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Abstract: Lacunary polyoxometalates (POMs) are negatively charged metal-oxo clusters, formally
obtained from plenary topologies via fragment removal. Owing to the fragment removal, the lacu-
nary POMs archetypes are rich in nucleophilic terminal oxo ligands, making them suitable for post-
synthetic coordination with various heterometals. Trilacunary heteropolytungstates (hetero-POTs)
based on bowl-shaped {WsOso} framework incorporating a central lone-pair containing {XOs} heter-
group (X = As™, Sb™, and Bi™) function as all-inorganic scaffolds that in the presence of d-block
metal cations typically construct sandwich-like dimers of Hervé and/or Krebs. Herein we review
the preparative approaches, compositional and magnetic versatility of the constructing Hervé and
Krebs type dimers and discuss prospective use as POMtronics.
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1. Introduction

The structural and chemical versatility of molecular assemblies allowing fine-tuning of
the magneto chemical phenomena has been a driving force for the development of many
magnetic chemicals at the nanoscale.l'l Magnetic molecules show the potential for quan-
tum bit (i.e. “qubit”) information storage as a superposition of states, which opens an
emerging application in quantum computing.?! Considering existing challenges such as
loss of quantum coherence, practical deployment is currently out of reach;®l however, at
the same time, the field shows many encouraging prospects.

Polyoxometalates (POMs) represent a class of molecular metal oxides, typically com-
prised of early transition metals in a high oxidation state (mainly V, Mo, and W).l5l POMs
are one of the most complex of all-inorganic architectures,®l with broad applications in
catalysis,”l materials science, 8! and nanoelectronics.l Owing to their all-inorganic nature,
high symmetry and structural robustness, POMs have also been of high interest in molec-
ular magnetism.['""! Plenary POMs exposing oxo-based cavities are typically used as scaf-
folds capable of stabilizing magnetic heterometallic cations, occasionally leading to single-
ion magnets (SIMs) with spin qubit behaviour.['!l Prominent examples are the lanthanide
functionalized Preyssler POMs,['% and the cuboidal and pentagonal prismatic polyoxopal-
ladates.[? 121 Some high symmetry, but partially or fully-reduced POMs, such as the sem-
imetal-functionalized polyoxovanadates,['¥l mixed-metal Keplerates!' are known to ex-
hibit complex magneto-chemical behaviour as well.l' POMs with large internal cavities
can exhibit multiple accessible oxo sites, successfully mimicking naturally occurring zeo-
litesin incorporating multimetal magnetic nuclei, sl or even full metal-oxo clusters.['”]

Low symmetry POMs deriving by formal removal of metal-oxo fragments from the
plenary POM archetypes are another form of synthetic scaffolds that can function as inor-
ganic polydentate ligands.['8] These types of POMs can coordinate to various 3d,'! 4f,[20]
or a combination of 3d/4f magnetically active metal centres.[2]
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Owing to the good inertness of the W-O bonds, polytungstates (POTs) exhibit the
most studied class of lacunary POMs.[22l Most of the lacunary POTs derive from the Keg-
ginoidal archetype.[! The kegginoidal archetype is often viewed as a clathrate, where
most commonly, an {XOs} guest unit is encapsulated within an otherwise highly symmet-
rical and neutral {W12036}.12% These shelss’ can be of On or Dsh symmetry, assigned respec-
tively as a- and -Kegginoids (Figure 1). The formal removal of one [WO]* unit leads to
so-called monovacant or monolacunary POMs, which depending on the shell of deriva-
tion, can be further assigned as «a, and f1.3.24! The formal removal of two or more metal
centres leads to a complex configuration isomer problem considering many possibilities
where the formal removal can occur.[®! However, the trilacunary Kegginoids derived by
a formal removal of the {W30Os} moiety from the a-/B-{W12036} are most studied. The
formed {W9Oso} bowl-like (Csv) metal oxo shells are inherently isomeric and can incorpo-
rate tetrahedral {XO4} or lone-pair containing trigonal pyramidal {XOs} units. In the case
of {XOs4}, the guest unit can point with one terminal oxo towards the bottom of the bowl
(configuration A) or towards the exterior (i.e. opening) of the {WsOso} bowl (configuration
B). Configuration B is commonly observed among lone pair containing {XOs} where X =
As™, Sb'™ and Bi™. Other lone pair units such as {SVOs} or {Se™VOs} have also been observed
to be incorporated within the cavity; however, the formed POMs “dimerize” forming
[(XOs)2(WOs)1s]»- Wells-Dawson Type POMs. 124 [26]
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Figure 1: Schematic representation of the relationship between different metal-Oxo skeletons (mid-
dle row) and the incorporation of tetrahedral guests {XOs} leading to complete plenary POMs (top
row) or {XOs} guests leading to different lone pair containing lacunary POMs (bottom row). Colour
code: W = black, O = red.

The trilacunary [XWsOs3]*- ligands readily form by the condensation reaction of acid-
ified aqueous mixtures of X20s (X = As™, Sb™ and Bi".) and Na2WO4-2H:O, from an initial
pH in the range between 7-9.17] These POMs represent one of the most utilized lacunary
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POM:s for the preparation of heterometallic POMs. The lone pair and larger outward
opening of these POMs makes them exhibit different reactivities, in contrast to the related
[XW9Oszs]™ that adopt {XOx4} units (X" =PV, Si'V, and Ge!).1281 This can be rationalized as the
central O unit can also participate in binding,?! typically leading to stabilization of tetra-
metallic fragments of layered double (hydro)oxide structure commonly referred to in the
POM literature as the “Knoth dimer”.*l The lone pair is known to lead to so-called di-
meric Knoth-type structures,®l or via isomerization into Krebs-type dimeric structures,!?<l
and many different open structures which can agglomerate several hundred or even thou-
sands of atoms.[??

This article focuses on sandwich-type complexes based on the tridentate B-type all-
inorganic polyoxometalate ligands and the possibilities for their derivatization. In the first
line, we review the electronic, structural, and reactivity properties of these lacunary POMs
and discuss some general trends among them. Next, we systematically survey the incor-
poration of various heterometals, leading to a wealthy range of sandwich combinations
and magnetic properties. We review the different structure topologies and the role of the
lone pair sites and comment on their stability and magnetic properties.

2. Sandwich-type POM Archetypes

a-[XWeOss]*- (X = As!ll, Sb!! and Bi'") species exhibit six terminal oxo sites that are highly
basic and able to coordinate to different hetero-metal centres. The oxo sites form a virtual
distorted hexagonal plane normal to the 3—fold symmetric axis of rotation. The distortion
can be traced to the arrangement of the central {XOs} unit, which shares its three oxo lig-
ands with three pairs of tungsten centres, respectively. In this regard, the interatomic dis-
tances between terminal oxo centres that derive from a pair of edge-sharing {WOs} units
(i.e. da(O-+-O)) differ from that between corner-sharing {WQOs} units (i.e. dv(O--O)). Stand-
ard geometry optimizations logically indicate that the relative difference between
da(O-+-0O) and db(O-+-O) is dependent on the nature of the X centres (Figure 2). The different
X centres can lead to different charge distributions within a-[XWsOs3]*-. The molecular
electrostatic potentials reveal that the terminal oxo atoms in a-[AsW¢Os3]*- are the most,
while the relative basicity lowers gradually in a-[SbW¢Os3]*-and then in a-[BiWsOass]°-.

iy i A

[AsW¢O33]* [SbW¢O45]* [BiWgOaa]*
[ T ]
-0.5 Coulomb Potential -1.0

Figure 2: Ball-and-stick representation (top) and molecular electrostatic potential plotted over the
density isosurface (bottom) of the three different trilacunary polyanions. Colour code: As = green,
Sb = brown, Bi = violet, W = black and O = red. The most basic sites (bottom row) are shown with
red colouring.

Another aspect of the reactivity of a-[XWOs3]*- is how they connect and differ from
other hetero-POTs comprised of the same building blocks. In order to discuss this aspect,
we briefly focus on the chemistry of a-[AsW¢Oss]*~. In aqueous media a-[AsWsOss]*- is
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relatively reactive and can bind to additional mononuclear tungstate derivative building
blocks. In the pH range between 3 — 4 and the presence of Na* cations, a-[AsW¢Os3]°- in-
terconnects with cis-[WOz]* bridging units, leading to tetrameric [NaS(WO2)(at-
AsW9Os3)4]?”- polyanions.l*¥! On the other hand, when the pH reaches 6 and K* cations are
present, a-[AsW9Oss]*- interconnects with trans-[WO(H20)]* units leading to dimeric,
sandwich-like [K(H20)n{WO(H20)}(c-AsW9Os3)2]'>- species (see section 3).134 These struc-
tures show that pH and the nature of the cations have immense effect(s) upon the syn-
thetic outcome, although to date, their exact role in the particular self-assembly process is
not clear.[3!

Interaction of a-[XW9Os3]°- with heterometals (M) can lead to a wide range of struc-
tures differing in terms of POM ligands and interconnecting heterometal centres. As the
trilacunary a-[XW9Os3]°- are polydentate ligands, their combination with high-coordinate
cations (e.g., lanthanides or actinides) can result in many possible connectives and occa-
sionally in oligomeric POMs assemblies with impressive tungsten nuclearities.l* How-
ever, for improved synthetic and structural control, trilacunary a-[XWsOs3]°- have often
been reacted with transition metal cations that have more modest coordination numbers,
ultimately leading to a lower number of connecting possibilities.

If the metal cations are partially protected with non-labile ligands, they typically co-
ordinate and saturate the lacunary site of a-[XWOs3]>- POM, leading to metal-functional-
ized Janus-like nanomolecules. However, many transition metal cations deriving from
simple metal salt precursors (e.g., chlorides, nitrates, etc.) can offer up to four coordination
sites in square planar orientation and thus can interconnect two a-[XW9Os3]°- units in an
archetype that due to historical reasons is referred to as Hervé-type POM sandwich.3” For
a more profound discussion here, we describe the Hervé-type sandwich as a liner POM
assembly where a cationic {Me«} belt (x = 0 - 5) is sandwiched between two a-[XWOs3]*-
units. The {Me-} belt connects to six formerly terminal-oxo ligands deriving from both a-
[XW9Os3]°- units. The {Me~} is thus a part of a larger cyclic {MexO12} fragment in which
when x = 0, all M-centred {MO4} square planes or square pyramids {MOuL} are in edge-
sharing configuration with one another. In a scenario when the {Me~} belt is fully satu-
rated (i.e., x = 0), one formally distinguishes between two configurational isomers ob-
tained because of the orientation of the {XOs} units. When both units {XOs} units are ori-
ented in an eclipsed fashion, the edge-sharing {WQOs} octahedra from both a-[XW9Os3]°-
units are also eclipsed (i.e., syn). The eclipsing provides differences in interatomic do-o)
distances and enforces an ideal Ds» symmetry point group. The syn orientation is thus
dominant among inter-POM bridging with three metal centres. However, the remaining
sites to a “saturated Ms” scenario can often be occupied by metal cations with different
coordination or ligand environment (e.g., alkali Na* and K*).

When the two {XOs} units are in staggered (i.e., anti-) orientation, the remaining
edge-sharing {WOs} octahedra are also staggered, and this enforces the lacunary sites to
conform to a more “uniform” connectivity, which leads to an ideal {M¢O12} hexagonal
belts. This is a profound difference and favours complete belt saturation. However, be-
tween the two very distinct sandwich archetypes {Ms(a-XWoOss)2} Dsn and {Me(a-
XWo9Oss)2} Dad there are obviously other scenarios where 2, 4, and 5 metal centres are being
sandwiched between a-[XW9Os3]%-. In many of these configurations, partial occupancy or
coordination changes induced by auxiliary ligands or other factors play a role that leads
to different configurations, although from what we have reviewed here, the syn orienta-
tion is far more common than the anti. In most of the structures discussed, the linear align-
ment enforces closer proximity of the M centres, which in the case of spin-polarized cen-
tres can lead to interesting magnetic interactions and behaviour.
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Central Cores /
{Mg(XW50s33)2} {M;M’5(XW5035)}

> Hetero-group | = —
anti- orientation syn-
D4 Dy,

Figure 3: Ball and wireframe representation of the Linear/Hervé-sandwich {Ms(a-XW9Oss)2} (left)
and {MsM’3(a-XWo9Os3)2} archetype (right). The sandwiched {Ms} and {MsM’s} cores are shown in
between, and the orientation of the two {XOs} units on the bottom. In the {XWyOs3} units, all oxo
ligands except those participating in the sandwiching of the central belt cores have been omitted.
Colour code: X = green, W =black and O = red. For grey and black wire, colouring is used to indicate
corner and edge-sharing {WOe} octahedra.

The last profound change in the formation of complex assemblies is the isomeriza-
tion of the a-[XWsOs3]°- to f-[XWOs3]°- (see Figure 1). While in the presence of transition
metal cations, a-[XWsOs3]>- condensates in linear sandwich assemblies, the condensation
of B-[XW9Oss]*- favours an offset-sandwich assembly vis-a-vis {MsO1(XWoOs3)2}, com-
monly referred to as the Krebs-type POMs.[?7¢ 381 The offset Krebs-type POM creates a belt
of four centres forming a virtual rhomboid described by two geometrically inequivalent
metal centres (a-site and b-site) placed along three different interatomic distances di con-
necting a-b centres, d2 connecting a-a centres, and ds connecting b-b centres as shown in
Figure 4. The two most distant corners (i.e., those connected along d1) are typically occu-
pied by 3d centres, while the remaining directly bridging the f-[XW9Os3]°- can be 3d tran-
sition metal or W-based. In the Krebs-type structures, the spin-polarized centres are often
distant from one another and typically exhibit very weak or no magnetic coupling inter-
actions.

b-site

Figure 4: Offset/Krebs-type sandwich archetype {M4O10(8-XW9Oss)2} (left) and its central rhomboidal
core (right) emphasizing the different a- and b-sites and di, d2 and ds interatomic distances. Colour
code: X = green (but covered), M = brown, {WOe} = grey octahedra, and O = red.
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3. Hervé type dimers
3.1. Atypical Hervé Polyanions

In 2001, Kortz and coworkers reported the sandwich type [{M™(H:20)H{WO}(a-
AsWOs3)2]'-  where M = Mn!, Co!l, Zn! (Figure 5.a).*l In contrast to the classical Hervé-
type POMs, this derived assembly incorporates only two heterometals, while a tungsten
centre acts as another linking group between the two a-{As""WsOs9} units. Single crystal
X-ray diffraction analysis revealed 79, 73, and 77% occupancy in the belt region for Mn,
Co, and Zn, respectively. Elemental analysis revealed that, on average, two of the three
belt positions of the dimeric polyanions are occupied by the first-row transition metal (Co,
Mn, and Zn) and that the remaining position is occupied by a tungsten atom. The M-O
bond distances for the polyanions range from 1.977 —2.343, 1.95 — 2.284, and 1.967 — 2.227
A for Mn, Co, and Zn, respectively.

An “open-sandwich” structure has been reported by Hussain and coworkers, viz.
[{Ni(H20)4}2{ WO(H20)}(a--AsW9Os3)2]'0- (Figure 5.b).1401 In the latter polyanion. The latter
structure is based upon the {(WO(H:20))(a-AsW9Oss3)2} moiety, wherein two of the a-
{As""WOs9} units are joined at one corner with an octahedrally coordinated {WOs(H20)}.
The polyanion consists of two nickel atoms and one sodium atom coordinated to one of
the a-{As™W9Os9} units.The sodium cation acts as a bridge between the two metal atoms.
The other a-{AsWsOso} unit does not bond with nickel atoms but connects to the nickel
coordinated a-{AsWsOs9} Keggin unit via the {WOs(H20)} group, thus having a nominal
Cv symmetry. The Ni-O distances in this polyanion range from 2.03 — 2.09 A. Magnetic
studies performed upon the polyanion using a vibrating-sample magnetometer show par-
amagnetic behaviour with the effective magnetic moment value calculated from data to
be 3.23 B.M. (Bohr Magneton).

Figure 5: a) [{Co2(H20)2}{WO}(a-AsWsO)2]'%; b) [{Ni(H20)s}2{ WO(H20)}(-AsWsOss)a]*-. Colour
code: As = green, Co = purple, Ni = cyan, {IWOs} = grey octahedra, W =black and O = red. Hydro-
gen atoms from aqua ligands are omitted.

3.2. Hervé Polyanions Sandwiching Three Heterometals
3.2.1. Aqua terminating ligands

In 1982 Herve and coworkers reported the polyanion [Cus(H20)2(As™W9Os9)2]'2, consist-
ing of a trimeric assembly of Cu! atoms, arranged in the pattern of an isosceles triangle
(Cu-~Cu distances = 4.669 and 4.707 A), sandwiched between two a-{AsWeOss} units.37
Interestingly, the two a-{As™W9Os¢} subunits are not observed to face each other exactly.
The three Cu'' atoms are not equivalent in the polyanion, with two of the Cu'' ions having
a square planar geometry coordinated with oxygens from the polyanion units, while one
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Cu'"ion having a square pyramidal geometry with additional oxygen at the axial position.
The Cu-O bond distances in this polyanion are in the range of 1.87 —2.39 A. The magnetic
properties of this compound, reported in 1988, showed intramolecular anti-ferromagnetic
coupling between the Cu atoms with | =-7.5 K (~ -5.2 cm™).141]

In 2001, the latter species were revisited when a group of [(a-XW9O33)2M3(H20)3]'2
where M = Cull, Zn'; X = As!ll, Sb'l was reported.[*! The principal difference in the for-
mation of [(M(H20)3)s(a-AsWeOss)2]'>-  (pH range = 62 - 6.9) versus
[(M(OHz2))2(WO(H20))(a-AsWsOs3)2]'0- (pH range = 3.9 — 4.8) is the pH maintained during
synthesis. The Cu—O bond distances in this polyanion were also reported to be in the range
of 1.87 — 2.39 A. Analogous derivatives with SelV and Te'V also with Cu", [(Cu(OH2))s(a-
XWoOss)2]10- (X = SelV, Te!V) were also reported in the same article. The sandwich-type as-
sembly in this polyanion joining the two a-[XW9Os3]*- units are also made of three isolated
Cu'' atoms. However, unlike the previously reported polyanions, in [{M(H20)s}s(c-
AsW9Os3)2]'2,131 all the transition metals possess a square-pyramidal coordination geom-
etry having four equatorial oxygens from the base polyanion units and one terminally
coordinated water molecule at the axis; which now results in an idealized Ds: symmetry
for the title polyanions. The transition metals are now observed to be bridged with each
other by sodium ions in the solid-state structure. Magnetic susceptibility data indicate a
single anti-ferromagnetic spin-exchange constant | for the triangular {Cus} belts with | = -
1.36 cm™ for [(Cu(H20))s(ax- AsW9Os3)2]12-.[42]

The isostructural antimony derivative [(Cu(OHz))3(a-SbW9Os3)2]*>- has been synthe-
sized by reactions of a-[SbWOs3]°- with CuCl2-2Hz0 or alternatively with CuNOs-3H20 in
aqueous media under heating.[*’! In the latter structure, the Cu' centres are in square pla-
nar coordination surrounded by four bridging oxo and a single terminal aqua ligand (Fig-
ure 6). As Cu' is a d° complex with one unpaired electron, magnetically this sandwich
POM can be considered somewhat similar to [(VVO)s(a-SbWsQOs3)2]12- derivative. The anti-
ferromagnetic coupling constant | = 1.04cm™!, while the ground state of the structure is S
= V5. Magnetic hysteresis shows that the sandwich POM can be excited to the S =3/
level .22 441 By formal exchange of Sb centre with other p block elements, it has been shown
that magnetisation can be minorly altered.l22 41 The [(Cu(OH2))s3(a-SbW9Os3)2]'2- has also
been found to act as a modular component for the formation of hybrid inorganic-organic
networks materials synthesized in the presence of alendronate ligands.!*3!

Figure 6: Representation of [(Cu(OHz))3(a-SbW9Os3)2]'?~ (left) and depiction of the spin orientation
on the three Cu" sandwiched heterometals. Colour code: X = green (but covered), M = brown, {WOs}
= grey octahedra, W = black and O =red. Hydrogen atoms from aqua ligands are omitted.

In 2002, David and coworkers studied the bismuth derivatives and reported
[(Cu(OHy2))3(a-BiWsOs3)2]12- and [(Mn(OHz))s(a-BiW9Os3)2]'2- derivatives,[*! which have
been part of further investigations. The magnetic moment of [(Cu(OHz))3(a-BiW9Os3)2]'2-
was measured in the temperature range between 2 and 200 K. The spin-exchange factor |
=-7500 cm™! was observed with a Curie temperature 0.=-1.58 K, consistent with g =4.65.147]
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EPR measurements of [(Cu"(OH2))s(a-BiWsOs3)2]'?~ revealed the anti-ferromagnetic cou-
pling between the Cuions involve spin frustration, leading to a doubly degenerate S=1/2
ground states (EPR inactive) and an S = 3/2 excited state (EPR active).l*8! In [(Mn(OHz))3(ax-
BiWsOs)2]12- the Mn--Mn interatomic distances are in the range of 4.2 - 5.1 A, which makes
the dipolar interactions be smaller than the superexchange. The EPR spectra of
[(Mn(OHz))3(a-BiW9Oss)2]'> revealed that each Mn! ion is antiferromagnetically coupled
through either the a-{BiWsOss} units or through space bipolar interactions. At the excited
state of S=7/2, the isotopic exchange constant, estimated in the temperature range of 5-225
K, is ] =-2.074 cm! and the zero-field splitting parameters D = -0.381 cm™, E = 0.054 cm-

1_[46]

3.2.2. Oxo terminating ligands

Similarly to [(M(H20))s(c-AsW9Os3)2]'2~ (M = Mn!, Co!l, Ni'), Mialane and coworkers
reported [(VO)s(a-AsW9Oss)2]!!-, featuring three cationic {VO} moieties.[*3] Titration of the
polyanion with Ce!V revealed that [(VO)s(a-AsW9Os3)2]'- is a mixed-valent {VV2VV} spe-
cies. The terminal oxo atoms lead to shorter metal-oxygen bond lengths ca. 1.6 A, in con-
trast when a terminal aqua ligand is bonded (ca. 2.0 A). The vanadium derivative, how-
ever, showed significant disorder on two of the three metals linking the {a-AsWOss} units.
For these two vanadium atoms, the V=0 bonds are directed alternatively towards the in-
side or the outside of the sandwich interior (Figure 7). Magnetic studies on the polyanions
reveal anti-ferromagnetic interactions between the metal centres with coupling constants
J=-29 cm™.

Figure 7: [(VIVO)3(a-AsW9Os3)2]'2- (left) and the two different orientations of the cationic {VO}. Col-
our code: X = green (but covered), V = dark blue, {WOs} = grey octahedra, W =black and O = red.

In 2001, Yamase reported the synthesis of the polyanion [(VIVO)3(a-SbWsQOz3)2]12-.[49]
This POM was obtained from the reaction of [a-SbW9¢Os3]*- and VOSO4+-5H20 in aqueous
sodium acetate buffer at pH 4.8. In the later structures, the vanadium centres appear as
{VOs} square pyramids, and in such form, they normally can undergo reversible redox
processes between vanadium(IV) and vanadium(V). Based on circular voltammetry, it
was indeed shown that [(VIVO)3(a-SbWsQOs3)2]12- can undergo three one-electron oxida-
tions, that is, forming diamagnetic [(VVO)s(a-SbW9Os3)2]'>~ species. The circular voltam-
mogram is quasi-reversible, which suggested that the POM retains its structural integrity
in the solution. In the ground state, the sandwiched core of [(VIVO)s(a-SbW9Oss3)2]'*- is vir-
tually identical to that reported for the arsenic analogue (Figure 7). In the [(VIVO)s(a-
SbWsOss)2]12- sandwich structures, the interatomic VIV--VIV distances are 5.4-5.5 A. Owing
to the geometric frustration of the three centres, the particular POM shows a ground state
is S = /2. Based on magnetic hysteresis, it has been shown that magnetisation of the POM
can cross from S = /2 level to S =3/2. The later step is associated with a half step magneti-
sation, which normally is expected for an anti-ferromagnetic spin triangle.[* The Yamase
group also studied the spin frustrated [(VO)s(a-BiWoOs3)2]12-.50511 The authors observed an
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unusual phenomenon of the magnetisation of [(VO)3(a-BiW¢Oss)2]'>- jumps with distinct
hysteresis for the S =2 <[] S =3/2 levels, crossing under fast sweeping pulsed magnetic
field (~10° T/s) at the low temperature of 0.5 K and shorter pulse field. This hysteresis is
expected for an anti-ferromagnetic spin triangle with anti-symmetrical Dzyaloshinky-
Moriya interactions. The level-crossing field estimated zero-field splitting energies of 5-7
K between S =1/2 and S = 3/2 states for both polyanions for the magnetisation. Due to the
three equivalent, I = 7/2 nuclei, and the hyperfine structures could be measured as well.

3.2.3. Other types of terminating ligands

When other N- or O-terminating organic ligands are present as part of the synthesis course,
it is possible that these ligands will coordinate with the three sandwiched heterometals.
The coordinating ligand may or may not lay in the same plane as the rest of the three het-
erometal centres showing a form of conformational isomerism.

Termination with pyridine (pyr, CsHsN) has been manifested in the preparation of
[(Ni(pyr))s(a-AsW9Oss)2]'2- polyanions (Figure 8.a).52 In the latter polyanions the terminal
Ni-N bond is 2.016 A, while the pyridine ligands lay in the same plane as the three heter-
ometals. Magnetic susceptibility measurements have shown that the Ni cations are not
fully equivalent, leading to ferromagnetic Ni-~-Ni exchange as depicted by | = 6.17 cm.
Similar to pyridine, functionalisation with aminopyrazine (apyr) also forms products
through direct coordination as manifested in the polyanion [(Ni(apyr))s(a-SbWoOss)2]12-.153
In the latter antimonate derivative, the derived coupling constants /1 =-0.39 cm™, J2=-1.07
cm™ are small and negative, indicating that the Ni---Ni exchange interactions are weak anti-
ferromagnetic.[>?!

Derivatives of 1,2,4-triazole (taz) have been reported for a number of polyanions
[(M(Htaz))s(AsWsOs3)2]>~  where M = Mn!, Co", Ni!' (Figure 8.b).154 The latter polyanions
show weak M!:-M! ferromagnetic exchange interactions with Jvn-Mn = - 0.36, Jco-co = 5.93,
and /ni-ni = 10.32.154 Similarly, the binding of imidazole (imi) has been largely exploited,
leading to anti-ferromagnetic systems of [(M(imi))3(a-SbWOs3)2]'>~ where M = Mn!, Nil,
Col, Fell, and Cu'. The Mn!, Ni"' and Co!' derivatives are obtained through the interaction
of Na2WO42H20 and SbCls-6H20 (or alternatively Sb20s) with the transition heterometal
salt in the presence of imidazole.l* The latter strategy does not work for creating copper
derivatives, 5 and there the synthesis is based on the trilacunary a-[SbW9Os3]*-.151 The Fe!!
derivatives are also made using a-[SbW9Os3]*-, but the iron comes as Fe? from iron powder
in sodium acetate buffer.’® Imidazole derivatives are also known based on the a-
[BiW9Os3]*-  unit. The polyanion [(Co(imi))s3(a-BiWsOs3)2]'2-has been reported to appear as
a product where copper based {Cu(imi)4} is grafted on the surface of the polyanion.*) Mag-
netic susceptibility studies of [(Co(imi))s(a-BiWsOs3)2]'2~ shows Jco-co=-19.2(4) cm! assum-
ing g =2.005(2) and 0 =-1.18(5) K, indicating anti-ferromagnetic behavior.

Use of 1-methylimidazole (mimi) has also led to the interesting derivatives,
[(M(mimi)}s(a-XWsO33)2]12- where M = Col, Mn! and X = Sb and Bi.[6061] These derivatives
show flexibility in the orientation of the imidazole ring in respect to the heteroatom plain
(dihedral angle in the range of 13.7° to 89.7 °). Magnetic susceptibility in the temperature
range 2-300 K for [(Co(mimi))s(a-BiW9eOss)2]'>~ showed | = -0.053 cm™ and g = 2.02, whole
for [(Mn(mimi))s(a-BiWeOss)2]'2- | =-0.06 cm™! and g = 1.99) have shown anti-ferromag-
netic interaction. Coordination of outer acetate ligands has been recorded in
[(Mn(COOH))3(a-AsW9Os3)2] 1>~ (Figure 8.c).l?l Magnetic susceptibility studies for these
polyanions showed | = 0.07 cm™ indicating a weak anti-ferromagnetic coupling between
the Mn! centres.¢?]
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Figure 8: Polyanions and their heterometallic cores: a) [(Ni(py))s(AsWeOss)2]'>;; b)
[(M(Htaz))3(AsWsOs3)2]"; ¢) [Mn(COOH))3(AsWsOas3)2]'>. Colour code: As = green, Ni = cyan, Mn =
light pink, H = white frame, C = dark grey frame, {WOs} = grey octahedra W = black and O =red.

3.3. Hervé Polyanions Sandwiching Two and Four Heterometals

Following the discussion on the syn- and anti- scenarios discussed in Figure 3 that apply
for three and six heterometal sandwiching architectures, here we discuss the sandwiching
of two and four heterometals. Considering a Dsi-symmetrized anti scenario, population
with two centres will lead to 3 different configurational isomers (see Figure 9). On the
other hand, using the same topology, population with four metal centres will similarly
lead to 3 different isomeric configurations representing reversed populations. In case anti-
isomerism is switched with syn-orientation, then distortion between the centres may oc-

cur.
[1.2] [1.3] [1.4]
2xCu ¢ ¢ ¢ ¢
P
: ¥

. ©
[ C ¢ @ ¢
o © ¥ 5 ®© ©

[1,23.4] [1.23,5] [1.24.5]

Figure 9: Generic sandwich {Cun(a-XW9Os3)2} (left); isomers when n=2 (top, right) and n =4 (bottom,
right). Colour code: X = green, Cu = (light) orange, {WOs} = grey octahedra, W = black and O = red.

The polyanion [Cuz(a-SbW9Oss)2]'4, obtained by the reaction of Na2WOs-2H20, Sb20s
and copper precursor in the presence of ethylenediamine, is an example of Hervé polyan-
ion sandwiching two metal centres.[®] The involved ethylene diamine is not part of the
Hervé motif, but a chelating agent to Cu cations.[63 It is not clear to what extent by coor-
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dinating to free Cu'' ethylene diamine affects the active concentrations leading to two het-
erometal sandwiches. The resolved crystal structure of [CuzNas(a-SbWoOss3)2]'0- indicates
that sodium and copper cations are partially distributed around the six-metal belt, imply-
ing that the three isomer configurations may be possible. On the basis of magnetic suscep-
tibility data for [Cuz(a-SbW9¢Oss)2]'#- it has been concluded that there are dominant ferro-
magnetic coupling interactions.!®

The reversed heterometal populated sandwich [Cus(a-SbW9Os3)2]'0- has been under
hydrothermal conditions in the presence of diethylenetriamine.l* Crystallographic study
indicates that in the latter POM the scenario where pairs of {Cu20s} units sandwiched op-
posite to one another is prevanet (Is this word correct?).l¥l Magnetic susceptibility data of
[Cus(a-SbWoOs3)2]10-  revealed weak anti-ferromagnetic coupling. 64l

Using a-{As™W9Oss} and Cu' atom, the polyanion [Cus(H20)4(a-AsW9Os3)2]'0- has
also been reported.[®%l The latter POM exhibits syn-like orientation where three copper oxo
bridged cations are separated by two potassium cations from the remaining copper cen-
tres (Figure 10). Owing to the syn orientation, in comparison to the more idealized scenario
(Figure 9.b), the heterometallic core of [Cus(H20)4(a-AsW9Os3)2]10- appears slightly more
distorted (Figure 10). However, the overall symmetry remains Cz. The Cu-O bond lengths
range from 1.91 —2.31 A within the {CusOs(H20)s} triad and from 1.95 —2.55 A within the
isolated {CuO4(H20)} unit. Magnetic susceptibility data for the polyanion shows the pres-
ence of both ferromagnetically and antiferromagnetically coupled Cu'ions (J1=2.78 +0.13
cm?, J2=-1.35+0.02 cm™, and [3 =-2.24 + 0.06 cm™).

Figure 10: Polyanion [Cus(H20)4(ax-AsW9Os3)2]10~ (left) and its {Cu}s core (right) depicting three dif-
ferent couplings (J1, J2 and J3). Colour code: As = green, Cu = orange, {WOe} = grey octahedra, W =
black and O =red.

3.4. Hervé Polyanions Sandwiching Five Heterometals

Furnishing the synthesis with bipyridine ligands can enforce symmetry break leading to
structures with syn arrangement of the a-[SbWOs3]*- units, which instead of three encap-
sulate five metal centres. Two polyanions of the type [{Mn(bpy)}2(MnCl)s(AsWoOss)2]!1-
and [{Mn(bpy)}2(MnCl){Mn(OHz)}2(c-SbW9Os3)2]°-, where X = As and Sb and bpy is bipyr-
idine, have been reported.l*! The manganese centres are connected to bipyridine, chloride,
and aqua ligand (Figure 11.a). The Mn—-N bond distance in the arsenic derivative is 2.25
A, and the Mn-O bond distances are in the range of 2.08 —2.24 A. Magnetic studies on the
polyanion show ferromagnetic interaction between the Mn" ions. On the other hand, im-
idazole can also lead to an unusual binding and formation of metal-carbon bonds between
Co™ and Ni", leading to {Nao7Ms3(OHz)2(imi)2(Himi)(a-SbWeOss)2} (Figure 11.b), that has
partial sodium occupancy.[¢”)

Zhao and coworkers reported in 2013 a pentameric assembly of magnetically active
metals with a-[AsW9eOss]*-. The polyanion [NaSCusCl(OHz)s(a-AsW9Os3)2]*- has a hexag-
onal shaped {CusNa} assembly sandwiched between the two a-[AsW¢Os3]°- units.%8] The
metal ions in this sandwich, having identical square pyramidal geometry, are categorized
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into four distinct groups based upon their coordination environment; viz. two identical
{CuO4}, one {CuO+(H20)}, two disordered {Cu/NaOs+(H20)} and one {CuOsCl}. The Cu-O
bond lengths in this polyanion range from 1.953 — 2.007 A, while the Cu-Cl bond has a
length of 2.5368 A. Magnetic measurements for the polyanion revealed ferromagnetic ex-
change interactions within the {Cus} core mediated by the oxygen bridges.

Figure 11: a) [(Mn(bpy))2(MnCl)(Mn(OH?z))2(a-SbW9Os3)2]*; b) {NaozMs3(OHz)2(imi)2(Himi)(a-
SbWsOs3)2}. Colour code: X = green (but covered), M =brown, {IWOs} = grey octahedra W =black and
O =red. The partial occupancy of Na* has been omitted.

3.5. Hervé Polyanions Sandwiching Six Heterometals

Saturated sandwich structures with six metal centres have been reported for [(MnCl)s(a-
XWoOss)2]'>- (Figure 12.a),1%l and [(CuCl)s(a-XW9Os3)2]12~.170l These forms of sandwich struc-
tures are prepared using similar conditions as the trimetalate Hervé-type sandwiches,
however, the synthesis is typically carried at ambient conditions, which may enhance
slower sandwich closing giving time coordination between heterometals to occur. Both
sandwich structures exhibit ferromagnetic coupling where for the ground state and the
coupling constant for [(CuCl)s(a-SbWOs3)2]'> is S = 3 (J = +29.5 cm™?) and [(MnCl)s(ct-
SbWoOss)2]'2 is S = 15 (J = +0.14 cm™).[?0711 Further studies of the magnetic interactions for
the polyanions [(CuCl)s(a-AsWoOs3)2]2- and [(MnCl)s(a-SbW9Oss)2]>- by Tsukerblat and
coworkers gave coupling constants of | = 35 and 0.55 cm, respectively, and have also
emphasized the importance of axial anisotropy towards explaining the magnetic proper-
ties of such arrangements.[”?!

Linking of imidazole ligands produces [Me(imi)s(a-AsW9OssHs)2] where M = MnT,
Nill, Zn!" (Figure 12.b).[”*l Magnetic susceptibility data for the nickel ] = +1.96 cm™ showing
Ni™--Ni" ferromagnetic coupling. When instead of chloride ligands, oxalate ligands are
involved, there is a possibility for the POM to grow further in the same plane with the
hexametalate transition metal core. Using the oxalate addition, the ferromagnetic
[(Mn(ox))s(Mn(H20)3)3(Mn(H20)2)2(Mn(H20))(a-SbWsOs3)2]6- species have been isolated
(Figure 12.c).l"4
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4
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XA /-
Figure 12: Polyanions and their heterometallic cores: a) [(MnCl)s(a-SbW9O33)2]'27; b) [Mns(imi)s(cx-
H3AsWoOz)2]; ¢) [(Mn(ox))s(Mn(H20)3)s(Mn(H20)2)2(Mn(H20))(a-SbWeOs3)2]6~.  Colour code:

As/Sb = green, Cl =light green, Mn = pink, N = blue, H = white, C = dark grey, {WOes} = grey octahe-
dra, W =black and O =red. H atoms on aqua ligands are omitted.

3.3. Hervé Polyanions Sandwiching Mixed-Metallic Cores

Besides the homometallic trimeric assemblies interspersed by alkali metal cations, several
heterometallic assemblies with only transition metals and mixed transition metal-lantha-
nides have also been reported. One example is [((VIVO)2Ln(H20)4)(a-AsW9Oss)2]'-, where
Ln =Dy and Gd (Figure 13.a).”51176] The polyanion shows an idealized Cz symmetry. V-O
bond lengths ranging from ~1.6 — 1.99 A and the Ln-O (Ln = Dy, Gd) bond lengths ranging
from ~2.3 to 2.8 A. The two VIV atoms in both the polyanions possess square pyramidal
geometry with a short apical V=0 bond of distance ~1.6 A and are connected with each
other via sodium counter cations. Ln centres in square antiprism coordination. Magnetic
data for the polyanions showed weak anti-ferromagnetic interactions between the vana-
dium (Jvv =-2.55 cm™) atoms and weak ferromagnetic interactions between vanadium and
the lanthanide (Jcav = 0.6 cm™).

Another structure is [M(OH2)(TiVO)2(a-As™W9Os3)2]'2- where M = Co!, Ni!, Cu® and
Zn" (Figure 13.b).I”7] The polyanion was synthesized by the reaction of the monovacant
[(TiVO)2(o-As""W9Oss)2]'4-, 1781 with the respective metal. Magnetic studies on these polyan-
ions indicate anti-ferromagnetic interactions with the nearest neighbours for these com-
pounds, with effective magnetic moments calculated to be 5.45, 3.11, and 2.12 Bohr mag-
netons (B.M.) per molecule for M = Co™, Ni", and Cu" respectively.

Figure 13: a) [(VVO)Ln(H20)4)(a-AsW9Os3)2]"' b) [Co(H20)(TiVO)2(ct-As™WeOs3)2]'>~. Colour
code: As = green, Ti = dark pink, Co = violet, V = dark blue, Gd = light blue, {WOs} = grey octahedra,
W =black and O =red. H atoms on aqua ligands are omitted.
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Another is the polyanion [Cu(H2btp)LnosNa1sCus(H20)s5(a-AsWeOss)2]”~ where Ln =
Ho, Yb, and btp is 1,3-bis[tris(hydroxymethyl)methylamino]propane (Figure 14). The
copper-organic group is in distorted octahedral geometry binding to two O and two N
units. The moiety connects to the middle pentagonal metallocycle {LnosNaisCus(H20)s}
cluster where one position is shared [Lnos/Naos]** cation. The [Lnos/Naos]?* cation binds to
eight oxygen atoms from the {a-AsWsOs3} unit as well as two water ligands, achieving a
square antiprism. The Ho/Na—-O bond lengths range from 2.290 to 2.781 A. Magnetic sus-
ceptibility data for the Ho derivative between 2 and 300 K was fitted according to the
Curie-Weiss law, resulting in C =11.21 emu K mol! and 0 = 2.89 K. The small positive 0
value confirms the presence of the weak Cu™™-Ho™ ferromagnetic interactions.

Figure 14: [Cu(H2btp)HoosNa1sCus(H20)s5(a- AsWeOss)2]''- and its heterometallic core. Colour code:
As = green, Cu = orange, N = blue, H = white, C = dark grey, Ho/Na = light blue, {WOs} = grey
octahedra, W = black and O = red. H atoms on aqua ligands are omitted.

4. Krebs type dimers
4.1. Differentiation between classical Krebs dimers

Referring back to Figure 4, we generally distinguish between a- and b- site octahedra in
the Krebs structure. As noted the interatomic distance between two a-sites (i.e., 42) is ca.
10.0 A, between two b-sites (i.e. ds) it is ca. 5.6 A, and between an a and b site (i.e., d1) it is
ca. ca. 5.4 A. Overall, di,d>, and ds are relatively large interatomic distances, and thus none
or only very weak magnetic exchange interactions occur in this POM archetype. (80181

The diamagnetic Krebs structure [(WO:0H)2(WOz)2(8-SbW9Os3)]'>- is synthesized by
reacting a-[SbWyOs3]*- with sodium tungstate in aqueous media. Early studies have
shown that the structure can be post-functionalized with 3d metal cations (e.g., Fe™, Co",
Mn", Ni", and Cu™).[27211811 The latter reactions lead to the formal substitution of the periph-
eral {WO:20H} units with {M(OHz)3)2} units, yielding {(M(OH2)3)2(WO2)2(-SbWsOs3)} de-
rivative species which can be doubly protonated.[27al181]

In addition to the typical synthetic pathways, mixtures of iron powder, imidazole,
and pre-synthesized Krebs precursor [(WO:20H)2(WO2)2(8-SbWeOs3)]'>- in acetic buffer so-
lution under heating leads to the formation of the Fe! derivative [Fe2(H20)s(WOz)2(B-
SbW9Os3)2]10-.1821 The latter structure is shown to be potential as catalyst for Fenton reaction
and electrochemical sensing of ascorbic acid.l®2

The Krebs-like tetrametallic archetype [M4(H20)10(-SbW9Oss)2]"~ has been reported

for trivalent cations such as Fe™, Cr™, and Al™ (Figure 15).5% The Fe™ and Cr'™ derivative
has been obtained through a reaction of respective chloride salts with trilacunary precur-
sors a-[XWeOs3]*- (X = As, Sb) in water at pH 3.0 under heating.[ Owing to the Fel oxi-
dation state, the polyanion [Fes(H20)10(8-SbW9Oss3)2]6" is a subject to four electron reduc-
tions, which can lead to [Fe!ls(H20)10(-SbW9Oss)2]'- species. The latter interconversion is
of relevance for catalytic oxygenation of catechol.¥ However, at the same time, it may be
causing uncertainty in the accurate determination of the magnetic ground state of
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[Fely(H20)10(8-SbW9Os3)2]¢~. Based on the isotropic Heisenberg Hamiltonian model, it was
proposed that the ground state of the POM salt supposedly containing [Fe™s(H20)10(8-
SbW9Oss)2]¢- has a total spin of S = 2,151 however, X-ray photoelectron Fe 2p spectra have
revealed that the iron centres Fe' formal valence state.[® This deviation from the con-
tained Fe™ has been explained based on charge-transfer effects.s5!

Isolation of {Mna4}-Krebs derivative has been achieved with the help of manganese
carbonyl cations {Mn(CO)s}, leading to the polyanions [{Mns(H20)10{Mn(CO)s}2(-
XWo9Os3)2]8 (X = Sb and Bi).[¢ Magnetic measurements of the latter compound at 1.8-300 K
under a 2k Oe applied field suggest that the Mn" ions are strongly antiferromagnetically
coupled.

{M.} {MW5} (W}

{(M(OH,)3)5(M(OH,),)5(B-B-XWo033)} {(M(OH5)3)o(WO5)(B-B-XWo0s3)} {(WO3(OH))2(WO5)5(B-B-XW50s3)}

Figure 15: Offset/Krebs-type sandwich archetype (top row) and its sandwiched core (bottom) depict-
ing full substitution with heterometals (left), partial substitution {M2W?2} (centre) and fully substitu-
tion with tungstate addenda {Wa} units (right). Colour code: Sb = brown (but covered), M = grey,
{MOs}/{WOs} = grey octahedra W = black and O = red. H atoms on aqua ligands are omitted.

4.2. Partial substitutions in Krebs dimers

In the solid state, some Krebs-type polyanions may reflect compositions that deviate from
the scenarios {(M(OHz2)3)2(WO2)2(8-SbW9Os3)} and {Ma(H20)10(8-XW9Os3)2} shown in Figure
15. However, currently, it is not clear if these partially substituted compositions reflect
averages of {(M(OHz2)3)2(WOz2)2(8-SbWsOs3)} and {Ms(H20)10(8-XW9Oss)2} in the crystallo-
graphic lattice, or individual POM entities with partial substitutions indeed are being
formed. Examples of such polyanionic motifs in the solid state are: the discrete
[{Mn3z5Wo.s(H20)10{Mn(CO)s}2(B-SbW9Os3)2]4-, 188 [Mn25W1.5(H20)s(8-SbW9eOs3)2]4, 187 and the
chain-type {(Co(H20)2)sW (H20)2(8-SbW9Os3)2}¢-.187] The latter two Mn-functionalized Krebs
structures exhibit weak anti-ferromagnetic coupling (6. = -0.056 K in the range 50-300K).187]
A number of related species to [(M(H20)3)2(MosWo50)2(8-BiWeOss)2)]'>- where M = Mn,
Col, Ni" have been produced in the presence of triethanolamine cations.8s!

4.3. Ligand substitution in Krebs dimers
Decorated Krebs structures can be prepared when the aqua ligands are linked to the het-

erometal M in {(M(OH2)3)2(WO2)2(-XW9Os3)} and {Ms(H20)10(3-XW9Os3)2} are exchanged.
An example of such exchange is illustrated by [Fe2(DMSO)s(WO)2(8-XW9Os3)2]+ which has
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been obtained by dissolving [(Fe(OH2)3)2(WO2)2(-SbW9Os3)]8-  in DMSO, and recrystal-
lizing it in the presence of ruthenium bipyridine cations.’® Other strategy to exchange the
aqua ligands maybe by introducing suitable binding ligands in the synthesis process. For
instance, by introducing pyridine-3,4-dicarboxylate (pdc), the polyanion
[Fes(H20)s(pdc)2(8-SbW9Oss)2]6- (Figure 16.a) has been prepared instead of [Fe™s(H20)10(3-
SbW9Oss)2]0.1%01 Field-dependent magnetisation measurement for [Fes(H20)s(pdc)z2(f-
SbW9Oss)2]¢- at 2 K indicated S =7 ground state.[® The addition of oxalate (ox) can simi-
larly lead to the formation of different products depending on the reaction pH. At pH =
3.0 discrete [FeMs(0x)4(H20)2(8-SbW9Oss)2] 4~ (Figure 16.b) polyanions are isolated, ! while
at pH = 6.0 chains of {Fes(0x)4(8-SbW9Os3)2}n are formed.! The presence of ethylenedia-
mine during the formation process also leads of chain-like structures made of
{Fey(H20)s(8-SbW9O33)2} components. 50!

Figure 16: a) [Fes(H20)s(pdc)2(f-SbWsOs3)2]°; b) [Fells(ox)4(H20)2(f-SbW9Os3)2]4~ Colour code: X =
green (but covered), Fe = brown, {WOs} = grey octahedra, W = black and O = red. H atoms on aqua
ligands are omitted.

If the added ligands are larger and have more than one binding site, then dimerisa-
tion maybe possible. By introducing N,O-chelating ligands such as pyrazine-2,3-dicarbox-
ylate (pyzdc),il dimeric product [(pyzdc)2{NaNiz2(H20)4(WOz2)2(8-SbW9Os3)2}2]22- contain-
ing two components of [{Ni(H20)3}2(WO2)2(-SbW9sOs3)2]1%- is obtained.l®” The dimerisation
is also prevalent among Krebs-type polyanions with central belt involving heterometallic
centres such as Ni!, Co!, or Mn"),*l as or Krebs type structures where the two tungstate
metals at the a-sites are exchanged with tin heterogroups.*

4.4. Grafting metal cations and interconnecting Krebs dimers

The incorporation of transition metals and lanthanides within a single POM stabilized
structure has been seen as a viable method for designing of 3d-4f complexes.[*) How-
ever, using the [a-SbWOs3]°- polyanion incorporating both metal centres has been chal-
lenging. One reason is that the lanthanides have larger coordination spheres and often
may lack directionality. In this regard, a number of structures containing Krebs-type com-
plexes [Fel4(H20)10(3-SbW9Os3)2]'*- and lanthanide cations have been reported.® Such
compounds have been obtained through the use of 2-picolinic acid (pic) leading to
[Fely(H20)2(pic)s(3-SbW9eOs3)2]10- species and [Ln(H20)s5]** cations where Ln!l = Lalll, Pr!ll,
Nd", Sm!, Eu'! (Figure 17.a).1° Using a similar strategy and threonine (thr) ligands, an-
other series of [Fes(H20)s(thr)2(8-SbW9Oss3)2]5 species interconnected with [Ln(H20)s]**
cations where Ln = Pr'l, Nd, Sm!", Eu", Gd", Dy, Lu have been prepared.”? Among
the latter series, the Eu'™ derivatives have shown expected fluorescent emission.

Patzke and coworkers reported a series of 0-, 1-, 2-, and 3-dimensional copper-con-
taining tungstobismuthate polyanions.[*”] The reported complexes include the discrete
[Cu2(H20)4Cl2(8-BiW10035)2]'2~ and [Cuz(H20)6(f-BiW100s5)2]1%- polyanions. Two dimen-
sional networks of {CuosCl[Cuz2(H20)4(5-BiW100s5)2]}1%- (Figure 17.b), {Cu[Cuz(H20)4(-
BiW100s5)2]}8~ [Cus(H20)3(a-BiWeOs3)2] 12 and three dimensional
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[(CusCl)(Kz62Cu038(H20)3(a-BiW9Os3)2]%- have also been reported. The copper centres in
these series are relatively away from one another in the range of 8 to 11 A.

Figure 17: a) La™" cations grafted on [Fes(H20)2(pic)4(-SbW9Os3)2]'%; b) side and top view on two
dimensional {CuosCI[Cu2(H20)4(8-BiW10035)2]}'*-. Colour code: X = green (but covered), La = light
blue, Fe = brown, {WOs} = grey octahedra, W = black and O = red. H atoms on aqua ligands are
omitted.

5. Conclusions

This article provided a comprehensive overview of the two most common sandwich-type
archetypes in POM chemistry — Hervé and Krebs-type. The Hervé-type POMs generally
adopt two main arrangements of the lavunary units and are capable to incorporate be-
tween two and six magnetic heterometals. The close arrangement of the metal centres typ-
ically causes spin interactions that leading to ferromagnetic and antiferromagnetic scenar-
ios. The relative arrangement of the lacunary units also plays role in the number of incor-
porated centres. Considering the synthetic conditions, these types of POM dimers can be
further functionalised with a variety of binding ligand and grafting cations. The Krebs-
type polyanions appear to be more common for Sb- and Bi-based lacunary heteroPOMs.
In the latter polyanion, the metal centres lay further apart from one another, and thus most
of the interactions between magnetic heterocentres remain weakly antiferromagnetic.
Both sorts of polyanions show stability to multielectron reductions, which is not only in-
teresting in magnetism but in catalysis as well.

The present review provided first comprehensive structuring of magnetic POM
sandwich dimes, which will be extended to other POM systems in future. Although cur-
rently it may be challenging to derive rules in which one can rationally design new sand-
wich POMs with desired magnetic properties, current applications of knowledge engi-
neering®! show promise such endavour to be achived in near future. In this regard, we
also envision that magnetic POM dimers, would be of high interest in the development of
future POM-based nanoelectronics (i.e. POMtronics).[*!
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