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@ Spectroscopic, Crystallographic, and Electrochemical Study

of Different Manganese(ll)-Substituted Keggin-Type

Phosphomolybdates

Jan-Christian Raabe,® Jakob Albert,™ and Maximilian J. Poller*!

Abstract: Adjusting the RedOx activity of polyoxometalate
catalysts is a key challenge for the catalysis of selective
oxidation reactions. For this purpose, the possibility of
influencing the RedOx potential by the introduction of an
additional RedOx-active element was investigated. Thereby,
Keggin-type polyoxometalates (POMs) with up to three differ-
ent elements in the metal framework were created. An
advanced and reproducible synthetic procedure to incorpo-
rate Mn" and additionally V¥ into Keggin-type heteropolyacids
alongside comprehensive characterization of the new mole-

\

cules is presented. The success of our syntheses was
confirmed by vibrational spectroscopy (IR and Raman) and
elemental analysis. Furthermore, the new compounds were
analyzed by NMR spectroscopy to investigate the character-
istics of the POMs in solution. The structures of successfully
crystalized compounds were determined by single-crystal X-
ray diffraction. Moreover, all synthesized compounds were
characterized using UV/Vis spectroscopy and electrochemical
analysis to get further insights into the electronic transfer
processes and redox potentials. )

Introduction

Polyoxometalates (POMs) have been the focus of intensive
research for more than a century. Nevertheless, new applica-
tions for functional polyoxometalates are still being investi-
gated and the synthesis of new, fit-for purpose derivatives of
POMs remains a very active field of research." Applications for
POMs range from the medical field? to electronic devices®*
and to green catalysis.*' For catalytic applications, Keggin-type
POMs have been proven particularly useful. Their high Brensted
acidity makes them suitable catalysts for acid catalyzed
reactions such as ester hydrolysis.® Additionally, by substituting
the framework metal of Keggin-type POMs with a RedOx active
transition metal,” they become excellent bifunctional RedOx
and acid catalysts.”'” A prime example for this are vanadium
substituted phosphomolybdates, specifically HsPV;Mo,0,, (HPA-
5), which has been successfully applied as a catalyst for the
conversion of biomass to formic acid®'” and for the oxidative
desulfurization of fuels.”

To enable a broader range of RedOx catalytic applications, it
is necessary to tune the RedOx potential of the POM to the
desired application. Therefore, we have investigated the
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possibility of introducing an additional RedOx-active element
with the goal of adjusting the RedOx potential of the POM.
Thereby, we created Keggin-type POMs with up to three
different elements in the metal framework.

In general, the introduction of RedOx active metals into the
POM framework can be achieved either by the reaction of a
metal precursor with a lacunary-POM, or by adding a suitable
metal precursor in the desired stoichiometry during the initial
self-assembly based synthesis of the POM. A lacunary type POM
is a defect POM structure in which one or more MO,
octahedrons are removed from the parent POM structure.""'?
The defects can then be filled with suitable transition metal
salts, resulting in substituted POMs. This method is limited to
low substitution levels as the lacunary structure only allows
filling up the number of vacancies (usually between 1 and
3)."'2 In contrast, the self-assembly process, entails combining
the various metal precursors in the desired stoichiometry, so
that under reaction conditions the precursor compounds
arrange themselves to form the final POM structure."® This
method has been successfully employed for substitutions of up
to half of the framework metals in the Keggin structure.”’ Since
the introduction of additional elements generally benefits from
an overall higher substitution, we employed this synthetic
strategy.

The transition metal of choice for our investigation was
manganese, which is known for versatile redox chemistry.
Although the use of Mn(ll) substituted bimetallic POMs has
been reported previously,"*'? no detailed synthetic procedure
for higher Mn(ll)-substituted POMs has been published and no
detailed analytical characterization has been performed. The
specific incorporation of Mn(ll) into the H ,[PV,M0(;,O4l
Keggin framework has not yet been described in the literature
at all. In this work we present a synthetic procedure leading to
the introduction of Mn(ll) to form bimetallic (Mn(ll), Mo(VI)) and
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Table 1. Results from ICP-OES and TGA analysis of the different HPA—X-Y compounds.

Compound Molecular composition P/V/Mn/Mo ratio® Hydration water®
[mol/mol-POM]

HPA-0-1 H,[PMnMo,,0,] 1.14/0/1.07/11 8

HPA-0-2 Hy,[PMn,Mo,40,] 1.05/0/2.03/10 10

HPA-1-1 Hs[PYMNMO0,40,] 1.26/1.03/1.05/10 8

HPA-1-2 Hyo[PYMN,Mo4O,] 1.24/1.05/2.09/9 10

HPA-3-2 HyalPV5Mn,M0,0,] 1.27/3.09/2.09/7 23

HPA-5-1 Hy,[PVsMnMogO,q] 1.29/5.21/1.04/6 23

HPA-X-Y is Hi  ; 4)[PV,Mn,M0y5.,,)O4l. [al The ratios P/V/Mn/Mo were determined by ICP-OES analysis. The data were normalized to the targeted Mo
content. H;PO, was used in a slight excess during the synthesis, therefore the high P content may be attributed to residual H;PO,. [b] The content of

hydration water was determined by TGA analysis.

trimetallic (Mn(ll), V(V), Mo(VI)) Keggin-type POMs. To the best
of our knowledge, this is the first time that Keggin-type POMs
with three different elements in the position of the framework
metal (i.e. without considering the heteroatom position) have
been synthesized and fully characterized. Additionally, we have
performed comprehensive analytical characterization of the
new compounds, including electrochemical investigations to
determine the influence of Mn(ll) on the redox activity of the
POM.

Results and Discussion

To achieve the incorporation of Mn(ll) into the Keggin structure
we have used manganese(ll) acetate Mn(OAc), as suggested by
Patel and Pathan" in an improved synthetic procedure based
on the self-assembly synthesis of bimetallic V(V)-Mo(VI)-POMs
described by Odyakov et al."*'® In contrast to the synthesis via
lacunary structures, this procedure allows higher degrees of
substitution and is less pH sensitive.

In our procedure, we first prepared a solution of MoO; and
phosphoric acid, to which the V(V) precursor solution and later
the Mn(OAc), were added. The ratio of the metal precursors
corresponds to the stoichiometry of the final product. During
the synthesis of the Mn(ll) substituted POMs, a clear, homoge-
neous, characteristically coloured reaction solution was formed.
No precipitate was observed, therefore it can be assumed that
no insoluble Mn(ll) species such as manganese(ll) oxide or
phosphate was formed. Subsequently the solvent was removed
under reduced pressure and elevated temperature to yield the
final product. On the basis of this procedure, we have
successfully synthesized bimetallic Keggin-type POMs with a
ratio of Mn(ll)/Mo(VI) of 1/11 and 2/10 as well as trimetallic
Keggin-type POMs with different Mn(ll)/V(V)/Mo(VI) ratios
ranging from 1/1/10 to 1/5/6. Experiments attempting the
incorporation of more than two Mn(ll) ions did not yield a
defined product. Attempts to incorporate Mn(VIl) into the
Keggin structure, using potassium permanganate as a precur-
sor, did not lead to the desired compounds. Detailed synthetic
procedures for all described compounds with the correspond-
ing analytical data in Figures S1-S36 can be found in the
Supporting Information.
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To verify the successful incorporation of Mn(ll) in the Keggin
cluster, the targeted stoichiometry was confirmed using ICP-
OES (Table 1). In addition, we determined the amount of
hydration water using thermogravimetric analysis (TGA). The
low-substituted POMs (up to 3 atoms) have crystal water
contents between 8 and 10 water molecules per Keggin unit,
whereby the highly-substituted POMs (5 and 6 atoms out of 12)
have contents of 23 water molecules per POM molecule.

The integrity of the Keggin structure was shown by ATR-
FTIR (Figure 1 and 2) and Raman spectroscopy (Figure 3 and 4),
respectively. IR spectroscopy of Keggin-type POMs in general
has already been discussed in literature to a great extent.'*'9?
Therefore it is a well-established suitable method to confirm the
structure type of the new compounds. The data of HPA-0-1 are
consistent with those of Patel and Pathan."™ No literature data
exist for HPA-0-2 and the V(V)/Mn(ll) substituted POMs, here
only the comparison to the V(V) substituted POMs published in
the literature can be made."” The FTIR spectra of the newly

IR spectroscopy

H3[PMo,,0,]
H,,[PVsMnMo,O]

H,,[PVMn,Mo0,0,]
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Figure 1. FTIR (ATR) spectra of the Mn"-substituted HPA-X-Y POMs compared
to H;[PMo,,0,,].
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Figure 2. Superimposed IR spectra of the two-fold metal-substituted POMs

. ) 0. .
HPA-1-1, HPA-0-2 and HPA-2-0, compared with the IR spectrum of HPA-0-0. Figure 4. Superimposed Raman spectra of the only Mn"-substituted POMs

HPA-0-2, HPA-0-1 and in comparison with HPA-0-0.

Raman spectroscopy

synthesized POMs are shown in Figure 1 and 2, with spectra of

H;[PMo,,0,,] H5[PMo,,0,,] (HPA-0-0) for comparison.
The IR spectrum of HPA-0-0 shows bands for P—O vibration
H,[PVsMnMo,O ] at 1059 cm™, for the terminal M=O; vibration at 962 cm™', and

for the M—O—M vibrations at 877 cm™' and 744 cm™’, respec-
tively. In comparison, the P-O, M=0O, and M—0O-M bands of the
substituted POMs are shifted to lower wavenumbers, indicating
successful incorporation of the Mn(ll) ions into the Keggin

H,,[PYMn,MoyO,] structure (Table 2). All spectra and more detailed tables can be

. found in the Supporting Information (Figure S43-S46 and

\ 100 Table 1-3 Supporting Information).
' A closer look at the superimposed IR spectra of the two-fold

W substituted POMs (in Figure 2 with Hs[PV,M0,,0,,] (HPA-2-0) as
HPA-X-0 equivalent) reveals that the peaks of the two-metal
substituted POMs are shifted to lower wavenumbers compared

MH7[PMHMOIIO4O] A to HPA-0-0. This can possibly be explained by the fact that the
Mo(VI) positions are occupied by metals with significantly
smaller ionic mass, so that the corresponding oscillation modes
can be excited more easily. The appearance of a shoulder in the
P—O-stretching has previously been reported as an indicator for
substitution in Keggin structures."” This is caused by substitu-
tion of the scaffolding metal (in our case Mo) with an element
of significantly lower mass (Mn and V) and is therefore a strong
indicator for the successful incorporation of a transition metal
into the Keggin-type phosphomolybdate. Additionally, the main

1 1 I 1 1
200 400 600 800 1000 1200

Raman shift [em™']

Figure 3. Raman spectra of the Mn"-substituted HPA-X-Y POMs compared to
H3[PM0;,0,,1."

Table 2. Position of the characteristic vibration bands for HPA-X-Y POM:s in the IR spectrum.

Vibration type v, HPA-0-0 HPA-0-1 HPA-0-2 HPA-1-1 HPA-1-2 HPA-3-2 HPA-5-1
(P=0) 1059 1060 1059 1055 1053 1052 1049
(M=0,) 962 961 954 959 953 951 945
(M—O—M), ertex 877 874 874 871 869 866 870
(M—0—M)qgqe 744 762 767 762 757 759 743

Chem. Eur. J. 2022, 28, €202201084 (3 of 12) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry

Research Article Europe
Chemistry—A European Journal doi.org/10.1002/chem.202201084 Soories Publishig
Ty P
Table 3. Overview of selected bond lengths (mean value) versus the sum of covalent radii of the elements involved.®”
P‘I_OT 01_M1 M1_02,3 M1=O4

Found bond length (mean value) [A] 1.538 2422 1.884 1.658
Sum of covalent radii® [A] 1.74 2.01 (O—Mo)

1.97 (O-V)

1.82 (0O—Mn)

peaks in some spectra show a shift to lower wavenumbers with
increasing substitution. This is in essence the same phenomen-
on, however, the small difference in excitation energy is not
resolved for these broad peaks. As a result, the observed effect
is a small shift of the peak maximum instead of the formation
of a shoulder in the peak (which might also cause a shift of the
peak maximum). Table 3 in the Supporting Information shows
the IR data of the Mn(ll) substituted POMs compared with the
corresponding literature IR data of the analogous Hg,
W[PV,MO0 15,0041 (HPA-X-0), in which the Mo(VI) position are only
substituted by V(V).'”

In conclusion, the IR spectra confirm the Keggin structure
type and the successful incorporation of the lighter transition
metals (Mn(ll), V(V)) into the Keggin structure. It can be
observed that the trend of peak shift with increasing V(V)
substitution can also be observed for the Mn(ll) substituted
POM:s.

The same can be concluded from the Raman spectra
(Figure 3 and 4)."°?" In particular, the Raman spectra of the
substituted POMs (Figure 3 and 4) show very strong differences
(especially in the range of the M=O vibration bands) compared
to the unsubstituted HPA-0-0, suggesting successful incorpo-
ration of the transition metals into the Keggin structure
(Figure 4).

Due to the incorporation of Mn(ll) the M=O0, stretch band is
shifted from 1001 cm™' (HPA-0-0) to 1004 cm™ (HPA-0-1). The
M=0, band at 987 cm™' (HPA-0-0) vanishes within the M=0,
band at 1004 cm™' in HPA-0-1 (resulting in a shoulder formation
in HPA-0-1). The band at 1004 cm™" in HPA-0-1 shifts to
994 cm™ in HPA-0-2 and loses intensity, while the band at
975cm™" in HPA-0-1 becomes an intense, broad band at
977 cm™ in HPA-0-2. The vibrational band in HPA-0-2 at
109 cm™', which can be assigned to an O-M-O vibration,
becomes an additional shoulder at 93 cm™ due to the two-fold
Mn(ll) substitution, which is not visible in the Raman spectra of
HPA-0-1 and HPA-0-0 (Figure 4). The change of shape of the
peaks in the Raman spectra (see also Figure S45 and S46 in the
Supporting Information) are a result of the different ionic
masses of the different transition metals. This can be seen as an
indicator for successful incorporation of Mn(ll) into the
[PMo,,0,,]*" anion. Another advantage of Raman spectroscopy
is that the range around 80cm™' to 400cm™' can be
investigated, which was not possible with the available IR
spectrometer. The Raman spectra (Figure 3, 4 and Figures $45
and S46 in the Supporting Information) show that the region
below 400 cm™' is relevant for interpretation because there are
some M—O—M vibrational bands in this region. The peaks in the
range 80 cm™' to 300 cm™' show mainly the different types of
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M—O—M vibrations. These peaks, as well as the M=O; vibrations
at 900cm™ to 1000 cm™' are shifted and broadened with
increasing V(V) and Mn(ll) substitution. The cause for this is the
same effect that has been discussed above for the formation of
shoulders on the peaks. The P—O vibrational band is apparently
not Raman active but can be seen in the IR spectra.

To elucidate correlations between structural features on the
molecular level for performance in future catalytical applica-
tions, additional characterization by single-crystal X-ray diffrac-
tion (XRD) was carried out”? Although several crystal
structures of Keggin-type POMs are known, there is little
literature for single crystals of Keggin-POMs in their protonated
form, most likely due to the difficulty in crystallizing them.?%*”
Nevertheless, we were able to successfully analyze single
crystals of five out of the six new POMs presented in this paper.
The crystals were obtained by slow evaporation of the solvent
from an aqueous solution of the respective compound in a
desiccator under reduced pressure.

Figure 5 shows the asymmetric unit of the POM HPA-1-1
with six atoms and the corresponding numbering of the atoms.
Images of the other structures and tables of selected bond
lengths can be found in the Supporting Information (Figur-
es S47-551), the full crystallographic information files (cif) are
available through the CCDC database (deposition numbers:
HPA-0-1: 2141261, HPA-0-2: 2141263, HPA-1-1: 2141259, HPA-1-
2: 2141262, HPA-5-1: 2141260).

The asymmetric unit of the structures only contains one
metal atom, indicating, that all twelve metal positions are

02

Mol1/V1/Mnl

03

Figure 5. Asymmetric unit of a crystal of HPA-1-1 with the corresponding
numbering of the atoms, hydrogen atoms have not been modeled. Purple:
phosphorous, red: oxygen, and blue: metals (Mo, V, Mn).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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equivalent. The incorporation of Mn(ll) and V(V) becomes
apparent, when comparing the refinement of the metal position
with 12/12 occupancy Mo(VI) versus the metal ration deter-
mined by ICP-OES (e.g. 1/12 Mn(ll), 1/12 V(V), 10/12 Mo(VI) for
HPA-1-1), which results in a significantly better model (i.e. less
residual negative electron density).

The crystal structures verify the Keggin structure type: the
phosphorus atom as heteroatom in the center of the cluster is
tetrahedrally coordinated by four oxygen atoms, while all
metals are in distorted octahedral coordination surrounded by
six oxygen atoms. All four oxygen atoms surrounding the
central phosphorus atom are part of the four Mo;0,; units. No
other transition metal cations were identified outside the
Keggin structure. Since H atoms do not have sufficient electron
density to be located by XRD, they have been omitted in the
refined model. Hydration water in the crystal lattice was
strongly disordered and could not be modelled in most cases.
Therefore, solvent mask (SQUEEZE) was applied to the residual
voids and the electron density therein was assigned to
hydration water, in order to obtain a better refinement.?”

Most of the POMs crystallize in highly symmetric cubic
space groups. The POMs HPA-0-1 and HPA-0-2 crystallize in the
cubic space group Fd-3 (203), while the V(V) containing POMs
HPA-1-1 and HPA-1-2 exist in the cubic space group Fd-3 m
(227). This coincides with the presence of only one metal atom
in the asymmetric unit. As a result, a discrete substitution
pattern cannot be recognized. The lattice parameters a, b and ¢
are on average 23 A and the lattice angles «, 8 and y are 90 °.
Furthermore, it is noticeable that the POM with increased V(V)
content HP-5-1 crystallizes in the trigonal space group R-3 (148),
respectively. However, all metal elements are statistically
distributed over all metal positions and therefore no discrete
substitution pattern was recognized. For HPA-5-1, the lattice
parameters a and b are 15.2 A and c is 38.9 A. The lattice angles
a and f are 90 ° and y 120 ° (Table 4 Supporting Information).
It follows that the unit cells of the low-substituted POMs (up to
3 metals out of 12) are almost the same, while the unit cell of
the high-substituted POMs (6 metals out of 12) is very different

from those of the low-substituted POMs and, all in all, have a
much smaller volume. Table 3 shows an overview of selected
bond lengths (mean value of all found bond lengths of all HPA-
X-Y POMs) versus the sum of covalent radii®” of the elements
involved:

The average bond length of the P-O bond is about 1.538 A
(P,—0,), while the average bond lengths of the oxygen-metal
bonds connecting the metals to the central phosphorus atom is
2422 A (0,-M,). Assuming that the ideal bond lengths result
from the sum of the covalent radii of the atoms involved, the
length of the P-O bond (P: 111 pm; O: 63 pm) is 174 pm
(1.74 A).P% Thus, the P—O bond of 1.538 A is significantly shorter
than the sum of the covalent radii, indicating double bond
character. Furthermore, the average metal-oxygen-metal bond
is 1.884 A long (Bond M,~0,5), while the average bond lengths
of the terminal oxygen-metal bonds are 1.658 A (M;=0,) (see
Supporting Information Table 5). Accordingly, the bond lengths
for the O—Mo bond (Mo: 138 pm) would be 201 pm (2.01 A), for
the O—V bond (V: 134 pm) 197 pm (1.97 A) and for the O—Mn
bond (Mn: 119 pm) 182 pm (1.82 A).2” Thus, the O—M bond of
1.884 A is in the range between the O—V and O-Mn bond. When
discussing the bond lengths, it is important to note that several
metals and oxygen atoms are present in the asymmetric unit of
the POM HPA-5-1 (Table 5 Supporting Information). Here, the
metal-oxygen bonds are in the range between 1.798 A and
2.044 A, so that metal-oxygen bonds can be found that are in
the range of O—Mn, O—V and O—Mo bond lengths. It is striking
that the O,—M, bond of 2.422 A is significantly longer than all
other bonds. The terminal M;=0, bonds are significantly shorter
with an average of 1.658 A, which can be explained by the
double bond character of the M,=0, bond. Compared to the
crystal structure of HPA-0-0, the following trend is noticeable: In
HPA-0-0 the P—O bond is 1.534 A, the O,—M, bond is 2.439 A,
the M;~0,; bond is 1.916 A and the M, =0, bond is 1.674 A"
It follows that the P—O bond length gets about 0.004 A longer
due to the substitution with the foreign metals V(V) and Mn(ll),
while the 0,—M, bond shortens by about 0.017 A. The M—0,;
bond shortens about 0.032 A. Likewise, the M,=0, bond short-

Table 4. Weighted average of calculated bond lengths (sum of covalent radii) and observed bond lengths of each bond in each POM.

Sum of covalent radii*/observed bond length [A]

PO, O—M, M,—0,; M,;=0,
HPA-0-0 1.74/1.534 2.01/2.439 2.01/1.916 2.01/1.674
HPA-0-1 1.74/1.536 1.99/2.433 1.99/1.839 1.99/1.681
HPA-0-2 1.74/1.539 1.98/2.430 1.98/1.836 1.98/1.678
HPA-1-1 1.74/1.537 1.99/2.422 1.99/1.913 1.99/1.663
HPA-1-2 1.74/1.532 1.98/2.425 1.98/1.913 1.98/1.666
HPA-5-1 1.74/1.543 1.98/2.404 1.98/1.923 1.98/1.637

*BlL— a(ro + o )+b(ro + ry)+c(ro + ryn)
- atbtc

weighting factors (e.g. for HPA-1-1: a=10,b=1and c=1).

with BL the weighted average bond length, r, the covalent radii of the corresponding elements x and a, b and c the

Table 5. Chemical shifts obtained from *'P and *'V NMR spectra of the HPA—X-Y compounds in comparison with the *'P NMR shifts of HPA-0-0.""

Compound HPA-0-0 HPA-0-1 HPA-0-2 HPA-1-1  HPA-1-2 HPA-3-2 HPA-5-1
3P NMR —3.75 —2.96, -3.77 —2.88, -3.78 —4.04 —3.57, -3.99 Multiple signals —1.13 to —4.66 Multiple signals 0.09 to —4.95
'V NMR - - - -532.1 —531.7, —538.8  Multiple signals —495.2 to —617.6 Multiple signals —508.7 to —608.1
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ens by 0.016 AB" The result is an overall contraction of the
averaged MOg octahedra with metal substitution (Table 4). This
also indicates the successful incorporation of metals with a
smaller covalent/ionic radius (Mo=138 pm, V=134 pm, Mn=
119 pm).B” Table 4 shows a comparison between the weighted
sum of covalent radii (formula shown in Table 4) and the bond
lengths found for each POM. So, a direct comparison between
the expected and the found bond lengths is possible, indicating
that the bond lengths vary depending on the substitution
pattern.

As can be seen from the crystal structure data, the MO
octahedra are slightly distorted. In the following, the four bond
angles of the 0,=M,—0,; bonds were measured, and the mean
value formed in each case. For HPA-0-1 this angle is 101.86 °,
for HPA-0-2 101.83 °, for HPA-1-1 101.734 °, for HPA-1-2 101.768
¢ and for HPA-5-1 100.612 °. This shows that the octahedra are
distorted compared to the ideal octahedron, in which the
optimal 0—M—0 angle is 90 °.®**

The distortion of the PO, tetrahedra in comparison with the
ideal tetrahedron geometry was analyzed as follows: All three
angles of the 0,-P,-O; bonds were measured and the mean
value was calculated. For HPA-0-1, HPA-0-2, HPA-1-1 and HPA-
1-2, the angle is about 109.471 °. This means that the
tetrahedral angles found are very close to the ideal value of
109.5 °.2%** This shows that the metal substitution in the Keggin
framework has no significant influence on the P—O bonds,
especially the O—P—O bond angle. For the high metal-
substituted Keggin-type POM, the tetrahedral bond angle is
109.416 ° for HPA-5-1. This shows that the P—O bond and its
bond angles are slightly affected by metal substitution when
high degrees of substitution are obtained (six out of twelve
metals in HPA-5-1).

Figure 6 shows the exemplary solid-state structure of HPA-
1-1. According to the single crystal structure analysis, the
compound crystallizes in the space group Fd-3 m (227). The cell
parameters a, b and c are equal according to the cubic crystal
system and are about 23 A. The lattice angles are all 90 °. There
are six atoms in the asymmetric unit: The central phosphorus
atom, the internal oxygen atom, one of the twelve metal atoms,
the metal-metal bridging oxygen and the terminal oxygen
atom. In total, there are eight formula units per elementary cell.
In this structure, neither the V(V) nor the Mn(ll) atom can be
precisely assigned to a defined position. The atoms are statisti-
cally distributed in the Keggin framework. Thus, one in twelve
of the twelve metal atoms is a V(V) or a Mn(ll). The residual
electron density of hydration water molecules, which could not
be modeled due to high degree of disorder, was treated with a
solvent mask function.

The powder XRD diffractograms of the individual substances
and HPA-0-0 are shown in the Supporting Information in
Figures S52-558. The diffractograms differ from HPA-0-0 (Fig-
ure S52) and from each other, indicating successful incorpo-
ration of the metals. In general, the diffractograms show many
reflexes, especially many reflexes with low intensity. This is an
indicator that the powder contains different crystallographic
phases of the same compound, which differ for example in their
crystal water amount. The single crystals that were analyzed in
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Figure 6. Structure of HPA-1-1 in the solid state as determined by x-ray
diffraction, hydrogen atoms have not been modeled. The compound
crystallized in space group Fd-3 m (227). There are six atoms in the
asymmetric unit and eight formula units per elementary cell. Residual
electron density attributed to hydration water has been refined with a
solvent mask (aka SQUEEZE). R;: 2.65, WR,: 6.03%, R, 2.78 %, GooF: 1.213.
Purple: phosphorous, red: oxygen, and blue: metals (Mo, V, Mn).

this work on the other hand, consist of only one defined
crystallographic phase. Different crystallographic phases can
only be analyzed in the solid state via powder XRD, because the
crystallographic phases are a phenomenon of the solid state
and do not exist in solution.

The characteristics of the POMs in solution were inves-
tigated by *'P- and *'V NMR spectroscopy(Figure 7, Figure 8,

3IP_NMR in H,O/acetone-d6 pH 1 (HCI)

H,PO, l

H,,[PVsMnMoO,]

H,,[PVMn,Mo,0,]

H,,[PMn,Mo,(0,]

H,[PMnMo,,0,,]

2 0 2 -4 -6
Chemical shift [ppm]

Figure 7.°'P NMR spectra of the HPA-X-Y POMs in a mixture of 90% H,0
(pH 1) and 10% acetone-d6. The spectra were measured at 242.9 MHz. 85%
H;PO, was used as external standard.
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SIV-NMR in H,O/acetone-d6 pH 1 (HCI)

H,,[PVsMnMogO,]

H,,[PVMn,Mo,0,]

-400 -500 -600

Chemical shift [ppm]

Figure 8.°'V NMR spectra of the HPA—X-Y POMs in a mixture of 90% H,0
(pH 1) and 10% acetone-d6. The spectra were measured at 157.8 MHz.
NaVO; was used as external standard.

and Figure 9) Although, in an unsubstituted structure like HPA-
0-0, all metal centers are equivalent, the substitution of two or
more metals leads to multiple possible isomers.'%*=% This is
also observed in the *'P NMR spectra of the newly discovered
POMs, which exhibit several signals in the range of —2 ppm to

3P NMR spectra (242.9 MHz) of the two metal substituted POMs

H,,[PMn,Mo,,0,]

H;[PMo,,0,4]

1
0 -1 -2 -3 -4 -5
Chemical shift [ppm]
Figure 9. Comparison of the *'P NMR spectra of the two metal substituted
POMs HPA-0-2 and HPA-1-1 in comparison with HPA-0-0. The spectra

indicate paramagnetism due to the broadening of the peaks in comparison
to HPA-0-0.
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-5 ppm. In particular, from the *'P NMR spectra, the para-
magnetism of Mn(ll) is evident from broadening of the peaks.
To visualize this, the *'P NMR spectra of the two metal
substituted POMs HPA-0-2 and HPA-1-1 were plotted in Figure 9
along with the *'P NMR spectrum of HPA-0-0 which were all
measured with the same parameters. The broadening of the
peaks suggest the presence of the paramagnetic Mn(ll) species.

'V NMR spectroscopy can be used to verify the oxidation
state of diamagnetic V(V). V(V) in the d’configuration is a
diamagnetic species, while the reduced species, V(IV), with a d'-
configuration is a paramagnetic species that eludes observation
by *'V NMR spectroscopy.”” The *'V NMR spectra of the POMs
(Figure 8) show several peaks in the range of —530 ppm to
—560 ppm. The different *'P- and °'V-signals indicate a coex-
istence of the various isomers.*'*? So the different peaks are
attributed to the different positional isomers. It is also possible
that two or more positional isomers have the same chemical
shift and overlap in the spectra. Furthermore, it is also known
that higher substituted POMs, especially those containing much
V(V), dissociate in aqueous solution to lower or higher
substituted POMs according to 2 [PM,V,]—[PM, .V, ]1+[PM,.
WV, 11B? This was studied for HPA-5 by Evtuguin et al.®” It is
also known that V(V) containing POMs set in aqueous solution
one or more VO,* cation free according to [PM,V,]—[PM,V, ]+
n VO,*. The free VO," cations can be observed at -545 ppm in
the *'V spectra when they are present.®

For the only V(V) substituted Keggin-type POMs HPA-X-0
the following trend is observed: For HPA-1-0 (X=1) all positions
in the Keggin framework are equivalent, thus only one signal is
observed in the *'P- and *'V NMR spectra, respectively. For HPA-
2-0 there are 5, for HPA-3-0 13 and for HPA-6-0 there are even
48 positional isomers, so that 5, 13 and 48 signals can be
detected in the respective spectra.’” Since the chemical shifts
of the various position isomers differ only slightly, especially in
the case of the more highly V(V) substituted POMs, the signals
in the NMR spectra often overlap.'®*3*? Table 5 shows an
overview of the chemical shifts obtained from *'P- and *'V NMR
data (Figures 7 to 9) of the HPA-X-Y compounds in comparison
with the *'P NMR shifts of HPA-0-0.'"

For future catalytic applications, the HOMO-LUMO (HOMO =
highest occupied molecular orbital, LUMO =lowest unoccupied
molecular orbital) gap and the redox potentials of the new
POMs are of great interest. In order to further investigate the
former measurements, UV/Vis spectra were measured (Fig-
ure 10). Since the scaffolding metal of a POM is generally
present in its highest oxidation state, the HOMO-LUMO
excitation is usually a Ligand-to-Metal-Charge-Transfer (LMCT)
transition.”***) HPA-0-0 does not contain another foreign metal
atom, therefore only the O—Mo(VI)O4 LMCT at 218 nm is visible
in the UV/Vis spectrum (Table 6, Supporting Information).”**¢
The HOMO of the POMs is mainly localized on the terminal
oxygen atoms (M=0,), so that its energetic position is not
particularly affected by changes in the HPA framework. In
contrast, the LUMO is more strongly influenced because the
LUMO is localized on the d-orbitals of the framework metals
and the bridging oxygen atoms (M—O—M). Changes in absorp-
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Figure 10. UV/Vis spectra of all HPA—X-Y compounds in water.
Table 6. LMCT peaks from al HPA—X-Y compounds in water.
LMCT HPA-0-0 HPA-0-1 HPA-0-2 HPA-1-1 HPA-1-2 HPA-3-2 HPA-5-1
O—Mo(VI)Oq 218 211 210 210 211 215 214
0—V(V)Oq - - - 311 309 305 310

tion therefore mainly reflect changes in the energetic position
of the LUMO.™"

For V(V)-substituted POMs, two LMCT transitions are
possible: ligand to Mo(VI) and ligand to V(V) (Table 6, Support-
ing Information). The incorporation of Mn(ll) is not expected to
add an additional transition, as Mn(ll) is known for its d*-high
spin configuration in which the transition between the metals
d-orbitals are forbidden and there is no room for an LMCT
excitation (see Figure S60 Supporting Information).**

The spectra shown in Figure 10 exhibit maxima between
210 nm and 218 nm, which correspond to the LMCT excitation
from oxygen to Mo(VI). The broad and less intense bands
between 305nm and 311 nm correspond to the LMCT
transitions of oxygen to V(V) (Table 6). The LMCT bands of the
V(V) are very broad and extend into the visible range. This is
what gives rise to the different colors of the HPA-X-Y
compounds. Since the HPA-0-1 does not contain V(V) and Mn(ll)
does not have a LMCT, this POM appears yellow, just like the
parent POM HPA-0-0. As the amount of V(V) increases, the O—
V(V) LMCT appears in the visible region, so the HPA-1-1 has a
red color. With increasing amounts of V(V), the intensity of the
V(V) LMCT increases accordingly, while the intensity of the
Mo(VI) LMCT decreases proportionally. This results in a brown
color dominating the POMs when more V(V) is incorporated
into the Keggin structure.*” Figure 11 shows all HPA-X-Y POMs
with their different colors sorted by degree of substitution.

In comparison with the LMCT bands of the HPA-X-0 POMs
(Table 6 in the Supporting Information), it is noticeable that the

Chem. Eur. J. 2022, 28, €202201084 (8 of 12)

LMCT bands for Mo(VI) are in the range between 213 nm and
219 nm, while the LMCT bands for V(V) are in the range
between 302 nm and 320 nm. This does not represent a
significant difference to the HPA-X-Y POMs, so that it can be
assumed that Mn(ll) does not influence the position of the
LMCT bands for Mo(VI) and V(V) strongly enough. However, it is
already known for the HPA-X-0 compounds that the LMCT band
for V(V) has a shoulder in the direction of longer wavelength.
The band for the V(V) LMCT at smaller wavelength can be
assigned to the V=0, band (transition of an electron from the
orbitals of the terminal oxygen atoms into the acceptor orbitals
of the V(V) atoms) and the band causing the shoulder at larger
wavelength can be assigned to the V-O,/V-O, bonds (transition
of an electron from the orbitals of the metal-bridging oxygen
atoms into the acceptor orbitals of the V(V) atoms).“”*” Similar
trends have already been observed in the LMCT for Mo(VI)."" It
is also known for the HPA-X-0 POMs that a red shift of the LMCT
bands occurs with decreasing pH value.*”*"

Furthermore, the UV/Vis spectroscopy results compiled here
can be used to indirectly infer the oxidation states of the
elements involved: no LMCT can be expected for Mn(ll) in the
d*>-high spin configuration because the transitions are forbid-
den. Mo(VI) and V(V) are in their respective highest oxidation
states (d’-configuration). Reduced species of the elements Mo
and V would not correspond to the d’configuration, so that the
transitions are forbidden and no LMCT can be observed.””

Since the goal of our synthesis was to tune the POMs redox
activity, electrochemical measurements were performed.®>>®

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202201084

Figure 11. HPA-X-Y POMs synthesized in this work with their different colors. From left to the right: HPA-0-1, HPA-1-1, HPA-0-2, HPA-1-2, HPA-3-2, HPA-5-1.

The redox potentials of the new synthesized POMs were
measured with cyclic voltammetry (CV) and square wave
voltammetry (SWV). A comparison of the data from the two-fold
substituted POMs is shown in Figure 12 (CV) and 13 (SWV), the
remaining CV and SWV data of the individual POMs can be
found in the Supporting Information (Figure S61 und S62),

respectively. The data of the two-fold substituted POMs in
Figure 12 and 13 are compared with the two-fold only V(V)
substituted POM HPA-2-0 and with the unsubstituted POM
HPA-0-0 to get and better overview.

The CV/SWV curves of the two metal V(V) containing POMs,
HPA-1-1 and HPA-2-0 are very similar, whereas the CV/SWV

H;[PMo,,0,]
0,00020 H;[PV,Mo,,0,]
— Hy[PMn,;Mo,,0,]
0,00015 — Hg[PVMnMo,,0,,]
0,00010
<, 0,00005
=
&
S 0,00000
@]
-0,00005
-0,00010
-0,00015

- ——
-0,2 0,0

—
0,2 0,4 0,6 0,8 1,0

Applied potential (vs. Ag/Ag") [V]

Figure 12. Comparison between the CV measurements of the two-fold metal substituted POMs HPA-2-0, HPA-0-2, HPA-1-1 and HPA-0-0 (concentration

1 mmol/L, scan rate 100 mV/s (CV)/5 mV/s (SWV) and pH 1).
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Figure 13. Comparison between the SWV measurements of the two-fold metal substituted POMs HPA-2-0, HPA-0-2, HPA-1-1 and HPA-0-0 (concentration

1 mmol/L, scan rate 100 mV/s (CV)/5 mV/s (SWV) and pH 1).

curve of the purely Mn(ll) substituted HPA-0-2 deviates
significantly. This leads to the conclusion that Mn(ll) is present
and takes part in the redox processes. In the SWV measure-
ments, the V(V) containing two-fold substituted POMs both
exhibit a pattern of two overlapping peaks in the range
between —100 mV and 200 mV. In contrast, HPA-0-0 and HPA-
0-2 do not show this pattern, indicating that these peaks are
caused by the redox activity of V(V). HPA-0-0 and HPA-0-2 show
only peaks at 50 mV (HPA-0-0) and 44.6 mV (HPA-0-2), respec-
tively. These peaks can therefore only originate from redox
processes of Mo(VI). Apparently, the Mn(ll) incorporation leads
to a shift of the redox processes from Mo(Vl) to lower
potentials.

The solely Mn(ll) containing Keggin-type POMs HPA-0-2
shows three nearly overlapping peaks in the range between
—400 and —100 mV, a feature not seen in the other V(V)
containing POMs. The peak of HPA-0-2 at 201 mV is also not
seen in the other V(V) substituted POMs, but for HPA-0-0 at
205 mV. Apparently, the peak of HPA-0-2 at 316 mV shifts
through 377 mV for HPA-2-0 to 392 mV for HPA-1-1. For HPA-O-
0, however, this peak is very weak at 340 mV.

The more V(V) the POMs contain, the more the signals
merge in the range between —200 mV and 200 mV. This trend
is particularly evident for the POMs HPA-3-2 and HPA-5-1 with
three and five V(V) atoms in the structure (see CV and SWV data
in the Supporting Information in Figures S30, S36 and S62). A
table showing the peak maxima in all the SVW data and the
maxima and minima in all the CV data is included in the
Supporting Information (Table 7). The plot of the CV/SWV data
of the POMs with three and five V(V) atoms in Figure S62 also
contain the CV/SWV data of HPA-0-0, HPA-2-0 and HPA-0-2 to
emphasize the differences to these compounds.

The electrochemical measurements of the triple and
quintuple V(V) substituted POMs (Figure S62 Supporting In-
formation) show significant differences from the low V(V)
substituted POMs, while the Mn(ll) substituted POMs show less
significant differences. This can be explained by the fact that a
maximum of six out of twelve Mo(VI) positions in the Keggin
framework can be substituted by V(V), while only a maximum of
two of the twelve positions can be occupied by Mn(ll). The
more metal atoms of the same species are integrated into the
Keggin structure, the more significant its effects become, which

Table 7. Selected two-electron processes observed for the different HPA-0-Y species in comparison with HPA-0-0.

POM Process Peak maxima SWV [mV]

HPA-0-0 [PM0";,M0"0,01° /IPMo",0,01°~ 50
[PMo",;M0",0,,]"/[PMo",;M0" 0,1~ 205

HPA-0-1 [PMnMo"';;Mo"0,01° /[PMnMo"';; 0,17 39.5
[PMNnMo"sM0",0,,]""/[PMNnMo",;M0" 0 ,]*~ 201

HPA-0-2 [PMn,Mo"sM0"0 401" /[PMn,Mo"40,401"" ™ 46.6
[PMn,Mo"sM0",0,,]'*/[PMn,Mo"sMo" 0, >~ 201
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Table 8. Shift of the RedOx potential V(V)—V(IV) depending on the
substitution with V(V) and Mn(ll).

POM HPA-2-0  HPA-1-1 HPA-1-2

Redox potential V(V)—V(IV) [mV] 84.8 79.8 74.8

is also reflected in the SWV plot of H,,PMn,Mo,,0,, for two
Mn(ll) atoms in the structure.

From the literature it is known that HPA-O (Figure S61 in the
Supporting Information) has two significant two-electron proc-
esses (1: CV: 8.33 mV/87.7 mV; SWV: 50 mV and 2: CV: 167 mV/
218 mV; SWV: 205 mV) resulting from [PMo",;Mo"O,.*/
[PMo",,0,,>~ and [PMo",;M0",0,,]" /[PMo",;Mo"0,,]*~ 22"
These processes are also found for the other POMs and are
listed in Table 7:

The listed potentials become lower than in HPA-0-0 when
Mn(ll) is present for HPA-0-1 and HPA-0-2. This shows the trend
that Mn(ll) lowers the potentials for the different redox
processes of a POM. For the higher substituted POMs these
processes are not observed anymore, because of the over-
lapping redox processes of V(V). It is also possible, that anions
with metals in different oxidations states and an overall charge
greater than —12, are not stable enough to form.

The peak at 84.8 mV (HPA-2-0), 79.8 mV (HPA-1-1) and
74.8 mV (HPA-1-2) belongs to the redox process of V(V)—V(IV)
in the VO," ion (Table 8), which is formed via dissociation of
the HPA-X-Y POMs in solution (HPA-X-Y—VO, " +HPA-(X-1)-Y).®
Vanadium is responsible for the catalytic redox activity: in the
first step the reduction (V(V)—V(IV)) occurs, so that the
substrate is oxidized. After this step the catalyst can be oxidized
again (V(IV)—V(V)), e.g. with molecular oxygen.®® Our measure-
ments show that the corresponding potentials are lowered by
the introduction of Mn(ll), thereby indicating that we have
successfully tuned the redox potential.

Conclusion

A synthetic procedure that allows the substitution of the
scaffolding metal of Keggin-type POMs with Mn(ll) and V(V) was
developed. Using this procedure, it was possible to synthesize
and isolate several bi- and trimetallic Keggin-type-POMs. The
composition and structure were confirmed by ICP-OES and
vibrational spectroscopy. Furthermore, the new compounds
were comprehensively characterized with NMR spectroscopy,
UV/Vis spectroscopy, electrochemical methods and single
crystal X-ray diffraction. We were able to show that the
introduction of Mn(ll) lowered the electrochemical potential of
the V(V)/V(IV) RedOx process, which is a promising step towards
tunable RedOx properties. Overall, our analytical results provide
a solid basis for future investigations on the catalytic activity of
Mn(ll), and Mn(ll)/V(V)-substituted phosphomolybdates.
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Experimental Section

The following synthetic procedure was adapted from Odyakov and
Zhizhina.”'® Detailed synthetic procedures for each compound can
be found in the Supporting Information.

For the synthesis of HPA-X-Y two separate solutions were prepared:

Solution 1: Divanadium pentoxide was added to deionized water
and cooled to 5°C. Then a 30% hydrogen peroxide solution in
water was added dropwise to the orange-coloured suspension and
stirred for some time, whereupon a brown solution was formed
from which oxygen gas evolution was observed. The solution was
then warmed to room temperature and a 25% phosphoric acid
solution in water was added and the solution was cooled to 5°C
again.

Solution 2: Molybdenum trioxide was suspended in deionized
water and a 25% phosphoric acid solution in water was added.
Then the suspension was heated to reflux, whereupon a yellow,
clear solution formed after about one hour.

The cool solution 1 was added dropwise to the boiling solution 2
and further heated to reflux. After 30 min, a manganese(ll) acetate
solution in water was added to the dark-coloured solution and
heated to reflux for a further 90 min. The solution was then cooled
to room temperature, filtered and concentrated under reduced
pressure and elevated temperature (rotary evaporator with oil bath
at 85°C and 400 to 0 mbar).

The vanadium-free, manganese(ll)-substituted POMs were synthe-
sized according to the following modified prescription:

Deionized water was introduced, molybdenum trioxide and a 25%
phosphoric acid solution in water were added and heated to reflux.
After one hour, a yellow, clear solution was formed. Subsequently, a
solution of manganese(ll) acetate in water was added to the boiling
solution and heated to reflux for another 60 minutes after the
addition was completed. The solution was cooled to room temper-
ature, filtered and concentrated under reduced pressure (rotary
evaporator with oil bath at 85 °C and 400 to 0 mbar).

Further experimental details are provided in the Supporting
Information.

Deposition Number(s) 2141261 (for HPA-0-1), 2141263 (for HPA-0-
2), 2141259 (for HPA-1-1), 2141262 (for HPA-1-2), 2141260 (for HPA-
5-1) contain(s) the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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