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ABSTRACT. It is well-known that the trivacant anions a-B-[XW9O33]9- react with vanadyl ions 

to give the sandwich type polyoxometalates [(VIVO)3(XW9O33)2]12- with X = AsIII or SbIII. 

Nevertheless, the oxidized derivatives have been obtained selectively by electrochemical oxidation 

from the fully reduced derivatives [(VIVO)3(XW9O33)2]12- allowing full characterization both in 

solution using UV-vis and multinuclear (17O, 51V, 183W) NMR spectroscopies, and in the solid-state 

by single-crystal X-ray diffraction. Structural analysis of the oxidized [(VVO)3(XW9O33)2]9- 

polyanions is consistent with the idealized D3h symmetry while solution studies reveal a fair 

hydrolytic stability in a wide pH range from 0 to 6. Besides, the D3h polyanions either as reduced 

or oxidized forms [(VO)3(AsW9O33)2]9/12- has been identified as the thermodynamic product that 

results from the conversion of the C2v polyanion [(H2O)(VO)3(AsW9O33)2]9/12- through moderate 

heating. Conversely, the SbIII-containing derivative gives exclusively the D3h polyanion, probably 

due either to the extended lone pair of the trigonal SbIII heterogroup that prevents the formation of 

the C2v arrangement or to the lability of the oxo-metalate bonds that favors chemical exchange. 

The electrochemical studies of sandwich type polyoxometalates revealed that each {V=O} group 

gives rise to a one-electron transfer process. At last, the redox properties appear strongly altered 

in the 0.3 – 5 pH range, consistent with proton-coupled electron transfers (PCET).  
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INTRODUCTION 

Polyoxometalates (POMs) represent a class of water-soluble metal-oxo clusters built from group 

V and VI transition metals in their highest oxidation states (VV, NbV, TaV, MoVI or WVI).1 This class 

of water-soluble polyanions exhibits a wide diversity of structures and compositions which opened 

new avenues toward potential applications in various fields including catalysis, medicine, 

materials science and energy storage and conversion.2–6 MoVI or WVI-based POM entities 

containing vanadium addenda attract attention because of their excellent performances in 

homogeneous and heterogeneous oxidation catalysis for conversion of organic substrates.7–13 Most 

of the mixed V/W and V/Mo POMs exhibit archetypal architectures such as Lindqvist, Keggin or 

Dawson type arrangements.14–20 These mixed-metal compounds are usually obtained from aqueous 

solution through stereo-selective addition of vanadium oxo-based species on vacant 

polyoxometalates containing tetrahedral heteroatoms such as PV or SiIV. However, the use of B-

type trivacant Keggin derivatives having trigonal heteroatoms (AsIII, SbIII, BiIII, SeIV or TeIV) favors 

the formation of sandwich type assemblies21–27 or more complex high nuclearity arrangements.28–

30 It is well-admitted that the presence of lone pair of electrons on the heteroatom avoids the 

formation of  closed-shell Keggin anions.31  

Then, these basic sandwich type assemblies exhibit three metal centers inserted between two {α-

B-XW9O33} units.  This structural arrangement, sometimes called Hervé-type POM has been 

isolated with various metal centers including divalent transition metals (MII),21,32–36 mixed metals 

(2VV/LnIII, 2TiIV/MII),37–39 organo-antimony entities,40 NbV or WVI.41,42 The vanadium-containing 

Hervé-type POM can exhibit various VV/VIV oxidation18–21 leading to interesting magnetic 

behavior21,23,43–45 or antiviral properties45,46. Structural characterization of [(VO)3(SbW9O33)2]12- and 

[(VO)3(BiW9O33)2]12- anions shows three square pyramidal vanadium centers featured by a terminal 

{VIV=O} bonds, all directed toward the exterior of the POM, forming a D3h sandwich-type POMs 

(Figure 1).22–24 The situation appears much more intricate for the AsIII derivatives. For instance, 

Mialane et al. observed the possible existence of a C2v metal-oxo framework, disordered with the 

D3h species in the crystal.21 This latter is characterized by one V=O bond directed toward the center 

of the central closed cavity, while the two other {V=O} groups remain outward-directed (Figure 

1). Actually, the formation of two entities should be dependent upon either the 
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synthetic/crystallization procedures or the nature of the hetero-elements (e.g. AsIII versus SbIII). It 

is worthy to mention that the C2v arrangement is not limited to vanadium based POM but can be 

extended to {W=O} groups in [(H2O)(WO)3(AsW9O33)2]6- anion and even to the {Zn-OH2} 

distribution in [(Zn(H2O))3(XW9O33)2]12- with X = AsIII or SbIII.33,42  

 
Figure 1: Polyhedral representation of the metal-oxo core of the three vanadium-containing 
Hervé-type POMs that can adopt a D3h or C2v symmetry depending on the orientation of the V=O 
bond within the {V3} triangle. Color code: cyan octahedra: WO6; green sphere: vanadium; red 
sphere: oxygen; black sphere: lone pair containing heteroatom (X = AsIII, SbIII or BiIII).  

In this contribution, we report first the preparation and structural characterization of two Hervé-

type POMs built from two [AsW9O33]9- subunits, showing that the C2v species corresponds mostly 

to the kinetic product which converts itself into the D3h entity, identified as the thermodynamic 

species. In contrast, using the preformed unit [SbW9O33]9- systematically led to the D3h species. 

Then, we report the electrochemical preparation of the fully oxidized VV containing 

[(VO)3(XW9O33)2]9- anions. The resulting diamagnetic compounds were characterized both in 

solution by multinuclear NMR (17O, 51V and 183W) and in the solid-state by X-ray diffraction. The 

hydrolytic stability and electrochemical behavior of these oxidized Hervé-type POMs (D3h species) 

have been investigated in aqueous solutions. These investigations evidence the three vanadium 

centers undergo one-electron transfer through pH-dependent processes. In acidic condition, the 
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single redox wave is consistent with a quasi-reversible three-electron exchange, while at higher 

pH, the single wave splits into three successive mono-electronic transfers.  

EXPERIMENTAL SECTIONS 

Materials. All chemicals were used as received without any further treatment. Trivacant Keggin 

anions Na9[α-AsW9O33]•19.5H2O and Na9[α-SbW9O33]•19.5H2O used as precursors were 

synthetized according to the literature.47,48 The preparation of the fully reduced forms has been 

carried out under nitrogen to avoid any oxidation of vanadyl ions. 

Preparation of the reduced derivative [(H2O)(VO)3(AsW9O33)2]12- (notated 1red.C2v). Under 

vigorous stirring, 22.52 g (8 mmol) of Na9[AsW9O33]·19.5H2O was added to an aqueous solution 

containing VOSO4·5H2O (3 g, 12 mmol) in 160 mL of CH3CO2Na/CH3CO2H (0.5 M/0.5 M). The 

pH of the solution is about 4.5. The dark-brown resulting solution was stirred for 15 minutes at 

room temperature. Then, 15 g of RbCl is added, provoking immediately the precipitation of about 

brownish solid (19 g) that is recovered by filtration. The dissolution of 6 g of this brownish solid 

in 200 mL of aqueous NaCl solution (0.5 M), had led to well-shaped crystals of 

H1.25Rb4.75Na6[(H2O)(VO)3(AsW9O33)2]·15H2O (1red.C2v) after evaporation (1 day). Yield: 62 % 

based on W. IR: 721, 742, 860, 900, 945, 968, 993, 1010 cm-1. Anal. Calcd. (%) for 

W18V3As2Rb4.75Na6H33.25O85: Rb, 7.3; Na, 2.5 V, 2.8; As, 2.7; W, 59.6. Found: Rb, 7.1; Na, 2.2 V, 

2.9; As, 2.5; W, 60.6.  

Preparation of the reduced derivatives [(VO)3(XW9O33)2]12- with X = AsIII and SbIII. Under 

vigorous stirring, 22.52 g (8 mmol) of Na9[AsW9O33]·19.5H2O was added to an aqueous solution 

containing VOSO4·5H2O (4 g, 16 mmol) in 160 mL of CH3CO2Na/CH3CO2H (0.5 M/0.5 M). The 

pH of the solution is about 4.5. The dark-brown resulting solution was then heated at 70-80 °C for 

12 h and filtered off. After cooling at room temperature 30 g KCl was added, leading to brown 

solids. 19 g of H1.5K10.5[(VO)3(AsW9O33)2]·20H2O (notated 1red.D3h) is recovered by filtration under 

vacuum and then washed with ethanol (50 mL) and diethylether (50 mL). Yield: 84 % based on 

W. Crystals suitable for single-crystal analysis have been obtained by recrystallization in water. 

IR: 727, 750, 876, 900, 944, 986 cm-1. Anal. Calcd. (%) for W18V3As2K10.5H41.5O89: K, 7.5; V, 2.8; 

As, 2.7; W, 60.3. Found: K, 6.9; V, 2.6; As, 2.6; W, 61.1. The compound 
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H1.5K10.5[(VO)3(SbW9O33)2]·20H2O (notated 2red.D3h) has been isolated using similar synthetic 

procedure, except that the reaction was performed at room temperature. 22.52 g (8 mmol) of 

Na9[SbW9O33]·19.5H2O have been added to obtained 18 g of H1.5K10.5[(VO)3(SbW9O33)2]·20H2O. 

The yield was 79 % based on W. IR: 690, 730, 854, 900, 944, 986 cm-1. Anal. Calcd. (%) for 

W18V3Sb2K10.5H41.5O89: K, 7.4; V, 2.7; Sb, 4.4, W 59.2. Found: K, 7.2; V, 2.6; Sb, 4.0 W, 58.1.  

Electrochemical preparation of the oxidized derivatives [(VO)3(XW9O33)2]9- with X = AsIII, 

and SbIII. The electrochemical oxidations were carried out with a VersaSTAT 3 Potentiostat 

Galvanostat driven by a PC with the VersaStudio software. The three-electron-oxidized species 

were prepared from solutions of reduced anions [(VO)3(XW9O33)2]12- by electrochemical oxidation 

at a controlled potential of carbon electrode. Typically, solutions of reduced anions were prepared 

from a 70 mL of CH3CO2Na/CH3CO2H buffer solution (0.5 M/0.5 M; pH = 4.8) in which 5 g of 

1red.D3h or 2red.D3h were dissolved. The solids K9[(VO)3(AsW9O33)2]·16H2O (notated 1ox.D3h) and 

K9[(VO)3(SbW9O33)2]·16H2O (notated 2ox.D3h) have been precipitated by adding KCl (30 g) to the 

solutions of oxidized species. 4 g of yellow solids are recovered by filtration under vacuum and 

then washed with ethanol (20 mL) and diethylether (20 mL). Crystals suitable for single-crystal 

analysis have been obtained by recrystallization in water. IR of 1ox.D3h: 717, 754, 880, 912, 960, 

992 cm-1. Anal. Calcd. (%) for W18V3As2K9H32O85: K, 6.6; V, 2.8; As, 2.8; W, 61.8. Found: K, 6.4; 

V, 2.9; As, 3.0; W, 62.8. IR of 2ox.D3h: 685, 730, 870, 910, 960, 992 cm-1. Anal. Calcd. (%) for 

W18V3Sb2K9H32O85: K, 6.5; V, 2.8; Sb, 4.5; W, 60.7. Found: K, 6.3; V, 2.9; Sb, 4.1; W, 60.9. 

Electrochemical behavior. Cyclic voltammetric (CV) experiments were carried out with a 

PalmSens 4 driven by a PC with the PSTrace software. Measurements were performed at room 

temperature in a conventional single compartment cell. A glassy carbon (GC) electrode with a 

diameter of 2 mm was used as the working electrode. The auxiliary electrode was a Pt plate placed 

within a fritted-glass isolation chamber and potentials are quoted against Ag/AgCl electrode. The 

solutions were deaerated thoroughly for at least 10 minutes with pure argon and kept under a 

positive pressure of this gas during the experiments. 

NMR studies. Spectra were recorded on Bruker Avance 400 and 500 MHz spectrometers using 

D2O as lock solvent in standard 10 mm NMR tubes and fixing sample volume to 3 mL. Typically, 
183W NMR spectra were obtained accumulating 32k scans and using 2 s acquisition time, 1 s 
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relaxation delay, and 37 μs pulse length (π/2 flip angle). 51V NMR spectra were recorded with 4k 

numbers of scans, 80 ms acquisition time, 0.1 s relaxation delay, and 1.3 μs pulse length (π/16 flip 

angle). The 17O NMR spectra were recorded with an accumulation of ca. 680k scans, 41 ms 

acquisition time, 0.1 s relaxation delay, and 21 μs pulse length (π/2 flip angle). These experiments 

were conducted at 21 °C for 183W, 27 °C for 51V, and 55 °C for 17O. Chemical shifts were 

referenced to external standards (δ = 0 ppm) that are 1 M Na2WO4 aqueous solution for 183W, 90% 

VOCl3 in C6D6 for 51V, and H2O for 17O.  

Infrared spectroscopy. Fourier Transform Infrared (FT-IR) spectra were recorded on a 6700 FT-

IR Nicolet spectrophotometer, using diamond ATR technique. The spectra were recorded on non-

diluted compounds in the range 400-4000 cm-1. The IR spectra are provided in Supporting 

Information (See Figure S1). 

UV-vis spectroscopy. UV-vis spectra of powdered compounds (see Figures S2 and S3) have been 

collected by using a Perkin-Elmer Lambda 750 spectrophotometer equipped with a powder sample 

holder set. The UV-vis spectra of solutions were recorded on a Perkin-Elmer Lambda-750 using 

calibrated 0.1 cm Quartz-cell.  

Single-Crystal X-ray Diffraction. Crystals of compounds were selected under polarizing optical 

microscope and glued in paratone oil. X-ray intensity data were collected at low temperature (T = 

220(2) K) on a Bruker D8 VENTURE diffractometer equipped with a PHOTON III C14 using a 

high brilliance IμS microfocus X-ray Mo Kα monochromatized radiation (λ = 0.71073 Å), except 

for compound 1red.C2v which was collected with a diffractometer equipped with a PHOTON 100. 

Data reduction was accomplished with SAINT V7.53a. The substantial redundancy in data allowed 

a semi-empirical absorption correction (SADABS V2.10) to be applied, on the basis of multiple 

measurements of equivalent reflections. Using Olex2,49 the structure was solved with the ShelXT50 

structure solution program integrating Intrinsic Phasing and refined with the ShelXL51 refinement 

package by Least Squares minimization. The remaining non-hydrogen atoms were located from 

Fourier differences and were refined with anisotropic thermal parameters. Crystallographic data 

for single-crystal X-ray diffraction studies are summarized in Table 1. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 
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https://www.ccdc.cam.ac.k/structures-beta/. Deposit numbers: 2151664, 2151665, 2151666, 

2151667 and 2151668 for 1red.C2v, 1red.D3h, 1ox.D3h, 2red.D3h and 2ox.D3h, respectively. 
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Table 1: Crystal data and structure refinement for 1red.C2v, 1red.D3h, 1ox.D3h, 2red.D3h and 2ox.D3h. 

Compound 1red.C2v 1red.D3h 1ox.D3h 2red.D3h 2ox.D3h 
Empirical formula W18V3As2Rb4.75Na6H33.25O85 W18V3As2K10.5H41.5O89 W18V3As2K9H32O85 W18V3Sb2K10.5H41.5O89 W18V3Sb2K9H32O85 

Formula weight 5549.15 5468.04 5355.87 5581.72 5449.55 
Temperature/K 100(2) 220(2) 220(2) 220(2) 220(2) 
Crystal system Monoclinic Triclinic Monoclinic Triclinic Monoclinic 
Space group P21/m P-1 C2/m P-1 C2/m 

a/Å 14.8853(10) 12.6076(6) 18.8433(6) 12.6417(4) 18.8242(7) 

b/Å 19.0732(15) 18.1605(9) 16.9616(6) 18.1320(6) 16.9580(7) 
c/Å 16.2430(13) 20.6707(9) 27.8746(10) 20.7217(6) 27.8624(10) 
α/° 90 88.168(2) 90 88.172(2) 90 
β/° 109.070(2) 86.951(2) 95.301(3) 86.928(2) 95.598(3) 
γ/° 90 74.893(2) 90 74.727(2) 90 

Volume/Å3 4358.5(6) 4561.9(4) 8871.0(5) 4574.7(3) 8851.8(6) 
Z 2 2 4 2 4 

ρcalcg/cm3 4.209 4.078 3.960 4.152 4.048 
μ/mm-1 27.477 24.205 24.734 24.019 24.665 
F(000) 4786 4942 9206 5008 9372 

Crystal size/mm3 0.22 × 0.12 ×0.10 0.28 × 0.18 × 0.1 0.18 × 0.12 × 0.08 0.2 × 0.15 × 0.1 0.18 × 0.11 × 0.05 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 
collection/° 3.598 to 50.288 3.948 to 50.058 3.47 to 50.07 4.538 to 50.21 3.644 to 50.198 

Index ranges 
-17 ≤ h ≤ 17 
-22 ≤ k ≤ 22 
-19 ≤ l ≤ 19 

-14 ≤ h ≤ 15 
-21 ≤ k ≤ 21 
-24 ≤ l ≤ 24 

-22 ≤ h ≤ 22 
-20 ≤ k ≤ 20 
-33 ≤ l ≤ 33 

-15 ≤ h ≤ 15 
-21 ≤ k ≤ 21 
-24 ≤ l ≤ 24 

-22 ≤ h ≤ 22 
-20 ≤ k ≤ 20 
-33 ≤ l ≤ 33 

Reflections collected 195808 232876 179540 173747 199952 

Independent reflections 
8033 

Rint = 0.0650 
Rsigma = 0.0205 

16103 
Rint = 0.0667 

Rsigma = 0.0275 

8123 
Rint = 0.0675 

Rsigma = 0.0192 

16186 
Rint = 0.0668 

Rsigma = 0.0342 

8128 
Rint = 0.0902 

Rsigma = 0.0291 
Data/restraints/paramet

ers 8033/552/622 16103/36/1207 8123/12/591 16186/24/1225 8128/42/583 

Goodness-of-fit on F2 1.161 1.038 1.062 1.041 1.189 
Final R indexes [I>=2σ 

(I)] 
R1 = 0.0599 

wR2 = 0.1319 
R1 = 0.0334 

wR2 = 0.1057 
R1 = 0.0324 

wR2 = 0.0931 
R1 = 0.0292 

wR2 = 0.0805 
R1 = 0.0358 

wR2 = 0.0989 
Final R indexes [all 

data] 
R1 = 0.0687 

wR2 = 0.1382 
R1 = 0.0387 

wR2 = 0.1106 
R1 = 0.0385 

wR2 = 0.0986 
R1 = 0.0350 

wR2 = 0.0842 
R1 = 0.0393 

wR2 = 0.1068 
Largest diff. peak/hole / 

e Å-3 3.20/-2.72 3.20/-2.60 3.33/-1.99 3.45/-2.74 3.51/-2.28 
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RESULTS and DISCUSSION 
Preparation of reduced and oxidized derivatives.  

The previously published vanadyl containing [(VO)3(XW9O33)2]11/12- with X = AsIII and SbIII have 

been obtained using different synthesis conditions (pH, temperature, reaction time, counter cations, 

VO2+/[α-B-XW9O33]9-
 ratio).21–23 To elucidate the key synthetic parameters, we investigated their 

influences in buffered solutions (pH = 4.5) containing stoichiometric amount of vanadyl sulfate 

and [α-B-XW9O33]9- unit. Our observations indicate the temperature and reaction time are crucial 

parameters providing the selective preparation of AsIII based Hervé-type POMs with either a C2v 

or a D3h symmetry (see Figure 2). Using short reaction times (~15 minutes) at room temperature, 

the C2v polyoxoanion [(H2O)(VO)3(AsW9O33)2]12- was isolated quantitatively by precipitation with 

RbCl. Recrystallisation in sodium chloride solution leads to reddish crystals formulated 

H1.25Rb4.75Na6[(H2O)(VO)3(AsW9O33)2]·15H2O (notated 1red.C2v). In contrast, heating the same 

reaction mixture at 70°C during 12 hours allows the preparation of polyoxoanion 

[(VO)3(AsW9O33)2]12- with D3h symmetry, that has been isolated as potassium salt 

H1.5K10.5[(VO)3(AsW9O33)2]·20H2O (notated 1red.D3h). Interestingly, when SbIII is used as 

heteroelement, we systematically crystallized the Hervé-type POM [(VO)3(SbW9O33)2]12- with D3h 

symmetry (see Figure 2), formulated H1.5K10.5[(VO)3(SbW9O33)2]·20H2O (notated 2red.D3h). 

Analysis of the synthetic procedures reported by Mialane et al.21 or Krebs et al.19 supports our 

observations. Short heating period (15 min at 50 °C) of the synthetic mixture leads to the co-

crystallization of C2v and D3h anions while a two-weeks period before crystallization gave 

exclusively the D3h anion [ (VO)3(AsW9O33)2]12-. Besides, the use of SbIII-containing derivative 

affords only the formation of Hervé-type POMs with a D3h symmetry in accordance with the 

previous report of Yamase and coworkers.20  
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Figure 2: Schematic illustration showing the synthetic pathways allowing the preparation of the 
vanadium-containing Hervé-type POMs built from B-type trivacant Keggin derivatives [XW9O33]9-

. Color code: cyan octahedra: WO6; green sphere: V4+; orange sphere: V4+; turquoise sphere: aquo 
group; black sphere: As; brown sphere: Sb.  

Then, the oxidized forms of D3h species were obtained by electrochemical oxidation using 

controlled potential with a carbon electrode polarized at 0.6 V vs Ag/AgCl, from solutions of as-

synthesized reduced anions [(VO)3(XW9O33)2]12- (12 mM of POM in acetate buffer, pH = 4.5). 

Electrolysis progress was followed by UV-vis spectroscopy highlighting the decrease of two 

absorption bands located at ~520 and ~760 nm, corresponding to the intervalence charge transfer 

transitions (VIV→WVI IVCT) and d-d transitions of VIV, respectively. As an illustrative example, 

the electrochemically controlled oxidation of the 1red.D3h is presented in Figure 1. These 

absorptions decrease linearly as featured by the variation of the average molar absorption 

coefficients from !5̅20 ~ 1000 M-1cm-1 and !7̅60 = 450 M-1cm-1 to 0 until the full oxidation of the 

three VIV into VV ions which is consistent with complete process for 3 F/mol charge consumption 

(see Figure 3). Besides, it is worth to note the wavelength range for the VIV→WVI IVCT is similar 

to that observed for the mixed [XW11VO40] Keggin-type anions  (with X = P, Si, B, Zn, H2).52 As 
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expected, the oxidized form exhibits a more intense absorption at 370 nm (!3̅70 = 14400 M-1cm-1) 

than the reduced derivative (!3̅70 = 1800 M-1cm-1) (see Figure S2). After completed oxidation 

process, a yellowish solid K9[(VO)3(AsW9O33)2]·16H2O (1ox.D3h) was precipitated with KCl. 

Suitable single-crystals of 1ox.D3h were obtained after recrystallization in water. Similar procedure 

was also applied to isolate the oxidized SbIII-based form (notated hereafter 2ox.D3h), giving a 

crystalline solid K9[(VO)3(SbW9O33)2]·16H2O. The evolution of the electronic spectra of the SbIII 

derivative during the oxidation is similar to that observed for the AsIII containing POM (see Figure 

S3). It must be mentioned the oxidation of 1red.C2v leads to a mixture of oxidized C2v and D3h 

species, highlighting that fraction of the kinetic C2v polyoxoanion converts into the thermodynamic 

D3h product in the course of the oxidative electrolysis process. 

 
Figure 3: UV-vis spectra of [(VO)3(AsW9O33)2]12- during electrochemical oxidation, showing the 
decreases of the characteristic absorption bands related to VIV→WVI IVCT (λ = 520 nm) and d-d 
transitions of VIV (λ = 760 nm). The average molar absorption coefficients of characteristic bands 
of [(VO)3(AsW9O33)2]12- decrease linearly with the oxidation of the vanadium centers.     

Comparison of the crystal structures.  

The potassium salts of the D3h polyanions [(VO)3(XW9O33)2]12- with X = As (1red.D3h) or Sb 

(2red.D3h) crystallize both in triclinic system (volume ~ 4567 ± 10 Å3; space group: P-1). It must 

be mentioned the C2v polyoxoanion [(H2O)(VO)3(AsW9O33)2]12- isolated as potassium salt also 

crystallizes with unit cell parameters similar to those observed for 1red.D3h and 2red.D3h, however 

the crystals were not suitable for structure elucidation. Therefore, the C2v polyoxoanion 

[(H2O)(VO)3(AsW9O33)2]12- has been isolated as mixed sodium/rubidium salt (compound 1red.C2v), 

and the X-ray diffraction data analysis was consistent with a monoclinic system (volume ~ 4358 
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Å3; space group: P21/m). Crystals of oxidized polyoxoanions [(VO)3(XW9O33)2]9- as potassium salt 

with X = As (1ox.D3h) or Sb (2ox.D3h) exhibit also similar unit cells (volume ~ 8861 ± 10 Å3; space 

group: C2/m). In all crystal structures, the polyanion is built from two [α-B-XW9O33]9- anionic 

units linked together by three vanadium centers forming a triangle (see Figure 4).  

 
Figure 4: Structural models of the D3h polyoxoanions [(VO)3(AsW9O33)2]9-/12- (A), the C2v 
polyoxoanion [(H2O)(VO)3(AsW9O33)2]12- (B) and the D3h polyoxoanions [(VO)3(SbW9O33)2]9-/12- 
(C), showing the size of the cavity located between the Keggin-type fragments is larger for the 
AsIII based POM than for SbIII one. Within the vanadium triangle, the V-V distances is affected by 
the symmetry of the metal-oxo frameworks (C2v or D3h). The heteroatoms have been represented 
in space-filling. Color code: cyan: W; red: O of oxo group, turquoise: O of aquo group; pink: alkali 
cations (Na+ or K+), green: V; black sphere: As and brown sphere: Sb.  
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In the D3h arrangements, noted 1red.D3h, 1ox.D3h, 2red.D3h and 2ox.D3h, all vanadium centers adopt 

exclusively the typical square pyramidal environment VO5, wherein their V=O bond appears 

outward directed that results of the high D3h symmetry. Additionally, three potassium ions are 

located in sites alternating with vanadium atoms and are bound to four oxygen atoms of the W-O-

V bridges (see Figures 4A and 4C). The structural analysis of the oxidized and reduced D3h species 

reveals that bond distances and angles remains quite similar within the {XW9O33} subunits but 

differ significantly in the vicinity of the vanadium centers in relationship with the +V or +IV 

oxidation state. Bond lengths of the terminal {V=O} and those of the {V-O-W} bridges are 

reported in Table 2. While the V=O bond lengths remain almost unchanged for all compounds, the 

V-O bond distances are shortened by about 0.09 Å for the oxidized compounds. This is a direct 

consequence of the presence of VV centers. Concomitantly to the shrinkage of the V-O bonds, a 

slightly lengthening of the W-O bond within the {V-O-W} bridges is observed (+ 0.05 Å).  

In the C2v polyoxoanion [(H2O)(VO)3(AsW9O33)2]12- (1red.C2v), the structural arrangement is 

similar to the D3h polyanion [(VO)3(AsW9O33)2]12- except the vanadium-based triangle linking the 

two {AsW9} units (see Figure 4B). In the C2v arrangement, the three vanadium centers form an 

isosceles triangle with two short sides (V×××V = 4.7 Å) and one longer (V×××V = 5.3 Å). This 

distortion is due to the presence of a six-fold coordinated vanadium center adopting a pseudo 

octahedral environment. The {V=O} group of this vanadium center is directed toward the inner 

cavity of POMs (see Figure 4B), while the two other vanadium centers point toward the exterior 

as observed in the D3h POM. Furthermore, the coordination shell of the six-fold coordinated 

vanadium is completed by a binding water molecule (dV-O = 2.27(2) Å). Three sodium ions are 

located in sites alternating with vanadium atoms (see Figure 4B).  

X-ray diffraction studies and previous reported results highlight the possibility to incorporate an 

oxygen atom within the inner cavity delimited by the two AsIII through the 180° rotation of one 

{V=O} group. Actually, the size of the inner space should be strongly affected by the nature of the 

two heteroatoms X. As showed in Figure 4, this space appears quite cancelled when the ionic 

radius of the X3+ ion increases from 1.85 Å (for X = As) to 2.05 Å (for X = Sb). Furthermore, 

electrostatic repulsions between the lone pair of the XIII atoms and the inner oxygen atom must be 

also considered. Finally, steric hindrance and unfavorable electrostatic interactions are probably 

large enough within the Sb-containing derivative to prevent the formation of the C2v species. 
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Conversely, as the size of the heteroatom is reduced, the resulting increase of the inner space offers 

the possibility to contain one oxygen atom of one {V=O} moiety, leading to the formation of the 

C2v arrangement.  

 

Table 2: Bond lengths and bond valence sums of the reduced (VIV-containing) and oxidized (VV-

containing) polyoxoanions. The bond valence calculations have been performed according to the 

B and R0 parameters defined by Brown and Altermatt.53    

Compounds 1red.D3h 2red.D3h 1ox.D3h 2ox.D3h 1red.C2v 

Environment square 
pyramidal 

square 
pyramidal 

square 
pyramidal 

square 
pyramidal 

square 
pyramidal octahedral 

V=O (Å) 1.582(7) - 
1.605(7) 

1.591(7) - 
1.604(6) 

1.587(9) - 
1.59(1) 

1.57(1) - 
1.58(1) 1.62(2) 1.61(3) 

V-Ooxo (Å) 1.943(7) -
1.980(6) 

1.948(6) - 
1.991(7) 

1.863(8) - 
1.886(8) 

1.863(8) - 
1.882(9) 

1.95(2) - 
1.97(2) 

1.88(2) - 
1.94(2) 

V-OH2O (Å) - - - - - 2.27(2) 

W-O (Å) 1.798(6) - 
1.825(7) 

1.808(7) - 
1.839(7) 

1.863(8) - 
1.880(8) 

1.876(8) - 
1.891(8) 1.80(1) - 1.83(1) 

Average BVSa of the V 
centers 4.16 4.13 5.15 5.15 4.22 

a For BVS calculations: B = 0.37; R0 = 1.804 (V5+) or 1.784 (V4+).  
 

Multinuclear NMR characterization of the oxidized derivatives.  
17O, 51V and 183W NMR spectra of the oxidized D3h Hervé-type POMs [(VO)3(XW9O33)2]9- with X 

= AsIII or SbIII recorded in aqueous solution are fully consistent with the presence of the D3h 

polyoxoanions (see Figure 5). 

The 183W NMR spectrum of D3h Hervé-type POM [(VO)3(AsW9O33)2]9- as potassium salt (1ox.D3h 

dissolved in D2O) revealed two resonance lines. These two signals, located at -99.2 and -128.3 ppm 

with a signal area ratio of 2:1 and should be assigned to the six-W belt and to the three-W cap of 

the D3h polyanion, respectively. Furthermore, the three-W cap resonance appears quite narrow 

(Δn1/2 < 2 Hz) while the signal of the six-W belt exhibits a significant broadening (Δn1/2 = 28 Hz) 

due to their proximity to the 51V quadrupolar nucleus (I = 7/2). The 51V NMR spectrum exhibits 

only one signal located at -541 ppm. The 51V NMR spectrum of freshly dissolved 

[(VO)3(SbW9O33)2]9- as potassium salt (powder of 2ox.D3h dissolved in D2O) shows only one single 

peak located at -532 ppm, while the 183W NMR spectrum exhibits two signals located at -89.8 

(Δn1/2 = 25 Hz) and -118.2 ppm (Δn1/2 < 2 Hz) with intensity ratio 2:1 corresponding respectively 
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to the six-W belt and three-W cap of the two equivalent {α-B-SbW9O33} subunits. We note the 

low-field shift of both 183W and 51V NMR signals in [(VO)3(SbW9O33)2]9- when compared to 

[(VO)3(AsW9O33)2]9- by about 10 ppm. Such magnetic shielding is a typical effect of heavier Sb 

nucleus by comparison to As.33,54  

 

 
Figure 5. 183W (A), 51V (B), and 17O (C) NMR spectra of the D3h polyanions [(VO)3(AsW9O33)2]9- 
(blue spectra) and [(VO)3(AsW9O33)2]9- (red spectra) in aqueous solution.  
 
17O NMR provides further structural information in relationship to the diversity of O sites in POMs. 

The aqueous solution of the D3h [(VO)3(XW9O33)2]9- anion gives 17O NMR spectrum showing nine 

lines with the expected 2:2:2:4:2:4:2:4:1 intensity ratio. The chemical shift and linewidth data are 

listed in Table 3. We note the strong shielding effect on the resonances corresponding to the 

terminal and bridging oxygen atoms linked to vanadium by comparison to those attributed to {W-

O} groups.55 Furthermore, the {XO3} resonance appear quite sensitive to the nature of heteroatom 

X leading to a significant deshielding effect at the 17O nuclei when As is substituted for Sb atom. 
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Besides, the remaining 17O resonances appear rather few affected through the nature of X and 

undergo variations less than 10 ppm (see Table 3). Such effects, although small, should translate 

the slight variations of bond distances and angles when As is changed by the bulkier Sb heteroatom 

in the {α-B-XW9O33} subunits.  

Table 3: NMR data of D3h polyanion of [(VO)3(XW9O33)2]9-, X = AsIII  and SbIII.   

 Multiplicity 
X = As 

d / ppm (Δn1/2 / Hz) 
X = Sb 

d / ppm (Δn1/2 / Hz) 
51V site  

V=O 1 -541 (350) -532 (390) 
183W sites 

W-cap 1 -128.3 (2) -118.2 (2) 
W-belt 2 -99.2 (28) -89.8 (25) 

17O sites  
XO3 2 88.4 (640) 67.3 (540) 

W-O-W 

2 387.7 (160) 395.7 (140) 
2 400.1 (320) 405.3 (130) 
4 415.5 (110)  418.1 (120)  
2 418.6 (320) 424.0 (180) 

W-O-V 4 546.7 (560) 537.7 (380) 

W=O 2 731.3 (220) 735.3 (140) 
4 737.4 (200)  742.3 (200)  

V=O 1 1199.4 (290) 1199.3 (260) 
 

The 51V and 183W NMR investigations of the freshly oxidized solution of 1red.C2v clearly indicate 

the coexistence of two species. The 183W NMR spectrum (see Figure S4) is featured by four minor 

signals, and two main resonance lines that correspond to D3h Hervé-type POM [(VO)3(AsW9O33)2]9-

. For the oxidized C2v polyanion [(H2O)(VO)3(AsW9O33)2]9-, we expectfive peaks with relative 

intensity of 1:2:2:2:2. The four minor signals have been observed at -90.9 (Δn1/2 = 19 Hz), -126.4 

(Δn1/2 = 19 Hz), -134.7 (Δn1/2 = 5 Hz) and -144.6 ppm (Δn1/2 = 5 Hz) with intensity ratio close to 

2:2:2:1 (6% / 4% / 7% / 3%), respectively. These signals should be consistent with the presence of 

the C2v polyanion, although one additional broad peak integrating for 2 is missing, probably due to 

an accidental degeneracy with the broad -99.2 ppm signal of the six-W belt from the D3h 

arrangement. Such hypothesis could be supported by the slight overestimation of its intensity 

(+5%) with respect to the expected value from the intensity of the three-W cap of the D3h 

polyanion. Actually, proportion of the two POMs can be estimated on the basis of our hypothesis, 

leading to 70% for the D3h species and 30% for the other C2v anion. While three 51V resonances are 

expected for mixture of both isomers, the presence of two peaks located at -541 and -530 ppm is 
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probably due to still an accidental overlapping. As expected, the conversion process of the C2v 

species into D3h polyanion [(VO)3(AsW9O33)2]9- is accelerated by the heating. After heating 90 °C 

during 5 h, a single 51V resonance located at -541 ppm is observed (see Figure S4). In a similar 

way, the 183W NMR spectrum of the heated solution revealed also a pure solution of D3h polyanion 

[(VO)3(AsW9O33)2]9- (see Figure S4). Supported by structural X-ray analyses and NMR studies, we 

have show that the C2v polyanion [(H2O)(VO)3(AsW9O33)2]9/12- is thermodynamically unstable and 

can be selectively converted into the D3h anions. A possible explanation of the thermodynamic 

instability of the C2v polyanion is that water molecule linked to one vanadium center, produced 

locally a structuration of the solvent water molecules. This induces an energy cost that can be 

eliminated by reversal the V=O bond pointed initially toward the cavity. This process leads to the 

D3h polyanion exhibiting exclusively terminal oxo groups exposed to the solvent.  

Hydrolytic stability of the D3h oxidized derivatives. The stability of the oxidized D3h forms 

[(VO)3(XW9O33)2]9- with X = AsIII and SbIII have been studied in aqueous solution by 51V NMR in 

the pH range 0 to 9.5 (Figure S5). For both compounds, the 51V NMR features do not change for 

pH values between 1 and 6. A continuous downfield shift of the 51V NMR signal is however 

observed for the pH values below 1, indicating the protonation of the POM units in such conditions 

(see Figure S6). Actually, these results indicate the fair stability of the oxidized POMs in acidic 

medium. Nevertheless, the [(VO)3(SbW9O33)2]9- anion starts to decompose at about pH = 6.3 and 

disappear completely above pH = 6.8 (Figure S5). On the other hand, [(VO)3(AsW9O33)2]9- species 

can still persist at pH 8.4 and decomposition only begins at pH = 7.3. In this pH range, the narrow 
51V NMR signal located at -509 ppm is consistent with the presence of mixed-metal Lindqvist 

anion cis-[W4V2O19]4-,18,56 which corresponds to the single vanadium-containing decomposition 

product. Furthermore, such a study suggests that the As derivative is more robust than the Sb 

derivative toward basic degradation.  

Electrochemical behavior. The cyclic voltammograms (CVs) of the D3h derivatives have been 

measured in sulfate electrolytes (0.5 M) with pH values varying from about 0.3 to 6. Besides, the 

investigations revealed that the oxidized [(VO)3(XW9O33)2]9- or reduced [(VO)3(XW9O33)2]12- 

species exhibit perfectly superimposed CVs. Furthermore, electrochemical features do not allow 

discriminating between the AsIII and the SbIII derivatives (see Figure S7 for electrochemical data 

of SbIII derivative), both leading to comparable electrochemical behavior in the 0-6 pH range. Then, 
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only the electrochemical behavior of the AsIII derivative [(VO)3(AsW9O33)2]9- (1ox.D3h) is described 

hereafter in details.  

CVs of [(VO)3(AsW9O33)2]9- shown in Figure 6a reveals that electrochemical behavior is strongly 

dependent upon pH. Besides, it should be worth mentioning that current variations of the anodic 

and cathodic peak exhibit both a linear dependence upon square root of the potential scan rate, 

indicating a diffusion-controlled electron-transfer kinetic (see Figure S8). At pH = 0.3, the CV 

pattern is consistent with a quasi-reversible 3-electron redox wave (VV
3/VIV

3) which corresponds 

to the simultaneous three one-electron transfers involving the three equivalent vanadium centers. 

The apparent E1/2 of this redox wave is observed at +0.49 V vs Ag/AgCl. Coulometric studies, 

supported by UV-vis spectrometry have confirmed that this electrochemical event involves three 

electrons (see Figure S9). Interestingly, this 3-electron transfer appears altered significantly with 

pH. As shown in Figure 6, pH increasing provokes the concomitant monotone decrease of the 

apparent E1/2 potential and the gradual splitting of the three-electron transfer into three successive 

monoelectronic events identified at + 0.47, +0.39 and +0.27 V vs Ag-AgCl (see Figures 6a and 

6b). Splitting of the 3-electron wave becomes visible at pH = 1.5. At pH = 2, two distinct redox 

waves are distinguished, corresponding to a mono-electronic and a bi-electronic redox transfer 

located at +0.47 and +0.39 V vs Ag/AgCl, respectively. Increasing pH further induces the complete 

splitting of the bi-electronic redox event. At pH = 4.5, three quasi-reversible and successive mono-

electronic redox waves are observed clearly at +0.47, +0.39 and +0.27 V vs Ag/AgCl. For higher 

pH up to 6, the CV remains almost unchanged and corresponds to that reported by Yamase et al. 

as preliminary electrochemical study of the reduced [(VO)3(SbW9O33)2]12- anion.23 
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Figure 6. a) Cyclic voltammograms of 2 mM solutions of [(VO)3(AsW9O33)2]9- at different pH 
(from 0.3 to 4.5). Scan rate: 10 mV/s; b) Variation of apparent potentials of the different redox 
events as a function of acidity. Experimental points are represented by circles. The six different 
redox processes identified are labeled by roman numbers. The pH-dependency of the redox events 
I, III and V is about -65 mV/pH unit.   

In summary, the electrochemical behavior of the oxidized compounds [(VO)3(AsW9O33)2]9- (noted 

{VV
3}9-) is strongly altered over the 0 - 4.5 pH range, as shown by the potential-pH diagrammatic 

representation given in Figure 6b. The diagram delimits six domains numbered from I to VI (see 

Figure 6b). The redox domains labeled I, III and IV correspond to three pH-dependent redox 

processes which involves a trielectronic, a bielectronic and a monoelectronic process, respectively. 

The average slope of ~ -65 mV/pH unit is close to the theoretical value (- 59 mV/unit pH) expected 

for a simultaneous exchange of equal number of electrons and protons. Conversely, the domains 

labeled II, IV, VI correspond to three pH-independent monoelectronic redox couples. Then, these 

domains I-VI are representative of six redox events given in Table 4. 

  

Table 4: Redox couples, related equations and potentials (V vs Ag/AgCl) illustrating the redox 

behavior of the sandwich-type anion [(VO)3(AsW9O33)2]9- (1ox.D3h) over the 0-6 pH range. 

Domain pH range Redox couple Redox equation E1/2 (pH = 0) 
I pH < 0.8 {VV3}/{H3VIV3} {VV3}9- + 3 e- + 3 H+ → {H3VIV3}9- +0.52 

II pH > 0.8 {VV3}/{VV2VIV} {VV3}9- + 1 e- → {VIV1VV2}10- +0.47 
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III 0.8 – 1.6 {VV2VIV}/{H2VIV3} {VIV1VV2}10- + 2 e- + 2 H+ → {H2VIV3}10- +0.52 

IV pH > 1.6 {VV2VIV1}/{VV1VIV2} {VV2VIV1}10- + 1 e- → {VV1VIV2}11- +0.39 

V 1.6 - 3 {VV1VIV2}/{HVIV3} {VV1VIV2}11- + 1 e- + H+ → {HVIV3}11- +0.52 

VI pH > 3 {VV1VIV2}/{VIV3} {VV1VIV2}11- + 1 e-  → {VIV3}12- +0.27 

 

Furthermore, this electrochemical study allows estimating the pKa values of the 3-electron reduced 

form [(VO)3(AsW9O33)2]12- which three weak acidities at pKa1 ~0.8, pKa2 ~1.5 and pKa3 ~3). It is 

worth to note that the evolution of the electronic spectra of the [(VO)3(AsW9O33)2]12- as a function 

of the pH (see Figure S10) shows a blue shift of the absorption maximum wavelength associated 

to the d-d transitions of the vanadyl centers when the pH decreases from ~3 to ~0.7. This 

observation is in good agreement with the electrochemical conclusions concerning the weak acidic 

properties of the reduced D3h polyanion [(VO)3(AsW9O33)2]12-.   

Cyclic voltammograms (CVs) of the C2v polyanion [(H2O)(VO)3(AsW9O33)2]12- has been measured 

at pH = 0.3 and 4.5 in similar conditions to those used for the analysis of C2v polyanion 

[(H2O)(VO)3(AsW9O33)2]12-. The comparison of the CVs (see Figure S11), revealed the redox 

properties of the C2v polyanion does not differ significantly to those of D3h polyanion 

[(VO)3(AsW9O33)2]12-. Nevertheless, the redox event appears much less defined especially for pH 

= 4.5, suggesting not fully reversible redox process. This is probably due to the presence of one 

V=O bond directed toward the center of the cavity that change the geometry of the three V-centers 

from square pyramidal to octahedral. This terminal oxygen atom certainly induces a steric 

hindrance that limit the shrinkage of the V-O bonds during the oxidation of the V centers. As a 

consequence of this lack of reversibility, a part of the C2v polyanion can be converted into the D3h 

polyanion in which no oxygen atoms are in the central cavity. This hypothesis is confirmed by our 

multinuclear NMR studies that have revealed that the oxidized solution of 1red.C2v consists of a 

mixture of D3h (70%) and C2v (30%) species. 

 CONCLUSIONS 
This revisited study of the archetypical sandwich-type compound [(VO)3(XW9O33)2]12- firstly 

described by Yamase et al. (X= Sb)23 or Mialane et al. (X = As)21 provides further insights about 

structural and electrochemical features relevant with regard to potential applications in biology, 

catalysis or materials science. This report evidences that the fully oxidized vanadium (V) 

containing polyoxometalates [(VO)3(XW9O33)2]9- with X = AsIII or SbIII can be prepared by 
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selective electrochemical oxidation of the fully reduced D3h species [(VO)3(XW9O33)2]12-. 

Interestingly, such an electrochemical process consists of the oxidation of the three vanadyl 

centers, from V(IV) into V(V) which proceeds with a complete retention of the geometry of the 

vanadium centers. Besides, we evidenced the C2v polyanion [(H2O)(VO)3(AsW9O33)2]9/12- is 

thermodynamically unstable and can be selectively converted into the D3h anion.  The structural 

characterization of the reduced and oxidized species showed that the square pyramidal geometry 

of the three vanadium centers is retained while a significant shrinkage of the coordination sphere 

is observed as V(IV) ions are converted into V(V). Then, full evidence of the interconversion 

process between the two redox states prompted us to investigate further electrochemical properties 

of D3h polyanions. Actually, such a study revealed that redox properties of the [(VO)3(XW9O33)2]9-  

anions are strongly altered within [0 - 6] pH range. In acidic conditions (pH < 0.8), POM exhibits 

a single quasi-reversible wave corresponding to a 3e-/3H+ proton-coupled-electron-transfer 

(PCET). Such a transfer proceeds quasi-simultaneously because the vanadium centers are 

physically far from each other (V×××V = 5.3 Å), thus minimizing electrostatic effects that are fully 

cancelled through the concomitant proton-coupled transfer process. Such electrostatic effects 

become observable at higher pH wherein the net transfer of three electrons occurs successively 

within a narrow potential range. Multi-PCET are ubiquitous in energy conversion or storage 

reactions suggesting that such sandwich-type POMs {(VO)3(XW9O33)2} could be used as 

(electro)catalyst or as electrons reservoir for applications in relationship with societal challenges. 
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SYNOPSIS  

 

We report the electrochemical preparation and structural characterizations (17O, 51V, and 183W 

NMR and X-ray diffraction) of the fully oxidized VV containing polyanions [(VO)3(XW9O33)2]9- 

with X = AsIII or SbIII. Electrochemical studies reveal the three vanadium centers undergo one-

electron transfer through pH-dependent processes. Remarkably, this polyoxometalate exhibits a 

single quasi-reversible redox wave corresponding to a 3e-/3H+ proton-coupled-electron-transfer 

(PCET) in acidic conditions.  


