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While the d° transition-metal POMs of Group V (V>*, Nb>*, Ta®") and Group VI (Mo®*, W°") have
been known for more than a century, the actinyl peroxide POMs, specifically those built of uranyl
triperoxide or uranyl dihydroxidediperoxide polyhedra, were only realized within the last decade. While

virtually every metal on the Periodic Table can form discrete clusters of some type, the actinyls are the

only—in addition to the transition-metal POMs— whose chemistry is dictated by the prevalence of the

‘yI’ oxygen ligand. Thus this emerging structural, solution, and computational chemistry of actinide
POMs warrants comparison to the mature chemistry of transition-metal POMs. This assessment between
the transition-metal POMs and actinyl POMs (uranyl peroxide POMs, specifically) has provided much
insight to the similarities and differences between these two chemistries. We further break down the
comparison between the alkaline POMs of Nb and Ta; and the acidic POMs of V, Mo and W. This
more indepth literature review and discussion reveals that while an initial evaluation suggests the actinyl

POMs are more akin to the alkaline transition-metal POMs, they actually share characteristics unique to
the acidic POMs as well. This tutorial review is meant to provide fodder for deriving new POM
chemistries of both the familiar transition-metals and the emerging actinides, as well as fostering

communication and collaboration between the two scientific communities.
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Introduction

Polyoxometalate (POM) chemistry is traditionally described
as discrete anionic clusters of the early d° transition metals,
Group V and Group VI, V3T, N, Ta®™, Mo®™, and WO ™.
When considering only the solid-state structures that are
common to all of these POM-forming metals, one might
assume that their aqueous chemistries are similar. In fact,
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the routes by which these POM clusters self-assemble in
water vary significantly between V°*, Mo®", and W®™ ys.
Nb>* and Ta’". Oxoanions of V37, Mo®", and W®* are
monomers in alkaline conditions, and assemble into poly-
nuclear clusters in acidic conditions. On the other hand,
there are no known comparable oxoanions of Nb>* and
Ta’", and they form polynuclear clusters in alkaline condi-
tions. Colloquially-speaking and also borrowing from the
radioisotope separations literature, we refer to the two types
of POMs, based on their aqueous chemistries, as the acid-side
(V, Mo, and W) and the alkaline-side (Nb and Ta). What
enables the self-assembly of these discrete, water-soluble poly-
anions is the prevalence of the double-bonded oxygen ligand,
known as an y/ oxygen. The M=—O unit is known as a vanadyl,
niobyl, etc.

Some of the actinides, specifically those in the pentavalent
or hexavalent oxidation states, also possess the y/ ligand, but
the actinides have two trans yl ligands, and the formal bond
order is three; i.e. O=U=O0. The coordination chemistry
of U®" is the most developed of the actinides, and the
vast majority of complexes and solids exhibit the (UO,)*"
uranyl ion. The recent discovery' of actinyl-based POMs has
shown that the actinide y/ oxygen is a necessary (but not
sufficient) component of this newest class of polyoxometalate
clusters. In the chemical literature, the term polyoxometalates
or polyoxometalate-like has been used loosely to include
transition metal clusters (i.e. of iron or manganese) that do
not contain the y/ oxygen, but are instead surface-passivated
by organic ligands. Here we limit and focus on the definition
to polyoxometalates as only those that are surface-passivated
by the y/ oxygen and do not contain organic ligands.
More than 35 uranyl POMs have been reported, and in
each; bidentate peroxo bridges between uranyl ions are essen-
tial features. Most of the clusters built only from uranyl ions
also have uranyl bridges that are two hydroxyl groups.
Clusters containing these two types of bridges form in solution
with pH ranging from about 7 to 13. Incorporation of other
bridges, including oxalate and pyrophosphate, extends the
pH range of cluster formation into acid conditions, as low
as pH = 4.

However, based predominantly on the alkaline aqueous
conditions required for assembly of the POMs built from
uranyl ions with peroxo and hydroxyl bridges, we consider
these newest members of the POM family to reside on the
alkaline-side. In this tutorial review, we examine the details
of this comparison, and discuss POM characteristics and
behaviors that are directly related to the aqueous pH range
in which they are synthesized and stable. These topics include
synthesis, charge and charge density, solubility, acid—base
behavior, incorporation of heteroatoms or addenda metals,
and the oxides related to the alkaline transition metal and
actinyl POMs. Additionally, we will compare more broadly
the synthesis, structural features, and properties of the
actinyl POMs to the transition-metal POMs on the acid-side.
This is the first comparative review of this sort since the
inception of the actinyl POMs, and our hope is that it will
facilitate and inspire new science in both the familiar land-
scape of transition-metal POMs and the new frontiers of the
f-element POMs.

Role of the y/ oxygen in cluster formation

Clusters in general represent the size regime between mono-
mers and infinite solids, and they can be stabilized at this
intermediate state by either ligands or the y/ oxygen. Another
intermediate-sized entity is nanoclusters or quantum dots,
which are passivated also by ligands, more specifically known
as capping groups, but ligated clusters or nanoclusters are
beyond the scope of this review. Below we discuss briefly how
the y/ oxygen allows isolation of discrete anionic clusters,
which is the common link between the transition-metal and
actinide POMs. Most aqueous metal cations on the Periodic
Table are acidic. This means dissolution of salts of these
metals in their stable oxidation states in neutral water results
in (1) bonding of water to the metals (hydration); and
(2) deprotonation of the bound waters and a resultant decrease
in pH. If base is added to these solutions, the hydrated metal
cations undergo condensation; or oligomerization via forma-
tion of M—O-M (M = metal, O = oxygen) bonds. For most
metals, this occurs rapidly and without control, and the end
result is precipitation of a metal oxide (often hydrous metal
oxide). Metals that possess the y/ oxygen, or a multiply-
bonded oxygen ligand behave differently. The reader is
referred to Fig. 1 for illustrations of the building blocks
of POMs.

The y! oxygen is common to d° closed shell transition metals
of the Group V and Group VI; V3T, NB’ Y, Ta’™, Mo®* and
WO distortion resulting from the second-order Jahn—Teller
effect of these metal cations.? Trans to the y/ oxygen is a long
metal-oxygen bond: the M=O,, bond length is around
1.6-1.8 A, and the trans M—O bond around 2.2-2.4 A. Some
V, Mo and W POMs feature polyhedra with two y/ oxygens,
always in a cis-arrangement; some common examples of Mo
and W include heptamolybdate and paratungstate, respectively.
Vanadates include the mineral sherwoodite featuring isolated
[AIVY ,VY,04] polyanions,® and [NiV,30s]'%".* Monomeric
vanadyl is also assumed to coordinate as cis-VO,(H,0), " in water,

o, ole
&%ﬂ\—a ofrvs

Fig. 1 Monomer building-blocks of transition-metal and actinide POM
chemistry. A & B. green spheres are d° Group V and Group VI transition
metals V, Nb, Ta, Mo, W. A shows a distorted octahedron with a single
yl-oxygen trans to a long M—O bond. B shows a distorted octahedron
with two cis-pl-oxygen ligands. C & D show the uranyl building blocks;
yellow spheres are U®*. C is uranyl cis-dihydroxidediperoxide and D
is uranyl triperoxide.

This journal is © The Royal Society of Chemistry 2012
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based on structures of this isolated monomer.’> Of course
lacunary clusters also have cis-yl oxygen ligands as isolated
entities, but these provide bonding sites for addenda metals
(details below).

The actinyls always carry two y/ oxygens, but in a trans
arrangement, and these actinyls include U(vi)O,, U(v)O,,
Np(v)O,, Np(vi)O,, Pu(v)O, and Pu(vi)O,. Actinyl ions arise
because of the interaction of atomic orbitals on the actinide
and O atoms. Specifically, in the case of the U(vi)O,> " actinyl
ion, there are 12 p electrons from the O atoms that completely
fill the bonding orbitals, consistent with the very strong triple
bonds that occur in the uranyl ion. There are six linear
combinations of oxygen p orbitals in the uranyl ion, some of
which have symmetry that only matches with uranium f-orbitals.
The importance of f-orbitals in the case of uranyl favors the
linear dioxo cation, rather than the bent configuration that
occurs in the f-orbital lacking transition metal cases.®

The yl-oxygen ligands do not readily protonate or bridge to
other metal centers. In this sense, as the M—O-M bonded
network grows by hydrolysis and condensation reactions, the
vl-oxygen ‘passivates’ the growing metal oxide surface so the
growth process may stop at a discrete, water soluble size;
the exact size controlled by solution variables that will be
discussed later. This y/-oxygen at the cluster surface provides
aqueous solubility without introducing any organic ligands,
and POM clusters are very stable in aqueous solution if the
pH is appropriate. In this regard, the POMs resemble small
and absolutely discrete pieces of soluble metal oxide, which
renders them very useful for experimental and computational
studies in modeling the solid-aqueous interface: this is one of
the many creative uses of POMs. Since the UO, unit of the
uranyl clusters has the passivating y/-oxygen pointing in two
directions, it actually forms more shell-like or hollow clusters,
and this is discussed later in this review, with regard to the
strong templating effect of the alkali cations inside the cluster.

Synthesis of POMs from the acidic and alkaline
sides

The acid-side

The aqueous assembly of POM clusters is quite different for
POMs of V3", Mo®" and W®* vs. Nb>" or Ta®>*. The actinyl
POMs have components resembling each general synthetic
route. By far the most developed actinyl POMs are the uranyl
POMs featuring U(vi)O,, and these will be discussed in most
detail throughout this review. For the acid-side POMs of V3t
Mo®" and W%, the synthesis starts with the very water
soluble alkali salts of the oxoanion monomer, VO43 -, MOO427
and WO,>~. When these are dissolved in water, the pH goes
up, generally above 12, via protonation of the oxo-ligands of
the oxoanion. The oxoanions simultaneously expand their
coordination sphere by binding water. Subsequent addition
of acid results in hydrolysis and condensation reactions,
checked by the predominant y/-oxygen, and the final result is
soluble, discrete anionic POM clusters. The size, geometry and
monodispersity of the POM clusters that form is dependent
on many factors including pH, concentration of the POM-
forming metal, presence of heteroatoms or addenda metals,
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Fig. 2 Illustrating plenary, lacunary, heteroatom and addenda metal
in transition-metal POM chemistry. (A) Plenary o-Keggin ion,
[XM,040]. Green octahedra are POM-forming metals M = Nb,
Mo, or W. Purple tetrahedron is the heteroatom in POM chemistry;
i.e. Si, Ge, Al, P. (B) A-type trivacant Keggin ion, [XMgyO34] derived
by removing three corner-sharing octahedra from the plenary Keggin
ion. (C) B-type trivacant Keggin ion, [XMyOs34] derived by removing
three edge-sharing octahedra from the plenary Keggin ion. D) Two
B-type trivacant Keggin ions sandwiching three open-shell transition
metal octahedra (i.e. Co')—these are the addenda metals in POM
chemistry (Co = orange spheres, aqua ligands = red spheres).

and counter-cations. For the non-specialist, it is important to
distinguish heteroatoms and addenda metals at this point, in
the realm of transition-metal POM chemistry. Heteroatoms
are an integral part of the cluster, the central tetrahedral metal
(P, Si**, etc.) for instance of the common Keggin ion and
its many derivatives. Addenda metals link complete clusters
(plenary) or cluster fragments (lacunary) together to form
larger cluster units. An example is the sandwich POMs, where
the ‘bread’ is lacunary phospho (or silico) tungstates and the
‘filling’ is transition-metal polyhedra (iron, manganese, cobalt,
etc.)’ Fig. 2 shows the plenary a-Keggin ion, lacunary deriva-
tives and a sandwich compound, illustrating the concepts of
plenary, lacunary, heteroatom and addenda metal.

The alkaline-side

The POM clusters of Nb°>" and Ta>" assemble by a different
aqueous route. There are no oxoanions, NbO,*~ or TaO,>~;
perhaps due to their larger radius and relative aqueous
instability of the tetrahedral coordination. Niobium and
tantalum oxides are amongst the few transition metal oxides
that dissolve in aqueous base and precipitate in aqueous acid.
To form a POM of Nb>* or Ta’*, Nb,Os or Ta,Os can either
be (1) dissolved in a strongly alkaline solution, or (2) fused
with an alkali hydroxide and then dissolved. Both routes lead
to the same endpoint—formation of the Lindqvist POM
cluster, [M6019]8’; M=—Nb,Ta, one of the most common
plenary POM geometries. (Fig. 3) For the acidic POMs; in
general, plenary clusters are assembled at the lowest pH values,
and the lacunary clusters are derived from these usually by
increasing the pH so that M=O units are ‘plucked’ out of the
cluster in a controlled fashion. The extreme end of this process
is disassembly of the POM clusters to their monomer (or small
oligomer) precursors. One might expect the corollary from the
alkaline side is a decrease of pH from that which stabilizes the
Lindqvist cluster could result in related lacunary clusters.
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Fig. 3 The Lindqvist ion—the most common POM geometry for
alkaline transition metal POMs: [MO1o]°~ M = Nb,Ta. Green sphere
is Nb,Ta; red sphere is oxygen.

However, this is not the case in ambient conditions: decrease
in pH just results in precipitation of the oxide. This is the key
difference between the acid POM metals that have the stable
monomer form, and the alkaline POM metals for which there
is not a stable aqueous monomer. In order to obtain other
Nb-POM geometries, the Keggin ion derivatives in particular,
hydrothermal processing is required, in slightly less alkaline
conditions (pH ~10.5-13) than that which the Lindqvist ion
forms with ambient processing (in an open beaker, heating
only up to approximately 90 °C). The combination of the
slightly lower alkalinity and heat allows retention of solubility
of POM fragments and partial destruction of the Lindqvist ion
so other cluster geometries can assemble. Recent develop-
ments in polyoxoniobate chemistry have been reviewed in
detail in 2011, and we refer the readers to this article for
more details, as this is not the main point of the current review.

The uranyl POM clusters self-assemble quite readily in
alkaline solutions in the presence of peroxide in ambient
conditions. Where the monomer building block of the transi-
tion metal POMs is most commonly MOg4 and less commonly
MO, and MOs (M = V, Nb, Ta, Mo, W), the most frequently
observed monomer building blocks (see Fig. 1) for the
uranyl clusters is uranyl triperoxide, UO5(O,);*~ and uranyl
diperoxidedihydroxide, UO5(0,),(OH),*~, with the hydroxyl
ligands in cis orientation. Thus far, the peroxide ligand seems
necessary to provide curvature for cluster formation. The
U-peroxide-U interaction is inherently bent, due to the
combinations of electronic orbitals, and these details are
discussed elsewhere.”! DFT simulations indicate that the
dihedral angle of the U—~(O,)-U bridge is ideally ~ 140°, and
this is consistent with the geometries of reported cage clusters
in general.”!! If all uranyl ions in a cage cluster are bridged
only through peroxide groups, the size of the cluster is limited
by the dihedral angle of the bridge, because of the curvature
required. Incorporation of hydroxyl bridges between uranyl
ions generally fosters formation of larger clusters, such as Usg
and Ug,'” because the dihedral angles for U~(OH),~U bridges
are flatter, as shown by the DFT simulations. It is the average
dihedral angle for the aggregate of bridges between uranyl ions
in a cage cluster that is most important in determining its size.
In turn, accurate reproduction via computation of the experi-
mentally determined U—(O,)-U or U-(OH),-U angles in
capsules depends heavily on inclusion of the templating alkali

countercation in the model for computation. Thus the energetics
of the dihedral angles that define capsule geometries can be most
accurately calculated when considering the alkalis.

From the point of view of synthesis, the uranyl peroxides
are similar to the alkaline POMs, in that they self-assemble
in aqueous base, and precipitate a chemically related
oxide-peroxide phase in lower pH (studtite for instance,
[(UO,)05(H»0),]-2(H,0)"?). However, the ability to isolate
stable UO,(0,);*~ and U02(02)2(OH)247 monomers as alkali
salts of Li, Na or K'*'® is more akin to the acid POM
chemistry—in that stable alkali salts of VO4°~, MoO,*~ and
WO,*  are isolatable forms and are commonly used to
synthesize POM clusters. In fact, the alkali salts of the
UO05(0,);* monomer can be used as precursors for the uranyl
peroxide clusters.!® The UO5(0,)»,(OH),*~ monomer, on the
other hand, has been isolated only with the OH ligands in the
trans-position,'” whereas they have a cis-orientation in all
the uranyl clusters containing this monomer building block.
Nb and Ta also form water-soluble peroxide-ligated mono-
mers; Nb(O,),°~ and Ta(0,),>~ that are readily precipitated as
NH,", K™, Rb" and Cs™ salts.'® These, in fact, have been
used to synthesize the [Tag0;0]®~ Lindqvist ion."” The differ-
ence between the synthesis of the Ta-POMs and the U-POMs
from the peroxide monomer precursors is the U-POMs appear
to need to retain the peroxide ligands to provide curvature
necessary for cluster formation, whereas the peroxide ligand is
replaced by oxo ligands in the Ta-POMs. There are some
examples of Nb-POMs that contain peroxide ligands, and
these will be discussed later.

The role of internal countercations

Unlike the other topics discussed in this review, the focus of
alkali templating of clusters is actually better developed for the
actinide POMs than for the transition metal POMs, which
arises from the unique capsule-like nature of these clusters.
Since the yl-oxygens of the uranyl passivates the internal
curved surface of the cluster as well as the external surface,
the result is shell-like clusters that encapsulate water and alkali
cations. The UO5(0,);* or UO»(0,),(OH),*~ building blocks
are linked into square, pentagonal and hexagonal rings by
polyhedral edge-sharing of the peroxide ligand, or the two
cis-hydroxyl ligands. In these rings that are concave toward
the center of the capsule, the y/ oxygen atoms point toward the
center on the concave side, creating a perfect inorganic crown
for binding a metal. It has been observed both synthetically
and computationally that the size of the ring is selective toward
the size of the alkali, with squares hosting Li, pentagons hosting
Na and K,?>?! and hexagons hosting Rb and Cs, and some-
times K."!'3?? (see Fig. 4) The K-templated pentagonal ring
is the only uranyl peroxide ring that has been isolated
(with oxalate ligands, K;o[(UO,)(0,)(C,04)]5) and structurally
characterized,?' the rest have been observed in fully-formed
capsules only. Li in a square ring has only been observable
crystallographically templating the squares of the Np,4 cluster,
[Lis(H20)sNpO2(H20)4{(NpO,)(02)(OH)}24]*~."! We assume
they are likewise located on the inside of isostructural U,y
because (1) Li is the only alkali present in the reaction
solution, and (2) it is not likely that these capsules are empty.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Templated ring structures in transition-metal and actinyl POM chemistry. Top row is isolated VO, rings templated with transition metals
(green polyhedra are VO, orange spheres are transition metals and red spheres are aqua ligands): [PdV¢Og]*~ (left), [Cu,VgO24]*~ (center) and
[NisV16030 (OH)»(H,0)¢]*~ (right).29 Bottom row is square, pentagonal and hexagonal rings templated by alkalis within actinyl POM capsules;
view is from inside the capsule (yellow polyhedra are actinyls, orange spheres are alkalis): Li templating a square ring in the Npay cluster (left);' Na or K

templating a pentagonal ring in Uyg, for instance (center); Rb or Cs templating a hexagonal ring, also in Uag.

We also make the assumption that these Li-cations have some
degree of disorder, which renders them more difficult to locate.
The A "—y/-O bond lengths within these cavities are typical of
the alkalis: Li-O ~1.8-2.2 A, Na-O ~23-27 A, K-O
~2.6-3.0A, Rb-0 ~2.9-32 A, and Cs-O ~3.0-3.6 A. These
bond lengths add slightly more than 10% of the BVS value of
the yl-oxygen per bonded alkali, which obtains most of its
bond valency from multiple bonding to U®". Furthermore,
the U-O,, bond length does not correlate with number of
bonded alkalis, where 0—3 bonded alkalis have been observed
over numerous structures. What is not entirely clear though, is
the role of the alkalis in the growth of the clusters. They may
actively template growth of rings and then capsules, or they
may simply stabilize highly anionic cluster fragments by
binding in appropriately-sized multidentate cavities. However,
in the absence of the appropriate experimental studies in
solution, this discussion is simply speculation for the moment,
and represents a considerable area for growth of this science.
Aqueous phase studies of the cluster assembly process, such as
by light or X-ray scattering, nuclear magnetic resonance
studies, or vibrational spectroscopies are experiments that
should be undertaken in the future to identify the putative
ring-shaped building blocks in situ, and their subsequent
(or simultaneous) conversion to the capsules that we observe
on the solid state.

There are also examples of alkalis templating the rings on
the outside of the capsule, or the convex side of the ring.
However, these alkalis bond to the peroxide ligands instead of
the yl-oxygens. For example, in a K/Cs* templated Usxg
cluster (Upygs = [UO,(05);.5]s, an all-peroxide linked uranyl
capsule), K™ is hosted inside the pentagonal rings (K-O,; =
2.6-2.8 A), while Cs is nested on the outside of the pentagonal
ring (Cs—Operoxide = 2.9-3.1 A). A far more common bonding
mode of the alkalis outside the cluster is by side-on bonding of
the cluster peroxide bridge to the alkali. Fig. 5 shows alkalis
bonded externally to uranyl POM capsules.

1533

Fig. 5 View showing two modes of bonding of Cs™ counterions to
the outside of Upg capsules within its crystalline lattice; orange spheres
are Cs and yellow is the uranyl polyhedra.'® The Cs™ central to the
image sit above the pentagonal rings of two adjacent clusters, and the
other two Cs™ coordinate side-on to bridging peroxide ligands of
the clusters. This view also illustrates how these large alkali bridge the
clusters to create an poorly soluble lattice network of cations and
anions.

There are no examples of POMs of Ta or Nb in which the
charge-balancing alkali cations reside within and template the
cluster internally. On the other hand, there are some examples
of V, Mo or W-POMs where a single alkali appears to play a
templating role, and these have generally been termed cryptands.
Many of these are actually two lacunary fragments that
sandwich a cation of a specific size or charge.?>*® From the
acid-side, square and pentagonal rings of corner-sharing VO,
tetrahedra are documented in aqueous solution® (and these
contain no alkali cations), and the square ring has been
isolated in the solid state.?” Furthermore, the pentagonal ring
(IMn,V 10030]®~ and [Cos (H20),V10050]). % a hexagonal ring
([PdV¢0,g]*7), an octagonal ring ([Cu,VsO0,4*7),%° and a
decagonal ring ([NisV0030(OH)»(H,0)g]* )% have been isolated,
hosting transition metals within their cavities. Some represen-
tative examples are shown in Fig. 4, compared to the templated
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uranyl peroxide rings. Similar chemistry with the uranyl
POMs would be an area for opportunity and extreme interest.
However, the alkaline conditions usually required to form
these presents a challenge (discussed later).

The family of giant molybdate POMs that were first
reported by Achim Muller in the mid 1990’s,’* like the
uranyl-POMs, also incorporate alkali metals and water. These
self-assemble over several weeks in a sodium molybdate
solution to which an acidic reducing agent (ascorbic acid,
for instance) is added. The giant ‘blue’ clusters (indicating
reduced Mo" and/or Mo"Y centers or delocalized electrons are
present) are capsule-like, contain hundreds of metal polyhedra
in the transition metal shell (also have been formed with mixed
Mo/Fe and Mo/V), and do indeed encapsulate anions, cations,
and water. These encapsulated species however do not appear
to play any templating role on the cluster growth: they are
disordered and not bound tightly to the internal curved surface
of the molybdate shell. However, extensive and detailed ion
exchange studies have been carried out with these capsules.®'*
These studies have revealed that both cations and anions can
exchange into the capsules, the exchanged-in ions can bond to
the internal curved surface of the capsule, and the pores
through which the ions are transported are flexible in the
aqueous environment and can open and close in response to
the composition of the aqueous medium.

Comparatively, the dynamic behavior of the alkali cations
encapsulated within the uranyl POM capsules has been only
discussed briefly; but this phenomenon has enormous
potential for future detailed studies. Nyman er al.'® initially
noted that U,g with K and Cs templating the pentagonal and
hexagonal rings respectively (and Ta(O,)4 residing in the
center of the capsule) will rapidly exchange all of the internal
K™ for Na*t in a solution of excess Na™. In a subsequent
publication, a crystal structure of the Na-exchanged U,g was
reported, and computational studies revealed the stabilization
energy of the Na-analogue relative to the K-analogue.>® It was
also shown that the Cs™ could slowly exit the capsule,
depending on the nature of the central templating anion.
The peroxometalates, Nb(0,)4>~ or Ta(0,),>~ located in the
center of the capsule appear to provide better stabilization
towards retaining the encapsulated alkali cations than the
central uranyl anion.'> Perhaps this is because the peroxo-
metalates bind the internal alkali cations more tightly. The
prior work of Muller et al., revealing the flexibility of the
porous openings in the capsule shell is most certainly expected
here as well, given the fact that the Cs™ cation is large yet is
able to exit the cluster. Ion-exchange also presents an under-
utilized method to develop new forms of these uranyl POMs.
Dynamics, structure and energetics of uranyl POMs as a
function of alkali countercations will definitely play a signifi-
cant role in the future development and understanding of this
POM family.

Another POM phenomenon involving alkali countercations
is the assembly of the macrostructures in solution dubbed
‘blackberry structures’, pioneered by Tianbo Liu.>* In these
assemblies, clusters associate as a closest-packed array, forming
the surface of a hollow sphere, and alkali countercations
bridge these clusters through anion-cation-anion association.
Weinstock> further observed similar arrays forming on the surface

of gold nanoparticles, with the anionic POMs replacing citrate
anions.* The blackberry structures have thus far been only
observed for larger POM clusters with low charge density. In
fact, the blackberry formation is often initiated by alkali
cation-POM association, induced by addition of a less polar
solvent to the aqueous POM solution: smaller POMs with
higher charge such as Nb-POMs may actually simply precipitate
under such solution conditions. On the other hand, cation-
mediated assembly of POMs on the gold nanoparticle surface
was observed for the small and highly-charged lacunary
Keggin ion, [AIW;,030]° .3 Therefore, ‘blackberry formation’
from smaller POM clusters of higher charge, a category which
includes both the alkaline POMs and the uranyl POMs, may be
an effort for future development of alkali-mediated POM
assembly on both surfaces and in solution.

Charge-density of POMs

Table 1 (adapted from Nyman®) summarizes the charge-
densities of some common Nb and W POM clusters, along
with a few uranyl POMs. Here we can clearly see that the
Group V POMs possess higher charge-density than Group VI
POMs, as expected; and this scales with pH of synthesis.
Generally higher charged clusters assemble and are stable at
higher pH. The lacunary Group VI POMs, such as
[PWo034]°~ are also formed at higher pH (i.e. ~8). While
this is straightforward for the transition-metal POMs, the
comparable analysis of the uranyl POMs is complicated by
the encapsulated cations, anions and water molecules. Firstly,
for many of the uranyl POMs, the encapsulated species are not
well-defined, due to disorder. We identified three well-described
uranyl POMs and included these in Table 1, both with and
without their encapsulated species. Including the encapsulated
species gave charge-densities more akin to the polytungstates,
while the uranyl shells alone (without considering the encapsu-
lated species) gave charge-densities similar to the polyniobates.
Again, the nature of these encapsulated species, their dynamics,
structure directing capabilities, and their role in stabilizing the
capsules will become clearer with experimental and computa-
tional studies focused on these aspects.

The role of external countercations

In the synthesis, crystallization, dissolution, phase transfer and
selective precipitation of POMs, the countercations are of
utmost importance, and these can include ammonium or
phosphonium cations as well as the most commonly-used
alkalis. Generally speaking, larger organic cations such as
the NR, " (R = alkyl or aryl) series are useful for stabilizing
larger clusters with low charge density, as they likewise possess
low charge density. These cations also function in the transfer
of POM clusters into nonaqueous solvents. This is done quite
readily for POMs of molybdate, tungstate and vanadate. As a
result, nonaqueous chemistry and applications can be carried
out on POM clusters including catalysis, electrochemistry, and
functionalization of POMs with organometallic species.*®?’
Nb-POMs, on the other hand, do not readily transfer into
non-aqueous solutions, probably due to their high charge-
density and close physical association with alkali cations.®
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Table 1 Charge-densities of POM clusters: Nb-POM (blue), W-POM (orange), U-POM with Encapsulated Species (yellow) and U-POM without

Encapsulated Species (gray)

ctarse ) | e | Cortsden,
[NbsOy] 8 25 0.32
[SiNb;040] 16 53 0.30
[(PO,)sPNbyOs,| 15 53 0.28
[(U0,)1(02):4(OH)s] * 24 104 0.23
[Ti;NbsOss] 8 38 0.21
|GaNb,sOs4] 15 73} 0.21
[PW40s4] 9 44 0.20
[(UO,)20(02)24(P,07)] ¥ 32 162 0.20
[H,Si;Nb;6O0s] 14 76 0.18
[{(UO)(O2)1.5}25] *° 28 168 0.17
[Nby¢O2s] 6 38 0.16
[SiW ;03] 8 51 0.16
[Ks(UO2)20(0)24(P20-)s] 24 170 0.14
UO,Na,Csy(H,0)[(U0,)16(02)24(OH)g] ** | 14 126 0.111
[WsO1] 2 25 0.080
[Rb,K 2 [NB(O2)4]{(U0,)(05)1.5025] ° 15 193 0.078
[SiW120.4] 4 53 0.075
[P2Wi506] 6 82 0.073

Therefore nonaqueous POM chemistry of the alkaline
niobates and tantalates is virtually nonexistent; again due to
the high charge-density of these clusters. However, there are a
few exceptions. Decaniobate, [Nb;oO»]®~, for instance, is
synthesized in ethanol with tetramethylammonium (TMA)
counterions.® It has the lowest charge-density of Nb-POM
clusters (see Table 1), and converts to [NbgO;o]®~ in more alkaline
solution. The decaniobate can also be reversibly dimerized, and
this too takes place in nonaqueous solvent, with tetrabutyl-
ammonium (TBAOH) counterions.** Additionally, a diprotonated
hexatantalate [HzTaGO]9]6’, also with TBAOH countercations
was crystallized from a toluene-ether mixture.*' This non-
aqueous hexatantalate example may be an isolated incident,
or it may point towards the future of Ta-POM chemistry,
which has thus far eluded significant development.
Nonaqueous uranyl POM chemistry has not yet been
explored, and represents opportunity for researchers. According
to Table 1, the charge-density of a typical uranyl POM cluster
with their encapsulated species is more similar to that of the
acidic POMs than most of the highly charged alkaline POMs,
which suggests nonaqueous chemistry of the uranyl POMs
may be readily achievable. The potential benefits of this
putative non-aqueous uranyl POM chemistry include oppor-
tunity to investigate redox chemistry of the clusters more

indepth, and stabilization of the dynamic alkali’s, by removing
the uranyl POM from its aqueous environment.

Another chief function of countercations in POM chemistry
is to serve in the dissolution or precipitation of clusters, for the
purpose of aqueous phase studies, and crystallization/purification,
respectively. The usual trend with alkali POMs is, the smaller
alkalis (Li, Na) are useful for dissolution, while the larger
alkalis (Rb, Cs) help in rapid precipitation of pure phase
clusters, when a single cluster geometry dominates in solution.
Meanwhile, K can go either way, and is always a good starting
point when one is interested in dissolving or precipitating
POMs. This usual trend is what we have come to expect based
on hydration behavior of these cations. Smaller cations tend to
be solvent-separated from their anions with large hydration
spheres, while larger cations are more prone to contact ion-
association. The larger alkalis not only associate to a single
anion (such as a POM) in aqueous solution, but they bridge
between the anions, which ultimately results in rapid aggrega-
tion and precipitation.

This common trend that is observed for the POMs of V, Mo
and W is in fact what is observed for the uranyl POMs—not
only for the clusters, but the monomer forms as well. For
instance, the Cs salts of U,g reported prior15 are insoluble
in neat water, and the Rb salts are only sparingly soluble.
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Fig. 6 The [M¢Oo]®~ Lindqvist ion (M = Nb, Ta) with eight
associated Cs™ cations. This mode of bonding to the face of the
superoctahedron Lindqvist ion is also common to coordination com-
plexes with transition metals.

(Fig. 5 shows U,g, emphasizing external associated Cs-cations)
However, these clusters can be redissolved with the addition of
a Li, Na, K, or TMA electrolyte solution. The cautionary note,
however, in utilizing large alkalis such as Cs for precipitating
uranyl POMs is the solutions of self-assembling clusters are not
always monospecific. Thus if the precipitation is not carried out
in a controlled manner or with optimal timing, a mixture of
products whose identity is not readily determined can result.

The POMs of Nb exhibit a very unusual solubility trend
with their alkali countercations, and this trend is opposite that
of the uranyl POMs and the POMs of Mo, V and W. This was
first noted for the common [NbgO,¢] Lindqvist ion, in that the
Li and Na salts were sparingly soluble,'®** while the Rb and
Cs salts were extremely soluble.®** However, what is more
fascinating is that while the solubility trend is anomalous,
the alkali-POM bonding is classic in the solid-state, with a
neutralized complex forming with Rb and Cs where each face
of the octavalent superoctahedral cluster tightly binds an
alkali, Ag[NbgO1o]. (Fig. 6) Furthermore, the direct bonding
of the heavy alkalis to [NbgO;o]®™ persists in solution.*® The
initial Keggin-ion heteropolyniobate derivatives with Na™ or
Li* were also found to be relatively insoluble.*****> However, it
was not until very recently that the Nb-Keggin derivatives with
Rb and Cs countercations have been isolated;* and these salts are
extremely soluble, confirming the universality of the anomalous
solubility trend of Nb-POMs. This anomalous solubility trend of
the Nb-POMs is not well-understood. However, it presents an
ideal opportunity to understand the relationship between cation-
anion pairing in solution, charge-density, acid—base behavior and
solubility of ionic clusters (and more generally any salts) in water.
There is not yet enough known about aqueous behavior of the
related Ta-POMs, [Tag0,4]° in particular,'®*’ to determine if
these follow the same anomalous solubility trend as a function
of alkali countercation size. This too represents a ripe area for
future exploration.

Protonation of POM clusters

Protonation of POM cluster oxygen ligands warrants some
discussion here, as it plays an important role in cluster growth
and aqueous dynamics of clusters and their monomer pre-
cursors, for both the transition metals and actinides. In
crystalline lattices of POM clusters, protonated oxygen ligands,
or hydroxyl ligands can be observed directly or inferred, often

through bond-valence calculations. In almost all cases where the
proton is observed directly, it resides on bridging p, or usz oxygen
positions, rather than the terminal = O, site, illustrating
the relative lack of reactivity of this ligand, or its lower basicity.
In a classic paper by Klemperer—Where are the protons?*—
the locations of protons on decavanadate are inferred, based
on proton NMR in solution and the dimer-arrangement of the
clusters in the solid-state, presumably associated by H-bonding
of the bridging u,—OH-V, ligands to the adjacent cluster.
Protonation of alkaline POMs is common and expected, based
on their high charge-density. Mono-, di- or even tri- proto-
nation of the hexaniobate Lindqvist cluster, [H.NbgO o]
(x = 0-3) with the highest charge-density of all POM clusters
is observed directly via crystallography in many structures,*>#>->
or inferred by charge-balance coupled with bond valence sum
(BVS) calculations, identifying oxygen ligands within the
cluster that are underbonded.!” Observation of protonation
directly is often facilitated by hydrogen bonding to a second
cluster or a water molecule, which holds the proton rigid and
allows its observation. On the other hand, there are many
examples of polyoxoniobates**>! (and vanadates, tungstates
and molybdates as well*>>*) in which protonation is inferred
by charge-balance (i.e. not enough countercations to balance
the cluster charge), but cannot be located directly in the X-ray
map and also cannot be definitively inferred by BVS. In these
cases, the unsatisfactory description of disordered protonation
is given. There is one unusual example of protonation of a
terminal oxygen in polyniobate chemistry. In this example, the
Nb»y cluster is composed of three heptaniobate (Nb,O»»)
building blocks that are linked by three NbOg polyhedra,
and a Nb-OH bond is inferred trans to the Nb==0O,,, by
BVS calculations.>' However, these are also not directly
observed in X-ray-generated electron density maps.
Crystallization of uranyl peroxide clusters with protons on
bridging oxo ligands occurs as well. However, these are better
described as hydroxyl ligands. The distinction from the transi-
tion metal POMs is that when oxo ligands are present at the
equatorial vertices of uranyl hexagonal bipyramids in the
uranyl clusters, all the oxos are protonated (hydroxyls), rather
than a subset of the oxo ligands. In fact, U-O-U bridging oxo
ligands are not a known entity in uranyl peroxide POM
chemistry. However, P-O-U or W-O-U bridging oxos are
present in cases where WO, or P,O; oxoanions serve as
equatorial ligands in uranyl peroxide clusters (which are
discussed further, below).>> Amongst all the uranyl peroxide
POM clusters reported to date, only Uj,g, Usg and Uy, have
UO,(0,); polyhedra only. The rest have UO,(0,),(OH); only,
or both UO»(0,),(OH), and UO,(0,);"!%? In all of these,
the protons of the hydroxyl ligands are not observed directly
by X-ray diffraction, as they are likely masked by the very high
electron density of the uranium atoms, or perhaps they lack
rigidity and directionality in the crystalline lattice. The typical
U-OH bond length is ~2.25-2.45," with a BVS of the oxygen
of ~1; which definitely indicates a hydroxyl, rather than an
oxo. Given the importance of the UO,(0,),(OH), unit in
uranyl peroxide clusters, it would be valuable to observe these
hydroxyl protons by direct methods: perhaps a single-crystal
neutron diffraction study would provide this missing evidence
for the structure of this somewhat ubiquitous hydroxyl ligand.
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Like the transition metal POMs, not all countercations are
always located for the uranyl POMs. In fact, this situation may
be exasperated by the presence of very heavy uranium atoms.
Specifically, the U(vi) cations scatter X-rays much more
efficiently than any other constituent in the structure, and
the diffraction pattern mostly reflects the arrangement of
U(vn), although the counterions may be in a lower-symmetry
distribution. This is especially true when lithium or sodium
serve as countercations—lithium is often too ‘light’ to locate,
particularly in the case of water-cation disorder in the lattice.
Sodium-water disorder is also commonly inferred; the Na—O
bond distance and the O—H-O hydrogen bonding distance are
similar, approximately 2.6 A, and the X-ray scattering factors
of Na and H,O are similar, especially relative to the domi-
nance of U(v1) in scattering. Disordered protonation of uranyl
POMs may also be considered when not all countercations are
well-defined. The potential location of disordered protons
include on the yl-oxygens and the aforementioned U-O-P or
U-O-W bridging oxygens. There is both experimental and
computational evidence for protonation of y/ or terminal
oxo ligands for the transition-metal POMs, see for instance
Ganapthy et al.>

Protonation and oxo ligand exchange of the alkaline POMs
[H.NbgOo]® 7, [H Tag01o]*¥~ (x = 0-2),*% and
[H.Nbjo ,Ti, O] ¥ (x = 0-3, » = 0-2)*" has been
studied extensively in solution, and also the decavanadate,
[H,V10025] ¢ (x = 1-3).%° These studies are facilitated by
oxygen-17 labeling for NMR studies. While many POMs have
been characterized in solution using the 'O label,%® it is
generally only the alkaline POMs that exhibit extensive
protonation and thus protonation-dependent oxo-ligand
exchange. Of course all studies are limited to the pH range
that each cluster is stable: greater than 9 for hexaniobate and
hexatantalate, greater than 7 for [TiNbgOzg]L and I_Tiszgozg]Si
~6-7.5 for decaniobate, and ~2-6 for decavanadate.
These studies define the pH regions in which deprotonated,
monoprotonated and diprotonated clusters dominate, the
degree of protonation increasing with decreasing pH. These
cumulative studies also reveal that oxo ligand lability increases
on both sides of the pH stability range (with the exception
of hexaniobate, hexatantalate and [Ti,NbgO,g], in that
these are stable out to the high end of the pH scale.) This
universal behavior was explained by a very recent computa-
tional study in which Rustad and Casey®' suggest the inter-
mediate state of POM oxo ligand exchange is always a ‘stuffed
POM’ with an associated hydroxide (high pH) or H;O " (low
pH) overbonding a metal center. The oxo ligand exchange is
accelerated at high pH because the addition of hydroxide is
sterically easy, and is accelerated at low pH because once the
hydronium is inserted, protons rapidly distribute over the
most basic oxo ligands. In the studies specifically comparing
the behavior of [HNbgOo]® ™~ and [H,TagO;]® ",
Casey found that at pH > 12 where there is no pH dependence
of oxo ligand exchange, the bridging u,—O ligand exchanged
faster than the y/ oxygen for hexaniobate, but the reverse was
true for hexatantalate.*’ This curious result, in conjunction
with the slightly longer ©,—O-Nb bonds than u,—O-Ta bonds
and slightly longer y/~O-Ta bonds than y/~O-Nb bonds in
numerous isostructural crystalline lattices'® suggested the = O,

ligand was more basic for the tantalate analogue and the u,—O
ligand was more basic for the niobate analogue. At the time
of Casey’s and Nyman’s solution and solid-state studies,
respectively, there were no solid-state structures of protonated
hexatantalate clusters. In absence of this data, it was assumed
that the y/-oxygen ligands protonated more readily. However,
more recently, a diprotonated hexatantalate has been published,*!
and the protons do indeed reside on the bridging p,-oxygens. On
the other hand, this cluster salt was crystallized from non-aqueous
solution, and therefore does not necessarily reflect the aqueous
state of the hexatantalate.

Analogous oxygen ligand exchange studies to understand
solution behavior of the uranyl POMs are yet to be success-
fully performed. In related work, Grenthe and Szabo®* used
170 labeling experiments to study oxo (y/ and OH) ligand
exchange of the UO,>" monomer in TMAOH (tetramethyl-
ammonium hydroxide) solutions, where the UO,(OH)4 s
complex dominates. It was found that the exchange rate of
the yl/ oxygen with bulk water was dependent on the concen-
tration of the uranyl species, and thus suggested that forma-
tion of some sort of dimer intermediate was necessary for
exchange. Oxygen ligand exchange studies on the uranyl POM
clusters would be useful as they have been for the transition
metal POMs, towards understanding acid—base and dynamic
behavior of the clusters in water. These studies would be
particularly useful for the clusters containing hydroxyl ligands
as well as the ubiquitous y/ oxygen. However some initial
attempts at these studies suggested complex solution behavior
that involves rearrangement of the clusters, which may or may
not be related to dynamic behavior of the alkali cations inside the
clusters. This sort of precise and quantitative study that has been
carried out with the Group V POMs of pentavalent V, Nb and
Ta requires the cluster geometry to not change while monitoring
the ligand exchange process. Thus this represents an opportunity
for the future of the still-emerging field of actinide POMs.

Heteroatoms and addenda metals in alkaline POM
chemistry

The alkaline conditions (greater than pH-7) required to
assemble the POMs of Nb, Ta, and U plague the opportunity
to incorporate most metals into the clusters. POM clusters of
V, Mo and W include encapsulated, linking, and sandwiched
transition metals,®’ rare-earths®® and even actinides.®® These
metals introduce properties and derived applications including
luminescence, catalysis, magnetism, specific metal sequestra-
tion and redox character. Furthermore, intricate frameworks
and very large clusters can be grown. On the other hand, when
these metals are introduced to alkaline POM solutions without
protective ligands, they precipitate insoluble metal hydroxides:
thus the difficulty in mimicking this rich and enviable chemistry
of the acid-side. The most successful addenda-metal chemistry
for the alkaline Nb-POMs is the Cu-amine complexes.
Copper(i1) complexes with amines such as ammonia or
ethylenediamine are soluble and stable in base. They tend to
form octahedral complexes with four Cu—N equatorial bonds
and two Cu—O bonds to the cluster ligands. The copper amine
complexes serve as charge-balancing cations, and they link
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Nb-POMs, [NbeO,] in particular, into chain-like or layered
phases.>*®® Most importantly, they have been instrumental in
the isolation of novel Nb-POM cluster geometries including
clusters containing the heptaniobate fragment [Nb;O,]"~,>"¢
and [CuNb;03sH4]°~.%® Recently, this strategy utilizing copper
amine complexes as countercations was applied to the synthesis
of mixed vanadium-niobium POMs: [Nb10V4LO40(OH)2]12’,69
[HyV4NbgO50]'°~.,°! and a V-centered, V-capped dodecaniobate
Keggin ion, [VNDb;,040](VO),].7® A [NbgO,o] dimer linked by
Mn'" and Ni'V'7! and more recently Co™ 7 have been isolated
without protective ligands bound to the transition metal, but
they were initially introduced into the alkaline reaction solution
with EDTA for the former and bipyridine for the latter. Both
[NbgO19] and [TagO;9] have been crystallized, decorated with
monovalent Mn/Re triscarbonyl species,” and [NbgO,o] decorated
with ligated Ni'¥ has also been crystallized.” In many of these
transition-metal decorated Lindqvist ion phases, the transition
metal bonds to a face of the superoctahedal cluster with three
bonds, sharing three octahedra edges. This is the same mode of
bonding that is commonly observed for the alkalis (see Fig. 6).

There have been essentially no reports of uranyl peroxide
clusters with open-shell transition metals, lanthanides or alkaline-
earth metals as counterions, linking species, or integrated into the
clusters. Like the niobates and tantalates, this synthetic chemistry
is challenged by the poor solubility of these potential addenda
metals in alkaline solutions in which most of these uranyl-POMs
are produced. While the presence of peroxide may help aid in the
solubility of some of these metals, they also create an additional
challenge with redox-active metals. On the other hand, the
extreme conditions of high alkalinity plus high peroxide
concentration may in fact present opportunity to incorporate
these metals into the uranyl POM clusters.

The tetrahedral oxoanions; PO,>~, SiO,*, efc. generally
reside in the center of lacunary and plenary transition-metal

A

heteropolymetalates, whether formed in acid or alkaline
conditions (see Fig. 2). While these oxoanion monomers have
not yet been observed in uranyl POM clusters, methylene-
diphosphonate and pyrophosphate (CH,(PO5),*~ and P,O,*~
respectively) have proved quite useful serving as bridging
multidentate ligands, akin the peroxide ligands.>>”>’® Consider
first the clusters containing pyrophosphate bridges, and the
structurally analogous clusters containing methylenediphos-
phonate. The role of the pyrophosphate unit is to bridge
between adjacent uranyl ions in the cluster. This is typically
achieved by a ‘‘side-on” interaction between the pyrophos-
phate group and uranyl ion, in which one O atom of each of the
two phosphate tetrahedra coordinated the uranyl ion. Two other
O atoms of the phosphate tetrahedra coordinate the adjacent
uranyl ion, giving the bridge. Less common is the linkage of a
pyropshophate group to one uranyl ion in the “side-on” configu-
ration, and linkage to two other uranyl ions through the sharing of
one vertex each of either phosphate tetrahedron. In a single cluster,
a phosphate tetrahedron that is not part of a pyrophosphate group
bridges between three uranyl ions by vertex sharing. Fig. 7
provides examples of these phosphate dimer bridges in uranyl
peroxide  clusters;  [(UO2)2(02)4(CHoP,0¢)12]®~  and
[(UO2)15(02)15(OH):(CH2P:06)s(P207),1** . These dimer-type
oxoanions are less common in transition metal POM chemistry.
From transition metals POMs, diphosphonate anions have been
encapsulated in molybdate clusters in particular (Fig. 7),”"® and
the analogous disilicate anion resides in the center of polyniobate
[H,SisNb; 056+

Peroxide-ligated Nb-POMs

Nb>* and Ta’" form very stable bonds with peroxide 0>~
ligands, and as mentioned prior, salts of Ta(O,),>~ and Nb(O,),*~
monomers are readily isolated.'® Peroxide-ligated Nb has also

Fig. 7 Comparing phosphate dimers in transition-metal and uranyl POMs. Purple tetrahedra are the phosphate dimers (pyrophopsphate
or methyldiphosphate).”® (A) Green octahedra are molybdate in [{(P207)Mo0;5045}2]° . (B) [(UO,)15(05)15(OH)»(CH,P,06)s(P>07),1**~ and

(B) [(UO)24(02)24(CH,P>0¢)1,]**~ (uranyl polyhedra are yellow).>
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Fig. 8 View of [NbgO;3(0,)¢]*~ showing the different binding mode
for peroxide in Nb-POMs compared to uranyl-POMs.*° The peroxide
ligand replaces the yl-oxygen ligand in Nb-POMs, and binds in the
plane equatorial to yl-oxygen ligand in the uranyl-POMs (see also
Fig. 1). Green spheres are Nb and red spheres are O.

been isolated in the solid-state in multinuclear POMs. Examples
include A-0-[Si(NbO,)sWs017]"~,” [Ti;sNbgO15(05)e]'* .5
and [NbgO13(0,)¢]*~.8! In all of these examples, the peroxide
replaces the y/-oxygen of the niobium (Fig. 8); and this is quite a
different mode of binding than that of the UO,>" cation where
the peroxide ligands reside in the plane perpendicular to the
O—U=—0 linear unit. Given the stability of peroxide-bonded Nb,
Ta, and U, as well as the alkaline-solubility of these complexes,
POM-clusters containing mixed Nb-U or Ta-U seem a tantalizing
possibility. Thus far, efforts towards this goal have only produce
the Nb/Ta(O,)4-centered Upg clusters,'>** but identification of the
appropriate solution conditions will likely provide such clusters,
again representing future potential in alkaline POM chemistry.

Lacunary transition-metal POMs and open-shell
uranyl POMs

As discussed prior (also see Fig. 2), lacunary clusters and cluster
derivatives are common for both the alkaline and acidic POMs.
Regardless of how they form, the end result is open clusters,
often described as bowl or crown shaped. They also
contain unsaturated oxo ligands that both render the cluster
charge more negative and provide coordination sites for
dimerization, or coordinating addenda metals. Even polynio-
bates that are already challenged by high negative charge form
these lacunary clusters, but of course the charge is always
mitigated by bonded cations, such as the PO, "-decorated
A-type trivacant a-Keggin [(PO,)sPNboO14]'°~ .2 There are
also examples of uranyl POMs that assemble into open cluster
structures, much like the transition-metal POMs. These
include [(U02)35(02)40(OH)24]*~,* [(U0,)16(02)24(OH)s** ",
[(UO2)20(0H)16(02)25]"  and  [(UO2)24(02)36(OH) 1] 75>
and the Ui cluster is shown in Fig. 9 as examples. These
always feature unshared peroxide edges of the uranyl poly-
hedral, and like the closed capsules, they are ‘filled’ with alkali-
cations and water molecules. We described earlier in the
manuscript the process to obtain lacunary clusters from the
acid-side of POMs: by increasing the pH of a solution of
POMs, controlled disassembly can provide isolation of cluster
fragments, or lacunary clusters. The alkaline-side has produced
lacunary derivatives, but distinct and controllable synthesis

Fig. 9 View of [(UO);6(02)24(OH)s**~ as an example of an open-
shell uranyl-peroxide cluster (‘lacunary-like’).?

conditions have not been prescribed. This seems to be con-
sistent with the uranyl POM clusters: no distinct solution
chemistry is identified that controls the formation of plenary
vs. lacunary cluster geometries.

Alkaline and acidic exceptions in POM chemistry

While recognizing trends and establishing rules is important in
understanding and controlling synthetic chemistry, there
are always some exceptions. The acidic and basic sides of
polyoxometalates were largely defined empirically in ambient,
aqueous chemistries; yet later hydrothermal synthesis provided
a great deal to the development of the alkaline Nb-POMs.*
Likewise, hydrothermal and solvothermal synthesis has
provided an alkaline-side to the POM chemistry of
vanadium. Like group V Nb°* and Ta’*, V°* also forms
highly charged clusters; and therefore like Nb-POMs;
V-POMs tend to be linked into frameworks or are capped to
mitigate the high charge.®* However, it has the smallest ionic
radius of the POM-forming metals, and its ambient aqueous
chemistry is more akin to that of Mo and W: monomeric in
alkaline conditions and forming clusters upon acidification.
Hydrothermal/solvothermal synthesis of vanadate POMs
in alkaline pH solutions containing amines or metal amine
complexes has been recognized; see for instance Tripathi
et al®®

A total of 38 uranyl POM clusters have been reported. In
most cases the synthetic details reported included the pH of
the solution from which the clusters assembled and crystal-
lized. The clusters are collected in Fig. 10, where they are
plotted on the basis of their mother solution pH and the
number of uranyl ions in solution. From this plot, it is
apparent that cage clusters consisting of uranyl peroxide
polyhedral can form in aqueous solution over the pH range
of about 4 to 13. Those clusters that are built from uranyl ions
that are only bridged by hydroxyl and/or peroxo groups
generally form in alkaline solutions, with most in solutions
of pH-9 or greater. The exceptions are Uyy, which crystallizes
from a solution with pH = 6.7, and U, which grew from
solution with pH = 7.9.758¢ The smaller cage clusters, built
from 30 or fewer uranyl ions, formed from solutions with a pH
of at least 10.5. In contrast, the largest cluster with 60 uranyl
ions formed at pH = 9. Note that the mineral studtite,
[(UO»)(0,)(H>0),](H>0),, is insoluble in acidic conditions,
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Fig. 10 Urany-POM cluster as a function of pH of crystallization. Yellow dots mean clusters containing uranyl triperoxide and/or uranyl
diperoxidedihydroxide polyhedra only; black dots mean clusters containing also oxalate ligands; blue dots mean clusters containing also

diphosphate and/or methyldiphosphonate polyhedra.

and the combination of uranyl and peroxide under acidic
conditions results in its immediate precipitation, rather than
formation of cages. However, where other means of bridging
uranyl ions are provided, such as pyrophosphate or oxalate,
cage clusters readily self-assemble under acidic conditions and
studtite generally does not precipitate. Cage clusters containing
oxalate bridges only have been reported from acidic solutions,
with oxalic acid providing the oxalate. In contrast, although
pyrophosphoric acid is used as a source of phosphate in uranyl
cluster assembly; a base is typically added as well, and it is possible
to synthesize clusters of uranyl polyhedral that include pyrophos-
phate bridges over a broad range of pH, from about 4 to 11.
The initial manuscript that reported synthesis of uranyl
peroxide cage clusters that included pyrophosphate and/or
methylenediphosphonate bridges provided the solution pH
range over which clusters were crystallized.>> Some clusters
were crystallized over a very limited pH range, whereas others,
such as U,4PCPy,, (PCP = dimethylphosphonate) crystallized
over the range of 4.0 to 9.1. In comparison, the cluster U,4Py,
(Py = pyrophosphate), which is structurally identical to
U,4PCP;, but with pyrophosphate replacing the methylene-
diphosphonate bridges, formed from solution with pH =
7.2-10. Most of the uranyl pyrophosphate clusters reported
contain only pyrophosphate and peroxide bridges between
uranyl ions, although two also contain some hydroxyl bridges
(U,Py,PCP¢> and U4,Py;”). As discussed above, neither the
peroxide ligands nor the y/-oxygen ligands are expected to be
susceptible to protonation. In contrast, the pyrophosphate

group that bridges two uranyl ions has four oxo-ligands that
are terminal. These are potentially protonated in some cases,
especially in the case of the clusters synthesized under acidic
conditions. The availability of these oxo-ligands for protona-
tion may help to explain the broad pH range in which uranyl
pyrophosphate clusters form.

Where transition metal and actinde POM chemistry
meet

As discussed prior, synthesis of mixed niobate-uranyl peroxide
clusters in alkaline conditions has not yet proved fruitful.
Perhaps this is due to the different binding modes of Nb° ™"
and U®" to peroxide in aqueous alkaline conditions: the
peroxide replaces the yl-oxygen on Nb, and bonds perpendi-
cular to the yl-oxygen on U. However, UO,*>" combined with
tungstate POMs has produced clusters featuring up to twelve
UO, moieties sandwiched between lacunary fragments.®”-8
The chemical strategy to produce these compounds is similar
to that of the numerous transition metal and lanthanide
tungstate lacunary derivatives, where the lacunary fragments
serve as inorganic ligands to actinyl monomers or small poly-
nuclear assemblies. Kortz% produced one noteworthy assem-
bly in which two uranyl peroxide square rings (hosting a Li*
cation) reside inside a curved lacunary phosphotungstate
(‘P¢W3¢’) fragment. Each uranyl has two cis-peroxide ligands,
perpendicular to the linear UO,, and then two bonds to the
oxo ligands of the phosphotungstate POM. This is the same

This journal is © The Royal Society of Chemistry 2012

Chem. Soc. Rev., 2012, 41,7354-7367 | 7365


http://dx.doi.org/10.1039/c2cs35136f

Downloaded by Oregon State University on 29 November 2012
Published on 13 June 2012 on http://pubs.rsc.org | doi:10.1039/C2CS35136F

View Article Online

Fig. 11 Hybrid uranyl-tungstate POM clusters. Left: lacunary phos-
photungstate hosting two uranyl triperoxide square rings.®® Right:
9-member edge-sharing ring of alternating uranyl hexagonal bipyramid
dimers and tungstate square pyramids (polyhedral representation), and
also decorated with edge-sharing tungstate octahedra (ball-and-stick).”
Green is tungstate, purple is phosphate, yellow is uranyl and orange
sphere is Li inside the uranyl peroxide square ring.

square building block observed in the very symmetric U,y or
Npaa clusters,! where two cis-OH ligands are replaced by the
POM oxo ligands—see Fig. 11 and also Fig. 4.

Recently, a mixed W-U POM was reported with composi-
tion {[Ws05,]5[(UY10,),(n-0,)15}>°~.%° (Fig. 11) Pairs of uranyl
ions are bridged through peroxide groups, and each uranyl ion
is further coordinated by the oxo ligands of the W®™ cations.
There are three resulting dimers of uranyl peroxide polyhedra
that are distributed about the circumference of a crown struc-
ture. The uranyl polyhedra are linked into the cluster through
groups of five W cations present as [Ws0,]'>~ fragments.
The W cations are coordinated by either five or six oxo ligands,
with typical POM W-O bond lengths ranging from 1.69 to
2.42 A. BVS sums for the oxo ligands of the cluster indicated
several have sums that are well below their formal valence, and
this may be due to protonation and/or bonds to Na or Li
cations that were not located in the structure determination.
The synthesis solution for this cluster was typical of many of the
alkaline-peroxide-uranyl cluster syntheses: high hydroxide, high
peroxide concentration. In addition, phosphotungstic acid
(H3PW 1,049 Keggin ion) was utilized as a W-precursor; which
typically breaks down to monomers under such alkaline
conditions. The tungstate monomer form, not unlike the pyro-
phosphate, apparently presents a suitable geometry for bridging
uranyl peroxide building blocks, allowing assembly of this truly
integrated tugstate-uranyl POM.

Conclusions

Over the last seven years, the chemistry of actinyl POMs has
been realized and has expanded, bringing forth frequent and
surprising new discoveries each subsequent year; and this
paper represents the first thorough comparison of this new
class of POMs with the transition-metal POMs. We began the
process of this tutorial review with the bias that these uranyl
peroxide based POM clusters are more akin to the alkaline-
side of POM chemistry. This bias was due to the fact that they
both seclf-assemble and are stable in aqueous base, while
aqueous acid results in precipitation of related oxide phases.
Further, the alkaline transition-metals, Ta and Nb, form
stable bonds with peroxide, as does uranium. However, this
review has unearthed as many similarities with the acidic

POMs as alkaline POMs: in particular, the ability to isolate
stable uranyl peroxide monomer forms, the assembly of uranyl
peroxide clusters in acidic solution if the appropriate ligands
are present, and the solubility trends with alkali counterions.
The charge-densities of the uranyl POMs are similar to that of
the alkaline POMs if the encapsulated species are not con-
sidered, but more akin to the acidic POMs if these species are
accounted for. Finally, the hybrid W-uranyl POMs have been
realized, while related Nb-uranyl POMs remain a challenge.
By comparing the fledging chemistry of the uranyl POMs to
that of the well-studied transition-metal POMs, we recognize
many opportunities for the future with the uranyl POMs
including non-aqueous chemistry, understanding solution
behavior, and assembly of clusters that incorporate other
addenda metals including rare-earths, open-shell transition
metals and alkaline earths. This review has brought forth
considerable optimism and excitement that much remains to
be discovered in the solid-state and solution chemistry of
uranyl peroxide POMs.
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