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I can hardly doubt that when we have some
control of the arrangement of things on a
small scale we will get an enormously greater
range of possible properties that substances
can have.

R. P. Feynman?

[. Introduction

In every branch of science in which structured
spatial objects have to be analyzed, essentially one
and the same basic strategy is used: one decomposes,
at least mentally, the given objects into elementary
building blocks (e.g., polygons, polyhedra or ag-
gregates of these) and then tries to identify and
explore the local matching rules according to which
the building blocks are to be assembled to yield the
considered objects. Our subject, the structural chem-
istry of large polyoxometalate clusters, is archetypal
for this basic procedure of science.

Generally speaking, the chemist, and in particular
the inorganic chemist concentrating on polyoxometa-
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lates, is in a position to connect elementary building
blocks and their derivatives in different ways, en-
abling him to synthesize a large variety of remark-
able substances, especially those in the “nanoworld”.
Of particular importance in this context are the
anionic-type species which have { MOy} -type building-
block units, where M stands for the d block elements
in high oxidation states.?™*

For the chemist, three basic areas within the
material world are distinguishable by the very dif-
ferent size of the related species: The world of small
molecular systems, that of the substances, and the
intervening area between these two, all of which
occur within chemistry based on transition metal—
oxide systems. By acidifying solutions of mono-
nuclear oxoanions (like WO427), first (polynuclear)
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polyoxoanions (POMSs) including the large and giant
species reported in this review are obtained, and
subsequently the oxides (like WO3-2H,0) with typical
extended solid-state structures are formed as pre-
cipitates. In this review our interest will be focused
on POMs of large or extreme size with their fascinat-
ing and extensive structural variety. Their struc-
tures are based on different types of linking of { MOy}
polyhedra, whereby the species are formed by a kind
of self-assembly process.
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A fascinating aspect is the self-assembly process
leading to aggregates, which can be linked in differ-
ent ways. This type of unit-construction principle
seems to be archetypal for polyoxometalate chemis-
try. Itis now possible to enter the “nanoworld” step-
by-step by means of (directed) self-assembly pro-
cesses. This designates the goal of current chemical
research in this area, that of generating nanosized
molecular materials deliberately from units with
well-defined properties, for instance molecular mag-
nets as reported here. Since a considerable number
of very large polyoxometalate clusters have been
reported in recent years, it seems worthwhile to
review the present state of art.

ll. General Aspects

Although the basic structural principle for poly-
oxovanadates, molybdates, and tungstates is the
same—since the structures are governed by the
principle that each metal atom occupies an {MO,}
coordination polyhedron, in which the metal atom is
displaced, as a result of M—O & bonding, toward
those polyhedral vertexes that form the surface of the
structure—a more detailed view of this fascinating
area of chemistry shows striking differences for the
three compound types also with respect to the very
large cluster systems discussed here.

In contrast to the vanadate and molybdate species,
the structures of very large polytungstate anions
(defined for the purposes of this review as those
species with 20 or more tungsten atoms) may practi-
cally all be represented in terms of subunits based
on lacunary fragments of the Keggin anion (with the
classical archetypal {WV'3013} units) or its isomers.
This can, in principle, be attributed to the high
stability of the related species, which is probably due
to the existence of extremely weak but not negligible
W—W interactions in the {W3} triangles.?

An important characteristic of polyoxovanadates is
the occurrence of different basic types of polyhedra
({VOy4}, {VOs}, and {VOg}) whereby the pyramidal
{O=VO0,} polyhedra show a tendency to form cluster
shells or cages which have topological similarities to
the fullerenes and structural relations to the layers
of V205.5’6

Most of the very large mixed-valence polyoxomo-
lybdates now known can be considered as being based
on the same or similar building-block unit (like { Mog}
or {Moi7}) which can be linked in different ways
directly or via other coordinating centers. Using
these types of linking interesting growth processes
have been found, which have led to novel types of
large ring or wheel-shaped systems with 154, 176,
and even more Mo atoms. The classical {M030;3}
fragment seems to be less important and to have a
much smaller formation tendency (at least with
respect to reduced systems) compared to the tung-
states. As the chemistry of the polyoxometalates of
different early transition elements is rather variable,
also the assumed lower limit for the number of metal
atoms of the large clusters considered here varies (V,
n = 19; Moy, n = 24; W,,, n = 20).

How is it possible to synthesize even larger molec-
ular constructions, for example, clusters, in a range
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we shall call mesoscopic? (In this context it is of
course a challenge to investigate the area where
guantum and classical effects coexist.) A useful
strategy certainly is to generate in solution relatively
large, directly linkable intermediates by a self-
assembly process (for instance Keggin ions with
lacunary structures) and to use these as educts, e.g.,
together with cationic metal centers as linkers.”8
Generally speaking, the quasi-preorganized building
blocks abundant in solution can either be combined
directly or linked by cations thus forming giant
species.”® This step of course requires an intrinsic
knowledge of the system. In general, it is important
to secure high solubility of the intermediates—for
instance through the high negative charge of reduced
species—in order to prevent uncontrolled linking or
precipitation occurring too early.

The following related model example can be pur-
sued for demonstration: substitution of more positive
by formally less positive metal centers M—for ex-
ample, by replacing MoY' by V'V centers in the
a-Keggin-type anion [M0;2XO40)3~ (X = P, As)—results
in highly negatively charged (nucleophilic) interme-
diates. These can either be stabilized or capped by
electrophilic species or connected by cations to give
larger moieties.”1%1! In the case of [M01,AsO4]3~ the
intermediate species {MoV'gV!V,AsVO40} 11, formed
according to the above formalism, can be stabilized,
for example by As''' centers, yielding the [As"!,-
MoV1gV!V4ASVO40]°~ cluster. In the absence of As''
and presence of the reducing agent NH,OH further
condensation occurs.”* A large {Mo;7} fragment (see
below) is formed as an intermediate that can, for-
mally as a reactive, highly negatively charged and
transferable ligand, be connected in various ways by
metal cations or cationic groups (e.g. VO%*/Fe!l/
Mo0O,?") to yield large molecular constructions. The
substitution {MoO}** — {MoNO}3* leads to an
increase in charge of the related species or interme-
diates, too.”!

Hydroxylamine is a reducing agent often used for
the preparation of large or giant polyoxomolybdates.
In this respect, but also because of its historic interest
[the first large polymolybdate, the red [Mozg(NO),-
O108(H20)16]*2~ species, was (very probably) prepared
in 1931 by Jakdéb and Jezowska'?], this type of
reaction of aqueous molybdate solution with hydrox-
ylamine is worth discussing. It can lead in general
to different types of polynuclear oxo [or in the
presence of S,2~ ions to (poly)sulfido!®] molybdates,
whereby the hydroxylamine, besides generating the
{MoNO}3* group,** may lead to the reduction of other
Mo centers. The structure of the yellow precipitate
first formed is still unknown and contains most likely
a polyoxomolybdate ion with NO groups and hy-
droxylamine.’> The {MoNO}3* group can, generally
speaking, act as a robust unit and link sulfide/
polysulfide ions®3 or polymolybdate-based fragments®16
(see section V.E?Y).

As an empirical rule we can state that upon
increasing the size of polyoxometalates, the charge
density on the anion has to be kept approximately
constant (which means increasing the overall charge)
in order to keep the anion in growth as a soluble,
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Figure 1. Structure of the clusters [(VO4)V1g036(OH)10]"~ (1a), [(VO4)V15039(OH)7{(CH2)3CCH,OH}]’~ (1b), and
[(VO4)V15045]°~ (1d) in polyhedral representation (a, {VO,4} tetrahedra, hatched; {VOg} octahedra of the {V30;3} poles,
crosshatched; b, code as in a, plus carbon atoms of the organic ligand, black spheres; ¢, code as in a, but the left
“pole”represents a {V301,} unit consisting of {VOs} square pyramids).

nonhydrolyzing entity in solution. An exception to
this rule would be when the solubility of the large
molecular system is due to other reasons, e.g., the
presence of very many H,O ligands. This has been
proven as several very large ring-shaped hydrophilic
polyoxomolybdates with more than 150 Mo atoms
and a relatively low or extremely low negative charge
can be isolated, even without { MONO}3* (instead of
{MoO}**) groups, which would increase the negative
charge. These types of species were prepared with
reducing agents such as SnCl,. This means that in
principle the presence of NH,OH is not a necessary
prerequisite for the formation of the very large ring-
type structures mentioned in sections V.E.3 and
V.E.4.1718

[ll. Vanadates

The vanadates show more structural flexibility
(based on a relatively large number of different types
of {VO,} polyhedra, x = 4, 5, 6) compared for instance
to the tungstates. A nice example is given by the
pure vanadates with 19 atoms showing a range of
different structures which are discussed in the next
section.

A. {Vig} Clusters

In the chiral anions [(VYO4)V"V1,VVeO36(OH)10]"~
(1a 19,20 and [(VVO4)VIV12VV6039(OH)7{ (CH2)3-
CCH,0OH}]™ (1b)®® two opposite {V'V3013} units,
twisted by 60° with respect to each other, form the
“poles” of an ellipsoid cluster. The poles are con-
nected by six {V'VOg} octahedra and six {VVOg4}
tetrahedra. The anions have approximate Cs; sym-
metry (D; without the central V atom) and are
formally generated by linking twelve {VOg} octahe-
dra (V"V), six {VO,} tetrahedra (VV), and the central
{VVO4} unit. All V'V and VV centers have octahedral
and tetrahedral environment, respectively (Figure
1la,b).

In the racemic salt of 1a and in the chiral salt of
1b the V atom of the central {VO,} tetrahedron is
disordered over two lattice sites in a ratio of 1:1. The
18 peripheral V atoms are joined by a u4-O and four
us-O atoms in the central part of the anion as well
as by 12 u3-O and 15 u,-O atoms in the “outer shell”.

Of the latter, the nine u,-O atoms involved in the
edge-sharing of two {VOg¢} octahedra are protonated.
(The remaining six are unprotonated, each atom
joining a {VOg} with a {VO4} unit.) The us-O atom,
located on the C; axis opposite the u,-O atom of the
central tetrahedron, is protonated, too. Due to the
disorder, the protonation is distributed equally over
the two u3-O sites. In 1b, one of the two {V'V30;3}
pole units is “alkylated” by the organic tripod ligand
{(CH,)sCCH,0H}3*, while the corresponding oxygen
atoms of the corresponding opposite unit are proto-
nated (Figure 1b).

Due to their relatively high charge density, units
such as {V'V30.3} are not stable and are only abun-
dant in condensed form in larger cluster aggregates.
This is for instance the case for [(VVO,)V'VigVYs-
Os35(0OH);7]1~ (1c) which is an a-Keggin derivative.
The high charge of the unstable Keggin ion
{(VVO4)V"V1,036} 27~ is lowered by capping with six
{VO?*} groups and protonation.?* In the case of 1b,
one {V'30;3} unit is shielded and its charge is
decreased by means of an organic trifunctional ligand
with appropriate geometry (see also ref 22). Due to
its steric properties, it caps the {V'V3013} unit nearly
without strain and decreases its charge.

The anion [(VVO4)V'VeVV12045]°~ (1d),2 which was
only very recently reported, has the same symmetry
as la and 1b and is also formally generated by 18
{VO,} polyhedra (n = 4, 5, 6) with 12 VVV centers in
tetrahedral and octahedral environments, surround-
ing an almost regular {VVO,4} tetrahedron. In contrast
to 1a and 1b, the central tetrahedron appears not to
be disordered in the crystal. The twisted pole units,
mentioned above for 1a and 1lb, are also present.
However, it is of special interest that one of the two
pole units is formed by three {VOs} square pyramids
(instead of octahedra as in la and 1b) building a
{V301,} unit (Figure 1c). The pole units are con-
nected by three { VVO,} tetrahedra and nine {V'YVOg}
octahedra. A similar {V190a4q} cluster, as yet not well-
characterized, was reported by Johnson.?425

B. {Mn,V5,} with Two Decavanadate-Type
Moieties

The anion [(MnVgO28)V204]2°~ ({Mn,Va2}, 2) con-
sists of two {Mn'"VV/Vg} decavanadate-type moieties
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Figure 2. Structure of the cluster anion [(MnVgOyg)-
V,04]21%~ (2). The decavanadate { MnVg}-type moieties are
shown in polyhedral representation ({MnOg} octahedra,
hatched; {VVOg} octahedra, gray; bridging V centers, gray
spheres; O atoms of the bridge, small white spheres).

capped and linked by two {V.0,} groups.?® The
fragments are connected via two V—0O—V bridges. All
V atoms have a (distorted) octahedral coordination
environment (Figure 2).

C. Structures Built up from {O=VO,} Pyramids:
{V22} and {V34}

In a novel type of reaction procedure cluster shells
can be generated by linking fragments which depend
to a large extent on size, shape, and charge of a
template (in most cases anions) incorporated as guest
in the final structure. The O=V---X interactions (X
= nucleophilic template/anionic guest with small
charge) do not direct the linking procedure strongly,
so that the cluster shell can be considered as a kind
of molecular container for only very weakly bonded
guests. The V—O cluster-shell containers can be used
as matrixes (cages) for anions with small charges.>?728
Examples for related species are [HV'VgVVys-
054(C|O4)]6_ (3a),29 [HVIV8VV14O54(SCN)]6_ (3b),28 and
[HoVWV10VV1,054(CH3COO0)]"~ (3c),%° but also others of
the {V15042} type with smaller anions as guests such
as ClI- and NOs™ ® (see also ref 31). The cluster shells
of 3a—c, which have approximate D,q symmetry (Fig-
ure 3a,d) are formed by edge- and corner-sharing of
tetragonal {O=VQO,4} pyramids, whereby ClIO,~, SCN,
CH3COO~, and HMoO,~ ions are encapsulated.

For this type of novel host—guest species the
attractive and (the stronger) repulsive forces between
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the electrophilic (V") and nucleophilic (O?7) centers
of the negatively charged shell and the enclosed
guests only approximately balance each other. Ac-
cording to basic MO calculations of M. Bénard and
co-workers on an ab initio level, the electrostatic
potential inside related, overall negatively charged
cluster cages is negative.®> However, the consider-
ation of the crystal environment® leads, due to the
large number of cations in the crystal lattice, to
positive values of the potential thus supporting our
earlier intuitive assumption® that the cations of the
crystal lattice have, at least for the highly charged
anions, an important influence on the stabilization
of this type of unusual polyoxovanadate host—guest
system.

In 3a the central ClO,~ group is not disordered
since very weak interactions of its O atoms with the
V atoms of the shell seem to “fix” the “guest” ion. On
the other hand, the SCN~ ion in 3b (located on the
S, axis) is disordered and appears to float within the
carcerand, corresponding to the fact that the rather
long V—(SCN) distances reveal only extremely weak
interactions.?%30

A further important aspect of the relevant chem-
istry is that the templates can even be generated in
the solutions themselves. A cubane-type “template”
{(V404)04} which has the same stoichiometry as
amphoteric V'VO, can be generated in situ in solution.
As a (covalently bound) nucleus it strongly influences
the type of linking of the {O=VO,} pyramids, and
thus the generation of the cluster species
{ (VIV4O4)O4}VIV12VV18074]10_ (4). (The process is
probably synergistic).3* It displays approximate Dyqg
symmetry and consists of an ellipsoid-shaped {V3,074}
sheath, which is formed by linking 30 tetragonal
{O=VO,} pyramids (see Figure 3b). The two identi-
cal {V15037} halves of the {V30074} shell are, as
required by the geometry of the central {(V40,)O4}
unit, rotated by an angle of 90° with respect to each
other. Each half contains 20 of the 24 O atoms
spanning a complete O,; rhombicuboctahedron, a
solid formed by the u,-O atoms of the a-Keggin ion
and representing a basic building block in polyoxo-
metalate chemistry. It comprises 12 square {110}

Figure 3. Ball-and-stick representation of the structure of [HV2,054(Cl04)]¢~ (3a) (a, V centers, gray; O, white; Cl, black)
and [{(V404)O04} V30074]*°~ (4) (b, code as in a; the central {(V404)O,} cube is emphasized by black lines). (c) Illustration of
the host—guest character of 3a with the central ClO,~ guest shown in space-filling representation (V centers, blue; O, red;

Cl, green).
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Figure 4. View of the structural correlation between the
{V34} cluster 4 (a) and the {V;}-type clusters 3a—c (b).
Formal removal of the two central {VO} layers of 4
(including the {(V404)O.} cube, visualized as blurred area),
results in the two half-shells {V1;0,;} of 3a—d. For the
{V22} cluster only the shell without guest is shown (b, V
centers, gray; O, white).

and six { 100} faces as well as eight {111} triangles.3®
Nine of the 12 {110} faces (all capped in the Keggin
ion) and two of the unoccupied {100} faces of the
rhombicuboctahedron are in 4 capped by a {V=0}
group. Additionally, a novel type of capping occurs
in 4. above two {110} faces of the Keggin ion, each
of which is flanked by two {111} triangles, the {\V=0}
group is replaced by an {O=V—-0—-V=0} unit.**

There is another type of interesting description: 4
consists of six almost planar V—O layers (with the
exception of the {V3;07} units at the poles), which are
oriented perpendicular to the S, axis. The layers
correspond to a distorted section of the NaCl lattice,
whereby some central positions of the layers in the
neighborhood of the poles are not occupied. Interest-
ingly, by formal removal of the two middle layers
({V120.8} fragments containing the central {(V40,)-
04} cube) with subsequent linking of the remaining
{V11027} half shells, the shell of 3a—c is formed
(Figure 4), and the original (approximate) Dyq Sym-
metry is retained. The relatively close packing of the
O atoms here seems to be decisive for the stability of
3a—c and especially of 4.2°

Note that the surfaces of different cluster shells
formed from {O=VO,} pyramids (without terminal
O atoms), e.g. those of {V2,0s4} and {V30O74} can be
considered as segments of a layer of vanadium
pentoxide (see Figure 5).56 To some extent the
pyramidal {O=VO,} unit dominates the structural
hierarchy. Its mode of linking is in general partly
directed by very weak O=V-:-X interactions (X =
nucleophile) and results not only in molecular con-
tainers, but also in the layered structure of vanadium
pentoxide (with the {V=0} groups as nucleophiles).
A kind of template principle underlies the formation
and stacking of the V,0s layers: layer n + 1 forms
on layer n through the weak O=V-:--O=V interac-
tions. The corresponding interactions between the
V,0s layers are to some extent similar to those
present in the container compounds of 3a—c, al-
though in these cases repulsive interactions between
the negatively charged {V=0} groups certainly do
influence the curvature of the shell. The interaction
between the layers of the V,0s lattice can also be

Miller et al.

Figure 5. (a) View of a segment of a layer of V,0s5 with
the terminal oxygen atoms omitted (V centers, black and
gray; O, white). Black lines and spheres show the {V2,}
sheet (see Figure 4) of the cluster shells of 3a—c, which is
presented separately in b.

compared with the { Ogm=V/(shell):+*Om=V/(cluster)}
interaction of the terminal atoms of the central
{(V404)O4term} cluster fragment with the shell of the
anion of 4.27:30

IV. Niobates

A. The {AlLEugNbg} Cluster

In the cluster anion [{Eu"'30(OH)3(OH,)z},-
AI”'Z(NbV6019)5]26* ({AleUergo}, 5), which has ap-
proximate D3 symmetry (Figure 6a), five hexaniobate
groups {NbsO10} 8~ ({Nbe}) are interconnected by two
{Eu3sO(OH)3(0OH,)3}** ({ Eus}) cluster fragments and
two Al'" centers.3%2 Two types of {Nbg} groups are
distinguishable: three equatorial groups on C, axes
and two axial ones on the C; axis. The central core
of the anion consists of two { Eus} fragments arranged
as parallel triangles in an antiprismatic way (Figure
6b) with the equatorial {Nbg} groups directly at-
tached to four Eu centers of these triangles via Nb—
O—Eu bridges. Each of the two axial {Nbg} groups
is connected to one of the {Eus} fragments via a
bridging Al center, which is coordinated to three u,-O
atoms of the {Nbg} and to three u,-O centers of the
{Eusz} fragment. The isomorphous Er and Lu ana-
logues of 5 have also been characterized.36°¢

V. Molybdates

These species—most of which are of the diamag-
netic, mixed-valence type—show an extreme variety
of complicated structures and therefore great signifi-
cance is attached to structural details. If the ratio
MoV/MoV' is high, structures are preferred with MoV—
MoV pairs, while if it is smaller, highly delocalized
systems with the characteristic dark-blue color (due
to intervalence charge-transfer transitions) are fa-
vored.
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Figure 6. (a) Structure of the cluster [{ EuzO(OH)3)(H20)3} »-
Al>(NbgO16)5]%6~ (5) with view along the C; axis showing
four of the five {Nbg}-type fragments. (b) View of the
structure of 5 showing three “equatorial”{ Nbg}-type frag-
ments connected to the central {Eus}, entity by Nb—O—
Eu bridges and two “axial” {Nbg} fragments, which are
linked to the central { Eus}-type fragment (see c¢) via an Al
center ({NbOg} octahedra, hatched; Eu centers, gray
spheres; Al, black spheres; O, white spheres). (c) Ball-and-
stick model of the central { Eus}, core. The Eu centers form
a trigonal antiprism depicted by black lines (code as in a,
plus OH, small gray spheres; H,0, small black spheres).

A. Clusters with {Mo7} Units: {EusMog} and
{PI’gMOsg}

The center of the cluster anion [{Eu"'(H,0)4}s-
(MOVIO4)(MOVI7OZ4)4]14_ ({ EU4M029}, 6) is built up by
a distorted {Mo0O,} tetrahedron to the O atoms of
which four Eu'" centers are coordinated.®” These
exhibit 9-fold coordination, whereby the different
types of oxygen atoms form a tricapped trigonal
prism. Besides the coordination to the central { MoO.}
unit, each Eu center is further connected to three
{Mo07024} ({Mo7}) fragments as shown in Figure 7.

The anion [PrlII4(MOVI04)(HzO)lg(MOVI7024)4]228_ ({ Prs-
Mosg}, 7) can be considered as a “dimer” of { Prs;Mo,g}
fragments, which are essentially equivalent to the
{EusMoge} structure 6. Compounds with different
lanthanide cations (ranging from Ce to Dy, with the
exception of Pm) and with Am centers have been
synthesized to date; but only the Pr compound has
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Figure 7. Structure of the anion [{Eu(H20)4}4(M00Oy,)-
(M07024)4]*~ (6) with the heptamolybdate fragments in
polyhedral representation (Mo center of the central MoO,4
unit, black sphere; Eu centers, gray; O, white; N center of
NH," cation, hatched sphere). The {Mo;} fragments form
two cavities occupied by NH,* cations above and below the
central MoO, group. The terminal oxygen ligands of the
{EuOg} polyhedra are doubly protonated and point outward
and to the cavity.

Figure 8. Structure of the cluster anion [Prs(MoO,)-
(H20)13(M07024)4]2%8~ (7) with heptamolybdate fragments
({Mo7}) in polyhedral representation (Mo centers of the
central {MoQy} tetrahedra, black; Pr centers, gray spheres).
The two {Pr;Moy} fragments are linked via two Pr'!!
centers exhibiting 8-fold coordination. The cavity between
the two {PrsMoye} fragments, which are built up by four
{Mo7} units, a central {MoO,} tetrahedron and four Pr
centers, is occupied by H,O molecules (not shown).

been structurally characterized (Figure 8).383° In the
{PrsMoy} fragment each Pr center exhibits 9-fold
coordination and possesses four terminal H,O ligands
pointing outward and toward the cavity formed by
two opposite {Mo;} fragments (Figure 8).

B. Clusters with Capped a-Keggin Cores:
{M016V14} and {(M08V7)n}

The structure of the anion [{(VVO4)MoV'gV'V,O36-
(VVO),} 2] ({Mo16V14}, 8) is based on the hypotheti-
cal a-Keggin ion [(VYO4)MoV'gV'V,4036]*~ which has
additional trans-capping {VO} units.*® Two of these
units are condensed thus building the “dimer” 8 (see
Figure 9a). Within 8, layers spanned by four Mo and
four V atoms respectively alternate. The distance
between the V centers of the cap and those of the
central V layer is ~4 A, and that between the Mo
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Figure 9. (a) Structure of the cluster anion [{(VO4)MogV4O035(VO)2}2]**~ (8) in polyhedral representation ({ MoOg} octahedra,
gray; {VOg} octahedra, hatched; central V atoms, black spheres; V atoms of the caps, gray; O, white). (b) Structure of the
related {[(VO4)MogV4036(VO),]""}n (9), with the Keggin-type fragments (polyhedral representation) linked by {V,0,} groups,

showing four units of an infinite chain (code as above).

layers ~4.6 A. The bridging V atoms are 2.9 A apart.
While all the MoV! centers have octahedral environ-
ments, the V centers exhibit tetrahedral (central V),
square-pyramidal (the terminal {VVO} caps), distorted
trigonal-prismatic (bridging V centers), and distorted
octahedral environments (all others).

The linkage of such units can correspondingly be
extended to build an infinite chain as shown in the
catena structure of {[(VYO4)MoV'sV'V4035(V'VO),]" }n
({MogV7}n, 9).1° Here, in contrast to 8, both {VO}
caps are condensed thus leading to a chain formed
by linking Keggin-type units. These units are con-
nected via {V(O,)V} bridges as shown in Figure 9b.

C. Clusters Built up by Lacunary Keggin
Fragments: {AsgMo,4} and { As;oM0,4}

A fundamental, promising route toward the tar-
geted synthesis of complex polyoxometalate struc-
tures appears to be the strategy of generating large,
highly negatively charged (and therefore soluble)
intermediates in solution, which can either be trapped
and stabilized or coupled to each other in successive
condensation reactions. Another possibility is to use
synthons which have highly reactive functional groups
such as {MoOg3} or fragments which can be linked,
as in the case of [(AsOH)3(M0Os)3(AsM0gOs3)]7~ ({ Ass-
Moi,}, 10).4 In 10 the lone electron pair at the As'!!
center of the basic { AsMogOgz3} 3~ fragment prevents
the adoption of a spherical structure, which can
nevertheless be formed on oxidation of this As'!
center to an AsY center with concomitant rearrange-
ment of the whole cluster framework thus leading to
o-Keggin-type anions with a central AsO,%~ tetrahe-
dron. The cluster anion 10 consists formally of the
highly negatively charged {AsMoyOs3}%~ Keggin
fragment mentioned above, which is capped by a six-
membered ring comprising three electrophilic
{AsOH}?* and three highly reactive facial { MoV'Oz}
units. These are arranged alternately and linked to-
gether as well as to the Mo atoms of the nucleophilic,

lacunary { AsMogO33} 13~ fragment through x3-O atoms
(Figure 10). Within the crystal lattice, the { MoV'Og}
units are stabilized through hydrogen bonds to the
{AsOH}?2* groups of neighboring anions.*

On lowering the pH value of the reaction solution
in which 10 is formed from approximately 4.5 to 3.0,
the “dimeric” cluster ion [(AsOH)s(M003)2(O,Mo—0O—
Mo00O,)2(AsM0gO33)2]*°~ ({ AssMoy4}, 11) is obtained.
Condensation via the four highly reactive { MoV'O3}
fragments and formation of two {O,Mo—0O—MoO;}
bridges takes place after protonation. Consequently,
the two six-membered rings of 11 retain in total two
of their facial {MoV'O3} groups, each of which is
stabilized by one hydrogen bond between one of its
terminal oxygen atoms and the OH function of the
opposite { AsOH}?* unit (see Figure 10).4

If a larger amount of As,O3 is added to the solu-
tion, a further linking with the remaining highly
reactive { MoOg3} units of 11 yields the cluster anion
[(ASOH)4(ASO)2(HOAS—O—MOOz)g(OgMO—O_MOOZ)z-
(AsM0gO33)2]®~ ({ As10Mo024}, 12), which can be precipi-
tated as trimethylammonium salt**#? (see Figure 10).

D. Clusters with an e-Keggin-Type Core: {Mos7},
{MO42}, and {MO43}

The reduction of the well-known a-Keggin cluster
with T4 symmetry can in principle yield the highly
nucleophilic e-Keggin-type cluster [HyM0Y15040]0)~
(with six short MoY—MoV contacts) as intermediate,
which can be stabilized by protonation and by capture
of four electrophilic {MoV'Oz} groups, thus forming
anions of the type [HxM0V1,040(M0v'03),]?°™~. One
of these occurs in salts ([NH4]™ and [(CH3).NH;]") of
the anions [H2Mo016(OH)12040]®~ (13) and [NaMose-
(OH)12040]7~ (14), which have well-defined protona-
tion.* On further reduction (MoY' — MoV) the
originally electrophilic {Mov'O3} groups on the sur-
face of the {Mosg}-type cluster themselves become
nucleophilic and, in addition, seem to have a template-
type function: they seem to induce the formation of
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+ASZ 03

~H,0

10 1 12

Figure 10. Structure of [(AsOH)3(M003)3(AsMogO33)]”~ (10) as well as the related clusters [(AsOH)s(M003)2(02M0oOM00;),-
(AsM0g033),]1%~ (11) and [(AsOH)4(AsO)2(HOAsOM00,)2(0,MoOM00,),(AsM0gO33)2]8~ (12) with the same {AsMog} frag-
ments. In 10 the { AsMog} unit (polyhedral representation) is capped by three { As''"OH} and three {MoY'O3} groups ({ MoOg}
octahedra, gray; As'!' centers, gray spheres; Mo, large white spheres; O, small white spheres). In the related “dimer” 11,
two {AssMo1,} units (built up by the {AsMog} unit and the three { AsSOH} as well as the three {MoOgs} capping units) are
connected by two O,Mo—0O—MoO, bridges and stabilized by two As''—OH---O=MoV"'0O, hydrogen bonds (dashed lines,
code as above). Cluster 12 has two additional O,MoV'—0—As(OH)rm-O—As bridges between the units (code as above).

+14 H*

V an V6~
(isolation possible)

{MoY,0,0}**
¢-Keggin fragment

{Mo,,} fragment—» ——{Mo,,} fragment

{Mo,¢} core

vacancy

Figure 11. Structure of the cluster [H14Mo03,0112]**~ (15) including its structural relation to the building blocks. The
reduced e-Keggin fragment (top, left) is capped with four {MoY'O3} units building the cluster anion [H2Mo16(OH)12040]8~
(13) (top, right). Further reduction of these caps (MoY! — MoVY) and condensation with an {Mo;;} as well as an {Mo;0}
fragment leads under formal consideration to 15 (bottom). In the {Mo,o} fragment, one Mo center is missing ({MoOg}
octahedra of the central Keggin-type core, hatched; {MoOg} octahedra of the caps, gray; Mo centers of the {Mo,o} and
{Mo} fragments, gray spheres; O, white spheres).

electrophilic polyoxometalate fragments with 10 and the two similar but not identical “coordinated ligands”
11 molybdenum atoms thereby forming the racemic {Moio} and {Mo11} (see Figure 11). The mentioned
cluster anion [H14M0370112]*~ ({Mogs7}, 15).44 core is built up from an {Mo0V1,040} e-Keggin-type
The red anion 15 represents an unusual binary subcore, which is capped by four {MovYO3} groups.
molecular species with a rather complicated structure The {HsMo0VsMo0Y'sOa1}3* ({Mou1}) “ligand”, which
containing no symmetry element. It formally con- has approximately m symmetry, is mainly built up

sists of the central { HsM0V1,040(M0VO3)4} *8~ core and by two incomplete {Mo3O,} cubes. Two {MoOg}
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Figure 12. (a) Structure of the cluster anion [HyM0430112{ (OCH,)3:CR}7]¥~ (17) with the central {Mo;,} ¢-Keggin core in
polyhedral representation viewed along the molecular C; axis ({MoOg} octahedra of the Keggin-type core, hatched; Mo
centers at the periphery, gray spheres; O, white spheres; carbon atoms of the organic ligands, black spheres). Each { M0sOg}
face of the core is capped by an { MoOs} moiety but in the case of the { Mos,} cluster (16) one of these positions is occupied
by a {Na(H,0)s} ™ moiety (emphasized sphere in the center of the anion). The core is surrounded by three A-type and three
B-type fragments. (b) The {Moi2} core (including one organic ligand) is built up by a C-type and an A'-type fragment
attached to an organic residue (Mo centers, gray spheres; O, white; C atoms of the organic ligands, black). (c) View of the
structure of {Moas} (17) with the {Mos¢} core in polyhedral representation (code as in a, plus capping { MoOg} octahedra,
gray). (d) View of the cavity produced by the three type B subunits, one of which is not clearly seen.

octahedra of one of the {Mo0304} units are connected
via edges to neighboring { MoOg} octahedra; the third
octahedron is correspondingly bonded to an {MoOg}
cap of the central { HsM0V1,040(M0VO3)4} core. In this
{Mo0304} unit all the molybdenum atoms are of the
MoV type, whereby the three u,-O and the u3-O atoms
are protonated. The three { MoOg} octahedra forming
the second {Mo030,} unit are bonded to neighboring
polyhedra via corners. This {Mo030O,} unit contains
exclusively MoV! centers, whereby only the u3-O atom
is protonated thus leading to the same formal charge

as the former {Mo3sO,} unit. The {Mo:} “ligand”
contains a further Mo¥ atom remarkably surrounded
by five coordinating oxygen atoms forming an un-
usual square pyramid, which shares an edge with a
second { MoOg} cap of the central core. Two further
MoV! atoms of the “ligand” cap two { Mo3O4} units of
the central core thus completing the { Mo,0,4} “cubes”.

In the { HsMoVY4MoV's029} + ({Moyg}) “ligand” one of
these MoVY! atoms is missing, thus leaving one {Mo0z04}
unit of the { HsM0VY1,040(M0VO3)4} core uncapped and
its three u,-O atoms protonated.*
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It should be stressed that the reaction leading to
15 can be considered as a molecular step-by-step,
symmetry-breaking process with decrease in molec-
ular symmetry from T4 to C;. This of course differs
from the type of symmetry breaking in classical (first-
and second-order) phase transitions, for instance
during crystallization from solution or during a
transition from a para- to a ferromagnet. In these
cases, symmetry breaking refers to the whole system.

In contrast to the low symmetry of 15, the rela-
ted cluster anions [Na(H20)3sHxM0420109{ (OCH,)3-
CCH OH}7P~ (x =13,y = 9; x = 15,y = 7) ({ Moz},
16) and [HXM0430112{(OCH2)3CR}7]y_ (X =14, R =
CH,0H,y =9; x=13, R = CHg, y = 10) ({Moaz}, 17),
with a {Mo0160s,} core have, due to the presence of
triangular {MozO,[(OCH_)sCR]} units, rather high
Csv symmetry of the core cluster.??454¢ The anions
16 and 17 exist with different degrees of protonation.
These clusters are basically identical but in 16 an
{Na(H,0)3} " group is coordinated to the central part
of the cluster, while in 17 this is replaced by an
{MoV'O3} group.

According to Khan and Zubieta*® the anions can
be divided into four main types of basic structural
building blocks A, A, B, and C, three of which are
bonded to organic residues (see Figure 12): (1) three
hexanuclear fragments {MoVs02,[(OCH,)3:CR]} (A),
(2) one identical fragment, which differs only in its
relative, i.e., central, position within the cluster (A’'),
(3) three tetranuclear fragments {MoV,MoV',0;5-
[(OCH,);CR]} (B), and (4) a hexanuclear ring
{M0oVs0,4} with no organic residues attached (C).
Furthermore there is an additional moiety coordi-
nated to the central part of the cluster: an {Na-
(H20)3} ™ unit in the case of 16 and an {Mo"'O3} group
in the case of 17. The fragments C and A’ form the
completely reduced e-Keggin core {Moj;} with an
organic residue attached (Figure 12b), which re-
garded as a basic building block provides a further
possible description (see also refs 46 and 47). Its
hexagonal {MogOg} faces are capped by three MoV
centers belonging to the MoVO; groups of MoV—MoVY
dumbbells of fragment A and the {Na(H,0)3}* (for
16) or {MoOg3} (for 17) group. In this way, in the case
of 17, an {Mosg} core similar to that in 15 is built
up, but with one MoV'O3 cap. Whereas the trigonal
{Mo304} faces (incomplete cubes) of the e-Keggin core
{Moy,} are capped by three MoV centers belonging
to the MoV—MoV groups of fragment B, the fourth face
is capped by an organic residue. The three B-type
subunits point outward and produce a cavity of ca. 7
A'in diameter (Figure 12d). In contrast to 15, where
two distinct coordinated fragments are present, the
{Mose} core in 17 is surrounded by one fragment.

Alternatively, one could also identify the e-Keggin
unit as the core wrapped by an {Mogzg} ring.

E. Clusters Containing {Mog} Moieties: {Moss},
{M057}, and {M0154}

1. {Moss}

The cluster anions [Mo3sO112(H20)16]8~ ({ Mogs},
18a) and [M036(NO)40103(H20)15]127 ({MOgG(NO)4},
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Figure 13. Structure of the anion [Mo3s(NO)40108(H20)16]2~
(18b) viewed along a C, axis showing the {Mog} unit (in
polyhedral representation) which is the basic structural
feature of 18b and of several other clusters. Two pairs of
{Mog} fragments, which are linked by two {Mo;} bridges
(not visible in the figure), build the {Mo;7} units as
described in the text ({MoOg} octahedra and { MoOg(NO)}
bipyramid of the {Mog} unit, gray; Mo centers, gray
spheres; O, white; Mo centers of the bridging { MoO,}2*
groups, large black spheres; N, small black spheres). In
many clusters the { MoNQO}3* group in the bipyramid can
be replaced by an {MoO}4* group. We refer in both cases
to the {Mog} unit.

{Mog}

Figure 14. Structure of the {Mog} unit (a) and larger
subunits derived from it (b and c). Two {Mog} units (code
as in Figure 13, one unit is represented by hatched
polyhedra) can be connected by an {Mo;}-type center
(crosshatched) to build an {Mos7} unit, present in 18a, 18b,
19a and 19b (b). A unit built up by two {Mog} groups
connected by two { Mo,}-type centers (crosshatched), which
is present in 20 and in several other large clusters (c).
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Figure 15. Structure of the {Mos;Mg}-type clusters [{V(H,0)O0}s{ Mo(u-H»0),(«-OH)Mo} 3{ M015(MoNO),0s5(H20),} 3]21~
(19a) and [{Fe(H20)2} o{ Mo(u-H20)2(-OH)Mo0} 5{ M015(MoNO),0s5(H20)2} 5]1°~ (19b). (a) View along the S; axis showing
the {Mo;7} units, built up by two {Mog} (code as in Figure 13) and one { Mo;} group, in polyhedral representation ({MOg}
octahedra (M = Fe, V), crosshatched; { Moy} units, hatched). With this view of the model, one {Mog} group of the {Mo;7}
and the connecting {Mo;} unit is hidden behind the rest (see also ref 57b). One of the surface cavities, which can be
occupied by metal—oxygen fragments, is marked with an arrow (see text). (b) View perpendicular to the S; axis with the
clear identification of one whole {Mo;7} unit in polyhedral representation (code as in Figure 14).

18b)1148-54 exhibit a variety of different polyhedra:
two {MoOg}, four {(O=)M00,4(H:0)}, eight {(O=),-
MoO3(H;0)}, eight {(O=)MoOs}, and two {(0O=),-
MoO,} octahedra as well as four pentagonal { Mo(X)-
Og} bipyramids (X = O for 18a, X = NO for 18b) and
four {Mo,0g(u-O)(u-H20)} units consisting of edge-
shared octahedra.!? The anion 18b, which was very
probably first reported in ref 12, formally consists of
two rather Iarge {MOV|15(MONO)23+O58(H20)2} 20—
({Mo17}) units (Figure 13), which are linked by two
{Mo0QO_}?* groups, with the two (terminal) oxygen
atoms in cis position.

The {Mo7} units can be described as being built
up from two {Mog} units fused via eight oxygen atoms
and one Mo atom (see also Figure 14b). The centers
of these {Mog} units are formed by the pentagonal
{MoXOg} bipyramid mentioned above, which is con-
nected to five {MoOg} octahedra via edges. Four of
these are connected to two other {MoOg} octahedra
via corners (see Figure 14a). The substitution of the
{MoNO}3" groups in the bipyramids or the {Mog}
groups by { MoO}“* leads directly to the nonreduced
anion 18a. Similar {Mog} units can also be found in
the solid-state structures MosO;4 and Mo;7047.5°

The { Mo17} subunits can alternatively be described
as being formally built up by central heptamolybdate-
like { Mo} entities containing two seven-coordinated
molybdenum atoms in the form of two pentagonal
{Mo(NO)Og¢} bipyramids.t!

2. {M057}

The structures of the unusual highly symmetrical
(Dsn) cluster anions [{V'"V(H,0)O0}s{ MoV (u-H20)2(u-
OH)MOV} 3{ MOVI15(MONO)2058(H20)2} 3]217 ({ M057V6} s
198.)11 and [{ Fe“l(Hzo)z} of MOV(‘Lt-Hzo)z(,M-OH)MOV} 3-
{M0V|15(M0NO)2O58 (HzO)z} 3]15_ ({ M057Fee}, 19b)7 are
shown in Figure 15 (see also refs 56—59). These
doughnut-shaped anionic species consist of 276 non-

hydrogen atoms and also exhibit, corresponding to
the {Mogs}-type clusters, a variety of polyhedra. The
anions are formally composed of three of the above-
mentioned highly negatively charged { Mo:5(MoNO)3*»-
Os5(H20)2}2°~ ({Mos7}) units (see also section V.E.1),
acting as bridging ligands for cationic centers: six
{VV(H,0)0}?* of these occur in 19a and six {Fe'"'-
(H20),}3* units in 19b, as well as three dinuclear
{MoV(u-H,0)(u-OH)MoV}°*+ groups in both 19a and
19b.

The relatively large cavity inside the cluster anions
is formally accessible through two “openings” in the
cluster shell located along the S; axis. This cavity
(with a diameter perpendicular to the S; axis of ~0.9
and parallel to it of ~0.5 nm neglecting the H atoms)
is formed by a central {Os3} polyhedron. The two
openings are delimited by two almost planar and
alternating Mo—O—M—-0 (M =V for 19a; M = Fe
for 19b) 12-membered rings.!!

An important structural feature of the chemistry
is the presence of three rather large cavities located
on the outer sphere of the clusters in the region
between the {Mo;;} fragments. These cavities are
accessible to the coordination of further highly elec-
trophilic metal—oxygen fragments such as {MoO}**
groups, thus resulting in a step-by-step growth so
that all species of the type { Mos74+xVs} (x = 0—6) can
be formed. Each of the {MoO}*" groups binds
formally to three oxygen atoms of the {Mos;V¢} core
resulting in a tetrahedral coordination of the incor-
porated Mo atoms. The degree of occupation of the
cavities can be correlated with the degree of reduction
of the parent cluster 19a. Its reduction increases the
nucleophilicity and initiates this type of growth
process whereby even up to six electrophilic { MoO}4*
entities, as in the case of [H3Mo0s7Vs(NO)sO180(H20)12-
(MoO)s]?*~ (19c¢), can be incorporated.*
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b

Figure 16. (a) Structure of the cluster anion [Mo0154(NO)140420(0H)25(H20)70]®+%)~ (20) (“giant wheel”) in polyhedral
representation. (b) View perpendicular to panel a whereby two {Mog} units and the two connecting { Mo;}-type units are

shown in polyhedral representation (code as in Figure 14).

Figure 17. Schematic comparison of the ring-type clusters built up by the building blocks { Mo,}, { Mo,}, and {Mog} (with
central {MoO} or {MoNO} group of the pentagonal bipyramid). Clusters with a set of 14 and 16 of the mentioned building
blocks, as well as some with defects in the {Mo,} units are known so far (see text).

3. {Moy54(NO)14} and Comparison to { Mos7}

From the same reaction system that leads to the
clusters 18b, 19a, and 19b, also the diamagnetic,
deep-blue, mixed-valence, electron-rich species [Mo0;s4-
(NO)140420(0OH)25(H20)70] @59~ ({M0154(NO)14}, 20),
can be isolated in the ammonium salt.® (The uncer-
tainty regarding the cluster charge arises from the
difficulty in determining the exact number of cations
in the crystal lattice, owing to disorder problems with
respect to the NH; ion positions as well as the
crystal water positions.) The approximately ring-
shaped anion consists of 140 { MoOg} octahedra and
14 {Mo(NO)Og¢} pentagonal bipyramids. The cavity,
like a car tire, is broader at the equator and measures
about 20 A in diameter. The anion 20 can be

described as a tetradecamer with approximate Dq
symmetry. Each of the 14 subunits has a pentagonal-
bipyramidal { Mo(NO)Og} center to which seven other
{MoOg} octahedra are linked by corner and edge
sharing to form an { Mog} fragment. These fragments
are arranged above and below the equatorial plane
of the cluster® (see Figure 16).

Equivalent { Mog} building blocks (Figure 14a) also
occur in the anions 18b, 19a, and 19b. (In the
following, {Mog} units have a central pentagonal
bipyramid containing an { MoNO}3*, or an equivalent
{MoO}** group.) The fundamental difference be-
tween the two structural types (18b, 19a, and 19b
on one hand, and 20 on the other hand) is that the
{Mog} fragments lie directly on top of each other in
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Figure 18. Schematic representation of the structure of
the unusual wheel-shaped {Moyss} cluster which can
formally be constructed by doubly capping the { Mo17¢} ring-
type cluster. The two caps, forming a cavity inside, consist
of {Mog} and { Moy} units (which are similar to those found
in the rings), as well as { Mo} - and { Mog} -type groups. The
latter units can be considered as lacunary fragments of the
known octamolybdate structure.

19a and 19b which means they are related to each
other by the equatorial mirror plane, whereas in 20
they are twisted relative to each other by an angle
of 360°/14 about the approximate C; (Si4) axis. In
19a and 19b the pentagonal bipyramids of each unit
are linked to each other through one additional { Mo}
unit lying in the equatorial plane, and therefore
formally “pseudo-discrete” {Mo;7} (2 x 8 + 1) frag-
ments are abundant (see also section V.E.1). These
can therefore be considered as transferable ligands,
“isolated” from each other and linked through the

Miller et al.

cationic {V'VO(H,0)}?* or {Fe'"'(H,0),}3* as well as
{ MoV (u-H,0),(u-OH)MoV}°* groups, respectively (see
Figure 14b). In contrast, in 20 the shift of the { Mog}
units relative to each other means that in each case
two equatorial { Mo,}-type units are required to link
two {Mog} fragments (Figure 14c). Neighboring
{Mog} fragments above and below the equatorial
plane are, additionally, linked together directly
through a u3;-O atom. The smaller curvature of the
cluster-ion shell relative to that of 19a and 19b
correlates with the fact that in the region of each of
the cavities of the latter species sufficient space is
available for a further linking of the {Mog} units by
an {Moz} = {Mov'O,(H,0)(u-0)MoV'0,(H,0)}2* group.
(In 19a and 19b they are linked by a V'V or Fe'"
center.?) According to a building-block principle, 20
can be formulated as [{ MoV',05(H,0),} { Mo;Mo(NO)-
O25(0H)2(H20)3Mo} J1a = [{M0o2}{ Mog}{ Mo1} ]1a.

A further characteristic of the structure of the
anion 20 is the exceptionally high degree of proto-
nation resulting from the high degree of reduction.
Investigations reveal 28 singly and 70 formally
doubly protonated oxygen atoms corresponding to
H.O ligands, whereby 28 equivalent us-O atoms
located in the equatorial plane show the single
protonation. Of the terminal H,O ligands, 42 are
coordinated to the Mo atoms constituting the two 42-
membered rings, which contain alternating molyb-
denum and oxygen atoms, and delimit the central
cavity. In these rings the H,O ligands are arranged
both above and below the ring's plane, and an
alternating (trans) orientation between two adjacent
centers is favored.®

4. Beyond the {Mois4} Level

Recent attempts to synthesize analogues of the
ring-type species without NO groups were also suc-
cessful. An {Moi7¢}-type electron-rich, ring-shaped
cluster has been isolated, which can be described as
a hexadecamer containing a set of 16 [{ Mo,}{Mog}-
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Figure 19. Examples for the linking potentiality of the giant ring clusters to form chains®? (a) and layers?’ (b). The type
and degree of condensation is related to the type of defect—that means is due to released { Mo,} groups.
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Figure 20. Polyhedral representation of the five skeletal isomers (o—¢) of the Keggin anion [(XO4)W;,036]"", each
corresponding to the “rotation”of one or more edge-shared {W;013} groups by 7/3. Rotated groups are shown with unshaded

octahedra.

{Mo1}] groups (corresponding to the formula
[{ M0,05(H20)2} { M0;M0o(NO)O25(OH)2(H20)sMo}]) in-
stead of 14 as in the case of the {Mo;ss} cluster
species discussed above, see Figure 17.'8 In another
very unusual cluster with 248 Mo atoms the { Mo017¢} -
type ring is doubly capped with polyoxomolybdate
sheets (see Figure 18).50 All these types of species
attract special interest because of their relevance to
the soluble molybdenum blue compounds.!

Solid-state structures with chains and layers could
be obtained by linking the large rings and in par-
ticular rings which have defects, which means miss-
ing {Mo,}2" groups (corresponding to the lacunary-
type Keggin species).'”62 Some compounds exhibit
channels due to stacking of the rings (see Figure 19).
Furthermore, colloids with a hydrodynamic radius of
~80 nm can be proven to form from the { Mo1s4} -type
rings in organic solvents.53

VI. Tungstates

The structures of very large polytungstate anions
may all be represented in terms of subunits based
on lacunary fragments of the Keggin anion or its
isomers.

Although some of these lacunary fragments (which
occur in all the tungstates discussed) may not have
an independent existence, and may not (or may) be
mechanistically involved in the formation of the
complete polyanions, dissection of the structures into
such components does provide a convenient way to
describe and classify the larger structures. It is
therefore appropriate to begin this discussion with a
review of these putative building blocks.

The five possible skeletal (“Baker-Figgis”)®* iso-
mers, a—e, of the Keggin anion are illustrated in
polyhedral form in Figure 20. Examples of a, 3, and
y structures are known for dodecatungstates, but the
y isomer is much less stable than the others, a
possible consequence of a larger number of intraionic
metal—metal repulsions between edge-shared { WOg}
octahedra.®® Lacunary versions of these structures
result from the removal of one or more W atoms.
Examples of three lacunary derivatives (one mono-
vacant, two trivacant) of the a-Keggin anion are
shown in Figure 21; structures of lacunary deriva-
tives of the other isomers can easily be imagined. The
two trivacant species in Figure 21 correspond to loss
of a corner-shared group of { WOg} octahedra (A-type
{XWoy}) or an edge-shared group (B-type { XWg}). Note
that in the B-type anion the central tetrahedrally

{B-0-XW,}

Figure 21. Polyhedral representation of three lacunary
derivatives of the a-Keggin anion.

{o-XW, 4} {A-a-XWo}

coordinated heteroatom has an unshared terminal
oxygen atom. B-type structures are also commonly
observed if the central atom has an unshared pair of
electrons (e.g., As'!", Te'V).

Fusion of two A-[PWy034]°" units generates the
well-known Wells—Dawson anion [P,W1506,]6". Six
isomers of this anion are in principle possible de-
pending upon whether the half-units are derived
from o- or -Keggin species and whether they are
combined in staggered (S) or eclipsed (E) fashion.®*
Four of these isomers have been observed for
[As,W1506,]%~ and three for [P,W1506,]%7.%8 As for the
Keggin anion, lacunary derivatives of the Wells—
Dawson structure are known. The most significant
of these are derived from the most common isomer
(aaE, generally known as the a-Dawson anion)
shown in Figure 22 together with two monovacant
(a1 and ay) and trivacant lacunary derivatives.

A. Clusters Incorporating Different Numbers of
Mlon?(vacant Lacunary {XW11}-Type Building
Blocks

1. {XWu}: {SiaWos}

The anion [Si;W,3077(0H)1°~ ({Si;Wa3}, 21) is formed
when y-[SiW10036]8~ ({SiW1o}) is treated with acidi-
fied tungstate. The anion comprises {y-SiW,o} and
{a-SiWi11} moieties linked by an unsymmetrical { W}
group (O=W---O=W-0H). The resulting structure
has no element of symmetry (see Figure 23).57

2. {XW11}2 or { XaWiz}o: {MXoW2o} and { MXsWas}

In 1971 Peacock and Weakley®® first reported that
the monovacant lacunary anions (mla) [PW11039]"",
[SiW11050]8~, and [P,W1706:]'% (the last subsequently
known as the a, isomer) formed both 1:1 and 1:2
complexes with several lanthanide cations. Salts of
the 1:2 complexes, [Ln(mla);]"~, were isolated, and
these species, { MX,Wa2} (22) and { MXsW34} (23), fall
within the scope of this review. Weakley and Peacock
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a—{X 2W18} 0‘4‘{X2W17}
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o~ {X, Wy} {X,Wys}

Figure 22. The a-Dawson structure [X,;W130¢,]"", and three lacunary derivatives ({WOg} octahedra, gray; { XO4} tetrahedra,
hatched). The monovacant derivatives have vacancies in the “belt”(a,) or “cap”(c,) positions.

Figure 23. Structure of [Si;W23077(OH)]°~ (21, {WOe¢}
octahedra, gray; central {SiO,} tetrahedra, hatched; bridg-
ing W centers, gray spheres; O atoms, white spheres; OH
ligand, black sphere).

suggested that the heteropolyanion ligands were
tetradentate, binding to the lanthanide center through
the four oxygen atoms that surrounded the tungsten
vacancy, and generating a quasi-square antiprismatic
coordination sphere for the lanthanide cation.
Many examples of analogues of the Peacock—
Weakley anions have since been reported. Besides
yttrium atoms, all the trivalent lanthanides, cerium-
(1V) and terbium(lV), and the tetravalent actinides
(Th to Bk) have also been incorporated in such
complexes. Although not all possible combina-
tions of Ln/An and mla have been exhausted, the

heteropolyanion ligands now include [XW;;039]""
(X — p69781 AS70,76,77,82784 Si69,70,37,76,83,85788

6669'70’76’89_91 B,70,76,77,83,86,92—94 Ga,QS Zr’96 CU97), -

[P2W17061]10_,98_100 (12-[P2W17061]10_,69'70’75_78’101_106 O
[ASZWHOGl]lOf,70,83,1077110 [XMOlloag]nf (X — p,73,1117114
As,115 Si’73,1127114,1167122 Gell3'114'123), [X2M017061]107 (X
— P,124'125 ASlzG).

X-ray diffraction investigations of crystals of Cs;,-
[UIV(GeW1103g)2]'13H20,127 K11H2[Dy(SiM01103g)2]'
XH2(),113’12O K7H6[Nd(GeM011039)2]-27H20,123 KgHs-
[La(SiWZMOQOgg)z]'21H20,87 K10H3[Pr(SiM011039)2]-
18H20,79 Klng[PI’(SiW5M06039)2]'30H20,118 Kle[Ce'V-
(02-P2W17061)2]-50H,0,128 Ki7[Lu(az-P2W17061)2]*
xH20,129 and Kle[UIV((ln-P2W17061)2]'XH20, (n =1,
2)1% confirm the proposal of Peacock and Weakley.
The lacunary heteropolyanions function as tetraden-
tate ligands generating an approximately square

Figure 24. (a) Structure of [U(0-SiW11039)2]*%~ (22, {WOg}
octahedra, gray; Si atom, black sphere; U'Y center, white
sphere). Conformation of {SiWi} ligands is trans-oid. (b)
Structure of [U(a2-P2W17061)2]18~ (23). Conformation of { o
P,W,7} ligands is cis-oid (code as above, except P atoms,
black spheres).

antiprismatic coordination environment for the lan-
thanide(actinide) cation. Since the polyanion ligands
have only C; symmetry, there are four possible con-
formations for the complexes corresponding to “cis-
oid” and “trans-oid” enantiomeric pairs.8° In the
crystalline state all of the above Keggin-derived com-
plexes are trans-oid, whereas [M"(a-P2W17061)2]?0
(M = Ce', Lu™, U"v) are cis-oid, see Figure 24.
However, structures of potassium salts of the a;-
derived complexes [M(01-P2W17061)2]*¢~ (M = Th, U)
and [U(01-P2W17061)(02-P2W17061)]*%~ reveal both cis-
and trans-oid conformations, and, in solution, the
existence of sterecisomers has been demonstrated.1®
With the exception of the latter three species, there
is little reason to doubt that the conformers of the
{XW} and {02-X,W;7} complexes readily intercon-
vert in solution, probably via rotation. %W NMR
spectra of [Ln(PW11030)2]**~ show six lines for Ln =
La to Eu (consistent with C,, symmetry for the whole
complex), but 11 lines for Ln = Tb to Lu.’%"2 Al-
though these results were interpreted to reveal a
change from cubic to square antiprismatic coordina-
tion for the smaller lanthanide cations, they may well
simply reflect a smaller barrier to intramolecular
rotation for the complexes of the larger lanthanides.
Variable temperature measurements are indicated.
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Table 1. Conditional Formation Constants for
[M(mla),]P~ (n =1, 2)

log 1 log S, medium  ref
[PW1,030]"~
Ce'll 6.2+ 0.2 10.2+0.2 ? 68
8.7 15.4 1 MLINO; 99
CeVv 22.9 335 1 MLINO; 99
[SiW11050]8~
Ce'll 9.4 15.6 1 MLINO; 99
Celv 24.6 35.0 1 MLINO; 99
01-[P2W17061]%0~
Celll 6.6 8.1 1 MLINO; 99
Celv 21.7 27.9 1 MLINO; 99
02-[P2W17061]*0~
Ce'll 8.8 14.8 1 MLINO; 99
1.74 + 0.05 0.3+05 1MHNO; 99
Nd'!! 1.54 2 M HNO3; 152
Am'!! 5.4 1M HNO; 136
1.9 3 2 M HNO; 152
Cev 23.1 33.6 1 MLINO; 99
15.1 +£ 0.3 19.6 £ 0.3 1M HNO; 99
uv 7 11.4 2 M HNO3; 152
Np'v >7 2 M HNO3z; 152
Pu'v >8 >13 2 M HNO3; 152
Am 32 pH 0.5-6.0 136
9 1M HNO; 141
AmVY 6 pH 0.5—-6.0 136

Table 2. Ce'V'"! Reduction Potentials, V vs NHE®®

L CeL Cel,
[PW11050]"~ 0.90 0.67
[SiW11039]8_ 0.84 0.59
01-[P2W17061]*0~ 0.85 0.57
02-[P2W17061]1°~ 0.89 0.62

The high negative charges of the heteropolyanion
ligands in these complexes allow the stabilization of
“unusual” oxidation states for the lanthanide or
actinide cations. Thus the presence of Pr!Vv,130
TbIV,81,101,130,131 UV,SO AmIV,81,106,131—140 CmIV,Bl,IOG AmV,l41
and Bk'V 103142 has been reported in such complexes.
Many of the investigations of actinide complexes of
this type have concerned their use in analysis and
in separations of transuranium elements.103.134,142-150
The polytungstate of choice has been a,-[P,W1706:]%0".

Few 1:1 complexes have been isolated,®® and no
structures of these have been reported. However
luminescence lifetimes for the complexes of
[PW11039]7_ and [SiW11039]8‘ with Sm, Eu, Dy, Th,
and Cm indicate that the 1:1 complexes have 4—6
coordinated water molecules compared with 0.1—0.5
water molecules for the 1:2 complexes.4151.152

Some conditional formation constants for these
complexes have been measured and are listed in
Table 1. Corresponding Ce'V/Ce!" reduction poten-
tials are given in Table 2.

3. { XW11} 2. { XW11} 2{ MO3S4} 2

Recently Muller et al.’>® have demonstrated that
the monovacant lacunary anion [SiW1;039]%" reacts
as an electrophile toward the nucleophilic [M03S,-
(H20)q]*" to yield the bridged species [(SiW11039)2-
{MO3S4(H20)3} zcll-OH)z]lo_ ({ XWll} 2{ MO3S4}2, 24) with
the structure of C,, symmetry shown in Figure 25.
It is evident that other reactions of this type are
possible.
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Figure 25. View of the structure of [(SiW11039){ M03Ss-
(H20)3} 2{ u-OH} 2]'°~ (24). The lacunary Keggin-type frag-
ments {a-SiW;;} are shown in polyhedral, the {Mo3S4}
units in ball-and-stick representation ({WOg} octahedra,
gray; central {SiO,} tetrahedra, crosshatched; Mo atoms,
gray spheres; S atoms, small black spheres; O atoms, small
white spheres).

Figure 26. Structure of [B3W390132]%*~ (25, {WOg} octa-
hedra of {a-BW13} groups, gray; B centers, black spheres;
{WOg¢} octahedra of central core, hatched).

4, {XW11}3Z {83W39}

The hexagonal form of tungstoboric acid,'54-15 long
thought to be an isomer of the tetragonal form (which
contains the Keggin anion), has recently been shown
to have the composition Hj[B3sW39013,]:69H,0
({B3sWag}, 25).158 The structure with Cz, symmetry,
see Figure 26, is revealed to be an assemblage of
three {BW,;} anions linked by a central {WsO,7}
group. The acid is stable in solution, and has been
shown from viscosity measurements to have a hy-
drodynamic radius of 10.3 A, consistent with that in
the crystal.

B. Clusters Incorporating Different Types of
Trivacant Lacunary Building Blocks

1. [XWgO34]"™ (A- or B-Type)

a. {A-XWog},: {X,W,}. Salts of the anion
[P2W,107118~ ({P2Wa1}, 26) have been known for over
a century!®®-161 and the more recently determined
structure’®? reveals a sandwich-like arrangement of
two {PWg} moieties enclosing three {WOs(H,0)}
octahedra (Figure 27). Although the crystal shows
3-fold rotational disorder of the anion, two positions
are detected for the equatorial tungsten atoms. A
careful NMR study shows that two of the tungsten
atoms (W;,) are displaced toward the apparent 3-fold
axis, and one (W) is displaced away from this axis.
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Figure 27. Structure of [P,W,10711%~ (26, {A-a-PWo}
groups, gray; octahedra with P centers, black spheres;
{WOs(OH,)} octahedra, hatched; H,O, white spheres).

The center of the anion thus encloses two “terminal”
oxo oxygen atoms and a H,O molecule that is trans
to the terminal oxygen atom of the third tungsten
center. The central H,O ligand undergoes slow
exchange with solvent water molecules.'®> The analo-
gous arsenate(V) anion has also been reported.63

The {P,W>} anion is generated by acidification of
the lacunary species [PW11039]”~. Moderate acidifi-
cation of the potassium salt of the latter anion (pH
2.0) leads to a lacunary derivative of {P,W2},
[P2W20070(H20)2]*°~. An X-ray study of the corre-
sponding salt is said to reveal a nondisordered anion
in which a potassium cation occupies the unique
equatorial tungsten (W,y) of the parent anion.*%* The
arsenate(V) homologue has been reported.1%> Several
examples of monosubstituted { XZW,o} complexes (Z
= trivalent cation, VO?*, Sn', etc.) appear to exist.'54

A quite different { P,Wy} anion has been reported
by Fuchs and Palm.%6¢ Treatment of a hot suspension
of K3sPW ;1,040 with K,COj3 yields several products, one
of which is Klg[KP2W20072]‘30H20 ({ Pszo}, 27) As
in the lacunary derivative of {P,W,}, the anion
comprises two A-type {o-PWy} units linked by two
tungsten atoms, but the former are not eclipsed (with
a common 3-fold axis) as in the {P,W>;} family, and
the linking tungsten centers each carry two cis
terminal oxygen atoms. A potassium ion occupies the
center of symmetry of the anion, which has nominal
Con symmetry, see Figure 28.

The anion “[P,W190¢9]**~" has been reported, and
its behavior seemed to indicate that it was a divacant
lacunary derivative of {P,W,,}.167168 A more recent
crystal structure confirms this, see Figure 29.1%° The
anion appears to be unstable in solution, but crystal-
lizes rapidly in the presence of potassium cations, two
of which occupy equatorial sites in the anion.

b. {B-XWg}gI {M9P5W27}. Salts of [COg(OH)3(H20)5-
(HPO4)2(B-0.-PW9034)3]167 ({ C09P5W27}, 28) were ob-
tained as byproducts in the synthesis of [Co4(H20),-
(PWyO34)2]'°". The structure of the anion is shown
in Figure 30.1° Three {a-PWyCo3} Keggin units are
linked by corner sharing of the {Cog} triads into an
assembly of D3, symmetry with capping axial phos-
phate groups. The magnetic properties of this com-
plex and a Ni'" analogue have recently been re-
ported, 171172
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Figure 28. Structure of [KP,W5,07,]%3~ (27, {A-0-PWo}
groups, gray; octahedra with P centers, black spheres;
bridging {WOg} octahedra, hatched; enclosed K* cation,
hatched sphere).

Figure 29. Structure of the divacant lacunary derivative
of 26 (code as in Figure 27).

Figure 30. Structure of the cluster anion [Cog(OH)3(H20)e-
(HPOy)2(B-a-PWg034)3]*¢~ (28, {WO¢} octahedra, gray;
{Co'"O¢} octahedra, hatched; P atoms, black spheres; OH
ligands, small white spheres).

2. [X"WgO33] -

a. {XWog}: {EusSbW,4}. The tungstoantimonate,
[EU3(H20)3(SbI“W9033)(W5018)3]18_ ({ EU3SbW24} , 29)
has been reported by Yamase.'”® As indicated by the
formula, the anion incorporates a {B-a-SbWg} and
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Figure 31. Structure of the cluster [Euz(H»0)3(SbWgO33)-
(WsO01g)3]*8~ (29), showing three {WsO1g} units (hatched
octahedra) and a {B-a-SbW,} group (gray octahedra). (Eu
centers, large white spheres; Sb center, black sphere; H,0,
small white spheres).

three {Ws} groups (the latter may be viewed as
lacunary derivatives of [W¢O19]?7). These are dis-
posed in a roughly tetrahedral arrangement about a
central {Eus} triad, see Figure 31. Attempts to
prepare analogues with { AsWy} and {BiWg} groups
were unsuccessful. The photoluminescent behavior
of the crystals of this complex was reported.1’®

b. {XWQ}Z: {X2W21} and {X2W22}. The {ASZWZ]_}
anion and its lacunary derivatives {As,W,} and
{As,W19} would appear to parallel the chemistry of
the {P,W,;} family described in section V1.B.1a.163165174
Unlike the tungstophosphates(V) the tungstoarsena-
tes(l11) were synthesized relatively recently. The
structure of the parent anion, [As;W,;0ee(H20)]%~
({As Wy}, 30), based on a combination of single-
crystal X-ray analysis and NMR spectroscopy’>176
is indeed analogous to that of {P,W2;} but of course
is based on B-type { AsWg} units as dictated by the
lone pair of electrons on As'''. The arrangement of
equatorial tungsten atoms is different also, two
{Woui} and one {W;,} center, and this presumably is
a consequence of the smaller dimensions, and the
axial lone pairs, of the equatorial cavity produced by
two {B-XWgy} moieties. The {W,,} atoms have
nominal square-pyramidal coordination, although the
terminal oxygen center of {W;n} could be considered
to function as a sixth “ligand” for the {W,.} atoms,
see Figure 32. Structures of the lacunary derivatives
of {As;W;;} have not been reported, but those of
[As2C0"W,006s(H20)2]8~ and the isomorphous zinc
compound show that Co(Zn) have replaced a { Wout}
atom.*”’

Reports of “{XW;}” anions (X = Sb'", Bi'"") and
their 1:1 complexes with di- and trivalent transition
metal cations appeared in the early 1970s.178-180
More recently these species have been revealed to be
dimeric, based on structure determinations of salts
of [szszOm(OH)z]J‘z_ (31), [szWzoFe”|2070(H20)e]8_,
[szWzoCOl|2070(H20)6]loi, and [BingoFEzOeg(OH)z-
(H20)6]67.181 The anion structure, see Figure 33, is
seen to consist of two {B-5-XWg} groups linked by
two additional tungsten atoms. Two more relatively
weakly bound additional tungsten centers ({WOg}
octahedra with three unshared vertexes) in the { Wy}
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Figure 32. Structure of the anion [As;W,;0g9(H20)]6~ (30,
{B-a-AsWg} groups, gray; octahedra with As centers, black
spheres; W centers, large gray spheres; O atoms, small
white spheres; H,0, small hatched sphere).

Figure 33. Structure of the anion [SbyW»,074(0OH),]*2~ (31,
{B-B-SbWy} groups and internal bridging { WOg} octahedra,
gray and hatched; Sb centers, black spheres; external
bridging W centers, large gray spheres; O atoms, small
white spheres). The structure of {X;W,,M;} anions (X =
Sb, Bi; M = Fe!!', Co'") is similar (M centers, large gray
spheres; H,0O, small white spheres).

structure are replaced by M'"'"! cations in the sub-
stituted anions.

C. {XW9}3: {Ln2A33W29} and {(U02)3A33W29}. Re-
action of {B-XWg} anions with lanthanide and ac-
tinide cations which demand coordination numbers
greater than six, yields a variety of polyoxoanions
with unanticipated stoichiometries and structures.!®
The anions, [Lny(H20)7As3W290103]*"~ (LN = La, Ce;
{LnyAssWag}, 32), have the structure shown in Figure
34 which contains three { AsWy} fragments bridged
by two additional tungsten atoms and two Ln'
cations, one eight- and one nine-coordinate. A simi-
lar trilobed structure is observed with the uranyl-
(Vl) complex, [(U02)3(H20)5AS3W290104]197 ({ (U02)3-
AssWyo}, 33), but differs in detail (three pentagonal-
bipyramidal {UO,}?" cations and a {W,0s} bridging
group (Figure 35).183

d. {XW9}4: {AS4W42}, {SbgWge}, and {Ln4AS4W40}.
Three polyoxotungstate structures with four { B-XWg}
building blocks have so far been identified. The first
of these, [AssW400140]28~ ({ AssWao}, 34), was reported
in 1974 and it was shown to bind two additional
transition metal cations.174%8 A structure determi-
nation!7618 of the cobalt(l1) derivative revealed the
cyclic anion, comprising four {o-AsWg} units linked
by additional tungsten atoms, shown in Figure 36.
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Figure 34. Structure of the anion type [Lny(H20);-
As3W290103]Y"~ (32, {A-a-AsWy} groups, gray; octahedra
with As centers, black spheres; Ce(La) centers, large gray
spheres; bridging W atoms, large hatched spheres; O(H,0),
small white spheres).

Figure 35. Structure of the anion [(UO;)3(H20)sAss-
Wo90104]19 (33, { A-a-AsWg} groups, gray; octahedra with
As centers, black spheres; W centers, large hatched spheres;
U centers, large gray spheres; O, small white spheres; H,0,
small hatched spheres).

The anion has a central cryptate site (S;) and four
lacunary sites (S;). The S; sites can be occupied by
alkali and alkaline earth cations (the order of stabil-
ity is Lit < Na* < K > Rb™ > Cs*™ and Mg?* < Ca?*
< Sr2t < Ba?"). These cations undergo slow ex-
change on the ¥W NMR time scale.'8 More recent
work suggests that the S; sites can also accommodate
lanthanide cations.83187 Two of the S; sites can be
occupied by di- or trivalent metal cations, by Cu' and
by WV!.1877189 This has been attributed to an “allos-
teric” rearrangement of the structure resulting in
enlargement of two of these sites when the other two
are occupied by smaller metal cations.*®> Only in the
case of Ag' can all four S, sites become occupied.
Metal cations in the S; sites have a single terminal
aqua ligand which can be replaced by other ligands
in aqueous!’ or nonaqueous solution.t%0-192
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Figure 36. Structure of the dicobalt derivative of the
anion [As;W400140]%%~ (34, code as for Figure 35 with Co
centers, small gray spheres).

Figure 37. Structure of the anion [Na;SbgW3z6013:(H20)4]%2~
(35, {B-B-SbWy} groups, shaded octahedra; Sb centers,
black spheres).

The anion [NaZSbgW360132(H20)4]22‘ ({ SbgW36}, 35),
see Figure 37, recently reported by Krebs and Klein'®
appears at first glance to be similar to {As;Wyo}.
However the {SbWg} groups have a  conformation
and the bridging atoms are y-trigonal-bipyramidally
coordinated Sh"' atoms rather than octahedrally
coordinated WV! centers. The central cavity contains
two sodium cations and associated H,O molecules;
the anion appears not to be crystallizable in the
absence of sodium cations, and establishes an equi-
librium with other species in solution.

A third structure of this general { XWs}, type has
been reported.’® Four {B-o-AsWg} units in
[Ln4AS4W400146]287 ({ Ln4AS4W4o}, 36) are linked by
eight-coordinate Ln3" centers (Ln = La, Ce, Gd).
Additional WVY' atoms occupy lacunary sites some-
what analogous to the S, sites in {AssW,o}. Two of
these sites are fully occupied and two have partial
occupancy. An additional tungsten atom with trigo-
nal-bipyramidal coordination occupies a unique axial
position linking all four Ce atoms.

e. {XWo}12: {LNn1cAs12Wi4g}. The record-sized het-
eropolytungstate anions, [LN1sAS15W1480s24(H20)26]76~
({Ln1sAS12W14g}, 37), have recently been reported’
and are shown to contain an assembly of 12 { o-AsW,}
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Figure 38. Structure of the anion [LN1sAS15W1480524(H20)36] 7~ (37) as a folded cyclic assembly of 12 { B-a-AsWg} groups
linked by additional tungsten centers (all shown in polyhedral representation) and four {LnWs} groups. (Ce(La) centers,
large gray spheres; As centers, small black spheres; H,O, small white spheres).

groups linked by Ln'" cations (Ln = La, Ce, Nd, Sm,
etc.) and additional tungsten atoms into a folded
cyclic structure of D,y symmetry. The anion struc-
ture is further embellished by four {Ws0,g} lacunary
fragments, see Figure 38. The 16 Ln atoms carry a
total of 36 aqua ligands which offer sites for further
derivatization of the anion. Salts of these anions are
formed in moderate (30%) yields starting either with
preformed { AsWg} groups or from solutions contain-
ing As'"', Ln", and WO4?~. The anions are stable in
aqueous solution and give well-resolved 83W NMR
spectra. The solution and solid-state chemistry of
these very large polyoxotungstates (relative molec-
ular mass ~40 000, diameter 40 A) is currently under
investigation.

3. B'Type [P2W15056]12_: {M4P4W30} and {P4M6W32}

The sandwich complexes of composition [M',-
(HzO)z(P2W1505G)2]1G_ ({ M4P4W3o}, 38) were first de-
scribed by Finke and co-workers.*931% Their struc-
tures (Figure 39) were deduced, via %3W NMR, to be
analogous to those of [M4(H20)2(PWgO34)2]*°~ 19 (not
considered in this review) and subsequently this was
confirmed by crystallographic investigation of deriva-
tives containing Cu,® Zn,1%” Mn, and Ni'® atoms.
The four divalent metal atoms which occupy adjacent
edge-shared octahedra are antiferromagnetically
coupled in the Mn'" complex, and ferromagnetically
coupled in the Ni" complex.’®® Recently the Fe'!
derivative has been synthesized, structurally char-
acterized, and evaluated as a catalyst for alkene
oxidation.®?

Figure 39. Structure of the anion type [M4(H20),-
(P2W150s6)2]*6~ (38). The lacunary {P,W;s} fragments are
shown in polyhedral, while the bridging metal centers are
shown in ball-and-stick representation ({WOg} octahedra,
gray; {PO,} tetrahedra, hatched; metal centers, gray
spheres; H,O centers, white spheres).

Salts of an anion formulated as [P4TigW320132]%%~
({P4sMsWs3y}, 39) have recently been reported.??® Al-
though solids containing this anion have not been
structurally characterized, crystals of an oxalate
derivative 39a contain a dimeric species [(P,Wis-
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Figure 40. Structure of the dimeric species [(P2Wis-
Tiy062)2(u-Ti(0x)2)2]?8~ (39a). The two {P,WisTiz} moieties
are displayed in polyhedral representation ({WOg} octa-
hedra, gray and crosshatched (see text); internal {PO4}
tetrahedra and {TiOg} octahedra, hatched; bridging Ti
centers, large white spheres; O atoms of the oxalato
ligands, small white spheres; the C atoms of the oxalato
ligands are omitted).

Ti,062)2(u-Ti(0X)2)2]?%~, and it was assumed that 39
has an analogous structure with agua or hydroxo
ligands (see Figure 40). Independent confirmation
of the dimeric nature of 39 is currently lacking
however. The structure of 39a is based on two
lacunary {P,W;s} moieties that are “completed” by
one tungsten and two titanium atoms, and these are
bridged by two “external” bisoxalatotitanium groups
through Ti—O—Ti bonds. The tetrabutylammonium
salt of 39 has been shown to be an active photocata-
lyst for the oxidation of simple alcohols in acetonitrile
solution.?%

C. Clusters Incorporating Pentavacant Lacunary
Building Blocks

1. {ShgW} and Related Anions

The tungstoantimonate(l11) anion that was origi-
nally believed to have the composition [Sh,WsO40]*~ 180
was revealed to be [NaSboW,;0gs]*8~ ({ SboW21}, 40)
from the structure determination of the ammonium
salt.?* The structure, see Figure 41, contains in
agreement with the Dz, symmetry three {SbWy}
groups linked to a central core of two { Sb30} groups
encapsulating a sodium cation. The {SbW5} units
can be viewed as pentavacant lacunary derivatives
of the hypothetical {$-SbWi,} anion. The anion is
formed at pH 7—8 from Sb,0; and WO,?~ or from
{SbW,} species and Sb'"'. An unstable analogue,
[NaSbsAssW,10g6]*8~, can be prepared in this way
from {AsW,} at pH 8—9.292 The selectivity of the
central site for Na® (>K* > Rb*, Cs*; > Li") was
determined by titration of the metastable ammonium
derivative. Ca?", Sr2+186.202 gnd lanthanide deriva-
tives have been reported.832°3 Although two adjacent
lacunary sites on each {SbW;} group should be
occupiable by cations to give complete {3-SbW-;M3}
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Figure 41. Structure of the anion [NaSheW,;Oge]'8~ (40).
The three {SbW;} fragments are shown in polyhedral
representation (Sb centers, black spheres; O atoms, white
spheres; enclosed Na* cation, large sphere).

the experimental verification of this behavior is
ambiguous at present. One study shows that the
expected six cations (M = Fe''' and VO?*) can be
added,?%? but another indicates that a total of only
three (M = Mn'", Fe'"', Co", Ni", Cu'") are com-
plexed.?%4

The ammonium salt of the {SbgW,;} anion has
achieved some notoriety as the antiviral agent HPA-
23, which for a brief time was used for treatment of
AIDS.2% The discovery that large polytungstates
showed in vitro and in vivo antiviral and antitumoral
activity was made in the 1970s2°6297 and has spawned
an immense literature (see e.g., refs 208—210) which
is beyond the scope of the present review.

D. Clusters Incorporating Hexavacant Lacunary
Building Blocks

1. {P4W2q} and {PgWag}

Lacunary derivatives of the a-Dawson anion
[P2W15062]16~ ({P2W1g}) include a metastable hexa-
vacant species isolated as Ki;H;PoW1,048:24H,0
({P2W12}).22r The probable C,, structure of the {P,W1y}
anion was deduced from its reaction with molybdate-
(V1) to give a unique substitutional isomer (of C,y,
symmetry) of o-[P2W1,M0606,]%~. Dilute solutions of
{P2W3i,} can be induced to yield crystals of Kus-
Li5H7P8W480184‘92H20 ({ P8W4g}, 41) with the CyC"C
structure shown in Figure 42.176212 The Dy, structure
of the {PsW,g} anion can be regarded as a condensed
tetramer of { P,W1,} groups. Alternatively, the anion
is a cyclic fused octamer of {PWg} groups which are
derived from the Keggin anion by removal of two
corner-shared triads of {WOg} octahedra. The {PgW,g}
anion is very stable in solution (pH 1—8; 3'P and 83W
NMR recorded) and the free acid can be prepared and
titrated with 40 equiv of base. The crystal structure
reveals that the central cavity of the anion contains
a number of potassium cations.

A possible intermediate in the condensation process
from {P,Wi,} to {PsWaig} has been detected and
isolated as KleLi2H5P4W24094‘33H20 ({ P4W24}). So-
lutions containing the {P,;W,,} anions are stable
enough to permit observation of a 3P NMR spectrum
(two signals) which is consistent with structure(s)
derived from a cis-oid and/or trans-oid condensation
of two {P,W1,} moieties.?!?
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Figure 42. Structure of the anion [PgW.gO1g4]*~ (41) as
a cyclic assembly of four lacunary {P,Wi,} groups. The
internal {PO,} tetrahedra of the latter have been omitted
({WOeg} octahedra, gray and hatched).

Figure 43. Structure of the anion [NaPsW300110]%~ (42)
as a cyclic assembly of five {PWsg} groups (internal {PO,}
tetrahedra omitted for clarity; Na center, large gray
sphere).

2. {PsWzo}

When sodium tungstate is boiled with an excess of
phosphoric acid the main heteropolytungstate prod-
ucts are two isomers (aaE and ofE) of the yellow
Wells—Dawson anions, [P,W15062]¢", and a smaller
amount of a colorless species originally given the
formula [HP3sW15066]27.2*% A subsequent X-ray in-
vestigation of the ammonium salt showed the true
composition of this anion to be [NaPsWszy0110]%"
({PsWso}, 42) with the structure shown in Figure
43.176.214 The unusual 5-fold symmetry of this anion
is achieved by fusion of five { PWs} groups of the type
noted above for the {PsW.ig} species. The central
sodium ion lies not on the equator of the anion but
in a plane roughly defined by oxygen atoms of the
phosphate groups. The sodium cation is nonlabile
on the NMR time scale, and appears to be essential
for the anion synthesis.?* The presence of the
sodium cation reduces the overall anion symmetry
from Ds, to Cs,. The {PsW3o} anion is even more
robust than the { PsW,g} one (pH stability range ~0—
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Figure 44. Structure of the cluster [BWxOgs]'2~ (43) in
polyhedral representation ({WOg} octahedra of the Keggin
fragment, gray; central {BO,} tetrahedron, hatched; { WOg}
octahedra of the {Wg} group, hatched).

10). Under hydrothermal conditions (120—180 °C)
the central Na* can be replaced by other cations of
similar size, e.g., Ca*", most Ln'!, and U'V.215-218
Reduction of Eu'" to Eu" in these complexes occurs
within the potential range at which the polytungstate
framework is reduced to heteropoly blues, and im-
plies the possibility of generating an intermediate
valence-state compound.?®220 Structures of the Eu'"
and U" derivatives have been reported, and show
that these central cations are coordinated by a H,O
molecule that is enclosed in the central cavity.??! The
sodium derivative has been evaluated as a catalyst
for the oxidation of H,S to sulfur, and was the best
of the polyoxometalates examined.???

E. Mixed-Valence Clusters Derived from
Heteropoly Browns { XW}

The six-electron-reduced Keggin heteropoly
“browns”, [XWVIeW'V3040He]"", X = H,, B, Si, incor-
porate a trigonal {W'"304(H,0)3} cluster frag-
ment.?%-225 In neutral solution these anions react
with tungstate(VI) to yield an unsymmetrical sand-
wich-type anion [HzW5004g6]*2~ ({ XWao}, 43).226 The
structure of this cluster retains the core of the
original reduced Keggin anion with an additional
{WSg} group attached via the W' centers (see Figure
44). The structure is retained in aqueous solution
according to well-resolved 8W NMR spectra of the
{H,;} and B derivatives.??” It is likely that more
highly reduced heteropoly browns (6, 9, and 12 W")
can yield other large clusters with W'V centers.

F. Structurally Uncharacterized Clusters

Two other polytungstate species might prove to be
of a size to fall within the scope of this review. The
first is a “{Se'VWeg} " species,??222° for which x ~ 4 is
based on ultracentrifugation. The second is a 2:2
complex of Ce''' (and also Ce'V) with the trivacant
lacunary anion [P,W:50s6]*2~ for which a sandwich-
type structure has been proposed.®®

VII. Magnetism of Polyoxometalates

Most polyoxometalates comprise d° ions, and there-
fore are not interesting from the magnetic point of
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view. However recently there has been an increasing
interest in the magnetic properties of new deriva-
tives, which either contain d* centers, like the poly-
oxovanadates(1V), or encapsulate small clusters of
magnetic metal ions, like cobalt(l1), nickel(ll), etc.
The general interest for the properties of large metal
ion clusters giving rise to magnetic interactions has
had a dramatic increase in the past few years after
it was shown that some of these clusters can indeed
behave like tiny magnets.?3®231 In a very simple
scheme one can imagine starting from an assembly
of isolated magnetic ions: the system corresponds to
a simple paramagnet. The individual ions can be
induced to cluster in pairs, in triples and in increas-
ingly complex aggregates. If there is some sort of
interaction between the ions they will show up in the
relevant emerging magnetic properties. If two d! ions
are coupled, the energies of the lowest lying levels of
the pair will correspond to a singlet and to a triplet
state: if the former is lower in energy the system is
said to be antiferromagnetically coupled, if the latter
is lower the coupling is ferromagnetic.

The simplest approach to describe the magnetic
interaction between the two ions is provided by the
so-called Heisenberg—Dirac—van Vleck spin Hamil-
tonian.?®2 It can be used for interacting pairs which
have orbitally nondegenerate ground states. In this
case the orbital coordinates can be replaced by spin
coordinates, and the Hamiltonian expressed as

H=J3S5;'S, 1)

By applying this Hamiltonian to the basis of
coupled functions |S;:M;S;M,[0the eigenfunctions can
be labeled using the total spin:

S=S,+S, )

where |S; — S;| < S < S; + S,. The energies of the
total states are given by

E(S) = %[S(S T1) =SS+ 1) = Sy(S, + 1)1 (3)

If S; =S, =14, S =1, 0, and the energies of the
triplet and the singlet are: E(1) = /4, E(0) = —3/,J,
respectively. By using this convention the singlet—
triplet separation is J, the singlet lying lowest for
positive J.

This approach is a phenomenological one. J can
be obtained from the fit of the experimental data,
typically the temperature dependence of the magnetic
susceptibility. The values of J so obtained are often
compared with orbital models which justify their sign
and intensity.?®® In extremely simplified terms the
value of J depends on the orbitals which contain
unpaired electrons, the magnetic orbitals. If they are
orthogonal to each other the spins orient parallel to
each other according to the Hund’s rule, while if they
have a nonzero overlap a weak bond is formed and
the spins orient antiparallel to each other. The
magnetic orbitals can be either in direct contact or
interact through intervening doubly occupied orbitals
of diamagnetic ligands (superexchange). Useful struc-
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tural-magnetic correlations are now established for
many pairs of metal ions.233-235

The extension of (1) to systems with a larger
number of interacting centers can be done as shown

H=Y3;S:S, 4)

1<]

The energy levels can still be labeled with the total
spin. For instance for three interacting S = %/, spins,
the levels will be two doublets and one quartet. On
increasing the number of coupled spins the number
of the states rapidly increases, as (2S + 1)N for a
cluster of N ions each with spin value S. Eventually
the levels will merge into a continuum and the
magnetic properties will become those of a bulk
ferro-, ferri-, or antiferromagnet. In rigorous terms
this occurs only when an infinite number of ions is
assembled together, but this is clearly an abstraction.
In practice when N becomes very large one can expect
to pass from the regime of small clusters, where
guantum mechanical effects are dominant, to that of
bulk magnets, where classical treatments work well.
The problem is therefore open as to how large N must
be in order to observe this coexistence of quantum
and classical effects. Clearly the problem is of large
theoretical interest, because it gives information on
the limits of validity of quantum theory itself and on
the correspondence principle,?36237 but it is also of
large experimental interest because it may provide
an answer to the question of which is the lower limit
to the miniaturization of the magnets which are used
for instance as memory elements.?®® The field of
magnetism of clusters is therefore a meeting ground
for solid-state physics and chemistry, and indeed this
has happened in the past few years. Polyoxometa-
lates, with their ability to form giant clusters, are
indeed very promising systems in order to build
tailor-made magnets.?®® Ideally one should tune the
synthetic strategies in order to control the size of the
clusters, the arrangement of the magnetic centers
and the spin topology, and the magnetic anisotropy.
This is certainly an exciting area for development and
for chemical ingenuity.

Another very important feature of the magnetic
properties of polyoxometalates is that in many cases
they are mixed-valence species, with both possibili-
ties: localized and delocalized. It has long been
known that heteropoly anions can be reduced to
mixed-valence species (heteropoly blues and browns)
in which the excess electrons can be fully or partially
delocalized, giving rise to delocalized—delocalized,
delocalized—localized, and localized—localized inter-
actions.® The problem of the interplay of exchange
and delocalization effects is another popular topic at
the moment, the interest ranging from the magnetic
properties of metallo enzymes and metallo proteins,
like iron—sulfur proteins?*® and the water oxidizing
center of photosystem Il of bacterial photosynthe-
sis,?*! to colossal magnetoresistance effects observed
in lanthanide manganites.?*> Again the possibility
of fine-tuning the structural features of the polyoxo-
metalates controlling the relative ratios of mixed-
valence species and the nature of the interaction,
corresponding to class Il and class 111 of the Robin
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Figure 45. Sketch of the structure of the [My(H20),-
(PWg03z4),]1%~ anions in polyhedral representation.

and Day classification,?** makes these materials ideal
candidates for modeling these interactions and pro-
viding a testing grounds for theories.

Another relevant role of polyoxometalates in de-
termining magnetic properties is that they can act
as ligands toward other magnetic metal centers,
encapsulating them.'”? In this way magnetic clusters
are formed which can have different spin topologies,
and in general are reasonably well separated from
one another by the bulky nonmagnetic polyoxometa-
lates. A typical structure!®® is shown in Figure 45,
where an M, cluster (M = Mn'!, Fe'l, Co'!, Ni"", Cu")
is sandwiched by two {PWyOs4} groups to give an
anion of formula [M4(H20)2(PWgO34)2]*°.

Finally another important aspect associated with
magnetic polyoxometalates is that they can be used
as anions of organic charge-transfer systems, to
investigate the interaction between moving electrons
in the organic backbone and localized magnetic
electrons in the polyoxometalates with the aim of
obtaining new classes of molecular materials.'’? In
fact the bulky anions have a variety of shapes and
sizes, which can be used to modify the structure of
the organic charge-transfer salts, thus tuning the
physical properties of the materials.

In the following we will first treat the fully mag-
netic clusters, then the mixed-valence clusters and
we will conclude with the polyoxometalate sand-
wiched clusters.

A. Polyoxovanadates(IV)

Polyoxovanadates(1V) represent an important class
of magnetic polyoxometalates. We will consider them
first, and in particular the systems which contain
only oxovanadium(lV) centers. The building blocks
of the clusters, relevant to the exchange pathways
are shown in Figure 46.

In general in all these bridges antiferromagnetic
coupling between the oxovanadium(lV) centers is
observed,?* even if the intensities of the interactions
dramatically change with the nature of the bridges.
It is certainly surprising that so far no satisfactory
attempt to establish clear-cut relations between the
structural features of the oxovanadium pairs and the
magnetic coupling has been made, as was extensively
done for instance for copper(ll) complexes. An early
attempt to collect the available information was made
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Figure 46. Scheme of the bridges most commonly found
in polyoxovanadates(1V).

Table 3. Structural—Magnetic Correlations in
Vanadium(1V) Pairs

typeof V-V V-0 (bridge) V-0O-V

bridge A) A (deg) J ref
(OH), 2.965 1.96 98 300 245
(OH), 3.033 1.956 101.2 354 246
(OR). 3.068 1.98 103 <300 247
(OR), 3.107 1.96 104.7 60 248
(POuy)2 9 249

by Syamal®** but the number of well-characterized
complexes was small, and no detailed conclusion
could be reached, due to the lack of either structural
or magnetic data. More recently some complexes
were satisfactorily analyzed reporting all the neces-
sary data®>~2*® They are shown in Table 3. It is
apparent that both the metal—metal distance and the
angle at the bridging oxygen must play an important
role.

So far the only attempt to use quantum mechanical
treatments to calculate the exchange coupling con-
stant has been reported by Plass,?*® who was inter-
ested in the conditions giving rise to ferromagnetic
coupling between oxovanadium(lV) ions. In fact it
has been found that in complexes such as oxovana-
dium tartrate, where the two {VO} groups are
connected by bridges in a structure similar to that
of copper acetate, a weak ferromagnetic coupling is
operative.?®0-2%5  Similar results were obtained in a
dimer with a O=V—F—V=0 linear bridge.?®* Now
Plass reported?* that in dimers with the structure
shown in Figure 47 the coupling is weakly ferromag-
netic (J = —3, —10 cm™). The use of density
functional approaches yielded calculated values of the
coupling constants of ~—50 cm~! which is in reason-
able agreement with experiment. The origin of the
ferromagnetic coupling was attributed to the interac-
tion between an xy magnetic orbital on one center
with an empty yz orbital on the other center.

More data are now available from the analysis of
the magnetic properties of the polyoxovanadates.?®®
The strongest coupling has been observed for di-u-
oxo bridges, and the weakest for the u,-OAO bridges,
where A = AsO,, PO,. Some relevant data are shown
in Table 4. The data in this table result from complex
analysis of the magnetic properties of large clusters
which will be described below, and as such some
ambiguity in the determination of the values of the
exchange parameters cannot be excluded.
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Figure 47. Molecular structure of [VO(Hsabhea)],, where
Hssabhea = N-salicylidene-2-(bis(2-hydroxyethyl)amino)-
ethylamine (V atoms, gray spheres; O atoms, white spheres;
N atoms, hatched spheres; C atoms, black spheres; H atoms
omitted).

Table 4. Exchange Pathways and Coupling Constants
in Some Polyoxovanadates(1V)2%°

bridge 1 bridge 2 V-V distance (A) J(cm™)
uz-0O uz-0O 2.9 >500

usz-0O 37 50—-200
uz-0O u2-OA 3.0 120
u2-OA u2-OA 31 20
u-OAO u-OAO 5.3-5.7 10

A

Figure 48. Magnetic orbitals for di-u-oxo bridged oxova-
nadium(lV) pairs.

In principle the coupling between the oxovana-
dium(lV) centers is determined by the overlap be-
tween the xy magnetic orbitals. A possible scheme
of interaction for di-u-oxo bridges is shown in Figure
48. Given the relatively short distance between the
two oxovanadium centers the interaction may be
determined by both superexchange interactions
through the orbitals of the bridging oxygen atoms and
also by the direct exchange determined by the overlap
of the xy orbitals which point to each other.

The largest oxovanadium(lV) polyoxometalates
whose magnetic properties have been investigated so
far comprise 14,256 15,256.257 and 182 ions, respec-
tively. We will label them in short as {Vi4}, {Vis},
and {Vig}, respectively. Of these three clusters the
magnetic properties of {V1s} are the best understood,
and we will start from that. {Vis}, [V'V1sAscO4;-
(H20)]¢", has the trigonal structure®® shown in
Figure 49, with a trapped H,O molecule in the middle
of the cage. The oxovanadium ions can be grouped
in three sets of six, three, and six, respectively. The
two distorted hexagons on the outside of the anion
have pairs of V ions separated by 2.87 A and pairs
separated by 3.05 A. This structure in three layers
has far-reaching consequences for the magnetic prop-
erties of the cluster.?®6257 |n fact the room-temper-
ature value of the effective magnetic moment, 4.0 ug,
is much lower than expected for 15 unpaired elec-
trons (6.7 ug), indicating that strong antiferromag-
netic interactions are operative in the anion. This
is confirmed by the temperature dependence of the
effective magnetic moment, Figure 50, which gradu-
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Figure 49. Sketch of the structure of the [V'Vi5AseO4,-
(H20)16~ anion ({VO} polyhedra, gray; As atoms, black
spheres; O atoms, white spheres; O atom of enclosed H,0,
hatched).
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Figure 50. Temperature-dependence of the effective
magnetic moment of [V'V15As6042(H20)]6~ {V1s} and best
fit with the parameters described in the text.

ally decreases on decreasing temperature and below
100 K it reaches a plateau at ~2.8 ug, slightly lower
than the value expected for three unpaired electrons
(3 us). This is taken as an indication that the
external hexagons are strongly antiferromagnetically
coupled, and that they are in the ground nonmagnetic
state S = 0 at relatively high temperature. The
coupling is much weaker in the middle triangular
layer, because the ions are not directly connected to
each other. The interesting feature of the cluster is
just this localization of the magnetic properties: at
high temperature the three layers are all magnetic,
while at low temperature only the middle layer is
magnetically active. This shows that in principle one
can build large clusters in which multimagnetic
layers can be obtained. Given the current interest
in nanostructured multimagnetic layers this may
open exciting perspectives.

The magnetic properties of the cluster can be
calculated by the Heisenberg Hamiltonian (4) which
must be computed on the matrix of 25 states origi-
nating from the interaction of the individual S = 1/,
states. The size of the matrixes can be reduced by
exploiting the symmetry, and this can be most
effectively done using irreducible tensor operators.?%°
In this way the matrix elements of (1) can be
calculated simply by specifying the individual spins,
S;, the total spin, S, and the intermediate spins which
are needed to specify how the individual spins are
coupled. For instance one can couple S; to S, to give
an intermediate spin S;,, then couple this to S; to
give Si»3, and continue the process up to S;». 14 to be
coupled to S;s5 to give S. A given eigenfunction of (4)
is completely identified by the set of numbers:
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Table 5. Size of the Hamiltonian Matrices for {Vis}
Clusters

S size S size
15/, 1 I, 910
13/, 14 5/, 1638
11/, 90 3/, 2002

%/, 350 1/, 1430
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Figure 51. Calculated spin levels of [V!V15As6042(H,0)]6~
{V1s}.

|8152812538123...8123,,,14815SMD where =S < M < S.
The intermediate spins and the total spin follow the
usual vector coupling rules |S; — Sp| < S;2 = S; +
S,. In the present case the use of symmetry reduces
the size of the matrix from the original 32,768x32,-
768 to 8 matrixes (corresponding to S = 1/, up to %/
2), with sizes ranging from 1 x 1 for S = 15/, to 2,002
x 2,002 for S = 3/,, as shown in Table 5.

By using this approach it was possible to fit the
experimental susceptibility of {Vis} as shown in
Figure 50. The best fit parameters require J = 525
cm™! for the vanadium pairs bridged by two oxo
groups. This is the interaction which quenches the
magnetic moments of the two external layers of six
oxovanadium(lV) ions. The calculated energy levels
are shown in Figure 51. It is interesting to notice
how the levels tend to merge into a continuum, as
this must be expected on increasing the number of
interacting centers. However the lowest lying states
are well separated one from the other, showing that
despite the complexity of the structure {V;s} is still
a paramagnet, whose properties are dominated by
guantum effects. It is apparent that {Vis} is not yet
large enough to determine the transition from the
guantum to the classic regime of the magnetic
properties. It is interesting to notice that smaller
clusters, comprising 12,231 eight?! or even four?6?
spins already show incipient bulk magnetic behavior
at low temperature. However these systems are
formed by individual spins which are much larger
than 1/, (namely 3/,, 2, and %/;). It is apparent that
assembling S = 1/, spins, which are the ones which
have the largest quantum character it is necessary
to assemble much larger numbers before superpara-
magnetic behavior starts to set in. This is clearly a
challenge on the synthetic side, to learn how to make
clusters with a very large number of spins.
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Figure 52. A limit polyhedron describing the struc-
ture of the {V1504,} species and scheme of the possible
important exchange pathways.
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Figure 53. Temperature-dependence of T for various
{V18042} clusters.

A step forward from {Vs} is represented by {Vg}.2%8
This is a shorthand notation to indicate a series of
clusters of general formula [V'V1504,]'2~. The 24 us-
bridging oxygen atoms form either the edges of a
distorted rhombicuboctahedron, the 14th Archimedean
body,?83 or a polyhedron which can be generated by
a 45° rotation of one-half of the rhombicuboctahedron
around one of its S, axes, as shown in Figure 52.

The effective magnetic moment at high tempera-
ture is much lower than expected for uncoupled spins
(1.2 vs 1.7 ug per V'V ion), indicating an overall
antiferromagnetic coupling. This is confirmed by the
temperature dependence of ¥ T, which decreases on
lowering temperature, showing a marked decrease
of slope around 40 K and the tendency to go through
a plateau, as shown in Figure 53. Below 15 K a much
faster decrease of ¥T is observed, approaching 0.4
emu mol™! K at 2.8 K. A quantitative analysis is
even more difficult in this case than in case of the
{V1s} system, because the overall states to be con-
sidered are 262 144. By using the same approach
outlined above for the {Vis} cluster a fit of the
susceptibility was attempted. First of all a choice of
the exchange coupling constants to be considered had
to be made on the basis of the nature of the bridges,
the bridge angles and the metal—metal distances.
The five coupling constants which are schematically
shown in Figure 52 are the minimum set which
appeared to be necessary. Then, on the basis of the
comparison with the data of other simpler systems,
and the values of Table 3 and Table 4, it was assumed
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J1, Jp < J,J3 ", I " These parameters were allowed
to vary in a rather limited range, to keep the
computational demand at a reasonable level. A
reasonable fit was obtained which of course is not
unique, because a rigorous fitting procedure would
require prohibitively long computer times, but it
seems to be rather satisfactory that indeed the
magnetic properties of relatively large clusters can
at least be semiquantitatively interpreted, using
parameters which compare well with those obtained
from the analysis of simpler clusters.

The interesting feature of this cluster is that it can
be partially oxidized, and clusters comprising vari-
able numbers of V!V and VV centers can be synthe-
sized. In this particular case the valences seem to
be delocalized on the basis of the structural data. This
leads to the necessity of tackling the properties of
mixed-valent polyoxometalates, to be discussed be-
low.

B. Mixed-Valence Clusters

The magnetic properties of mixed-valence clusters
are more complex than those of localized valence
species. In fact quite often the mixed-valence nature
makes electron transfer from one center to the other
comparatively easier and the resulting ground state
of the pair depends on the interplay of electron
transfer and Coulomb repulsion. The problems as-
sociated with mixed-valence systems have been thor-
oughly treated for dimers, trimers, and tetramers,
but until recently there was no treatment available
for larger clusters.

The first polyoxometalates in which the mixed-
valence problem was tackled were the partially
reduced Keggin and Wells—Dawson structures, in
which variable numbers of electrons can be injected.
The electrons are delocalized over a large number of
atoms of the heteropoly framework. Furthermore,
these structures can accommodate transition metal
ions at specific sites which contain localized magnetic
ions. Baker and co-workers elucidated the electron
distribution in these materials?%4-268 as well as the
influence of electron delocalization on the magnetic
properties of species containing paramagnetic metal
ions. The main experimental result of these inves-
tigations has been the finding that a strong tendency
to pairing the spins in a nonmagnetic ground state
is operative in these materials. Recently Tsukerblat
et al. worked out?®®~2"1 a qualitative treatment of
partially reduced Keggin and Wells—Dawson clusters
using symmetry and introducing one- and two-
electron-transfer processes, together with the Cou-
lomb repulsion parameter U for putting two electrons
on the same site. They found that spin pairing in
the two-electron reduced heteropoly blues results
from the simultaneous effects of single- and double-
electron transfer processes. These processes are
operative even when the two blue electrons are
widely separated in the structure in order to mini-
mize the Coulomb electron repulsion. Under these
conditions the pairing through strong antiferromag-
netic superexchange interactions can be ruled out.

A confirmation of this interpretation comes from
the qualitative analysis®®® of the magnetic properties
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of the partially oxidized {V1g} clusters, with different
VVIVV ratios. In fact clusters with 16 and 10 V'V ions,
respectively, were isolated, the complement to 18
being provided by VV ions. A comparison of the
effective magnetic moments at high temperature
immediately shows that something which cannot be
expected on the basis of superexchange only is going
on. In fact the effective magnetic moment at room
temperature per V' center is 0.8 ug for the {V'V1oVVg}
cluster, and around 1.0 ug for the {V'V15VV,} clusters.
This can be compared with the value of 1.2 ug
reported above for the fully reduced {Vig} cluster.
These data indicate that the antiferromagnetic cou-
pling is larger in the clusters comprising smaller
numbers of magnetic vanadium(lV) centers, while
one would expect that on increasing the number of
diamagnetic vanadium(V) ions the effective interac-
tions should be weaker. This is confirmed by the
temperature dependence of the magnetic susceptibil-
ity of the clusters, which shows that the {V10'VVs"}
system becomes diamagnetic at relatively high tem-
peratures, while the other two types of clusters
require lower temperatures. Since the geometries of
the bridges are not substantially changed on intro-
ducing vanadium(V) centers it must be concluded
that the stronger pairing of the spins in the delocal-
ized species is the signature of the electron-transfer
effects.

C. Polyoxometalates as Ligands to Magnetic
Clusters

The last aspect of the magnetic properties of
polyoxometalates we want to tackle is that of their
use as ligands to magnetic clusters. A class of
compounds of this type is based on the cluster
[PWs034]°~. This diamagnetic anion is the lacunary
fragment that results from the removal of a triad of
W sites from the Keggin anion [PWi,040]3". The
cluster acts as ligand toward divalent metal ions
forming a reconstituted Keggin structure contain-
ing?’2 the triangular {M30O13} cluster fragment in
[PNi3(H20)3sW10039(H.0)]’~. A second possibility is
that two {PWyO34} units encapsulate a rhomb-like
tetranuclear {M4Oi¢6} cluster like in [(PWgO34)2M4-
(H20).] (M = Ni, Co, Cu, Mn).194195273-277 \When
three { PWy0s3.} units are involved in the reaction a
nonanuclear cluster is encapsulated’* which can be
considered as formed by three triangular entities
{M3012}. The resulting cluster has the formula
[COg(OH)3(H20)6(HPO4)2(PW9034)3]167.

The magnetically active clusters in the three above-
mentioned types of polyoxometalates are formed by
{MOg¢} octahedra sharing edges in such a way that
the M—O—M angles are close to 90°, thus favoring
ferromagnetic coupling and eventually stabilizing
large ground spin states. In fact the {Nis} and {Ni4}
clusters were shown to have S=3 and S = 4 ground
states, respectively, which are so far the largest spin
states reported for polyoxometalates. An important
feature of the approach is that it allows the formation
of larger clusters using preformed building blocks.

A variant of this theme is provided by the clus-
ters?’® [{ VIV(Hzo)O} 5{ MOVCU-Hzo)z(u-OH)MOV} 3{ MoV!ss-
(MONO);0s5(H20)2} ]~ ({(V'VO)e}), [{V'V(H20)O}6
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Figure 54. Structure of the { Mg} clusters (M = V'VO, Fe!")
(see text).

{ MOV(‘LL- Hzo)z(ﬂ-O) MOV} 3{ MOVI15(M0NO)2058-
(H20)2}s]**~ ({(V'VO)s*}), and [{Fe'''(H20)2} of MoV (u-
HzO)z(‘M-OH)MOV} 3{MOVI15(MONO)2053(H20)2} 3]157
({Fe'¢}), in which three {Mo;7} moieties bind three
{MMoY,} moieties, M =V'VO, Fe"''."1! In these giant
clusters of 60 metal ions, the magnetic ions are the
six M and the three {MoV;} groups ions, the others
being nonmagnetic. From the magnetic ion point of
view the role of the {Mo;7} moieties is a structural
one, i.e., it provides the structural frame for the
magnetically active ones. The temptation to regard
this giant cluster like a protein is therefore great.
However the {Mo;7} moiety has not only a structural
role, but it actually participates in the transmission
of the exchange interaction as shown below.

The molybdenum(V) centers presumably are not
active because they are linked in pairs to each other
giving rise to relatively short metal—metal distances.
The comparison with simple compounds which have
the same moieties suggests that all these pairs are
nonmagnetic.*?> The magnetically active { Mg} cluster
fragments define a trigonal prism with metal—metal
distances of 6.56, 6.54, and 6.40 A in the triangular
faces, and 9.60, 9.59, and 8.97 A in the rectangular
faces, respectively (see Figure 54). The metal centers
are connected by O—MoV'—0 bridges in the triangu-
lar faces and by O—MoY'-0O—MoV—0 bridges in the
rectangular faces. The experimental measurement
of the magnetic properties poses some problems: in
fact one wants to obtain information on the magnetic
properties of six centers embedded in molecules of
relative molecular weight larger than 9 kDa, which
leave a large uncertainty regarding the diamagnetic
corrections. To reduce the experimental uncertainty
the diamagnetic susceptibility of a cluster of formula
[Mo35(NO)40108(H20)16]*2~ was measured. Again the
similarity with proteins is striking.

Given the long distances involved between the
magnetic metal ions it is not surprising that both the
intratriangle, J, and the intertriangle, J', interactions
are weak in the iron cluster. The susceptibility was
fitted with J =1.2cm™tand J’' = 0.05 cm™. On the
contrary the magnetic properties of the oxovanadium-
(IV) clusters provide clear evidence of very strong
intra- and inter-triangle interactions. InfactJ =195
cm™1, J' = 2.6 cm for {(V'VO)s} and J = 158 cm™1,
J' = 3.3 cm™? for {(V'VO)¢*}.
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The comparison of the J values with those usually
observed in oxovanadium(lV) clusters, and with the
values given in Table 3 and Table 4 is striking. In
fact J is 1 order of magnitude larger than expected.
The rationale for this unusual behavior was found
in the peculiarity of the molybdate bridge, —O—Mo—
O—, which, according to EHMO calculations, has
frontier orbitals with energies which match quite well
with those of the oxovanadium(lV) groups, thus
giving rise to excellent conditions for efficient super-
exchange interactions.

The low-temperature magnetic data of {(V'VO)g},
and of {(V'VO)e*} are not accurately reproduced by
using only the isotropic exchange interactions. A
definite improvement in the fit was obtained by
introducing the antisymmetric exchange interaction.
We remind here that the {Msg} cluster fragments
comprise two weakly coupled triangular arrays, and
that a triangular array of antiferromagnetically
coupled S =/, spins has a pair of degenerate S =1/,
states as the ground states.?’® This degeneracy in
the ground state is often referred to as spin frustra-
tion.?80.281 These two states can be described as a ?E
in trigonal symmetry, to stress that they are related
by some sort of orbital degeneracy. As in all cases
of orbital degeneracy the system is intrinsically
unstable to perturbations which remove the degen-
eracy. This symmetry breaking can occur either via
spin—orbit coupling or via vibronic coupling. This is
well-known for instance in single ions: the 2Ej
degeneracy of copper(ll) is removed by vibronic
coupling (Jahn—Teller effect), and that of T4 of high
spin cobalt(ll) by spin—orbit coupling. Something
similar may occur in exchange coupled systems, like
the ones we are considering. In this case spin—orbit
coupling gives rise to the so-called antisymmetric
exchange, which can be represented by the spin
Hamiltonian:

H= zGij . [SiXSj] (5)

1<)

where Gj; is a vector, which in a trigonal system is
parallel to the unique axis, and whose modulus is
usually approximated?®? as

G ~ (Ag/g) J (6)

where Ag = g — ge, g and ge being the metal and the
free electron gyromagnetic ratios, respectively. In-
clusion of (5) in the Hamiltonian matrix removes the
degeneracy of 2E yielding two spin doublets separated
by 3v/3 Gij. Therefore the inclusion of antisymmetric
exchange dramatically changes the magnetic proper-
ties of the clusters at low temperature. In particular
it introduces a temperature-dependent anisotropy, by
varying the perpendicular component of the suscep-
tibility and leaving the parallel one unchanged.

{(V'VO)g} is a unigue example of system where this
effect could be unambiguously observed. In fact the
magnetic anisotropy was measured and the best fit
was found for G;; = 5 cm™2, which compares well with
the value calculated with eq 6.
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VIIl. Outlook

Feynman's statement sums up entirely in one short
sentence the future expectations in this area of
chemistry: through a study and knowledge of el-
ementary building blocks we can optimize our chemi-
cal procedures, and will succeed in the (targeted)
production of more and more appropriate materials.
Polyoxometalates, for which this statement repre-
sents a textbook example, form a class of inorganic
compounds that is unmatched in terms of molecular
and electronic structural versatility, reactivity, and
relevance to analytical chemistry, catalysis, biology,
medicine, geochemistry, materials science, and topol-
ogy.2* In this respect “chemistry” demands more and
more an interest in multi-, inter-, and transdisci-
plinary research of complex systems, and complexity
in general, with special emphasis on supramolecular
chemistry. That some species may be used to model
n-type semiconducting oxides and others display a
reactivity with respect to oxygen transfer or play a
key role as important transition metal—oxide-based
catalysts are additional factors that will continue to
stimulate research. This is mainly due to the fact
that nanosized species (metal-based clusters even
with much more than 200 metal atoms) can now be
synthesized. Most important for the future will be
to understand the intrinsic properties of the basic
building block, mainly in reduced form, that lead to
reaction in one particular way instead of another, to
form for example high nuclearity species. The well-
known high formation tendency of “spherical” poly-
oxometalates to optimize close-packing of oxygen
atoms and minimize metal—metal repulsion is only
one particular aspect.

In the future, we can anticipate the synthesis of
ever larger clusters from known building blocks with
known properties, perhaps even the targeted genera-
tion of nanosized molecular materials. An interesting
subject will be the related magnetic properties which
may “reach slowly” those of bulk magnets: how large
must a cluster be, built up by paramagnetic centers,
so that the coexistence of quantum and classical
effects is observable?—A guestion of immense general
and theoretical interest! The related research pre-
sents a challenge for Chemistry—and Beyond.®3
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X. Note Added in Proof

A very unusual supramolecular or host—guest
compound could be obtained, which contains the
[Mo3s0112(H20)16]%~ cluster in the cavities of the chain
built up by the { Moss.} -type clusters but with defects
in the form of missing {Mo,}?* groups corresponding
to the formula [HxMo014580447(H20)60]"~ (S€E Section

Miller et al.

V.E.4). The guests are fixed inside the host cavities
(occupation 20%) by 16 hydrogen bonds (O---O: 2.8—
2.9 A). Four Na* cations located in between host and
guest stabilize the system. The charge of the mixed-
valence species is in general difficult to determine,
e.g., because of disordered cations and the problem
of determining the number of protons. Whereas the
hexadecameric cluster with 176 Mo atoms (see sec-
tion V.E.4) and stoichiometry {H(Mo00O3)11(H20)s} 16
(protonated polymeric molybdenum trioxide with
H,O ligands) should be practically neutral and the
tetradecameric cluster { H,(M00O3)11(H20)s} 14, too, the
corresponding tetradecameric cluster 20 should, in
contrast to the earlier reported value, preferably have
a somewhat smaller charge (—14) due to the replace-
ment of 14 {MoO}*t by 14 { MoNO}3* groups.

All compounds with nanosized ring-shaped anions,
e.g., those in 20, have the ability to take up varying,
small amounts of alkali cations and small anions
such as CI~ from the reaction mixture, which again
complicates the determination of the cluster anion
charge.
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