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Photocatalytic reactivity tuning by heterometal and addenda metal
variation in Lindqvist polyoxometalates

Johannes Tucher,® Stefanie Schlicht,” Fabian Kollhoff® and and Carsten Streb*®"

ABSTRACT: A systematic study into the effects of metal
substitution on the visible-light photocatalytic activity of prototype
metal oxide cluster anions is presented. Four isostructural Lindqvist
clusters [Vst_xolg](“x)' (M = W, Mo, x = 1-2) with photooxidative
activity in the visible range are reported. It is shown that the
with the
vanadium atoms in the cluster. Further, two divergent reaction

photooxidative performance correlates number of

mechanism are observed depending on the type of addenda metal
(i.e. Mo or W) used. When comparing reactivity under aerated vs.
de-aerated conditions, it was found that molybdate-based clusters

Introduction

The design of photoactive metal oxides is often limited to
materials where light absorption is mainly based in the UV-
region.' This is due to a large HOMO-LUMO gap of the O>M
ligand-to-metal charge-transfer (LMCT) transitions which form
the basis of metal oxide photochemistry.” Thus, sunlight driven
photocatalyst development based on metal oxides is still a
major challenge>> However, one possible route is the
development of molecular metal oxides, so-called
polyoxometalates (POMs). POMs are high-valent metal oxide
clusters formed by self-assembly of small oxometalate
precursors such as VO,*, MoO,” and WO4Z’.6’10 POMs combine
key features of solid-state metal oxides with the structural and
chemical tunability intrinsic to molecular materials." For this
reason, POMs have been extensively used as functional
molecular materials in catalysis,”™ ? photocatalysis,"” ®, redox-
active functional materials,’® and energy conversion and
storage.”” The chemical and structural modification of POMs
can be achieved by tuning the secondary reaction parameters
(e.g. solution pH, reaction temperature, etc.) during cluster
self-assembly.” 7 This approach can also be transferred to the
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show significantly increased reaction rates in the absence of

oxygen; in contrast, marginally reduced reaction rates were

observed for the tungstate-based species under de-aerated

conditions. Wavelength-dependent quantum efficiency studies
provide insight into the visible-light reactivity of all four species.
Radical scavenging experiments suggest that the photocatalysis
proceeds via formation of hydroxyl radicals. Cluster recycling
studies demonstrate the robust nature of the homogeneous
photocatalysts.

development POM photocatalysts'* ® as the electronic
properties of the clusters (and therefore their visible-light
photoactivity) is controlled by the underlying cluster
structure.”® Based on this concept, functionalization routes
were developed where selective metal substitution is used to
photosensitize clusters in the visible.® * ** 7 Thus far, the
concept of metal-substituted POM photocatalysts has mainly
been focused on Keggin derivatives [XM,,0,,]" (M = V, Mo,

W)*® * whereas the development of other heterometallic,

photoactive POM clusters is still in its infancy.>* >
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Figure 1. Left: Illustration of the Lindqgvist architecture [Meolg]”'
2* Right: Photooxidative performance of {Mos} and {VMo,} in
the photooxidation of the model pollutant dye patent blue V
under broadband UV irradiation.
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Based on this background, we started to investigate small
prototype clusters™ where selective metal exchange can be used
to tune the electronic cluster properties whilst retaining the
physical cluster architecture. We identified Lindqvist clusters™
[MO,]™ (M = Mo, W (n= 2); Ta, Nb (n= 8))*** as prime model
systems since their chemical modification by metal substitution
is well established. Consequently, a family of heterometallic
Lindqvist clusters [M'(L)M;O,5]" (M = Mo, W; M’ = transition
metal, e.g. Co, V, Zr, Hf, L= ligand, e.g. RO", O, etc.) is known
to-date 3+

Recently, we used this synthetic concept to compare the
photocatalytic ~ performance of the non-functionalized
molybdate Lindqvist [MogO,0]* ({Mog} ) with the mono-
vanadium-substituted cluster [VMo,O,]*" (= {VMoy}), see Fig.
1.** Photocatalytic tests showed that under UV and visible light
irradiation, higher photoactivity was found for {VMo} than for
{Mog}. At high wavelengths (A > 450 nm), {Mog} was
photochemically inactive whereas {VMo,} still showed
photooxidative activity, confirming that metal substitution is a
powerful tool for tuning the visible light photoactivity of small
POM clusters.

In the current report, this strategy was significantly
broadened by expanding the cluster family to vanadium-
functionalized molybdate and tungstate clusters and
introducing mono- and di-vanadium functionalized clusters.®
A summary of the photocatalysts under investigation is given in
Table 1.

Table 1. Summary of the photocatalysts used

No Formula Abbreviation

1 (nBu,N);[VMo.,O,] {VMo.}

2 (nBu,N),[VW,O,] {VW,}
(nBu,N);Na[V,Mo,0,,] {V.Mo,}

4 (nBu,N);Na[V,W,0,,] {v.w,}

Here, the performance of 1-4 was investigated using the
photooxidation of indigo (Ind) as the benchmark reaction.
Several aspects of the photooxidation mechanism such as
presence of oxygen, presence of hydroxyl radical scavengers,
wavelength-dependent quantum efficiencies and cluster
recycling were studied to identify the most promising reaction
systems.

Results and Discussion

Synthesis and char acterization

Compounds 1-4 were obtained by modified literature
syntheses (see SI for details).>* The compounds were isolated as
organo-soluble salts using tetra-n-butylammonium counter
ions. The compounds were characterized using high-resolution
electrospray ionization mass spectrometry, elemental analysis
and flame atomic absorption spectroscopy, for details see and
SL

UV-Vis spectr oscopy
UV-Vis spectroscopy of 1-4 showed that all clusters feature O-M

LMCT transitions in the UV range which extend into the visible

2| J. Name., 2012, 00, 1-3

region. Notably, vanadium incorporation results in increased
visible light absorption and tailing of the near UV/Vis
transitions up to A ca. 520 nm was observed. In a previous
report we showed that the visible light absorption is mainly
arising from O-V LMCT transitions.* Notably, {VMo.} shows
the lowest light absorption in the visible range between A = 400
- 500 nm amongst the compounds investigated, see Fig. 2. The
clusters also show distinct band features in the UV range
between 300-400 nm, suggesting that the electronic cluster
structure is significantly altered by vanadium incorporation.

Photocatalytic studies

Comparative photooxidation studies were performed to
evaluate the photooxidative activity of 1-4. To this end, 1-4 were
dissolved in N,N-dimethyl formamide (DMF) and aliquots of
the model substrate indigo (Ind) were added at molar ratios
[Ind] : [cluster] = 5 : 1. The homogeneous solutions were
irradiated using a LED light source (A= 430 nm) in custom-built
irradiation setups. Photooxidation kinetics were followed
spectrometrically, see Fig. 3.

16
144
124
104 %

¢/ 10°M"'ecm™”
s

300 350 400 450 500 550
Al nm

Figure 2. UV-Vis spectra of compounds 1-4 in DMF, showing
the effect of vanadium substitution on the visible light
absorption.

Aerated conditions

Initial experiments were focused on the performance of 1-4
under aerated conditions and obvious differences in the
photooxidation kinetics were observed depending on the
cluster employed. From Figure 3, two distinct trends are
obvious: (1) Significantly faster reaction kinetics are observed
for the tungstate species {VW,} and {V,W,} compared with the
molybdates {VMo,} and {V,Mo,}, see Table 2. In addition, the
tungstate-based species show pseudo-first order kinetics,
whereas the molybdate species feature pseudo-zeroth order
kinetics. (2) Slightly faster reaction kinetics are observed for the
di-vanadium functionalized clusters {V,Mo,} and {V,W,}
compared to the mono-vanadium species {VMo,} and {VW,}.
Quantitative insight was obtained by determining the initial
observed rate constants kg,s using a zeroth-order model; this
data is summarized in Table 2.

De-aerated conditions

Next, the indigo photooxidation was investigateddem d¢-
aerated conditions; this was based on previousnfgsdwhere
significant oxygerrelated effects on the photoreactivity

This journal is © The Royal Society of Chemistry 2012
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POMs were reportetf. To this end, the standard photooxidatiomore active photocatalysts. Notably, this obseomsuggests
conditions (see above) were used, but the sampére we- that different photooxidation mechanisms are presen the
aerated by flushing with Argon for 10 min prior the molybdate- and tungstate-based species, respsctividie
experiment. During the photooxidation, the samplese kept photoactivity of the molybdate species is signffitty reduced
under Argon. Data analysis shows that a signifigactease in in the presence of oxygen, suggesting an oxygep+tmt
reaction rate is observed for the molybdate-baskdtars quenching mechanism (possibly proceedivig 0, triplet
{VMog} (+ 406 %) andV,Mo,} (+ 326 %); see Table 2. Inquenching® which limits their activity under aerated
contrast, for the tungstate-based clusters, therabd reaction conditions. In contrast, the tungstate-based speaie only
rate is only marginally affected and a minor desees found: marginally affected by the presence of oxygen,Itiegpuin their
{VW3} (- 16 %) and{V,W,} (- 10 %). In consequence, undesuperior performance under aerated conditfdns.

de-aerated conditions, the molybdate-based spemiesthe

Table 2. Summary of the photooxidation parametbseved for the indigo photooxidation byt.?!

Aerated De-aerated™ Hydroxyl scavenger present (EtOH)'

Compound Kops / UM R4 Kobs / MM B | ko / UM h™ (aerated) kg / MM h* (de-
Ld] aerated)[d]
Blank'® 0.27 = 0.06 0.24 * 0.08 0.11 + 0.01 0.12 + 0.03
1 {VMo.} 2.56 £ 0.04 10.40 * 0.58 131+ 0.1 2.02 + 0.17
2 {Vvw.} 7.61 + 0.38 6.41 £ 0.31 2.14 * 0.18 2.07 £ 0.11
3 {V.Mo,} 3.29 % 0.10 10.70 * 0.35 1.85 + 0.21 2.72 £0.22
4 {v,w,} 8.48 +0.48 7.64 £ 0.25 2.35 = 0.17 2.39 £0.20

[a] Conditions: solvent: DMF, [Ind] : [cluster] =B LED light sourcel = 430 nm. [b] samples were de-aerated by flushiitly Argon for 10 min prior to
the experiment. [c] [EtOH] : [Ind] : [cluster] = 5 : 1. [d]kqs = initial observed rate constant (zeroth order etipde] blank = identical reaction conditions,
no photocatalyst present

conditions. Significantly increased reaction rates are observed
1.04% = 8 Y
’ 1;:."_ "®m...m...g.. gBlank for {VMo.} and {V,Mo,}. For {VW.} and {V,W,}, a minor

0.8 RN decrease in reaction rate is observed. Conditions: solvent: DMF,
R 4 V. e [Ind] : [cluster] = 5:1, LED light source, A = 430 nm. De-aerated
EQO 5 vy @ .. (VMo} samples were flushed with Ar for 10 min prior to the
£ T v = 5 experiment.
el A v
-~ ni V.M
= 0.41 < {Y.Mo,} Effect of hydroxyl radical scavengers
= A The effects of hydroxyl radical scavengers on the

“ {(VW.}
0.2 | LAY s photooxidation by 1-4 was investigated to establish whether
‘?V W) hydroxyl radicals are involved in the photooxidation
0.0L i : 2 mechanism. This is based on previous work which showed that
0 20 40 60 POM photooxidation typically proceeds via the intermediate
Time / min formation of hydroxyl radicals by reaction of cluster-bound

1 O_W o Moo o ® Blank water molecules with the photoexcited cluster.”

0.81 ' To this end, the standard photooxidation reaction (see
2 .% . above) was performed in the presence of ethanol as a standard
- hydroxyl radical scavenger ([EtOH] : [Ind] : [cluster] =50 : 5 : 1).
o] oo .
£ 0.6 A The experiments were performed under aerated and de-aerated
~ o a conditions and show almost identical behaviour: for all
504' L g .. . . . e

t L Wy compounds, a significant decrease in photooxidative activity is
= A 2 4 H observed (Table 2), suggesting that hydroxyl radical formation

0.2 Vg {V,w;} obs ) 28 g 'Y ' Y :

"m.’-o{VMo} is indeed the basis of the photooxidation mechanism for all

0.0 - -'{VZMO:} compounds under investigation.

0 10 20 30 40 50 Quantum efficiency
Time / min

The wavelength-dependent quantum efficiencies of 1-4 for

Figure 3. Top: Photooxidation of indigo (Ind) by 1-4 under
aerated conditions. Significantly faster kinetics are observed for
{(VW.} and {V,W,} compared with {VMo,} and {V,Mo,}.
Bottom: Ind photooxidation by 1-4 under de-aerated

This journal is © The Royal Society of Chemistry 2012

the aerated photooxidation of indigo were determined under
monochromatic light irradiation to assess the cluster
performance.*’ Measurements were performed using a custom-
built system in the range of A = 395 - 505 nm. Quantum

J. Name., 2012, 00, 1-3 | 3
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efficiencies were found to be below 1 %, highlighting that the
photochemically most active bands of the clusters are still in
the UV region, see Table 3. The data show that higher quantum
efficiencies are found for the di-vanadium substituted units
{V.Mo,} and {V,W,} and quantum efficiency decreases with
increasing wavelength (Fig. 4).

0.8+
A
= v - M - {VMo,}
=061 ~O W)
8 W -A-{V Mo}
@ .\k -y -V W)
f§(344 o
\ AN

£ RN
=1 i SN
4%'02 .’_\'\-:\—:*‘\“
S T ST
o - ‘*—‘:_— =

0.0+

420 440 460 480

Wavelength / nm

400

Figure 4. Quantum efficiencies in the visible range for the
indigo photooxidation by 1-4. At the UV-Vis border, higher
quantum efficiencies for the di-vanadium-substituted species
are observed. The tailing of the quantum efficiencies at higher
wavelengths correlates with the decreasing cluster absorptivity.
Conditions: solvent: DMF, [Ind]:[cluster] = 1:1; [Ind] = [cluster]
=1.0 UM ;

Table 3. Quantum efficiencigsfor 1-4 observed in the photooxidation of
indigd®

Ao VMo @VWs)/  VMod) (VW) /
nm % % % %

395 0.2 0.5 0.73 0.68
400 0.19 0.35 0.45 0.4
410 0.15 0.2 0.3 0.28
430 0.13 0.11 0.17 0.14
450 0.11 0.05 0.09 0.09
465 0.1 0.04 0.08 0.08
505 0 0 0 0

[a] Conditions: solvent: DMF, [Ind]:[cluster] = L:lind] = [cluster] = 1.0
UM

Cluster recycling

Recycling experiments were performed by conducting the
standard Ind photooxidation (see above). After dye
photooxidation was complete, a second aliquot of indigo was
added and the photooxidation was repeated. Overall, three runs
were performed under identical conditions and only marginal
decrease in dye photooxidation kinetics was observed (see SI),
suggesting that the clusters can be employed as photooxidation
catalysts multiple times. Changes in the relative cluster
performance over several runs are observed (e.g. decreasing

4| J. Name., 2012, 00, 1-3

rate constant for {VW.} under aerated conditions) which are
currently under investigation.

Conclusions

In summary, we illuminate the effects of addenda metal and
heterometal on the photocatalytic performance of mixed-metal
polyoxometalates: using four isostructural Lindqvist clusters
[VXMG_XO@](”X)’ (M = W, Mo, x = 1-2) as prototypes, we report
that all compounds show photoactivity up to ca. 450 nm and
are active photooxidation catalysts. A striking difference in
photoreactivity is observed when comparing tungstate- and
molybdate-based clusters: under de-aerated conditions, a
significant increase in photoreactivity (up to ca. 400 %) is
observed for the molybdate-based species. In contrast, de-
aerated conditions result in a minor decrease in photoreactivity
(< ca. 20 %) for the tungstate clusters. Under aerated
conditions, the tungstate-based systems feature higher
reactivity than the molybdate systems. The findings suggest
that oxygen quenches photoreactivity for the molybdates but
not for the tungstates and two different reaction mechanisms
must therefore be present. Further, mechanistic studies show
that all four compounds feature drastically reduced reactivity in
the presence of, hydroxyl radical scavengers, providing
evidence that OH radicals are formed as reactive intermediates
during irradiation.

Future work will use photophysical and computational
analyses so as to determine the underlying mechanism of the
divergent reactivity of molybdate and tungstate Lindqvists..
The clusters will be screened for use in technologically relevant
photooxidation reactions such as alcohol and olefin oxidations.
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Elemental analysis foll: CsgH108N3VM0sO019 (Mw: 1562.02 g/mol) in

wt.-% (calcd.): C 37.09 (36.91), H 7.15 (6.97), N2 (2.69), V 2.62

(3.24), Mo 31.91 (31.16). Cluster anion observedEBI-MS: 1077.66

(calcd: 1077.68), assigned as {(nBOH[VMo050,4]} ".

Elemental analysis fd2: CsgH10dN3VWsO19 (Mw: 2001.52 g/mol) in wt.-

% (calcd.): C 29.07 (28.80), H 5.52 (5.44), N 2(2210), V 2.04 (2.55),

W 45.31 (45.93). Cluster anion observed in ESI-M$59.15 (calcd:

1759.16), assigned as {(nBW),VWs5O,q} .

Elemental analysis for3:C48H108N3NaV2Mo4019 (Mw: 1540.01
g/mol) in wt.-% (calcd.): C 37.04 (37.44), H 7.08Q7), N 2.70 (2.73),
Na 1.38 (1.49), V 6.12 (6.62), Mo 24.79 (24.92)usZér anion observed
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in  ESI-MS:  1319.91  (caled:  1319.89), assigned &
{(nBU4N)2(MGCN)5N&(H20)6[V2M04019]} ~ 23.

Elemental analysis fof: CygHi0dNsNaV,W40;9 (Mw: 1891.61 g/mol) in
wt.-% (calcd.): C 30.04 (30.48), H 5.73 (5.75), N& (2.22), Na 1.12
(1.22) V 7.08 (7.09), W 50.79 (51.14). Cluster anabserved in ESI-

MS: 606.84 (calcd: 606.84), assigned as {{NfH0):V,W,0;0} % 25,

Photocatalytic measurements: the standard indigatopkidation was
carried out as follows: a N,N-dimethyl formamideMB) solution of the

respective cluster (1.0M) and and indigo (5.@M) was prepared. The 57
homogeneous solution was irradiated with a custaitt bED irradiation 28.

setup (standard light sourcex= 430 nm, Romina = 3 W, other

wavelengths are stated in the text). Indigo phattation was detected 29

spectrometrically by following the decrease of tloharacteristic

absorption signal af\ma = 609 nm. De-aerated experiments wer&0-
performed by flushing the sample with Ar for 10 mpmior to the 31

experiment. Hydroxyl radical scavenging experimevgse performed by

adding ethanol (5QM) to the solution. 32.
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The photooxidative performance of a family of mixed-metal oxide Lindqvist clusters
[VXM6_XO19](2+X)' (M =W, Mo, x = 1-2) is presented. Mono- and di-vanadium incorporation

increases the visible-light photoactivity. Divergent reaction mechanisms are observed depending
on the type of addenda metal (i.e. Mo/W) used.



