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Polyoxometalate (POM) chemistry of W, Mo and V is rich and diverse; and new discoveries are
frequent and abundant. The prolificacy of this POM chemistry is attributed to rich redox chemistry, an
acidic nature that is compatible with addendum metal cations, and most importantly an understanding
and ability to control solution behavior. In contrast, the POM chemistry of Nb and Ta (PONb, POTa)
is hindered by minimal redox chemistry, alkalinity that is incompatible with the solubility of most metal
cations, and a relatively poor understanding of the behavior in aqueous media. Despite these hurdles,
considerable advancements in PONb chemistry (and to a much lesser extent POTa chemistry) have been
made in the last decade. These include synthesis of the first heteropolyniobate Keggin derivatives,

utilization of organic countercations to obtain unprecedented PONb geometries and compositions, and

investigation of PONDb solution behavior using advanced techniques such as nuclear magnetic
resonance (NMR), electrospray ionization mass spectrometry (ESI MS) and small-angle X-ray
scattering (SAXS). This Perspective article summarizes the recent successes, continued shortcomings,
and some unique and potentially exploitable features of PONb chemistry. More importantly, this
annotated compilation of recent POND literature has revealed the most logical and promising

directions for the continued growth of the most challenging of polyoxometalate chemistries.
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1. Introduction

To paraphrase the most common introductory statement in
polyoxometalate (POM) literature; POMs are anionic metal-
oxo clusters of the Group VI and Group V transition metals,
commonly Mo, W, V, Nb and Ta. While it would be more
sequentially correct to list the Group V metals (V, Nb and Ta)
first, the Group VI metals always receive primary attention due
to their relative importance. The chemistries of polyoxoniobates
and polyoxotantalates are somewhat disappointing in their current
state of advancement; and they take a backseat to the POM chem-
istry of molybdates, tungstates and even vanadates. The Group
VI POMs have surged forward into the 21st century with such
surprising developments as the ‘giant’ polyoxomolybdates'* and
polyoxotungstates,? self-assembly of POMs into hollow vesicles in
solution,** and POM inorganic ligands that stabilize transient or
unprecedented chemical entities.*” Polyoxovanadates have their
own unique characteristics; very rich redox chemistry,® non-
aqueous chemistry® and a tendency to form linked frameworks.'
These various developments could not have come about without
the ability to understand and manipulate the solution behavior
of the POMs; including controlled assembly and disassembly of
both clusters and cluster assemblies using pH, redox chemistry,
counterions, and complex solvent mixtures.

At the end of the 20th century, polyoxoniobate (abbreviated
POND) chemistry consisted mainly of the [NbsO]*~ Lindqvist
ion observed both in solution and solid-state along with some
coordination complexes thereof (i.e. Mn[NbsOy],'*)," and a
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single structural report of the related decaniobate [Nb,,O5]*."2
Polyoxotantalate (POTa) chemistry fared worse, only the [Ta,O,o]*
cluster was known in both solution and solid-state. Some Nb-
substituted polyoxotungstates of the classic Lindqvist'® and
Keggin'*®* derivatives had been produced, but always adapting
the niobate chemistry to the tungstate chemistry rather than visa
versa.

From the point of view of the PONb chemist, what is most
remarkable and enviable about the Group VI POMs is the ability
to control the parent cluster geometry through pH. By increasing
pH, vacancies in the cluster are formed and these lacunary holes
can then be “filled’ with virtually any other metal on the periodic
table. This fundamental process gives rise to the so-called sandwich
complexes, and furthermore extended networks of POM building
blocks can be formed by linking through the addendum metals.
These addenda provide numerous functionalities as well, intro-
ducing rich redox activity, catalytic behavior, efc. Furthermore,
with appropriate use of countercations, these more affluent POMs
can be dissolved and precipitated reversibly, and transferred into
non-aqueous phases intact. In this manner, POM chemistry seems
limitless, as illustrated by the many papers published each year
introducing new structural and functional developments.

The Group V POMs have much higher charge : size ratios than
the Group VI POMs; the higher-charge clusters are generally
stable at higher pH. Given these different features, especially
the suitable pH for self-assembly of the aqueous POMs; it is
somewhat surprising that Group V and Group VI POMs are
broadly considered to be the same class of materials. The only
true common features include (1) The MO, octahedra building
blocks of POMs are distorted with a terminal M=—O bond (‘y/’
oxygen) trans to a long M-O bond, and (2) Some identical Group
V and Group VI POM geometries are featured in the solid-state.

In the last decade of POND chemistry, there have been spuri-
ous findings that are akin to routinely-mastered chemistries of
the Mo, W and V POMs. These include non-aqueous PONDb
chemistry, Keggin derivatives, ‘giant” PONbs, and pH-mediated
POND alteration. The focus of this Perspective article is to
summarize these major milestones in POND chemistry, recognize
defining characteristics of PONb chemistry, and attempt to glean
some understanding and connection between the seemingly more
isolated and random developments. Most importantly, through
this annotated (and sometimes anecdotal) account, some clear
pathways for deliberate advances in polyoxoniobate (and tanta-
late) science will provide future inspiration to continue pursuit of
this elusive chemistry.

2. Background

This section will begin with a few definitions and guiding figures,
particularly for the non-specialist. All the POMs discussed in-
depth in this paper are of the Lindqvist'® or the Keggin'’
geometry, or derivatives thereof. Both these plenary structures
derive their names from the individuals who initially reported
the solid-state structure, and are shown in Fig. 1. The Lindqvist
ion, or hexametalate (i.e. hexaniobate, hexatantalate, etc.) is best
described as a superoctahedron of 6 edge-sharing octahedra, and
every octahedral metal is bonded to the central oxygen, with a
formula [MsOy]. The a-Keggin polymorph contains a central
tetrahedral oxoanion (PO,, SiO,, AlO,, etc.). Each oxygen of the

Fig. 1 The two polyoxometalate (POM) geometries from which most
polyoxoniobates (POND), both in solution and solid-state, are derived.
Left: the Lindqvist ion, [NbgO,,]*. It is a super-octahedron consisting of
six edge-sharing NbOg octahedra. With its small size and high charge,
this hexaniobate has the highest charge-density of all POMs (0.32, see
Table 1). Right: the plenary a-Keggin ion, [TNb,,O,]" (T=Ge,Si). It
consists of four sets of three edge-sharing octahedra, Nb;O;, that are
arranged in a tetrahedral fashion around a central oxoanion tetrahedron.
This dodecaniobate also has a very high charge density (0.30, see Table
1). The blue polyhedra are NbOg and the yellow polyhedron is the central
tetrahedron.

central anion is the terminal oxygen for three edge-sharing MO,
octahedra, and the four MOg trimers are corner-sharing, with a
formula [TM,,04] (T = tetrahedral metal). In different Keggin
polymorphs, the trimers are linked together in different ways,
but we are only concerned with the o-polymorph in this paper.
POMs are sometimes further sub-categorized as isopolyanions
and heteropolyanions. An isopolyanion contains no heterometals
or addenda metals, and the Lindqvist ion is an example of this.
The heteropolyanion does contain heterometals, the Keggin ion
being an example.

Group VI POMs (POW and POMo) and polyoxovanadates
(POV) are most commonly synthesized by acidification of solu-
tions of the highly soluble tetrahedral oxoanions, MO,** (M =
V,Mo,W): the process is hydrolysis and condensation. The pH of
the oxoanion solution is initially quite high (>12). The ‘plenary’
(meaning complete) Keggin ion forms at low pH (~1-3). The
lacunary (meaning cave, hole or missing part) derivatives are
formed from the plenary geometry by removing M=—0 (M =
Mo, W) octahedra at higher pH; the exact pH at which a cluster
geometry is best isolated also depends on other variables such as
the counterion, temperature and concentration.'®

3. Aqueous synthesis of polyoxoniobates

In contrast to the V, Mo and W POMs, aqueous POND (and POTa)
chemistry is limited to the alkaline end of the pH scale; predom-
inantly above 10.5. Furthermore, no such readily soluble NbO,*
or TaO,* salts exist for the convenience of ambient aqueous
synthesis: the Nb/Ta’>* ion is too small to remain tetrahedral and
monomeric in the aqueous solution. In fact, many early reports
of the synthesis of the Lindqvist hexaniobate (and hexatantalate)
were essentially solid-state reactions, described as such: melt an
alkali hydroxide, carbonate or superoxide with Nb,Os (Ta,Os)
in a crucible, and dissolve the resulting product in water for
crystallization."'*® This reaction is messy and not necessarily
reproducible - many things can go awry including reaction with
the crucible, ‘boiling over’, reaction with atmospheric CO,, etc.
Reports of the dissolution of hydrous M,0Os (M = Nb,Ta) in
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alkali hydroxide solutions were rarer, but also not described
quantitatively for possible reproduction.? We partially owe our
inroads into advancing PONb chemistry in the early 21st century
to simply having a good Nb-precursor. We obtained an abundant
supply of amorphous Nb,Os-xH,O (x = 6-7) as a generous gift
from Reference Metals Co., Inc; Bridgeville, PA. Large quantities
of this oxide could be dissolved in 1-10 M KOH, RbOH or CsOH
solution, and the Lindqvist ion crystallized by either evaporation
of the aqueous solution or addition of a less polar solvent (usually
alcohol).” In this manner, we can obtain large quantities (10’s
of grams) of pure material. The less soluble Lindqvist salts of
Na or Li (more on this later) were trickier in that the Lindqvist
salts would be precipitating at the same time the hydrous niobium
oxide was dissolving. Therefore to obtain the Li** or Na?* salt
in a pure and well-crystallized form, the K, Rb or Cs salt is
dissolved in a minimal amount of water and added to 1-2 molar
LiOH or NaOH solution, from which the corollary Lindqvist salt
precipitates rapidly. We also developed a more reliable solution
synthesis for K, Rb and Cs hexatantalate, making use of the
peroxotantalate, Ta(O,), salts.”® Again, the less soluble Li and Na
hexatantalate salts are obtained by dissolution of the more soluble
salts in LiOH or NaOH solution.?>?

Dissolution of the hydrous Nb,Os at ambient aqueous condi-
tions - Le. less than 100 °C in an open beaker, akin to standard
POM synthesis procedures - will only produce the Lindqvist
ion since high hydroxide solutions are required. In addition to
the hydrous metal oxide, other available precursors for Nb and
Ta include chlorides, peroxides and alkoxides. However, these
are immediately or gradually converted to hydrous oxides upon
introduction to an aqueous environment, so the end result is
the same. Thus other methods are necessary to broaden PONb
chemistry beyond the Lindqvist ion.

3.1 The heteropolyniobate Keggin phases

In 2001, we fortuitously discovered the unprecedented dodecanio-
bate Keggin ion [SiNb,,O,], and with further exploration we
were able to report* a general synthetic procedure that produced
a variety of new polyniobate geometries, most being Keggin
ion derivatives. Ironically, this first dodecaniobate Keggin ion
was an unidentified impurity in an industry-prepared sorbent
designed for removing radioactive Cs from alkaline nuclear
wastes. This unidentified impurity was problematic in that during
waste treatment in an ion-exchange column, it dissolved and
precipitated as an amorphous, Nb-rich oxide that would clog
the column. Following a study to unearth the cause and pro-
vide a fix,” we discovered that this problematic impurity was
in fact a valuable scientific find! The synthetic guidelines to
obtain heteropolyniobate Keggin-derivatives include: (1) lower
AOH :Nb ratios (i.e. 1:1-3:1), lower pH (ie. 10.5-12) and
lower AOH concentrations (~0.3-0.8 M) than conditions in
which the Lindqvist ion is dominant (A = alkali); and (2)
hydrothermal treatment, hot for short time (150-220 °C, less
than 24 h). Higher hydroxide/pH produced the Lindqvist ion,
and longer heating times produced simple oxides such as per-
ovskite NaNbQ,. Variations on this procedure provided an
assortment of Keggin-ion or Keggin-derivative phases, including
K,[Ti,0,][SiNb,,0,]16H,0 (1),* Na,,[H,Si;Nb,;05]-45.5H,0
(2),* Na;[TNb;,04]-4H,0 (T = Si,Ge) (3),” Na,[Ti,O,][TNb,,-

O4]-xH,O0 and Na,[Nb,O,][TNb;,0,]-xH,O (T = 8Si,Ge)
(4),” Na;s[(PO,);PNbyO,]-22H,0  (5),® K,o[Nb,O,][GeNb,,-
O4]-11H,0 (6),” and Li;;K[SiNb,,(OH),05]-17H,0* (7). From
this synthetic method, we also obtained a di-titanium substituted
derivative of the decaniobate, Nag[NbsTi,0]-34H,0 (8).%

The dodecaniobate Keggin ion carries an extraordinarily high
charge, [SiNb,,0,]'* for instance, compared to the related sili-
cotungstate, [SiW,,0,]*; and its solid-state and solution behavior
differs greatly, likely as a result of the vast difference in charge since
the cluster geometries are virtually identical. The silicotungstate
is a classic, well-behaved soluble polyanion. It is readily dissolved
as an acid, precipitated with just about any inorganic or organic
countercation, and transferable to organic media with the appro-
priate countercations. The siliconiobate on the other hand, due to
its high charge, undergoes strong cation association which controls
its behavior. The plenary a-Keggin ion has been isolated as a Na-
salt (3) and a Li-salt (7), and we have not yet been able to re-
dissolve these and confirm their state in solution; either through
recrystallization or some sort of spectroscopic characterization
in solution (i.e. ¥Si NMR). Furthermore they are very sparingly
soluble in both pure water and miscellaneous electrolyte solutions.
While the crystal lattice of (3) has 16 Na* per cluster, it has
only four molecules of water, which means the sodium is directly
bonded to the cluster (Fig. 2a); 30-38 Na* cations are directly
bonded to each Keggin ion.”® Viewing this lattice, it is very easy
to understand why this compound cannot readily be dissolved:
it is essentially a solid-state lattice of cations and anions with
very few intervening water molecules. While the dodecaniobate
[SiNDb,,04] Na-salt (3) was synthesized hydrothermally from
NaOH and Nb,Os-xH,O, a similar hydrothermal reaction using

Fig. 2 Various linkages of the [TNb,,O,] (T = Si, Ge) plenary Keggin
ion in the solid-state. (a) View of Na,[TNb,,O0,]-4H,0 (3) showing
two Keggin ions and the close association of the Na-cations in the
solid-state lattice. (b) View looking down the axis of the Keggin chains
of K,[T1,0,][SiNb,;,04]-16H,0 (1). (c) Side view of the Keggin chains of
both Klz[TiZOZ][SiNbqu]'16H20 (1), Nalz[Tizoz][TNblzow]‘XHZO and
Na,([Nb,O,][TNb,,04]- xH,O (4). (d) View of the Keggin ion layers of
K o[Nb,O,][GeNb;,O4]-11H,0 (6) linked in one direction by edge-sharing
NbOg, and K* in the second direction. The blue polyhedra are NbOy, the
yellow polyhedra are SiO, or GeQ,, the turquoise polyhedra are TiO¢ or
NbOjs that link the Keggin ions and the pink spheres or polyhedra are the
alkalis, Na* or K*.
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the Na-Lindqvist salt® produced (4),”” a phase with the Keggin
ions linked into chains via [Nb,O,]** bridges, charge-balanced
by hydrated Na* between chains. It is tempting to assume
it is the Na:Nb ratio that controls the crystallization of the
two phases: 3.25:1 for Naj[SiNb;,0,]-4H,O and 1.15:1 for
Na,([Nb,O,][SiNb,,04]-xH,0, but the formation pathway of the
dodecaniobate Keggin ion is yet to be investigated. The linked
dodecaniobate Keggin-ion chains were also formed with [Ti,0,]*
bridges with K* (1) (Fig. 2b and 2c) or Na* (4) as the counterions,
and all compositional variations of (4) are excellent ion-exchange
materials, but do not possess good chemical stability.’! In one case,
Ko[Nb,0,][GeNb,,0,]-11H,O (6), the Keggin ions are linked
into layers - by the [Nb,O,]** bridges in one direction and K*-
cations in the second direction (Fig. 2d).” Along with (3), this
is yet another example in PONb chemistry where the alkali
metals behave more like structure-directing, framework metals
than hydrated countercations.

Two examples of lacunary niobate Keggin ion deriva-
tives have also been made by hydrothermal synthesis,
Na,,[H,Si,Nb,;O5]-45.5H,0 (2) and Na,s[(PO,);PNb,0,,]-22H,0
(5), Fig. 3a and 3b. Unfortunately, we cannot correlate the
experimental conditions to the formation of a plenary vs. lacunary
Keggin-ion phase. All are very similar in terms of temperature,
T :Nb ratio (T = tetrahedral metal), Na* concentration, Na: Nb
ratio and pH (10.5-12): the optimal conditions for formations of
all niobate Keggin ion phases reviewed here were determined by
systematic variations. This is in contrast to the POW chemistry
where lacunary derivatives are isolated at higher pH, as discussed
prior. The [(PO,);PNb,O,,]"*" cluster of (5) is described as an
A-type trivacant lacunary o-Keggin ion decorated with three
PO, tetrahedra, or PO,* groups.® Like the plenary niobate
Keggin ion phases described above, this Na-salt is absolutely
insoluble: the Na*-countercations bridge the clusters in a layered-
framework, no solution characterization of this cluster is possible.
[H,Si,NbsOs]" (2) is more akin to the Wells-Dawson (and
related) POM geometries from POW chemistry: a linkage of two
lacunary Keggin-ion fragments with two TO, anions inside.?*
However, the specific geometry of (2) has not been observed
in POW chemistry. (2) is the only one of the niobate Keggin
derivatives that can be dissolved, characterized in solution (by
»¥Si NMR)* and recrystallized intact. A reasonable hypothesis as

Fig. 3 Two lacunary PONDb Keggin derivatives. Left: [H,Si;Nb,;Os]'*
(2) and right: [(PO,);PNbyOs,]'* (5). The blue polyhedra are NbO, and
the yellow polyhedra are SiO, (2) and PO, (5). (2) features a central Si, O,
and two decorating SiO,H. A Na*-cation resides in the pocket (green
sphere). (5) has both central PO, and three decorating PO, on the rim of
the lacunary cavity.

Table 1 Charge-density* of niobate POMs and tungstate POMs

Anionic  # of non-hydrogen Charge density

POM charge atoms (charge per atom)
[NbsOy] 8 25 0.32
[Ti,NbOx] (8) 8 38 0.21

[Nb,;,Ox] 6 38 0.16
[SiNb;,O4] (3) 16 53 0.30
[(PO,);PNb,O3,] (5) 15 53 0.28
[H,SisNb,;O5] (2) 14 76 0.18

[W4Oy] 2 25 0.080
[SiW,,04] 4 53 0.075
[SiW,,05] 8 51 0.16

[PW,0s,] 9 44 0.20

“ Charge-density (charge/atom) = (anionic charge of the POM)/(number
of non-hydrogen atoms of the POM).

to why this cluster behaves more like a typical heteropolyanion is
that it has lower “charge-density”, expressed as:

Charge-density (charge/atom) =

(anionic charge of the POM)/(number of non-hydrogen atoms of
the POM)

Summarized in Table 1 is the charge density of a sampling of
niobate POMs and tungstate POMs for comparison.

Here we see the charge density of (2) is indeed considerably
lower than that of the other heteropolyniobate geometries ((4) &
(5)), and intermediate between the lacunary POW Keggin ions,
[SiW,,05] and [PW,05,].

One POM area that the inception of the Nb-heteropolyanions
was anticipated to impact was medicinal and other microbiological
applications. POMs have known antiviral, antitumorial, and
anticancer activity.* The stability of the POM in biological media
(pH~7.4) is a key characteristic of the most effective POMs,
and Nb-substituted POWSs had received particular attention for
these applications.’*** (2) was tested for anti-HIV activity with
anticipation, but was determined to be ineffective. In 2005, a study
by Prusiner and Long* unveiled another potential microbiological
application of POMs; the selective precipitation of prions from
normal proteins, with selectivity increasing with the charge of the
tungstate Keggin ion. Again, (2) was tested and did not show
considerable efficacy. Of course these results were disappointing
(and never published for obvious reasons), but they did provide
insight into the ion-association of polyniobates. We concluded that
the poor performance was related to too much charge-density,
which simply meant that excessive non-specific ion association
(and precipitation as a result) of the polyniobate occurs in
biological media that contains significant amounts of Na*. The
non-specific ion association of the POM with Na* means the
charge is not accessible by oppositely-charged macromolecules
such as prions; and the resultant precipitation, of course, renders
the POM inaccessible.

3.2 The Lindgqvist-ion

As noted above, the hexaniobate [Nb,O,,]*" Lindqvist ion was
the first POND to be studied in both the solid-state and solution;
and due to its easy accessibility and handle-ability, it continues
to be studied and utilized to form new solid-state phases fea-
turing hexaniobate,*** to investigate aqueous behavior,*** and
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to synthesize niobate materials via soft-chemical methods.***
Furthermore, [NbsO,5]* can be crystallized as any alkali salt, and
even as a tetramethylammonium salt,* which further extends its
range of utility in these studies. The [NbsO,,]*- Lindqvist ion has
the highest charge-density of all known POMs (see Table 1); and
this feature provides interesting opportunity and challenges. The
alkali-[NbsO,s]** bonding in the solid-state is a classic example
of increased ion-association down the periodic group, where the
bigger, less hydrated ions exhibit more contact ion-association,
not intermediated by water;**?* see Fig. 4. Considering just the
bonding mode in which the alkali sits on the face of the [NbsO,,]*
superoctahedron with three bonds to cluster oxygens: we observe
that two Li/Na* cations are face-bonded to [NbsO,,]*, four K*
cations are associated to the faces of [Nb,O,]*, and finally all
eight faces of [NbsO,]*" bind Rb/Cs* in this manner. While this
is a well-known trend,” what is truly remarkable and unusual
for the [NbsO,]* alkali salts is that the solubility increases from
Li<Na<K<Rb/Cs. Generally, Cs-salts of large anions such as
POMs are notoriously insoluble and Li-salts are soluble. This is
indeed a logical trend in that the larger Cs-cations that do not have
a tightly bound water shell more readily bind to and bridge anions,
initiating local charge-neutralization and thus precipitation from
water. While this unusual reverse of the trend with hexaniobate is
not understood, it served us well to investigate ion-association in
solution via Small Angle X-ray Scattering (SAXS).*' The heavier
alkalis, Cs and Rb are better X-ray scatterers, in addition to
providing optimum ion-association and solubility. This study
did indeed show that the completely neutralized hexaniobate,
As[NbsOys] (A = Rb,Cs), shown in Fig. 4 is the dominant species
in AOH solution, while the ‘nude’ anion [Nb,O,,]*- dominates in
TMAOH (TMA = tetramethylammonium) solutions. The results
of this SAXS study, confirming the predominance of neutral
A¢[NbsOy] in aqueous solution, renders its high solubility even
more profound: why is an essentially neutral entity so highly
stable in aqueous solution where hydration is the normal mode
of dissolution of ionic salts? It is worth mentioning here that the
hexatantalate [Ta,O,o]*" # also has similar solubility trends, but
exhibiting lower solubility than the equivalent hexaniobate salts;
another curious phenomenon we are currently studying via SAXS.

Another feature of hexaniobate owed to its high charge-
density is protonation both in the solid-state and solution. When
hexaniobate is dissolved in pure water, the pH rises to ~12,
indicative of proton-binding. For instance, in buffered K*-salt

systems, triprotonated [H;NbsO,]*~ diprotonated [H,Nb,O,]*
monoprotonated [HNbsO,s]" and [Nb,O,s]* are the dominant
species at pH~8, 10, 12 and 14, respectively.*® For comparison, the
protonated states of hexatantalate are all observed at lower pH
values.* However, while the hexaniobate has been characterized
in its various protonation states in the solid-state, the protonated
hexatantalate has rarely been observed. A single very recent and
fascinating exception to this is a tetrabutylammonium (TBA) salt
of the di-protonated hexatantalate.”® As we might expect, the non-
aqueous conditions in which this phase has formed provided an
opportunity for increased anion-proton pairing that seems more
favorable in less polar solvents.

4. The role of transition metals in PONDb chemistry

Transition-metal or rare-earth substituted POMs is a very active
role of research, particularly for the POMs of tungstate, molybdate
and vanadate. As described in the introduction, these are often
formed from the lacunary POMs, by filling vacancies in the
cluster with the metal, and these addenda metals can then link
clusters into larger and extended assemblies. Furthermore, they
offer functionality such as redox behavior, catalysis, magnetism,
etc. The equivalent chemistry of PONDbs is challenging, due to the
basic nature of these POMs in aqueous media. As stated in the
prior section, self-buffering pH’s of dissolved PONDbs such as the
hexaniobate are generally above 12, a state in which most metals
simply precipitate as hydroxides. Thus the metals must be either
(1) the rare alkaline-soluble or amphoteric metal, yet still reactive
enough to undergo hydrolysis and condensation reactions, or (2)
complexed by a protective ligand, yet still accessible to bind to the
‘inorganic ligand’ POMs. These strategies have been tried: the most
successful example of the former is Ti**, and the most successful
example of the latter is Cu(i1) amine complexes.

Ti is a good base-soluble metal, and the titanium alkoxide
precursor can be utilized in alkaline hydrothermal reactions. As
mentioned prior, the [Ti,0,]*-linked dodecaniobate Keggin ions
have been synthesized hydrothermally, as has the Na-salt of the
[Ti,NbgOx]* (8) derivative of the decametalate cluster. In the
latter cluster, as in Ti-substituted polytungstates, Ti occupies
cluster sites, which do not have terminal y/ oxygens, in that
the Ti=O is not a stable and known moiety. With use of
organic counterions, TMA" in particular, the Casey group was
able to expand the titanoniobate POMs to include [TiNbyOq]"

Fig. 4 Alkali-cation bonding to the [Nb,O]*" Lindqvist ion; illustrating increased bonding with increased alkali radius (see text). Left: A,[NbsO,0]*

(A = Li,Na), middle A,[NbsOy,]* (A = K), and right: A{[NbsOy,] (A = Rb,Cs).
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and [Ti;NbgO,]""".5** The latter cluster is a remarkable giant
octahedral shaped cluster with Tiin all the sites with no y/ oxygens,
and Nb at the apices of the octahedron; these clusters will be
discussed more later in the realm of use of organic counter-cations.

Copper amine complexes, which are cationic (i.e. Cu(en),*;
en = cthylenediamine) are soluble in alkaline solutions, and
a number of Cu-amine decorated hexaniobate phases have
been synthesized.’37385455  Furthermore, the unprecedented
heptaniobate’*® and pentaniobate’” were isolated by use of
charge-balancing and decorating Cu-amine cations; but this will
be discussed further below. There are numerous other examples
where various metals have been combined with the hexaniobate in
solution, usually with the metal protected by chelating ligands,
and a crystalline product results where the metal is either
directly bonded to or acting as a charge-balancing cation to
the hexaniobate. Oftentimes, the metal exhibits the same face-
bonding as the alkalis, Cs and Rb in particular. Specific examples
include Mn* sandwiched between two Lindqvist ions,"! Mn/Re-
triscarbonyl decorating two apposing faces of both hexaniobate
and hexatantalate,* ligated Ni coordinated to hexaniobate,**° and
hydrated Al and Eu loosely associated with hexaniobate through
hydrogen bonding.®

We have also attempted to form TM-PONDb complexes with
amine-protected Cu and Co and the lacunary-type heteropolynio-
bates. In the first example, [H,Si,Nb,sOs]'* (2) was combined with
Cu(1)(en),, and a dimer sandwich-type compound crystallized,*
see Fig. 5a. However, the ‘filling’ of the sandwich is only Na*
that links the two monomers; the central point of linkage is a
Nat-cation that sits in the lacunary hole that is also present
in the monomer (2). Dissolution of the monomer in a K*-
electrolyte solution provided a material of (2) linked by K*
cations into a zig-zag chain (Fig. 5b). Again, the Na* cation
remains in the lacunary pocket. Furthermore, the octahedral Cu
cations, [Cu(en),(H,0),**, are not bonded to the POND at all. In
other words, the roles of the alkali counterions and transition
metal are switched, relative to what we have come to expect
from heteropolytungstate chemistry. More recently however, POW
sandwich compounds where alkalis bind and stabilize the equator
of the dimer, similar to our PONb dimer of (2), have been
recognized.®**

Fig. 5 [H,SiyNb,Os]'* (2) as it assembles in the solid-state when
combined with Cu(en), (en = ethylenediamine) in solution (see text). Left:
sodium ‘pseudo-sandwich’ crystallized from a Cu(en), solution. Right:
the sodium ‘pseudo-sandwich’ recrystallized from a potassium electrolyte
solution. The NbO, octahedra are blue, SiO, tetrahedra are yellow, the
pink spheres are Na* in the pocket of the monomer cluster, green is also
Na* and orange polyhedra are K*.

The second example was never published due to poor crys-
tal quality, but serves the purpose of illustration here. While
the prior mentioned experiments were carried out by ma-
nipulation of the PONb in ambient conditions, the follow-
ing was done hydrothermally. The hydrothermal synthesis of
Na,;5[(PO,);PNb,O5,]-22H,0 (5) was modified with the addition
of Co(11)-ammonia complex, and resulted in the crystallization of
layers of the [(PO,);PNb,Os,]"*" cluster, linked by hydrated Co**.
The other difference between the Co-linked clusters (denoted Co-
(5)) and those with only Na* as a counterion/linker, is what sits
inside the trivacant lacunary cavity that is rimmed with decorating
PO, tetrahedra. While (5) has two Na*-cations nested inside, Co-
(5) has three. Furthermore, in Co-(5), the orientation of the PO,
plus Na* cations is such that they close the cluster with a ‘cap’.
In essence, the Na-cations in the lacunary opening become an
integral part of the heteropolyanion (Fig. 6).

Fig. 6 Left: [(PO,);PNb,O3]" (5) showing two Na*-cations (pink
spheres) bonded inside the lacunary pocket. Right: cluster of (5) when
linked together in the solid-state with Co(11). For the Co-linked (5), the
PO, tetrahedra (yellow tetrahedra) plus three Na-cations (pink polyhedra)
essentially form a cap that closes the lacunary hole (see text).

The examples described in this section illustrate that the
incorporation of transition metals (or lanthanides) into PONDb
chemistry in the manner that they serve POW chemistry still
remains a challenge. The challenge of course is being able to
control the solubility of these metals in alkaline conditions
without completely rendering them unreactive through chelation:
we recognized this issue at the onset of these studies. A secondary
challenge appears to be removing these strongly associated alkalis
from potential binding sites for other types of addenda metals, as
the latter two examples above illustrate. While it has long been
recognized that the encapsulation of alkalis can be important
in templating POMs, there have also been means of replacing
these alkalis.®*” Qur attempts thus far at finding strategies to
replace these alkalis have actually resulted in closer association
and more extensive bonding between the alkalis and PONbs, while
the transition metals remain chelated and/or bonded peripherally.
This represents another challenge for PONb chemists for the
future.

5. Alkali-free polyoxoniobate chemistry

One way to rid polyniobates of tightly associated alkalis is to
eliminate them from the synthesis altogether and instead utilize
organic countercations. Organic counterions, alkylammoniums
in particular, have always played a very important role in POM
chemistry; to facilitate non-aqueous chemistry in particular. While
this too has been a challenge for PONb chemistry, there are
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now enough examples to start to understand some trends and
certainly to recognize that organic countercations are crucial in
the further development of this chemistry. The first example was
the tetramethylammonium (TMA) salt of decaniobate [Nb,,O]*,
mentioned prior.’*%%% Casey’s group went on to produce TMA
salts of [NbsOo]*, [Ti,NbgOxx]*, [TiNbyOy]~ and [Ti;; NbgOy, ],
as well as [NbgO,3(0,)]* where the terminal oxygen ligands are
replaced with peroxide ligands.**>"5%"" Finally, a decaniobate
dimer [Nb,,O5,]* was isolated with the use of tetrabutylammo-
nium (TBA) counterions.” These niobates and titanoniobates are
illustrated in Fig. 7.

Fig. 7 Decaniobate and titanoniobate derivatives. (a) decaniobate,
[Nb,;Ox]* (b) monotitanoniobate [TiNb,Ox]~, (c) dititanoniobate
[Ti,NbsOx]*, (d) ‘super-Lindqvist’ [Ti;;NbsO,,]'>, and (e) icosaniobate
[Nb,Os,]*. The blue octahedra are NbO, and turquoise octahedra are
TiO,. Note: Ti always adopts the POM sites that have no terminal oxygens.

Although the decaniobate structure was first reported in
1977, the methanolic synthesis was irreproducible until Marek®
discovered that it readily crystallized out of ethanol, whereas it
remained in solution in methanol. Ohlin et al.* modified the
synthesis of TMA-decaniobate, and found that TM A-hexaniobate
could be obtained from a similar synthesis, but with higher
base concentration and different crystallization conditions (pure
ethanol for the former; ethanol-acetone mix for the latter). This
work suggested that there exists a relationship between these two
entities in solution, which is detailed in the next section.

All the TMA salts of titanoniobate were produced from
hydrothermal processing of titanium alkoxide, hydrous Nb,Os,
and TMAOH in aqueous solution. The water was then evaporated
and the TMA salts crystallized from alcohol, usually methanol.
The clusters with different Nb : Ti ratios were obtained from pro-
portionally different ratios in the precursor mixture. As mentioned
prior, the Ti always adopts the sites with no terminal oxygens. The
evolution from the decametalates to the [Ti;,NbsO4]'"" cluster
is a beautiful illustration of how one might systematically build
larger and larger clusters related to the hexametalate via Nb: Ti
ratio. Recognizing this when we originally synthesized the Na-
salt of [Ti,NbsO,,]*,** we too attempted to obtain clusters of
different Nb:Ti ratios, but only with alkali hydroxides as the
base. We did not succeed. This suggests the TMA* counterion,
with its lower charge-density and larger size, stabilizes clusters
with similarly lower charge-densities and/or larger size. These

TMA-titanoniobates all required crystallization from appropriate
solvents, which is another synthetically tricky detail of working
with alkylammonium counterions: and oftentimes crystallization
is the limiting process in identifying new cluster geometries. How-
ever, there is increasing recognition of the power of electrospray
ionization mass spectrometry (ESI MS) as a tool to identify
clusters in solution without the benefit of crystallization. An
exemplary use of ESI-MS in polyniobate chemistry is detailed
in the next section.

6. pH-controlled evolution of polyniobate geometries

By synthetic strategies, as well as similarity in geometry, there is an
apparent relationship between the hexaniobate and decaniobate.
In a "O NMR study, Villa et al® observed the conversion
of the decaniobate to hexaniobate at pH~12.5. This is not
surprising for two reasons: (1) Clusters with lower charge-density
are less stable in more alkaline conditions (decaniobate = 0.16;
hexaniobate = 0.32; see Table 1) and (2) the decaniobate is likely
to be only metastable in aqueous conditions in general, in that it
is synthesized readily only in alcohol. By ESI-MS, a heptaniobate
ion, [Nb,0,,]*~ was observed as an intermediate in the conversion
from decaniobate to hexaniobate.®® This heptaniobate unit was
identified two years prior in solid-state structures,**¢ confirming
its viability. This collection of studies represents a rare example
in polyniobate chemistry of identifying the link between cluster
geometries, altered by pH control.

The question then arises as to what synthetic conditions
are optimal for isolating the intermediate heptaniobate (and
by inference, other potentially metastable fragments); and more
importantly, how can we utilize this knowledge to further expand
polyoxoniobate chemistry? The heptaniobate (Fig. 8a) can be
considered a hexaniobate with an additional NbO, octahedron
sharing one face of the superoctahedral hexaniobate, much in the
fashion that the alkalis bond as described prior. The heptaniobate
has almost identical charge density as hexaniobate (0.31 vs. 0.32).
However, what probably makes it less stable and thus rarer is this
additional NbOg octahedron has three terminal oxygen ligands,
which is why it condenses as a portion of a larger cluster in both
the solid-state structures reported. Both from our laboratory*® and
the group of Niu,* [Nb,,0,,H,]"*~ was structurally characterized
(Fig. 8b). Briefly, it features three heptaniobate clusters linked in
a ring by three additional (NbOgH) polyhedra, where these three

Fig. 8 (a) [Nb;O,] heptaniobate. This PONb can be viewed as a
hexaniobate Lindqvist ion with a NbO; octahedron bonded to one
face of the superoctahedron (via three bonds, sharing three edges). (b)
[Nb,,O,,Ho]""~ consisting of three heptaniobate anions linked by three
additional NbO¢H octahedra. (c) Eight heptaniobate anions arranged on
the corners of a cube, supporting a central Cu-O cluster with a single
K* (pink sphere) in the center. The blue octahedra are NbOs, turquoise
spheres are Cu, and red spheres are O.
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plus the three niobate octahedra outside the hexaniobate units
comprise the 6-member ring. In both structures, the Nb,, units
are dimerized through Cu(m) ethylenediamine (en) complexes,
and the anionic dimer is further charge-balanced with Cu(1)-
en complexes. Neither structure contains any alkalis, although
they were synthesized from Rb* and Na or K* hexaniobate salts.
In two additional structures by Niu, eight heptaniobate anions
arranged on the corners of a cube support a central Cu-O cluster;
and for these K* and Na* provide charge-balance outside of
the cluster assembly (Fig. 8c). The commonality between all of
these phases is they were obtained between around pH~9-11 in
aqueous solutions containing Cu(en),**. All were obtained by slow
evaporation of the solution in ambient conditions. The pH is lower
than that at which hexaniobate is extremely stable, thus providing
the opportunity to obtain other niobate clusters. Breakdown of
the hexaniobate to provide monomers and subsequent association
into the heptaniobate is a likely pathway. Similarly in Casey’s
experiments, breakdown of decaniobate to hexaniobate, also
releasing monomers to further combine with hexaniobate, was the
supposed mechanism.® Additionally, the monovacant Lindqvist
ion, [NbsO]'" fragment has also been isolated as part of a
complex composed of the plenary Lindqvist ion, and copper-
diamine coordination complexes.*® The isolation of this specie was
similar to the heptaniobate phases: from a pH~9-11 mixture of the
alkali hexaniobate and copper amine at ambient conditions. One
might conclude that the Cu-amine complexes are ideal counterions
that not only serve to charge-balance but also stabilize via bonding
to these larger cluster assemblies, which form by partial breakdown
of hexaniobate in the appropriate pH range.

The isolation of a TBA salt of a decaniobate dimer, [Nb,,Os,]*
(icosaniobate; Fig. 7¢)™ can also be related to Casey’s decaniobate
solution studies. Casey’s group noted that the terminal oxygen sites
at which the two decaniobate units are joined in the dimer were
the most basic, and underwent the most rapid proton-induced
ligand exchange;®® which obviously provides an opportunity for
the dimerization reaction to occur. Although the original synthesis
of isocaniobate was presumably from hexaniobate, a more recent
study revealed that the decaniobate could be reversibly dimerized
to form the icosoniobate.” Furthermore, new structures of the
decaniobate™ revealed H-bonding of water to these basic Nb—
O,, sites, also corroborating with solution reactivity data. These
combined results, solid-state and solution, reiterate the importance
of solution studies for providing information to further broaden
this relatively underdeveloped chemistry.

7. The role of hydrothermal synthesis in polyniobate
chemistry

Many of the polyniobate salts and framework complexes described
in this article could not have been realized without hydrothermal
processing. Although hydrothermal synthesis was mentioned
prior, particularly in section 3.1 in reference to obtaining the
niobate Keggin-derivatives, a brief separate discussion is therefore
warranted. Simply put, hydrothermal processing provides solubil-
ity for niobium oxide where it is necessary to avoid the alternative;
high alkalinity. The combination of high heat and a pH range
of ~10-12.5 serves to both destabilize (dissociate) the ubiquitous
Lindqvist ion while retaining the solubility of the dissociation

products. Thus, alternative polyniobate geometries may assemble
from these dissociated fragments. Similarly, the Ti-substituted
Lindqvist derivatives described in section 5 were all obtained
by hydrothermal synthesis; again, to solubilize titanium oxide
and niobium oxide without necessarily using extreme alkalinity;
conditions under which the Lindqvist ion is stable. Finally,
large polyniobate clusters described in the following section were
also obtained by hydrothermal synthesis. Since hydrothermal
processing is somewhat of a ‘blackbox’ technique - the reaction is
invisible to in situ human observation - we can only guess exactly
what occurs over the course of the reaction. For instance, do the
POND salts or framework compounds crystallize before cooling
the reactor? Do Lindqvist ions and other cluster geometries co-
exist in solution? Does the Lindqvist ion form as an intermediate
to other cluster geometries? In situ monitoring of the hydrothermal
reaction pathways by X-ray diffraction (precipitated solids) or UV-
vis spectroscopy (solution) is certainly not unprecedented, and
might provide answers to some of these questions.

8. Two miscellaneous examples of polyoxoniobate
chemistry

Although some developments of PONb chemistry defy characte-
rization within the realm of this paper because they are isolated
examples, they are certainly worthy of mention because they
may point the way to future developments. The first example
is the [H;(Nb; Oy;(CO;)]* and [HNby O] (Nb;, and Nb,,,
respectively) clusters reported recently by Cronin™ (Fig. 9). These
clusters are mixed Na/K salts, and were synthesized hydrother-
mally: although crystallization involved either slow evaporation
of the solvent from the mother-liquor, or diffusion of alcohol
into the mother liquor. They are more similar to the Keggin-
ion than the Lindqvist ion in that they have corner-linked
polyhedra in addition to edge-sharing polyhedra. These cluster
geometries are unprecedented in any POM chemistry and are
the largest isopolyniobates reported to date. Furthermore, both
feature pentagonal bipyramid and square pyramid Nb-geometries,
unprecedented in PONb chemistry. The carbonate ligand of Nbs,

r

Fig. 9 Left: [HNb,;0]'* and right: [H;(Nb; Oy(CO;)]* (Nby, and
Nb;,, respectively). These are the largest Keggin-like polyoxoniobates
that have been produced to date. Both feature the unusual pentagonal
bipyramid NbO, geometry and square pyramid NbOs. Both also have K*
in a pocket, and Nb;, features a single niobium with a carbonate ligand
replacing the terminal oxygen ligand. The niobium octahedra and square
pyramids are blue, the pentagonal bipyramids are highlighted in gray and
K* is pink spheres.
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was presumably adsorbed from air during the crystallization
process. Both also contain K* in lacunary-like pockets, similar to
the Na* in the pocket of (2), see Fig. 5. These unique POND clusters
can only be obtained in the presence of dibenzyldithiocarbamate,
but neither this organic anion nor its decomposition byproducts
are located in their crystal lattices. While the exact role of this
crucial anion could not be determined, the take-home message is
that spectator ligands such as dibenzyldithiocarbamate, if explored
in a systematic fashion, may allow for the isolation of other
unprecedented PONb geometries.

The second example is a mineral called menezesite found in
Brazil with an ideal formula Ba,MgZr,[BaNb,,0,,]-12H,0 (with
minor substitutions of K, Ca, rare-earths, Mn, Fe, Ti, Th, Ta and
Si).” The POND cluster, [BaNb,,0,,]** featured in this mineral
has six sets of two face-sharing NbOg octahedra that are arranged
in an octahedral fashion around the central 12-coordinate barium
(Fig. 10). While repeated attempts to synthesize some analogue
of this heteropolyniobate did not yield anything,” a tungstate
analogue, [MgW,,0,,]'"" was obtained over two decades ago as a
Mn, Fe, Co or Ni salt by simply heating the pure metal powders
plus tungstic acid in boiling water.”” There are three main reasons
the analogous synthesis of this simple reaction would not work
with niobate: (1) niobate is not soluble as an acid, (2) Nb(v)
does not have easily accessible redox chemistry that is probably
necessary to dissolve the metal powders as cations, and (3) the
aqueous alkaline conditions required to dissolve niobate would
result in the precipitation of the transition metals as hydroxides.
Another point to consider is that perhaps Nb(v) is too large
with too high charge to readily form phases with face-sharing
octahedra, except under the high-pressure conditions in which
this mineral was formed. However, this mineral heteropolyniobate
illustrates an important point in relation to PONDb chemistry:
perhaps investigating synthetic conditions in which face-sharing
of polyhedra is obtainable would be another route to expand

Fig. 10 [BaNb,,0,,]*** POND observed in the mineral menezesite from
Brazil. This unusal POND formed in nature features six sets of face-sharing
Nb-octahedra arranged in an octahedral fashion around a central Ba**.
The blue octahedra are NbO, and the pink sphere is Ba**.

accessible POND geometries. In particular, high-pressure syntheses
or flux syntheses might be explored.

9. Conclusions

Potentially the most important outcome of writing this Perspective
Article is identifying the logical paths forward to continue
expanding polyoxoniobate (and also polyoxotantalate) chemistry.
In general, synthetic investigations with the most potential are
those that utilize organic counterions; in both aqueous and non-
aqueous media. The miscellaneous works of Casey, Niu and others
show that these can indeed produce larger, more intricate clusters
and new cluster geometries. The trick to obtaining these is often
crystallization, but identification in solution via techniques such
as ESI-MS could greatly expedite success. Heteropolyniobates (i.e.
Keggin derivatives) are still greatly underdeveloped. These need to
be characterized better in solution, to understand their formation
process and behavior. Again, different counterions should be
investigated more in-depth. In addition to the organic counterions,
Cs and Rb should be considered for the Keggin derivatives;
particularly since Cs and Rb provide such great solubility to the
Lindqvist ions. Finally, as mentioned in the prior section, high
pressure or flux syntheses may produce new ways to assemble
niobate polyhedra that are not readily obtainable in less extreme
conditions.

Finally, what would spur more rapid development of this
chemistry would be the potential for applications. This is another
challenge for POM chemists, in that some of the more useful
characteristics of POW, POMo and POV are not easily accessible
for PONb and POTa: in particular redox chemistry, acidic
behavior, colorometric response, catalysis, and metal binding
capabilities. Rather than struggling to identify behavior in PONDb
chemistry that is readily obtainable in more traditional POM
chemistry, it would serve us well to exploit some of the more unique
characteristics of PONb (POTa) chemistry that are identified in
this review. For instance, the alkaline nature of the dissolved
Lindqvist ions may be exploited in some base catalysis reactions
or CO, separation/sequestration. The strong and unique ion-
association/solubility trends may be further explored in super-
molecular assembly, surface functionalization, or ion separations.
Finally, while microbiological applications did not prove too
promising in initial studies, this may change as a greater diversity
of POND clusters become available through creative and tenacious
synthetic research.

Acknowledgements

This perspective is dedicated to my friend and colleague Frangois
Bonhomme, whose crystallographic expertise made discovery of
the dodecaniobate Keggin-ion possible.

Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed-Martin Company, for the United States
Department of Energy under Contract no. DE-AC04-94A1.85000.

References

1 A Muller, E. Beckmann, H. Bogge, M. Schmidtmann and A. Dress,
Angew. Chem., Int. Ed., 2002, 41, 1162-1167.

2 H. N. Miras, G. J. T. Cooper, D. L. Long, H. Bogge, A. Muller, C. Streb
and L. Cronin, Science, 2010, 327, 72-74.

This journal is © The Royal Society of Chemistry 2011

Dalton Trans., 2011, 40, 8049-8058 | 8057


http://dx.doi.org/10.1039/c1dt10435g

Downloaded by Oregon State University on 21 February 2012
Published on 13 June 2011 on http://pubs.rsc.org | doi:10.1039/C1DT10435G

3 Y. Sakai, K. Yoza, C. N. Kato and K. Nomiya, Dalton Trans., 2003,
3581-3586.

4 G. Liu, T. B. Liu, S. S. Mal and U. Kortz, J. Am. Chem. Soc., 2006, 128,
10103-10110.

5 T. B. Liu, E. Diemann, H. L. Li, A. W. M. Dress and A. Muller, Nature,
2003, 426, 59-62.

6 D. Barats, G. Leitus, R. Popovitz-Biro, L. J. W. Shimon and R.
Neumann, Angew. Chem., Int. Ed., 2008, 47, 9908-9912.

7 T. M. Anderson, W. A. Neiwert, M. L. Kirk, P. M. B. Piccoli, A. J.
Schultz, T. F. Koetzle, D. G. Musaev, K. Morokuma, R. Cao and C. L.
Hill, Science, 2004, 306, 2074-2077.

8 C. Daniel and H. Hartl, J. Am. Chem. Soc., 2005, 127, 13978-12987.

9 M. Piepenbrink, M. U. Triller, N. H. J. Gorman and B. Krebs, Angew.
Chem., Int. Ed., 2002, 41, 2523.

10 M. I. Khan, E. Yohannes and R. J. Doedens, Angew. Chem., Int. Ed.,
1999, 38, 1292-1294.

11 C. M. Flynn and G. D. Stucky, Inorg. Chem., 1969, 8, 335-344.

12 E. J. Graeber and B. Morosin, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., 1977, 33, 2137-2143.

13 M. Dabbabi and M. Boyer, J. Inorg. Nucl. Chem., 1976, 38, 1011-1014.

14 M. W. Droege and R. G. Finke, J. Mol. Catal., 1991, 69, 323-338.

15 G. S. Kim, D. A. Judd, C. L. Hill and R. F. Schinazi, J. Med. Chem.,
1994, 37, 816-820.

16 1. Lindqvist, Arkiv for Kemi, 1953, 5, 247-250.

17 J. F. Keggin, Nature, 1933, 131, 908-909.

18 G. Herve, A. Teze and R. Contant, Polyoxometalate Molecular Science,
Tenerife, Spain, 2001.

19 H. Hartl, F. Pickhard, F. Emmerling and C. Rohr, Z. Anorg. Allg.
Chem., 2001, 627, 2630-2638.

20 A Goiffon, E. Philippot and M. Maurin, Revue de Chimie Minerale,
1980, 17, 466-476.

21 M. Nyman, T. M. Alam, F. Bonhomme, M. A. Rodriguez, C. S. Frazer
and M. E. Welk, J. Cluster Sci., 2006, 17, 197-219.

22 T. M. Anderson, S. G. Thoma, F. Bonhomme, M. A. Rodriguez, H.
Park, J. B. Parise, T. M. Alam, J. P. Larentzos and M. Nyman, Cryst.
Growth Des., 2007, 7, 719-723.

23 T. M. Anderson, M. A. Rodriguez, F. Bonhomme, J. N. Bixler, T. M.
Alam and M. Nyman, Dalton Trans., 2007, 4517-4522.

24 M. Nyman, F. Bonhomme, T. M. Alam, M. A. Rodriguez, B. R. Cherry,
J. L. Krumhansl, T. M. Nenoff and A. M. Sattler, Science, 2002, 297,
996-998.

25 M. Nyman, T. J. Headley and T. M. Nenoff, SAND2001-2266:
Interactions of UOP IONSIV IE-911 with pretreatment and simulant
solutions (UOP batches 98-5, 99-7, 99-9), Sandia National Laborato-
ries, Albuquerque, NM, 2001.

26 M. Nyman, F. Bonhomme, T. M. Alam, J. B. Parise and G. M. B.
Vaughan, Angew. Chem., Int. Ed., 2004, 43, 2787-2792.

27 F. Bonhomme, J. P. Larentzos, T. M. Alam, E. J. Maginn and M.
Nyman, Inorg. Chem., 2005, 44, 1774-1785.

28 M. Nyman, A. J. Celestian, J. B. Parise, G. P. Holland and T. M. Alam,
Inorg. Chem., 2006, 45, 1043-1052.

29 M. Nyman, E. J. Maginn, J. P. Larentzos, F. Bonhomme, J. B. Parise,
M. E. Welk, 1. Bull and H. Park, Inorg. Chem., 2007, 46, 2067-2079.

30 M. Nyman, L. J. Criscenti, F. Bonhomme, M. A. Rodriguez and R. T.
Cygan, J. Solid State Chem., 2003, 176, 111-119.

31 M. Nyman, C. R. Powers, F. Bonhomme, T. M. Alam, E. J. Maginn
and D. T. Hobbs, Chem. Mater., 2008, 20, 2513-2521.

32 J. T. Rhule, C. L. Hill and D. A. Judd, Chem. Rev., 1998, 98, 327-357.

33 D. A. Judd, J. H. Nettles, N. Nevins, J. P. Snyder, D. C. Liotta, J. Tang,
J. Ermolieff, R. F. Schinazi and C. L. Hill, J. Am. Chem. Soc., 2001,
123, 886-897.

34 1. S. Lee, J. R. Long, S. B. Prusiner and J. G. Safar, J. Am. Chem. Soc.,
2005, 127, 13802-13803.

35 R. P. Bontchev, E. L. Venturini and M. Nyman, Inorg. Chem., 2007,
46, 4483-4491.

36 R. P. Bontchev and M. Nyman, Angew. Chem., Int. Ed., 2006, 45,
6670-6672.

37 G. L. Guo, Y. Q. Xu and C. W. Hu, J. Coord. Chem., 2010, 63, 3137—
3145.

38 J. Y. Niu, X. A. Fu, J. W. Zhao, S. Z. Li, P. T. Ma and J. P. Wang, Cryst.
Growth Des., 2010, 10, 3110-3119.

39 L. Shen, Y. Q. Xu, Y. Z. Gao, E. Y. Cui and C. W. Hu, J. Mol. Struct.,
2009, 934, 37-43.

40 T. M. Alam, M. Nyman, B. R. Cherry, J. M. Segall and L. E. Lybarger,
J. Am. Chem. Soc., 2004, 126, 5610-5620.

41 M. R. Antonio, M. Nyman and T. M. Anderson, Angew. Chem., Int.
Ed., 2009, 48, 6136-6140.

42 J. R. Black, M. Nyman and W. H. Casey, J. Am. Chem. Soc., 2006, 128,
14712-14720.

43 M. Nyman, T. M. Anderson and P. P. Provencio, Cryst. Growth Des.,
2009, 9, 1036-1040.

44 M. Nyman, M. A. Rodriguez, T. M. Alam, T. M. Anderson and A.
Ambrosini, Chem. Mater., 2009, 21, 2201-2208.

45 H. Tong and J. H. Ye, Eur. J. Inorg. Chem., 2010, 1473-1480.

46 C. A. Ohlin, E. M. Villa and W. H. Casey, Inorg. Chim. Acta, 2009, 362,
1391-1392.

47 Y. Marcus and G. Hefter, Chem. Rev., 2006, 106, 4585-4621.

48 J. R. Black, M. Nyman and W. H. Casey, Geochim. Cosmochim. Acta,
2006, 70, A53-A53.

49 E. Balogh, T. M. Anderson, J. R. Rustad, M. Nyman and W. H. Casey,
Inorg. Chem., 2007, 46, 7032-7039.

50 M. Matsumoto, Y. Ozawa and A. Yagasaki, Inorg. Chem. Commun.,
2011, 14, 115-117.

51 E. M. Villa, C. A. Ohlin and W. H. Casey, J. Am. Chem. Soc., 2010,
132, 5264-5272.

52 C.A.Ohlin, E. M. Villa, J. C. Fettinger and W. H. Casey, Angew. Chem.,
Int. Ed., 2008, 47, 5634-5636.

53 E. M. Villa, C. A. Ohlin, J. R. Rustad and W. H. Casey, J. Am. Chem.
Soc., 2009, 131, 16488-16492.

54 J. P. Wang, H. Y. Niu and J. Y. Niu, Inorg. Chem. Commun., 2008, 11,
63-65.

55J.P. Wang, C. F. Yu, P. T. Ma and J. Y. Niu, J. Coord. Chem., 2009, 62,
2299-2306.

56 J.Y. Niu, P. T. Ma, H. Y. Niu, J. Li, J. W. Zhao, Y. Song and J. P. Wang,
Chem.—Eur. J., 2007, 13, 8739-8748.

57 J. Y. Niu, G. Chen, J. W. Zhao, P. T. Ma, S. Z. Li, J. P. Wang, M. X. Li,
Y. Bai and B. S. Ji, Chem.—Eur. J., 2010, 16, 7082-7086.

58 M. H. Dickman and M. T. Pope, Inorg. Chem., 2001, 40, 2582—
2586.

59 G. Chen, P. T. Ma, J. P. Wang and J. Y. Niu, J. Coord. Chem., 2010, 63,
3753-3763.

60 K. Hegetschweiler, R. C. Finn, R. S. Rarig, J. Sander, S. Steinhauser,
M. Worle and J. Zubieta, Inorg. Chim. Acta, 2002, 337, 39-47.

61 T. Ozeki, T. Yamase, H. Naruke and Y. Sasaki, Inorg. Chem., 1994, 33,
409-410.

62 T. M. Anderson, T. M. Alam, M. A. Rodriguez, J. N. Bixler, W. Q. Xu,
J. B. Parise and M. Nyman, Inorg. Chem., 2008, 47, 7834-7839.

63 Y. Hou, L. Xu, M. J. Cichon, S. Lense, K. I. Hardcastle and C. L. Hill,
Inorg. Chem., 2010, 49, 4125-4132.

64 T. McGlone, L. Vila-Nadal, H. N. Miras, D. L. Long, J. M. Poblet and
L. Cronin, Dalton Trans., 2010, 39, 11599-11604.

65 D. L. Long, H. Abbas, P. Kogerler and L. Cronin, J. Am. Chem. Soc.,
2004, 126, 13880-13881.

66 J. F. Liu, S. X. Liu, L. Y. Qu, M. T. Pope and C. Y. Rong, Transition
Met. Chem., 1992, 17, 311-313.

67 M. R. Antonio, C. W. Williams and L. Soderholm, J. Alloys Compd.,
1998, 271, 846-849.

68 E. M. Villa, C. A. Ohlin, E. Balogh, T. M. Anderson, M. D. Nyman
and W. H. Casey, Angew. Chem., Int. Ed., 2008, 47, 4844-4846.

69 K. A. Marek, PhD, University of Illinois, 2001.

70 C. A. Ohlin, E. M. Villa, J. C. Fettinger and W. H. Casey, Dalton Trans.,
2009, 2677-2678.

71 C. A.Ohlin, E. M. Villa, J. C. Fettinger and W. H. Casey, Angew. Chem.,
Int. Ed., 2008, 47, 8251-8254.

72 M. Maekawa, Y. Ozawa and A. Yagasaki, Inorg. Chem., 2006, 45, 9608—
9609.

73 M. Matsumoto, Y. Ozawa and A. Yagasaki, Polyhedron,2010,29,2196—
2201.

74 R. Tsunashima, D. L. Long, H. N. Miras, D. Gabb, C. P. Pradeep and
L. Cronin, Angew. Chem., Int. Ed., 2010, 49, 113-116.

75 D. Atencio, J. M. V. Coutinho, A. C. Doriguetto, Y. P. Mascarenhas, J.
Ellena and V. C. Ferrari, Am. Mineral., 2008, 93, 81-87.

76 Personal communication with Daniel Atencio of Univ. Sao Paulo, the
lead author of ref. 77.

77 J. R. Gunter, H. W. Schmalle and E. Dubler, Solid State Ionics, 1990,
43, 85-92.

8058 | Dalton Trans., 2011, 40, 8049-8058

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1dt10435g

