Isopolyoxometalate [M,O,]™ Heteropolyoxometalate [A,M,O,]™

Figure 1.5: Binding modes of polyhedral units
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There are lots of compounds with various constitutions, sizes and properties which could
be classified as POMs since it is a broad concept (Figure 1.6). However materials defined
as POMs can be categorised by several criterions. The most concise factor is the addenda
metal®| according to which there are polyoxotungstates, polyoxomolybdates, polyoxo-
vanadates and so on'¥. These also show some general trends in redox properties (redox
potential V > Mo > W) and kinetic stability (W > Mo > V). The second classification
depends on whether there is a template heteroatom or not as mentioned in Section 1.1.1.
Heteropolyoxometalates are multiple in quantity and generally show more attractive prop-
erties than isopolyoxometalates!®l. The final way of POM distinction is determined by if
the structure is complete or one or more addenda metal is removed, giving the concept of

plenary and lacunary POMs.

Mo w N
Iso Hetero Iso ______.Eo(‘m LacunaryHeteo | Iso Hetero ; 0 . Hetero
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“Structural Buikding Blocks”: X; Heteroatom

Figure 1.6: Schematic showing the classification of POMs. Figure reproduced from refer-
ence 2.

1.1.2 Synthesis of POMs

Typically, POM clusters are formed in aqueous solution through acid-mediated self-
assembly of individual metal oxyanions (Figure 1.7). Firstly, the tetrahedral [MOy4| unit

is introduced by water soluble oxometalate salts like Na;WO, and NayMoO,, and the
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coordination shell is expanded to form metal hydroxide complexes [MOy(OH),|, which
are subsequently acidified to protonated single oxometalate units that can then undergo a
series of polycondensation reactions leading to the formation of discrete anionic clusters.
Subsequently, suitable counter ions can be used to make the POM precipitate and appro-

priate purifying approaches (decided by the particular synthetic method) are applied.

Numerous synthetic factors can affect the self-assembly processes, including pH, tem-
perature, cation, type and proportion of heteroatoms!*l. Selection of solvent may also
have influence on the reaction. Apart from water, polar organic solvents can also be

d 11617181 - Although there are some reproducible well-established structures, it can

adopte
be a great challenge to speciate new polyoxometalate species due to poor understanding
of self-assembly, making it unrealistic to control these processes by simply changing con-

ditions or combine the synthetic variables!'”). Therefore POM chemistry depends largely

on empirical foundations.

Templates

A:L — 4‘1‘?1,

[MO, ] [MO,J- [M,0,]*

metal oxide-precursors reactive polyoxometalates
metal oxide-fragments

Figure 1.7: General synthesis pathway of POM clusters from monomeric metal oxalate
units to polyoxometalates, adapted from reference 20.

1.1.3 Wells-Dawson and Lacunary Anions

Despite the enormous scope of possible POM structures, they can be described according
to several common structures recognised as archetypal polyoxometalates building blocks!?

(Figure 1.8). The archetypal clusters appear commonly as recognisable moieties owing to
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their structural stability. Usually they are referred to by the name of who first reported
the structure, such as the Lindqvist structure®!], the Anderson-Evans structure[??, the

Keggin structure®! and the Wells-Dawson structure!?4.

Anderson anion Keggin anion Wells-Dawson anion
[H M OIMO,]* [XM,,0,]" [X,M;0g,]"

Figure 1.8: Three archetypal polyoxometalates structures

The Wells-Dawson is one of the most common archetypal anions. It was first proposed
by Wells in 1945 and identified in 1953 by Dawson via single crystal X-ray diffraction!.
With the general formula [X,M;3Ogs|™ (X represents the heteroatom) 2%l the classic Daw-
son cluster structure is viewed as two corner-sharing tri-lacunary a-Keggin clusters A-
[XMgO34]™ half units. Each unit consists of a belt of six [MOg| and a cap of a M3O3
group sharing oxygen atoms of an [XOy] tetrahedron. Each [MOg| in belt region is con-
nected to four other [MOg| by one edge sharing and three corner sharing (Figure 1.9),
resulting in significantly reduced metal-metal coulombic repulsions, leading to the excel-

lent thermodynamical stability of Dawson anions.

There are two metal environments in Dawson clusters, six in cap environments and twelve
in belt environments. Whilst 62 oxygen atoms can be assigned to eight environments, O,
atoms connect the core heteroatoms to metals, Oy, atoms act as bridges between metal
atoms and O. atoms are terminal atoms located on the metals. The heteroatom was
linked to the cap metals by two O,; oxygen atoms and linked to belt metals by six O,
atoms, while six Oy; atoms bridge the cap metals and 12 Oy atoms link the cap metals to
belt metals, twelve Op3 connect belt metals inside single belt and six Oy, atoms between

two belts. Six O.; atoms are located on cap metals and twelve O., on belt metals.
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Ob1

lcap!
positions

(‘beit' positions)

lcap!
positions

Figure 1.9: The Wells-Dawson polyoxometalate represented by ball and stick (left) and
polyhedral (right) structures.

Rotational isomerism can be obtained by successive 60° rotation around the three-fold axis
of the end caps M30,3 culminating in three isomers, parent a-Dawson (Ds, symmetry),
f isomer (Cs, symmetry), v isomer (Dsq symmetry). Furthermore, with the rotation
of the entire [XMgOsz4|" half unit, three possible isomers o* (D3q symmetry), * (Cs,
symmetry), v (Dsq symmetry) can be derived from «, £ and ~ structures (Figure 1.10).

There is clear stability trend for these isomers : a>B>y>~*>p*>a 728 but only a?!,

BB 4181321 gnd 4*133] structures have been isolated.

E3

eclipsed

W

0|5 8
rotation of {XWy} half unit through 60°

| l

staggered B Yk

Figure 1.10: The six possible isomers of the Wells-Dawson polyoxometalate 34
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In some POM structures, mainly Keggin and Dawson type anions, one or more of the ad-
denda atoms can be removed by controlling the pH. As mentioned in 1.1.1, the incomplete
structure is defined as lacunary POM. Lacunary POMs can be easily generated and sta-
bleB? which contributes largely to POM chemistry. With the removal of addenda centres,
the overall charge and charge density increase and anionic bridging oxo ligands are exposed
as polydentate inorganic ligands capable of binding new cationic species, leading to higher
reactivity of the cluster. It’s considered that among all kinds of POMs, the structures of
Polyoxotungstates (POTs) are the most kinetically inert !, which results in the richest
lacunary chemistry and the only addenda species to form stable enough lacunary species
to isolate. Correspondingly lacunary-polyoxomolybdates have high reactivity and hard
to isolate. For the Wells-Dawson POM, a family of lacunary variants can be generated
by treating the plenary cluster with base. By removing a single metal, a cap or a face,
three lacunary species are formed, respectively the mono-lacunary [X2M17O61](n+4)7 371 the
tri-lacunary [XoM;5056] "% 138 and the hexa-lacunary [XoM;50,45]™ ™ B9 (Figure 1.11).
Only the a-Dawson structure can give stable and isolable lacunary clusters, and only
the mono-lacunary [X2M17061](n+4)7 species shows positional isomerism, distinguished by

having the addenda metal removed from a cap or belt position.

{al-X2W17} {052‘X2W17} {O{—szlg)} {Oé—Xngg}

Figure 1.11: The four possible lacunary Dawson clusters, in which «4-species are those
with an addendum removed from cap positions and ais-species are those with an addendum
removed from the belt positions.
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1.2 Electronic and Photocatalytic Properties of POMs

One of the most attractive features of POMs is their complex electronic character and
as such POMs are mostly applied in photo-, electro- and thermal catalysis fields! . Al-
though POMSs can vary widely in terms of composition, size and structure, the electronic
properties of the metal-oxo building blocks largely govern the electronic properties of
POMs. Normally POMs are composed of early transition metal cations in their highest
oxidation states, thus the central metals can be reduced making POMs act as electron
reservoirs!*l. The highest occupied molecular orbitals (HOMO) in POMs are mostly 2p
of the bridging oxygens, and the lowest unoccupied molecular orbital (LUMO) are a mix-
ture of 2p and 4d of the molybdenum atoms with anti-bonding 7 character*?, and the
redox properties of the substituted cluster depend largely on the LUMO energy. Accord-
ing to molecular orbital theory, class I and class III structures have vacant non-bonding
t2g orbitals to be populated on reduction as a result of having one terminal oxo bond in
octahedral unit. For class I POMs, whose t2g orbitals are involved in 7-bonding[*?, this
is not possible. That means in structures with lower HOMO-LUMO (H-L) gap, including

Lindqvist, Keggin and Dawson anions can undergo reversible reductions of metal centres

LUMO

Gap

M-l

HOMO-LUMO gaps

PW,, SiW,, AIW,,
280 284 281

PMo,, SiMo,, AlMo,,
203 206 204

Figure 1.12: Molecular orbitals scheme for a a-Keggin anion, where H-L gap is represented
by the separation between M and O?~ bands. Figure reproduced from reference 44.
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(Figure 1.12). The non-bonding nature of orbital in class I and class III POMs results in
good acceptance of electrons onto the structures, for which electrons can be loaded and
unloaded reversibly. The number of electrons accepted by a fully oxidised POM structure
can be determined by a rule which is applicable to all redox rich POMs[*l. For POMs
with same addenda atoms, it is related to q/m, where q is the overall charge of the clusters
and m is the number of metal ions. The larger and lower the negative charge of the POM
is, the easier for it to be reduced. For POMs with different addenda metal atoms but

with the same structure, the LUMO energy increases as the electronegativity of the d°

metal ion decreases (Figure 1.13)27].
SiW,, SiW,V, SiW Mo, SiW,Nb,
17% Nb
0% Mo e —— 46%W
L= 0% V 8, 5% W 8y — 1% Nb
a1 5% W e 7% Mo 63% W
¢ = a; " ewv W e == 7une
N TRW . 5% W
e — e (]
e —— 8s%v 20% W
0% W
2.84 eV 221eV | 250 eV 292 eV
|
|

/ Oxo Band \

Figure 1.13: effect of the electronegativity of the metal atom on the HOMO-LUMO gap
of POMs. Figure reproduced from reference 27.

Another factor affecting the LUMO energy which only happens in heteropolyoxometalates
is the size of templating anion. For heteroatoms of the same charge, smaller atom can
cause more negative potential which makes it harder for POM to accept electrons!?7.
When the POM structures are reduced, inter-valence charge transfer (IVCT) is observed
which means electrons transfer rapidly between metal centres under thermal assistance
(Figure 1.14), which creates strong absorptions in the infrared and low energy visible
spectrum, giving a strong blue coloration. For POMs like Keggin and Lindqvist types,
the structures are highly symmetrical and each metal site is equivalent, which results
in "hopping" within the entire clusters. For structures with different metal centres like

the Dawson type, delocalisation happens between equivalent metal centres. These bands



1.2. Electronic and Photocatalytic Properties of POMs 12

effectively reflect the progress of reduction, and further addition of electrons can lead to
new [VCT bands at specific wavelengths. Therefore, IVCT bands are powerful to monitor

the reduction states of POMs in solution.

Reduction Oxidation
1.6 -
2e
1.2 R
3
€ 0.8 .
£ !
0 | I
80.4- I E :
< I :
I —
0.0 r— R —T T
400 600 800 400 600 800
2/ nm Alnm

Figure 1.14: UV-vis spectra showing the reversible growth of the IVCT band upon reduc-
tion and reoxidation of the POM. Figure reproduced from reference 46.

The interaction between POMs and light is an efficient way to access their rich elec-
tronic properties. For class I and class III POMs, which can access the ligand to metal
charge transfer (LMCT) bands of their terminal metal-oxygen bonds, they are inherently
photoactive compounds. During the photo-excitation of the O— M band, an electron is
promoted from the doubly occupied 2p orbital of the oxygen (HOMO) to the empty d
orbitals of the metal (LUMO) (Figure 1.15), so the charge transfer represents the HOMO-

LUMO gap of the compound.

S SOX

AV . .e
wV'—o: hv 'WV_Q: ;Z, -WV—QH

s LMCT +e" +H"

Figure 1.15: Mechanism of photoexcitation of the LMCT band and substrate oxidation.
Figure reproduced from reference 20.

These LMCT bands are normally located in the UV region of the spectrum, but some

tailing can occur in the visible region by employing more electronegative metal ions to
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lower the LUMO energy of POM. Upon excitation of the LMCT band, a d1 electron is
generated on the metal centre and a radical cation entered on oxygen exists in a triplet
state with a short lifetime. Then, depending on the substrate, this state is quenched to an
oxygen radical by hydrogen atom transfer (HAT) or single electron transfer (SET). A new
O—H bond is formed and the d1 electron is trapped on the metal as a result of this oxygen
radical affording the POM reduction and substrate oxidation. Then blue coloration can
be present upon irradiation resulted by IVCT as previously described. The IVCT band
however is photochemically inactive as it does not generate radical cations. As POMs can
accept electrons and protons from substrates under irradiation reversibly, it is attractive

to oxidise substrates with POMs as catalysts.

POMs can preassociate with substrates directly via hydrogen bonding or mediated by
water molecules, which has been proved by ultrafast electron transfer dynamics. Subse-
quently, ether HAT or SET mechanisms lead to POM reduction and substrate oxidation,
and then dissociation of the reduced POM and oxidised substrate. Then depending on
the availability of protons in the system, dioxygen is reduced to either superoxide, hy-

droperoxide or water, a sacrificial electron acceptor is reduced and the POM is re-oxidised

to close the cycle (Figure 1.16)147).
Oz, Ha, M°
POM
Oy, HY, M* POM reoxidation Preassociation S
POM(e’) POM---S

Substrate oxidation Photoexcitation

Dissociation

\,.,hrl:;

Figure 1.16: Catalytic cycle of POMs upon photocatalytic reactions, adapted from refer-
ence 47.

[POM--S]*
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As discussed above, the solvent environment can decide the mechanism of substrate oxi-
dation. In aqueous systems, hydroxyl radicals are generated by photo-irradiation on the
pre-association complex between the POM and water. Usually organic compounds are
then totally mineralised as the hydroxyl radicals are powerful oxidants, and the indirect
oxidation of substrates photo-catalysed by POMs in aqueous solution is now applied in the

48] In non-aqueous solvents, the substrates are able to

degradation of organic pollutants
be oxidised under control as pre-association complex is formed directly between POM and
substrate, therefore organic molecules can be selectively oxidised by POM photocatalysis

in non-aqueous systems 4%,

1.3 Hybridisation of POMs and Photocatalytic Appli-

cations

As described in 1.1.1, polyoxometalates are widely applied from nano- to meso-scale as a
result of their ability to form nearly infinite variety of structures from simple metal oxide
units!?. However, this field can be extended to an even greater amount by reacting POM
clusters with other organic species so that the properties of POM can be modified and
new specific functions can be added. Hybrid-POMs is a wide-ranging concept covering

new species formed from POMs combined with various organic components.

Perhaps the most attractive and fast-growing area in POM chemistry field is the inorganic-
organic hybrid polyoxometalates, which involves the association of organic components
with POMs, referred to as hybrid-POMs/[®®). These class of materials can be further di-

(B In

vided into two distinct subtypes by interaction types between the two components
class I, the organic moiety is associated with POM through electrostatic interactions, hy-
drogen boding or Van der Waals interactions. They can be formed easily by ion exchange
reactions between the two precursor salts dissolved in solution. However, further salt

exchange reactions may result due to the weak interactions between the two components,

often leading to the loss of components, making the application of these hybrids limited.
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In class II systems, the organic moieties are directly grafted to the POM by covalent
bounds or coordination bonds. An anchorage point on the POM is needed to reinforce
the linking between POM and organic component, this can be the metal centre for nitrogen
atoms (through metal-nitrogen bonds) or more commonly seen in POM functionalisation,
the periphery oxygen atoms for p-block elements (through M-O-X bonds, X= S, P, As,

Sn, Ge...)ll. Figure 1.17 shows some typical class II covalent hybrid connectors.
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Figure 1.17: Class II covalent hybrid connectors, reproduced from 1.

The methods of synthesis are highly specific in accordance with both the POM structure

and addenda atoms, such as imido-functionalisation for Lindqvist hexamolybdate through

Molybdates Vanadates Tungstates
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Figure 1.18: Covalent organofucntionalisation routes for archetypal POM structures, re-
produced from reference 52.
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to nucleophilic addition-substitution reactions and tripodal alcohols for Anderson-type
molybdates (Figure 1.18)12. For Keggin and Dawson type polyoxotungsate anions, co-
valent hybridisation can be accessed via lacunary species. Upon removing one or more
tungsten atoms, oxygen atoms with negative charge are exposed at the vacant position
for further reactions with various oxyphilic organic reactants, for example in mono-vacant
species four oxygen atoms present as a square geometry and in tri-vacant heteroPOMs

six oxygen atoms present as a hexagon acting as binding sites exposed at the surface of

the POMs (Figure 1.19).

XW,, o,-P,W,, ¥-XW,, A-XW, B-XW, P,W,;

Figure 1.19: Oxygen atoms binding sites for lacunary Keggin and Dawson POMs, repro-
duced from 1.

The richness of organic moieties allows endless possibilities for new organofunctionalised
POMs 5354 Figure 1.20 shows some specific examples of hybrid-POMs with phosphonic
acid, silicic acid and organotin cross-linking sites. The cross-linking mode between the
organic moiety and the POM decides the coordination angle and the redox behaviour of
the hybird-POM. Specifically, the phosphonate hybrid POM is of particular interest for
the structural feature that there are two protruding oxygen atoms at the bridge between
the POM and the organic ligand, which could be an active site with various metal ions
introduced for catalytic reactions and tuning the redox properties of POM[2?l. Moreover,
upon hybridisation with an organic ligand containing a phosphonic acid group, the cross-
linking site of hybrid-POM can achieve an angle close to 180°. Therefore, higher-order

structures can be expected with design of phosphonic acid-containing organic ligands.

POMs have been deeply studied as oxidation photocatalysts and electrocatalysts in acid %%,
Class I hybridisation in particular allows ready functionalisation of the POM with pho-

tosensitisers using simple synthesis routes. They can be formed by combination between
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Figure 1.20: Examples of hybrid POMs formed from mono-lacunary Dawson POMs and
various organic ligands (R)

photosensitive cations and POM anions at a justified ratio based on charge balancing, and
the absorption spectrum are normally wide as a result of overlay of the absorption profiles
of two components. As POMs strong electron acceptors, charge transfer salts with new
absorption bands can form when POMs are paired to electrons donator organic cations,
In 2019, Bonchio et al. reported a novel class I hybrid POM water-oxidation catalyst
formed by interaction between a Ruy/POM and perylene-bisimide (PBI) cations (Figure
1.21)5%1 [Ru,POM]|"" is combined in stoichiometric quantities with 5 eq [PBI]*" and
caged by the cations forming a core-shell nano-cylinder by self-assembling. It has broad
redshifted light-harvesting ability and shows favourable exciton accumulation, and can be

photoexcited by visible light to achieve efficient oxygen evolution.

a, (m™)

G (nm™")

Figure 1.21: Photosynthetic assembly and cylindrical aggregates of the PBI-Ru,POM
reported by Bonchio et al., reproduced from reference 56.

Although it is quite convenient to widen the absorption range of POMs by class I hy-

bridisation, the control of the spatial relationship is limited and it is hard to predict
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charge transfer between the two components. Therefore with the tuneable reactivity and
the potential for electronic coupling, class II hybrid POMs have a broader way for pro-
posed applications in photochemistry. In hybrid-POM systems, the spatial configuration
is extremely essential for the photo induced charge separation lifetime!®”, which can be
controlled to a rare degree by covalent coupling of the organic moiety to specific sites
on the POM. The most frequently studied photoactive class IT hybrid POMs are usually
chromophores which are covalent-attached to Keggin and Dawson polyoxotungstates for
their useful redox properties. In 2013, Proust et al. reported a class II hybrid POM using
an iridium photosentsitiser covalently grafted to a Dawson-type polyoxotungstate (Figure
1.22)1%8] The hybrid displays some desirable properties including performing photocat-
alytic hydrogen production stably under visible light in the presence of triethylamine as a
sacrificial electron donor and forms a one-electron reduced species at a fast rate. Although
the turnover frequency is not so promising, it shows the potential for Dawson POMs act-

ing as the basis of modular and functional class II hybrid POM photoelectrocatalysts.

[Ir-POM]
2) TEA 2) TEA

\_/

[ir-POM] [Ir-POM2] H,
[P,W,;04,-{0(SiC35H,3N;0,1r) 31

Figure 1.22: Reversible hydrogen production under visible light in the Ir(III)-POM re-
ported by Proust et al., adapted from reference 58.



2 Alms

The aim of this report is to explore POM hybridisation for photochemical applications.
We will explore adding an organic ligand to act as a light-harvesting component with the
ability to transfer electrons to POMs, so that new photocatalytic dyad-type systems can
be developed. Moreover, if long-lived charge separated states can be achieved, then the
system should be able to act as an effective photocatalyst under visible light irradiation.
We chose perylene diimide dyes (PDI dyes) for their thermal and redox stability, high ab-
sorption of visible light and relatively low cost. The target materials were class II hybrids
formed from the lacunary Wells-Dawson polyoxotungstate anion modified with a new bis-
phosphonate PDI dye, N,N’-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI).
In particular, the symmetry and bis-functionality of PMPDI is expected to allow both

monomeric and polymeric species to be isolated.

The target hybrid materials will be synthesised and characterised using a range of an-
alytical techniques. FElectrochemical- and photo-chemical characterisation will also be
employed to assess the extent of the redox tuning and photocatalytic performance of the

new compounds, and will be compared to the precursor components.

19



3 Results and Discussion

3.1 Synthesis and Characterization of Polyoxometalate

Starting Materials

Polyoxotungstates commonly form Keggin and Dawson structures which are thermody-
namically stable and can more easily form hybrid POMs with organic ligands. As POMs
can act as reservoirs for both protons and electrons, they have shown great potential in

159

catalysis To achieve our goal of a POM based catalytic platform, the first step is to

synthesis a lacunary species of Wells-Dawson polyoxotungstate Ko|PoW 1704, (P2W 7).

A self-assembly reaction in aqueous media is carried out to form the Dawson polyoxo-
tungstate K¢[PoW130g2] (PaWig).[% The tetrahedral [WO,|, fragments from NayWO, -

2 H,0 is expanded on acidification to protonated metal-hydroxide complexes [WOy(OH) 4|5,
which tends to form octahedral coordination through oligomerisation and condensation
reactions as the precursors to condense to reactive metal-oxide fragments. The PO} from
H3PO, acts as template for the polyoxometalate to self-assemble upon further addition of
acid[f?. K from KCI provides cations to precipitate the resultant product®®. A mono-
lacunary Wells-Dawson structure with a free binding site is needed for the organic ligands
incorporation. As POMs are unstable in alkaline conditions, we were able to exploit this
characteristic to remove one W=0 group in the P, W ;g by exposing it to base, resulting
in the a-configuration mono-lacunary Dawson cluster with a binding sites for our organic

moieties. 37

20
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3P NMR confirmed the formation and structures of PoaW;g and PoW;,. The two tem-
plate phosphate oxalate-anions in [P2W18062]67 have the same environment and therefore
the same chemical shift (Figure 3.1 left), while there are two environments for [PO,|*
in [P2W17061]107. The phosphorus at the closed end of POM clusters is more shielded
matching the chemical shift § = -14.36 ppm whilst the one closer to the open binding site
is de-shielded and is represented by § = -7.22 ppm. The data shown in Figure 3.1 (right)

represents a pure product of mono-lacunary Dawson structure POM PoW 5.

-13.02
-7.22
14.36

6 -8 -10 12 14 6 -8 -10 12 14
3 (ppm) 8 (ppm)

Figure 3.1: 3'P NMR spectrum displays a single peak for the template [PO,J* in
[PoW15060|® at 6 /ppm = -13.02 (left) and the [PaW,;06]'" displays two peaks at § /ppm
— -7.22 and -14.36 (right).

ESI-MS was employed as a supplementary technique to confirm the identity of the POMs.
The results showing POM anions fragments confirmed the successful synthesis of PoWg

and P,W 7, (Figure 3.2, Table 3.1 and 3.2).

Table 3.1: Selected mass spectrometry peak assignments for PoW g

Assignment z  m/z (calc) m/z (obs)

(K H[P,W,sOgo]} 3~ 1480.56  1480.40
{K,Na[PoWsOgo]}  3-  1487.88  1487.71
{K,NaH[PoW O} 2= 2232.3 2232.3
{KH[P,Ws0go|} 2= 22403 2240.2
{K;Na[PoW O} 2= 225131 225115
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Figure 3.2: Negative mode ESI-MS spectrum of P4W g in the m/z range 1450 - 2300

Table 3.2: Selected mass spectrometry peak assignments for PoaW 5

Assignment z m/z (calc) m/z (obs)
{Hg[PoW 00|} 2= 208543  2085.4

(K,Hg[P,W,;01]} 2 2123.39  2123.36
{K5N&2H[P2W17061]} 2- 2202.85 220274

3.2 Synthesis and Characterization of PMPDI

On building a suitable organic-inorganic hybrid POM photocatalytic system, it is crucial
to find an organic ligand with strong visible-light absorption that is able to form stable
hybrid with PoW1,. As a result, we looked into perylene diimide dyes (PDI dyes), for they
not only have robust properties but also are low cost industrial dyes used as colorants!®4.
PDIs are thermally stable with decomposition temperatures normally over 300 °C[69]. In
addition, they are highly oxidatively stable both in air and a range of solvents!®! making
it possible to hybridise them with the POM. As the highly nucleophilic oxygen atoms
in lacunary Dawson polyoxotungsate can react with organophosphorus reagents, it is an
effective method to modify the electrochemical properties and photochemical reactivity

of POMs to graft organophosphonate groups to the POM core. With a relatively low pKa

at 1.861571, the —PO3H, group has a high proton dissociation. Therefore, we chose a PDI
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derivative N,N’-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI, Figure 3.3) as
the organic ligand. PMPDI is anionic so there is no cation interaction with POM, and
the phosphonate groups contribute to synthesising stable hybrid materials[%®. PMPDI

is therefore a suitable component for our building block strategy for new material design.

HO oH Q @)
P=0
o o HO OH

Figure 3.3: Structure of N,N’-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI)

PMPDI is synthesized by a dehydration reaction between perylenetetracarboxylic dian-
hydride (PTCDA) and (aminomethyl)-phosphonic acid in molten imidazole!6™. In this
nucleophilic substitution reaction, the amino as nucleophilic source attacks the anhydride,
the lone pair on amino N flows to carbonyl C of the acid anhydride to form an amide
bond, and the acid anhydride is hydrolysed to a carboxyl group and an amide. Then
the lone pair on imino N attacks the carboxyl group C to form another amide bond with

dehydration (Figure 3.4).

i
N R H |
H H) o NHO. _O o) o)
X - XA INAF
O*c/o\cfo M M

Figure 3.4: Mechanistic detail of the anhydride hydrolysis reaction

Purification of the product can be achieved by adjusting the pH. By suspending the

crude product in water and adding base, PMPDI can be deprotonated and form tetra-
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potassium salt to dissolve, whilst the starting material PTCDA is not soluble until pH 9.5
and can be filtered to remove. Then by adding HCI to make PMPDI precipitate in acidic
solution, it can be separated from imidazole. The product was characterised by proton
and phosphorus NMR. KOH was employed to increase the solubility of PMPDI resulting
in a peak for hydroxide in proton NMR. By increasing pH, the deprotonated PMPDI
gives a color change from deep red to light yellow in aqueous solution. Due to the poor
solubility, the phosphorus NMR was run for a extended time (13.36 h) to achieve a higher
signal to noise ratio. The proton NMR shows highly broadened peaks for aromatic protons
at around 7.85, which happens commonly for PDIs due to 7-stacking aggregation[6%70
and a sharp peak at around 4.16 for the methylene protons (Figure 3.5 left). The ratio is
is 2 : 1 which matches the expected for PMPDI. There is only one peak at 12.18 for the
phosphorus NMR (Figure 3.5 right) showing no (aminomethyl)-phosphonic acid or any

side product containing phosphorus in the sample.

725725725725

0,

-12.18

4.05

" on
1y
g%
4.05 =0
/\
d o MO on

725 725 7.257.25

Yo}

[Te] o
"ot e WWMWWMWWWM
8 7 6 5 4 6 8 10 12 14 16 18

8 (ppm) 3 (ppm)

Figure 3.5: 'H NMR (left) and 3P NMR (right) spectrum for PMPDI

Mass spectrometry was employed to characterise the product. However we were not able
to find an appropriate solvent to perform MS, the only solvent that can dissolve PMPDI
is alkaline aqueous solution, but base should not be applied to interfere the spectrum.
The result showed that the PMPDI molecules stacked to each other and formed some

dimer, tetramer and pentamers anions (Figure 3.6 and Table 3.3).
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Table 3.3: Selected mass spectrometry peak assignments for PMPDI

Assignment z  m/z (calc) m/z (obs)

{NajHs[CogH12010NoPo]o} 1= 1242.97  11242.63
{NagK;H[CogH1010NoPo],} 2= 1354.84  1354.58
{NagH 5[CogH12010NoPo5} 2= 1466.54  1466.54
{Na,K4[CogH19010NoPols} 2= 1467.72  1467.53
{NagK 5[CogH19010NoPols} 2= 147571  1475.52
{NagK,Hg[CogH12010NoPols} 2 1586.42  1586.46
{NagKoH, [CogH12010NoPo]s} 2= 1703.85  1703.85

\)

1200 1250 1300 1350 1400 1450 1500 1550 1600
m/z

Figure 3.6: Negative mode ESI-MS spectrum of PMPDI in the m/z range 1200 - 1600

According to the literaturel®”!, some PTCDA can form by slow hydrolysis of PMPDI,
so we performed CHN elemental analysis to confirm the purity, and the result (Table
3.4) was consistent with the relatively pure hydrate mono-potassium salt of the product
(K[PMPDI-H] - H,0).

Table 3.4: Result obtained for CHN elemental analysis of PMPDI compared to the
predicted values

%C | %H | %N
Predicted | 49.22 | 2.70 | 4.42

101 | 2.9 | 5.1
Observed =0 0e 585 T5.01
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3.3 Synthesis of the PMPDI-POM Hybrid (I and II)

The hybrid POM complex compound I, [CoHgN|¢H4[PoW 17061 ((P=0)CysH150;NoP )] -
14 H,0 (Figure 3.3) was synthesised in good yield by modifying a literature procedure for
a similar 4-carboxyphenyl phosphonic acid functionalised cluster/™. The condensation of
PMPDI with the lacunary precursor PoW; in acidified dimethylacetamide (DMA) and
water yielded a red powder. A high temperature and a long reaction time might cause
impurities as a result of the formation of PyWjg, but contribute to the dissolution of
reactants and the occurrence of reactions. We tried a series of temperatures and times
and found that the best condition is 130 °C and 18 hours with 10 eq HCI added. PTCDA
has poor solubility in acetonitrile and DMA especially in acidic environments, so water

was added to act as solvent (50% by volume).

H3C\ + /CH3
(0] 6 N
Q 7 Ho

R J
HO P N RoH
HO ‘ ‘ OH 1 H+

e

N
0]

o}

Figure 3.7: Structure of Compound I

Compound I was structurally characterised by 3'P NMR, which presented four peaks at
d/ppm = 13.94, -7.49, -13.03 and -14.25 (Figure 3.8). The solubility of the hybrid in water
is quite good but as a result of w-stacking aggregation caused by the aromatic organic

ligand, the signal is not so obvious even using a longer term NMR experiment (1.48 h).
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Figure 3.8: 3'P NMR spectrum for compound I

As shown in previous work in our group!™, the phosphorus in the closed end of the
POM should be slightly de-shielded compared to that of PoW;, matching the shift for
the peak from §/ppm = -14.36 to 6 /ppm = -14.25. For the phosphorus adjacent to the
lacunary position, it will be more shielded, matching the shift from §/ppm = -7.22 to
-13.03. The two phosphorus in the PMPDI are initially in the same environment but
after the hybridisation, the one occupying the lacunary site at the vacant cap position of
P,W,; should be shielded, whose peak is shifted from §/ppm = 12.17 to § /ppm = -7.5,

whilst the one at the terminal end of PMPDI undergoes a minor downfield shift from

d/ppm = 12.17 to § /ppm = 14 (Figure 3.9).
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Figure 3.9: 3P NMR spectrum stacked for PyW;, compound I and PMPDI
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Mass spectrometry was performed to characterise the compound I (Figure 3.10 and Table
3.5), however, as compound I has poor solubility in acetonitrile and methanol, the signals
were too weak to distinguish, therefore we used water as solvent. Under electron ionisation
in gas phase, the molecular ion undergoes fragmentation, and we only detected some
fragments of P,W,, anions and PMPDI anions. Compound I is therefore unstable

under high temperatures or strong electric fields encountered in the mass spectrometer.

Table 3.5: Selected mass spectrometry peak assignments for compound I

Assignment z m/z (calc) m/z (obs)

{KoNaoH [PoW 1,061} 2= 2144.87  2144.75
{KoNa,Ho[PoW1,0gl]} 2= 216735 2167.24
{KsNa,H[P,W,;061]} 2= 2191.81  2191.71
{KsNaH,[PoW1,061]} 2 2202.85  2202.74
{KoNayHo[PoW 1,061} 2= 2205.80  2205.71
{KeNaH[PoW 1,061} 2= 221079 2210.70
{K;sNay[PoW1,061]} 2 221379 2213.72

{K-H[P;W,-061]} 2. 221878 221871
{K¢Nay[PoW1,061]} 2. 222178 2221.73
{Kg[PsW 17061} 2. 2237.75  2237.70

{NaH,;[CogH15010NoPs)5} 2= 145555 145558
{NaoH,g[CoH12010NoPols}  2- 146654  1466.56
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Figure 3.10: Negative mode ESI-MS spectrum of compound I in the m/z range 1400 -
2300

Interestingly, the result of CHN elemental analysis did not match the potassium salt of

the hybrid POM. This has also been seen in the previous work in our group!™. As an
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explanation, in the presence of HCI hydrolysis occurs of the acyl-N bond found in the

dimethylacetamide solvent :

We considered that the cation may have been substituted by dimethylammonium (DMA™),
which should not be able to form bonds with phosphate anion at the end of PMPDI
component, therefore the maximum DMA™ bonded to the hybrid POM should be 6 which
is the charge of the POM core. The CHN result matches this DMA salt of the product
([CoHgN|gH4[PaW 17061 ((P=0)Cy6H12,07N,P),| - 14 H,O) (Table 3.6), where the terminal
phosphonic acids on the PMPDI ligands remain protonated.

Table 3.6: Result obtained for CHN elemental analysis of compound I compared to the
predicted values

%C | %H | %N
Predicted | 13.03 | 1.64 | 2.37

12.81 | 1.74 | 2.85
Observed | =50 —72573

FT-IR was also used to confirm the composition of the product. Compared to the FT-IR
spectra of PoaWy, and PMPDI (Figure 3.11), that of compound I has both the peaks
for organic ligand (757.36 cm™! for C—H in 2-disubstituted benzene derivative, 1269.81
and 1323.33 cm~! for C—N in aromatic amine, 1376.84 cm~* for O—H in phenol, 1415.94
cm ™! for O—H in carboxylic acid, 1677.31 cm™! for C=0 in conjugated ketone, 1718.47
cm™! for C=0 in carboxylic acid, 1771 1780 cm™! for C=0 in phenyl ester) and POM
feature bonds (800 cm™! for W—0—W, 989.92 cm™! for P—O—W, 1121.64 for P=0).

The compound I dissolves well in neutral and acidic aqueous solutions with a red colour,
but it has poor solubility in organic solvents such as acetonitrile, dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF), and displays a green colour in these solvents.
As water is not an especially good solvent for cyclic voltammetry for its narrow poten-
tial windows of stability™!, and is neither the best solvent for NMR, MS and UV-vis,

we set up a cation exchange experiment to obtain a TBA salt of the PMPDI-POM
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Figure 3.11: FT-IR spectra of I compared with the P,W; and PMPDI starting mate-
rials.

hybrid. The reaction was performed with 1 eq. of compound I mixed with 100 eq.
TBA-Br in water acidified by 10 eq. HCIl. Then the precipitate formed by this re-
action was collected by centrifugation and washed by ethanol giving a dark red powder
([C16H36N]10[PoW 17061 ((P=0)CysH;,07N,P),], compound IT). However, the yield was low
and after the precipitation, the solution was still deep red, which suggested the extent of

reaction was low.

Compound IT was characterised by 3'P NMR. There is only one peak at §/ppm = -13.48
in D,O or §/ppm = -13.22 in CD3CN (Figure 3.12), which is close to that expected for
P,W 5. The signal to noise ratio in D50 is lower than that in CD3;CN due to the better
solubility of compound IT in organic solvents. However, the colour of compound IT is deep
red, suggesting some PDI remains inside but we could not observe any peaks in the NMR
spectrum for the ligand. As PMPDI is negatively charged, it cannot form a typical class

I hybrid such as those formed between dye cations and the POM anion.

FT-IR was also employed to characterize the resulting product. Compared to compound
I, the IR spectrum of compound II is very similar with PMPDI and POM peaks and it

has very weak TBA characteristic peaks at 2943.01 and 2870.98 cm ™! (Figure 3.13).
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Figure 3.12: 3'P NMR spectra for compound II in D5O.
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Figure 3.13: FT-IR spectra of compound I and compound II

Unfortunately, we were unable to characterise the II further and if so the purity could
not be guaranteed, we decided not to proceed with the use of compound II in further CV,

UV-vis and fluorometry analysis.
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3.4 Electro- and Photo-Chemistry of The Hybrid POM

The redox character of PoW ;g was probed by cyclic voltammetry. Although our product
anion should have the same negative charge as P,Wy7 anion, the lacunary site of the
P,W -, cluster will be occupied and the additional charges are from the phosphate group.
Therefore the redox behaviour of the product is expected to be much more similar to
PoW,5. DMSO, DMF and acetonitrile are suitable solvents for POMs with their ability
to dissolve such chemicals and their derivates. Besides, the multiple redox processes of
POMs result in negative region which usually fall within the wide electrochemical windows
of these solvents!™!. However, due to the bad solubility of PMPDI and compound I in
these solvents, we had to use water as CV solvent with 0.1 M H,SO, as electrolyte. During
the initial testing the solvent encountered issue of being oxidized for the potential went
beyond the solvent window, so we set the low voltage to -0.7 V (vs. Ag/AgCl). As
shown in Figure 3.14, under different scan rates for three cycles, there was no significant
anodic peak to cathodic peak separation (AE) to all the four segments, which means the
reduction process is reversible both chemically and electrochemically!™. We used the
scan rate v = 0.1 V/s to calculate E;/, and peak currents (I,). The E;/, for the four
quasi-reversible peaks are 28 mV, -139 mV, -401 mV and -642 mV vs. Ag/AgCl with the
ratio of (I,) 1 e~ : 1 e~ : 2e” : 2 e, which showed the reversible redox process typical

Of P2W18.

CV was also run for PMPDI. The solubility for PMPDI in water increases with in-
creasing pH, so the electrolyte was changed to 0.1 M KOH first. However, the cyclic
voltammogram under these condition s was found to be featureless. Argon was used to
degas the electrolyte solution to get rid of O, as the reduced PMPDI can be irreversibly
oxidised by O,!™!, but the result didn’t change. Then we changed the solution to a pH
10 sodium carbonate buffer, which gave a clear cyclic voltammogram (Figure 3.15) of
PMPDI. There are two segments for the irreversible redox process, with the E,,, = -24

mV and -78 mV vs. Ag/AgCl, which fitted the nature of PDI as it is typical to see two
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Figure 3.14: Cyclic voltammograms of a 1 mM aqueous solution of P,W;g with five
different scan rates

reduction waves in PDI dyes!™.

10 pA

-1.0 -0.5 0.0 0.5 1.0
Potential/V vs. Ag/AgCI

Figure 3.15: Cyclic voltammograms of a 1 mM aqueous solution of PMPDI with the
scan rate v = 0.1 V/s

CV voltammetry was then performed on compound I in 0.1 M H,SO, aqueous solution
under a positive pressure of Ar. The result shows four quasi-reversible peaks (2 e~ : 3 e~
: 6 e~ : 4 e7) with little peak-to-peak separation under different scan rates (Figure 3.16).
The E;/, calculated from the scan rate v = 0.1 V/s are 315 mV, -218 mV, -417 mV and
-630 mV. Compared to P;Wyg, the E; /5 values are positively shifted (Figure 3.17), as a

result of electrochemical effects of organic groups containing positively charged P grafted
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on to POMs!™"78I_ It is notable that there is a very sharp peak at -329 mV when oxidising

the reduced compound I, which may suggest an irreversible electrode deposition process.

,’ v=0.025 V/s
f | v=0.05 V/s
: «‘ v=0.01V/s
7o\ j v=0.02 V/s
\/’ v=0.03 V/s

-06 -04 -02 00 02 04 06 08 1.0
Potential/V vs. Ag/AgCI

Figure 3.16: Cyclic voltammograms of a 1 mM aqueous solution of compound I with five
different scan rates

Compound I

-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 06 0.8 1.0
Potential/V vs. Ag/AgCl

Figure 3.17: Cyclic voltammograms of PoaW g (black), PMPDI (blue) and compound I
(red)

The absorption properties of the hybrid was probed by UV-vis spectroscopy. The pho-
toactivity of POM is restricted by the LMCT band energy to fall within the UV region of
the spectrum. For P,W,g and P, W, the absorptions happen at wavelengths lower than
400 nm. There is a broad absorption for PMPDI at 498 nm, and also three shoulders

at 598 nm, 542 nm and 480 nm. For the compound I, an absorption is also observed at
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498nm with two shoulders at 534 nm and 470 nm (Figure 3.18), which demonstrates the
generation of our visible light-sensitive hybrid-POM. It is possible that the extra shoulder
seen fro PMPDI at 598 nm is caused by the m-stacking aggregation between neighbour-
ing perylene bisimides, which cannot happen in compound I, due to the steric effects of
the POMI™!. That may also partially be the reason for the better solubility of compound
I than PMPDI. As there are two PDI ligands in the hybrid POM molecule but the ab-
sorption intensities of hybrid POM and PMPDI are quite close, this might suggest rapid
charge transfer from visible light-excited PMPDI to the POM core.

1.0
0.84 W17
—— Compound I
‘; —— PMPDI

0.6 1

Absorption

0.4 1

0.2 1

0.04 —T T T
200 400 600 800 1000

Wavelenth (nm)

Figure 3.18: UV-vis spectra of PaW17, PMPDI and compound I in water (1 x 107° M)

It is notable that although both PMPDI and compound I have poor solubility in organic
solvents, the color change from red in aqueous solutions to green in organic solutions is
quite interesting. A very broad but weak absorption from 400 nm to 750 nm for the
hybrid POM can be observed in DMF (Figure 3.19). A similar effect has been reported
in the literature for N,N’-bis(2-phosphonoethyl-)-3,4,9,10-perylenediimide (PPDI) show-
ing pronounced spectrum changes in water and alcoholl. The reason is that the dye

0] However, as mentioned

molecules have a higher aggregation state in organic solvents
above the m-stacking aggregation is much weaker in compound I, and correspondingly the

absorption profile did not change as dramatically as that in PMPDI.

To explore whether there is charge transfer from the PMPDI ligand to the POM core
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Figure 3.19: UV-vis spectra of PaW17, PMPDI and compound I in DMF (1 x 1075 M)

in the hybrid compound I, fluorescence emission spectroscopy was used to explore the
fluorescence behaviour. From the UV-vis spectroscopy, the maximum absorption of both
the compound I and PMPDI happens at 498 nm and this was selected as the excitation
wavelength. The emission spectrum of both compounds shows that PMPDI is strongly
fluorescent in water with emission wavelengths at 545nm (1.48 x 10° cps) and 586 nm
(8.54 x 10° cps), whilst compound I shows similar features at 547 nm (4.75 x 10° cps) and
588 nm (4.01 x 10° cps) though with much weaker emisison. If normalised by the number
of PMPDI molecules per mole of compoun, the emission intensities for the compound
I are reduced by 83.95% and 76.52% respectively (Figure 3.20), which suggests effective
intramolecular charge transfer from the excited photoactive ligand to the inorganic POM
core, quenching the emission. However, there is no significant redshift of the emission
wavelengths, which means the perylene planes and the methylene groups are not much

twisted during the bonds vibration of the charge transfer.

To explore the photocatalytic properties of the hybrid POM, benzyl alcohol was employed
as a substrate in combination the compound I. As compound I has poor solubility in ace-
tonitrile and DMSO, we selected D,O as solvent which allows easy NMR measurement
of the reaction progress. Benzyl alcohol was selected as a suitable substrate due to its

j81]

stronger reducibility than water The benzyl alcohol was dissolved in D,O with com-

pound I as treatment group, and solutions with the same concentration of benzyl alcohol
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Figure 3.20: Fluorescence emission spectrum of PMPDI compared to compound I nor-
malised by the molarity of fluorescent chromophore species. Excitation wavelength = 498

nm.

only and benzyl alcohol with PDI were the control groups. The wavelength of irritation

was filtered to > 455 nm using a UV cut-off filter to avoid direct excitation of the POM

core. After 18 hours of irradiation, the signal of the proton peak of the phenyl hydroxyl

decreased by 2.27% (which is not outside a reasonable margin of error), whilst no change

for that of control groups was observed (Figure 3.21). It may be that the reaction is

one-way, with conversion related to the dosage of compound I as the molarity of it is 1

percent versus benzyl alcohol.

4.7D,0
4.54

benzyl alcohol starting

benzyl alcohol

5.00 322
‘L benzyl alcohol and PMPDI
5.00 302
J‘m benzyl alcohol and compound H
5.00 211
80 75 70 65 6.0 55 50 45
8 (ppm)

4.0

Figure 3.21: 'H NMR result of benzyl alcohol photo-oxidation
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To explore this, we set up another treatment group with the ratio of compound I increased
by 10 times, and the result was effectively the same (Figure 3.22). We chose D,O for
easy NMR measurement, however, the solubility of benzyl alcohol in DO is low!®? and
during the photocatalytic reaction, D,O does not have the ability to stabilise reaction
via solvation or inhibit proton transfer!®3. Therefore, D,O is not the appropriate solvent
for this reaction. Moreover, lacking of temperature control under long-term high power

irritation might also cause the loss of product.

4.7D,0

456
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7.31
7.29

J
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80 75 70 65 60 55 50 45 4.0
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Figure 3.22: '"H NMR result of benzyl alcohol photo-oxidation with the ratio of compound
I increased by 10 times



4 Conclusion and Further Work

In conclusion, a new post-functionalised hybrid polyoxometalate based on a mono-lacunary
Wells-Dawson cluster was synthesised using an organic chromophore, PMPDI, as a cova-
lently grafted moiety. The as synthesised POM was structurally confirmed by 3'P NMR,
Mass Spectrometry and other characterisation. Electrochemical analysis confirms that, it
has reversible redox processes at suitable potentials. According to UV-vis spectrometry,
the hybrid POM has a strong absorption at 498 nm which falls in the visible light region
of the spectrum. Moreover, intermolecular charge transfer from the organic component
to the POM core was also confirmed by fluorimetry. The as synthesised product was used
as catalyst for the photooxidation of benzyl alcohol, but the initial test was not successful

due to the inappropriate solvent and lacking of temperature control.

To take this project further, it would be worth trying to adjust the reactant and reac-
tion conditions to improve the redox properties of our hybrid POM. The (aminomethyl)-
phosphonic acid used for PMPDI synthesis may be replaced with phosphanilic acid or
2-(aminoethly)phosphonic acid to grow carbon chain to reduce steric hindrance. Crys-
tallisation plays an important role in POM synthesis. However, both evaporation and slow
diffusion in ethanol gave fine powder instead of crystal of our product. In future work,
appropriate solvent and method should be explored for crystallisation and some crystal-
lography characterisation will be applied. Suitable methods would be explored for cation
exchange to improve the solubility of hybrid POM in organic solvents, so that better flex-
ibility of NMR and CV can be achieved, and there will be more choices for photocatalytic

conditions. For the photooxidation part, the oxide O, might be changed to other oxy-

39



40

gen source such as hydrogen peroxide. It may also be necessary to try different reactant
ratios and reaction conditions to make polymers as both PMPDI and P,W,; are sym-
metrical in structure. Further more, photo-polymerisable ionic liquid (PIL) matrix that
can stabilise the hybrid POM and allow its processing through additive manufacturing
(3D printing) may be applied. This will translate our molecular component to tangible

macroscopic objects to develop novel materials for catalysis.



5 Experimental

5.1 Materials and Instrumentation

All commercially available reagents and solvents are purchased from Sigma Aldrich Cor-

poration, Alfa Aesar or Thermo Fisher Scientific, without further purification before used.

Nuclear Magnetic Resonance (NMR) spectroscopy experiments was performed on a Bruker

AV400 spectrometer at 298 K. Chemical shifts (0) are recorded in parts per million (ppm).

Electrospray Ionisation Mass Spectrometry (ESI-MS) experiments was performed on a
Bruker micro-TOF II mass spectrometer. The instrument parameters was adapted for
the detection of negative polyoxometalate anions with high molecular weight. Samples
were introduced to the spectrometer under automation through mixing with a stream of

MeOH : HyO (70 : 30 V/V).

CHN Elemental Microanalysis was performed on an Exeter analytical CE-440 Elemental
Analyzer by the University of Nottingham School of Chemistry elemental microanalysis

service.

Attenuated Total Reflection Fourier-transform Infra-red spectroscopy (ATR-FTIR) ex-
periments were performed on a Bruker Tensor 27 spectrometer equipped with a Pike

GladiATR module with a diamond crystal.

UV-vis spectroscopy (UV-vis) experiments were performed on an Agilent Cary 5000 UV-

41
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Vis-NIR Absorption spectrometer using the standard double cuvette holder module in

absorption mode.

Fluorescence spectrometry experiment was performed on an Edinburgh Instruments FL.S980

Photoluminescence spectrometer with the excitation wavelength of 498nm.

Cyclic Voltammetry (CV) was performed on a CHI600E workstation for solution state
measurements. It is a standard three electrode set-up, the working electrode is a glassy
carbon electrode (d = 3 mm), the counter electrode is Pt wire and a Ag/AgCl electrode

works as reference electrode.

5.2 Synthesis

5.2.1 Kg[PaW;5060] (P2Wis)

720,80 °C

HCl Kﬁ[P2W18062] + 36 HQO + 36 NaCl

This synthesis was conducted as reported by Graham and Finke!84.

In a 500mL round-bottom flask, sodium tungstate dihydrate (Na,WO,-H,0) (60 g, 192.8
mmol) was dissolved in HyO (70 mL) with vigorous stirring. After the solution became
clear and colorless, HC1 (4 M, 50 mL) was added to the solution in a dropping funnel
at the rate of 2 drops per second. White precipitation forms and the solution became
cloudy, then became clear again under stirring. HsPO, (4 M, 50 mL) was added at the
rate of 4 drops per second in the same way during which the color of the solution changed
to yellow. Then temperature was raised to 110 °C and the whole system was heated to

boiling with a condenser on the flask. The refluxing lasted 24 hours in dark covered with

foil.

As the solution was cooled down to room temperature on the bench top, it was transferred
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into a 500 mL beaker, and KCI (30 g) was added slowly in 20 seconds while stirring,
forming yellow precipitate. The solution was stirred for another 10mins to precipitate
completely. The mixture was then filtered with a porosity glass funnel, and the solid
was air dried overnight.The dried material was collected and dissolved in 65mL deionized
water while stirring and heating (80 °C). Six drops of liquid bromine was added to oxidize
the tungsten, resulting in the color changing from green to yellow. The solution was
transferred to a 150 mL beaker and evaporated 3 days covered with foil to give bright
yellow crystals. Yield : 22.7 g, 4.94 mmol, 46.12%. 3P NMR (162 MHz, D,0-d2) :
§/ppm = -13.02; ATR-FTIR vpay / cm™! 1 1697.89 (H,0), 1162.80, 1037.26 and 1012.56
(P—0), 940.53 (W=0), 858.21 (W—-0—W).

5.2.2 OZ—K10[P2W17061] .20 H20 (P2W17)

7[PsWigOgol® + 34 HCO3 — 7[PoW17061]"" + [W70424]% + 34CO, + 17H,0

This synthesis was conducted as reported in Inorganic Syntheses, Volume 2768,

In a 250 mL beaker, a sample of a- or 3- K¢[PoWi3Ogo] - xH,O (16 g, 2.3x1073 mol)
was dissolved in 40 mL HyO. An aqueous solution of KHCO3(1.782 mol/L, 40 mL) was
added to the same beaker whilst stirring resulting in a milkly suspension. It took an
hour to finish the reaction and the white precipitation was collected and dried on a coarse
sintered glass frit under suction. Recrystallization in water was employed to give chalky
crystalline powder. Yield : 12.11 g, 74.36%. 3'P NMR (162 MHz, D,O-d2) : 6/ppm
= -7.22, -14.36; ATR-FTIR vyayx / cm™! @ 1708.18 (H,0), 1166.92, 1064.01 and 1029.03
(P—0), 996.10(W=0), 856.14(W—0O—W).



5.2. Synthesis 44

5.2.3 CaH;0:0P2N, (PMPDI)

N
I L) mane i

N _
Q ' @) +2H2N\/'g<0: —_— \—N N— o 2H0
0 0 0 0 HO OH

This synthesis was conducted as reported by Kirner et al.l”l. In a 50 mL round-bottom
flask equipped with a side-arm, perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
(158 mg, 0.4 mmol), (aminomethyl)-phosphonic acid (94 mg, 0.84 mmol) and imidazole
(3 g) was added whilst stirring, making evenly mixed red powder. The flask was then
sealed with a rubber plug and heated to 130°C, during which a needle was empolyed
to let out the air twice preventing excessive pressure inside the flask. From when the
imidazole acting as solvent melted completely, the system was heated for 20 minutes and
the color got deeper, after which the flask was cooled down in air. A solution of ethanol :
HCI (2 M) = 1:1 (volume) was added to the mixture making black precipitate. The solid
was collected via vacuum filtering and washed by 10mL solution of ethanol : H,O =1:1
(volume) then 10mL ethanol, after what suspended in 20 mL DI water in a beaker which
was monitored by a pH meter. The pH was slowly brought to 8.9 by dropwise of KOH
solution (1 M) to dissolve the product and not too basic so that the possibly unreacted
PTCDA would not dissolve. With the addition of dropwise of HCI (2 M) to filtrate from
the above-mentioned mixture and rapid magnetic stirring, a red gel slowly formed from
pH 5 until pH 1, and then collected by vacuum suction. In order not to introduce fibre
from the filter paper into the product, the gel was removed before it gets too dry and
then dried overnight in a vacuum dryer. The final product was extremely thin slice that
it can float easily in air with even slight movement. Yield : 193 mg, 83.4% 'H NMR (400
MHz, D,O-d2) : 6/ppm = 7.92 (8H), 4.20 (4H); >'P NMR (162 MHz, D,O-d2) : ¢ /ppm
= 12.17; TR-FTIR vpay / cm™! 1 3066 cm™! br w, 2996 w, 2319 w, 2113 w, 1990 w, 1887
w, 1689 s, 1650 s, 1586 s, 1504 w, 1432 m, 1389 m, 1333 m, 1245 m, 1160 w, 1098 w, 924
m, 841 w, 806 w, 732 w, 623 w, 586 w, 533 w; CHN % : C 49.1 and 49.28, H 2.9 and 2.82,
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N 5.1 and 5.01.

5.2.4 [CoHgN]¢H4[P2W1706:((P=0)Cs6H,1,07N,P),[- 14 H,0 (I)

Ki0[PaW17061] + 2 CogHy6010P2Ns + 6 C,HNO + 4HCI + 12 H,0
- [CQHGN]6H4[P2W17O61<(P:O)C26H14OSN2P)2] -14 HQO -+ 4 KCI -+ 6 CchOOK

Kig[PoW170¢1] (227.7 mg, 0.05 mmol) was suspended in 10 mL N,N-Dimethylacetamide
(DMA) and 5 mL water in a 25 mL round-bottomed flask whilst stirring. Then KCI
(30.12 mg) and PMPDI (52 mg, 0.1 mmol) was dissolved in the solvent. The suspense
turned into clear red solution with HCI (12 M, 83 uL) added. The system was heated to
130 °C while refluxing with a condenser on top of the flask. After 24 hours of reaction
the solution was allowed to cool down to room temperature and filtered subsequently to
remove possible excess reactants. In a 250 mL beaker, the solution was tardily added
into 60mL ether under stirring and some green solid separated out. The precipitation was
collected by centrifuging and washed with ether, ethanol and ether successively before
it was air dried in dark. Yield : 258.12 mg, 4.9%. 3P NMR (162 MHz, D,0-d2) :
§/ppm = 13.94, -7.49, -13.03, -14.25; TR-FTIR Uy / cm™t @ 732.67 (W—0—W), 907.60
(P—O—W), 1018.73 (P=0), 1212.19 and 1249.43 (C—N), 1364.49 and 1393.30 (O—H),
1590.87, 1658.79, 1691.72 (C=0); CHN % : C 12.81 and 13.31, H 1.74 and 1.82, N 2.85
and 3.

5.2.5 [C16H36N]10[P2W 17061 ((P=0)Co6H12,07N,P),] (1I)

|CoHgN|gH4[PoW 17061 (P=0)CaH1405N3)5] + 10 Ci6HzsBrN
— [C16Hz6N]10|PaW 17061 ((P=0)CyH1408NoP)o| + 6 CoHgBrN + 4 HBr

In a glass vial, Tetra-n-butylammonium bromide (TBA Br, 322 mg, 1 mmol) was dissolved

in 2 mL water and acidified by 2.5 uL. 4 M HCI, then 5 mL aqueous solution of PDI-POM
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hybrid (52 mg) was tardily added into it by dropwise while stirring. After two hours,
the red suspension was poured into 40 mL ethanol, followed by centrifugation. The
precipitation was washed twice with ethanol, then vacuum dried overnight. Yield : 5.7
mg, 10.9%. 3P NMR (162 MHz, CD3CN-d3) : §/ppm = 13.22; TR-FTIR vy / cm™ ! :
2943.01, 2870.98, 1687.60, 1594.99, 1393.30, 1014.62, 907.60, 782.06, 588.60.

5.3 Benzyl Alcohol Photo-Oxidation

H

Compound |
2 OH, o, 2 0 + 2H0
hv > 455nm

D,0-d»

This method was conducted as reported by Zhang et al. 8.

Three solutions are prepared in microwave tubes with stirring bar :

1. benzyl alcohol (103.6 pL, 1 mmol) in 5 mL D,O
2. benzyl alcohol (103.6 L, 1 mmol) and PMPDI (6.2 mg, 10 pgmol) in 5 mL D,O

3. benzyl alcohol (103.6 pl., 1 mmol) and compound I (60 mg, 10 pmol) in 5 mL D,O

"H NMR (400 MHz, D,0-d2) are measured for three solutions. Afterwards the microwave
tubes were sealed and oxygenated by a long needle inserted with a shorter needle to
balance pressure respectively for 10 minutes. The top of the tubes were filled with oxygen
with the pressure of 5 bar. The microwave tubes were subsequently irradiated while
stirring in a photo-reactor with a 200 W Xe lamp with a UV cut-off filter for 18 hours.
Then '"H NMR (400 MHz, D,0-d2) data was collected again.
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