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The relative energies of â Keggin heteropolytungstates,
Xn+W12O40

(8-n)-, decrease as Xn+ is varied within period 3, from
P5+ to Si4+ to Al3+. With heating of R-H5Ga3+W12O40 at 200 °C in
water, an equilibrated mixture of R (Td; one 183W NMR signal)
and â (C3v; three signals; 1:2:1 ratio) isomers is obtained. From
∆Gexp ) −RT ln KâfR, in which (from 71Ga NMR spectra) KâfR

() [R]/[â]) ) 5.0, â-GaW12O40
5- is 0.65 kcal mol-1 higher in

energy than R-GaW12O40
5-. This finding is evaluated by analysis

of the X-ray crystal structure R-K2Na3[GaW12O40]‚9.3H2O [trigonal,
space group P3221, a ) 18.9201(13) Å, b ) 18.9201(13) Å, c )
12.5108(12) Å, Z ) 3, T ) 100(2)K], comparison of the Shannon
and Prewitt radii and Pauling electronegativities of Al3+ and Ga3+,
and insight from density functional theory calculations, which
predicted Eâ − ER ) 0.32 kcal mol-1.

Until recently, the relative instability ofâ isomers of
Keggin cluster anions was accepted as a general rule. In all
documented cases involving fully oxidized Keggin anions
in water, effectively complete conversions toR-isomer
analogues were observed.1 In 1999, however, as part of an
effort to prepare Keggin tungstoaluminate catalysts for O2

oxidations in water,2 we observed equilibria betweenâ- and
R-[Al 3+W12O40]5- (â- andR-1).3-6 Using 27Al NMR spec-
troscopy, we found that, at 200°C, â-1 was only 2.1 kcal
mol-1 higher in energy thanR-1.3 An X-ray crystal structure
of R-1 showed that, as inR-PW12O40

3- (heteroatom, Xn+ )

P5+) andR-SiW12O40
4- (Xn+ ) Si4+), the central [X3+O4]5-

moiety in1 (X ) Al3+) resided within a W12O36 shell, whose
diameter remained constant as Xn+ was varied from P5+ to
Si4+ to Al3+. This lent support to the clathrate structural
model7 of the Keggin cluster: [XO4](8-n)-@W12O36. We also
observed3 that, as Xn+ varied from P5+ to Si4+ to Al3+,
X-µ4-O bond distances in [Xn+O4](8-n)- tetrahedra increased
and increased polarization of the X-O bonds (away from
the less electronegative main-group cations and toward
oxygen) shifted electron density toward the fixed-diameter
W12O36 shell. We noted a correlation between increase in
the relative stabilities ofâ isomers and this shift in electron
density toward the W12O36 shell.

Using the clathrate model,7 Poblet and co-workers8

subsequently performed density functional theory (DFT)
calculations9 that evaluated electronic interactions between
the encapsulated (XO4) and shell (W12O36) “fragments”. They
showed that the unprecedented stability ofâ-1 was due to
encapsulation of a larger, more electron-donating Al3+O4

5-

(Td) moiety within a polarizable, fixed-diameterâ-W12O36

(C3V) shell. This conclusion, while consistent with the
correlations noted above,3 was predicated on the assumption
that the encapsulated AlO45- oxoanion inâ-1 was indeed
tetrahedral in structure, such that no unexpected distortion
was involved in stabilization of theâ isomer. To verify this
assumption, we obtained a high-quality X-ray crystal struc-
ture of â-16 and found no structural distortion.

Poblet also predicted8 that â-Ga3+W12O40
5- (â-2) should

be relatively close in energy toR-Ga3+W12O40
5- (R-2). Using

71Ga and183W NMR spectroscopy and X-ray crystallography,
we now show this prediction to have been correct.

CrystallineR-K2Na3GaW12O40 was prepared in 21% yield
by modification of a literature method10 (see the Supporting
Information, SI). TheR structure was determined by71Ga
and183W NMR spectroscopy and confirmed by single-crystal
X-ray crystallography (vide infra). The Fourier transform
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infrared (FTIR) spectrum (Figure S1 in the SI) includes a
strong band at 729 cm-1, assigned to the central Ga-µ4-O4

moiety, and the UV-vis spectrum (Figure S2 in the SI)
features a broad absorption with a maximum at 266 nm,
typical of R-Keggin dodecatungstate anions.4 The first and
second one-electron-reduction potentials of2 (-0.35 and
-0.57 V vs Ag/AgCl; Figure S3 in the SI) are similar to
those ofR-1.11

Isomerically pureR-H5GaW12O40 was obtained by dis-
solution of crystallineR-K2Na3GaW12O40 in water, the
addition of concentrated H2SO4, and extraction with diethyl
ether. After drying and precipitation from warm water, the
free acid, an amorphous white solid, was obtained in 69%
yield. When dissolved in D2O, one singlet atδ ) 211.1 ppm
(ν1/2 ) 110 Hz) was observed by71Ga NMR spectroscopy
(Figure 1; t ) 0 h). As expected for anR isomer (Td

symmetry), the183W NMR spectrum featured a single signal
(12 equivalent W atoms; seet ) 0 h in the inset of Figure
1).

The relative energies ofâ- and R-2 were measured by
equilibration ofR-H5GaW12O40 (0.10 M in water), for 7 days
at 200°C in a 25-mL Teflon-lined bomb. These conditions
are identical with those used in previous work,3 in which
equilibria betweenâ- andR-1 was observed. Aliquots were
removed periodically, and71Ga NMR spectra were acquired
(Figure 1). Within 6 h, a new signal, assigned to theâ isomer,
was observed at 207 ppm (ν1/2 ) 340 Hz). After 24 h, no
further changes were observed. To ensure that equilibrium
had been reached, the experiment was continued for an
additional 6 days. The presence of three new signals in the
183W NMR spectrum of the solution (intensity ratio of
1:2:1)3,4,6,12confirmed that the71Ga NMR signal at 207 ppm
was due toâ-2 (C3V symmetry) now present in equilibrium
with R-2 (Figure 1, inset).13

Isomer ratios ofâ- to R-H52 were calculated by integration
of the71Ga NMR signals (6.5-µs pulse width and a 1-s delay).
From these data (Figure 2), the equilibrium constant,KâfR,
for isomerization ofâ-2 to R-2 at 473 K (KâfR ) [R]/[â]) is
5.0 ( 0.2. Using∆G ) -RT ln KâfR, theâ isomer is 0.65
kcal mol-1 (0.028 eV) higher in energy than theR isomer.
This value is similar to that observed for solutions of1 (Xn+

) Al3+), equilibrated under identical conditions.3 There,
27Al NMR spectra indicated thatKâfR ) 9.1, such thatâ-1
is higher in energy than theR isomer by 2.1 kcal mol-1 (0.09
eV).

In 2001, Poblet and co-workers reported DFT results for
the relative energies of theR andâ isomers of1 and2 in
vacuo.8 They calculated thatEâ-1 - ER-1 ) -7.8 kcal mol-1

(-0.35 eV) and thatEâ-2 - ER-2 ) -4.19 kcal mol-1 (-0.18
eV). In both cases, they found theâ isomers to be lower in
energy than theirR analogues.

In 2004, however, Poblet and Lopez calculated updated
Eâ - ER values for Xn+W12O40

(8-n)- anions (Xn+ ) Al3+,
Si4+, and P5+).14,15Rather than vacuum values, they now used
a “conductor-like screening model” (COSMO),16 in which
the solvent dielectric constant was set atε ) 78 (water at
25 °C). ForR- andâ-1 (X ) Al3+), these calculations gave
Eâ-1 - ER-1 ) 2.37 kcal mol-1 (0.104 eV), a value much
closer to the experimental value of 2.1 kcal mol-1 (0.09 eV),
observed by27Al NMR at 200 °C.3 For R- and â-2, their(11) Geletii, Y. V.; Hill, C. L.; Bailey, A. J.; Hardcastle, K. I.; Atalla, R.
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Figure 1. 71Ga and183W NMR (inset) spectra before, during, and after
conversion of a 0.1 M aqueous solution ofR-H5[GaW12O40] (R-H52) to an
equilibrated mixture ofR andâ isomers at 200°C.

Figure 2. Equilibration ofR- andâ-2 (0.1 M) in water at 200°C. The
molar ratios ofâ to R isomers, obtained by integration of71Ga NMR spectra,
are plotted as a function of time fromt ) 0 h (noâ isomer present) tot )
168 h (7 days). The reported equilibrium constant,KâfR (the average of all
seven mole ratio values after equilibration), is 1/0.2, or 5.0.

Table 1. Relative Energies ofR andâ Keggin Isomers of
Xn+W12O40

(8-n)-, where Xn+ ) Ga3+, Al3+, Si4+, and P5+

DFT COSMOa experimentb

Xn+
Eâ - ER,

kcal mol-1 Kcalculated(âfR)
∆Gâ - ∆GR,
kcal mol-1 Kobserved(âfR)

Ga3+ 0.32 1.7 0.65 5.0
Al3+ 2.37 55 2.1 9.1
Si4+ 3.82 633 NAc NAc

P5+ 4.57 2248 NAc NAc

a Values calculated for Xn+W12O40
(8-n)- in a dielectric continuum (ε )

78), at 25°C. b Values for Xn+ ) Ga3+ and Al3+ refer to 0.1 M aqueous
solutions of the free acids, H5Xn+W12O40, equilibrated at 200°C. c Not
reported. To our knowledge, fully oxidizedâ isomers have not been
observed by29Si or 31P NMR in equilibratedaqueous solutions.
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COSMO calculation17 (ε ) 78) gaveEâ-2 - ER-2 ) 0.32
kcal mol-1 (0.014 eV), again much closer to the value
provided by 71Ga NMR (this work).18 These results are
summarized in Table 1, along with data for Xn+W12O40

(8-n)-

anions containing Si4+ and P5+ heterotaoms.
The DFT calculations8 show thatâ-W12O36 shells are more

polarizable than theirR-isomer analogues (R-W12O36) and,
as a result, are stabilized to a greater extent by electron
donation from Xn+O4

(8-n)- “fragments”. The close agreement
between theory and experiment in the data in Table 1 thus
suggests that the electron-donating ability of the encapsulated
Xn+O4

(8-n)- oxoanions generally increases as Xn+ is varied
from P5+ to Ga3+.

At the same time, the experimental results show that a
change in Xn+ from Al3+ to Ga3+ has a relatively small effect
on the relative energies of the respectiveâ andR isomers.
To investigate this in more detail, we obtained an X-ray
crystal structure ofR-K2Na3GaW12O40.19

The structure of theR-GaW12O40
5- anion is shown in

Figure 3. In Table 2, key bond lengths and angles are
compared with analogous data from the series:R-Xn+W12-
O40

(8-n)-, where Xn+ ) Al3+, Si4+, and P5+. Included in Table
2 are Shannon and Prewitt cationic radii20 of the heteroatoms

Xn+ and Pauling electronegativities20 of the corresponding
main-group elements, X.

In all cases, the X-µ4-O andµ4-O-W bond distances sum
to ca. 4.0 Å and the central Xn+O4

(8-n)- oxoanion is a nearly
ideal tetrahedron (O-X-O angles are all close to 109.5°).21

As Xn+ is varied within the third period from P5+ to Si4+ to
Al3+, cationic radii (Table 2; coordination number) 4)
increase in increments of 0.09 and 0.13 Å and electronega-
tivities decrease from 2.19 to 1.61. Moving down group IIIA
from Al3+ to Ga3+, the cationic radius increases by 0.08 Å,
while the electronegativity nowincreasesfrom 1.61 for Al
to 1.81 for Ga. This simultaneous increase in both the cation
sizeand the electronegativity explains why the increase in
the X-µ4-O bond distance observed upon replacement of
Al 3+ by Ga3+ (+0.06 Å) is smaller than the 0.09 and 0.13 Å
increments observed when Xn+ is varied from P5+ to Si4+ to
Al3+.

In addition, the larger electronegativity of Ga attenuates
the extent to which an increase in the radius of Xn+, and,
thus, in the size of the central Xn+O4

(8-n)- oxoanion, is able
to stabilize theâ isomer by delivery of electron density to
the polarizableâ-W12O40 shell. As a result, the equilibrium
constant,KâfR, and the difference in energy betweenâ- and
R-2 (Xn+ ) Ga3+, KâfR ) 5.0; ∆G ) 0.65 kcal mol-1) are
only slightly smaller than those for Xn+ ) Al3+ (KâfR )
9.1; ∆G ) 2.1 kcal mol-1).
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R-K2Na3[GaW12O40] and R-H5[GaW12O40]; FTIR and UV-vis
spectra and a cyclic voltammogram ofR-K2Na3[GaW12O40] (Figures
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Table 2. Radiia and Electronegativitiesb of Heteroatoms Xn+ and Meanc Bond Distances (Å) and Angles (deg) forR-Xn+W12O40
(8-n)-

Xn+
radius,

Å electronegativity X-µ4-O µ4-O-W

sum of
X-µ4-O

andµ4-O-W O-X-O ref

Ga3+ 0.61 1.81 1.799(7) 2.205(7) 4.004(9) 109.1(3) this work
Al3+ 0.53 1.61 1.742(8) 2.265(8) 4.007(11) 109.5(6) 3
Si4+ 0.40 1.90 1.63(2) 2.35(2) 3.98(3) 109.5(4)b 14
P5+ 0.31 2.19 1.526(1)b 2.438(3)d 3.964(3)d 109.5(2)b 14

a Shannon and Prewitt radii for the four-coordination Xn+ cations.b Pauling electronegativities of the main-group elements.c Average values with uncertainties
(1σ) in parentheses.d Uncertainties not reported; values shown were calculated from scatter in published data.

Figure 3. Thermal ellipsoid plot (50% probability) ofR-2.
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