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A comparative study investigating the effects of metal substitution on the photocatalytic activity of metal oxide cluster anions is presented. The study shows
that metal functionalization can be used to alter the photochemical properties of monolacunary tungstate - based Keggin clusters (o-[TM(H,0)SiW11030]™ (M
= Co™, cu™, Ni**, Mn®). It is demonstrated that the photoactivity for the photooxidation of the model pollutant basic blue 41 is dependent of the type of

metal employed and increases in the order Co < Cu < Ni < Mn under aerobic conditions and 390 nm monochromatic irradiation. A significant increase of the
reaction rate is observed under aerated conditions compared with de-aerated conditions, suggesting that oxygen serves as a re-oxidant for the reduced

clusters. Radical scavenging experiments suggest that the photocatalysis proceeds via formation of hydroxyl radicals.

Introduction

Polyoxometalates (POMs) are discrete anionic metal-oxygen
clusters (generally based on early transition metals in their highest

oxidation states) formed in solution

n-1-3
-

by self-assembly of
POMs feature an unmatched
range of tuneable physical and chemical properties, making them

oxometalate precursors [MO,

I . .4 .5
the focus of new applications in catalysis,” photocatalysis,
. . 6 . . 7
molecular magnetism and electronics,” material science’ and
. 8
sustainable energy research.

To-date, a wide range of synthetic procedures allows the
incorporation of almost any chemical element into the metal-oxo
framework of POMs, giving unique options to tune chemical
reactivity on the atomic level. One highly active area of research is
the tuning of the photocatalytic properties of POMs.? Typically, the
photochemistry of POMs is dominated by strong ligand to metal
charge transfer (LMCT) transitions located in the UV and (more
rarely) in the near visible spectral range.9 Several strategies such as
structural cluster

modifications,10 the incorporation

E . . 12
photosensitizers™ and incorporation of heterometals™ have been
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proposed to modify the photochemical reactivity of POMs, often
with a view of changing the photooxidative activity/selectivity13
and the visible light activity14 of the clusters.

hv *
, POM—>POM;
Sred Srad
\\ /I S<2)x )
, S
[M(H,0)SiW,,05]™ POMres *

M = Mn", Co', Ni"', Cu"

Figure 1 Left: Illustration of the transition metal functionalized Keggin anion employed
as (photo-)catalyst. right: typical POM-catalyzed photoredox-cycle. s’ 5% substrates.®

Recently, we showed that incorporation of vanadium(V) centers
into molybdate(VI) and tungstate(VI)-based Lindqvist anions
[Vst_xolg](2+X)- (x = 0,1,2; M = Mo(VI), W(VI)) results in improved
photoreactivity in the UV and VIS range. %1% The introduction of V"
centres leads to lower-lying metal-centered LUMO levels, resulting
in a decreased HOMO-LUMO gap and thus increased VIS light
absorption.

A different class of POMs where metal substitution has been
developed to great effect are lacunary Keggin anions such as the
mono-lacunary species [SiWnO?,g]s' (= {Wn}).16 Incorporation of
various metals M into the vacant binding site of {W;,} results in the
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formation of metal-functionalized species [M(H,0)W;;050]" (=
{MW,,}), see Fig. 1.7
to access new materials for catalysis,20 materials design21 and

This approach has been successfully used
)
molecular magnetism.

Table 1 Summary of photocatalysts used

1a

No Formula Abbreviation €390nm / M cm’
1 | (nBuaN)e[a-SiW11035Cu(H,0)] {CuW,,} 32.1
2 (nBusN)g[a-SiW;1039Co(H,0)] {CoWy} 144.2
3 (nBusN)s[a-SiW1;039Ni(H,0)] {NiW,,} 78.7
4 (nBugN)s[a-SiW1;,035Mn(H,0)] {MnW,,} 78.5

? molar extinction coefficients determined in N,N-dimethyl formamide (DMF)
solution

Here, investigate the effects of {W,;}-metal
functionalization on the photooxidative activity of the cluster
under homogeneous conditions. To this end, a series of metal-
functionalized species {MW,,} (M = Mn", co", Ni", cu", see
Table 1) were synthesized and isolated as organo-soluble

we

nBuy,N* salts according to reported procedures.19 The
photochemical properties and photooxidative performance of
the compounds were evaluated using a standardized dye
decom;:)ositionl‘l‘w’u'24 (model dye: basic blue 41, BB41) as
benchmark reaction. The photochemical reactivity was
investigated at the UV-Vis border (Airagistion = 390 nm) to
establish the catalyst performance with high energy near
UV/visible light. Several aspects of the photooxidation
mechanism such as the presence of oxygen and hydroxyl
radical scavengers were studied to evaluate the cluster
reactivity.

Results and discussion

Synthesis and characterization: The compounds {MW,} were
obtained by modified
details).19 The compounds were isolated as organo-soluble
salts using tetra-n-butylammonium counter The
compounds were characterized using UV-Vis- and FT-IR-
spectroscopy and elemental analysis, see ESI.

UV-Vis spectroscopy: UV-Vis spectroscopy of {MW,,} showed
that all clusters feature O—M ligand to metal charge-transfer
(LMCT) transitions in the UV region and tailing of the near UV-
Vis transitions up to ca. 400 nm was observed, see Figure 2. All
{MW,} clusters also show distinct band features in the UV
range between 250-350 nm, suggesting that the electronic
cluster structure is modified by

literature syntheses (see ESI for

ions.

transition metal

. .14
incorporation.
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Fiéure 2 UV — Vis spectra of {W,} (in MeCN) and {MW,,} (in DMF), showing the
effect of transition metal substitution on the UV-visible light absorption.

400

Catalytic activity under non-irradiated conditions: The
“background” oxidative activity of the {MW,,} clusters was
initially determined under dark, non-irradiated reaction
aerated N,N-dimethyl (DMF)
solutions. To this end, a standardized catalytic protocol was

used: the catalysts (4.0 uM) were dissolved in aerated DMF

conditions in formamide

and aliquots of the model dye BB41 were added at molar
ratios [BB41]: [cluster] = 5:1. Dye degradation was followed as
a function of time using UV-Vis spectrophotometry. For all
{MW,,} species employed, light-
independent oxidative catalytic activity was observed and
observed pseudo first-order Kobs
determined. Briefly, the catalytic activity under non-irradiated

metal-functionalized

reaction rates were
conditions is dependent of the metal employed and increases
in the order Ni < Cu < Co < Mn, see Table 2. The non-
substituted {W,;} showed no oxidative reactivity and only
minimal dye degradation was observed in the absence of any

catalyst.

Table 2 Observed pseudo-first order rate constants for {Wy;} and {MW,,} for the
aerated BB41 photooxidation under non-irradiated and irradiated (390 nm) conditions.

No Cluster Aerated, Aerated, % increase
non-irradiated irradiated under
Kobs Kobs irradiation
/10 Mmin™ | /10®M min™
- 0.07 £0.05 0.19£0.04 -
1 {Wy} n.d. 0.51+0.08 -
2 {CuWy} 0.38 £0.02 4.66+0.13 1126
3 {CoW,,} 0.88 +0.07 5.17+0.17 488
4 {NiWy} 0.25+0.01 5.33+0.28 2032
5 {MnW,,} 1.45+0.14 9.59+0.34 561

Photocatalytic studies: In the next series of experiments, the
photocatalytic activity of the {MW,;} clusters was
investigated. To this end, the standard dye decomposition
reaction described above was carried out with additional
irradiation with monochromatic light (LED light source, A« =
390 nm).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 Photochemical BB41 oxidation by {MWy;} and {Wy} in DMF under aerated
conditions. Conditions: [catalyst] = 4.0 uM, [BB41], = 20 uM, 390 nm LED irradiation.

Under aerated conditions (the solvent was allowed to
equilibrate in air before the measurements), an increased
oxidative reactivity was observed for all {MW,,} clusters
compared with the reactivity under non-irradiated conditions.
Cluster reactivity for the BB41 photooxidation increased in the
order Cu < Co < Ni < Mn (Figure 3). Notably, the rate constants
for Cu, Co and Ni all fall within the same range whereas the
rate constant for Mn is almost twice as high, see Table 2.
When comparing the reactivity of the non-irradiated
references with the irradiated samples, increased reactivity is
observed for all {MW,;} species. Rate constant increases
between ca. 500 and 2000 % are observed. {NiW;,}, which is
the least reactive metal-substituted species under non-
irradiated conditions, shows the most significant increase in
reactivity, making it comparable to the Cu and Co species
under irradiated conditions (Table 2).

{MnW,,} shows the highest oxidative activity under the given
experimental setting, both for non-irradiated and irradiated
conditions. Note that the observed difference in
photocatalytic activity of the {MW,,} clusters is not related to
their light absorption at the irradiation wavelength (see Table
1), as all species feature similar molar extinction coefficients.
Instead, the difference in reactivity is most likely associated
with the redox-active metal centre present. Future studies will
investigate the reactivity difference using transient absorption
spectroscopy and related photophysical measurements.
Mechanistic studies: Initial mechanistic analyses
performed to shed light the underlying reaction
mechanisms. To this end, the standard dye degradation was
investigated under de-aerated conditions (the samples were
flushed with argon before irradiation). De-aerated
experiments were performed for the dark and irradiated
reaction. In all cases, a decrease in reaction rate compared
with the aerated samples was observed, see Figure 4 and
Table 3.

The rate reduction under irradiated, de-aerated conditions
was in the range between ca. 57 % for {NiW,,} and ca. 92 %
for {CoW,,}. The data suggest that oxygen is required for
efficient photocatalytic activity and is most likely required for
the re-oxidation of the reduced cluster species, see Fig. 1. This

were
on

This journal is © The Royal Society of Chemistry 20xx

is in line with previous reports where similar behaviour was
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Figure 4 Photochemical BB41 oxidation by {MWy;} in DMF under de-aerated
conditions. Conditions: [{MW31}] = 4.0 uM, [BB41], = 20 uM, 390 nm LED irradiation.
Samples were degassed with Ar for 10 min prior to the experiment.

Table 3 Observed rate constants for the {MW,;} photocatalyzed oxidation of BB41
under de-aerated conditions.”

No Cluster Deaerated, De-aerated, Percent

non-irradiated irradiated decrease®
Kobs Kobs

/10 M min™ /10 M min™

1 | {Cuwy} 0.35+0.02 1.69+0.14 63.73

2 | {CoW.} 0.11+0.03 0.43+0.01 91.68

3 | {NiWy} 0.10 +0.05 2.27+0.19 57.41

4 | {MnWy} 0.27 £0.01 1.19+0.21 84.42

? Conditions: [catalyst] = 4.0 uM, [BB41], = 20 uM, monochromatic 390 nm LED
irradiation; ® percent decrease of the deaerated, irradiated sample compared
with the aerated, irradiated sample (Table 2).

Further photocatalytic reactions were performed in the
presence of the hydroxyl radical scavenger (EtOH) to establish
whether hydroxyl radicals are involved in the photooxidation
mechanism. To this end, the standard photooxidation reaction
was performed in the presence of ethanol ([EtOH]: [BB41]:
[cluster] = 50:5:1). The experiments were performed under
aerated conditions. For all {MW,,;} catalysts, a significant
decrease in photo oxidative activity between ca. 81 and ca. 98
% is observed, see Table 4 and Figure 5, suggesting that
hydroxyl formation is indeed the basis of the
photooxidation mechanism the catalysts
investigation. Further, it was demonstrated that EtOH acts
only as quencher and not as reductant, as no reaction
between the photoexcited POMs and EtOH was observed, see
SI. Based on earlier studies, we hypothesized that traces of
water in the solvent are the source of hydroxyl radicals. This
was supported by reference experiments using dry DMF which
showed that the reaction rate dropped drastically (see ESI).

radical

for under
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Figure 5 {MW,,}-catalyzed photooxidation of BB41 in the presence of the hydroxyl
radical scavenger ethanol. Conditions: aerated DMF solution; [EtOH]: [BB41]: [{MWy}]
=50:5:1, 390 nm LED irradiation.

Table 4: Observed rate constants of BB41 photodegradation by {MW,,} in the presence
of the hydroxyl radical scavenger ethanol.’

No Cluster Irradiated, Irradiated, Percent

no scavenger scavenger present decrease”
Kobs Kobs

/10 M min™ /10 M min™

1 {Cuw,,} 4.66 +0.13 0.10+0.02 97.85

2 {CoW:} 5.17 £0.17 0.40 £ 0.06 92.26

3 {NiW} 5.33+0.28 0.85 +0.07 84.05

4 {MnW,,} 9.59+0.34 1.78 +0.12 81.44

? Conditions: [catalyst] = 4.0 uM, [BB41]y = 20 uM, monochromatic 390 nm LED
irradiation, scavenger: EtOH, [EtOH] = 200 puM; ® Percent decrease of the
scavenger-containing solution compared to the scavenger-free solution.

Conclusions

In conclusion, we report that mono-metal-functionalized
lacunary tungstate clusters show photoactivity in the near-UV-
Vis region for photooxidative dye degradation. Distinct
reactivity differences are observed depending on the type of
metal employed, highlighting that metal functionalization is a
suitable tool for tuning the cluster photoreactivity. Initial
mechanistic studies show that oxygen is required as a re-
oxidant for efficient photocatalysis and that the catalytic cycle
proceeds via the intermediate formation of hydroxyl radicals
which act as oxidant to degrade the dye. Future studies will
investigate the underlying photophysical properties in more
detail to understand the effects of different metals on the
initial steps of the photoexcitation.
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The photooxidative activity of mono-transition-metal functionalized lacunary
silicotungstate Keggin anions is reported together with preliminary mechanistic
insight into the photoreactivity.



