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Abstract: The 8-yttrium(III)-containing 81-tungsto-8-arsenate(III) 
[Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)]43− (1) has been synthesized in a one-pot 
reaction of yttrium(III) ions with [B-α-AsW9O33]9− in 1 M NaOAc/HOAc buffer at pH 4.8. 
Polyanion 1 is composed of four {As2W19O68} units, two {W2O10} fragments, one {WO6} 
group, and eight YIII ions. The hydrated cesium-sodium salt of 1 (CsNa-1) was characterized 
in the solid-state by single-crystal XRD, FT-IR spectroscopy, thermogravimetric and 
elemental analyses. 
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1. Introduction  

Polyoxometalate (POM) chemistry has gained much attention in recent years, due to potential 
applications in catalysis, magnetism, material science, and even biomedical systems [1–10]. Most of the 
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work in this area has been focused on 3d transition metal-containing derivatives [11–17]. However, also 
the area of rare earths-containing POMs has undergone a significant expansion in recent years [18–23]. 
Lanthanide ions usually have larger coordination numbers (8, 9 or more) than d-block metal ions, and 
exhibit various coordination geometries [24]. In addition, the larger size of these lanthanide ions usually 
restricts their full incorporation into the lacunary POM sites. Such coordination behavior renders 
lanthanide ions frequently as linkers of two or more lacunary POM units, forming large  
structures [18–23,25–27]. Yttrium is formally not a lanthanide, but can be considered as a pseudo-
lanthanide, due to its comparable size and coordination number. Lanthanide-containing POMs possess 
interesting physicochemical properties such as luminescence and magnetism, as well as Lewis acidity 
relevant for catalysis [28–30]. For example, the terminal, labile coordination sites of the lanthanide (Ln) 
ions in [(Ln)(H2O)4P2W17O61]6− and [(Ln)(H2O)4PW11O39]4− (Ln = YIII, LaIII, Eu,III SmIII, or YbIII) are 
known to catalyze aldol and imino Diels−Alder reactions.[29,30]. Mizuno’s group has recently reported 
the high catalytic activity of the yttrium-containing tungstosilicate dimer [{Y(H2O)2}2(γ-SiW10O36)2]10− 

for the cyanosilylation of ketones and aldehydes with trimethylsilyl cyanide (TMS)CN [31,32].  
The number of reports on yttrium-containing POMs is significantly lower than for classical lanthanides. In 

1971, Peacock and Weakley reported [Y(W5O18)2]9− [33], which was later used as a catalyst for alcohol 
oxidations and alkene epoxidations by H2O2 [34]. Francesconi’s group reported the YIII-containing polyanion 
[(PY2W10O38)4(W3O14)]30−, which consists of four [PW9O34]9− units linked by a central [Y8W7O30]6+ group 
[35]. Hill and co-workers reported two sandwich-type polyanions, [(YOH2)3(CO3)(A-α-PW9O34)2]11− [36], and 

[{Y4(μ3-OH)4(H2O)8}(α-P2W15O56)2]16− [37]. Very recently, Boskovic’s group reported on two YIII-containing 
polyanions, [AsIII4(YIIIWVI3)WVI44YIII4O159(Gly)8(H2O)14]9− and [AsIII4(MoV2MoVI2)WVI44YIII4O160(Nle)9(H2O)11]18−, 
which are functionalized by incorporation of glycine or norleucine [38]. A mixed NiII-YIII-containing 
polyanion, [Y(H2O)5{Ni(H2O)}2As4W40O140]21−, based on the large, cyclic POM ligand [As4W40O140]28− has 
also been reported [39]. Niu’s group reported the solid-state structure of the one-dimensional chain 
{Y(GeW11O39)(H2O)2}n [40], composed of YIII and [GeW11O39]8− units. The same group also reported an 

oxalate-bridged [{(α-PW11O39)Y(H2O)}2(C2O4)]10− [41] and very recently a tartrate-bridged yttrium-
containing tungstoarsenate(III) [{Y2(C4H4O6)(C4H2O6)(AsW9O33)}2]18− [42].  

Our group has also been active in the synthesis of novel yttrium-containing POMs. We reported the 
solid state and solution structure of the Weakley-Peacock type dimer [YW10O36]9−, which consists of 
two monolacunary Lindqvist-based [W5O18]6− fragments encapsulating a central YIII ion with  
a square-antiprismatic coordination geometry [43]. Later, we reported the YIII-containing 
isopolytungstate [Y2(H2O)10W22O72(OH)2]8− as a member of a large family of lanthanide-containing 
compounds. These isostructural polyanions [Ln2(H2O)10W22O72(OH)2]8− consist of a {W22} 
isopolyanion unit and two lanthanide ions with five terminal water ligands each. [44] We also 
synthesized the acetate-bridged, dimeric polyanion [{Y(α-GeW11O39)(H2O)}2(μ-CH3COO)2]12− [45], as 
well as the trimeric polyanion [{Y(SbW9O31(OH)2)(CH3COO)(H2O)}3(WO4)]17−, which is composed of 
three {SbW9O33} units connected by three Y3+ ions and a capping, tetrahedral tungstate group {WO4} 
[46]. Interestingly, we were also able to encapsulate yttrium(III), and many lanthanide ions, in 
polyoxopalladates(II), [LnIIIPdII12(AsPh)8O32]5− (Ln = Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu). These cuboid-shaped polypalladates(II) are composed of a Pd12-oxo cage, capped by eight 
phenylarsonate heterogroups, and encapsulating a central guest ion Ln [47]. As part of our continuous 
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effort to incorporate yttrium(III) ions in POMs, we describe herein the synthesis and structural 
characterization of an 8-yttrium(III)-containing 81-tungsto-8-arsenate(III). 

2. Results and Discussion 

Synthesis and Structure. The polyanion [Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)]43− (1) 
has been synthesized using a simple, one-pot procedure by reacting the trilacunary POM precursor  
[B-α-AsW9O33]9− with YIII ions in 1 M NaOAc/AcOH buffer at pH 4.8, and was characterized in the solid 
state by IR spectroscopy, as well as thermogravimetric and elemental analysis. The title polyanion 
crystallizes as a hydrated mixed sodium-cesium salt (CsNa-1) in the triclinic space group P1̅. Single-
crystal XRD on CsNa-1 revealed that polyanion 1 is composed of four {As2W19O68} units, two {W2O10} 
fragments, one {WO6} group, and eight yttrium(III) ions (see Figures 1 and 2). The mono- and di-tungsten 
fragments are most likely formed in situ by fragmentation of some of the lacunary [AsW9O33]9− precursor 
during the course of the reaction, also seen previously for other large POM architectures [18,21]. The 
{As2W19} units, also formed in situ, are composed of two {AsW9} units connected by an octahedral 
{WO6} group via corner-shared oxo-bridges. The structure of the {As2W19} units in 1 is different from 
the known [As2W19O67(H2O)]14− POM precursor, where the linking tungsten center has terminal trans-
oxo-aqua ligands [48]. The linking tungsten(VI) in 1 bridges the two {AsW9} units in a way that the 
terminal oxo groups are cis to each other, non-protonated, and linking the tungsten(VI) to two YIII ions. 
A total of eight such oxo-bridges are present in 1, corresponding to the number of yttrium(III) ions. 
These yttrium(III) ions are all eight-coordinate with distorted square-antiprismatic coordination 
geometries and Y–O bond distances in the range of 2.3–2.5 Å. The coordination sphere of each YIII 
center is composed of bridging oxo and terminal aqua ligands (vide infra). Two {Y2As2W19} units are 
linked to each other by an edge-shared {W2O6} group to form two dimeric subunits (see Figures 1 and 
2). Finally, a tungsten center (W81, corresponding to the orange octahedron in Figures 1 and 2) links the 
two subunits to each other via two W-O-W (namely to W79 and W80) and four W-O-Y bridges (one to 
Y6 and Y7, and two to Y8), leading to a ‘dimer of dimers’-type assembly. The two subunits are also 
linked by two Y-O-W bridges, namely Y7-O-W30 and Y4-O-W25. The yttrium centers are all octa-
coordinated as stated above, with the coordination sphere filled by Y-O-W bridges or terminal oxo 
ligands. The two bridging yttriums Y7 and Y8, which are connected to W81, have two terminal aqua ligands 
each. The rest of the yttrium ions, apart from Y1, have three terminal aqua ligands each. For Y1, an acetate 
group (from the buffer medium) and two aqua ligands complete the coordination sphere. The existence of 
such kind of acetate groups has been previously observed, for example in 
[Gd6As6W65O229(OH)4(H2O)12(OAc)2]38− and [Yb10As10W88O308(OH)8(H2O)28(OAc)4]40− [18]. Bond valence 
sum (BVS) calculations indicate that no bridging oxygen atoms in 1 are protonated [49]. The total charge of 1 is 
therefore 43-, and is balanced in the solid state by 34.5 sodium and 8.5 cesium counter cations, hence resulting 
in the formula unit Cs8.5Na34.5[Y8(CH3COO)(H2O)18 (As2W19O68)4(W2O6)2(WO4)].230H2O. This formula is 
supported by elemental and thermogravimetric analyses (see Figure 3). 
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Figure 1. Combined polyhedral/ball-and-stick representation of 1. Color code: WO6 octahedra 
pale blue/dark blue/orange, As pink balls, Y green balls, O red balls, C grey balls. 

 

Figure 2. Combined polyhedral/ball-and-stick representation of the two half-units in 1. The 
turquoise balls represent bridging oxygens (Obridge). The color code is the same as in Figure 1. 
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Figure 3. Thermogram of CsNa-1 from room temperature to 1000 °C. 

The synthetic procedure of 1 contains several crucial parameters. An excess of yttrium ions over and 
above the stoichiometric ratio was needed for optimal yield. Furthermore, the type and pH of the buffer 
are essential for obtaining the desired product, as well as the presence of cesium ions. In fact, 1 could 
not be isolated in the absence of cesium ions, and a sufficient amount was needed to induce precipitation, 
before filtration and crystallization of the product salt. On the other hand, CsNa-1 proved to be only 
slightly soluble in D2O, and hence our solution studies by 183W and 89Y NMR spectroscopy were 
unsuccessful. NMR measurements on a freshly prepared reaction solution also remained inconclusive. 
Attempts to prepare isostructural lanthanide derivatives of 1 resulted in reported structures [20]. Finally, 
to the best of our knowledge, 1 incorporates the largest number of yttrium ions, together with 
Francesconi’s [(PY2W10O38)4(W3O14)]30− [35]. Boscovic’s penta- and tetra-yttrium-containing 
[AsIII4(YIIIWVI3)WVI44YIII4O159(Gly)8(H2O)14]9− and [AsIII4(MoV2MoVI2)WVI44YIII4O160(Nle)9(H2O)11]18−, 
respectively, should also be mentioned here [38]. 

Infrared Spectroscopy. The Fourier transform infrared (FTIR) spectrum of CsNa-1 (see Figure 4) 
displays a fingerprint region characteristic for the tungsten-oxo framework, indicating the presence of 
{AsW9} units. The bands in the range of 940–945 cm−1 are associated with the antisymmetric stretching 
vibrations of the terminal W═O bonds, whereas the bands in the range of 850–900 cm−1 can be mainly 
attributed to the antisymmetric stretching vibrations of the As–O(W). The two bands at about 780 cm−1 

and 700 cm−1 arise from antisymmetric stretching of the W–O(W) bridges, whereas the bands below 650 
cm−1 are due to bending vibrations of the As–O(W) and the W–O(W) bridges [50]. Furthermore, the 
bands in the range of 1350 – 1620 cm−1 can be assigned to vibrations of the bridging acetate group in 
the polyanion. The broad band at 3440 cm−1 and the strong one at 1620 cm−1 correspond to crystal waters.  

Thermogravimetric Analysis. Thermogravimetric analysis of CsNa-1 was performed between  
25 and 1000 °C under a nitrogen atmosphere to determine the number of crystal waters (see Figure 3). 
The weight loss of about 92% between 25 and 230 °C can be assigned to the loss of 230 crystal waters 
per formula unit. In addition, the second continuous weight loss step from 250 to 550 °C corresponds to 
the removal of 18 coordinated water molecules and decomposition of the acetate group. 
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3. Experimental Section 

General Methods and Materials. All reagents were used as purchased without further purification. 
The trilacunary POM precursor Na9[B-α-AsW9O33]·27H2O was prepared according to the published 
procedure, and its purity was confirmed by infrared spectroscopy. [51]. 

Synthesis of Cs8.5Na34.5[Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)].230H2O (CsNa-1):  
0.50 g (0.20 mmol) Na9[B-α-AsW9O33]·27H2O and 0.18 g (0.60 mmol) YCl3 were added to 20 mL of 
1 M NaOAc/HOAc buffer at pH 4.8. The solution was heated to 80 °C for 60 min, cooled to room 
temperature, and then filtered. Addition of five drops 1.0 M CsCl solution to the filtrate resulted in a 
precipitate. The reaction mixture was kept at 30 °C for 5 min, and then filtered. The clear colorless filtrate 
was kept in an open vial at room temperature for slow evaporation. After one week, a colorless crystalline 
product started to appear. Evaporation was allowed to continue until about half the solvent had evaporated. 
The solid product was then collected by filtration and air-dried. Yield: 0.25 g (38%). IR (2% KBr pellet, 
ν/cm−1): 1623(s), 949 (m), 864(s), 788(m), 707(m), 454 (w) (see Figure 4). Elemental analysis for 
Cs8.5Na34.5[Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)].230H2O (CsNa-1), calcd. (found):  
Na 2.91% (2.72%), Cs 4.14 (3.90%) As 2.20% (2.09%), Y 2.61% (2.87%), W 54.7% (55.2%). 

 

Figure 4. Infrared spectrum of CsNa-1. 

Instrumentation (IR, TGA). Infrared spectra were recorded on a Nicolet Avatar 370 FT-IR 
spectrophotometer using KBr pellets. The following abbreviations were used to assign the peak 
intensities: w = weak, m = medium and s = strong. Thermogravimetric analyses were carried out on a 
TA Instruments SDT Q600 thermobalance with a 100 mL/min flow of nitrogen; the temperature was 
ramped from 20 to 1000 °C at a rate of 5 °C /min. Elemental analysis for CsNa-1 was performed by 
CNRS, Service Central d’Analyze, Solaize, France. 

X-ray Crystallography. A single crystal of CsNa-1 was mounted on a Hampton cryoloop in light 
oil for data collection at 173 K. Indexing and data collection were performed on a Bruker D8 SMART 
APEX II CCD diffractometer with kappa geometry and Mo-Kα radiation (graphite monochromator,  
λ = 0.71073 Å). Data integration was performed using SAINT [52]. Routine Lorentz and polarization 
corrections were applied. Multiscan absorption corrections were performed using SADABS [53]. Direct 
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methods (SHELXS97) successfully located the tungsten atoms, and successive Fourier syntheses 
(SHELXL2014) revealed the remaining atoms [54]. Refinements were full-matrix  
least-squares against ǀF2ǀ using all data. In the final refinement, all non-disordered heavy atoms  
(As, W, Y, Cs, Na) were refined anisotropically; oxygen atoms and disordered counter cations were 
refined isotropically. No hydrogen atoms were included in the models. Crystallographic data are 
summarized in Table 1. We observed an extra W atom (W82) with an occupancy of 16.67%, but could 
not model its coordination environment due to serious disorder (see CIF file for details). This result 
implies that there is a small amount of {Y8As8W82} polyanion impurity present, which we could not 
avoid during synthesis or eliminate afterwards, in spite of many attempts. 

Table 1. Crystal Data for CsNa-1. 

Formula Cs8.5Na34.5[Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)].

230H2O 
Formula weight, g/mol 27260.36 

Crystal system Triclinic 
Space group P1� 

a, Å 21.7759(5) 
b, Å 32.0368(7) 
c, Å 33.0799(8) 
α, ° 94.1720(10) 
β, ° 107.5370(10) 
γ, ° 90.5610(10) 

Volume, Å3 21934.4(9) 
Z 2 

Dcalc, g/cm3 4.127 
Absorption coefficient 23.661 

F(000) 24464 
Crystal size, mm 0.281 × 0.16 × 0.126 

Theta range for data collection, ° 3.406–23.257 
Completeness to Θmax, % 99.6 

Index ranges 
−24 ≤ h ≤ 24 
−35 ≤ k ≤ 33  
−36 ≤ l ≤ 36 

Total Reflections  651748 
Independent Reflections 62815  

Calculated Reflections (I > 2σ) 49552 
R(int) 0.0411 

Data / restraints / parameters 62815/0/2553 
Goodness-of-fit on F2 1.005 

R1 
[a]  0.0643  

wR2
 [b]  0.1719 

Highest / deepest electron density  5.239/−5.002 
[a] R1 = ∑ | |Fo| ― |Fc| | / ∑ |Fo|. [b] wR2 = [∑w (Fo

2 ― Fc
2)2/∑w(Fo

2)2]1/2. 
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4. Conclusions 

In conclusion, we have synthesized the 8-yttrium(III)-containing 81-tungsto-8-arsenate(III) 
[Y8(CH3COO)(H2O)18(As2W19O68)4(W2O6)2(WO4)]43− (1) using a simple, one-pot procedure by reacting 
the trilacunary POM precursor [B-α-AsW9O33]9− with Y3+ ions in 1 M NaOAc/AcOH buffer at pH 4.8. 
Polyanion 1 was characterized in the solid state by IR spectroscopy, single crystal XRD, and 
thermogravimetric analysis. The title polyanion demonstrates the ability of yttrium(III) to act as an 
efficient linker of POM subunits resulting in large, discrete assemblies. The yttrium(III) ions in 1 possess 
labile terminal aqua ligands, which allow for Lewis acid type catalysis. 
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