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Single crystals of a new â-octamolybdate salt containing protonated
1,4-diazabicyclo[2.2.2]octane cations were prepared under mild
hydrothermal conditions. This compound, [C6H13N2]2[C6H14N2]-
[Mo8O26], was then used as a starting material in the synthesis of
[C6H13N2]6[Mo16O53F2]‚4H2O, which contains previously unreported
[Mo16O53F2]12- anions. The structure-directing properties of
γ-[Mo8O26]4-, a likely intermediate in this pH-dependent transfor-
mation, are responsible for the site selection of the fluoride
incorporation. [Mo16O53F2]12-, the largest reported polyoxofluoro-
molybdate cluster, expands upon the limited number of such anions
in the literature. The structures of both compounds were determined
using single-crystal X-ray diffraction.

Molybdenum oxide fluoride anions have long been studied
owing to a host of desirable physical properties that they
can exhibit, such as ferroelectricity.1 These compounds often
contain second-order Jahn-Teller active d0 MoVI cations,2

which are generally found in distorted octahedral coordina-
tion environments. The distortions in these anions mimic
those present in the famous mixed-metal oxides LiNbO3

3

and KTiOPO4
4 and so make oxofluoromolybdates attractive

candidates for inclusion in novel functional materials.
Despite the possibility of technological importance, the

oxofluoromolybdates in the literature are mainly in the form
of monomeric5-8 and dimeric9-14 molecular anions. Far fewer

large or extended structures are known; reported examples
include [Mo3O4F9]5-,15 [Mo4O12F2]2-,16 [Mo4O12F3]3-,17

[Mo6O18F6]6-,18 [Mo7O22F3]5-,18 and [Mo8O26F2]6- 19 molec-
ular anions and [MoO3F]nn-,20 cis-[MoO2F3]n

n-,21 trans-
[MoO2F3]n

n-,22 and [MoO3F2]n
2n- chains.23

In our search for new polyoxofluoromolybdate clusters,
three reaction variables known to directly influence the
structure of molybdates were considered: reaction conditions,
starting material selection, and pH. Reactions conducted
under hydrothermal conditions have been shown to be much
more likely to produce compounds containing large poly-
oxomolybdate clusters with respect to high-temperature solid-
state reactions.24 Under hydrothermal conditions, reactions
containing molybdate sources with extended structures, such
as MoO3, favor products with extended structures, such as
[Mo3O10]n

2n- chains. In contrast, the use of molybdate
clusters, such as heptamolybdate anions, tends to lead to
reaction products that contain molecular polyoxomolybdate
anions.25 Also, the direct link between the reaction pH and
molybdate speciation is well-known.26

In order to promote the formation of new polyoxofluoro-
molybdate anions, pH-controlled reactions using molybdate
clusters were conducted under hydrothermal conditions. The
well-knownâ-[Mo8O26]4- anion27 was selected for use as a
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starting material because the ability of octamolybdates to
interconvert28,29 and transform is well-known.30 Single
crystals of [C6H13N2]2[C6H14N2][Mo8O26]31,32(1) were grown
under mild hydrothermal conditions at a pH of 5 (see Figure
1). This compound was then used as a starting material in a
series of reactions designed to probe the effects of the pH.
The pHs of eight reactions, with values between 1 and 6,
were controlled using H2SO4. Syntheses conducted between
pH 4 and 6 resulted in a recrystallization of1, while those
run between pH 1 and 2 produced a new compound
([C6H14N2]6[Mo16O53F2]‚4H2O33,34(2)) containing previously
unreported [Mo16O53F2]12- molecular anions (see Figures 2
and 3).

Distinguishing between oxide and fluoride ligands using
diffraction data alone is difficult, owing to the similarities
in their atomic scattering factors. For this reason, an analysis

of the bond valence sums35,36 in [Mo16O53F2]12- was per-
formed. The length and valence of the Mo1-F1 bond are
appropriate for a terminal fluoride bond, 1.941(3) Å and 0.70,
respectively. However, this bond is too long to be a Mo-O
bond because it would result in an unreasonably low total
valence of 0.91 on the terminal oxide. Elemental analyses
were used to confirm the fluoride content of2.33 While
MoVI-OH bonds tend to be only slightly longer (lengths of
1.97 Å are common),37,38 hydroxide ligands would be
expected to act as hydrogen-bond donors. No such interac-
tions are observed in2. In addition, Mo-Fterminal stretches
are clearly observed in the IR spectrum at 482 and 531
cm-1.9,13

As stated above, the ability of octamolybdates to transform
into other polyoxomolybdate species is well-known; an
important intermediate in many of these transformations is
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Figure 1. Thermal ellipsoid plot (50% probability) of the [Mo8O26]4-

anions in1.

Figure 2. Thermal ellipsoid plot (50% probability) of the [Mo16O53F2]12-

anion in2.

Figure 3. Three-dimensional packing of2. Red octahedra represent either
MoO6 or MO5F, while white, red, green, and blue circles represent C, O,
F, and N atoms, respectively. H atoms have been removed for clarity.
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γ-[Mo8O26]4-. This proposed bridge29 in the isomerization
of R-[Mo8O26]4- to â-[Mo8O26]4- is shown in Figure 4. It
has been demonstrated thatγ-[Mo8O26]4- is not present in
appreciable amounts in solution over a wide range of
experimental conditions.26 However, these anions have been
observed as secondary building units in the extended
structures of several other compounds, most notably those
that include [Mo8O27]n

6n- chains.39 In addition, this cluster
connectivity has also been observed in the polyoxofluoro-
molybdate anion, [Mo8O26F2]6-.19

The structure of [Mo16O53F2]12- contains twoγ-[Mo8O26]4-

cores, suggesting an importance of this octamolybdate isomer
in the conversion ofâ-[Mo8O26]4- to [Mo16O53F2]12-. The
polyoxofluoromolybdate anion in2 is constructed from two
γ-[Mo8O26]4- anions that share a common oxide ligand. Each
“half” of the cluster also contains a single fluoride ligand.

The structure-directing properties of many molybdate and
oxofluoromolybdate species are known to be dictated by the
internal bonding motifs present.40-42 The same is true of
γ-[Mo8O26]4-. Inspection of [Mo8O27]n

6n- chains and

[Mo8O26F2]6- and [Mo16O53F2]12- molecular anions reveals
that modifications to theγ-[Mo8O26]4- structure occur at
specific sites. The fluoride and bridging oxide ligands in
[Mo8O27]n

6n-, [Mo8O26F2]6-, and [Mo16O53F2]12- are bound
tothetwofive-coordinatemolybdenumcenters inγ-[Mo8O26]4-.
The bonding in these MoO5 coordination polyhedra creates
a substantial overbonding in selected bridging oxides,43 and
subsequent coordination is directed to relieve these bond
stresses. A complete table of bond valence sums for
γ-[Mo8O26]4- is listed in the Supporting Information.

Additional F- was incorporated into [Mo16O53F2]12- to
yield [Mo8O26F2]6- because the reaction gel from which
crystals of2 were grown did not contain sufficient amounts
of fluoride. The ∼10:1 ratio of Mo/F, in the reactions
described above, is insufficient for the formation of
[Mo8O26F2]6-, which exhibits a Mo/F ratio of 4:1. These
fluoride-deficient conditions favor the formation of species
with lower fluoride concentrations, resulting in the formation
of [Mo16O53F2]12-. As demonstrated in previous work,9,14 it
is expected that reactions conducted at higher fluoride
concentrations would lead to smaller polyoxofluoromolyb-
date species.
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Figure 4. Ball-and-stick representation of theR, â, and γ forms of
[Mo8O26]4-. Blue and red spheres represent Mo and O atoms, respectively.
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