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1. Introduction  

Aluminum and its derivatives such as alloys, oxides, organometallics, and inorganic 
compounds have attracted considerable attention because of their extreme versatility and 
unique range of properties, including acidity, hardness, and electroconductivity (Cotton & 
Wilkinson, 1988). Since the properties and activities of an aluminum species are strongly 
dependent on the structures of the aluminum sites, the syntheses of aluminum compounds 
with structurally well-defined aluminum sites are considerably significant for the 
development of novel and efficient aluminum-based materials. However, the use of these 
well-defined aluminum sites is slightly limited by the conditions resulting from the 
hydrolysis of the aluminum species by water (Djurdjevic et al., 2000; Baes & Mesmer, 1976; 
Orvig, 1993; Akitt, 1989). 

Polyoxometalates have been of particular interest in the fields of catalytic chemistry, surface 
science, and materials science because their chemical properties such as redox potentials, 
acidities, and solubilities in various media can be finely tuned by choosing appropriate 
constituent elements and countercations (Pope, 1983; Pope & Müller, 1991, 1994). In 
particular, the coordination of metal ions to the vacant site(s) of lacunary polyoxometalates 
is one of the most effective techniques used for constructing efficient and well-defined active 
metal centers. Among various lacunary polyoxometalates, a series of Keggin-type 
phosphotungstates is one of the most useful types of lacunary polyoxometalates. Fig. 1 
shows some examples of lacunary Keggin-type phosphotungstates, i.e., mono-lacunary  
ǂ-Keggin [ǂ-PW11O39]7- (Contant, 1987), di-lacunary Ǆ-Keggin [Ǆ-PW10O36]7- (Domaille, 1990; 
Knoth, 1981), and tri-lacunary ǂ-Keggin [A-ǂ-PW9O34]9- (Domaille, 1990) phosphotungstates. 
Knoth and co-workers first synthesized the Keggin derivative (Bu4N)4(H)ClAlW11PO39 by 
the reaction of mono-lacunary ǂ-Keggin phosphotungstate with AlCl3 in dichloroethane 
(Knoth et al., 1983). However, only a few aluminum-coordinated polyoxometalates 
(determined by X-ray crystallographic analysis) have been reported, e.g., a monomeric,  
di-aluminum-substituted Ǆ-Keggin polyoxometalate TBA3H[Ǆ-SiW10O36{Al(OH2)}2(Ǎ-
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OH)2]⋅4H2O (TBA = tetra-n-butylammonium) (Kikukawa et al., 2008), a monomeric, mono-
aluminum-substituted ǂ-Keggin polyoxometalate K6H3[ZnW11O40Al]⋅9.5H2O (Yang et al., 
1997), and a dimeric aluminum complex having mono- and di-aluminum sites sandwiched 
by tri-lacunary ǂ-Keggin polyoxometalate K6Na[(A-PW9O34)2{W(OH)(OH2)}{Al(OH)(OH2)} 
{Al(Ǎ-OH)(OH2)2}2]⋅19H2O (Kato et al., 2010); these structures are shown in Fig. 2. 

 
Fig. 1. Some examples of lacunary phosphotungstates. The polyhedral representations of 
mono-lacunary ǂ-Keggin [ǂ-PW11O39]7- (left), di-lacunary Ǆ-Keggin [Ǆ-PW10O36]7- (center), 
and tri-lacunary ǂ-Keggin [A-ǂ-PW9O34]9- (right) phosphotungstates. The WO6 and internal 
PO4 groups are represented by the white octahedra and red tetrahedron, respectively. 

In this study, we successfully obtained a monomeric, ǂ-Keggin mono-aluminum-substituted 
polyoxotungstate in the form of crystals (suitable for X-ray structure analysis) of [(n-
C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] that were fully characterized by X-ray crystallography; 
elemental analysis; thermogravimetric/differential thermal analysis; Fourier transform 
infrared spectroscopy; and solution 31P, 27Al, and 183W nuclear magnetic resonance 
spectroscopies. Although the X-ray crystallography of [ǂ-PW11{Al(OH2)}O39]4- showed that 
the mono-aluminum-substituted site was not identified because of the high symmetry in the 
compound, the bonding mode (bond lengths and bond angles) were significantly influenced 
by the insertion of aluminum ions into the mono-vacant sites. In addition, density-functional-
theory (DFT) calculations showed a unique coordination sphere around the mono-
aluminum-substituted site in [ǂ-PW11{Al(OH2)}O39]4-; this was consistent with the X-ray 
crystal structure and spectroscopic results. In this paper, we report the complete details of 
the synthesis, molecular structure, and characterization of [(n-C4H9)4N]4[ǂ-PW11 

{Al(OH2)}O39]. 

2. Experimental section 

2.1 Materials 

K7[ǂ-PW11O39]⋅11H2O (Contant, 1987) and Cs7[Ǆ-PW10O36]⋅19H2O (Domaille, 1990; Knoth, 
1981) were prepared as described in the literature. The number of solvated water molecules 
was determined by thermogravimetric/differential thermal analyses. Acetonitrile-soluble, 
tetra-n-butylammonium salts of [ǂ-PW12O40]3- and [ǂ-PW11O39]7- were prepared by the 
addition of excess tetra-n-butylammonium bromide to the aqueous solutions of Na3[ǂ-
PW12O40]⋅16H2O (Rosenheim & Jaenicke, 1917) and K7[ǂ-PW11O39]⋅11H2O. All the reagents 
and solvents were obtained and used as received from commercial sources. Al(NO3)3⋅9H2O 
(Aldrich, 99.997% purity) was used in the synthesis. The X-ray crystal structure of 
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[(CH3)2NH2]4[ǂ-PW11ReVO40] (Kato et al., 2010) was resolved by SHELXS-97 (direct 
methods) and re-refined by SHELXL-97 (Sheldrick, 2008). The crystal data are as follows: 
C8H32N3O4PReW11: M = 3063.87, trigonal, space group R-3m, a = 16.53(2) Å, c = 25.21(4) Å,  
V = 5963(12) Å3, Z = 6, Dc = 5.119 g/cm3, R1 = 0.0559 (I > 2σ(I)) and wR2 = 0.1513 (for all 
data). The four dimethylammonium ions could not be identified due to the disorder 
(Nomiya et al., 2001, 2002; Weakley & Finke, 1990; Lin et al., 1993). CCDC number 851154. 

2.2 Instrumentation/analytical procedures 

The elemental analysis was carried out by using Mikroanalytisches Labor Pascher 
(Remagen, Germany). The sample was dried overnight at room temperature under 
pressures of 10-3 – 10-4 Torr before analysis. Infrared spectra were recorded on a Parkin 
Elmer Spectrum100 FT-IR spectrometer in KBr disks at room temperature. 
Thermogravimetric (TG) and differential thermal analyses (DTA) data were obtained using 
a Rigaku Thermo Plus 2 series TG/DTA TG 8120. TG/DTA measurements were performed 
in air by constantly increasing the temperature from 20 to 500 °C at a rate of 4 °C per min. 
The 31P nuclear magnetic resonance (NMR) (242.95 MHz) spectra in acetonitrile-d3 solution 
were recorded in tubes (outer diameter: 5 mm) on a JEOL ECA-600 NMR spectrometer. The 
31P NMR spectra were referenced to an external standard of 85% H3PO4 in a sealed capillary. 
Negative chemical shifts were reported on the ǅ scale for resonance upfields of H3PO4 (ǅ 0). 
The 27Al NMR (156.36 MHz) spectrum in acetonitrile-d3 was recorded in tubes (outer 
diameter: 5 mm) on a JEOL ECA-600 NMR spectrometer. The 27Al NMR spectrum was 
referenced to an external standard of saturated AlCl3-D2O solution (substitution method). 
Chemical shifts were reported as positive on the ǅ scale for resonance downfields of AlCl3 (ǅ 
0). The 183W NMR (25.00 MHz) spectra were recorded in tubes (outer diameter: 10 mm) on a 
JEOL ECA-600 NMR spectrometer. The 183W NMR spectra measured in acetonitrile-d3 were 
referenced to an external standard of saturated Na2WO4-D2O solution (substitution method).  

 
Fig. 2. The polyhedral representation of K6H3[ZnW11O40Al]⋅9.5H2O (left), TBA3H[Ǆ-SiW10- 

O36{Al(OH2)}2(Ǎ-OH)2]⋅4H2O (TBA = tetra-n-butylammonium) (center), and K6Na[(A-PW9- 

O34)2{W(OH)(OH2)}{Al(OH)(OH2)}{Al(Ǎ-OH)(OH2)2}2]⋅19H2O (right). The aluminum groups 
are represented by the blue octahedra. The WO6 groups are represented by white octahedra. 
The internal ZnO4, SiO4, and PO4 groups are represented by green, yellow, and red 
tetrahedra, respectively. 
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Chemical shifts were reported as negative for resonance upfields of Na2WO4 (ǅ 0). 
Potentiometric titration was carried out with 0.4 mol/L tetra-n-butylammonium hydroxide 
as a titrant under argon atmosphere (Weiner et al., 1996). The compound [(n-C4H9)4N]4[ǂ-
PW11{Al(OH2)}O39] (0.018 mmol) was dissolved in acetonitrile (30 mL) at 25 °C and the 
solution was stirred for approximately 5 min. The titration data were obtained with a pH 
meter (Mettler Toledo). Data points were obtained in milivolt. A solution of tetra-n-
butylammonium hydroxide (9.0 mmol/L) was syringed into the suspension in 0.25-
equivalent intervals. 

2.3 Synthesis of [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39] 

Cs7[Ǆ-PW10O36]⋅19H2O (2.00 g; 0.538 mmol) was dissolved in water (600 mL) at 40 °C, and 
solid Al(NO3)3⋅9H2O (0.250 g, 0.666 mmol) was added to the colorless clear solution. After 
stirring for 1 h at 40 ºC, a solid [(n-C4H9)4N]4Br (12.14 g; 37.7 mmol) was added to the 
solution, followed by stirring at 25 °C for 3 days. The white precipitate was collected on a 
glass frit (G4) and washed with water (ca. 1 L). At this stage, a crude product was obtained 
in a 1.662 g yield. The crude product (1.662 g) was dissolved in acetonitrile (10 mL), 
followed by filtering through a folded filter paper (Whatman #5). After the product was left 
standing for a week at 25 °C, colorless platelet crystals were formed. The obtained crystals 
weighted 0.752 g (the yield calculated considering that [mol of [(n-C4H9)4N]4[ǂ-
PW11{Al(OH2)}O39]/[mol of Cs7[Ǆ-PW10O36]⋅19H2O] × 100 was 36.9%). The elemental 
analysis results were as follows: C, 20.73; H, 4.00; N, 1.58; P, 0.84; Al, 0.77; W, 54.6; Cs, 
<0.1%. The calculated values for [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] = C64H146AlN4O40PW11: 
C, 20.82; H, 3.99; N, 1.52; P, 0.84; Al, 0.73; W, 54.77; Cs, 0%. A weight loss of 2.16% was 
observed in the product during overnight drying at room temperature under 10-3–10-4 Torr 
before the analysis, thereby suggesting the presence of two weakly solvated or adsorbed 
acetonitrile molecules (2.18%). TG/DTA under atmospheric conditions showed a weight 
loss of 31.0% with an exothermic peak at 337 °C was observed in the temperature range 
from 25 to 500 °C; our calculations indicated the presence of four [(C4H9)4N]+ ions, two 
acetonitrile molecules, and a water molecule (calcd. 28.4%). The results were as follows: IR 
soectroscopy results (KBr disk): 1078s, 964s, 887s, 818s, 749m, 702w, 518w cm–1; 31P NMR 
(25°C, acetonitrile-d3): ǅ  -12.5; 27Al NMR (25 °C, acetonitrile-d3): ǅ 16.1; 183W NMR (25 °C, 
acetonitrile-d3): δ -56.2 (2W), -93.1 (2W), -108.6 (2W), -115.8 (2W), -118.5 (1W), -153.9 (2W). 

2.4 X-Ray crystallography 

A colorless platelet crystal of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] (0.16 × 0.16 × 0.01 mm3) 
was mounted on a MicroMount. All measurements were made on a Rigaku VariMax with a 
Saturn diffractometer using multi-layer mirror monochromated Mo Kǂ radiation  
(ǌ= 0.71075 Å) at 93 K. Data were collected and processed using CrystalClear for Windows, 
and structural analysis was performed using the CrystalStructure for Windows. The 
structure was solved by SHELXS-97 (direct methods) and refined by SHELXL-97 (Sheldrick, 
2008). Since one aluminum atom was disordering over twelve tungsten sites in  
[ǂ-PW11{Al(OH2)}O39]4-, the occupancies for the aluminum and tungsten sites were fixed at 
1/12 and 11/12 throughtout the refinement. Four tetra-n-butylammonium ions could not be 
modelled with disordered atoms. Accordingly, the residual electron density was removed 
using the SQUEEZE routine in PLATON (Spek, 2009). 
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2.5 Crystal data for [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39] 

C64H146AlN4O40PW11; M = 3692.17, cubic, space group Im-3m (#229), a = 17.665(2) Å, V = 
5512.2(8) Å3, Z = 2, Dc = 2.224 g/cm3, Ǎ(Mo-Kǂ) = 115.313 cm-1. R1 = 0.0220 (I > 2σ(I)) and 
wR2 = 0.0554 (for all data). GOF = 1.093 (22662 total reflections, 652 unique reflections where 
I > 2σ(I)). CCDC number 851155. 

2.6 Computational details 

The optimal geometry of [ǂ-PW11{Al(OH2)}O39]4- was computed by means of a DFT method. 
First, we optimized the crystal geometries and followed this up with single-point 
calculations with larger basis sets. All calculations were performed by a spin-restricted 
B3LYP on Gaussian09 program package (Frisch et al., 2009). The basis sets used for the 
geometry optimization were LANL2DZ for W atoms, 6-31+G* for P atoms and 6-31G* for H, 
O, and Al atoms. LANL2DZ and 6-31+G* were used for W and other atoms, respectively, for 
the single-point calculations. The geometry optimizations were started using the X-ray 
structure of [α-PW12O40]3- as an initial geometry, and they were performed under the gas 
phase condition. The optimized geometries were confirmed to be true minima by frequency 
analyses. All atomic charges used in this text were obtained from Mulliken population 
analysis. 

3. Results and discussion 

3.1 Synthesis and molecular formula of [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39]  

The tetra-n-butylammonium salt of [ǂ-PW11{Al(OH2)}O39]4- was formed by the direct 
reaction of aluminum nitrate with [Ǆ-PW10O36]7- (the molar ratio of Al3+:[Ǆ-PW10O36]7- was 
ca. 1.0) in an aqueous solution at 40 ºC under air, followed by the addition of excess tetra-
n-butylammonium bromide. The crystallization was performed by slow-evaporation from 
acetonitrile at 25 ºC. During the formation of [ǂ-PW11{Al(OH2)}O39]4-, the decomposition 
of a di-lacunary Ǆ-Keggin polyoxotungstate, and isomerization of Ǆ-isomer to ǂ-isomer 
occurred in order to construct the mono-aluminum-substituted site in an ǂ-Keggin 
structure. It was noted that the polyoxoanion [ǂ-PW11{Al(OH2)}O39]4- was easily obtained 
by the stoichiometric reaction of aluminum nitrate with a mono-lacunary ǂ-Keggin 
polyoxotungstate, [ǂ-PW11O39]7-, in an aqueous solution; however, a single species of  
[ǂ-PW11{Al(OH2)}O39]4- could not be obtained as a tetra-n-butylammonium salt by using  
[ǂ-PW11O39]7- as a starting polyoxoanion.1 Thus, single crystals that were suitable for X-
ray crystallography could be obtained for the crystallization of the tetra-n-
butylammonium salt of [ǂ-PW11{Al(OH2)}O39]4- synthesized by using a di-lacunary Ǆ-
Keggin polyoxotungstate. 

                                                 
1 The 31P NMR spectrum in acetonitrile-d3 of the tetra-n-butylammonium salt of [ǂ-PW11{Al(OH2)}O39]4- 
prepared by the stoichiometic reaction of [ǂ-PW11O39]7- with Al(NO3)3⋅9H2O in an aqueous solution 
showed two signals at -12.35 ppm and -12.48 ppm. The signal at -12.48 ppm was assigned to the internal 
phosphorus atom in [ǂ-PW11{Al(OH2)}O39]4-, whereas the signal at -12.35 ppm could not be identified; 
however, the signal was not due to the proton isomer, as reported for 
[(CH3)2NH2]10[Hf(PW11O39)2]⋅8H2O (Hou et al., 2007). 
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The sample for the elemental analysis was dried overnight at room temperature under a 
vacuum of 10-3 – 10-4 Torr. The elemental results for C, H, N, P, Al, and W were in good 
agreement with the calculated values for the formula without any absorbed or solvated 
molecules for [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39].  

 

 

 

 
Fig. 3. Profile for the potentiometric titration of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] with 
tetra-n-butylammonium hydroxide as a titrant. 

The Cs analysis revealed no contamination of cesium ions from Cs7[Ǆ-PW10O36]⋅19H2O. The 
weight loss observed during the course of drying before the analysis was 2.16% for [(n-
C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]; this corresponded to two weakly solvated or adsorbed 
acetonitrile molecules. On the other hand, in the TG/DTA measurement performed under 
atmospheric conditions, a weight loss of 31.0% observed in the temperature range from 25 to 
500 °C corresponded to four tetra-n-butylammonium ions, two acetonitrile molecules, and a 
water molecule. 

From the potentiometric titration, a break point at 2.0 equivalents of added base was 
observed, as shown in Fig. 3. The titration profile revealed that [(n-C4H9)4N]4[ǂ-
PW11{Al(OH2)}O39] had two titratable protons dissociated from the Al-OH2 group. This 
result was consistent with the elemental analysis result. 
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3.2 The molecular structure of [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39] 

The molecular structure of [ǂ-PW11{Al(OH2)}O39]4- as determined by X-ray crystallography 
is shown in Figs. 4 and 5. The bond lengths and bond angles are summarized in appendix. 
The molecular structure of [ǂ-PW11{Al(OH2)}O39]4- was identical to that of a monomeric, ǂ-
Keggin polyoxotungstate [ǂ-PW12O40]3- (Neiwert et al., 2002; Busbongthong & Ozeki, 2009). 
Due to the high symmetry space group, the eleven tungsten(VI) atoms were disordered and 
the mono-aluminum-substituted site was not identified, as observed for [W9ReO32]5- (Ortéga 
et al., 1997), [ǂ-PW11ReVO40]5- (Kato et al., 2010), [{SiW11O39Cu(H2O)}{Cu2(ac)- 
(phen)2(H2O)}]14- (phen = phenanthroline, ac = acetate) (Reinoso et al., 2006), 
(ANIH)5[PCu(H2O)W11O39](ANI)⋅8H2O (ANI = aniline, ANIH+ = anilinium ion) (Fukaya et 
al., 2011), Cs5[PMn(H2O)W11O39]⋅4H2O (Patel et al., 2011), and Cs5[PNi(H2O)W11O39]⋅2H2O 
(T. J. R. Weakley, 1987). However, the bond lengths of [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39] 
were clearly influenced by the insertion of aluminum ion into the vacant site as compared 
with those of [CH3NH3]3[PW12O40]⋅2H2O, [(CH3)2NH2]3[PW12O40], and [(CH3)3NH]3- 

[PW12O40] (Busbongthong & Ozeki, 2009) (Table 1). Thus, the lengths of the oxygen atoms 
belonging to the central PO4 tetrahedron (Oa) are longer than those of the three 
alkylammonium salts of [PW12O40]3-; whereas, the lengths of the bridging oxygen atoms 
between corner-sharing MO6 (M = W and Al) octahedra (Oc) and bridging oxygen atoms 
between edge-sharing MO6 octahedra (Oe) are shorter than those of [PW12O40]3-. For 
comparisons, the bond lengths of mono-metal-substituted ǂ-Keggin phosphotungstates, e.g., 
[(CH3)2NH2]4[ǂ-PW11ReVO40], (ANIH)5[PCu(H2O)W11O39](ANI)⋅8H2O (ANI = aniline,  

 
Fig. 4. The molecular structure (ORTEP drawing) of [ǂ-PW11{Al(OH2)}O39]4-.  

P(1) 

O(2) 

O(1) 
W(Al)(1) 

O(3) 
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[(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]
W(Al)-Oa 2.466 (2.466)
W(Al)-Oc 1.883 (1.883)
W(Al)-Oe 1.883 (1.883)
W(Al)-Ot 1.667 (1.667)
P-O 1.5206 (1.5206)

[CH3NH3]3[ǂ-PW12O40]⋅2H2O
W-Oa 2.4077 - 2.4606 (2.4398)
W-Oc 1.8766 - 1.9407 (1.9076)
W-Oe 1.8808 - 1.9448 (1.9166)
W-Ot 1.6818 - 1.7068 (1.6951)
P-O 1.5286 - 1.5377 (1.5324)

[(CH3)2NH2]3[ǂ-PW12O40]
W-Oa 2.4273 - 2.4568 (2.4430)
W-Oc 1.9044 - 1.9164 (1.9103)
W-Oe 1.9029 - 1.9234 (1.9158)
W-Ot 1.7000 - 1.7038 (1.7026)
P-O 1.5220 - 1.5348 (1.5313)

[(CH3)3NH]3[ǂ-PW12O40]
W-Oa 2.4313 – 2.4497 (2.4313)
W-Oc 1.8840 – 1.9286 (1.9127)
W-Oe 1.8996 – 1.9437 (1.9186)
W-Ot 1.6890 - 1.6970 (1.6933)
P-O 1.5296 – 1.5355 (1.5340)

Table 1. Ranges and mean bond distances (Å) for [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39], and 
the three alkylammonium salts of [PW12O40]3-. The terms Oa, Oc, Oe, and Ot are explained in 
Fig. 5. The mean values are provided in parentheses. 

 
Fig. 5. The polyhedral representation of [ǂ-PW11{Al(OH2)}O39]4-. In the polyhedral 
representation, the AlO6 and WO6 groups are represented by blue and white octahedra, 
respectively. The internal PO4 group is represented by the red tetrahedron. Further, Oa, 

Oa 
Oc 

Oe Ot 
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oxygen atoms belonging to the central PO4 tetrahedron; Oc, bridging oxygen atoms between 
corner-sharing MO6 (M = Al and W) octahedra; Oe, bridging oxygen atoms between edge-
sharing MO6 octahedra (M = Al and W); Ot, terminal oxygen atoms. 

ANIH+ = anilinium ion), Cs5[PMn(H2O)W11O39]⋅4H2O, and Cs5[PNi(H2O)W11O39]⋅2H2O as 
determined by X-ray crystallography are summarized in Table 2. Although a simple 
comparison was difficult to draw, the following trends were observed: The W-Oa bond 
lengths of [PCu(H2O)W11O39]5-, [PMn(H2O)W11O39]5-, and [PNi(H2O)W11O39]5- were 
significantly longer than those of [ǂ-PW12O40]3- and [ǂ-PW11ReVO40]4-, as observed for [ǂ-
PW11{Al(OH2)}O39]4- due to the presence of a water molecule coordinated to the mono-
metal-substituted sites. The W(M)-Oc and W(M)-Oe (M = Re, Cu, Mn, and Ni) bond 
lengths of the four polyoxoanions mentioned in Table 2 were similar to those of [ǂ-
PW12O40]3-, whereas, the bond lengths of [α-PW11{Al(OH2)}O39]4- were clearly shorter than 
those of [ǂ-PW12O40]3-. 

 [(CH3)2NH2]4[α-PW11ReVO40] 
W(Re)-Oa 2.418 – 2.441 (2.432) 
W(Re)-Oc 1.896 – 1.914 (1.906) 
W(Re)-Oe 1.895 – 1.922 (1.907) 
W(Re)-Ot 1.647 – 1.694 (1.680) 
P-O 1.538 – 1.540 (1.539) 
 (ANIH)5[PCu(H2O)W11O39](ANI)⋅8H2O 
W(Cu)-Oa 2.4784 - 2.5044 (2.4916) 
W(Cu)-Oc 1.8946 - 1.9277 (1.9077) 
W(Cu)-Oe 1.8946 - 1.9277 (1.9077) 
W(Cu)-Ot 1.7163 - 1.7220 (1.7178) 
P-O 1.4925 - 1.5078 (1.4965) 
 Cs5[PMn(H2O)W11O39]⋅4H2O 
W(Mn)-Oa 2.4220 - 2.5520 (2.4874) 
W(Mn)-Oc 1.9223 - 1.8698(1.9051) 
W(Mn)-Oe 1.8689 - 1.9620 (1.9079) 
W(Mn)-Ot 1.6678 - 1.752(1.6889) 
P-O 1.4902 - 1.602 (1.5265) 
 Cs5[PNi(H2O)W11O39]⋅2H2O 
W(Ni)-Oa 2.4013 - 2.5152 (2.4792) 
W(Ni)-Oc 1.8628 - 1.9430 (1.8974) 
W(Ni)-Oe 1.8633 - 1.9421 (1.8964) 
W(Ni)-Ot 1.6714 - 1.7354 (1.7010) 
P-O 1.5150 - 1.5256 (1.5209) 

Table 2. Ranges and mean bond distances (Å) for four mono-metal-substituted ǂ-Keggin 
phosphotungstates. The terms Oa and Ot are explained in Fig. 5. The terms Oc and Oe 
indicate bridging oxygen atoms between corner- and edge-sharing MO6 (M = W, Re, Cu, 
Mn, Ni) octahedra. The mean values are provided in parentheses. 

To investigate the coordination sphere around the mono-aluminum-substituted site in [ǂ-
PW11{Al(OH2)}O39]4-, the optimized geometry was computed by means of a DFT method, as 
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shown in Figs. 6 and 7. The ranges and mean bond distances, and the Millken charges for 
the DFT-optimized [ǂ-PW11{Al(OH2)}O39]4- are summarized in Tables 3 and 4. It was noted 
that the mono-aluminum-substituted site was uniquely concave downward, which caused 
the extension of the P-O bond linkaged to the aluminum atom (1.5654 Å), whereas the Al-O 
bond linkaged to the internal phosphorus atom was shortened due to the insertion of the 
Al3+ ion that has a smaller ionic radius (0.675 Å) than that of W6+ (0.74 Å) into the mono-
vacant site (Shannon, 1976). The lengths of Al-O bonds at the corner- and edge-sharing Al-
O-W bondings were shorter than those of W-O bonds at the corner- and edge-sharing W-O-
W bondings, which caused shortening of the average W(Al)-O bond lengths, as observed by 
X-ray crystallography. 

The Mulliken charges of all oxygen atoms linkaged to aluminum atoms in  
[ǂ-PW11{Al(OH2)}O39]4- were more positive than those linkaged to tungsten atoms in  
[ǂ-PW12O40]3-; whereas the charges of oxygen atoms linkaged to tungsten atoms in  
[ǂ-PW11{Al(OH2)}O39]4- were similar to those in [ǂ-PW12O40]3-. In addition, the atomic charge 
of the phosphorus atom in [ǂ-PW11{Al(OH2)}O39]4- was more negative than that in  
[ǂ-PW12O40]3-. In the case of mono-vanadium(V)-substituted Keggin silicotungstate 
[SiW11VO40]5-, the net charge associated with the inner tetrahedron was very similar to that 
supported by SiO4 in [SiW12O40]4- (Maestre et al., 2001). Thus, the difference in the charge on 
the internal phosphorus atom for [ǂ-PW11{Al(OH2)}O39]4- and [ǂ-PW12O40]3- might be due to 
the gravitation of aluminum atoms towards the internal PO4 group. 

 

 
Fig. 6. The DFT-optimized geometry of [ǂ-PW11{Al(OH2)}O39]4-. The phosphorus, oxygen, 
aluminum, tungsten, and hydrogen atoms are represented by orange, red, pink, blue, and 
white balls, respectively. 
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Fig. 7. The coordination sphere around the mono-aluminum-substituted site in DFT-
optimized [ǂ-PW11{Al(OH2)}O39]4-. 

 [ǂ-PW11{Al(OH2)}O39]4- [ǂ-PW12O40]3-

W-Oa 2.4422 – 2.5140 (2.4702) 2.4568 – 2.4579 (2.4574) 
W-Oc 1.8311 – 1.9828 (1.9206) 1.9202 – 1.9216 (1.9209) 
W-Oe 1.8373 – 1.9918 (1.9267) 1.9262 – 1.9276 (1.9267) 
W-Ot 1.7196 – 1.7246 (1.7210) 1.7103 – 1.7106 (1.7105) 
P-O 1.5450 – 1.5654 (1.5517) 1.5530 – 1.5535 (1.5533) 
Al-Oa 1.9487 (1.9487) –
Al-Oc 1.8519, 1.8955 (1.8737) –
Al-Oe 1.8723, 1.9215 (1.8969) –
Al-OH2 2.0983 (2.0983) –

Table 3. Ranges and mean bond distances (Å) for [ǂ-PW11{Al(OH2)}O39]4- and [ǂ-PW12O40]3- 
optimized by DFT calculations. The terms Oa, Oc, Oe, and Ot are explained in Fig. 5.  
The average values are provided in parentheses. 

 [ǂ-PW11{Al(OH2)}O39]4- [ǂ-PW12O40]3-

Oa (W) -0.7356 – -0.8445 (-0.7734) -0.8951 – -0.8990 (-0.8968) 
Oc (W) -1.226 – -1.345 (-1.317) -1.353 – -1.355 (-1.353) 
Oe (W) -1.030 – -1.160 (-1.074) -1.085 – -1.087 (-1.086) 
Ot (W) -0.6757 – -0.6991 (-0.6882) -0.6273 – -0.6277 (-0.6275) 
P 7.255 (7.255) 9.256 (9.256)
W 2.101 – 2.343 (2.257) 2.343 – 2.346 (2.345)
Oa(Al) -0.1495 (-0.1495) -
Oc(Al) -0.3332, -0.5920 (-0.4626) -
Oe(Al) -0.4910, -0.7848 (-0.6379) -
Ot(Al) -0.5553 (-0.5553) -
Al -0.5307 (-0.5307) -
H 0.5754, 0.5796 (0.5775) -

Table 4. Mulliken charges computed for [ǂ-PW11{Al(OH2)}O39]4- and [ǂ-PW12O40]3-.  
The terms Oa(M), Oc(M), Oe(M), and Ot(M) (M = Al and W) are explained in Figs. 6 and 7.  
The average values are provided in parentheses. 
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3.2 Spectroscopic data for [(n-C4H9)4N]4[α-PW11{Al(OH2)}O39]  

The FTIR spectra measured as a KBr disk of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39], K7[ǂ-
PW11O39]⋅11H2O, Cs7[Ǆ-PW10O36]⋅19H2O, and Na3[ǂ-PW12O40]⋅16H2O are shown in Fig. 8. For  

 
Fig. 8. FTIR spectra (as KBr disks) in the range of 1800 – 400 cm-1 for [(n-C4H9)4N]4[ǂ-
PW11{Al(OH2)}O39] (top), K7[ǂ-PW11O39]⋅11H2O (the second top), Cs7[Ǆ-PW10O36]⋅19H2O (the 
third top), and Na3[ǂ-PW12O40]⋅16H2O (bottom) 
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[(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39], the P-O band was observed at 1078 cm-1, and the W-O 
bands were observed at 964, 887, 818, 749, and 702 cm-1, these were different from those of 
K7[ǂ-PW11O39]⋅11H2O (1086, 1043, 953, 903, 862, 810, and 734 cm-1) and Cs7[Ǆ-
PW10O36]⋅19H2O (1085, 1053, 1025, 952, 938, 893, 827, and 751 cm-1) (Rocchiccioli-Deltcheff 
et al., 1983; Thouvenot et al., 1984). This result suggested that the aluminum atom was 
coordinated into the vacant site in the polyoxometalate. It should be noted that the bands 
observed for [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] were significantly different from those of 
Na3[ǂ-PW12O40]⋅16H2O (1080, 984, 893, and 808 cm-1). This was consistent with the results 
observed by X-ray crystallography and DFT calculations, as mentioned above. 

The 31P NMR spectrum of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] in acetonitrile-d3 at ~25 °C 
was a clear single line spectrum at -12.5 ppm due to the internal phosphorus atom, 
thereby confirming the compound’s purity and homogeneity, as shown in Fig. 9. The 
signal exhibited a shift from the signals of tetra-n-butylammonium salts of [ǂ-PW12O40]3- 
(ǅ -14.6) and [ǂ-PW11O39]7- (ǅ -12.0), suggesting the insertion of aluminum ion into the 
vacant site. 
 

 
Fig. 9. 31P NMR spectrum in acetonitrile-d3 of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39].  

The 27Al NMR spectrum (Fig. 10) of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] in acetonitrile-d3 at 
~25 ºC showed a broad signal at 16.1 ppm due to the mono-aluminum-substituted site in [ǂ-
PW11{Al(OH2)}O39]4-. 

The 183W NMR spectrum (Fig. 11) of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] in acetonitrile-d3 
at ~25 ºC was a six-line spectrum of (ǅ -56.2, -93.1, -108.6, -115.8, -118.5, -153.9) with 
2:2:2:2:1:2 intensities, which were in accordance with the presence of eleven tungsten 
atoms with Cs symmetry. These spectral data were completely consistent with the X-ray 
structure and the optimized structure, suggesting that the solid structure was maintained 
in the solution. 
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Fig. 10. 27Al NMR spectrum in acetonitrile-d3 of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]. 

 
Fig. 11. 183W NMR spectrum in acetonitrile-d3 of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]. 

4. Conclusion 

The synthesis of a monomeric, mono-aluminum-substituted α-Keggin polyoxometalate is 
described in this study. We successfully obtained single crystals of acetonitrile-soluble tetra-
n-butylammonium salt [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39] by reacting aluminum nitrate 
with a di-lacunary Ǆ-Keggin phosphotungstate. The characterization of [(n-C4H9)4N]4[ǂ-
PW11{Al(OH2)}O39] was accomplished by X-ray crystallography, elemental analysis, 
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thermogravimetric/differential thermal analysis, Fourier transform infrared spectra, and 
solution 31P, 27Al, and 183W nuclear magnetic resonance spectroscopy. The single-crystal X-
ray structure analysis, revealed as [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39], was a monomeric, ǂ-
Keggin structure, and the mono-aluminum-substituted site could not be identified due to the 
high symmetry in the product. In contrast, the DFT-optimized geometry of [ǂ-
PW11{Al(OH2)}O39]4- showed that the mono-aluminum-substituted site was uniquely concave 
downward, which caused the extension of the P-O bond linkaged to the aluminum atom, 
whereas the Al-O bond linkaged to the phosphorus atom was shortened. This structural 
difference strongly influenced the bonding mode (bond lengths and bond angles) as 
determined by X-ray crystallography. In addition, the Mulliken charges clearly exhibited the 
effect caused by the insertion of aluminum atoms into the mono-vacant sites.  
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6. Appendix 

Bond lengths (Å) of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]: W(1)-O(1) 1.883(4); W(1)-O(1)1 
1.883(4); W(1)-O(1)2 1.883(4); W(1)-O(1)3 1.883(4); W(1)-O(2) 2.465(5); W(1)-O(2)4 2.465(5); 
W(1)-O(3) 1.667(4); P(1)-O(2) 1.522(5); P(1)-O(2)5 1.522(5); P(1)-O(2)6 1.522(5); P(1)-O(2)7 
1.522(5); P(1)-O(2)4 1.522(5); P(1)-O(2)8 1.522(5); P(1)-O(2)9 1.522(5); P(1)-O(2)10 1.522(5); 
Al(1)-O(1) 1.883(4); Al(1)-O(1)1 1.883(4); Al(1)-O(1)2 1.883(4); Al(1)-O(1)3 1.883(4); Al(1)-O(3) 
1.667(4). Symmetry operators: (1) X,Z,Y (2) Z,Y,-X+1 (3) Z,-X+1,Y (4) Y,Z,-X+1 (5) Y,Z,X (6) 
Z,X,Y (7) X,Y,-Z+1 (8) Z,X,-Y+1 (9) -Z+1,X,-Y+1 (10) -Y+1,-Z+1,-X+1. 

Bond angles (º) of [(n-C4H9)4N]4[ǂ-PW11{Al(OH2)}O39]: O(1)-W(1)-O(1)1 87.5(2); O(1)-W(1)-
O(1)2 87.08(18); O(1)-W(1)-O(1)3 154.8(2); O(1)-W(1)-O(2) 63.32(19); O(1)-W(1)-O(2)4 
92.40(18); O(1)-W(1)-O(3) 102.58(17); O(1)1-W(1)-O(1)2 154.8(2) O(1)1-W(1)-O(1)3 87.08(18); 
O(1)1-W(1)-O(2) 63.32(19); O(1)1-W(1)-O(2)4 92.40(18); O(1)1-W(1)-O(3) 102.58(17); O(1)2-
W(1)-O(1)3 87.5(2); O(1)2-W(1)-O(2) 92.40(18); O(1)2-W(1)-O(2)4 63.32(19); O(1)2-W(1)-O(3) 
102.58(17); O(1)3-W(1)-O(2) 92.40(18); O(1)3-W(1)-O(2)4 63.32(19); O(1)3-W(1)-O(3) 102.58(17); 
O(2)-W(1)-O(2)4 41.76(15); O(2)-W(1)-O(3) 159.12(11); O(2)4-W(1)-O(3) 159.12(11); O(2)-P(1)-
O(2)5 109.5(3); O(2)-P(1)-O(2)6 109.5(3); O(2)-P(1)-O(2)7 70.5(3); O(2)-P(1)-O(2)4 70.5(3); O(2)-
P(1)-O(2)8 180.0(4); O(2)-P(1)-O(2)9 109.5(3); O(2)-P(1)-O(2)10 70.5(3); O(2)5-P(1)-O(2)6 
109.5(3); O(2)5-P(1)-O(2)7 70.5(3); O(2)5-P(1)- O(2)4 70.5(3); O(2)5-P(1)-O(2)8 70.5(3); O(2)5-P(1)-
O(2)9 109.5(3); O(2)5-P(1)-O(2)10 180.0(4); O(2)6-P(1)-O(2)7 180.0(4); O(2)6-P(1)-O(2)4 70.5(3); 
O(2)6-P(1)-O(2)8 70.5(3); O(2)6-P(1)-O(2)9 109.5(3); O(2)6-P(1)-O(2)10 70.5(3); O(2)7-P(1)-O(2)4 
109.5(3); O(2)7-P(1)-O(2)8 109.5(3); O(2)7-P(1)-O(2)9 70.5(3); O(2)7-P(1)-O(2)10 109.5(3); O(2)4-
P(1)-O(2)8 109.5(3); O(2)4-P(1)-O(2)9 180.0(4); O(2)4-P(1)-O(2)10 109.5(3); O(2)8-P(1)-O(2)9 
70.5(3); O(2)8-P(1)-O(2)10 109.5(3); O(2)9-P(1)-O(2)10 70.5(3); O(1)-Al(1)-O(1)1 87.5(2); O(1)-
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Al(1)-O(1)2 87.08(18); O(1)-Al(1)–O(1)3 154.8(2); O(1)-Al(1)-O(3) 102.58(17); O(1)1-Al(1)-O(1)2 
154.8(2); O(1)1-Al(1)-O(1)3 87.08(18); O(1)1-Al(1)-O(3) 102.58(17); O(1)2-Al(1)-O(1)3 87.5(2); 
O(1)2-Al(1)-O(3) 102.58(17); O(1)3-Al(1)-O(3) 102.58(17); W(1)-O(1)-W(1)11 140.7(3); W(1)-
O(1)-Al(1)11 140.7(3); W(1)11-O(1)-Al(1) 140.7(3); Al(1)-O(1)-Al(1)11 140.7(3); W(1)-O(2)-W(1)11 
91.97(16); W(1)-O(2)-W(1)12 91.97(16); W(1)-O(2)-P(1) 123.9(3); W(1)-O(2)-O(2)7 131.4(3); 
W(1)-O(2)-O(2)4 69.1(3); W(1)-O(2)-O(2)10 131.4(3); W(1)11-O(2)-W(1)12 91.97(16); W(1)11-O(2)-
P(1) 123.9(3); W(1)11-O(2)-O(2)7 69.1(3) W(1)11-O(2)-O(2)4 131.4(3); W(1)11-O(2)- O(2)10 
131.4(3); W(1)12-O(2)-P(1) 123.9(3); W(1)12-O(2)-O(2)7 131.4(3); W(1)12-O(2)-O(2)4 131.4(3); 
W(1)12-O(2)-O(2)10 69.1(3); P(1)-O(2)-O(2)7 54.7(3); P(1)-O(2)-O(2)4 54.7(3); P(1)-O(2)-O(2)10 
54.7(3); O(2)7-O(2)-O(2)4 90.0(3); O(2)7-O(2)-O(2)10 90.0(3); O(2)4-O(2)-O(2)10 90.0(3). 
Symmetry operators: (1) X,Z,Y (2) Z,Y,-X+1 (3) Z,-X+1,Y (4) Y,Z,-X+1 (5) Y,Z,X (6) Z,X,Y (7) 
X,Y,-Z+1 (8) Z,X,-Y+1 (9) -Z+1,X,-Y+1 (10) -Y+1,-Z+1,-X+1 (11) -Y+1,Z,-X+1 (12) -Z+1,-X+1,Y. 
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