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PPh; - Triphenylphosphine
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TEA - Triethylamine
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Abstract

Polyoxometalates (POMs) are a group of anionic soluble metal-oxide
clusters containing d-block elements in high oxidation states. These
compounds are highly valued for their wide range of electrochemical,
photochemical, and catalytic properties, due to their remarkable flexibility
in tuning both composition and structure. One common method of
modifying POM is by connecting the electron-withdrawing
organophosphonate groups to the active sites of metal oxides. When
POMs are functionalised with organophosphorus compounds, it is
possible to adjust their electronic structure and photochemical activity
based on the electronic properties of the attached organic moieties.
However, the high solubility of POMs restricts their application in sensors,
electrodes, and catalysis regions.

By linking POMs in a repeating pattern through bridging organic linkers,
insoluble metal-organic frameworks (MOFs) can be formed. These MOFs
retain the structural features of the parent molecular POMs and
commonly enhance electrochemical activity.

Herein, we report the synthesis of a new hybrid POM,
Ke[P2W170s7(POsHyC13)2] using a biphenyl organophosphonate ligand. The
hybrid POMs were characterised by FTIR, NMR and ESI-MS. A series of
multi-phenyl organophosphonate functionalised POM were synthesised,
and all hybrid POMs were applied to construct POM-based MOFs
(POMOFs). The structures of resulting POMOFs were analysed by PXRD.
Hybridisation with long-chain organophosphonate groups is expected to
stabilise electron-conducting pathways of MOFs, potentially overcoming
limitations such as its low conductivity and poor electrochemical
durability. The design of these new POMOFs offers a promising strategy for
the development of advanced materials for various battery systems.



1. Introduction

1.1 Polyoxometalates

Polyoxometalates (POMs) are a group of soluble anionic metal-oxide
clusters, typically composed of {MO,}, units bridged by oxo ligands.?
These structures feature early transition metals (e.g. M= Mo, W, V or Nb) in
their highest oxidation states, resulting in empty d°orbitals which allows
multi electrons transfer in reactions. POMs exhibit remarkable potential in
various regions, including electrochemical,®* photochemical,®
magnetism,® catalytisis’® and medicine.® Their broad applicability mainly
comes from their structural diversity, highly tunable photochemical and
redox activity, and excellent thermal stability.”®"" Consequently, POMs
serve as ideal multifunctional building blocks for the growth of advanced
devices and derivative materials.'

The development of POM chemistry has a long history, dating back to the
first reported POM synthesised by Berzelius in 1826. This historical
evolution was comprehensively reviewed by Hill in Chemical Reviews
(1998),"® while Pope and Miiller’s review in the early 1990s helped
establish the modern trend of POMs research.™

POMs are typically synthesised via a “one-pot” condensation reaction of
multiple {MO.} precursors under acidic conditions. Structurally, a
classical {MO,} unit consists of a polyhedral anion in which metal cations
are coordinated to oxo ligands through M=0 or M-O-M linkages. The metal
centre is also known as addenda atom, which must retain a high
coordination number and form drt -ptt interactions with oxo ligands. This
requirement makes group V and VI transition metals in their highest
oxidation states, such as Mo (VI), W(VI) or V(V) the most common choices
for constructing {MO,} units. The synthesis of POM could be controlled by
varying several parameters: (i) temperature and pressure, (ii) pH and
choice of acid, (iii) concentration of metal oxide anions, (iv) ionic strength
and reagents equivalent ratio.'8

POMs are broadly classified into  isopolyoxoanions  and
heteropolyoxoanions based on their general structure. Isopolyoxoanions
consist of a single type of addenda atom and can be expressed by the
general formula [MnO,]™ (where M is a highly valent early transition metal).
Their archetypal structures—such as the Linqgvist ion [MsO+s]™ and its
derivatives—are named after the scientists who first characterised their
crystal structures. These structures are generally less stable than their
hetoropolyoxoanions counterparts.? However, advanced studies on
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Keplerate-type clusters and other giant POMs have expanded the
boundaries of POM chemistry by leveraging vacant d orbital and optimal
cation size, particularly from group V and VI elements in the nanoscopic to
mesoscopic range.’ 2 The general formula of Keplerate-type clusters is
[(pentagon)qs(linker)so]™, where the pentagon unitis {M"' 021} (M = Mo or W).
These are coordinated with either monometallic cations (e.g., Fe3*, Cr*,
VO,") or dimolybdic acid unit {M0,0.E>} ** (E= O or S) linker, while the
ligands are commonly carboxylates or sulfates.: 222

When hetoroanions such as PO.*, SO, AsO,%, SiOs*, GeO,*, AsOs%,
Sb0Os;*> or |10 participate in the self-assembly process,
hetoropolyoxoanions are formed. These widely studied POMs are
represented by the general formula [XiMnO,]™ and include well-known
structures like Anderson-Evans, Keggin or Wells-Dawson types. The
Anderson-Evans structure is assembled by six coordinate (octahedral)
units, whereas the Keggin and Wells-Dawson types are built from four
coordinate (tetrahedral) units.

The joining of p- or d- block heteroatoms can strengthen the structure by
filling the external vacancies of lacunary POMs, which are created by
removing selected metal centres. These vacant sites can then be
substituted with other atoms, allowing precise adjusting the structure and
properties of POM. This strategy also facilitates hybridisation, which is a
central focus of this thesis.

1.2 Wells-Dawson Polyoxometalates

The typical formula for Wells-Dawson hetoropolyoxoanions is [XoM15Oe2]™
(where M= W or Mo), with X is a core heteroatoms that participate in
forming the POM structure.® The trigonal [P,W1s0s2]® anion was initially
described by Wells,> and the general formula was later confirmed
crystallographically by Dawson in 1953, leading to the Wells-Dawson
structure’s naming.?®

The Wells-Dawson POM can be divided into exterior cap positions
(located at the top and bottom) and middle belt positions.
Functionalisation of the Well-Dawson POM is mainly completed by
modifying in the cap position.?® Comparing with the Keggin structure
[XM1,040]™, the Well-Dawson structure can be formed by the dimerisation
of two [XMsOs4]™, which is created by the removal of one {M3;O0¢} unit from
the Keggin anion.?” The two trilacunary Keggin fragments then fuse via



sharing the corner to form the Wells-Dawson anion, which exhibits
trigonal symmetry (Dsp).

Each [XMsOz]™ anion comprises a [XM3;] moiety and a [XMg] moiety,
constructing the cap and the belt respectively. Rotational arrangements of
these cap and belt positions could give rise to six different isomers, each
with distinct stabilities.?®

Due to its high stability and the structural, electronic and photochemical
tunability it offers, the [a-XoW1306,]®” species plays an important role in
POM chemistry. Over the past decade, Wells-Dawson POMs have shown
promise in various biochemical applications, including antibacterial,
antiviral, anticancer activities, as well as potential treatments for
diabetes.?*%" In addition, Wells-Dawson POMs are ideal materials for
further hybridisation, owing to their relatively stable lacunary structures
and high content of addenda atoms.*?

1.3 Hybridisation of POMs

There has been growing interest in post-functionalisation of lacunary
POMs. Organic-inorganic hybridisation is a widely used strategy to tune
the physical and electronic properties of POMs, and even to explore novel
functionalities by coordinating new ligands at the vacant sites.338

These organic-inorganic hybrid POMs are typically classified into two
types based on the difference of interaction between the POMs and the
ligands™®°. Class | hybrid POMs interact with organic ligands through non-
covalent interactions, for example, hydrogen bonding, van der Waals
forces or electrostatic interaction.*® In contrast, class Il hybrid POMs form
covalent bonds with their organic ligands. The highly nucleophilic oxygen
atoms at the exposed vacant sites of lacunary POMs can form strong
covalent interactions with suitable electrophilic centres, such as Si, P and
Sn.40

Class | hybrid POMs are more extensively studied, primarily because they
are easier to synthesise via simple metathesis reactions and are
compatible with every anionic POM.#" A natural example of class | hybrid
POMs is found in molybdenum storage proteins, where histidine form
strong hydrogen bonds with bridging molybdate oxygen atoms to catalyse
condensation reaction.*> However, the covalent interactions in class Il
hybrid POMs provide stronger bonding between the POM core and organic
ligands, thereby enhancing the stability and resiliency of the resulting



hybrids. This stability enables fine-tuning of electronic and spectroscopic
preperties.*?

Compared to class | hybrids, class Il hybrids offer greater tunability,
helping to expand more diverse design strategies to functionise
materials.** Therefore, class Il hybrid POMs are often preferred as building
units for the assembly of metal-organic frameworks (MOFs).

1.4 Metal-Organic Frameworks & Polyoxometalate-Based MOF

Metal-organic frameworks (MOFs) are a category of crystalline organic-
inorganic hybrid polymers formed through self-assembly. The term “MOF”
was first named by Yaghi in 1995.4° Constructed by metal ions or clusters
coordinated with organic bridging ligands, these porous materials have
become a popular research area in recent years. Interest in MOFs
research focuses on the design of structurally predictable frameworks
and their applications in gas adsorption and storage,*® drug delivery,*” and
catalysis,*®*° due to their high thermal and chemical stability, structures
diversity, and large surface area.%°

MOFs are typically synthesised via hydrothermal methods, although other
approaches such as solvothermal,” electrochemical,®® and
mechanochemical methods®® are also used depending on specific
requirements.

The design and synthesis of polyoxometalate-based metal-organic
frameworks (POMOFs) are developed as an effective strategy to utilise the
active sites of POMs.>** Among the various POM structures, the Keggin and
Wells-Dawson types are mainly reported as the choice of POMOF
materials. The formation of POMOF combines the high redox activity of
POMs with the porosity and tunability of MOFs, resulting in hybrid
materials with well-defined structures and enhanced functionalities.>®*®
Overall, the formation of POMOFs provides a practical method to stabilise
the POM structure in solution by reducing its solubility, while
simultaneously improving its redox activity.%’-%

10



2. Aims

This project aims to investigate the synthesis and characterisation of
symmetric organic-inorganic hybrid POMs based on the Wells-Dawson
structure, then develops the assembly method to construct POMOFs.
Wells-Dawson POMs were selected due to their extensive redox
properties and high structural stability.

Firstly, the rod-like electron-withdrawing organophosphonate ligands are
used for the hybridisation of Wells-Dawson POMs. These ligands are
expected not only to modify the electronic properties of the POM but also
to create stronger steric hindrance. This steric effect can tune the
reactivity of atoms on the ligand and constrain the 3D extension of the
symmetric POM structure, particularly in the horizontal direction.

Secondly, the previously synthesised hybrid POMs will be assembled into
POM-organic frameworks (POMOFs). This structural integration is
anticipated to enhance the intensity of the parent POMs, decrease its
solubility for broader applications, and commonly improve the
electrochemical activity of materials.

Finally, to fully characterise the hybrid POMs and POMOFs, several
analytical techniques will be employed. These include nuclear magnetic
resonance (NMR) spectroscopy, mass spectrometry (MS), and infrared (IR)
spectrometry. In addition, electrochemical properties will be investigated
using cyclic voltammetry (CV), and the structural features of the resulting
POMOFs will be examined by powder x-ray diffraction (PXRD).
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3. Results and Discussion

3.1 Synthesis and Characterisation of Polyoxometalate
Precursors

To prepare a stable lacunary structure for subsequent hybridisation and
MOF assembly, the Wells-Dawson POM K¢[P.W150e2] (P2W1s) was chosen
as the suitable precursor (Figure 1). The P,W;s POMs were synthesised by
the “one-pot” reaction under acidic conditions. The sodium tungstate
dihydrate dissolved in water as the source of {WO,}* metal-oxide unit. The
dropwise addition of HCL (4M) had two key effects: i) maintaining the pH
below 6 prevented degradation of the target Wells-Dawson POM into other
lacunary species, and ii) acidifying the solution to pH<2 strongly improved
both the yield and purity of the final product.5¢°

A white precipitate observed during this step was the lacunary
intermediate Kio[a2-P2W17061]:15H.0, which could be redissolved via
adding sufficient acid.®’®® The addition of phosphoric acid provided the
PO.* anions to participate in the self-assembly of the sandwich-type
Wells-Dawson structure. During a 24-hour reflux at 110°C, the metal-
oxide units converted into bimetallic and trimetallic structures. The
appearance of a yellow solution indicated the formation of pure a-P,W5.%

After complete conversion, the reaction mixture was cooled down to
initiate precipitation of the Kg[P.W150s¢2] product. Potassium chloride was
added as a counter cation to balance the [P.W:50s,]® negative charge. The
crude product was dissolved in hot water and recrystallised to obtain a
product with sufficient yield and purity. Bromine water was added to
oxidise the compound from its reduced form. The final product appeared
green, which results from a mixture of the yellow a-P,W:s compound and
the heteropoly blues from reduced polyoxometalates.

1.HCl

2. H,PO,

3.KCl
Na,W0,.2H,0

H,0

[P2W4504,]%

Figure 1: Schematic diagram for the synthesis of the P,W;3 POM.
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The mono-lacunary Wells-Dawson POM Kio[P.W17061] (P2W17) was
synthesised for use in hybridisation (Figure 2). As previously mentioned,
the P,Wisstructure is more stable under acidic conditions. Therefore, to
induce the formation of a lacunary site, P,W,swas first dissolved in water
and then mixed with potassium bicarbonate to create a basic environment.
This decrease in stability let a terminal W=0 unit be hydrolysed,
generating a vacancy on the POM structure.

The conversion from P,Wisto P,W,; was monitored by the formation of
white precipitation after stirring overnight. The precipitation was then
dissolved in hot water for recrystallisation and subsequently washed with
water and acetone to collect P,W,;product with sufficient yield and purity.
The original preparation method was reported by Constant et al in 1990.%

KHCO,

H,0

[P2W13052]5_ [P2W1 T051]m_

Figure 2: Schematic diagram for the synthesis of the P,W;; lacunary POM.

Phosphorus-31 NMR spectroscopy (*'P NMR) was used to characterise
the Wells-Dawson POM, providing insights into the environments of the
PO, units within the POM structure. Compared to other NMR-active
isotopes such as 'O and "®W which require specialised setups, including
high-resolution spectrometers, high temperature and longer time due to
their low natural abundance and low resonance frequency, *'P isotope
offers several advantages. It is faster to analyse, more sensitive, and
cheaper.56¢7

In the case of the P,WsPOM, both phosphorus atoms are in chemically
equivalent environments, resulting in a single *'P NMR signal. As the
comparison, the P,W,slacunary POM has an asymmetric structure since
one W=0 unit is removed. This structural change places the two
phosphorus atoms in different environments, and thus two distinct peaks
are predicted in the 3P NMR spectrum. From the detected °'P NMR
spectra a single peak is shown at 6= -13.02 ppm for Ke[P,W150s2] (P2W+s),
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and two peaks are shown at 6= -7.20, -14.38 ppm for Kio[P2W17061] (P2W17)
(Figure 3). The singlet peak at 6= -7.20 ppm corresponds to the
phosphorus atom adjacent to the lacunary site, where a W=0 unit has
been removed. The absence of nearby W=0 unit leads to weaker shielding
effect, so the signal of phosphate at the vacant site shifts to downfield. In
contrast, the phosphorus atom located farther from the vacant site
remains surrounded by more {WOQOs} units, experiencing greater shielding.
As aresult, a signal at 5=-14.38 ppm is detected.

ppm Ppm

Figure 3: 3'P NMR spectra for P,Wsz (left) and P,W;5 (right) POM in D,0.

Electrospray ionisation mass spectrometry (ESI-MS) was also employed
to support the structural characterisation. The measurements were
conducted in Negative High Molecular Weight mode, which is specially
optimised for the analysis of large molecules. Several smaller fragments
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were identified by ESI-MS to confirm the POM structure. The possible
anion assignments for the P,W;s species are presented in Figure 4 and
Table 1.

It is worth noting that proton (H*) and sodium (Na*) adducts may also be
observed because of the working method of ESI technique.®® In addition,
due to the inherently anionic nature of POMs, free exchange of counter
cations (e.g., H*, Na*, K*) commonly occurs during the ESI-MS process.®®

Intens.
[%]

1001

0
500 750 1000 1250 1500 1750 2000 2250 2500 2750 mwz

Figure 4: ESI mass spectrum of the P,W;3 POM.

Table 1: ESI mass spectrum peak assighments of the P,W;s POM.

Assignment Z m/z (obs) m/z (calc)
[P2W1506:] 3- 1454.90 1454.92
H2N8[P2W1sos1] 3- 1457.91 1457.92
HNaK[P2W15Oe2] 2- 2225.38 2225.37
H.NaK[P,W15Oe1] 2- 2214.38 2214.38

ESI-MS was also applied to study the structure of the P,W,; lacunary POM.
The detected anion assignments of P,W;; are shown below to support its
synthesis (Figure 5 and Table 2).

15
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Figure 5: ESI mass spectrum of the P,W;; lacunary POM.

Table 2: ESI mass spectrum peak assignments of the P,W;; lacunary POM.

Assignment Z m/z (obs) m/z (calc)
HNag[P2W17061] 3- 1453.10 1453.05
H:NasK[P2W170461] 2- 2152.37 2151.36

Infrared (IR) spectroscopy was used to characterise the POMs (Figure 6).
Overall, the P,W,s and P,W17 POM exhibit similar features. A broad peak
observed around ~3500 cm™ is assigned to the O-H stretching vibrations.
Characteristic POM bands appear in the fingerprint area. The peaks at
1085 cm™ and 1078 cm™ correspond to P-O stretching vibrations of the

phosphate units in P,W,s and P,W,, respectively.”®

The W=0 stretching bonds appear at 956 cm™ for P,W;s and 934 cm™ for
P.Wis7. The W-O-W bending modes of the bridging oxygens are reported as
a broad band: 907-730 cm™ and 515 cm™ for P,W,g, while same mode are

identified at 878-715 cm™ and 518 cm™ for P,W;7.”"
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Figure 6: IR (ATR) spectra of the P,W,s (top) and P,W;; (down) POM.

3.2 Synthesis and Characterisation of Symmetric Hybrid POMs

The previously synthesised lacunary Wells-Dawson POM (P,W,7) was used
to prepare three kinds of symmetric hybridised POMs. The vacant sites
where oxygens are exposed at the edge of the POM structure increased
their nucleophilicity. This reactivity allows certain organophosphates to be
act as electrophiles ligands. The organo-functionalisation process not
only improves the stability and electrochemical properties of the POM but
also introduces controllable steric hindrance.
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These symmetric organic-inorganic hybrid POM were synthesised
individually by acid-catalysed reaction. One molar equivalent of P,W;;
was reacted with two equivalents of organophosphonate ligands in
acetonitrile. Although the original reported method used DMAc as the
solvent, it was replaced with MeCN in this study due to difficulties
encountered in collecting sticky, oily products after a few attempts. The
detailed synthetic procedures for each hybrid POM are reported in the
following sections.

3.2.1 Ke[P2W+17057(PO3H5Cs6)2] (1)

P.W;; POM and phenylphosphonic acid were suspended in acetonitrile,
and concentrated hydrochloric acid (12M) was added to facilitate the
hybridisation reaction. The mixture was refluxed and stirred at 90 °C for 24
hours. After the reaction, unreacted residues were removed by
centrifugation. Excess diethyl ether was then added to the liquid mixture
to induce precipitation of the hybrid POM, followed by centrifugation. The
resulting light green precipitate was resuspended in ethanol and was
added excess volume of ether. A second round of centrifugation yielded a
light green solid. The reaction scheme is illustrated in Figure 7.

HCl, 10 eq @\,f c\\D/O

MeCN
90 °C, 24h

[PoW 70641 phenylphosphonic acid -
Teq 2 €q [P2W+17057(PO3H5Cs)s]

Figure 7: Schematic diagram for the synthesis of the hybrid POM (1).

P NMR spectroscopy was employed to investigate the phosphate
environments in the hybrid POMs, as was done for the parent P,W;sand
P.Wi,; structures. Notably, the appearance of a phosphorus peak in the
positive region of the *'P spectrum provides strong evidence to support
the formation of hybrid POMs. This is because phosphorus atoms within
the POM structure are highly shielded by surrounding {WOQOe} units.
Therefore, symmetric hybrid POMs are predicted to show two peaks in the
negative area, corresponding to the two distinct phosphates, and one
additional peak in the positive area representing the coordinated
phosphonate ligands.

18



In the case of hybrid POM (1), the *'P NMR spectrum (Figure 8) reveals
three distinct peaks: two in the negative area at 5= -11.34 ppm and -12.97
ppm, and one in the positive area at 6= 14.83 ppm, which matches the
predicted pattern. The presence of a phosphorus signal at 14.83 ppm
represents the coordinated phosphonate ligands. The signal at -11.34
ppm corresponds to the phosphate unit located closer to the top side of
the hybrid POM. This unit appeared at -7.20 ppm in the P,W,; spectrum
before hybridisation. After coordination, the phosphonate ligands occupy
the vacant sites and provide additional electron density, shifting the peak
to shielded site.

Conversely, the phosphonic acid ligands also exert an overall electron-
withdrawing effect on the hybrid POM. This causes the phosphate unit on
the bottom side to become more deshielded.”? As a result, the
corresponding peak shifts to downfield from -14.38 ppm to -12.97 ppm in
the hybrid.

14.83

-12.97

-11.34

50 0 -0
f1 (ppm)

Figure 8: 3'P NMR spectrum for hybrid POM (1) in DMSO-de.
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Proton NMR ("H NMR) was used to analyse the structure of the
phosphonate ligands attached to the symmetric hybrid POMs (Figure 9).
The key peaks detected in the aromatic area correspond to the aryl groups
of the phenylphosphonic acid.”®

T Y Y Y T v T v | Y T v

81 80 79 78 77 76 15 74 73
fl (ppm)

Figure 9: Key sections of '"H NMR spectrum for hybrid POM (1) in DMSO-ds.

The ESI-MS was used to further investigate the structure of the hybrid POM.
As previously mentioned, the presence of proton, potassium and sodium
adducts is common in ESI-MS due to the existence of counterions.®® The
measurements were also performed in a Negative High MW mode, and the
expected formula for the hybrid POM (1) was [P.W;70s7(PO3HsCs)2]%. The
structure of losing one phosphonate ligand was also considered, since
ESI-MS would produce fragments of the molecule. The assignments of
hybrid POM (1) are shown below (Figure 10 and Table 3).
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Figure 10: ESI mass spectrum of the hybrid POM (1).

Table 3: ESI mass spectrum peak assignments of the hybrid POM (1).

Assignment Z m/z (obs) m/z (calc)
H3[P2W17057(POsH5Ce)] 3- 1419.95 1419.96
HNa3[P,W17057(POsHsCe)2] 2- 2241.39 2241.40
H3K[P2W170s57(PO3H5Cs)s] 2- 2227.40 2227.40

Infrared spectroscopy was also used to characterise the hybrid POMs
(Figure 11). A broad peak found at ~3500 cm™ is attributed to the O-H
stretching from residual moisture. Peaks at 1610 cm™ and 1463 cm
correspond to C-C stretching vibrations in the aromatic ring of the
phosphonate ligand. The characteristic bands of both POM and
phosphonate ligand appear in the fingerprint region. A peak at 1086 cm”’
indicates the P-O and P=0 stretching vibrations from the phosphate units
present in both the POM and the ligand. The W=0 stretching vibrations are
observed at 953 cm™ and 906 cm™. The W-O-W bending modes of bridging
oxygen atoms are reported as a broad band in the range of 725-527 cm™.
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Figure 11: IR (ATR) spectra of the hybrid POM (1) (top) and P,W,; POM (down).

3.2.2 Ks[P2W+17057(POsHsC7)2] (2)

The reaction scheme is shown in Figure 12. The one molar equivalent of
P.W;; POM and two molar equivalents of 4-carboxyphenyl phosphonic
acid were suspended in acetonitrile. The mixture was refluxed and stirred
for at 90 °C for 24 hours. After the reaction, unreacted residues were
removed by centrifugation, then excess diethyl ether was added to the
mixture and centrifuged to precipitate the hybrid POM. The resulting light
green precipitate was resuspended in ethanol, followed by the addition of
excess ether again, then was centrifugated to collect a light blue solid.
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Figure 12: Schematic diagram for the synthesis of the hybrid POM (2).

The 3P NMR spectroscopy was an idea tool for characterising the
structures of the hybrid POM (2). It was also used to confirm the formation
of hybrid POMs, as the presence of a phosphorus signal in the positive
region is indicative of coordinated phosphonate ligands. In hybrid POM (2),
three distinct peaks were seen in 3P spectrum (Figure 13): two were at
negative region (6=-11.35, -12.90 ppm) and one was at positive region (0=
13.28 ppm). This pattern is consistent with the predicted phosphorus
environments.

The phosphate unit corresponds to sighal at -11.35 ppm is on the top side
of the hybrid POM. Compared to the lacunary P,W;; POM, the 4-
carboxyphenyl phosphonic acid ligands cause an electron-withdrawing
effect on the entire structure. As the result, the phosphate unit located on
the bottom side of the hybrid POM becomes more deshielded, leading to a
downfield shift of its signal from -14.38 ppm to -12.90 ppm.”?
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Figure 13: P NMR spectrum for hybrid POM (2) in DMSO-de.

The proton NMR ('"H NMR) was used to identify the structure of
phosphonate ligands attached to the symmetric hybrid POMs (Figure 14).
A singlet peak observed at 13.17 ppm is attributed to the carboxyl group,
while the signals detected in the aromatic region correspond to the aryl
group of the 4-carboxyphenyl phosphonic acid ligand.”
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fl (ppm)

Figure 14: Key section of '"H NMR spectrum for hybrid POM (2) in DMSO-ds.
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The ESI-MS was used to characterise hybrid POM 2 (Figure 15). The
expected formula was [P,W;;0s,(POsHsC,),]¢. The fragment series
indicates that the loss of one ligand was also considered in the analysis.
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Figure 15: ESI mass spectrum of the hybrid POM (2).

Infrared spectroscopy was used to characterise the hybrid POM (2) (Figure
16). A broad peak found at ~3500 cm™ is assigned to the O-H stretching
from residual moisture. The peak at 1701 cm™ corresponds to C=0
stretching of the carboxyl group. The peak at 1558 cm™ is attributed to the
C-C stretching in the aromatic ring.

The characteristic bands of both the POM and the phosphonate ligand
appear in fingerprint region. The peak at 1097 cm™ indicates the P-O and
P=0 stretching from the phosphate units in both the POM and the ligand.
The W=0 stretching bonds are observed at 953 cm™ and 914 cm™. The W-
O-W bending modes of bridging oxygen atoms appear as a broad band in
the range of 862-531 cm™.
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Figure 16: IR (ATR) spectra of the hybrid POM (2) (top) and P,W,; POM (down).

3.2.3 Ke[P2W17057(POsHsC13)-] (3)

One molar equivalent of P,W;; POM and two molar equivalents of 4-
phosphonato-4'-biphenylcarboxylic acid were suspended in acetonitrile.
The mixture was refluxed and stirred at 90 ° C for 24 hours (Figure 17). The
unreacted residue was removed by centrifugation, then excess ether was
added to the mixture and centrifuged to precipitate the hybrid POM. The
orange precipitate was mixed with ethanol and added excess ether again,
centrifuging to collect the final orange solid.
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Figure 17: Schematic diagram for the synthesis of the hybrid POM (3).

The structure of the hybrid POM (3) was characterised by*'P NMR
spectroscopy. Three distinct peaks are observed in *'P spectrum
(Figure 18): two in the negative region (6= -11.31 and -12.93 ppm)
and one in the positive region (6= 14.57 ppm). The formation of
hybrid POM (3) is confirmed by the agreement between the
observed peak distribution and the predicted phosphorus
environments. The peak at -11.31 ppm corresponds to the
phosphate unit located on the top side of the hybrid POM. The 4-
carboxyphenyl phosphonic acid ligands cause an electron-
withdrawing effect on the hybrid POM, so a downfield shift of the
phosphate unit on the bottom side is observed from -14.38 ppm to -
12.93 ppm.”?
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Figure 18: %P NMR spectrum for hybrid POM (3) in DMSO-de.
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The proton NMR ("H NMR) was used to confirm the structure of
phosphonate ligands attached to the symmetric hybrid POMs (Figure 19).
The singlet peak at 12.96 ppm is associated with the carboxyl group, while
two multiplets corresponding to the aryl protons indicate the presence of
two aromatic rings in 4-phosphonato-4'-biphenylcarboxylic acid.
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Figure 19: Key section of "H NMR spectrum for hybrid POM (3) in DMSO-ds.
The ESI-MS was used to characterise the hybrid POM 2 (Figure 20 and

Table 4). The expected formula was [P,W;,0s7(POsHsC13)2]¢. The fragment
series which indicate the loss of one ligand were also considered.
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Figure 20: ESI mass spectrum of the hybrid POM (3).

Table 4: ESI mass spectrum peak assignments of the hybrid POM (3).

Assignment Z m/z (obs) m/z (calc)
H>K[P2W17057(POsHsC13)2] 3- 1564.73 1564.73
H,Na[P2W17057(POsHsC13)] 3- 1467.27 1467.29
H,KNa[P2W1,057(POsHsC13),] 2- 2358.42 2358.42

HzNa3[P2W170s7(POsHyCr3),] 2- 2350.27 2350.27

Infrared spectroscopy was used to characterise the hybrid POM (2) (Figure
21). The peak at 1703 cm™ corresponds to the C=0 stretching vibration of
the carboxyl group. The peaks observed at 1695 cm™ and 1391 cm™ are
assigned to the C-C stretching in the aromatic ring. Characteristic bands
of the POM and phosphonate ligand appeared in fingerprint region. The
peak at 1086 cm™ is attributed to the P-O and P=0O stretching of the
phosphate units from both the POM and the ligand. The W=0 stretching
vibrations appear at 953 cm™ and 907 cm™. The W-O-W bending mode of

the bridging oxygens is reported as a broad band in the range of 721-528
cm™.
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Figure 21: IR (ATR) spectra of the hybrid POM (3) (top) and P,W,; POM (down).

3.2.4 Electrochemistry

Cyclic voltammetry measurements of the P,W;s POM and three hybrid
POMs were conducted in MeCN with 0.1 M TBAPFs as the electrolyte
(Figure 22, Table 5&6). For the three hybrid POMs, two distinct redox peaks
were observed in the potential range of - 0.9V to 0 V. In contrast, the P,Wig
POM exhibited a broad, poorly defined peak between the range of -1.3V to
0V, with a AE,value of 574 mV.

For the hybrid POMs, the first two redox processes (l and Il) correspond to
single-electron WY'/W" redox processes, with AE, = 72 mV and 74 mV for
hybrid POM (1); AE, = 72 mV and 85 mV for hybrid POM (2); and AE, = 89
mV and 95 mV for hybrid POM (3), respectively. Compared with the parent
Wells-Dawson POM, the hybrid POMs show a substantial positive shift of
around 500- 480 mV. The change of electrochemical properties is due to
the electron-withdrawing feature of the organophosphonate linker. In
addition, the AE,value for all hybrid POMs exceed 57 mV, indicating that
the redox processes are “quasi-reversible” and that electron transfer is
electrochemically irreversible under the experimental conditions.
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Figure 22: Cyclic voltammograms of the three hybrid POMs and P,W;3 POM in MeCN,
with 0.1 M TBAPFs. Scan rate: 100 mVs™

Table 5: 1** redox potential (I) of three hybrid POMs and P,W;s POM in MeCN.

Redox potential Hybrid Hybrid Hybrid
vs. Fc/Fc+ (V) P.Wig POM (1) | POM (2) POM (3)
Ered -1.185 -0.424 -0.412 -0.441

Eox -0.611 -0.351 -0.34 -0.352

Ei -0.898 -0.388 -0.376 -0.397

Table 6: 2" redox potential (Il) of hybrid POMs (1)-(3) in MeCN.

Redox potential Hybrid Hybrid Hybrid
vs. Fc/Fc+ (V) P.Wig POM (1) | POM (2) POM (3)
Ered X -0.696 -0.735 -0.752

Eox X -0.622 -0.65 -0.657

Ei2 X -0.659 -0.693 -0.705
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3.3 Attempts Synthesis and Characterisation of POM-based
MOF

3.3.1 Hybrid POM (1) cluster

To synthesise a POM-based MOF (POMOF), the linker groups which can
work as activation sites on the POM is compulsory. The organo-
phosphonate hybridisation is a common method to provide the required
components. It is anticipated that the [P,W;;0s,(POsHsCs).] (hybrid POM
(1)) would be unable to form an extended framework, as it lacks activation
sites at positions necessary for self-assembly into a repeating structure.

To test this assumption, a post-functionalisation method was applied to
produce a hybrid POM cluster (procedure described in Chapter 5.6). As
reported in the literature, the resulting chain-like aggregates still retained
the same °'P NMR spectral features as the starting hybrid POM: two peaks
in the negative region and one peak in the positive region’*(Figure 23).

@ff \\,/O

Zn(0OAc),

Hybrid POM (1) derivative cluster
MeCN: H,0 (6:1(v/v))
1T week

[P2W;7057(PO3H5Ce).]

Figure 23: Schematic diagram for the synthesis of the hybrid POM (1) derivative cluster.

For the “clusters” synthesised by hybrid POM (1), all *'P NMR peaks appear
the negative region (6 = -9.18, -13.47 and -14.25 ppm) (Figure 24). This
spectral pattern does not match the reference, which proves that the
hybrid POM (1) fails to form the expected chain-like aggregates. It provides
evidence that hybrid POM (1) is unsuitable for constructing a POMOF and
should be excluded from the following synthesis attempts. The obvious
upfield shift (from 14.83 ppm to -9.18 ppm) suggests that the phosphorus
atom in the ligand becomes highly shielded after the reaction. The precise
issue of this shift could be discussed in future studies.
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Figure 24: %P NMR spectrum for hybrid POM (1) cluster in DMSO-ds

3.3.2 Hybrid POM (2)-MOF

The synthesis of POMOFs was adapted from the MOF-5 preparation
method reported by Tranchemontagne, Hunt and Yaghi.”* One molar
equivalent of hybrid POM (2) was dissolved in acetonitrile, then three
molar equivalents of triethylamine were added to create a basic reaction
environment. Separately, zinc acetate anhydrous (2.5 eq.) was dissolved
in a small volume of DMF. The two solutions were combined, stirring for 1
hour, then was left to stand until most of the solvent had evaporated.
Ether was added into the remaining solution and sonicated for 10 min,
then the ether was replaced with acetonitrile containing a small amount
of ether. The mixture was sonicated for a further 5 min, then the product
was dried and collected by scraping it from the bottom of the vial (Figure
25).
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Figure 25: Schematic diagram for the synthesis of the hybrid POM (2) derivative MOF.

The structure of the hybrid POM (2)-MOF was characterised by3'P NMR
spectroscopy. Five distinct peaks were observed in the 3P spectrum
(Figure 26), three are in the negative region (6= -3.08, -11.30, -13.04 ppm)
and two in the positive region (6= 10.38 and 0.26 ppm). The phosphate
units corresponding to the reactant hybrid POM (2) can be identified at 0=
10.48, -11.30, -13.04 ppm. Compared with hybrid POM (2), the peak
originally at 13.28 ppm shifted to 10.38 ppm after the reaction, indicating
an increase in election density at the phosphorus atom of the ligand. The
overall POM structure provides a stronger shielding effect, and the peak
corresponding to the bottom phosphonate unit moves to upfield (from -
12.90 ppm to -13.04 ppm). The peaks at 0.26 ppm and -3.08 ppm indicate
the presence of small fragments dissociated from the hybrid POM. These
fragments are likely produced by degradation, in which W=0 or W-O-W
bonds are attacked by the nucleophile, generating more vacancies.’®”’
The resulting small species aggregate into a brown, gel-like material. The
poor solubility of the product in MeCN, MeOH and water makes the
common ESI-MS solvent unusable for structural analysis.
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Figure 26: P NMR spectrum for hybrid POM (2)-MOF in DMSO-de.

3.3.3 Hybrid POM (3)-MOF

The first attempt to synthesise the POM (3)-MOF followed the procedure
described in 3.3.2. However, a brown jelly was formed when the same
amount of TEA was mixed with hybrid POM (3) in MeCN during the
experiment, which was insoluble in additional MeCN (Figure 27). This
outcome was attributed to base-induced degradation. To solve this issue,
the reaction conditions were modified using two alternative methods. In
Method A, 2 equivalents of acetic acid were added to lower the pH. In
Method B, the amount of TEA was simply reduced.
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Figure 27: The jelly formed after TEA was added in the hybrid POM (3)/ MeCN solution.

Method A: One molar equivalent of hybrid POM (3) was dissolved in
acetonitrile, then three molar equivalents of TEA were added to create a
basic reaction environment. A brown gel-like material formed in the vial,
after which 2 equivalents of acetic acid were added to re-dissolve the gel.
Zinc acetate anhydrous (2.5 eq.) was dissolved in a small amount of DMF,
and the two solutions were combined and stirred before being left to allow
solvent evaporation. Ether was then added, and the mixture was
sonicated. The ether was subsequently replaced with acetonitrile
containing a small amount of ether, and the mixture was sonicated for an
additional 5 minutes. The final product was dried and collected (Figure 28).

Zn(OAc), 2.5 eq
TEA 3edq.
acetic acid 2 eq.

MeCN:DMF
r.t.

POM(3)-MOF

Figure 28: Schematic diagram for the synthesis of the hybrid POM (3) derivative MOF with
method A).

Method B: One molar equivalent of hybrid POM (3) was dissolved in
acetonitrile, followed by the addition of reduced amount of TEA (0.75 eq)
to provide a basic reaction environment. In this case, no brown gel-like
material was formed. Zinc acetate anhydrous (2.5 eq.) was dissolved in a
small amount of DMF, then two solutions were combined and stirred
before being left to allow solvent evaporation. Ether was then added for
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sonication, replaced with acetonitrile containing a small amount of ether.
The mixture was sonicated for an additional 5 minutes, then the final
product was dried and collected (Figure 29).

Zn(0OAc), 2.5 eq.
TEA 0.75 eq.

POM(3)-MOF
MeCN:DMF
rt

Figure 29: Schematic diagram for the synthesis of the hybrid POM (3) derivative MOF with
method B).

The structure of hybrid POM (3)-MOFs synthesised by Method A and B
were characterised using *'P NMR spectroscopy. The products obtained
from each method are named according to the method used. For both
Product A and Product B, three distinct peaks were observed in *'P spectra
(Figure 30): two in the negative region (0= -11.28 and -13.05 ppm for
Product A; 5=-11.27 and -13.04 ppm for Product B) and one in the positive
region (0= 10.80 ppm for Product A; = 10.65 ppm for Product B). These
peaks highly correspond to those of the reactant hybrid POM (3).

Compared with hybrid POM (3), the peak at 14.57 ppm shifts to 10.80 ppm
(A) or 10.65 ppm (B), indicating an increase in election density at the
phosphorus atom of the ligand. No peaks corresponding to small
fragment species were detected in spectra, proving that base degradation
was controlled in both methods. Furthermore, the upfield shift of the
bottom phosphonate unit (from -12.93 ppm to -13.05 for A/ -13.04 ppm for
B) reflects an increased shielding effect from the POM. This points out that
the whole POM structure was modified or assembled into larger
molecules through self-organisaton. The poor solubility of both products
in MeCN, MeOH and water makes the conventional ESI-MS solvents
unsuitable for structural analysis.
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Figure 30: *'P NMR spectra for product A (left) and product B (right) of hybrid POM (3)-
MOF in DMSO-ds.

3.3.4 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) is a widely used technique for
characterising nanoscale materials, providing essential information on
crystallinity, structural details, particle size and sample purity. The PXRD
results indicate that most of the synthesised samples do not have enough
crystallinity to observe peak positions when compared with the pattern of
MOF-5, instead displaying wavy curves (Figure 31). Therefore, it is difficult
to determine whether the target POMOFs adopt a true MOF structure or
represent other types of species. Further recrystallisation will therefore be
necessary. In addition, the synthesised MOF-5 was analysed in its inactive
state. Its PXRD pattern does not match the standard database pattern,
likely because the porous structure is filled with residual solvent or zinc
oxide. The synthetic procedure for MOF-5 is described in Chapter 5.6.
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Figure 31: PXRD pattern for hybrid POMs, MOF-5 and hybrid POMOFs.
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4. Conclusions and Future Work

A new symmetric hybrid POM [P,W;;05,(POsHsC13).], based on 4-
phosphonato-4'-biphenylcarboxylic acid, has been synthesised and
characterised. Three symmetric hybrid POMs were used as structural
units for the construction of MOFs framework, and their electrochemical
properties were investigated. Several MOF synthetic methods were
explored. The structural information for both hybrid POMs and POMOFs
was obtained via PXRD. However, the crystallinity of the samples was
insufficient for detailed structural analysis.

After POMOF formation, all compounds exhibited reduced solubility,
which matched the expectation that MOF assembly could enhance the
stability of hybrid POMs in various solvents. This increased stability
explores potential usages in heterogeneous catalysis, novel solid
materials, and energy storage. Nonetheless, further analysis is required to
define the precise formulas of these materials.

Due to time restrictions, synthetic methods for using more rod-like
oligophenyl phosphonate ligands were not developed. To examine the
influence of steric hindrance on POMOF formation, longer phosphonate
ligands could be used in future hybridisation studies. The formation of a
brown gel-like material is a unique phenomenon observed exclusively
when hybrid POM (3) is used in POMOF synthesis, and this substance
could be further characterised for its structure and potential applications.
Other reaction conditions could also be tested to optimise POMOF
synthesis, ranging from simply changing the reaction temperature and
pressure to utilise alternative synthetic methods.
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5. Experimental

5.1 Materials and Methods

All common reagents and solvents were purchased from commercial
suppliers and used without further purification.

NMR Spectroscopy: 'H, *'P and *C NMR spectra were measured in DMSO-
de with a Bruker Ascend™ 400 MHz spectrometer. Chemical shifts (5) are
reported in parts per million (ppm).

Fourier Transform Infrared Spectroscopy (FTIR): IR spectra were recorded
in the range 4000-400 cm™ on a Bruker Alpha FTIR spectrometer equipped
with a platinum ATR module.

Electrospray lonisation Mass Spectrometry (ESI-MS): High-resolution ESI-
MS measurements were performed on a Bruker micrOTOF Il mass
spectrometer, operated in negative ion mode unless specifically noted.
Samples of organophosphonate ligands and their precursors were
prepared in methanol, while POM samples were prepared in acetonitrile,
each at a concentration of approximately 0.01 mg mL".

Powder X-ray Diffraction (PXRD): PXRD patterns were recorded on a
Malvern PANalytical Xpert Pro MPD (Cu source). All samples were
analysed over a of 2°-70° diffraction angle with a 30-min step time,
repeated 4 times. For MOF-5, data were collected under these parameters:
2°-80° diffraction angle and 10-min step time scanning.

Cyclic Voltammetry (CV): CV measurements were performed on a
CHI6G00E workstation using a three-electrode system: a glassy carbon
working electrode, a platinum wire counter electrode, and an Ag/AgCl
reference electrode. A 0.1 M TBAPF¢ in acetonitrile was used as the
electrolyte solution. All measurements were performed after degassing
with argon for 15 min and under a positive argon atmosphere. The scan
rate during measurements was 100 mVs™.

5.2 Synthesis of Organophosphonate Ligand

5.2.1 Synthesis of 4-Diethylphosphono-4'-Biphenylcarboxylic
Acid Methyl Ester
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Methyl 4-(4’-bromophenyl) benzoate (400 mg, 1.38 mmol), PPh; (106.8 mg,
0.408 mmol) and Pd(OAc), (31.6 mg, 0.141 mmol) were suspended in
ethanol (17 mL) under argon. Diethyl phosphite (710 uL, 5.64 mmol) and
triethylamine (580 pL, 4.17 mmol) were added. The reaction mixture was
refluxed at 75 °C for 22 h and subsequently cooled to room temperature.
The yellow solution was centrifuged to remove solids, and the solvent was
evaporated under reduced pressure to form a yellow precipitate. The
crude product was extracted with dichloromethane and washed three
times with water. The organic phase was collected, and the solvent was
removed under vacuum to yield a light-yellow product (529 mg, 110%).787°

'H NMR (400 MHz, DMSO-dq):

5=8.12-7.79 (m, 8H), 4.05 (g, J = 3.6 Hz, 4H), 3.90 (s, 3H), 1.26 (t, J = 7.1
Hz, 6H).
3C NMR (101 MHz, DMSO-ds):

5 = 166.4 (-COOH), 143.9 (aromatic C), 143.1, 132.6, 132.5, 132.0, 131.9,
130.4, 129.7, 129.6, 129.3(d), 127.8 (d), 62.3 (O-CHs), 52.7 (O-CH), 16.7(-
CHa).

P NMR (162 MHz, DMSO-d¢):
0=17.52.

MS (ESI): Calc for [CigH210sPH] * m/z = 349.1199. Found=349.1202
(measured with positive mode).

5.2.2 Synthesis of 4-Phosphonato-4'-Biphenylcarboxylic Acid

HO o)
7
/\

(@) HO OH
4-diethylphosphono-4’-biphenylcarboxylic acid methyl ester (200 mg,
0.574mmol) was suspended in HCL (12 M, 15 mL) and refluxed at 90 °C for
20 h. The resulting yellow mixture was cooled in an ice bath then filtered.
The solid was washed with plenty of water to remove excess HCL. After
filtering under vacuum, the light-yellow precipitate was obtained and
dried to yield the final product (119 mg, 75%).”°
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"H NMR (400 MHz, DMSO-d):

0 =8.05 (d, J=8.4 Hz, 2H), 7.89 - 7.74 (m, 6H). (The broad peak from P-OH
bond was not visible). 7®

3C NMR (101 MHz, DMSO-ds):

5 = 167.5 (-COOH), 144.0 (aromatic C), 131.8, 131.7, 130.6 130.5, 127.5,
127.2,127.1.

3P NMR (162 MHz, DMSO-d;):
5=12.27.
MS (ESI): Calc for [C1sH:00sP] - m/z = 277.0271. Found= 277.0271

5.3 Synthesis of Polyoxometalates

5.3.1 Synthesis of KG[P2W18052] (P2W1s)

The classic Wells-Dawson POM was prepared following the method
reported by Graham and Finke.®?

Na,W0O,-2H,0 (50.0 g, 0.152 mol) was dissolved in water (60 mL), and HCl
(4 M, 42 mL) was added dropwise to the solution under rapid stirring. A
white precipitate formed during the addition, which subsequently
redissolved upon completion. H;PO, (4 M, 42 mL) was then added
dropwise with continuous stirring, affording a clear yellow solution that
was heated at 110 °C for 24 h. After the pale-yellow solution was cooled
to room temperature, KCl (25 g, 0.34 mol) was added with stirring. The
resulting yellow precipitate was collected by filtration and air-dried for 2 h.

The pale-yellow solid was dissolved in water (110 mL), and bromine water
was added dropwise until the solution colour changed from green to pale
green and yellow. The solution was heated to 90 °C for recrystallisation,
cooled overnight, and filtered to give a light-green precipitate. The solid
was washed with cold water (2 x 5 mL) and dried to collect a white/green
crystalline product (14.9 mg, 36.3%).
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3P NMR (162 MHz, D0):
5=-13.02
IR (ATR, cm™): 3565, 2090, 1602, 1085, 956, 907, 730, 515.

5.3.2 Synthesis of K10[P2W17061] (P2W17)

Ke[P2W150e2] (10.0 g, 2.17 mmol) was dissolved in water (25 mL), followed
by the addition of KHCO; (2.80 g, 33.4 mmol). The mixture was stirred
overnight, forming a delicate milky-white suspension. The white
precipitate was collected with filtration, washed with water and acetone,
and recrystallised using a small amount of hot water (85 °C). The solution
was then cooled in an ice bath, forming snowy-white crystals, which were
isolated by filtration, washed with water and acetone, and dried to yield
the final product (7.93 g, 78.3%).%°

*'PNMR (162 MHz, D,0):

6=-7.20,-14.38

IR (ATR, cm™): 3544, 3439, 1078, 1047, 1014, 934, 878, 809, 715, 518.
5.3.3 Synthesis of Ke[P2W17057(PO3HsCs)2]
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The hybridisation reaction was carried out using a modified procedure
based on past research.®

K1o[P2W17061] (250 mg, 0.051 mmol) and phenylphosphonic acid (27.6 mg,
0.175 mmol) were suspended in acetonitrile (12 mL), followed by the
addition of HCL (12 M, 40 pL) under stirring. After HCl addition, the white
suspension became less cloudy. The mixture was then refluxed at 90 °C
for 24 h and cooled to room temperature. The white residual solid was
removed by centrifugation (8000 rpm, 2 mins), after which diethyl ether
(35 mL) was added to induce precipitation of a white suspension. The
mixture was centrifuged (8000 rpm, 5 mins) to yield a light green solid.
Subsequent centrifugation with EtOH (30 mL) then Et,O (35 mL) (8000 rpm,
5 mins each) obtained the final product as a light-green powder (164 mg,
69%).

"H NMR (400 MHz, DMSO-ds):

5=7.98 (dd, 4H), 7.56 - 7.44 (m, 6H).

3P NMR (162 MHz, DMSO-ds):

5=14.83,-11.34, -12.97.

IR (ATR, cm™): 3505, 1610, 1463, 1086, 953, 906, 725, 568, 527.
5.3.4 Synthesis of Ks[P2W17057(POsHsC7)-]

(e}

HO OH

K1o[P2W17061] (250 mg, 0.051 mmol) and 4-carboxyphenyl phosphonic acid
(35.2 mg, 0.175 mmol) were suspended in acetonitrile (12 mL), followed
by the addition of HCL (12 M, 40 pL) under stirring. After HCL addition, the
white suspension became less cloudy. The mixture was then refluxed at
90 °C for 24 h and cooled in an ice bath. The white residual solid was
removed by centrifugation (8000 rpm, 2 mins), after which solution was
divided into two centrifuge tubes. Diethyl ether (40 mL) was added to each
tube to induce precipitation of a white suspension. The mixture was
centrifuged (8000 rpm, 5 mins) to form a light green solid. Subsequent
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centrifugation with EtOH (10 mL) then Et,O (40 mL) (8000 rpm, 5 mins
each) gave the final product as a light blue powder (130 mg, 51%).

"H NMR (400 MHz, DMSO-d):

5=13.17 (s, 2H), 8.09 (dd, J= 13.5, 8.0 Hz, 4H), 8.01(dd, J= 8.3, 3.9 Hz, 4H).
3P NMR (162 MHz, DMSO-ds):

5 =13.28, -11.35, -12.90.

IR (ATR, cm™): 3585, 3438, 2997, 1701, 1558, 1097, 953, 914, 862, 796,
584, 541, 531.

5.3.5 Synthesis of Ks[P2W17057(P05H9C13)2]

HO/: . . :
0 N

Kio[P2W17061] (250 mg, 0.051 mmol) and 4-phosphonato-4'-
biphenylcarboxylic acid (48.4 mg, 0.174 mmol) were suspended in
acetonitrile (12 mL), followed by the addition of HCL (12 M, 40 yL) under
stirring. After HCl addition, the white suspension became less cloudy. The
mixture was then refluxed at 90 °C for 24 h and cooled in an ice bath. The
white residual solid was removed by centrifugation (8000 rpm, 2 mins),
after which solution was divided into two centrifuge tubes. Diethyl ether
(40 mL) was added to each tube to induce precipitation of a white
suspension. The mixture was centrifuged (8000 rpm, 5 mins) to form an
orange solid. Subsequent centrifugation with EtOH (10 mL) then Et,O (40
mL) (8000 rpm, 5 mins each) gave the final product as an orange powder
(199 mg, 76%).

'H NMR (400 MHz, DMSO-ds):

5=12.96 (s, 2H), 8.16 - 8.04 (m, 8H), 7.94 — 7.86 (m, 8H).
3P NMR (162 MHz, DMSO-ds):

5=14.57,-11.31, -12.93.

IR (ATR, cm™): 2376, 2090, 1703, 1605, 1391, 1086. 953, 907, 721, 588,
528, 474.
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5.4 Synthesis of K¢[P2W1,057(PO3HsC¢)-] derivative cluster

A post-functionalisation hybrid POM cluster was synthesised following a
reported method.”

Ke[P2W17057(P03H5C6)2] (139 mg, 0.030 mmol) and Zn(OAC)z (55.3 mg,
0.301 mmol) were dissolved in an acetonitrile: water (6:1 (v/v)) solution.
After filtration, the filtrate was evaporated at room temperature for 1 week,
yielding a white powder (88.4 mg, 33%).

*'IPNMR (162 MHz, DMSO-ds):
0=-9.18,-13.47,-14.25

5.5 Attempt Synthesis of POM-based MOF
5.5.1 Synthesis of K¢[P2W1,057(POsHsC>)-] derivative MOF

Ke[P2W170s7(POsHsC5)2] (50 mg, 0.011 mmol) was dissolved in acetonitrile
(1 mL), after which triethylamine (4.6 pL) was added and colour was
changed from blue to green blue. Zinc acetate anhydrous (5.2 mg, 0.028
mmol) was dissolved in the mixture of MeCN (1 mL) and DMF (0.2 mL).
Two solutions were combined and stirred for 1h, then were left over in a
fume hood for 3 days to allow slow evaporation. Diethyl ether was added
into the remaining of solution, sonicated for 10 min, and the ether was
poured out. Acetonitrile with a small amount of ether was added into the
vial, followed by sonication for 5 min. The solvent was removed, and the
resulting powder was dried under vacuum. The final product was
collected by scraping it from the bottom of the vial (41.3 mg).

'H NMR (400 MHz, DMSO-d):

5=8.79(s), 8.37 (s), 8.12-8.03 (m), 7.96 (s)
3C NMR (101 MHz, DMSO-d):

5=162.78

3P NMR (162 MHz, DMSO-ds):

5=10.38, 0.26, -3.08, -11.30, -13.04
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5.5.2 Synthesis of Ke[P2W17057(POsHsC13)-] derivative MOF

Method A: K¢[P.W1,05,(POsHsCi3).] (53.7 mg, 0.011 mmol) was dissolved
in MeCN (2 mL), after which triethylamine (4.6 pL) was added into the
yellow solution, forming a brown gel-like material in the vial. Acetic acid
(2.5 pL, 0.028 mmol) was added to partially redissolve the gel. Zinc
acetate anhydrous (5.2 mg, 0.028 mmol) was dissolved in the mixture of
MeCN (0.5 mL) and DMF (0.2 mL). Two solutions were combined and
stirred for 1h, then were left over in a fume hood for 3 days to allow slow
evaporation. Diethyl ether was added into the remaining of solution,
sonicated for 10 min, and the ether was poured out. Acetonitrile with a
small amount of ether were added into the vial, followed by sonication for
5 min. The solvent was removed, and the resulting powder was dried
under vacuum. The final product was collected by scraping it from the
bottom of the vial (18.4 mg).

'H NMR (400 MHz, DMSO-dq):
0=9.95

P NMR (162 MHz, DMSO-d¢):
5=10.80,-11.28, -13.05

Method B: K¢[P.W1;05,(POsHsC13)-] (53.7 mg, 0.011 mmol) was dissolved
in MeCN (2.5 mL), after which triethylamine (1.2 pL) was added into the
yellow solution. Unlike Method A, no brown gel was formed in the vial.
Zinc acetate anhydrous (5.2 mg, 0.028 mmol) was dissolved in the mixture
of MeCN (0.5 mL) and DMF (0.2 mL). Two solutions were combined and
stirred for 1h, then were left over in a fume hood for 3 days to allow slow
evaporation. Diethyl ether was added into the remaining of solution,
sonicated for 10 min, and ether was poured out. Acetonitrile with a small
amount of ether were added into the vial, followed by sonication for 5 min.
The solvent was removed, and the resulting powder was dried under
vacuum. The final product was collected by scraping it from the bottom of
the vial (42.5 mg).

3C NMR (101 MHz, DMSO-d):
5=162.82

3P NMR (162 MHz, DMSO-ds):
5=10.65,-11.27, -13.04
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5.6 Synthesis of MOF-5

MOF-5 was synthesised following the method reported by
Tranchemontagne, Hunt and Yaghi.’”®

Terephthalic acid (254 mg, 1.53 mmol) and triethylamine (425 pL) were
dissolved in dimethylformamide (DMF, 20 mL). Zinc acetate dihydrate (850
mg, 3.87 mmol) was dissolved in DMF (25 mL), and the zinc solution was
then injected into the organic solution and stirred for 15 min. A white
precipitate formed, and the mixture was stirred overnight. The resulting
suspension was centrifuged to collect the MOF-5 powder, which was
subsequently immersed in DMF (12.5 mL) for 6 h. After centrifugation, the
white precipitate was transferred into chloroform (17.5 mL), and the
solvent was replaced after 2, 5, and 7 days. The solvent was removed
under vacuum to yield a white powder (0.326 g, 83%).

'H NMR (400 MHz, DMSO-dq):
5=9.86
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