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Polyoxometalates (POMs) represent a large family of discrete
molecular, anionic metal-oxygen clusters composed of edge- and
corner-shared MO6 octahedra (M ) MoVI, WVI, VV, NbV, TaV).1

Until recently, the number of zirconium-substituted POMs had been
limited to Finke’s sandwich dimer [Si2W18Zr3O71H3]11-.2 However,
over the last 5 years, the area of Zr-POMs has experienced a
renaissance as numerous Keggin- and Wells-Dawson-based Zr
derivatives have been reported.3 For Hf, however, only a few POM
structures have been reported so far.3a,c,d,j,4

Our systematic study of the dilacunary decatungstosilicate
precursor [γ-SiW10O36]8-5 with different 3d and 4d transition metal
ions resulted in two zirconium containing polyanions: the dimeric
[Zr4O2(OH)2(H2O)4(�-SiW10O37)2]10- and the trimeric [Zr6O2(OH)4-
(H2O)3(�-SiW10O37)3]14-.6 Both structures exhibit Zr centers with
up to two terminal, labile water ligands which in theory could be
replaced by peroxide. Such species would be highly attractive for
catalytic applications. To date, a few coordination complexes
containing peroxo-Zr centers have been reported.7 For peroxo-Hf
complexes, only an end-on structure was reported in 1991.8 A
number of peroxo-POMs in which the peroxo groups are usually
bound to addenda atoms of the POM skeleton have been reported.9

To our knowledge, there are no examples of structurally character-
ized peroxo-Zr or -Hf POMs.

Therefore, we decided to investigate in detail the interaction of
Zr4+ ions with [γ-SiW10O36]8- in aqueous solution and in the
presence of peroxide. This work has resulted in a novel polyanion
with a cyclic 6-peroxo-6-zirconium core stabilized by three deca-
tungstosilicate units, [Zr6(O2)6(OH)6(γ-SiW10O36)3]18- (1), see Fig-
ure 1. Here we report on the synthesis, structure, and electrochem-
istry of 1.

The synthesis procedure of 1 is identical to that of our dimeric
[Zr4O2(OH)2(H2O)4(�-SiW10O37)2]10-, except that some aqueous
H2O2 (30%) was added to the reaction mixture. Also, the procedure
of our trimeric [Zr6O2(OH)4(H2O)3(�-SiW10O37)3]14- in the presence
of H2O2 resulted in 1, albeit in lower yield. After addition of H2O2,
the synthesis solution became turbid, but with constant stirring at
50 °C, it cleared up eventually. We crystallized 1 as the hydrated
potassium salt K18[Zr6(O2)6(OH)6(γ-SiW10O36)3]•59H2O (K-1). The
number of crystal waters was determined by TGA (to ca. 253 °C).
The TGA graph (see Figure S1) also showed another weight loss
step up to ca. 454 °C. We attribute this second step to loss of the
peroxo groups, which leads to gradual decomposition of the
compound. We also prepared the isostructural hafnium analogue
[Hf6(O2)6(OH)6(γ-SiW10O36)3]18- (2) using an analogous synthetic
procedure (see Supporting Information).

Polyanion 1 is composed of three [γ-SiW10O36]8- units encap-
sulating the unprecedented [Zr6(O2)6(OH)6]6+ wheel (see Figure
1). On the other hand, 1 can also be considered a cyclic assembly
of three fused {Zr2(O2)2(OH)2(γ-SiW10O36)} monomers. The central
peroxo-Zr crown is composed of six equivalent ZrIV centers which
are all linked to each other by a side-on peroxo unit and a hydroxo
group. The presence of the latter was established by bond valence
sum (BVS) calculations.10

Interestingly, the six bridging peroxo groups in 1 are all on one
side of the ring (stabilized in the solid state by a capping, six-
coordinated potassium ion, K · · ·O 2.69-2.98(2) Å), whereas the
six bridging hydroxo groups are on the other side, see Figure 2. In
this respect, 1 resembles a coin, having two different sides. In 1, it
is possible to distinguish the “peroxo face” (perhaps the site of
oxygen transfer) from the “hydroxo face” (perhaps the site of proton
transfer). The Zr-O1- bond lengths range from 2.15(2) to 2.22(2)
Å, not significantly different from the Zr-O2- bond lengths which
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Figure 1. Combined polyhedral/ball-and-stick representation of [M6(O2)6-
(OH)6(γ-SiW10O36)3]18- (M ) Zr, 1; Hf, 2). The color code is as follows:
WO6 octahedra (red), SiO4 tetrahedra (green), zirconium/hafnium (blue),
oxo (red), hydroxo (yellow), and peroxo (pink).

Figure 2. Top view (left) and side view (right) on the central [M6-
(O2)6(OH)6]6+ cluster in 1 and 2. The color code of the balls is as follows:
Zr/Hf (blue), peroxo (pink), hydroxo (yellow), oxo (red), potassium (brown),
and aqua (orange).
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range from 2.09(2) to 2.21(2) Å. The peroxo group bond lengths,
O-O, range from 1.50(3) to 1.55(3) Å. The crystal structure of
hydrogen peroxide published in 1951 noted a O-O bond length of
1.49 (1) Å, comparable to the O-O bond lengths in 1.11 In 1989,
a Russian group reported a cyclic tri-Zr-peroxo coordination
complex Zr3F12(O2)3 with an average O-O bond of 1.517(5) Å,
which also falls within the range of our observed peroxo O-O
bond lengths.7b The Hf-O and O-O bond lengths in 2 (2.092(19)
to 2.23(2) and 1.48(2) to 1.55(3) Å, respectively) are similar to the
corresponding bonds in 1.

Each zirconium ion is coordinated to the lacunary site of a
decatungstosilicate fragment via two Zr-O(W) bonds to an edge-
shared pair of WO6 octahedra, resulting in a coordination number
of 8. The peroxo groups in 1 are highly accessible, which could be
important for catalytic applications.

In order to check the stability of 1 (ZrcoreL3Hn) in diluted
solutions, we have performed UV-pH titration experiments. The
results show clearly that 1 is stable as it does not release the free
ligand [LH]7-. We found two weak isosbestic spectral transitions
involving three distinguishable species with the preliminary struc-
tural assignment shown in eqs 1 and 2.

ZrcoreL3Hn+1TZrcoreL3Hn +H+ pKa ≈ 2.0 (1)

ZrcoreL3Hn+2TZrcoreL3Hn+1 +H+ pKa ≈ 1.1 (2)

The ligand [LH]7- does not show any spectral transition in the
same pH range, as expected.5a It has also been reported that the
dilacunary decatungstosilicate [γ-SiW10O36]8- ) L8- is protonated
at pH < 10.5, and that the pKa of [LH]7- is shifted into the range
of 6.0-7.0 and 5.0-5.5 if [LH]7- is competitively coordinated to
a monovalent or divalent metal ion (eq 3), respectively.5a

[LH]7-+Mn+T [LM](8-n)-+H+ (3)

In the case of 1, three [LH]7- units are coordinated to the 6-fold
positively charged peroxo-Zr core, that is, two positive charges per
[LH]7- are active. Thus the central Zrcore

6+ acidifies the peripheral
protons on [LH]7- in an unprecedented way.

In the CV measurements of 1, no prominent electrochemical
signature for the Zrcore subunit was found, but the protonation
equilibria 1 and 2 were confirmed (see Supporting Information).

Below pH 1, where ZrcoreL3Hn+2 predominates, we observe two
reversible waves, preliminarily interpreted by eqs 4 and 5:

ZrcoreL3Hn+2 + 6e-+ 6H+TZrcoreL3Hn+8 (4)

ZrcoreL3Hn+8 + 6e-+ 6H+TZrcoreL3Hn+14 (5)

with E°(4, pH 1) ) -0.40 V, and E°(5, pH 1) ) -0.53 V each
shifting with 60 mV/pH. At pH 1.2, with the singly deprotonated
complex ZrcoreL3Hn+1 present (eq 2), the CV wave (eq 4) has
disappeared, and a single cathodic wave (ca. 12e- in height) grows
in with a peak potential of -0.54 V. The pKa value read out from
the peak current change of the wave in eq 4 as a function of pH is
in agreement with the value obtained from UV titration. A similar
behavior was observed in the pH range of 1.8 to 3 for the H2O/
H2SO4 system adjusted with KOH, thus confirming the second pKa

(eq 1) by CV. Notably, 1 shows slow protonation equilibria in
H2SO4/H2O as compared to that of HAc/Ac buffer solution, making
this analysis possible. For further details of the measurements and
conclusions, see Supporting Information.

In conclusion, we have synthesized and structurally characterized
the unprecedented peroxo-zirconium containing 30-tungstosilicate
[Zr6(O2)6(OH)6(γ-SiW10O36)3]18- (1) and also its hafnium analogue
[Hf6(O2)6(OH)6(γ-SiW10O36)3]18- (2). Polyanion 1 represents the
first structurally characterized Zr-peroxo POM with side-on, bridg-
ing peroxo units. The simple, one-pot synthesis of 1 and 2 involving
dropwise addition of aqueous hydrogen peroxide could represent a
general procedure for incorporating peroxo groups into a large
variety of transition metal and lanthanide containing POMs.
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