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The heteropolyanions of W, Mo, and V, which have found numerous applica-
tions, are formed simply by acidification of solutions of their oxoanions. Under
similar conditions, these oxoanion precursors are not available for Nb, and
Nb-oxo chemistry is dominated by formation of the Lindquist ion [NbsO,,]%~
only. However, heteropolyniobate formation is favored in hydrothermal reac-
tions of aqueous, alkaline precursor mixtures. Here we give two examples of
heteropolyniobates formed by this general reaction type: K,,[Ti,O,]
[SiNb,,0,,)16H,0 [1], which contains chains of silicododecaniobate Keggin
ions, and Na, [H,Si,Nb,,O..]-45.5H,0 [2], a new heteropolyanion structure

type.

Polyoxometalates (POMs) comprise a ver-
satile class of inorganic, anionic clusters
that has made a mark on disciplines as
diverse as medicine (/), catalysis (2), ma-
terials science (3), geochemistry (4), nucle-
ar ‘waste processing (5), and applications
involving photochemical or electrochemi-
cal response (6). POMs can be further sub-
categorized as isopolyanions and hetero-
polyanions (7). An isopolyanion consists
exclusively of an assembly of edge- and
corner-sharing octahedra of d° early transi-
tion metals, whereas the heteropolyanions
contain one or more central tetrahedra,
about which these octahedra are assembled
(8). Heteropolyanion chemistry is dominat-
ed by heteropolytungstates, -molybdates,
and -vanadates and are usually obtained by
precipitation from aqueous, acidified solu-
tions at ambient temperature and pressure.
Furthermore, isopolyanion chemistry is
dominated by W, Mo, and V anionic clus-
ters obtained from acidified solutions.
Isopolyanions of Ta and Nb can also be
obtained from basic solutions. Isopolynio-
bate chemistry is dominated by the
[Nb,O,,]¥~ Lindquist ion (5, 9-12), and the
formation and structural characterization of
[Nb,,0,5]6~ (I3) has been reported once.
The isopolytantalate Lindquist ion,
[Ta 0,418~ (14) is known as well. Howev-
er, heteropolyniobate and heteropolytanta-
late chemistry remain relatively unexplored
compared with their close periodic neigh-
bors W, Mo, and V, which exhibit diverse
heteropolyanion assemblies (7). We intro-
duce a general synthetic procedure that fa-
vors the formation of heteropolyniobates
and report two examples of heteropolynio-
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bates: one featuring chains of silicodode-
caniobate Keggin ions [1] and a second
containing isolated, oval shaped clusters
centered about a Si,O, dimer [2].

Our synthetic method relies on hydrother-
mal treatment of mixtures of amorphous met-
al oxides and/or metal alkoxides in basic,
aqueous solutions (/5). Our synthetic route to
heteropolyniobates differs from those used to
produce heteropolyvanadates, -molybdates,
and -tungstates in (i) solubility of precursors,
(ii) conditions required for precursor solubi-
lization, and (iii) existence of stable compet-
ing phases. Vanadium, tungsten, and molyb-
denum form the very soluble and easily
manipulated oxoanions, such as MoQ,*,
WO0,%, V0,2, and VO,*. Acidification of
solutions of these oxoanions in the presence
of the central tetrahedral cation and counter-
cations leads to the formation of heteropolya-
nions, often precipitated at room temperature
(7). No such easily dissolvable oxoanions are
available for Nb, and most synthetic proce-
dures for isopolyniobates report using freshly
precipitated, hydrated Nb,O,, or a fusion of
an alkali carbonate or hydroxide with Nb,O;
).

To dissolve these Nb precursors using
the same “beaker chemistry” that is used
for the polyoxovanadates, -tungstates, and
-molybdates (e.g., in water at 20° to 100°C
and ambient pressures in a non-inert atmo-
sphere), many excess equivalents of base
are required. However, as the concentration
of AOH (where A represents alkali) in-
creases in solution, the Lindquist
A" ¢[Nb,O,,]3~ compound is salted out as a
major product. Spectroscopic studies have
shown that the Lindquist ion is indeed the
dominant species of Nb in solutions of
pH > 7 at ambient conditions (7, 16).
Therefore, forming other polyoxoniobate
clusters requires finding conditions in
which the Nb precursor will dissolve but

the Lindquist [Nb,O,,]®~ ion is not the
dominant species.

By carrying out the reactions in an
autoclave, we found that increased temper-
atures (170° to 250°C) and autogenous
pressures of water made possible the disso-
lution of the Nb precursors and precipita-
tion of heteropolyniobates without the huge
excess of base that favors [Nb,O,,]®~ pre-
cipitation. To form [1] and [2], AOH:Nb
(where A = Na, K) ratios are closer to
stoichiometric (2.5:1 and 1.5:1, respec-
tively), compared with ~10:1 for dissolu-
tion of the Nb precursor and precipitation
of the [Nb,O,,]® ion using the standard
“beaker chemistry.” We attempted to repli-
cate the synthesis for the formation of 2]
without the hydrothermal treatment. As ex-
pected, dissolution of the precursor mixture
never occurred, even when the water was
boiled. A competing phase to the formation
of polyoxoniobates in hydrothermal aque-
ous reactions involving Nb and an alkali
hydroxide is very stable perovskite,
LiNbO,, NaNbO,, or KNbO,. However,
perovskite formation can be avoided by
using short reaction times (i.e., 24 hours or
less).

The phase containing the silicododecanio-
bate Keggin ion, K,,[Ti,0,][SiNb,,0,]"
16H,0 [1], grows as needle-like, colorless
crystals (/7) suitable for single-crystal x-ray
diffraction. The silicododecaniobate cluster
exhibits the typical a-Keggin ion geometry of
a tetrahedral arrangement of four triads of
edge-sharing NbO, octahedra, with the triply
bridged oxygen of each triad bonded to the
central tetrahedral silicon (/8). The Keggin
ions are then linked along the ¢ direction by a
dimer of edge-sharing, distorted TiO, octa-
hedra, giving rise to infinite Keggin ion
chains. The two alternating building blocks
of the chains are best described as [Ti,0,]1**
and [SiNb,,0,,]'¢", and are illustrated in
(Fig. 1A). This linkage is the same type
described by Miiller et al. (19) for a phase
that features mixed Mo-V Keggin ions linked
by V,0, bridges. Each octahedrally coordi-
nated Ti atom is bound to four of the Keggin
O atoms that frame a four-ring “window,”
and the two remaining O atoms are shared
between two Ti atoms. Therefore, each TiOg4
octahedron shares edges with four NbO, oc-
tahedra within the Keggin cluster and one
TiO, octahedron that is linked to the next
Keggin cluster. This constrained geometry
gives rise to extreme angular distortion of the
TiO, octahedron (O-Ti-O bond angles range
from ~77° to 113°). The infinite anionic
chains are not linked within the ab plane, and
the charge-balancing cations (K*) and water
molecules are located between the chains
(Fig. 1B). 2°Si solid-state magic angle spin-
ning nuclear magnetic resonance (MAS
NMR) spectroscopy of [1] gives a single peak
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at -75.9 ppm, corresponding with the single
crystallographic Si site.

The second heteropolyniobate phase,
Na, ,[H,Si )Nb, (O, ]-45.5H,0 [2], grows as
large, colorless crystals suitable for single-crys-
tal x-ray analysis (/7). It contains isolated clus-
ters that are separated by the charge-balancing
sodium cations along with H,O molecules. The
geometrical arrangement of the NbO, octahe-
dra of the [H,Si,Nb,O,]"~ cluster may be
described as a fusion of two partial (3/4) Keg-
gin ions. Each partial Keggin ion consists of
three triads of edge-sharing octahedra (nine
NbO, octahedra) wrapped around a SiO, tetra-
hedra, with the fourth capping triad removed.
Two NbO, octahedra of the 3/4 Keggin ions are
common to the two halves of the cluster. It is
through these common octahedra that the 3/4
Keggin subunits are “fused,” giving a total of
16 NbOg octahedra. This fusion gives rise to
two sets of five edge-sharing octahedra in an
“Olympic ring” arrangement. Those two sets
are then linked together by comer-sharing of
their linear triad of octahedra. The cluster is
shown in Fig. 2 in three different colors to
emphasize the relation between this structure
and the a-Keggin structure. The NbO octahe-
dra of the two 3/4 Keggin subunits are red and
blue, respectively. The two NbOg octahedra
common to both subunits are purple.

The removal of the third capping triad of
the partial Keggin subunits leaves the cen-
tral Si with only three O bonds. Corner-
sharing with the Si of the second subunit
forms the fourth Si-O bond, which gives
rise to a heteropolyanion centered about an
Si,0, (Sil and Si2) dimer. In most hetero-
polyanion structures containing two central
polyhedra, such as the Dawson geometry
(8, 20), the central tetrahedra are not linked
together. However, several structures cen-
tered about a P,O, dimer have been report-
ed (21, 22).

Diametrically opposed to the two NbO,
octahedra common to the partial Keggin sub-
units (Fig. 2) are two surface SiO, (Si3 and
Si4) tetrahedra. They form a six-ring window
along with four NbO, octahedra. Three cor-
ners of these surface SiO, tetrahedra are
bonded within the cluster, and the fourth Si-O
bond is terminal. However, unlike the typi-
cal polyoxometalate surface polyhedra that
have a very short exterior M-O bond, the
Si-O, . minar ONd is the longest of the four
Si-O bonds for both of the surface SiO,
(Si3 and Si4) tetrahedra. The Si4-027,, . .
bond length is 1.65 A and the Si3-024,__, .
bond is 1.68 A, where the average Si-O bond
length for both these surface SiO, tetrahedra
is 1.63 A. To determine whether 024 and
027 are actually OH™ groups, we used bond
valence sum (BVS) calculations (23) and 'H-
29Si cross polarization (CP) MAS NMR spec-
troscopy. The BVS calculations revealed that
the valencies of all metal and oxygen atoms
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within the cluster were satisfied by their
intracluster bonds, with the exception of
024 and 027 that had a BVS less than 1
(expected, ~2). This result suggests that
024 and 027 are indeed OH™ groups. The
extra-cluster species (Na and H,0) in close
proximity to 024 and 027 provide an en-
vironment that can accommodate those
OH~ groups. Direct solid-state 2°Si MAS
NMR of [2] gave two broad peaks at —77.9
ppm and -76.9 ppm, consistent with one
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Fig. 1. Two views of [1]. (A) View of the
[SiNb,,0,,]"®~ and [Ti,O,]** chains. NbOg
are the solid purple octahedra and TiO4 are
the transparent blue octahedra. (B) View
down the c axis, showing the arrangement of
the chains within the ab plane. Red spheres
are water molecules, and yellow spheres are
potassium cations.

resonance for the central Si,O, (Sil and
Si2) and one resonance for the surface SiO,
(Si3 and Si4). However, the 'H-2°Si CP
MAS NMR gave a single peak at —76.9
ppm, corresponding to the surface SiO,,
either in close proximity to water or pos-
sessing a hydroxyl ligand. The CP behavior
as a function of contact time, with a max-
imum at ~750 ps, was consistent with
Si-OH species. Finally, the width of the
peak obtained by the CP experiment sug-

Nae  NB4

Fig. 2. Two views of the [H,Si ,Nb, O]~ cluster of [2], color-coded to show the relation between
this cluster and the a-Keggin structure. The blue NbO, octahedra compose one 3/4-Keggin subunit,
the red NbO, octahedra compose the second 3/4-Keggin subunit, and the two purple NbO,
octahedra are shared between the two “fused” subunits. SiO,, tetrahedra are transparent yellow.
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gested more than one Si-OH specie, which
is in accordance with the unresolved over-
lap of Si3 and Si4 bonded to terminal OH~
groups.

Although the [H,Si,Nb, O]~ cluster
of [2] is insoluble in the aqueous NaOH
solution (pH ~ 13.5) from which it precipi-
tates, it is easily dissolved intact at room
temperature in a less basic solution (pH ~7
to 11 before cluster dissolution). Figure 3
shows solution 2°Si NMR of [2] dissolved in
pure deionized water. The two peaks at -79.3
and -78.5 ppm correspond with the central
S8i,0, (Sil and Si2) and surface SiO, (Si3
and Si4), respectively, which confirms that
the cluster remains intact upon dissolution.
Further, it can be re-precipitated by slow
diffusion of methanol into the aqueous solu-
tion at room temperature. The re-precipitated
crystals were identified as [2] by x-ray
diffraction.

We also explored other reputed synthet-
ic routes. Graeber and Morosin (/3) used a
nonaqueous solvent to produce an isode-
caniobate at ambient conditions. In this
method, niobium alkoxide was dissolved in
methanol with NMe,OH in an approximate
stoichiometric NMe,:Nb ratio of around
0.5:1 to form the [Nb,,0,:]°" isopolynio-
bate at ambient temperature and pressure.
We carried out the same reaction using
NaOH instead of NMe,OH, which results
in a rapid and uncontrolled precipitation of
amorphous oxides. We also used Graeber
and Morosin’s technique with the addition
of a silicon alkoxide in attempt to form
SiO,-centered heteropolyniobates, which
resulted in the formation of amorphous
gels. Though Graeber and Morosin’s pro-
cedure does allow for dissolution of Nb
precursors at ambient conditions, it is lim-
ited to reactions using organic counter-cat-
ions in order to solubilize the hydrolysis
and condensation intermediates of metal
alkoxides as well as the polyoxometalate

-79.3
-78.5

-
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-66 -70 -74 -78 -82 -86 -90
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Fig. 3. 2°Si NMR spectrum of [2] in solution.

The peak at —79.3 ppm is corresponds with the

central Si,O, (Si1 and Si2). The peak at -78.5

ppm corresponds with Si3 and Si4, the surface
Si atoms.
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products. In fact, the use of organic
counter-cations is a known process to ren-
der polyoxometalates soluble in nonpolar
solvents (24). Further, reactions that in-
volve base hydrolysis and condensation of
metal alkoxides in open containers are in-
herently not reproducible. The reactions
that occur and, thus, the products that form
are extremely sensitive to (i) the degree of
prehydrolysis and condensation of the met-
al alkoxides and (ii) the amount of water
present in the reaction mixture. These con-
ditions are, in turn, dependent on uncon-
trollable parameters such as the initial
metal alkoxide purity, storage conditions,
age of the metal alkoxide, the atmospheric
humidity on the day(s) the reactions is
executed, and the amount of moisture
present in hygroscopic starting materials,
such as alcohol solvents and alkylammo-
nium hydroxide.

Although niobium alkoxides can also be
used in our hydrothermal approach, they un-
dergo rapid and complete hydrolysis and con-
densation in aqueous solution to form freshly
precipitated Nb oxide, even before autoclav-
ing. The hydrothermal treatment that follows
results in digestion of the freshly precipitated
metal oxides, as evidenced by the high yields,
good purity, and reproducible syntheses of
both [1] and [2]. Finally, relatively severe
conditions like hydrothermal treatment may
be required to break up stable [Nb,O,,]5~
isopolyanions to obtain the smaller NbO,-
containing units (i.e., monomers, dimers,
and trimers) that are the building blocks for
heteropolyanions.

The two phases [1] and [2] reported here
resulted from the investigation of a narrow
range of synthesis parameters. A huge
amount of phase space has yet to be covered
by a larger effort that includes variations in
counterion, tetrahedral metal, heterometals,
alkali concentration, metal oxide precursor
concentration, and temperature.
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