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Abstract: Reaction of the trilacunary Wells−Dawson anion {α-P2W15O56}12− with ErIII ion in a 1 M
LiOAc/HOAc buffer (pH 4.8) solution produces a dinuclear erbium(III) substituted sandwich-type
structure [{Er(H2O)(CH3COO)(P2W17O61)}2]16− (1). The isolated compound was structurally
characterized using single crystal and powder X-ray diffraction, FTIR spectroscopy, mass spectrometry
and thermogravimetric analysis. The electrochemical, electrocatalytic, photoluminescence and
magnetic properties of 1 were investigated.

Keywords: polyoxometalates; catalysis; mass spectrometry; molecular magnetism; electrochemistry;
lanthanide; erbium

1. Introduction

Polyoxometalates (POMs) are an emerging class of molecular metal oxides, typically comprised
of early transition metals (such as W6+, Mo6+, V5+, Nb5+ and Ta5+) in their high oxidation states
and are generally constructed from the connections of {MOx} polyhedra through edge-, corner- or
face-sharing linkages. The intrinsic chemical behavior of POMs such as acidity and redox properties
can be tuned by the insertion of metal cations (e.g., d- and f-block elements) into anionic POM
frameworks. Lacunary POM species, which can be derived by removal of (M = O)n+ groups from
Keggin or Wells–Dawson POM skeleton (e.g., {PW11}, {SiW9}, {P2W17}, {P2W15}), can act as all inorganic
ligands with various metal cations resulting in functional molecular systems with an unmatched
and tunable range of physical and chemical properties [1–5]. Focusing only on Ln-containing POMs
(Ln-POMs); lacunary POMs with nucleophilic oxygen centers are ideal multidentate ligands for
lanthanide ions owing to their high oxophilic nature. In addition, Ln ions can have high coordination
numbers, thus they can link POM building blocks to create discrete giant Ln-POM structures or
polymeric networks (1D, 2D and 3D extended POMs) [6–10]. However, in Ln-POMs due to their
larger sizes and consequently larger coordination numbers compared to 3d metal ions, the formation
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of lanthanide-oxo-hydroxo clusters within the POM framework has been rarely observed [9,11,12].
Until now, there are only a few reports on the sandwich-type Ln-POM family, where lanthanide
metal centers (LnIII nuclearity ≥ 2) are sandwiched between two lacunary POM ligands [13–26].
Lanthanide-containing POM assemblies have demonstrated outstanding properties in various fields of
research such as molecular magnetism [27], imaging [28], photoluminescence [29], catalysis [30,31]
and electrochemistry [32]. Magnetic POMs have attracted an increasing interest after the discovery of
the first POM-based single molecule magnet (SMM) [ErW10O36]9– [33]. In the field of nanomagnetism,
the diamagnetic POMs as bulky inorganic ligands could be favorable in minimizing intermolecular
magnetic coupling (i.e., to behave as an effective magnetic isolator between the neighboring molecules
for magnetic dilution purposes) [27,34]. Some of the important intrinsic properties of POM clusters
are their thermal and hydrolytic stability, tunability of acid and redox properties and high solubility
in a variety of solvents, which make them promising catalysts for different chemical processes.
The Ln-POMs have exhibited noteworthy catalytic performances in various chemical processes [30–32].
The photochemistry of Ln-POMs is also of great interest; POM ligands usually act as light harvesting
antennae in photoluminescent lanthanopolyoxotungstate species, which sensitize LnIII centers (such as
SmIII, EuIII, TbIII and DyIII) by absorbing incident light and then transferring this excitation to LnIII

ions through an energy transfer process [29,35].
As part of our ongoing research on Ln-POM chemistry, we herein report the synthesis of dinuclear

ErIII-containing 34-tungsto-4-phosphate (v) [{Er(H2O)(CH3COO)(P2W17O61)}2]16− (1), which has been
obtained under normal bench conditions by the reaction of Er(NO3)3

.6H2O and trilacunary POM
ligand Na12[α-P2W15O56].18H2O {P2W15} in 1 M LiOAc buffer pH 4.8 and its characterization by single
crystal X-ray crystallography (SCXD), powder X-ray diffraction (PXRD), Fourier-transform infrared
(FTIR) spectroscopy, elemental analysis, thermogravimetric analysis, mass spectrometry, UV—vis
absorption spectroscopy and luminescence spectroscopy. Additionally, electrochemical and magnetic
properties were also studied.

2. Results and Discussion

2.1. Synthesis

The title polyanion [{Er(H2O)(CH3COO)(P2W17O61)}2]16− (1) was prepared by reaction of the Er(III)
ion with the trilacunary Dawson-type polyanion [α-P2W15O56]12− in 1 M LiAOc buffer (pH 4.8) media
at 80 ◦C. The isolation of 1 requires the LiOAc/HOAc buffer (pH 4.8) solution as the synthetic medium.

2.2. Single-Crystal X-Ray Structure Determination

The X-ray structure of 1 reveals that two erbium ions are sandwiched between two monovacant,
lacunary Wells−Dawson polyoxoanion [α2-P2W17O61]10− units. The compound crystallizes as the
hydrated, mixed DMA-sodium salt (NH2Me2)13Na3[{Er(H2O)(CH3COO)(α2-P2W17O61)}2]·40 H2O
(1) in the triclinic space group PĪ. The crystal data of the polyanion 1 are summarized in Table 1.
The anionic component of 1 consists of a dinuclear erbium(III) core, [{Er(H2O)(CH3COO)}2]4+, which is
sandwiched between two [α2-P2W17O61]10− units. In POM 1, one ErIII cation occupies the vacant
site of each [α2-P2W17O61]10− anion and is coordinated to the four available oxygen atoms of the
monolacunary site. The two ErIII ions are bridged by acetate groups in the η1:η2:µ2 mode and each
Er(III) ion is eight coordinated, adopting a square antiprismatic geometry. The coordination sphere of
each Er(III) ion is completed by three oxo ligands (from two acetate ions), four oxo ligands (from four
coordination sites of the monolacunary ligand [α2-P2W17O61]10−) and one water molecule (Figure 1).
Notably, the formation of the [α2-P2W17O61]10− in this structure suggests that the trilacunary precursor
[α-P2W15O56]12− rearranges to the monolacunary ligand [α2-P2W17O61]10− during the course of
the reaction. Such transformations have also been observed in previous work [14]. Concerning the
isomerization, the two isomers [α1-P2W17O61]10− and [α2-P2W17O61]10− of the monolacunary derivative
[α-P2W17O61]10− can be prepared by removal of a [W(VI)
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segments of the parent [α-P2W18O62]6− anion, respectively. These monovacant species are known to
act as tetradentate ligands particularly for rare earth metal cations with four strongly basic O donor
atoms directed at the void created by the removal of the [W(VI)
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Table 1. Crystallographic data for 1.

Formula C30H174Er2N13Na3O158P4W34

Formula weight/g mol−1 10,024.08

Crystal System triclinic

Space Group P1

a/Å 13.2960(2)

b/Å 13.4153(2)

c/Å 27.0804(4)

α/◦ 91.764(1)

β/◦ 92.500(1)

γ/◦ 111.721(1)

U/Å3 4432.70(12)

Z 1

T/K 180(2)

F(000) 4454

Dc/Mg m−3 3.755

µ(Ga-Kα)/mm−1 32.074

Data Measured 77,253

Unique Data 18,640

Rint 0.0553

Data with I ≥ 2σ(I) 15,225

wR2 (all data) 0.1944

S (all data) 1.040

R1 [II ≥ 2σ(I)] 0.0641

Parameters/Restraints 1169/70

Biggest diff. peak/hole/eÅ−3 3.66/−4.90

CSD number 2,021,556
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Figure 1. Combined polyhedral (A)/ball-and-stick (B) representation of 1 and the Er2 core. Color code:
WO6 blue octahedra, PO4 sky blue tetrahedra, Er lavender, O red, C black, H small gray spheres.
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O]4+ unit from the
“cap” segment of the parent [α-P2W18O62]6− anion. Color code: WO6 blue octahedra, PO4 sky blue
tetrahedra, O red spheres.

2.3. PXRD Analysis

PXRD was used to confirm the identity and phase purity of the crystalline product.
The experimental PXRD pattern of the bulk material was almost identical to the simulated PXRD
pattern from the solved crystal structure of 1. The slight shift in peak positions is due to the fact that the
PXRD measurement was performed at room temperature during which removal of some crystal water
might cause the change in the unit cell parameters. The consistence between the experimental PXRD
pattern and the simulated one validates the fact that the crystal structure of 1 is truly representative of
the bulk material 1 (Figure S1).

2.4. Vibrational Spectroscopy

The FTIR spectra of the isolated POM 1 and of K10[α-2-P2W17O61] {P2W17} show similar
characteristic asymmetric vibrations in the region of 1100–400 cm−1, which represent the “fingerprint
region” of the inorganic POM ligands. However, the comparison of the whole spectral range clearly
indicates that 1 had an organic moiety in the form of acetate bridges and dimethyl ammonium cations
[NH2Me2]+ (DMA) as organic countercations. Three similar peaks of νas(P–O) were observed at
1085, 1057 and 1017 cm−1 in 1 and at 1082, 1048 and 1015 cm−1 in {P2W17}. The peaks at 943 and
919 cm−1 in 1 and at 939 and 915 cm−1 in {P2W17} could be assigned to terminal νas(W
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Ot) vibration.
The frequencies in the range of 888–850 cm−1 and 885–850 cm−1 corresponded to corner-sharing
νas(W–Ob–W) of 1 and {P2W17} respectively. The peaks at 801–708 cm−1 in 1 and at 808–731 cm−1 in
{P2W17} could be attributed to edge-sharing νas(W–Oc–W). All these bands are considered as pure
vibrations of POM ligands [36]. With respect to the organic moiety in 1, the resonances at 1557–1464 cm−1

and 1438–1349 cm−1 appeared due to νas(C
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O) and νas(C–O) stretching vibrations of the acetate
ligands, which are bridged to the Er(III) cations in a η1:η2:µ2 mode. The adjacent peak around 1600 cm−1

can be attributed to the δ(O–H) of the lattice water molecules. In addition, the ν(C–N) stretching band
and the δ(C–H) bending vibration were found at 1464 cm−1 and 1414 cm−1, respectively, suggesting
the existence of dimethyl ammonium cations [NH2Me2]+ as organic countercations. The broad band at
around 3600–3200 cm−1 in 1 reflect stretching vibrations of lattice and coordinated water molecules
(Figure S2).

2.5. Thermogravimetric Analysis

The thermal decomposition processes for 1 was investigated under an N2 atmosphere from room
temperature to 800 ◦C (Figure S3). The TG curve displays a three-step weight loss (up to a total of
15.5%) associated with the loss of 10 water molecules adsorbed from the synthetic solution onto the
crystal surface, 30 crystal water molecules, coordinated water molecules, acetate ligands and dimethyl
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ammonium cations. The first weight loss of ca. 7.5% ranging from room temperature to 250 ◦C was
attributed to the loss of 40 water molecules and coordination water molecules (at higher temperatures).
The second step weight loss (250–650 ◦C) of 8% could be approximately assigned to the decomposition
of 13 [NH2Me2]+ cation groups and two acetate ligands in the compound.

2.6. Mass Spectrometry

Solution and gas phase stability of the POM 1 was studied using electrospray ionization mass
spectrometry (ESI MS). A Waters’ Synapt High Definition Mass Spectrometr (HDMS) was used for
this purpose and the samples were measured in the negative ion mode (see experimental details
for optimized parameters in SI). A few crystals were dissolved in water diluted with acetonitrile
(ACN) at the 50:50 (v/v) ratio. While the crystal structure revealed a dimeric structure bonded through
ErIII ions and acetate ligands, they fall apart during the electrospray condition. Several instrumental
parameters were optimized to identify the intact ion but even at the lowest possible capillary voltage
of 800 V, the two units were separated. The reason could be lesser stability of the intact molecule in the
water/ACN mixture. To overcome this issue, the sample was dissolved in the mixture of water and
0.5 M LiOAc/HOAc buffer (pH 4.8) at the 50:50 (v/v) ratio but the intact ion was not found (Figure S4).
About 20 µL of formic acid was added to exchange the alkali metal counter ions with H+ for the exact
identification of the ion. The resulting mass spectrum is shown in Figure 3. Addition of further formic
acid stabilized the 3- charge state with slight contribution from the 2- as shown in Figure S5. The 3- charge
state was expanded in the inset. The two peaks corresponded to H5[Er(P2W17O61)(H2O)(CH3COO)]3−

at m/z 1470 and H4[Er(P2W17O61)(H2O)3]3− at m/z 1463, respectively. Most of the water molecules
seen in the crystal structure were lost during the electrospray process. One of the reasons for the
fragmentation could be the exchange of acetate ligands by aqua ligands in aqueous medium during
electrospray leading to monomeric units. The acetate ligands connected to the rare earth cation are
labile enough to be potentially exchangeable with solvent water molecules or any organic substrates
present in the solution [37,38]. The attempt to observe the intact ion in 1 M of LiOAc/HOAc buffer
(pH 4.8) was not possible, since, even the dilute LiOAc/HOAc buffer (water and 0.5 M of LiOAc/HOAc
buffer (pH 4.8) at a 50:50 (v/v) ratio) caused the contamination/blockage of the mass spectrometry
chamber. The other and most probable reason could be coulomb repulsion between two highly
negatively charged cores in very close proximity leading to the fragmentation during electrospray.
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Figure 3. Negative ion electrospray ionization mass spectrometry (ESI MS) of 1 in a water/ACN mixture.
The 3- region is expanded in the inset and two peaks are compared with their calculated isotope pattern.

2.7. UV-Vis Spectroscopy

A UV-Vis spectroscopy study was performed on 1 in order to check its photophysical properties.
The UV spectrum of 1 in the range of 500–200 nm exhibited two strong absorption maxima at 230 nm
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and 280 nm (Figure S6). The former higher energy absorption band can be assigned to the pπ–dπ
charge-transfer transitions of the Ot→W bonds whereas the latter lower energy absorption band is
attributed to the pπ–dπ charge-transfer transitions of the Ob(c)→W bonds.

2.8. Emission Spectroscopy

Room temperature photoluminescence experiments were performed on 1 and on K10

[α2-P2W17O61]·20H2O {α2-P2W17}. Apart from the intensity, similar emission profiles were observed
with visible peaks at 301, 402, 459, 485, 525 and 603 nm, when 1 and {α2-P2W17} were excited at 250 nm
(Figure S7). This result suggests that both compounds exhibited tungstate emission. The electronic
nature of the incorporated erbium ions had almost no effect on the luminescence efficiency.

2.9. Electrochemical Characterization

Electron transfer phenomena with POMs are very often concomitant with proton transfer,
which may result in drastic pH changes in the vicinity of the electrode surface if the medium is
not buffered. The stability and the redox features of POMs being strongly dependent on the pH,
the use of buffers is inevitable in order to prevent either the decay of POMs or certain behaviors
related to non-controlled pH shifts. Further, based on the information from MS studies and having
the knowledge that most often the acetate-bridged complexes tend to disintegrate in aqueous media
on ligand substitution with water ligands, we decided to perform cyclic voltammetry (CV) in 1 M of
LiOAc + HOAc buffer in order to reduce the possibility of fragmentation to monomeric units in excess
of acetate ligands.

The superposition of the CV of 1 and of the ligand P2W17 recorded in the same experimental
conditions, 1.0 M of LiOAc + HOAc/pH 6.0 (Figure 4A, where the concentrations have been adjusted
in order to facilitate the comparison), revealed some singularities attributable to the presence of the
ErIII cation. The first reduction step of the compound 1 is clearly distinct from the second one, having a
reduction peak potential of Ec1 = −0.63 V vs. saturated calomel electrode (SCE), and the potential
difference between the two equals ∆E = Ec1 − Ec2 = 0.13 V (see Table 2). The CV of the P2W17 ligand
shows that the first two bielectronic reduction waves [39] had merged into a single step whose peak
potential coincided with that of the second reduction wave of the compound 1, −0.76 V vs. SCE.
The ratio between the peak currents of the waves allows one to infer that the three redox steps of
1 imply the transfer of four electrons each. The linear dependency of the peak current on the square
root of the scan rate revealed that the electron transfer process was diffusion-controlled (Figure 4B).
The same behavior was also observed at the other pH values (Figure S8).
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Figure 4. (A) Cyclic voltammetry (CV) of 1 (black) and P2W17 (red) recorded at a scan rate of 50 mV.s−1.
(B) CV of 1, recorded at scan rates varying from 200 to 10 mV.s−1. The insert shows the variation of Ec1

as a function of the square root of the scan rate. The CV are obtained in 1.0 M of LiOAc + HOAC/pH
6.0. POM concentrations: [1] = 0.20 mM, [P2W17] = 0.4 mM. Working electrode: glassy carbon (GC);
counter electrode: Pt gauze; reference electrode: SCE.
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Table 2. Reduction, Ec, and oxidation, Ea, peak potentials (mV vs. SCE) measured from the CV of 1
and of P2W17 recorded in the experimental conditions specified above.

Ec1 Ec2 Ec3 Ea1 Ea2 Ea3

pH 6
P2W17 −0.76 −0.98 −0.47 −0.65 −0.86

1 −0.63 −0.76 −0.97 −0.55 −0.70 −0.90

pH 5 1 −0.60 −0.70 −0.94 −0.45 −0.63 −0.83

pH 4 1 −0.50 −0.65 −0.90 −0.30 −0.43 −0.78

When the pH of the electrolyte was varied while keeping the buffer concentration constant, a trend
was observed where the peak potentials shifted towards the anodic side of the scale upon decreasing
the pH, as expected [40,41]. Additionally, the distinction between the first two reduction steps became
less obvious (Figure 5). This behavior indicates not just a marked alkaline character, but also that the
electron transfer is concomitant with proton exchange. A quick assessment of the variation of the
reduction peak potential of the first and of the second waves as a function of the pH indicates that the
number of protons exchanged equals that of the electrons transferred (Figure S9). Having said that,
a more accurate study would require a broader pH range to be considered.
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Figure 5. CV of 1 recorded in 1.0 M of LiOAc + HOAC/pH 6.0 (black) and pH 5.0 (red) at a scan rate of
50 mV.s−1. POM concentration: [1] = 0.20 mM. Working electrode: GC; counter electrode: Pt gauze;
reference electrode: SCE.

The CV of 1 recorded in 0.1 M of LiCH3CO2 + CH3CO2H/pH 6.0 did not show any evolution
with time. If an evolution happened to have been observed, it could be attributed to a change from a
dimeric into a monomeric species, but this was not the case. Even in a medium with a much lower ionic
strength (0.1 M of LiCH3CO2 + CH3CO2H/pH 6.0), in which the dimer is expected to decay, there were
no major changes in the CV of 1, which exhibited the same features as the one recorded at a higher ionic
strength (1.0 M of LiCH3CO2 + CH3CO2H/pH 6.0), and it remained stable with time (see Figure S10).
We may infer that the conversion of the dimer into the monomer happens during MS measurements,
as molecules are rapidly desolvated and converted to the gas phase after high-energy collisions under
vacuum during MS measurements. Most likely, the gaseous charged structures observed might not
resemble the solution structures. Bearing in mind that CV is a softer technique compared to mass
spectrometry to analyze the integrity of POM structures in solution, therefore it is expected that the CV
obtained in 1 M of LiOAc + HOAc buffer is of the intact molecule in solution.

The reduction of the nitrite ion is a classical test to evaluate the electrocatalytic performance
of POMs [42,43]. It was carried out in 1.0 M of LiOAc + HOAc at pH 6, a medium in which the
interference from the H.E.R (hydrogen evolution reaction) is negligible and the predominant species
of the substrate is the ionic form NO2

− (HNO2/NO2
−; pKa = 3.2). Figure 6 shows the CV of 1 in

the absence and in the presence of a large excess of nitrite ([NaNO2]/[1] = 50). At a low scan rate,
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v = 10 mV.s−1, there was an electrocatalytic reaction starting right after the second reduction step
of 1, Eonset = −0.85 V vs. SCE. This reduction wave was irreversible and its shape was typical of an
electrocatalytic process. The comparison of the maximum currents in the absence and in the presence
of nitrite ion revealed an increase higher than 350%.
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presence (red) of NaNO2 at a scan rate of 10 mV.s−1. Concentrations: [1] = 0.20 mM, [NaNO2] = 10 mM.
Working electrode: GC; counter electrode: Pt gauze; reference electrode: SCE.

Other than the fact that 1 is more stable in solution than its precursor P2W17, their behavior
towards the reduction of the nitrite ion was rather similar (Figure S11). There was a slight shift of
about 50 mV in favor of 1 in the position of the electrocatalytic wave, and the catalytic performance
was less pronounced in the case of the compound P2W17, with an efficiency close to 300% (Figure S11).
Despite the stabilization imparted by the Er3+ cation to the P2W17 lacunary structure in 1, the increase
in terms of catalytic efficiency for the reduction of nitrite is rather limited when compared to POMs
containing other metallic centers like Cu2+ or Ni2+ [44,45].

2.10. Magnetic Properties

Variable temperature direct-current (DC) magnetic susceptibility of 1 (Figure 7A) was measured on
fresh prepared polycrystalline sample under a 1000 Oe applied DC field. The χT value of 1 is 22.81 cm3

K mol−1 at 300 K, which is close to the expected theoretical values of 23.00 cm3 K mol−1 for two isolated
Er(III) ions (4I15/2, S = 3/2, L = 6, gJ = 6/5 and C = 11.50 cm3 K mol−1). There is a steady decrease in the
χT product on lowering the temperature from 300 to 100 K and a more rapid decrease from 100 to 2 K,
reaching to a minimum value of 15.86 cm3 K mol−1 at 2 K. The decrease is probably caused by the
thermal depopulation of the excited mJ states of Er(III) as well as the antiferromagnetic intramolecular
dipolar interactions between the Er(III) ions. The field dependence of magnetizations for 1 is shown
in Figure 7B. The magnetization at 7 T of 10.5 µB for 1 was close to the expected theoretical values
of 9 µB for two Er(III) ions (4I15/2, J = 15/2, gJ = 6/5), which is similar to the previously reported Er2

complex [46]. AC susceptibility measurements were also performed in order to investigate the potential
SMM behavior (Figure S12). There were no ac signals under a zero applied DC field. However, it did
show very weak signals without maxima, under small applied DC fields (1000–4000 Oe); however,
this slow relaxation did not indicate that 1 is a SMM. The square-antiprismatic coordination polyhedron
of Er(1) (Figure 1B) might at first sight seem favorable for SMM behavior. The oxido oxygens O(9),
O(19), O(12) and O(17) formed a well-defined square (O···O 2.710–2.924 Å, O-O-O 87.5–93.3◦), with the
zenithal angles at Er(1) subtended by the O4 centroid and each of the oxygens (58.6–63.4◦) all being
well above the “magic angle” (54.7◦) [47]. However, the rather low symmetry of the other square face
of the antiprism, a consequence of the much shorter O···O distance between the two oxygens of the
chelating acetate, will not only reduce any barrier to magnetization reversal, but also promote quantum
tunneling of the magnetization.
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3. Experimental Section

The POM ligand, Na12[α-P2W15O56].18H2O {P2W15} was synthesized according to the literature
methods and was characterized by FTIR spectroscopy [48]. All reactions were carried out under aerobic
conditions. All other reagents were purchased commercially and were used without further purification.

Synthesis

Synthesis procedure for (NH2Me2)13Na3[{Er(H2O)(CH3COO)(α2-P2W17O61)}2]·40 H2O (1)
Na12[α-P2W15O56].18H2O (0.88 g, 0.20 mmol) was dissolved in 20 mL of 1 M of LiOAc/HOAc

buffer (pH 4.8). Then 0.30 g (0.65 mmol) of Er(NO3)3
.6H2O was added, which caused the solution

to become light pink. The solution was heated at 90 ◦C for one hour. After heating, the solution was
filtered and 0.05 mL of 1 M of dimethylammonium chloride solution, (CH3)2NH2Cl was added to the
clear filtrate. Slow evaporation of the clear solution led to light pink crystals after approximately two
weeks, which were isolated by filtration and dried in air. Yield 120 mg. IR (2% KBr pellet, ν/cm−1):
1631 (sh), 1560 (s), 1463 (s), 1493 (w) 1432 (w), 1056 (m), 1016 (s), 943 (w), 917 (w) 796 (br), 701 (br),
524 (s), 478 (w). Elemental analysis (%) calculated: W 61.47, P 1.22, Er 3.29, Na 0.68, C 3.54, N 1.79,
H 1.88; found: W 61.3, P 1.22, Er 3.67, Na 0.69, C 3.52, N 1.64, H 1.59.

4. Conclusions

We isolated a dinuclear erbium(III) substituted sandwich-type POM [{Er(H2O)(CH3COO)
(P2W17O61)}2]16− in a simple one pot synthetic procedure and characterized it in the solid as well as in
the solution state. The monolacunary Dawson units in polyanion 1 were formed by the transformation
of the trilacunary POM precursor {α-P2W15} into the {α2-P2W17} fragment in the presence of ErIII ions.
Magnetic studies revealed that 1 demonstrated antiferromagnetic behavior. Mass spectrometry was
performed to examine the structure of 1 in the solution/gas phase. The electrochemical properties of
1 were studied by means of cyclic voltammetry in in 1.0 M of LiOAc + HOAC buffer solution as a
supporting electrolyte. Our study demonstrated that the acetate-bridged dimer {α2-ErP2W17} type of
lanthanoid-containing polyoxometalates could be obtained in the presence of an excess of carboxylic
ligands as bridging connectors. Through this synthetic strategy, new novel materials based on lacunary
POMs and Ln cations can be designed. In the following work, we will introduce a series of Ln cations
to the present system to exploit the novel functional materials.

Supplementary Materials: Infrared spectra, thermogram, UV–vis spectrum, emission spectra and additional
cyclic voltammograms, ac magnetic data and mass spectra. As well as crystallographic data in the CIF format.



Molecules 2020, 25, 4229 10 of 12

Author Contributions: All the authors contributed to this work. M.I. conceived and designed the experiments.
M.I. characterized the compound and wrote the paper. I.M.M. and P.d.O. performed electrochemical studies.
A.B. carried out mass spectrometry. C.E.A. refined the crystal structure. Y.P. processed the magnetic data. F.K.A.-Z.
assisted in the lab. Additionally, the manuscript was written with the dedication of all the authors. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by German Science Foundation. Grant Number: DFG-KO-2288/9-1. The APC
was funded by KIT publication fund.

Acknowledgments: M.I. thanks Annie K. Powell for continuous support and guidance. M.I. also thanks the
University of Balochistan, Quetta, Pakistan for allowing her to pursue her Ph.D and postdoctoral work at Jacobs
University and KIT, respectively. M.I. acknowledges support by the Helmholtz society through the program
Science and Technology of Nanosystems (STN). I.M.M. and P.d.O. thank the CNRS and the Université Paris-Saclay
for financial support. We also thank Ananthu Rajan from Prof. Ulrich Kortz laboratory at Jacobs University,
Bremen for performing TGA measurement. We also thank Olaf Fuhr and Thomas Bergfeldt for performing the
single crystal X-ray crystallography (SCXRC) measurement and elemental analysis respectively. COST Actions
MultiComp (CA15107) and MOLSPIN (CA15128), KNMF and POF.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Han, Q.; Ding, Y. Recent advances in the field of light-driven water oxidation catalyzed by transition-metal
substituted polyoxometalates. Dalton. Trans. 2018, 47, 8180–8188. [CrossRef] [PubMed]

2. Zhao, J.W.; Li, Y.Z.; Chen, L.J.; Yang, G.Y. Research progress on polyoxometalate-based transition-metal-
rare-earth heterometallic derived materials: Synthetic strategies, structural overview and functional
applications. Chem. Commun. 2016, 52, 4418–4445. [CrossRef] [PubMed]

3. Bassil, B.S.; Kortz, U. Recent advances in lanthanide-containing polyoxotungstates. Zeitschrift Anorg.
Allg. Chem. 2010, 636, 2222–2231. [CrossRef]

4. Reinoso, S. Heterometallic 3d-4f polyoxometalates: Still an incipient field. Dalton. Trans. 2011, 40, 6610–6615.
[CrossRef] [PubMed]

5. Ibrahim, M.; Mereacre, V.; Leblanc, N.; Wernsdorfer, W.; Anson, C.E.; Powell, A.K. Self-assembly of a giant
tetrahedral 3 d-4 f single-molecule magnet within a polyoxometalate system. Angew. Chem. Int. Ed. 2015, 54,
15574–15578. [CrossRef]

6. Chen, W.C.; Jiao, C.Q.; Wang, X.L.; Shao, K.Z.; Su, Z.M. Self-assembly of nanoscale lanthanoid-containing
selenotungstates: Synthesis, structures, and magnetic studies. Inorg. Chem. 2019, 58, 12895–12904. [CrossRef]

7. Han, Q.; Li, Z.; Liang, X.; Ding, Y.; Zheng, S.T. Synthesis of a 6-nm-long transition-metal-rare-earth-containing
polyoxometalate. Inorg. Chem. 2019, 58, 12534–12537. [CrossRef]

8. Hussain, F.; Conrad, F.; Patzke, G.R. A gadolinium-bridged polytungstoarsenate(III) nanocluster:
[Gd8As12W124O432(H2O)22]60−. Angew. Chem. Int. Ed. 2009, 48, 9088–9091. [CrossRef]

9. Li, Z.; Li, X.X.; Yang, T.; Cai, Z.W.; Zheng, S.T. Four-shell polyoxometalates featuring high-nuclearity Ln26

clusters: Structural transformations of nanoclusters into frameworks triggered by transition-metal ions.
Angew. Chem. Int. Ed. 2017, 56, 2664–2669. [CrossRef]

10. Ibrahim, M.; Moreno-pineda, E.; Bergfeldt, T.; Anson, C.E.; Powell, A.K. Synthesis and characterization
of a heterometallic extended architecture based on a manganese (II) -substituted. Materials 2018, 11, 155.
[CrossRef] [PubMed]

11. Huo, Y.; Chen, Y.C.; Wu, S.G.; Jia, J.H.; Chen, W.B.; Liu, J.L.; Tong, M.L. pH-controlled assembly
of organophosphonate-bridged dysprosium(III) single-molecule magnets based on polyoxometalates.
Inorg. Chem. 2018, 57, 6773–6777. [CrossRef]

12. Wang, Y.J.; Wu, S.Y.; Sun, Y.Q.; Li, X.X.; Zheng, S.T. Octahedron-shaped three-shell Ln14 -substituted
polyoxotungstogermanates encapsulating a W4O15 cluster: Luminescence and frequency dependent magnetic
properties. Chem. Commun. 2019, 55, 2857–2860. [CrossRef] [PubMed]

13. Alizadeh, M.H.; Eshtiagh-Hosseini, H.; Khoshnavazi, R. Synthesis, structure, and characterization of a new
sandwich-type arsenotungstocerate, [As2W18Ce3O 71(H2O)3]12−. J. Mol. Struct. 2004, 688, 33–39. [CrossRef]

14. Wang, W.; Izarova, N.V.; Van Leusen, J.; Kögerler, P. CeIII-functionalized polyoxotungstates: Discrete vs
extended architectures. Cryst. Growth Des. 2019, 19, 4860–4870. [CrossRef]

15. Hu, F.; Ma, P.; Han, M.; Wan, R.; Wang, J.; Niu, J. A new organic-inorganic hybrid tetrameric polyoxometalate
assembled by monovacant Dawson [α2-P2W17O61]10- and trivalent cerium cations. Inorg. Chem. Commun.
2016, 67, 103–106. [CrossRef]

http://dx.doi.org/10.1039/C8DT01291A
http://www.ncbi.nlm.nih.gov/pubmed/29808188
http://dx.doi.org/10.1039/C5CC10447E
http://www.ncbi.nlm.nih.gov/pubmed/26894638
http://dx.doi.org/10.1002/zaac.201000201
http://dx.doi.org/10.1039/c1dt10174a
http://www.ncbi.nlm.nih.gov/pubmed/21499613
http://dx.doi.org/10.1002/anie.201504663
http://dx.doi.org/10.1021/acs.inorgchem.9b01830
http://dx.doi.org/10.1021/acs.inorgchem.9b02236
http://dx.doi.org/10.1002/anie.200903299
http://dx.doi.org/10.1002/anie.201612046
http://dx.doi.org/10.3390/ma11010155
http://www.ncbi.nlm.nih.gov/pubmed/29342122
http://dx.doi.org/10.1021/acs.inorgchem.8b00795
http://dx.doi.org/10.1039/C9CC00073A
http://www.ncbi.nlm.nih.gov/pubmed/30775755
http://dx.doi.org/10.1016/j.molstruc.2003.08.021
http://dx.doi.org/10.1021/acs.cgd.9b00862
http://dx.doi.org/10.1016/j.inoche.2016.03.018


Molecules 2020, 25, 4229 11 of 12

16. Niu, J.; Wang, K.; Chen, H.; Zhao, J.; Pengtao, M.; Wang, J.; Li, M.; Bai, Y.; Dang, D. Assembly chemistry
between lanthanide cations and monovacant keggin polyoxotungstates: Two types of lanthanide substituted
phosphotungstates [(α-PW11O39H)Ln(H2O)39]6− and [(α-PW11O39)Ln(H2O)(η2-µ1,1)-CH3OO2]10−.
Cryst. Growth Des. 2009, 9, 4362–4372. [CrossRef]

17. Gong, P.; Li, Y.; Zhai, C.; Luo, J.; Tian, X.; Chen, L.; Zhao, J. Syntheses, structural characterization
and photophysical properties of two series of rare-earth-isonicotinic-acid containing Waugh-type
manganomolybdates. CrystEngComm 2017, 19, 834–852. [CrossRef]

18. Khan, I.; Kaushik, R.; Tiwari, R.K.; Mbomekallé, I.; de Oliveira, P.; Matono, T.; Ooyama, H.E.; Sadakane, M.;
Hussain, F. Self-assembled tetrameric lanthanide-containing germanotungstates [(Ln2GeW10O38)4(W3O8)
(OH)4(H2O)2]26−: Syntheses, Crystal structure, photoluminescence and electrochemical properties.
ChemistrySelect 2019, 4, 12668–12675. [CrossRef]

19. Saini, M.K.; Gupta, R.; Parbhakar, S.; Kumar Mishra, A.; Mathur, R.; Hussain, F. Dimeric complexes of
rare-earth substituted Keggin-type silicotungstates: Syntheses, crystal structure and solid state properties.
RSC Adv. 2014, 4, 25357–25364. [CrossRef]

20. Hussain, F.; Sandriesser, S.; Speldrich, M.; Patzke, G.R. A new series of lanthanoid containing Keggin-type
germanotungstates with acetate chelators: [{Ln(CH3COO)GeW11O39(H2O)}2]12- {Ln = EuIII, GdIII, TbIII,
DyIII, HoIII, ErIII, TmIII, and YbIII}. J. Solid State Chem. 2011, 184, 214–219. [CrossRef]

21. Sato, R.; Suzuki, K.; Sugawa, M.; Mizuno, N. Heterodinuclear lanthanoid-containing polyoxometalates:
Stepwise synthesis and single-molecule magnet behavior. Chem. Eur. J. 2013, 19, 12982–12990. [CrossRef]

22. Fang, X.; Anderson, T.M.; Benelli, C.; Hill, C.L. Polyoxometalate-supported Y- and YbIII-hydroxo/oxo clusters
from carbonate-assisted hydrolysis. Chem. Eur. J. 2005, 11, 712–718. [CrossRef] [PubMed]

23. Khoshnavazi, R.; Sadeghi, R.; Bahrami, L. High stable sandwich-type polyoxometallates based on
A-β-SiW9O34

10−. Synthesis, chemical properties and characterization of [(A-β-SiW9O34)2(MOH2)3CO3]13−

(M = Y3+ and Yb3+). Polyhedron 2008, 27, 1855–1859. [CrossRef]
24. Fang, X.; Anderson, T.M.; Neiwert, W.A.; Hill, C.L. Yttrium polyoxometalates. Synthesis and characterization

of a carbonate-encapsulated sandwich-type complex. Inorg. Chem. 2003, 42, 8600–8602. [CrossRef]
25. Knoth, W.H.; Domaille, P.J.; Harlow, R.L. Heteropolyanions of the types M3(W9PO34)21

2− and
MM’M”(W9PO34)21

2−: Novel coordination of nitrate and nitrite. Inorg. Chem. 1986, 25, 1577–1584.
[CrossRef]

26. Ma, P.; Wan, R.; Si, Y.; Hu, F.; Wang, Y.; Niu, J.; Wang, J. Double-malate bridging tri-lanthanoid cluster
encapsulated arsenotungstates: Syntheses, structures, luminescence and magnetic properties. Dalton. Trans.
2015, 44, 11514–11523. [CrossRef] [PubMed]

27. Vonci, M.; Boskovic, C. Polyoxometalate-supported lanthanoid single-molecule magnets. Aust. J. Chem.
2014, 67, 1542–1552. [CrossRef]

28. Ibrahim, M.; Krämer, S.; Schork, N.; Guthausen, G. Polyoxometalate-based high-spin cluster systems: A NMR
relaxivity study up to 1.4 GHz/33 T. Dalton. Trans. 2019, 48, 15597–15604. [CrossRef]

29. Yamase, T. Photo- and electrochromism of polyoxometalates and related materials. Chem. Rev. 2002, 98,
307–326. [CrossRef]

30. Arab Fashapoyeh, M.; Mirzaei, M.; Eshtiagh-Hosseini, H.; Rajagopal, A.; Lechner, M.; Liu, R.;
Streb, C. Photochemical and electrochemical hydrogen evolution reactivity of lanthanide-functionalized
polyoxotungstates. Chem. Commun. 2018, 54, 10427–10430. [CrossRef]

31. Suzuki, K.; Tang, F.; Kikukawa, Y.; Yamaguchi, K.; Mizuno, N. Visible-light-induced photoredox catalysis
with a tetracerium-containing silicotungstate. Angew. Chem. Int. Ed. 2014, 53, 5356–5360. [CrossRef]

32. Ibrahim, M.; Mbomekallé, I.M.; De Oliveira, P.; Baksi, A.; Carter, A.B.; Peng, Y.; Bergfeldt, T.;
Malik, S.; Anson, C.E. Syntheses, crystal structure, electrocatalytic, and magnetic properties of the
monolanthanide-containing germanotungstates [Ln(H2O) nGeW11O39]5− (Ln = Dy, Er, n = 4,3). ACS Omega
2019, 4, 21873–21882. [CrossRef]

33. AlDamen, M.A.; Clemente-Juan, J.M.; Coronado, E.; Martii-Gastaldo, C.; Gaita-Arino, A. Mononuclear
lanthanide single-molecule magnets based on polyoxometalates. J. Am. Chem. Soc. 2008, 130, 8874–8875.
[CrossRef] [PubMed]

34. Clemente-Juan, J.M.; Coronado, E.; Gaita-Ariño, A. Magnetic polyoxometalates: From molecular magnetism
to molecular spintronics and quantum computing. Chem. Soc. Rev. 2012, 41, 7464–7478. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/cg900248j
http://dx.doi.org/10.1039/C6CE02428A
http://dx.doi.org/10.1002/slct.201903379
http://dx.doi.org/10.1039/C4RA02751E
http://dx.doi.org/10.1016/j.jssc.2010.11.005
http://dx.doi.org/10.1002/chem.201302596
http://dx.doi.org/10.1002/chem.200400774
http://www.ncbi.nlm.nih.gov/pubmed/15578695
http://dx.doi.org/10.1016/j.poly.2008.02.035
http://dx.doi.org/10.1021/ic0350842
http://dx.doi.org/10.1021/ic00230a014
http://dx.doi.org/10.1039/C5DT01323B
http://www.ncbi.nlm.nih.gov/pubmed/26032027
http://dx.doi.org/10.1071/CH14166
http://dx.doi.org/10.1039/C9DT02052G
http://dx.doi.org/10.1021/cr9604043
http://dx.doi.org/10.1039/C8CC06334F
http://dx.doi.org/10.1002/anie.201403215
http://dx.doi.org/10.1021/acsomega.9b02846
http://dx.doi.org/10.1021/ja801659m
http://www.ncbi.nlm.nih.gov/pubmed/18558687
http://dx.doi.org/10.1039/c2cs35205b
http://www.ncbi.nlm.nih.gov/pubmed/22948854


Molecules 2020, 25, 4229 12 of 12

35. Shang, S.; Lin, Z.; Yin, A.; Yang, S.; Chi, Y.; Wang, Y.; Dong, J.; Liu, B.; Zhen, N.; Hill, C.L.; et al. Self-assembly
of Ln(III)-containing tungstotellurates(VI): Correlation of structure and photoluminescence. Inorg. Chem.
2018, 57, 8831–8840. [CrossRef]

36. Rocchiccioli-Deltcheff, C.; Fournier, M.; Franck, R.; Thouvenot, R. Vibrational investigations of
polyoxometalates. 2. Evidence for anion-anion interactions in molybdenum(VI) and tungsten(VI) compounds
related to the Keggin structure. Inorg. Chem. 1983, 22, 207–216. [CrossRef]

37. Ibrahim, M.; Mal, S.S.; Bassil, B.S.; Banerjee, A.; Kortz, U. Yttrium (III)-containing tungstoantimonate(III)
stabilized by tetrahedral WO4

2− capping unit, [(Y(α-SbW9O31(OH)2)(CH3COO)(H2O)}3(WO4)]17−.
Inorg. Chem. 2011, 50, 956–960. [CrossRef] [PubMed]

38. Mialane, P.; Dolbecq, A.; Sécheresse, F. Functionalization of polyoxometalates by carboxylato and azido
ligands: Macromolecular complexes and extended compounds. Chem. Commun. 2006, 3477–3485. [CrossRef]
[PubMed]

39. Parent, L.; Aparicio, P.A.; De Oliveira, P.; Teillout, A.L.; Poblet, J.M.; López, X.; Mbomekallé, I.M. Effect of
electron (De)localization and pairing in the electrochemistry of polyoxometalates: Study of Wells-Dawson
molybdotungstophosphate derivatives. Inorg. Chem. 2014, 53, 5941–5949. [CrossRef] [PubMed]

40. Sadakane, M.; Steckhan, E. Electrochemical properties of polyoxometalates as electrocatalysts. Chem. Rev.
1998, 98, 219–237. [CrossRef] [PubMed]

41. Keita, B.; Nadjo, L. Electrochemistry of Isopoly and Heteropoly Oxometalates. In Encyclopedia of
Electrochemistry; Bard, A.J., Ed.; Wiley VCH: Weinheim, Germany, 2007.

42. Keita, B.; Nadjo, L.; Contant, R. Electrocatalysis by polyoxometalate / polymer systems: Reduction of nitrite
and nitric oxide. J. Electroanal. Chem. 1995, 381, 243–250. [CrossRef]

43. Keita, B.; Nadjo, L. Polyoxometalate-based homogeneous catalysis of electrode reactions: Recent achievements.
J. Mol. Catal. A Chem. 2007, 262, 190–215. [CrossRef]

44. Bassil, B.S.; Bossoh, A.M.; Ibrahim, M.; Avo Bile, B.; Mougharbel, A.S.; Lin, Z.; de Oliveira, P.;
Mbomekalle, I.-M.; Kortz, U. Synthesis, structure and electrochemistry of the dinickel(II)-containing
30-tungsto-4-phosphate [Ni2Na2(H2O)2(P2W15O56)2]18−. Curr. Inorg. Chem. 2017, 7, 21–27.

45. Keita, B.; Mbomekalle, I.-M.; Nadjo, L.; Contant, R. [H4AsW18O62]7−, A novel Dawson heteropolyanion
and two of its sandwich-type derivatives [Zn4(H2O)2(H4AsW15O56)2]18−, [Cu4(H2O)2(H4AsW15O56)2]18−:
Cyclic voltammetry and electrocatalytic properties towards nitrite and nitrate. Electrochem. Commun. 2001, 3,
267–273. [CrossRef]

46. Feng, M.; Lyu, B.H.; Wang, M.H.; Wu, W.W.; Chen, Y.C.; Huang, G.Z.; Lin, W.Q.; Wu, S.G.; Liu, J.L.; Tong, M.L.
Chiral erbium(III) complexes: Single-molecule magnet behavior, chirality, and nuclearity control. Inorg. Chem.
2019, 58, 10694–10703. [CrossRef] [PubMed]

47. Liu, J.-L.; Chen, Y.-C.; Tong, M.-L. Symmetry strategies for high performance lanthanide-based single-molecule
magnets. Chem. Soc. Rev. 2018, 47, 2431–2453. [CrossRef] [PubMed]

48. Finke, R.G.; Droege, M.W.; Domaille, P.J. Rational syntheses, characterization, two-dimensional 183W
NMR, and properties of tungstometallophosphates P2W18M4(H2O)2O68

10− and P4W30M4(H2O)2O112
16−

(M = cobalt, copper, zinc). Inorg. Chem. 1987, 26, 3886–3896. [CrossRef]

Sample Availability: Samples of the compound (NH2Me2)13Na3[{Er(H2O)(CH3COO)(α2P2W17O61)}2] 40 H2O is
available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.inorgchem.8b00693
http://dx.doi.org/10.1021/ic00144a006
http://dx.doi.org/10.1021/ic102149c
http://www.ncbi.nlm.nih.gov/pubmed/21175169
http://dx.doi.org/10.1039/B603594A
http://www.ncbi.nlm.nih.gov/pubmed/16921419
http://dx.doi.org/10.1021/ic500087t
http://www.ncbi.nlm.nih.gov/pubmed/24892769
http://dx.doi.org/10.1021/cr960403a
http://www.ncbi.nlm.nih.gov/pubmed/11851504
http://dx.doi.org/10.1016/0022-0728(94)03710-K
http://dx.doi.org/10.1016/j.molcata.2006.08.066
http://dx.doi.org/10.1016/S1388-2481(01)00151-5
http://dx.doi.org/10.1021/acs.inorgchem.9b00616
http://www.ncbi.nlm.nih.gov/pubmed/31390195
http://dx.doi.org/10.1039/C7CS00266A
http://www.ncbi.nlm.nih.gov/pubmed/29492482
http://dx.doi.org/10.1021/ic00270a014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis 
	Single-Crystal X-Ray Structure Determination 
	PXRD Analysis 
	Vibrational Spectroscopy 
	Thermogravimetric Analysis 
	Mass Spectrometry 
	UV-Vis Spectroscopy 
	Emission Spectroscopy 
	Electrochemical Characterization 
	Magnetic Properties 

	Experimental Section 
	Conclusions 
	References

