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Study on the incorporation of various elements
into the Keggin lacunary-type phosphomolybdate
[PM0oO34]1°~ and subsequent purification of the
polyoxometalates by nanofiltration}
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Transition-metal substituted Keggin-type polyoxometalates (POMs) are of great interest for applications in
biomedicine, material science, and catalysis. The synthesis of transition metal-substituted Keggin-type
polytungstates via the formation of a lacunary structure is well established, in contrast this approach is so
far unexplored for Keggin-type polymolybdates. This is because the prevailing doctrine assumes that the
lacunary Keggin phosphomolybdate [PMogO34]°~ is too unstable and can only be stabilized with organic
ligands such as pyridine in organic solvents. In this work, we present a reliable procedure for the synthesis
of the lacunary compound [PMosO=4]°~ and its application in a novel in situ approach for the synthesis of
different metal substituted POMs. The method is based on generating the lacunary species in situ, where
the metal-substituted POMs are produced by adding another precursor compound. We employed this
method to synthesize several new specific element-substituted POMs, which we present with compre-
hensive characterization. The interpretation of the analytical results was complemented by DFT calcu-
lations. For the separation of by-products from synthesis, we employed a nhovel membrane-based nanofil-
tration process, that enables superior separation of alkali salts from the POM solution resulting in >99%

Received 22nd May 2023,
Accepted 14th July 2023

DOI: 10.1039/d3qi00937h

Open Access Article. Published on 17 July 2023. Downloaded on 6/23/2026 7:25:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/frontiers-inorganic

Introduction

Polyoxometalates (POMs) are an inorganic substance class of
polyanionic metal oxide cluster compounds with defined
nanoscale sizes and geometries. In general, there are two main
coordination motifs for the oxo ligand: the metal-metal brid-
ging M-O-M and the terminal M=O coordination motif. The
history of the development of POMs starts in 1788 with Sheele,
who studied the first example of Molybdenum Blue. Later in
1826, Berzelius discovered the anion [PMo;,0,4,]*>~ which was
isolated as an ammonium salt. One century later in 1934,
Keggin presented the first solid-state structure as determined
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rejection of the POM components.

by X-ray diffraction techniques, of the anion [PW;,0,0]*~
which is known as the Keggin-type structure.’” Today, POMs
are in the focus of different research topics ranging from cata-
lysis,  biomedicine, = nanostructure = to  photovoltaic
applications.*” Furthermore, there are applications for POMs
acting as proton conductors or as motifs to modify perovskite
and metal organic framework (MOF) materials to use the
resulting compounds in photovoltaic applications.”®° Due to
their unique properties, an inorganic POM structure can be
combined with an organic cation. The resulting hybrid
materials are interesting for nanoscience and biobased
applications.®

The incorporation of different elements, especially tran-
sition metals, into the Keggin-type phosphomolybdate POMs
(also known as heteropolyanions/heteropolyacids (HPA))"* ™ is
a currently very active area of research.'®'® It is an interesting
field not only from a synthetic point of view, but also from a
catalytic perspective; in fact a major goal of this field is the
synthesis of tailor-made catalysts."”>™” By substituting the
framework metal with redox active transition metals, the redox
potentials and thus the redox activity of the POM can be

This journal is © the Partner Organisations 2023
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tuned.'® Various transition metal-substituted phosphomolyb-
dates are mentioned in literature. One of the most prominent
examples is Hg[PVsMo0,0,4,] called HPA-5 (HPA for heteropolya-
cid and “5” representing the number of Mo(vi) positions that
are substituted by V(v)) or HPVsMo, a POM that has been suc-
cessfully established as a catalyst for the conversion of
biomass to formic acid, as well as for the oxidative desulfuriza-
tion of fuels.'®>* Quantum chemical calculations have shown
that the incorporation of the different metals alters the shape
of the POMs, where the bond distances between the oxygen
atoms and upcoming metal change with respect to their
atomic radii.® These distortions in M-O bonds originate from
a pseudo Jahn-Teller vibronic instability at high symmetry
configurations.?®

There are two possible pathways to synthesize element-sub-
stituted Keggin-type POMs: the self-assembly process,'*">>"2
or, alternatively, via the formation of a lacunary structure. In the
self-assembly process, the precursor compounds are dissolved
in water in the targeted stoichiometry and then converted to the
desired POM structure. This strategy has been successfully
employed for the synthesis of V(v) substituted Keggin phospho-
molybdates by Odyakov et al. using V,05 as a precursor com-
pound, resulting in structures of the type Hj,,[PV,M01,_,Oy0]

View Article Online

Research Article

(with x = 0 to 6)."*?”*® Our own group has successfully improved
this method for the synthesis of Mn(u) and mixed Mn(u)-V(v)-
substituted Keggin phosphomolybdates."”

The other possibility is the lacunary route: a lacunary POM
is a defect POM structure where one or more MOg octahedra
have been removed.”>>° These vacancies can then be filled
with suitable multivalent transition metals, resulting in a
redox substituted POM (Fig. 1). This approach has been suc-
cessfully employed for Keggin and Wells-Dawson
tungstates®"*> but so far has not successfully been extended to
the respective molybdates. This is mainly due to the fact that
phosphomolybdates are less stable than the corresponding
tungstates. There are some reports of the lacunary phospho-
molybdate structures dating back as far as the 1970s,**7®
however a detailed study of this compound is still missing.

In the present study, we present a reproducible synthetic
procedure and comprehensive characterization for the lacun-
ary Keggin-type phosphomolybdate anion [PMo0yO34]°"
(LHPA-3, where “3” represents the number of vacancies).
Furthermore, we have thoroughly explored this synthetic
opportunity by successfully incorporating various metals of
different valence into LHPA-3 (Fig. 1) and characterized the
resulting new compounds in detail.

s

pH 1

Y

[PM09034]9'| LHPA-3

Divalent metals
Co(II), Ni(II), Cu(II), Zn(II)

[PM(I1),Moy5_, O] >+

Trivalent metals
Fe(I1T), In(TIT)

[PM(III), Mo O] ® 3%

Tetravalent metals
Sn(IV)

Hexavalent metals
W(VI)

[PM(VD), Mo, 0401

Pentavalent metals
V(V), Nb(V)

[PM(V), Moy, ,040]® ™

\

[PM(IV), Moy, ,04]* >

Fig. 1 Lacunary approach used in this work. [PM0gO34]°~ (LHPA-3) as main compound for further substitution by different redox-active metals of

various valence.
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Previous computational studies have focused on relative
stabilities of isomers of Keggin structures,***° the dimeriza-
tion of Lindqvist and Keggin structures®' and spectra of first-
row substituted Keggin structures.?” Here, the investigation is
extended to phosphomolybdate POMs and substitutes thereof.
The results from DFT calculations allow to make statements
about relative stabilities of metal substitutions and rationalize
peak positions in IR and Raman spectra.

A particular challenge in our synthetic procedure was the
separation of the products from the counterions of the precur-
sor materials (usually alkali salts). Commonly, this problem is
solved by crystallisation or extractive removal of the POM using
diethyl ether from the aqueous reaction solution.”® From our
experience the diethyl ether purification method does not
work for transition-metal substituted POMs with high degrees
of substitution or with high charges. Crystallisation is usually
time consuming and lowers the yield significantly due to
similar solubilities of the POM and the impurities.”® For the
here presented study, we have used a membrane process using
nanofiltration as a novel approach to solve this problem. Esser
et al. have already demonstrated that a Keggin-type POM cata-
lyst can be separated from the reaction products using nanofil-
tration membranes, achieving catalyst rejections of over
99%."" Hereby, the competitiveness of an alternative mem-
brane system with an integrated stirrer in the membrane cell
could be demonstrated and showed its potential economic
advantages in the enrichment of POMs in the retentate.’* In
this work, we used the same nanofiltration membrane setup
for the efficient removal of accompanying metal salts from the
POM solution to isolate the synthesized compounds in high
yield and purity.

Results and discussion
Synthesis and characterization of the Lacunary compound

For the synthesis of the Keggin-type lacunary POM LHPA-3, we
adapted the procedure described by Himeno et al*® An
aqueous solution of Na,MoO, and Na,HPO, was acidified
using concentrated hydrochloric acid. Upon evaporation of the
solvent, the product precipitated in the form of yellow crystals,
some of them were suitable for single crystal X-ray diffraction
(Fig. 2).

The asymmetric unit of the structure (depicted in the ESI,
Fig. S40t) contains three different metal sites, aside from the
phosphorus atom and 12 oxygen atoms. The oxygen atoms can
be grouped into four categories: oxygens connecting the
central P atom to Mo atoms (Op), bridging oxygen atoms
between two Mo atoms (Oy), terminal oxygen atoms bound to
a Mo atom (Oy), and oxygen atoms pointing into the lacunary
position (O), i.e. the void which is caused by the missing
MoOg octahedra.

The comparison of selected structural features of LHPA-3
and the parent compound H;[PMo,,0,,] (HPMo) (Table 1)
shows a significant contraction of the internal metal oxygen
bonds (Mo-Opp,) and an elongation of the bonds to the term-
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Fig. 2 Solid-state structure of LHPA-3 as determined by single crystal
X-ray diffraction. The compound was crystallized in the hexagonal space
group P63 (173). Ry: 1.85%, wWR,: 5.38%, Ri: 3.28%, GooF: 1.098.
Thermal ellipsoids are drawn at 50% probability level. Colour code:
purple: phosphorous, blue: molybdenum, and red: oxygen. Hydrogen
atoms have not been modelled. The full crystallographic information file
(cif) is available through the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service (deposition number: 22050067).

Table 1 Selected structural features of LHPA-3 in the solid state, a full
overview is provided in the ESI, Table S117

Bond lengths

LHPA-3 HPMo*® Sum of covalent radii*’
P-Op"  1.55A 1534  1.74A
Mo-0p* 2.36 A 2.44A  2.01A
Mo-O,” 1.88 A 1.92A  2.01A
Mo-0 1.70 A 1.67A 2.01A
Mo-O; 1.71Aand 2.21 A (3 each) n.a. 2.01 A
Angles

LHPA-3 HPMo Ideal angle

0,-P-0,° 108.4° 109.5° 109.5°
0p-Mo-0O* 99.5° 102.1° 90°
0-M0-Op, " 97.2° and 82.6° (3 each) n.a. 90°

¢ Average value of multiple bonds of the same type.

inal/lacunary oxygen atoms in LHPA-3. Generally short bond
lengths are expected for the terminal (and lacunary) oxygen
atoms, corresponding to their double bond character.
Noteworthy is, that the oxygen atoms pointing into the lacun-
ary void have very different bond lengths: half of them have
very short bonds and are connected to a convex coordinated
Mo (O-Mo-Opj, ¢ > 90°), the other half has a very long bond
and is connected to a concavely coordinated Mo (O,-Mo-Op, ¢
< 90°). As expected, angles of the polyhedra deviate more
strongly from the mathematically ideal angles in LHPA-3 due

This journal is © the Partner Organisations 2023
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Table 2 Elemental analysis and TGA results of LHPA-3

Targeted molecular  Na/K/P/ Hydration water”
Compound composition Mo ratio® [mol per mol-POM]
LHPA-3 Nag[PM0gO34] 20.8/0/1.2/9 6

“P and Mo were determined by ICP-OES, Na and K by AAS, the data
were normalized to the target Mo content. ” The content of hydration
water was determined by thermogravimetric analysis (TGA).

to the loss of the high symmetry present in the full Keggin
structure.

The bulk product was further characterized by AAS/ICP-OES
and thermogravimetric analysis (TGA) (Table 2).

The analysis confirms the 1:9 P: Mo stoichiometry. Using
alkali metal containing precursors and adjustment of the pH
value using hydrochloric acid, undesirable salt formation is
not avoidable. Therefore, the increased sodium content is
expected due to the coprecipitation of the sodium chloride.
Purification with the nanofiltration membrane was not poss-
ible as the conditions in the setup caused LHPA-3 to decom-
pose, possibly forming [P,M0,306,]°” (vide infra). The potass-
ium content was determined, as it is a common impurity in
sodium salts, but no potassium was detected. The amount of
hydration water of LHPA-3 was determined as 6 mol H,O per
mol LHPA-3.
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HPMo(DFT)

HPMo(exp.)

LHPA-3(exp.)
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Fig. 4 Experimental and calculated Raman spectra of LHPA-3 (in com-
parison to HPMo).

The material was further analysed with ATR-FT-IR spec-
troscopy (Fig. 3) and Raman spectroscopy (Fig. 4). In both, the
IR- and the Raman spectrum, LHPA-3 exhibits several

HPMo(exp.)

LHPA-3(exp.)

LHPA-3(DFT)

767

1200 1100 1000

Wavenumber cm

900 g0 700 600

1

Fig. 3 ATR-FT-IR spectra of LHPA-3 (experimental and calculated) in comparison to HPMo.
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additional bands compared to HPMo, corresponding to the
loss of symmetry. These additional bands were then assigned
by spectral comparison with quantum chemical (DFT)
calculations.

Fig. 3 shows the comparison of the experimental IR spectra
of both Lacunary and HPMo structures with DFT calculated
spectrum of the LHPA-3 lacunary complex. In the IR spectrum
of HPMo, characteristic vibrational modes can be seen, which
are assigned to the antisymmetric P-O (above 1000 cm™") and
to the terminal Mo=0 vibration (above 900 cm™') modes, as
well as two types of Mo-O-Mo vibration modes: (M-O-M)yertex
and (M-O-M).gge in the range of 800 to 900 cm™" and 600 to
800 cm™'.">*%%% LHPA-3 exhibits several additional bands in
the range of the terminal Mo=O0 vibrations. This matches the
observation of several different bond lengths for the terminal
and lacunary O atoms, identified in the solid-state structure
(vide supra).

The new peaks in the experimental IR absorption spectrum
of LHPA-3 appear at roughly 850, 904, 939, 1008, and
1125 cm™ " compared to the HPMo species. In order to be able
to assign these new peaks to specific vibrations, the LHPA-3
lacunary structure was optimized using DFT methods. The
results from DFT calculations show that new peaks appear due
to the central phosphate group. The broad peak at 1125cm ™
in the experimental spectrum can be split into two small
peaks at 1138 and 1092 cm™" and refers to the central P=0
bond stretches in DFT optimized LHPA-3. The peaks at 1054
and 1035 cm™' correspond to the symmetric and anti-sym-
metric terminal Mo=O stretches, respectively, and can be
related to the experimental peaks at 1060 cm ™" in both LHPA-3
and HPMo complexes. The peak at 1016 cm ™' represents the
O0=—P=0 asymmetric stretching and the peak at 995 cm™
refers to a symmetric in-plane P=O stretch motion. The peak
at 975 cm™' shows an out-of-plane P—O bond vibrational
mode. The peaks at 923 and 895 cm™' correspond to sym-
metric and asymmetric M-O-M distortions along the vertex
and finally the strong peak at 835 cm ™" in the DFT calculated
spectrum of LHPA-3 complex refers to the M-O-M stretch
along the edge.

The Raman spectra (Fig. 4) also show a noticeable differ-
ence in the bridging Mo-O-Mo vibrational bands (600 to
800 cm™") between the two molecules and confirms the spec-
tral assignment. Frequently, a fitted scaling factor is applied to
the computed spectra in order to improve the agreement with
the experiment. For our unscaled theoretical peak positions, a
systematic shift of ~50 cm™' is considered satisfying.
Furthermore, the comparison of experimental Raman spectra
from solid samples with isolated molecules may contribute to
the shift. Theoretical means are thus able to provide reliable
spectral features in IR and Raman to support the assignment
of peak positions from the experiment.

In order to gain further insights into the behaviour of
LHPA-3 in solution, the compound was studied using *'P-NMR
spectroscopy at pH 1 in comparison with HPMo (Fig. 5).

The *'P-NMR spectrum of LHPA-3 (Fig. 5 bottom) shows a
single signal at —3.96 ppm, which is similar to the chemical

4858 | Inorg. Chem. Front, 2023, 10, 4854-4868
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HPMo
LHPA-3 dimer
PO,* LHPA-3
A
LHPA-3
T T T L
0 -1 2 3 -4

Chemical shift [ppm]

Fig. 5 3!P-NMR spectra of LHPA-3 (bottom) in comparison with HPMo
(top) and dimerized LHPA-3/Wells—Dawson phosphomolybdate (middle)
in a mixture of 90% H,O (pH 1, adjusted with HCl) and 10% acetone-de.
The spectra were measured at 242.9 MHz, using 85% H3zPO,4 as external
standard. The dimerization was induced by heating the solution to 85 °C
for some minutes.

shift of HPMo at —3.75 ppm (Fig. 5 top). This clearly shows
that LHPA-3 remains stable in solution (at room temperature)
as no impurities or dissociation products are observed. While
our here presented results clearly demonstrate that LHPA-3 is
sufficiently stable to obtain single crystals and to be used for
further synthesis, the notion of the instability of LHPA-3 is not
entirely unfounded. Our attempts to work up aqueous solu-
tions of LHPA-3 using a rotary evaporator (80 °C, ca.
200 mbar), resulted in crystals of the mixed sodium/potassium
salt of [P,M0;506,]°". This compound, which is a Wells-
Dawson type phosphomolybdate, is formed by the conden-
sation of two LHPA-3 units, likely induced by the elevated
temperature. Since the structure of this anion has been dis-
cussed in sufficient detail by Haiyan An et al,’>® we refrain
from further discussion here but provide details in the ESI
(Fig. S42 and S43t). We have also verified this dimerization of
LHPA-3 by briefly heating up an acidic aqueous solution of
LHPA-3 to 85 °C and subsequently performing *'P-NMR spec-
troscopy (Fig. 5 middle). The resulting spectrum clearly shows
an additional peak at —3.31 ppm, which is attributed to the
dimerized Wells-Dawson species [P,M0;504,]°". This value is
close to the literature value of —3.22 ppm.>' So, this behaviour
might have led researchers to conclude that LHPA-3 is not
stable enough for further use.

The Gibbs free energy of the formation of LHPA-3 was cal-
culated using quantum chemical (DFT) calculations, where a
Wells-Dawson species [P,M0,304,]®” is formed from two
LHPA-3 monomers and 6 water molecules are released in the
process (Fig. 6). In an acidic medium, the terminal oxygen
atoms at the vertex are most likely to be protonated. The for-

This journal is © the Partner Organisations 2023
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Fig. 6 Calculated dimerization of LHPA-3 in acidic aqueous medium (pH 1) forming a Wells—Dawson species.

0 — Mo(VI)

Absorbance [arb. units]

Oy — Mo(VI)

0»0 T T T T T
200 300 400 500 600 700 800

Wavelength [nm]

Fig. 7 UV Vis spectrum of LHPA 3 in aqueous, pH 1 solution with the
characteristic LMCT bands.

mation of the dimerized Wells-Dawson species is thermo-
dynamically favourable in acidic solution with a change in
Gibbs free energy of —357 k] mol™" using an implicit solvent
model.

UV-Vis measurements of the acidic aqueous solution of
LHPA-3 (Fig. 7) show two significant peaks: 215 nm and
321 nm. After reaching the maximum from the LMCT peak at
215 nm, the intensity continues to increase towards smaller
wavelengths. However, the maximum of the increase is no
longer reached in the available measurement range (>200 nm),
which could indicate the presence of another peak below
200 nm.

The observed signals correspond to the O—Mo(vi) ligand-to-
metal-charge-transfer excitations (LMCT) of different oxygen
atoms. Since for HPMo the main UV-Vis band has its maximum
at 218 nm with no additional peaks at higher wavelengths,” it
can be concluded that the band at 321 nm belongs to the
O—Mo(vi) LMCT of the lacunary oxygen atoms (Oy).

This journal is © the Partner Organisations 2023

To complete the characterization of LHPA-3 we have per-
formed electrochemical measurements, in detail cyclic voltam-
metry (CV) and square-wave voltammetry (SWV). The results
are shown in the ESI Table 8 and Fig. S30 and S31.7 From the
obtained data we see that LHPA-3 undergoes similar redox pro-
cesses as HPMo. However, the structural changes in LHPA-3
cause a shift of its potentials to higher values.

Application of the lacunary phosphomolybdate for the
synthesis of various addenda element substituted Keggin-type
POMs

As stated in the introduction, the significance of LHPA-3 lies
in its potential as a precursor for the synthesis of POMs with
further element substitutions in the metal framework. We
therefore investigated this synthetic route by combining
LHPA-3 with various metals of different oxidation states,
namely: Co(u), Ni(u), Zn(u), Cu(u), Fe(u), In(ut), Sn(wv), V(v), Nb
(v), and W(v1). Most of these elements are of interest for cata-
Iytic applications due to their redox properties such as V(v)/V
(v), Fe(um)/Fe(u), Co(ur)/Co(u)/Co(1), Cu(u)/Cu(i), and Sn(wv)/Sn
(m).>> Other metals were chosen to explore the limits of this
synthetic strategy, especially the main group elements In and
Sn, as the incorporation of main group elements in POMs,
although previously demonstrated, is still in its infancy.”*"*

A particular challenge was the choice of a suitable precursor
for Nb(v) as most Nb salts are either not water soluble or pre-
cipitate as Nb,Os in aqueous solution. Various studies report
potassium hexaniobate Kg[NbsO;o] (KNb) as a suitable precur-
sor, a Lindqvist-type POM structure that can only be stabilized
in strongly alkaline media (pH > 12).*"*° Since LHPA-3 is only
stable in acidic solutions, KNb was first dissolved in an
aqueous hydrogen peroxide solution, which was then acidi-
fied.® The peroxide prevents the precipitation of Nb,Os, pre-
sumably via formation of a Nb(v) peroxo complex, long enough
for the Nb(v) to be incorporated into LHPA-3. A detailed pro-
cedure for the synthesis, characterisation, and utilisation of
Kg[NbeO;,] is presented in the ESI (section 1.4).}

In a typical synthesis procedure for these metal incorpor-
ations, LHPA-3 was prepared in situ and used in aqueous solu-
tion, without previous purification. To this solution, suitable
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precursors or respective aqueous solutions were added,
and the mixture was heated to reflux for 30 minutes. The
pH of the mixture was adjusted to approx. 1.5 using hydro-
chloric acid. For subsequent purification, a nano-filtration
membrane setup, which has previously been successfully
employed for the recycling of homogenous POM catalysts,**
was used. An overview of the synthesised compounds is given
in Table 4.

Purification of the newly synthesized POMs by nanofiltration

Since the above-described procedure requires the adjustment
of a defined pH value, various alkali salts are present in
addition to the POM. For the purification of the POMs, we
have developed a nanofiltration method, which succeeds in
separating salts and POM from each other.

The nanofiltration system was operated in a modified diafil-
tration mode. Samples were taken from the permeate of each
cycle to determine the salt content and catalyst loss by AAS/
ICP-OES analysis. In addition, the permeates were concen-
trated by rotary evaporation and the resulting salt fractions
were combined and analyzed by FT-IR spectroscopy as well as
ICP-OES analysis. Fig. 8 shows the evolution of sodium and
potassium concentrations over the four diafiltration cycles.
There is a clear exponential decrease in the concentrations of
sodium and potassium. The sodium concentration in the
permeate already decreases from an initial value around 17.6 g
L' to 6.1 g L™" within one diafiltration cycle, which corres-
ponds to a decrease by a factor about 3. After the fourth cycle,
the sodium concentration in the permeate reaches a value
below 0.5 g L™'. The potassium concentration shows a compar-
able trend.

®  Sodium @ Potassium

Concentration [g/L]

0 T T
1 2

w10 n
|
|

Diafiltration Cycle

Fig. 8 Development of the sodium and potassium concentrations in
the permeate depending on the conducted diafiltration cycles.
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AAS measurements of the retentate reveal that there is still
a residual sodium concentration of 7.0 g L™, which corres-
ponds to a difference about 6.5 g L™, compared to the corres-
ponding permeate. However, for each POM anion, a sufficient
number of cations must remain in the retentate. In this exem-
plarily presented case, the anion is [PNb;Mo0gO4]°~, which
requires six equivalents of alkali counterions. A visual repre-
sentation of the decreasing salt concentration from cycle to
cycle and the purified yellow POM fraction [PNbzMo0gO,0]°” is
shown in Fig. S7.1 To finally confirm that the isolated POM is
free of chloride (and thus free of the corresponding alkali
chloride salts), the POM sample was analyzed for chloride
content by energy dispersive X-ray spectroscopy (EDX). As an
average value over three measurements, a chloride content of
0.028 wt% was found. Thus, it can be assumed that the corres-
ponding salts were almost completely removed by the nanofil-
tration process.

In order to minimize losses of the valuable products, a high
selectivity is extremely important for the purification process.
For this purpose, the permeate samples were analysed by AAS
and ICP-OES with regard to their content of the POM com-
ponents molybdenum, niobium and phosphorous. For each
permeate the rejections of these components were determined
as described in the corresponding section of the experimental
part (ESIT). All catalyst components were rejected virtually to
100%, meaning that almost no POM anion passed the mem-
brane (see Fig. S8%). Furthermore, the permeate sample was
analyzed using powder XRD. The powder diffractogram in the
ESI (Fig. S9t) shows that the permeate fraction consists mainly
of sodium and potassium chloride. Essentially, the potassium
content comes from the KNb precursor.

The success of the purification process can be evaluated
based on the composition of the POM fraction as target
product of the process. For this purpose, the stoichiometric
ratios of the individual catalyst components before and after
purification are shown in Table 3.

Table 3 Calculated stoichiometries of the catalyst components before
and after purification

Stoichiometry”
Entry” Process step Mo° Nb“ P’ Na‘ K4
1 Target value 9.0 3.0 1.0 6.0
2 Before purification 9.0 2.9 1.1 19.5 4.0
3 After purification 9.0 2.8 1.0 5.1 1.5

“Experimental conditions: pre-wetted DK-series membrane, ambient

temperature, 30 bar transmembrane pressure, 15 ml min™" flow rate,

1100 rpm stirring speed. ”Calculated as described in the corres-

gonding section of the experimental part.  Determined with ICP-OES.
Determined with AAS.

Finally, after synthesis and purification, the elemental com-
position of all compounds was confirmed by ICP-OES and AAS
(Table 4).
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Table 4 Overview of POMs synthesized in this project. Green indicates successful synthesis, yellow indicates successful incorporation of the substi-
tuting metal but significant deviation from the target stoichiometry, red indicates unsuccessful attempts

Compound Subst. precursor Target composition

Measured composition® Hydration water”

Divalent metals

NaPCoMo Co(OAc), Na,[PCoMo0;1040]
NaPNiMo Ni(OAc), Na,[PNiMo0;,04]
Trivalent metals

NaPFeMo FeCl; Nag[PFeMo;,0,]

Tetravalent metals

NaPSnMo Sn + HCI + H,0, Nas[PSnMo;1040)

Pentavalent metals

NaKPNbMo Kg[NbgO10] Na,[PNbMo,;04]

NaKPNb,Mo Kg[NbgO10] Na;[PNb,M04¢0.40]

NaKPNb;Mo Kg[NbgO10] Nag[PNb;M0gO40]

NaKPV,NbMo Kg[NbgO;0] Nag[PV,NbMo0oO,]
Na VO,

NaKPVNb,Mo Kg[NbgO10] Nag[PVNb,M09O40]
NazVO,

NaPV;Mo Na,;VO, Nag[PV3M0,0,,]

Hexavalent metals

NaPW;Mo Na,WO, Nag[PW3M090y0)

Naj 5[P;C01M011040] 8

Nay[P;Ni.oM01;04] 8

Naj 5[P1.1Fe; ;M0gOy0] 8
|

Nag.1[P1SnoM01,040] 9

D

Na;Ky 5[Po.oNb; 1M011040]

Na Ky ;[P1Nb; §M013040]

Nay K. llpn.wal.nM()nO l()l
Nag 3Ko.5[P1.1V2.3Nb1 1M0gO,0]

N O

~

Nay 1 Ko.s[P1Vo.oNbM0yO,0] 5
Nas, ,[PA’_;MO«,O ,'J 8
Nay o[ P1.1W3M0040] 28

“The content of the elements (except O) was determined by ICP-OES or AAS. The results were normalized to the targeted Mo content. Residual
negative charge is assumed to be compensated by H', as all compounds were obtained from acidic solutions. ? Hydration water was determined

by thermogravimetric analysis (TGA).

Based on the results from elemental analysis (Table 4 and
ESI section 1.7%) the incorporation of most of guest elements,
particularly the penta- and hexavalent metals, was successful.
From the obtained ICP-OES data (yellow and red markers),
limitations were found for the following elements: Cu(u), Zn
(), In(m) and Sn(v). The limitations are limited to the late
transition metals and to the main group elements, whereas
the incorporation of Sn(iv) was not successful.

DFT calculations were performed in order to probe struc-
tural changes by substituting one molybdenum atom of HPMo
with di- to hexavalent metal atoms (see Fig. 9). The structural
changes in the POM structure upon introducing the (di- to
hexavalent) metal atoms were characterized based on: (i)
metal-oxygen bond lengths and (ii) distance of central phos-
phorous atom to the newly introduced metal atom.

The metal-oxygen and phosphorus-metal distances remain
almost unchanged upon substituting molybdenum with penta-
valent vanadium. Due to the increase in the atomic radii, the
metal-oxygen distances slightly increase from 1.8 A to 1.97 A
and 1.99 A for M-0O, and M-0, upon introduction of niobium
into the POM. However, the rest of the structural parameters
remains almost unchanged. The similar trend was also found
for tungsten substitution, thus suggesting an easy incorpor-
ation of penta- and hexavalent metals into the Keggin struc-
ture. Exceptions are the incorporation of Cu(u), Zn(u) and In
(m), which where only partially successful, and the incorpor-
ation of Sn(wv), which was entirely unsuccessful. A reason for
this might be that the coordination chemistry of these metal
ions is dominated by p-orbitals as opposed to d-orbitals. In(i)
(4d"°55%5p°) and Sn(wv) (4d'°5s°5p°) are main-group elements
in which the full 4d-orbitals are generally unavailable for

This journal is © the Partner Organisations 2023

coordination chemistry. The DFT-optimized mono-substituted
Co(u), In(m) and Sn(iv) POM structures show a significant
elongation of M-O and P-M bond distances. The large bond
distances indicate a weak binding interaction of the newly
incorporated metal into the phosphomolybdate complex. M-O
bond and P-M bond distances are increasing by 0.2 A to 0.46 A
and 0.14 A to 0.57 A by introducing Co(u), In(m), and Sn(w),
with In(u) showing the largest increase followed by Sn(iv) and
Co(u). In comparison to In(m), the introduction of Fe(u)
reduces the P-M distance by 0.24 A (from 3.56 A to 3.32 A)
compared to HPMo. The possible reason for the reduction
might be localization of the unpaired electron on the iron
atom. Zn(n) is formally a transition metal, however it also has
full d-orbitals (3d'°4s°) and has therefore similar coordination
propensities as main group elements.

The Cu(u) substituted POM exhibits a highly reactive behav-
iour: in contact with stainless steel, the solution turned dark
blue, indicating reduction of the POM. It might therefore be
possible, that a corresponding compound containing two Cu
(u) ions is not thermodynamically stable. For this reason, the
resulting compound, "BuyNPCu,Mo, was not purified with the
membrane setup, instead the POM was selectively precipitated
from aqueous solution as a tetrabutylammonium (TBA) salt,
whereby the other salts remain in solution.

The integrity of the Keggin structure was confirmed by
ATR-FT-IR and Raman spectroscopy (Fig. 10 and ESI Fig. S11-
S207). Vibrational spectroscopy of POMs as a method for iden-
tifying the structure type is a well-established method and is
discussed in literature to a great extent.'>*%*%6

The IR spectra of all compounds exhibit the above described
(see Fig. 3), characteristic bands for Keggin structures.

Inorg. Chem. Front,, 2023, 10, 4854-4868 | 4861
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[PMo04204]*

M-Op;[ 1.8

M-Oy,| 1.8
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[PMo4Fe0 4]

M-Op; [ 1.92

M-Op,| 1.91

M-Ops| 1.94

M-Op,| 1.94

P-M 3.32

[PMo44VO40]*
M-Op,| 1.80
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[PMo,,C00,,]"
M-Op,| 2.1
M-Opy| 2.1
M-Op5| 2.14
M-O.,| 2.15

P-M 3.70

[PMo44In0,4]*

M-O,,| 2.25
M-O,,| 2.24
M-O;| 2.26
M-O,,| 2.26
P-M | 413
[PMo041Sn040]*
M-O,,| 2.09
M-O,,| 2.09
®| M-0,;| 212
M-Ops| 2.13
P-M | 3.83
[PMo+4NbOo]*
M-O,,| 1.97
M-Op,| 1.99
®| M-0,;| 2.05
M-Op,| 2.02
P-M | 3.59

[PMo4;WO 4o]*
M-Op,| 1.9
®| M-0,,| 185
M-O;| 1.98
M-Op4| 1.98
P-M 3.53

Fig. 9 DFT optimized structures of mono-substituted Keggin phosphomolybdates. Characteristic bond distances for O; = terminal oxygen, Oy, =

bridging O, Op = phosphate O are given.

From previous investigations, it is known, that for POMs,
which are substituted with elements of significant lower mass
than Mo(v1), the vibration bands are shifting to lower wavenum-
bers in comparison to the unsubstituted HPMo."'**®*® This
trend is observed for the substitution with Co(u), Ni(i), Cu(u),
Zn(u), Fe(m) and V(v). Interestingly, although Nb and Mo have a
similar mass, the vibration bands of the Nb(v) substituted POMs
show the same trend indicating that the charge/oxidation state
of the metal ion also plays a role (Table 5 and ESI Table 57).

4862 | Inorg. Chem. Front., 2023, 10, 4854-4868

In contrast, a shift to higher wavenumbers occurs for POMs
that are substituted with elements of significant higher mass.
This is observed for NaPW;Mo (Table 5 and Table 5 ESIT), the
higher mass of W(vi) leads to shoulder formation of the P-O
band (see ESI Fig. S19 and S207).

The Raman spectra of the substituted POMs also exhibit
significant differences in comparison with the unsubstituted
HPMo, indicating the successful incorporation of the
elements.
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Fig. 10 ATR-FT-IR spectra of selected POMs, substituted with di-, tri-
penta- and hexavalent metals.

Table 5 Assignment of the FT-IR peaks of each POM to the corres-
ponding vibration modes

POM P-O M:Ot (M_O_M)Vcrtcx (M_O_M)Cdgc
HPMo"’ 1059 962 877 744
NaPCoMo 1049 946 869 772, 707
NaPNiMo 1047 942 869 783
"Bu,NPCu,Mo 1077, 1055 935 864 777
NaPZnMo 1075, 1060, 1045 939 900 775
NaPFeMo 1051 945 864 766
NaPIn;Mo 1058 956 867 770
NakKPNbMo 1058, 1034 944 859 741
NaKPNb,Mo 1049 947 856 757
NaKPNb;Mo 1047 944 857 760
NaKPV,NbMo 1045 942 847 750
NaKPVNb,Mo 1048 944 859 762
NaPV;Mo 1064, 1048 937 846 758
NaPW;Mo 1062 959 872 777

In order to elucidate the structural influence of the metal sub-
stitution, a crystal of NaPV;Mo was analysed with single-crystal
X-ray diffraction (Fig. 11, crystallographic information file is avail-
able through the CCDC under the deposition number 22050077).

The compound crystallized in the tetragonal space group
P42,c (114) and conforms to the typical Keggin structure type.
The asymmetric unit contains a quarter of the molecule with
three distinct metal sites, which are all partially occupied by V
and Mo, therefore a substitution pattern cannot be recognised.
For each Keggin unit, four Na atoms are found, the remaining
charge is presumably compensated by H', which was not mod-
elled. The closest distance between the counter ions and the
POM is to two of the bridging O atoms. Since the distance is
significantly larger than the sum of the respective covalent
radii (Table 6), this interaction can be considered purely ionic
with no covalent/dative bond character.

The bond lengths within the POM molecule are mostly
similar to the bond lengths of the unsubstituted HPMo,*® with

This journal is © the Partner Organisations 2023
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Fig. 11 Solid-state structure of NaPVs;Mo determined by single crystal
X-ray diffraction. The compound crystallizes in the tetragonal space
group P42,c (114). Hydrogen atoms have not been modelled. R;: 3.03%,
WR>: 7.84%, Ri: 4.49%, GooF: 1.089. Color code: turquoise: sodium,
purple: phosphorous, blue: molybdenum, and red: oxygen.

Table 6 Selected structural properties of NaPVzMo

Bond lengths

NaPV;Mo  H3;PMo0;,04,*®  Sum of covalent radii*”
P-Op 1.54 A 1.53 A 1.74 A
M-0p* 2.29A 2.44 A 2.01 A (Mo-0), 1.97 A (V-0),
2.00 A (weighted average®
M-0,°  1.91A 1.92A
M-04 1.66 A 1.67 A
Na-O,* 3.00A n.a. 2.18 A
Angles
NaPV;Mo H3;PMo0,,0,0"° Ideal angle
OprfOp'Z 109.5° 109.5° 109.5°
M-0,-M* 123.4°/149.7° 125.7°/151.7° 90°/n.a.
0-M-0.° 101.1° 102.1° 90°
“Average value of multiple bonds/angles of the same type.

_3-(rv+10)+9- ("m0 +70) -
12

the exception of the bond between the metals and the phos-
phate oxygen atoms, which is significantly shorter in NaPV;Mo
although it still exceeds the sum of the respective covalent
radii (Table 6). Among the bridging O atoms, two groups can
be distinguished: three atoms with an average M-O-M angle
of 123.4° connection, two edge-sharing MOy octahedra, and
three other atoms with an average angle of 149.7° connecting
corner-sharing MOy octahedra. These values are slightly lower
than in HPMo.*®

Since the primary intended application for transition metal
substituted POMs is homogeneous catalysis in aqueous solu-
tion, we further studied the newly synthesized compounds in

Inorg. Chem. Front., 2023, 10, 4854-4868 | 4863
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Fig. 12 3P-NMR spectra of selected POMs substituted with di-, penta-
and hexavalent elements in a mixture of 90% H,O (pH 1) and 10% D,O0.
The spectra were measured at 242.9 MHz, 85% HzPO, was used as
external standard.

solution. For this purpose, we measured *'P- and, where appli-
cable, >'V-NMR spectra, of the POMs. Fig. 12 shows the
*IP-NMR data of selected POMs, substituted with di-, penta-
and hexavalent metals in comparison with HPMo. The *'P
data of NaPFeMo are only shown in the ESI in Fig. S24,f
because this spectrum shows no peaks, due to the strong para-
magnetism of Fe(m). Co(u) is also a paramagnetic nucleus, so
the *'P signals are broadened in comparison to HPMo as
shown in Fig. 12. Although the NMR samples were prepared of
pure compounds, a complex pattern of signals is observed.

This is caused by two phenomena: the pH depended dis-
sociation of the POMs and the isomerism (positional isomer-
ism caused by the substitution as well as the intrinsic o/f iso-
merism of the Keggin structure).**"®> The dissociation,
especially of substituted Keggin POMs has been described pre-
viously by several research groups.®*®* In aqueous solution,
dissociation equilibria such as the ones shown in Fig. 13 cause
multiple signals in the NMR spectra and lead to positional
isomerisation.

In an unsubstituted POM like HPMo, all metal positions
are equivalent, therefore only one signal is observed in the
3'P-NMR spectrum (ESI Fig. $20-52471).°*"%” However, as soon
as a metal atom is substituted, the metal sites are not all equi-
valent anymore. Therefore, a second substitution can lead to
several positional isomers with different substitution patterns.

[PVsMo;040]* <=== [PV4;M0;05]'""+ VO,"

2 [PVsMo0,049]> === [PV ;MogOy]”" + [PVsMo0gO4]*"

Fig. 13 Examples of possible dissociation equilibria POMs undergo in
aqueous solution.
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The number of such isomers increases drastically with the
degree of substitution. While a substitution degree of two
leads to only five isomers, the substitution of three metal
atoms in the Keggin structure results in 13 possible isomers.®>
Furthermore, there are different isomers for a Keggin-struc-
ture, most importantly the o and the f isomer. The f isomer is
significantly less stable than the corresponding a isomer, so
the peaks corresponding to the p isomer have a comparatively
low intensity.®

As a result, the recorded spectra show a multitude of
signals which are difficult to assign. In the recorded NMR-
spectra (Fig. 12 and ESI Fig. S21-S25t) we find the above
described phenomena confirmed in the fact that a multitude
of signals is observed for all investigated compounds.

For catalytic applications of the POMs, the HOMO-LUMO
gap (HOMO = highest occupied molecular orbital, LUMO =
lowest unoccupied molecular orbital) is a relevant molecular
property. To investigate this, UV-Vis spectra of all compounds
were measured in aqueous solution (Fig. S26529 ESIt). For the
unsubstituted HPMo only one maximum is observed at a very
low wavelength (218 nm), which can be assigned to the O—Mo
(v)Os LMCT (see ESI Table 71)."® Most of the transition-metal
substituted POMSs, however, show an additional smaller
maximum at slightly higher wavelengths (280-350 nm,
Fig. 14). This second band can be attributed to the LMCT from
oxygen to the substituted transition element. Excitations from
lower metal d orbitals to higher metal d orbitals are not
expected to be visible, since they are known to be 1000 times
less intense than LMCT transitions.®®

The data in Fig. 14 show the O—-Mo(vi)Os LMCT above
200 nm and the different transition metal LMCT bands about
300 nm for all elements investigated in this work, indicating
that the latter transition requires less energy. The LMCTs for
Nb(v) tend to be found in the 297 to 300 nm range, while the
additional incorporation of vanadium causes the LMCT bands

320

300 ° A -

__ 280
LMCT Mo(VI)
LMCT Nb(V)
LMCT Nb(V)/V(V)
LMCT V(V)
LMCT Cu(ll)
LMCT Zn(II)

» LMCT Fe(lll)

260 +

) 4 > O B

240

Wavelength [nm

220

200 +

HPMo
HPCoMo
HPNiMo
PCu,Mo -
NaPZnMo _|
NaPFeMo
NaPIn;Mo
NaPNbMo
NaPNb,Mo
NaPNb,Mo
NaPV,NbMo
NaPVNb,Mo
NaPV;Mo
NaPW;Mo

Fig. 14 LMCT positions of the metal-substituted POMs.
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Fig. 15 Comparison between the SWV measurements of the three-fold
substituted POMs with V(v) and Nb(v) in comparison to HPMo (concen-
tration 1 mmol L™, scan rate 5 mV s™* (SWV) and pH 1). Hydrochloric
acid was used as supporting electrolyte.

to shift to higher wavelengths. For NaPV;Mo, the LMCT for the
V(v) reaches 308 nm and for the V(v) and Nb(v) mixed substi-
tuted POMs the LMCT for Nb(v) and V(v) are overlapping and
cannot be distinguished from each other. It is known from lit-
erature that the V(v) LMCT protrudes into the visible region:
this is the reason for the colours of POMs.">**% With increas-
ing substitution of vanadium, the V(v) LMCT increases while
the Mo(vi) LMCT decreases, leading to a darker color.'?
Theoretically, the LMCT bands contain two LMCTs. The LMCT
at smaller wavelengths is assigned to the transition from the
terminal oxygen atom to the metal V=0, and the LMCT at
longer wavelengths is assigned to the transition from the
metal-bridging oxygen atoms V-O,/V-O, to the metal. This
effect is often not resolved but may manifests itself by the for-
mation of a shoulder at higher wavelengths.">°%7”°

For applications in oxidation catalysis, the redox potentials
of the transitions-metal substituted POMs are of great impor-
tance. Therefore, the redox potentials of the synthesized POMs
were measured using cyclic voltammetry (CV) and square-wave
voltammetry (SWV). Exemplary the data are shown in Fig. 15
for the three-fold substituted POMs with Nb(v) as well as V(v)
in comparison with the unsubstituted HPMo. Electrochemical
data of the other POMs are provided in the ESI (see ESI
Fig. S30-S39 and Tables 8-10%).

It is known from previous reports, that phosphomolybdates
show several two-electron redox processes that can be tuned by
incorporating  different elements into the Keggin
structure.'>”"”> The SWV data of the POMs containing Co(),
Ni(u), Cu(u), and Fe(m) (ESI Fig. S33 and S35t) show that these
elements cause a shift of the redox potentials to higher poten-
tials in comparison to HPMo. For "Bu,NPCu,Mo (measured in
acetonitrile) there are two peak potentials which are not
observed for HPMo at 615 mV and 790 mV. These peak poten-
tials might correspond to a redox process of Cu(u) to Cu(i).
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Comparing NaPV;Mo and NaKPNbszMo, the former shows a
pronounced redox activity while the latter seems to be redox
inactive. The V(v) substituted POMs show that the V(v) lowers
the peak potentials in comparison to HPMo."® For the Nb(v)-
substituted POMs, the following trend is observed: by incor-
porating one Nb(v), the peak potentials seem to shift initially
to lower potential values, while by multiple substitution with
Nb(v) the potentials partially shift back to higher values (ESI
Table 10t). For the Nb(v)/V(v) mixed substituted POMs, some
peak potentials are shifted to lower potentials in comparison
to the pure Nb(v) substituted POMs. NaPW;Mo shows extre-
mely low redox activity in the electrochemical measurements
as it was also observed for the Nb(v) containing POMs.

Through the collected electrochemical results, it is shown,
as also indicated in our previously published study, that the
redox potentials — and thus also the electronic structure - of
the POM can be specifically tuned by the incorporation of
different metals.’® This represents an essential step forward
for the synthesis of tailor-made POM catalysts and a prelimi-
nary assessment which POM catalysts might be suitable for
redox catalysis.

Materials and methods

Detailed experimental procedures as well as information on
the materials and devices used is provided in the ESI.}

Computational details plus Cartesian coordinates of all
structures can be found in the ESL{

Conclusion

In this work, we show that the lacunary compound LHPA-3 is
more stable and potentially applicable than anticipated and
described in the literature. The LHPA-3 complex was character-
ized using various experimental spectroscopic techniques and
the previously not annotated spectral peaks were assigned
from quantum chemical calculations. Furthermore, DFT calcu-
lations show that in acidic medium the formation of a dimer-
ized Wells-Dawson species is thermodynamically feasible.
Using our novel in situ approach, in which LHPA-3 is formed
and directly reacted by addition of other elemental precursors,
a variety of element-substituted phosphomolybdates can be
formed. In order to purify these compounds, we applied a
novel approach using a nanofiltration membrane process,
which is superior to (re-)crystallisation or extraction with
diethyl ether, because it results in high purity products with
no significant loss of yield. Using this synthetic approach and
purification method, we successfully produced Keggin-type
POMs containing Co(u), Ni(u), Zn(u), Cu(u), Fe(u), In(um), V(v),
Nb(v), and W(vi). Quantum chemical calculations showed that
incorporation of these metals significantly affects the struc-
tural properties of Keggin-type POMs. These new compounds
were comprehensively characterised by various spectroscopic
and electrochemical methods and it was found that the incor-
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poration of these elements has a significant influence on the
molecular properties (i.e. the redox potential) of the POM.
Overall, our findings represent a major step forward in the
development of tailor-made functional POMs for catalytic
applications.
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