Journal Name

SO

OF CHEMISTRY

Post-functionalization of a Photoactive Hybrid Polyoxotungstate
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A new post-functionalization strategy for hybrid polyoxometalate (POM) clusters is presented, whereby the electronic
properties and visible-light driven oxidative reactivity of the POM core can be altered by controlled addition of transition
metal ions. The structure of three new metal-functionalised derivatives of a phosphonate hybrid-POM are discussed,

alongside a comparison of their electrochemical, photo-chemical and photo-oxidative properties.
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Introduction

Polyoxometalates (POMs) have attracted increasing interest in
recent years as a result of their appealing physical and chemical
properties,! including their reversible multi-electron redox
behaviour, photochemical reactivity? and extraordinary wealth
of potential structures and compositions.? In particular, the
ability of POMs to form meta-stable ‘lacunary’ derivatives
(where one or more metal sites is selectively hydrolysed to form
a reactive vacancy) provides an almost limitless toolbox for the
design, synthesis and post-synthetic modification or tuning of
new functional materials.* Indeed, a significant factor in the
rapid growth of POM chemistry over the past few decades has
been the keen interest in so-called transition metal substituted
POMs (TMSPs) which have been explored for a range of
magnetic, catalytic and electronic applications.> Similarly, the
ability to tether organic moieties to the lacunary sites of POM
clusters® has offered a means to combine fascinating

complimentary functionalities into a single molecular

ensemble,” opening interesting new avenues in biotechnology,
supramolecular self-assembly and materials design.8

Recently, we have shown how the coordination of
organophosphonate moieties within such vacancies can be used
to photo-activate a Dawson-type polyoxotungstate cluster,
Ke[P2W17061(P(O)CsH4CO2H)2] (1) (see Figure 1) under visible
light irradiation.® This approach is particularly interesting as it
allows for direct enhancement of the POMs’ inherent photo-
activity, which involves generation of a highly reactive charge-
separated state (incorporating an oxo-centred radical) upon
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excitation of the O=>W LMCT band.2 10 We have also recently
demonstrated how this hybridization strategy can be used to
directly tune the electronic structure of the POM, allowing a
means to controllably alter its electrochemical and
photochemical properties.1! This method potentially opens up
a range of new possibilities for interesting catalytic
functionalities, however, the scope of such work is limited by
the difficulty in combining the attractive features of organic-
inorganic hybrid POMs with the ability to selectively add
function directly to the POM core via coordination of secondary
metal ions, or even polynuclear metal complexes.*12 |In effect,
this has led to something of an ‘either-or’ problem in the
molecular design of new multi-functional POM complexes,
where it has proven difficult to combine or reconcile inorganic
and organic functionalisation strategies.

Herein, we demonstrate a new post-functionalization
approach for organophosphonate hybridized polyoxometalate
clusters in which additional transition metal ions may be
appended to the hybridized POM core by a facile one-pot
reaction strategy. This allows for the modification of both the
electronic properties of the POM and its ability to act as a
photo-oxidation catalyst in the decomposition of a common
textile-industry pollutant.

Results and Discussion

The benzoic acid hybridized organophosphonate-POM, 1, can
be synthesized in good vyield as previously reported.® It is
interesting to note that this compound was initially envisaged,
in-part, to serve as a stable, redox-active building block in the
synthesis of new multifunctional molecules, oligomers or
coordination polymers, where the appended carboxylate
moieties would serve as the primary means of structural
expansion. With this in mind, the one-pot reaction of 1 with a
series of 15t row transition metals (Mn2*, Co?* and ZnZ*) under
avariety of conditions was expected to yield at least one, if not
more, of the aforementioned complexes. Instead, we identified
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Figure 1. Schematic of the sequential hybridisation and post-functionalisation strategy employed herein, showing combined polyhedral/ball-and-stick representations
of the crystal structures of compounds 1-4. Colour code: blue polyhedra = {WOg}, purple polyhedra = {PO,} or {POsC}, green sphere = Zn or Co, orange spheres = Mn,
red spheres = O. Cations, protons and solvent molecules have been removed for clarity.

a series of dimeric cluster species in which the bis-phosphonate
position, rather than the carboxylate moieties themselves,
acted as a coordinating centre for the transition metal cations.
Each new species could be synthesized under effectively
identical one-pot conditions (see SlI) and could be characterized
as:
KaHs[ZNn(H20)2(P2W17061(P(=0)CgHsCOOH),)2]-8CaHoNO-9CH3CN
(2),
KaHe[Co(H20)2(P2W17061(P(=0)CsHsCOOH)3),]-12C4HsNO-3CH3C
N (3) and
(Mn(HzO)s)K3H5[Mnz(OH)z(H20)4(P2W17061(P(=0)C6H5C00H)2)2
]:3C4HsNO-17CH;3CN (4), respectively (see Figure 1).

Structural analysis of 2 clearly demonstrates how the
neighbouring terminal P=0 sites (dp-o(avg) = 1.50 A)13 on the bis-
phosphonate moiety are able to act as a bidentate coordinating
site towards a single Zn2* ion, forming a 1:1 dimeric complex
between the two hybrid-POM units. In this case, the ZnZ* cation
bridges the two POM sub-units at almost right angles through a
U2-oxo bridge to each of the four individual phosphonate
groups, whilst two axial aqua ligands (average bond length =
2.14 A) complete the octahedral coordination sphere.
Interestingly, there is a clear hydrogen bonding interaction
between the benzoic acid moieties, whereby the clusters are
organized into well-ordered 1D chain-like arrays with a mean
distance of ca. 2.5 A between the carboxylate moieties on each
cluster unit. This suggests that the carboxylate groups on each
POM remain protonated, providing one possible rationale for
why no metal coordination takes place at these positions.

This result is especially noteworthy as we believe it is one of
the very few examples of controllable post-functionalization of
a hybrid-POM species with a heterometal group. In fact, the
structure of 2 can be almost directly compared in a structural
sense with the previously reported metal-bridged TMSP dimer
species: {Zr(P2W17)2}.1* Whilst we do note that this somewhat
unexpected coordination mode has been observed previously
in similar Keggin-type clusters,!> it has only been reported in
cases where the POM core retains at least one vacant lacunary
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site with which to help coordinate additional transition metal
species.

Whilst compound 3 is effectively isostructural to 2,
compound 4 is instead linked into a dimeric species by a
{Mn3(OH)2}?* unit in which two p>-hydroxo ions (dwn-on) = 2.12
—2.34 A) bridge the Mn?* centres between each POM subunit
(Figure 1). As in the case of compounds 2 and 3, aqua ligands
complete the coordination sphere of the cations, resulting in
coordination environments with dwyinave) = 2.18 and 2.21 A for
Mn1 and Mn2 respectively, consistent with their assignment as
Mn2*ions and correlating with bond valence sum calculations. 16
As before, this structure can also be related to a previously
reported  {Zr(P,Wi7);} TMSP dimer.* In all cases,
complimentary electrospray ionisation mass spectrometric (ESI-
MS) analysis has been used to verify the identity of each cluster
in tandem with additional spectroscopic analyses (including FT-
IR and elemental analysis — see Sl for additional details).

The cyclic voltammetry of compounds 2-4 was also studied
as a comparison to that of compound 1. In all cases, small
positive shifts of around 60 — 70 mV were observed between
the half-wave potential of the first redox couple of the post-
functionalised compounds versus the parent hybrid complex,
indicating substantial modification of the LUMO energy of all

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




4.0x10° -

R
—2
2.0x10° 1
<
T
(M)
E
a3 0.0
-2.0x10° T T T 1
04 0.0 0.4 0.8 1.2

Potential vs NHE (V)

Figure 2. Overlaid cyclic voltammograms of 0.1 mM solutions of compounds 1 and
2 (as representative of compounds 3 and 4) measured in DMF at a scan rate of 0.1
V s, highlighting the clear ﬁosmve shift in redox potentials between the metal-
functionalised and native ybrid cluster (E,;, values for compounds 1-4 are
tabulated below in Table 1). All scans are made from the open circuit potential in
the negative direction.

Table 1. Half-wave redox potentials observed for compounds 1-4 obtained by cyclic
voltammetry (potentials referenced vs NHE).

Eya (1Y) /V _ Eyp(2M)/V_ Epp(37)/V

1 0.0 -0.38 -0.84
2 0.07 -0.08 -0.35
3 0.06 -0.08 -0.34
a4 0.06 -0.14 -0.43

three metal-functionalised species. More significant positive
shifts were observed on the subsequent redox processes,
whereby the general trend is that of considerably more positive
second and third redox half potentials (in the order of 200-300
and 400-500 mV respectively) in 2-4 relative to 1 (see Figure 2,
Table 1 and Sl). This clearly indicates that metal coordination at
the bis-phosphonate site has a significant and direct effect on
the redox properties of the POM. It is also important to note
that in more commonly studied hybrid systems where metal
cations have been coordinated to appended ligand groups (e.g.
terpyridine), the electronic communication between the metal
and the POM is generally so poor that the redox properties of
the metal-oxide cluster are essentially unchanged.l” Here, the
adoption of phosphonate ligands allows the electronic structure
of the POM to be directly addressed by the addition of metals
at the adventitiously formed bi-dentate bis-phosphonate
coordination site.

Given that we have recently shown how modification of the
redox potential of the POM core through hybridization with
organophosphate moieties alone can also be used to both alter
and selectively tune photo-activity,>!! we were interested the
explore the related properties of compounds 2-4. Each
compound was thus dissolved in degassed
n-dimethylformamide (DMF) and irradiated with a Xe-lamp
equipped with either a 390 nm or 420 nm cut-off filter. Above
390 nm, a clear 2-step, 2e-reduction can be observed in all cases
(via photochemical oxidation of the solvent and a concurrent
proton coupled reduction on the POM) whereby an initial,
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Figure 3. Time resolved UV-vis spectra showing the photoreduction of 2 over 1 h
in degassed DMF under irradiation at A >390 nm. Notably, the metal-
functionalised clusters are readily reduced by up to two electrons under visible
light in the absence of oxygen. Data is shown at 2 minute intervals.

relatively fast 1e- reduction occurs within ca. 10 minutes with a
maximum at 830 nm before a shoulder at ca. 660 nm quickly
subsumes the initial peak, appearing to saturate at around 60
minutes irradiation time (see Figure 3). At higher wavelength
irradiation, each cluster appears to saturate at the singly
reduced state (Amax = 830 nm) after 50 minutes of irradiation.
Note that these optical assignments are in good agreement with
supporting spectroelectrochemical analyses (see Sl for details).
Considering the broad similarities between the electrochemical
and photochemical properties of both 1 and compounds 2-4, we
were interested to see how metallation of the hybrid POM
would affect its photo-oxidative reactivity. Indigo dye has been
employed recently by us and others as a convenient model
pollutant for similar assays of photo-oxidation catalysis.> 18
Compounds 2-4, alongside compound 1 (as a known
comparison), were dissolved in aerated DMF° alongside 5
equivalents of Indigo dye and irradiated under the same
conditions as above using a Xe-lamp with a 420 nm cut-off filter.
UV-vis spectroscopy was subsequently used to track the
decomposition of Indigo over the course of each reaction and
the results are presented in Figure 4. In each case, the reaction
followed pseudo-first order kinetics, allowing comparable rate
constants to be extracted from each measurement (Table 2).
Unlike in the photo-reduction measurements described
above, a dramatic difference in the rate of substrate photo-
oxidation was observed, where the photo-catalytic efficacy of
each compound could be ranked as follows: 2 (Zn) >1 >3 (Co) >
4 (Mn). This trend was somewhat surprising since it contravenes
our previous observations on how the photo-oxidative ability of
each compound should be related almost exclusively to its
electronic structure (specifically, the energies associated with
the electrochemically-relevant LUMO level).1! Given the broad
similarity between both the observed redox behaviours of
compounds 2-4 and their optical absorption profiles at the
irradiation wavelengths employed above (see Sl), an alternative
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Figure 4. Plot of Indigo dye (Ind) decomposition vs. time for compounds 1-4
against a blank control (monitored by UV-vis spectroscopy at 613 nm). Reaction
conditions: irradiation; Xe lamp (A > 390 nm), solvent = DMF, [Ind]o = 20 uM, [1] =
8uM, [2-4] = 4 uM.

Table 2. Pseudo-first order rate constants for the photocatalytic decomposition of Indigo

dye.
Kobs (A >390 nm) (s1) Kobs (A > 420 nm) (s1)
1 1.9x 103 1.4 x 10
2 3.0x 10 1.9 x 10
3 1.7x 103 1.1x10%
4 0.9x 1073 2.6 x 10

explanation is required. Whilst the photo-chemical reactivity of
POMs is often considered to be a complex radical driven
process,’0 and is therefore non-trivial to fully characterize, one
plausible explanation may be found by considering the relative
ability of each metal ion to competitively quench the radical
driven oxidation of the substrate. This would be in broad
agreement with previous studies showing that transition metal
ions — and particularly those with non-zero spin states (i.e. Co",
Mn') — can act as effective radical quenchers.?20 It may also
explain why of all the complexes, only 2 shows an increase in
photo-oxidative performance over 1 (which is to be expected
given its more positive first reduction potential, relative to 1) as
the closed shell, redox-silent Zn2* ion is known to be a very poor
quencher for triplet radical species.2%2 Correspondingly, the
large suppression of reaction rate observed for compound 4
may be due in part to the ability of Mn2* cations to quench
oxidizing radical intermediates, however, the fact that 4 is also
comparatively metal-rich (formulated as having 1.5 Mn2*
centres per POM unit, as compared to the other metal-
functionalised compounds which possess 0.5 metal ions per
POM unit) may also be significant.

Conclusions

In summary, we have reported a new post-functionalisation
strategy which allows for the combination of organic-inorganic
hybrid polyoxometalate chemistry with more traditional
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transition-metal substitution approaches. The unexpected
preference of secondary metal cations for coordination with the
terminal oxygen groups on the bis-phosphonate moiety can be
argued to represent an extension of the lacunary functionality
of the parent {P,W7} anion, allowing the POM reactivity and
electronic properties to be addressed directly whilst retaining
the associated hybrid functionality of the appended ligand
groups. For instance, the substantial positive shifts observed in
the redox properties of the composite complexes 2-4 facilitate
the 2e reduction of the POM under irradiation with high-energy
visible light (A > 390 nm), a key requirement in next-generation
materials for solar fuel production and other multi-electron
catalytic processes. This potentially paves the way for the
application of such species in new dyadic or triadic assemblies
in which the tuneable electrochemical and photochemical
properties of the POM can be combined with the near-limitless
molecular design approaches available to hybrid-POM
chemistry and the modular reactivity of transition-metal
substituted POM species.
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