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We report on several discrete molecular transition metal- and lanthanide-containing polyoxo-tungstates
and -molybdates with a focus on their magnetic properties. The polyanions discussed here all contain 3d
paramagnetic centers and are mostly of the spherical {Mo13;} Keplerate type, the cyclic {PsWas} type, the
dimeric {X", W13} (X=As, Sb) type, and the dimeric, fused {SioW1s} type. The number of incorporated
magnetic ions in the structures described here ranges from 3 to 30.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In a review about polyoxometalates (POMs) which shows an
unusually high citation of ca. 1500, indicating highly enthusi-
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astic acceptance of our chemistry worldwide, we can read [1a]:
“Polyoxometalates form a class of inorganic compounds that is
unmatched in terms of molecular and electronic structural versa-
tility, reactivity, and relevance to analytical chemistry, catalysis,
biology, medicine, geochemistry, materials science, and topology.”
This statement has remained undisputed since its publication in
1991. The polyoxomolybdates (under reducing conditions) are in
general considered unique [1b] as far as the variety of molecular
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structures is concerned. Their importance for aspects of molecular
magnetism - this also in context with materials science - can be
directly recognized by reading the latest monograph in this field
entitled “Molecular Nanomagnets” [1c] where 10 pages are devoted
to this topic (for general related reviews see also Ref. [1d-f]). In
this context, it was argued in the title of a subsequent review that
POMs represent a “Source of Unusual Spin Topologies” [1g]. Books
related to POM chemistry, also including their magnetic properties,
are listed under [1h-1]. Some POMs show slow relaxation of the
magnetization and function as single-molecule magnets [2].

Much attention has been focused on the {VV5} type cluster,
which was synthesized 20 years ago [3], leading to about 60 papers
concerning its remarkably versatile magnetic properties which
have been published in the meantime (see, e.g. Ref. [4] and Sec-
tion 14.3.2 of Ref. [1c]). It exhibits layers of different magnetization
including a VIV triangle responsible for frustration effects. Impor-
tant for several of the properties is the low S=1/2 spin ground state
in a comparably large cluster. Furthermore, these clusters allowed -
embedded in surfactants - the first observation of Rabi oscillations
in a molecular magnet [4f].

Of enormous interest are those clusters where the electronic
charges are not originally localized on individual ions, but can hop
from one side to the other (therefore considered as models for mag-
netic conductors!). Charge delocalization in Robin and Day types II
and Il mixed valence clusters [5] can cause strong increase of the
spin coupling [6]. In this context the {V1g04,} type clusters were
described as the most versatile ones (Section 14.3.3 of Ref. [1c])
especially as two forms exist with T; and D4y symmetry and the
electron populations can be varied over a wide range, i.e. between
10 and 18 3d-V electrons [7]. A detailed study of the {VIVgVVg}
type cluster was performed regarding the interesting intramolecu-
lar charge transfer [8]. One manifestation of charge delocalization is
the double exchange mechanism, which leads to strong ferromag-
netic spin coupling [9].

Clusters of the type {MgMos;} (M=V!V Felll, Cul") were also con-
sidered to be of general interest as M can be successively substituted
and in the case of M=V extremely strong exchange coupling is
observed due to strong electron delocalization, a scenario which
is completely different for M =Fell [10]. The magnetization of the
system becomes anisotropic at low field.

Polyoxotungstates are ideal candidates for the incorporation
of multinuclear magnetic transition metal clusters [1h-1]. This is
largely due to the existence of a large number of vacant, sta-
ble polytungstate precursors (as opposed to polymolybdates or
polyvanadates). The number of vacant sites in a single lacunary
polytungstate can range from 1 (e.g. [SiW1;039]87) to 2 (e.g. [y-
SiW10036]87), to 3 (e.g. [P2W15056]127), to 6 (e.g. [HoP2 W12048]127)
all the way to 20 (e.g. [HgPsW450184]°27) [1k,1]. Formation of
dimeric, trimeric, tetrameric, etc. assemblies can therefore allow
for encapsulation of a large number of spin-coupled magnetic
centers (d- or f-block), usually bridged via p,-oxo/hydroxo/aqua
groups. This means that many different shapes, sizes and types
of magnetic clusters can be stabilized by polytungstate ligands.
Furthermore, the diamagnetic tungsten-oxo capping fragments iso-
late the respective magnetic clusters so well from each other that
intermolecular interactions are usually negligible. This means that
detailed and subtle magnetic phenomena can be studied strictly on
the molecular level [1e].

Magnetic POMs have also provided convincing experimental
evidence for the occurrence of anisotropic exchange interactions
in exchange coupled clusters. Thus, inelastic neutron scattering
studies on POMs containing a Cosz cluster showed not only that
anisotropic exchange interactions definitively occur in these sys-
tems, but also that the anisotropic exchange interaction tensors may
be nonparallel [ 11]. Antisymmetric exchange interactions were also
found in Cuz POMs [12], and in the previously mentioned {VgMos7}

cluster [10]. Generally speaking, direct evidence for antisymmet-
ric exchange in exchange coupled clusters is quite scarce [13].
Nickel(Il) containing polytungstates were investigated in detail
using inelastic neutron scattering in addition to magnetic measure-
ments, which enabled the determination of single-ion anisotropies
as well as isotropic exchange interaction parameters [14].

A particularly interesting and popular system is represented by
the aesthetically beautiful spherical multifunctional clusters of the
type {M3pMo7,} (M=0VY, cr!!l, Fell) called Keplerates (Ref. [15]
and Section 14.3.1 of Ref. [1c]) containing the unique M3 icosido-
decahedron with 60 equal edges, which apart from novel magnetic
behaviour as polyprotic acids show a new type of assembly process
in solution leading to unprecedented “magnetic” vesicles and inor-
ganic membranes. These clusters for which the spin can be varied
(§=1/2,3/2and 5/2)are considered to be of tremendous importance
for the understanding of magnetism in Kagomé lattices, which are
of interest for materials science [16] (see title: “Highly frustrated
magnetic clusters: The kagomé on a sphere” [15e]). Furthermore, the
{FesoMo7,} type cluster shows an unprecedented classical mag-
netic behaviour and competing spin configurations [15a]. For the
construction of these Keplerates pentagonal units are the key build-
ing blocks (see Section 4.4.1 of Ref. [1c]).

In the following we will discuss some especially interesting mag-
netic POM-based clusters (polymolybdates and polytungstates)
which have been a strong focus of our studies over the past decade
or So.

2. Keplerates of the type {M3oMo,} (M=Felll, Crlll, yIV Ln!ll)

Many aesthetically pleasing objects, ranging from fullerenes
to viruses, consist of linked pentagonal units. A variety of highly
symmetric POMs was generated by joining pentagonal {(Mo)Mos }
units present in a dynamic library with deliberately chosen linkers.
(Several molybdate species present in the related solution can inter-
convert.) The composition of this dynamic library depends critically
on the experimental conditions, and this behaviour is unique to
molybdates and not found for tungstates until now [17]. At low pH,
the pentagonal structural unit occurs in the [MoY'350112(H20)16]8~
anion, which is the only abundant species under those conditions.
The complexes are then formed by a split and link process after
adding the linker precursor. By utilization of dinuclear molybdate
linkers 12 pentagonal units are connected by 30 linkers forming
diamagnetic {Moq3;} clusters. The structure contains pores that
are large enough to be permeable to small cations, and its charge
can be tuned to a great extent by ligand substitution. Indeed, reac-
tion of {Moj3;} clusters with different cations led to trapping of
these cations at well-defined positions within the capsules [18]. In
this manner, a range of paramagnetic derivatives {M,Moq3;} was
generated containing transition metal or lanthanide cations, with
M=VOo!, Mn!, Felll, Coll. Ni'!, and Pr'! in varying amounts (some
unpublished). Because of long and inefficient pathways, the spins
in these systems are essentially independent of each other and no
indication of coupling between them was found [19].

2.1 {F€30M072}

This cluster can be obtained in a facile synthesis (used world-
wide by many groups) by the exchange of dinuclear {Mo,V04}%*
linkers of {Moq3;} with the mononuclear Felll linkers. The 30
iron(Ill) ions span an icosidodecahedron with virtual I;, symmetry,
which is the origin of the extraordinary interest in the magnetic
properties of {Fe3pMo7,} (see above). Oxidation of the binuclear
linkers of {Moy3,} leads to three {Mo,"!0g/9}"~ type units which
act as internal ligands found on different underoccupied positions
[20]. Recently, a new synthesis of this cluster was reported not
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Fig. 1. {Mog} c {Fe3oMoz,} (upper panel) xT vs. T (filled circles, left axis) and x~'
vs. T (open circles, right axis) measured at 0.1 T applied field. The solid line is a fit
to the Curie-Weiss law x~! =(T-6)/C. The lower panel shows the magnetization vs.
field at T=1.8 K (closed circles, left axis) and its numerical derivative (open circles,
right axis). Taken from Ref. [21].

containing the binuclear {Mo,} ligands [21]. Interestingly, a non-
covalently bound hexanuclear molybdate cluster [MogO19]%~ is in
this case encapsulated inside the {Fe;yMo7;}. The magnetochem-
ical investigation of the complex showed that the properties are
very robust to changes in the synthetic procedure, i.e. to the depen-
dence of the encapsulated dinuclear {Mo,} type ligands (Fig. 1).
The decrease in the xT product on lowering the temperature con-
firms the presence of predominantly antiferromagnetic exchange
interactions, in agreement with the negative Weiss temperature of
6=-22.3+0.3 K found from a linear fit of x~! versus T. This is virtu-
ally the same as the Weiss temperature found for the product of the
original synthesis (f=—-21.6 4 0.1 K), demonstrating that the prop-
erties are virtually identical. This is supported by the characteristic
minimum in dM/dH versus field at ca. 6 T (Fig. 1).

2.2. {CT30M072}

A thorough experimental study of the spin level structure of
{Fe3pMo7> } is hindered by the fact that the isotropic exchange inter-
action is rather weak (J/kg =1.57 K) [15a], which causes the lowest
excitations to have very low energies [15c]. The analysis is further
complicated because the effect of the single-ion zero-field split-
ting may not be negligible. In addition, the magnetic properties of
{Fe3pMo7,} were largely described in a classical framework, which
is justified by the relatively large single-ion spin of s=5/2. Decreas-
ing the single-ion spin the classical picture eventually becomes
invalid, and consequently this transition from classical to quantum
magnetism is of high scientific interest. For these reasons we have
synthesized the chromium(IIl) derivative from CrCl3-6H,0 using
similar reaction conditions as in the new procedure for {FezoMo7,}
[22]. The resulting {Cr3pMo7; } cluster crystallizes in the same space
group as the iron(IIl) derivative. The exchange interaction between
the chromium(IIl) ions is antiferromagnetic as evidenced by the
decrease in xT with decreasing temperatures. A fit using quan-
tum Monte Carlo (QMC) methods yielded an antiferromagnetic
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Fig. 2. Experimentally obtained xT (upper panel) and x~' (lower panel) vs. temper-
ature (symbols) and quantum Monte Carlo result (continuous curve) for {Cr3gMo7, }
with J/kg =—8.7 K and g=1.96. Taken from Ref. [22].

exchange coupling value of J/kg=-8.7+0.2K (Fig. 2). Note that
also the weak upturn in x~! with decreasing T around 50K is
reproduced rather well by the calculations. In spite of the long
superexchange pathway (Cr''-0-Mo"!-0-Cr!ll), the interaction is
moderately strong rendering this cluster excellently suitable for
detailed studies of the spin level structure, e.g. by inelastic neu-
tron spectroscopy, to investigate the validity of the rotational band
model, which was proposed for the description of the magnetic
properties of these clusters [23]. Furthermore, magnetization stud-
ies in very high fields should reveal whether a minimum in the
differential susceptibility dM/dH can be observed at one-third of
the magnetization saturation field (Hsa ~ 60 T) similar to the case
of {FE30M072}.

2.3. {V30M072}

The vanadyl derivative of the {M3;9Mo7;,} clusters is of special
interest because the vanadyl spin is s = 1/2. The exchange geometry
therefore displays great similarity to that of the two-dimensional
Kagomé lattice, which is of enormous interest especially from the
theoretical side. Being slightly oblate, the {V3pyMo7;} cluster is not
as symmetric as the iron and chromium derivatives [24]. In spite
of the lower symmetry, the susceptibility can be very well fitted
by quantum Monte Carlo calculations employing a single exchange
coupling constant of J/kg =245 K (Fig. 3). The enormous value of |
compared to those of the two other {M39Mo7;} clusters is due to the
fact that the relevant vanadyl energy levels are in close proximity to
those of the pentagonal units; this leads to an efficient spin coupling
by electron delocalization (see above). For an S=1/2 icosidodecahe-
dron, the lowest spin excitation was calculated to be at 0.05 J, while
the lowest energy transition within the lowest rotational band lies
at 0.22] [25]. For the J value obtained, the excitation energies are
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Fig. 3. Magnetic susceptibility xT of {V3Moz,} vs. temperature: the experimental
data are corrected for the two d'/VO! centers present in the crystal lattice (open
squares); quantum Monte Carlo results fit the high-temperature data perfectly (solid
curve). Taken from Ref. [24].

thus expected at 12 and 54 K, respectively. INS measurements on a
nondeuterated sample showed a broad band between 4 and 11 meV,
corresponding to 46 and 128 K [26]. However, the intensity of this
band increases both with temperature and with momentum trans-
fer, indicating that the band is due to phonon excitations. Polarized
neutron scattering experiments on deuterated samples might be
employed to detect eventually the presence of magnetic excitations
under the phonon band.

2.4. {LngFey4Moz,} (Ln=Ce, Pr)

Adding an aqueous solution of LnCl3-nH,0 to a solution of
{Fe3pMo7;} results in the substitution of exactly six iron ions by
lanthanide ions, which are disordered over 12 positions [27]. The
capsules contain about two encapsulated lanthanide ions. The mag-
netic data are qualitatively similar to those of the parent compound
{Fe3pMo7,} (Fig. 4). Hence it is not surprising that if the ions
were uncoupled, the expected contributions of the cerium(IIl) and
praseodymium(III) ions to xT would be a mere 6 and 11%, respec-
tively. Even the Weiss temperatures are very similar to that of the
parent complex, at § = —27 and —24 K, respectively. The main differ-
ence between the substituted complexes and the parent complex is
the absence of the characteristic minimum in the differential sus-
ceptibility dM/dH at a field of 6 T for the former clusters. Apparently,
the partial substitution has disturbed the symmetry to the extent
that the picture of competing spin configurations is no longer valid.

3. The {NigMo,} Keggin-ion derivative

[Mo012030(-OH)1oH2 {Ni(H20)3}4], henceforth abbreviated as
{NigMo;}, is a magnetic molecule comprised of Ni' centers, which
are positioned at the nucleophilic sites of an e-Keggin cluster and
thereby form an almost ideal tetrahedron [28]. Several of the other
Ni clusters that are known [14,29] - among them also tetrahe-
dral arrangements - exhibit ferromagnetic coupling between the
Ni centers, and thus possess qualitatively different properties. In
{NigzMo;} the Ni'' ions are coupled antiferromagnetically along the
rather long superexchange pathway (Ni"-0-Mo"!-0-Ni''), which
suggests a moderate coupling strength. Assuming perfect tetrahe-
dral symmetry, the Heisenberg-Hamiltonian can be simplified by
completing the square to

A= —2]Z§k 8= —J(52 —4s(s + 1)) 1)
k<l

where §;, are the Ni spin vector operators with spin quantum num-
ber s=1 and S is the total spin operator with quantum numbers
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Fig. 4. xT as a function of temperature (upper panel) for {CegFe;sMo7,} (®) and
{PrsFe2sMo7,} (O) and the magnetization as a function of the field (lower panel)
measured on powder samples. Taken from Ref. [27].

ranging from 0 to 4. The energy eigenvalues depend quadratically on
the total spin thus forming a perfect rotational band. In an applied
magnetic field, the lowest levels of adjacent multiplets therefore
cross at equidistant field values. In a magnetization measurement at
low temperatures the M(H) curve should thus consist of four equal
steps up to saturation. Fig. 5 demonstrates that this expectation is
not met at all; on the contrary two smaller magnetization steps are
followed by two steps with about twice the spacing [30]. The solid
curve in Fig. 5 corresponds to the theoretical magnetization curve
assuming a simple Heisenberg Hamiltonian with J/kg = — 3.4 K and
an isotropic spectroscopic splitting factor g=2.25. Although such
a Hamiltonian reproduces the low-field susceptibility at H=0.5T
rather well [30], it fails to describe the magnetization.

A thorough inspection of the available magnetization as well
as EPR data leads to the conclusion that a minimal model for
{NigMo1,} should include additional terms. The following Hamil-
tonian was suggested:

. 2
~ A A big ;a  Asa A N
H=—E JiaSte - 81— E Jk,'fnn(skaI)(sm-sn)Jrg Dy(ey - 3k)
k

k,1 k,,m,n

+MBZ§ -8k - Sk (2)
K

The first term accounts for the superexchange coupling, where
the matrix notation J; allows different exchange constants along
the edges of the tetrahedron. This reflects the slight distortion of the
tetrahedral symmetry. The second term is a generalized biquadratic
term. Biquadratic terms with k=m and [=n are often used for Ni
compounds; spin—-phonon interaction is assumed as their physical
origin [31]. Actually the restriction to k=m and [=n is unjustified
since magnetoelastic coupling gives the remaining parts of the sum
comparable strength. Quite recently another source of such terms
was discussed [32]. It was pointed out that in the derivation of the
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Fig. 5. (Left panel) Magnetization M as a function of applied magnetic field B: experimental data are given by squares (National High Magnetic Field Laboratory (NHMFL)
at Los Alamos, T=0.44K; Okayama High Magnetic Field Laboratory (OHMFL), T=0.40K). The theoretical magnetization is given by a solid curve for T=0.44 K. Here a simple
Heisenberg Hamiltonian is assumed with J/kg=—3.4K and an isotropic spectroscopic splitting factor g=2.25. In the right panel, the same data are shown as differential

magnetization dM/dB. Taken from Ref. [33a,b].
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Fig. 6. (Left panel) Experimental data of the magnetic susceptibility of {NisMo;,} for batch 1 at B=0.5T (open circles) and for batch 2 at B=0.5, 3.5, 3.8, 4.2, 5.0T red, grey,
black, turquoise, blue triangles). The theoretical results are given by curves. The panel on the right hand side exhibits the differential magnetization as function of applied
field for T=0.4 K. Experimental data are given by symbols, whereas theoretical fits are given by the solid curve. Taken from Ref. [33a,b].

Heisenberg model from the Hubbard model, one usually neglects
higher order terms beyond the simple Heisenberg exchange. Con-
sidering the next order results in terms that are of generalized
biquadratic form. A detailed understanding of the physical origin of
such terms requires a thorough investigation on how j,’{’l'gm depends
on the Hesse matrix in the case of phonons, or on the hopping
parameters and on-site repulsion terms in the Hubbard model. It is
well conceivable that both sources are present in a molecule.

The third termin Eq. (2) models the single ion anisotropy of Ni by
means of an easy/hard axis along the local direction given by €. The
last term (Zeeman term) reflects the interaction with the applied
magnetic field. We assume an isotropic g tensor. If the symmetry
is reduced from tetrahedral symmetry, the Dzyaloshinskii-Moriya
interaction could also contribute [33a,b].

Several good fits can be obtained using Hamitonian (2), as shown
in Figs. 6 and 7 for one example (for numerical details see also Ref.
[33c]). Here reasonable values are assumed for the impurity content
and for the parameters of the Hamiltonian [33a,b]. While the low-

E/ (kg K)

Fig. 7. Energy eigenvalues of Hamiltonian (2) with the parameters used for Fig. 6
for various orientations (curves) as well as observed EPR transitions (superimposed
symbols). Taken from Ref. [33a,b].

field susceptibility is well described, the magnetization is modeled
only poorly (Fig. 6). Fig. 7 demonstates that also the available EPR
data can be nicely reproduced. The fit needs 18 parameters (given
in Ref. [33a3,b]) among which we would like to mention g=2.223,
the isotropic exchange J/kg=-3.28, ..., —3.37K, the biquadratic
exchange of up to 1.31 K as well as local anisotropy tensors of about
2.2 K. For single observables even more accurate fits can indeed be
obtained [34], but not for the combined set of experimental data.

The persistent discrepancy in modeling the magnetization indi-
cates that some basic mechanisms are not yet implemented despite
the large number of parameters. In order to uncover these effects
and gain deeper insight, the existing scenarios have to be better
understood first. The origin of the generalized biquadratic terms
seems to be crucial since they have a major influence on the
magnetization curve. The failure to describe the fourth peak in
the right panel of Fig. 6 results from the necessity to assume
large biquadratic terms. To this end additional investigations are
indispensable, among them infrared measurements as well as
X-ray spectroscopy under high fields. Both experiments are under-
way.

4. Metal (Fe'll, VIV) oxide clusters in the cavity of the cyclic
{PgW,3g} polytungstate

4.1. [PgW,yg0134Fe16(OH)25(H20)4/7°~ {Fesg}

Although the crown-shaped tungstophosphate [H;PgWgg-
0184133~ {PgW,g} has been known for more than 20 years [35],
only recently first examples of metal-containing derivatives
have been reported. Pope’s group prepared a lanthanide deriva-
tive, {Lng(H,0)28[KCPgWyg01g4 (H4W4012);L05(H20)10]13 14
(Ln=La, Ce, Pr, Nd) [36], Kortz and coworkers isolated the
first transition metal derivative [37], the 20-copper(ll) con-
taining [CUZOCI(OH)24(H20)12(P3W4301g4)]257 (see also the
report on the Cuyg-azide derivative [PgW,4g0134Cuz0(N3)g
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Fig. 8. Top view of {Feis} emphasizing the connectivity of the central
{Fe15(OH)28(H20)4}2°* cluster. Color code: Fe (brown), O (red), POy4 tetrahedra (pink),
WOg octahedra (green). Taken from Ref. [41].

(OH)1g]%4 [38]), while Miiller et al. discovered [Kg c {PsW430134
HVW,4VIV504,(H20),321%4 {Vi2} containing two cationic Vg
type mixed-valence clusters and formed by an unprecedented
nucleation process [39]. In addition the first organometallic
derivative of {PgWys} was reported: {K(H,0)}3{Ru(p-
cymene)(H;0)}4PgW490186(H20)2]%7~ [40]. Very recently the
iI'OIl(IIl) derivative [P8W480184F616(OH)zg(H20)4]207 {FE16}
was synthesized and identified independently in Bremen
and Bielefeld [41]. It was isolated as the mixed cation salt
LizK16[PsW4g0184Fe15(OH)28(H20)4]*66H,0° 2KCl {LiK-Feqg}
and Na91(11[P8W430184Fe16(OH)28(H20)4]'1001—120 {NaI(—Fele}.
The wheel-shaped polyanion {Fe;g} contains an unprecedented
{Fe15(OH)28(H20)4}2%* cluster in the cavity of {PgW,g} with 16
edge- and corner-sharing FeOg octahedra being grafted to the
inner surface of the tungstophosphate “host” (Figs. 8 and 9).

The molar magnetic susceptibility (x) and the product xT of
{LiK-Feqg} are displayed in Fig. 10 as a function of tempera-
ture. When comparing the observed room temperature xT value
of 21.9cm3 K/mol with the value 70 cm3 K/mol expected for 16
non-interacting Fe'l ions (s=5/2, g=2), it becomes clear that anti-
ferromagnetic interactions play a dominant role in {Fes}. At 1.8 K,
a xT value of 3.3 cm?3 K/mol suggests that the ground state is S=2
(expected is 3 cm3 K/mol with g=2).

The highly symmetric magnetic cluster {Fe;5(OH),g(H;0)4}20*
incorporated in {Fe;g} is composed of 16 equivalent Fe'' centers
(Fig. 8). The three types of Fe-O-Fe bridges (Fig. 11) require three
distinct exchange coupling constants J; (e.g. Fe1-O1Fe-Fe3),J, (e.g.

Fig. 9. Side view of {Feis} emphasizing the FeOg octahedra (brown) in polyhedral
representation. Color code: W (green), O (red), P (pink). Taken from Ref. [41].

Fe1-0O14F/014G-Fe4) and J; (e.g. Fe2-024F-Fe4); the interplay
between them determines the ground state of {LiK-Feqg}. The pres-
ence of 163,112,472,594 spin states with a total spin S ranging from
0 to 40 renders the full analysis of the magnetic susceptibility data
of {LiK-Feig} complicated; these details are beyond the scope of
the present review. However, when the Fe-O bond distances and
Fe-O-Fe bond angles of {Feig} are compared with the literature
values for p-hydroxo bridged Fe!l! dimers and oligomers, the mag-
nitude of J;, J, and J3 should be in the range of 20-25cm™! [42].
The exchange couplings are suggested to be of the same magnitude,
which results in closely spaced spin levels; hence the assignment of
the ground state to S=2 is only tentative. Although our hypothesis
is supported by the absence of a plateau at around 3.3 cm3 K/mol in
the xT profile, susceptibility measurements below 1.8 K are needed
for confirmation.

The normalized magnetization M/Np up of {LiK-Feqg} as a func-
tion of external field H is plotted in Fig. 12 for various temperatures.
For the lowest temperature T=1.8 K, M/Naup tends to approach 4
as the field increases to 7T, as expected for an S=2 spin system
with g=2. As the temperature rises from 1.8 to 20K, the magne-
tization decreases, which might be explained by the expected H/T
dependence of the magnetization [43].

In a further attempt to understand the magnetism of polyanion
{Feqg}, electron paramagnetic resonance (EPR) spectra were col-
lected for various frequencies (9.6-319.2 GHz) and temperatures
(5-300K) for a powder sample of {LiK-Feqg}. For all frequencies
of this investigation, at room temperature only one broad peak
(AHpp=70+3mT) is observed at g=2.002 +0.001 (Fig. 13).

Fig. 14 presents the temperature dependence of X-band
(~9.6 GHz) and ~319 GHz spectra at some selected temperatures.
From these data at least three features are evident: (a) the signal
intensity strongly decreases as the temperature is reduced, (b) the
signal broadens at lower temperatures and (c) the main peak does
not exhibit any additional splitting. The intensity decrease is consis-
tent with the similar trend in magnetic susceptibility (Fig. 10), and
can thus be attributed to the population of states with smaller S val-
ues at lower temperatures. On the other hand, the signal broadening
could also be due to dipolar broadening and/or shorter relaxation
times. The lack of any fine structure at any frequency or temper-
ature renders it meaningless to derive any conclusions about the
single-ion anisotropy of the overall S value. It should be noted: (a)
the low temperature peak indicated by ‘*’ in the X-band spectra
(Fig. 14, left panel) is an Fe!ll impurity signal from the sample and
corresponds to g ~4.3. (b) The small remnant signal observed at
319.2 GHz (Fig. 14, right panel) is attributed to a minor impurity
(with g~2) in the system and is not considered significant to the
overall focus of the present study.
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Fig. 10. Magnetic susceptibility plotted as x ((), xT (O) vs. T for {LiK-Feis} powder.
Taken from Ref. [41].
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Fig. 11. Left: Ball-and-stick view of a segment of {Fes}. Right: Side view including four independent Fe' centers. Oxygen atoms O9WF, 04WF, 01WF, and 0123 bridge to
atoms W9, W4, W1, and W12, respectively. The atoms O1P1, O3P1, 02P2, and 04P2 bridge to atoms P1 and P2. Taken from Ref. [41].

4.2. [Kg C {PsWys0184}{VV4VIV2012(H20)2}2 P4 {Vi2}

The versatility of the {PgsW,g} wheel becomes clear from the
variety of clusters prepared by nucleation processes in its cavity.
Employed metals range from early to late first row transition metal
ions, including lanthanides. The nuclearity of the generated clusters
ranges from 4 to 20. {PgW4g } reacts with vanadyl sulfate in aqueous
solution and forms [Kg C {P8W480184}{VV4V[V2012(H20)2}2]247
{V12} where two Vg aggregates cap the cavity of {PgWyg} [39]. Each
of the capping units consists of two octahedral VIV centers and four
tetrahedral VV centers (see Fig. 15).

Electronic absorption spectra of {Vi;} give evidence for a
Robin-Day class I mixed valence compound with only very weak
direct electronic interaction among the vanadium sites. However,
the same electronic absorption spectra (class Il mixed valence)
point towards significant electronic interactions between the VIV
and the W' ions.

Magnetic measurements indicate that the paramagnetic VIV
centers interact weakly. The room temperature xT value of
1.35cm3 Kmol~! (Fig. 16) agrees with four VIV jons being
present. The decrease in the xT value below 50K and the
60 =-1.8+0.2K clearly demonstrate the presence of antiferromag-
netic exchange interactions. This is surprising, since the two VIV
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Fig. 12. Normalized magnetization (M/Naug) as a function of magnetic field H for
{LiK-Feqs} powder plotted for various temperatures as indicated. Taken from Ref.
[41].

centers on the same Vg aggregate can interact only through
a VV(oct)-0-VV(tet)-0-VV(tet)-VIV(oct) superexchange pathway
which is not very effective for the VIV and VV centers. On the other
hand, the V!V sites on different Vg aggregates are linked by mul-
tiple VIV-0-WVI_0-WVI-0-WVI-0-WVI-0-VIV pathways, which
are probably more efficient in transmitting magnetic information,
given the VIV-WV! class Il mixed valency, i.e. larger electronic inter-
action. This long exchange pathway explains the weak interaction.

X-Band EPR spectroscopy corroborates the proposed presence
of two exchange coupled pairs of VIV ions. The spectra displayed
in Fig. 17 show more lines than expected for a single vanadyl
ion including hyperfine splitting. However, very good simulations
can be achieved for a triplet state coupled to two vanadium
nuclei. The obtained spin Hamiltonian parameters are g =1.93,
g21=193,A,=75x10"%cm~!,A; =30 x 10~*cm~1. The accuracy of
the obtained parameters is limited by line-broadening, which may
be caused by an increase in spin-lattice relaxation due to interac-
tions between the two exchange coupled pairs of ions within the
same molecule.

Because of the antiferromagnetic exchange coupling this triplet
state is the excited state, but given the relatively modest exchange
interaction this triplet state is already appreciably populated at the
lowest temperatures reached in experiment.

T=295K
v=9.6462 GHz

v="100 GHz

Signal (arb. u.)
o

2 3 4 5

v=319.2 GHz

6 8 10 12
H/IT
Fig. 13. Room temperature powder EPR spectra of {LiK-Fess} for 9.65, 100 and

319.2 GHz, respectively. Only one broad peak at g=2.002 is observed for all experi-
mental frequencies. Taken from Ref. [41].
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Fig. 14. Temperature dependence of EPR spectra on {LiK-Fes} powder at ~9.65 GHz (left panel) and 319.2 GHz (right panel). The steady decrease of the signal intensity with
decreasing temperature indicates the presence of excited states. The peak at ~0.16 T indicated by ** in the X-band spectra is from an Fe' impurity in the sample. Taken from

Ref. [41].

Fig. 15. Two views of the structure of {V;, } which show the capping Vi groups and the positions of the K cations within the cavity. Color code: W (blue), O (small red spheres),

K (large brown-red spheres), PO4 (pink), VO, (green). Taken from Ref. [39].

5. Magnetic properties of the {Cus} spin triangle in
{Cu;X'“sz} (X =As, Sb)

The copper(Il)-substituted polyoxotungstates [CusNasz(H;0)g
(a-XWg033),]%~  (X=As"l, {CuzAs}; Sblll, {Cu3Sb}) have a
sandwich-type structure with D3, symmetry, where {Cus}
resides in the central plane covered by two (a-XWgy033) Keggin
subunits as displayed in Fig. 18a [1e,12,44]. Spin exchange coupling
between the Cu' ions occurs in an indirect way via two W and
three O atoms of each (XWg0s33) fragment. This makes it possible
to modify the magnitude of the spin interaction by changing the
diamagnetic heteroatom X. Fig. 18b and c depicts the spin topology
of {CusX}. For {Cus3As}, the distances between the copper ions
are Cul---Cu2=4.696 A and Cu2. - -Cu2=4.689 A, while for {Cu3Sb}
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Fig. 16. Susceptibility temperature product xT (() and inverse susceptibility x~* (()
as a function of temperature T for {V;,}. Taken from Ref. [39].

the respective distances increase slightly to Cul---Cu2=4.871A
and Cu2.--Cu2=4.772 A, respectively. The reason for that is most
likely the difference of lone pair-lone pair interactions between
the two X hetero atoms. Since Sb has a larger size than As, the lone
pair interactions between Sb become stronger, leading to a larger
separation of the copper centers.

In Fig. 19, the magnetization of {Cu3X} is plotted as a func-
tion of magnetic field. The data are taken at 0.4K for H oriented
in the plane comprising the spin triangle [12b]. The measure-
ments were performed in a full cycle sweep at a time scale
of about 5ms. Note that the saturation magnetization is renor-
malized by gS, where the g-factor was determined by electron
spin resonance. In the upward sweep (A— B), the magnetiza-
tion of {CusAs} first increases to 1gSup, followed by the step of
2.3gSup, and finally approaches the saturation value of 3gSugp
in a high magnetic field of 12T. In the down sweep (B— C),
the magnetization drops sharply from 3 gSup to 1gSup and from
1gSup to zero, respectively, before it reverses direction. The for-
mer 2 gSup step originates from the level crossing between S=1/2
and 3/2 states. The latter 1gSup one is related to a splitting of
the S=1/2 state at zero field (see below for more details). The
1.3gSup step seen in the upward sweep cannot be understood
within a simple energy level scheme of a spin triangle. The con-
trasting magnetization between the up and down sweeps leads
to a pronounced hysteresis loop. In the negative field, the hys-
teresis behaviour nearly disappears. The magnetization of the
negative field is similar to the magnetization which is seen in the
down sweep of the positive field. We stress that the hysteresis
loop is not associated with an energy barrier since Cu!! has no
single ion anisotropy and the Cul' triangle is coupled antiferro-
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Fig. 17. Upper panel: EPR spectrum of {Vi,}. The experimental data are taken at
various temperatures, but the hyperfine splitting is only resolved for 4.1 K. Lower
panel: simulation with g and A parameters from Table 1 in Ref. [55], D=0.008 cm~",
and linewidths of 60 G. Taken from Ref. [39].

magnetically. Rather, the asymmetric magnetization through the
positive and negative fields implies that the magnetization rever-
sal dynamics is slow on the time scale of the pulsed field sweep
rate.

Upon switching to {Cu3Sb}, the magnetization steps become
less sharp in comparison to {CusAs}. In addition, the magnetiza-
tion curve looks more symmetric between the positive and negative
fields. This is mainly due to the smearing of the 2.3 gSug step in the
positive field and the appearance of the small step in the negative
field between —5 and —7 T, which is absent in {Cu3As}. The depen-
dence of the magnetization on the heteroatom X suggests that the
dynamic magnetization processes are distinctly different in the two
compounds.

The spin-Hamiltonian parameters obtained from the EPR of
these compounds [26,27] were in contrast to those of an earlier
reported Cuz compound [45]. This reemphasizes nicely that POMs

are ideal examples for studying on a molecular level the nature of
the exchange interactions between transition metal ions. The dia-
magnetic polytungstate fragments usually encapsulate and isolate
the magnetic cluster, so that intermolecular coupling and structural
distorsions become negligible.

We have also prepared a tetra-copper(Il) containing sandwich-
type tungstogermanate [Cus(H>0)2(GeWg0s34)2]'%, which was
characterized in detail by magnetic and EPR techniques and serves
as a model coupled 4-spin system [46].

6. A model five-spin frustrated {Cus} cluster in {Cu5Si;Wg}

The dimeric polyanion [Cus(OH)4(H20),(A-a-SiWg033),]10~
{Cus} consists of two A-a-[SiWg034]'~ Keggin moieties that are
linked via two adjacent W-O-W bonds and stabilized by a central
{Cus(OH)4(H,0),16* fragment, leading to a structure with ideal-
ized Cy, symmetry (Fig. 20a) [47]. The polyanion {Cus} is stable
over a very wide pH range (pH 1-7), as shown by UV-vis and
IR spectroscopy. The structure of {Cus} can also be visualized as
an open Wells-Dawson polyanion [Si;W1g0gg]16~ (first reported
by Hervé and co-workers) [48], which has taken up the cationic
copper-oxo cluster {Cus(OH)4(H,0),18*. The structural details of
this {Cus(OH)4(H;0);}* fragment are of interest (Fig. 20b). Bond
valence sum calculations indicate that all bridging oxo groups
linking adjacent copper atoms are either mono- or diprotonated
[49]. Specifically, oxygen atoms O1CC, OC12, 025C, and 034C are
monoprotonated (OH), whereas oxygen atoms O13C and 024C
are diprotonated (H;0). As expected, the octahedral coordination
spheres of all copper(Il) centers are Jahn-Teller distorted. The equa-
torial Cu-0 distances range from 1.907 to 2.084(13) A, whereas the
axial Cu-O distances are 2.280-2.387(13)A. The Cu-O-Cu angles
of the central {Cus(OH)4(H;0);}6* fragment range from 83.6° to
129.3(6)°, and the Cu---Cu separations in {Cus} range from 3.11
to 3.56 A. The pentacopper-substituted polyanion {Cus} is highly
interesting for magnetic and EPR studies.

Fig. 21a shows magnetic susceptibility data for {Cus} as a
plot of xT versus T. Upon cooling xT steadily decreases from
1.15 cm? K/mol at 300K to 0.44 cm? K/mol at 80K and slowly sat-
urates to 0.39cm3 K/mol as the temperature further decreases
to 1.8K. Comparison of the low-temperature saturation value
(0.39cm3 K/mol) to the calculated value of 0.41cm?3K/mol for
s=1/2 and g=2.1 implies that the spin of the ground state is S=1/2.

Following the numbering scheme in Fig. 20b, the isotropic
spin-exchange Hamiltonian for {Cus} can be given as

Hexch = —2[J1251 - 52 +J2452 - 34 4 J3483 - $4 + J1351 - 83 4+ J1551 - 55

+J2552 - S5 4 J4584 - 5 + J3583 - $5] (3)

Fig. 18. (a) Combined polyhedral/ball-and-stick representation of [CuzNa3(H20)g(a-XWg033)2 17~ (X=As", Sb™). Color code: Na (yellow), Cu (cyan), X (green), and H,O (red).
The panels (b) and (c) sketch the {Cus} triangle configuration for {CusAs} and {CusSb} and show the Cu---Cu distances. Cu; and Cu, represent two crystallographically

inequivalent Cu sites. Taken from Ref. [12b].
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Considering the C,, symmetry of the pentamer, the above Hamil-
tonian can be rewritten as

Aoxch = —2Jal81 82 + 33 -84] — 2Jp[81 - 33 + 52 - 84]
—2Jc[81 -85 +5, -85 +384 -85 + 53 - 5] (4)

where J12 =J34 =Ja,J13 =J24 =Jp, and J15 = Ja5 =J35 =J45 =J. The Hamil-
tonian in Eq. (4) gives rise to 10 spin states corresponding to the
total spin operator S=3§; +3§, + 33 + 34 + 35, viz., five doublets (S=1/2),

LS

&

Fig. 20. (a) Ball-and-stick (left) and polyhedral (right) representations of {Cus }. The
color code is as follows: Cu (turquoise), W (black), Si (green), O (red). (b) Ball-and-
stick representation of the central {Cus(OH)4(H,0),}%* fragment of {Cus}. Taken
from Ref. [47a].

0oc12

four quartets (S=3/2), and one sextet (5= 5/2). The eigenvalues asso-
ciated with the Hamiltonian in Eq. (4), obtained by solving the
32 x 32 matrix, are listed in Table 1. The molar magnetic suscepti-
bility expression shown in Eq. (5) was then obtained by substituting
the energies of Table 1 in the Heisenberg-Dirac-van Vleck equation
[43Db].

Nag?u2\ /A

X‘( akgT )(B) (5)
Here Njp is Avogadro’s number, g is the Landé factor, up is the
electron Bohr magneton, kg is the Boltzmann constant, T is the
temperature in Kelvin, A=35 exp(2x+2y+5z)+10 exp(2y+4z)+
10 exp(2x+4z)+10 exp(4z)+10 exp(2x+2y)+exp(3z+2(x2-xy+
¥2)12) +exp(3z-2(x2-xy +y?)!12) + exp(2y +z) + exp(2x +2) + exp(z),
and B) 3 exp(2x+2y+5z)+2 exp(2y+4z)+2 exp(2x+4z)+2
exp(4z)+2 exp(2x+2y)+exp(3z+2(x2-xy +y2)12) + exp(3z-2(x?-
xy+y2)12)+exp(2y +z)+exp(2x +z)+exp(z), with x=Jq/kgT, y=
JplksT, and z=]J[kgT.

The experimental data were fitted by Eq. (5) with g, Jg, Jp, and
Jc as parameters. As shown in Fig. 21a, the least-squares fit is
quite satisfactory and yields Jo=—51+6cm™1, J,=—104+1cm™!,
Je=-55+3cm!, and g=2.035+0.002. The spin-state spectrum
along with the energies relative to the ground state is shown in
Fig. 21b. The doublet ground state is well separated from the first
excited state (S=1/2) by approximately 70 cm~! (~101K), which is
consistent with our EPR results.

Table 1
Eigenvalues associated with the spin-exchange Hamiltonian for {Cus}. Taken from
Ref. [47b].

n S E(S)
1 5/2 ~Ja—Jb —2Jc

2 3/2 Ja—Jb—Je

3 3/2 ~JatJb—Jc

4 3/2 Jaty—Je

5 3/2 ~Ja—Ja+3Je

6 1/2 Jo+Io—24/J2 —Jabb +J}
7 1/2 Ja+Jb+21/J2 = JaJb +J}
8 1/2 Ja—Jb+2Jc

<) 1/2 —Jat+Jp+2Jc

10 1/2 Ja+Jb+2Jc
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Fig. 21. (Left) Plot of xTvs. T for {Cus} at H=0.1T. The solid line is a theoretical fit to Eq. (5). See text for details. (Middle) Calculated spin-state energies, relative to the ground
state of {Cus}. (Right) Spin-exchange coupling in the {Cus(OH)4(H>0),}* core of {Cus}, where the numbering corresponds to that of Fig. 20b. Up and down arrows on the
apical Cu' ion (Cus) represent the spin frustration experienced by it. Taken from Ref. [47b].

Table 2
Bond distances (A) and angles (°) for the central {Cus(OH)4(H,0),}5* fragment in {Cus}. Taken from Ref. [47b].
Cul Cu2 Cu3 Cu4 Cu5 Cu-0-Cu
013C 2.28(1) 2.37(1) 85.0(5)
0C12 1.95(1) 1.92(1) 128.4(6)
024C 2.30(2) 2.37(2) 83.6(5)
034C 1.95(1) 1.91(1) 129.3(7)
01cC 2.09(1) 2.02(1) 1.96(1) 100.2(5) 122.6(6) 123.1(6)
025C 2.05(1) 2.03(1) 1.98(1) 99.5(5) 122.8(6) 123.1(6)

The observed | values can be correlated with the molecu-
lar structure by considering the available exchange pathways
between the Cul! jons (see Table 2 for bond lengths and angles).
Cul(3)---Cu2(4) are connected via a ,-OH with a bridging angle
of about 129°, and Cul(2,3,4)---Cu5 are connected via a u3-
OH with a bridging angle of about 123°, thus giving rise to
antiferromagnetic exchange interactions (J;=-51+6cm~! and
Je=-55+3cm™!, respectively). On the other hand, Cu1(2)- - -Cu3(4)
are connected via both a (»-OH; and a jt3-OH with bridging angles
of about 84° and 100°, respectively, and therefore can interact
either ferromagnetically or antiferromagnetically [50]. Consider-
ing that the Cu-O bond length (~2.05A) is shorter along the
w3-OH bridge than the p,-OH, (~2.33A) and the fact that Cul-
(2,3,4)---Cu5 interact antiferromagnetically via the same u3-OH
bridge, we believe that Cul(2)---Cu3(4) are antiferromagnetically
coupled via the 113-OH bridge (J, =—104+1cm™!). The magnetic
exchange parameters obtained in the present study are consistent
with other pentanuclear Cul! complexes reported in the literature
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Fig. 22. Susceptibility-temperature product as a function of temperature measured
at a static field of 1T (( dots) and 0.01 T ((). Taken from Ref. [2a].

[51]. The spin-exchange coupling scheme is shown in Fig. 21c,
where Cul, Cu2, Cu3, and Cu4 are in the plane and Cu5 is projecting
out of the plane. The dominant antiferromagnetic exchange inter-
actions in the plane align the spins antiparallel, thus making {Cus}
a spin-frustrated center.
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[2a].
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7. Lanthanide ions M in {VIV,M""'}{As"'W4033}, sandwich
type clusters

Many complexes in which three transition metal ions are sand-
wiched between two lacunary (o-As'Wg0Os33) units have been
reported [44a,c,52]. None of these derivatives feature lanthanide
ions. Recently, however, a mixed transition metal-lanthanide
derivative was reported that contains the central unit {Dy"'v1V,}
and two (As"Wgy033) moieties [2a]. The magnetic moment at
room temperature (Fig. 22) corresponds well to that expected for
the three uncoupled paramagnetic ions. Although the magnetic
moment decreases towards very low temperatures, this is likely
an effect of the crystal field splitting of the ground multiplet of
the dysprosium ion. This is supported by magnetic measurements
on the derivative with the diamagnetic La! ion [53], which shows
negligible exchange interactions between the two vanadyl ions.
Interestingly, the molecule shows slow relaxation of the magne-
tization in applied dc fields, as evidenced by the ac susceptibility
measurements in Fig. 23. In view of the rather weak exchange inter-
actions, this slow relaxation is probably due to the crystal field
splitting of the total angular momentum J=15/2 ground multi-
plet of the dysprosium ion. The absence of slow relaxation in zero
applied dc field is likely to be due to quantum tunneling of the
magnetization, allowed by hyperfine interactions, as was shown
for bis-phthalocyanine complexes of dysprosium [54]. Recently, a
second example of slow relaxation in a rare earth containing POM
was reported [2c].

8. Conclusions

POMs display an astounding range of paramagnetic derivatives,
from early to late transition metals and including lanthanide ions.
The reason for the importance of POM chemistry is the fact that
paramagnetic centers can be (deliberately) embedded in a large
variety of different structure-determining diamagnetic POM frame-
works while a multitude of physical phenomena can be studied,
such as slow magnetization dynamics and quantum tunneling
of the magnetization. Regarding properties: as it is considered a
tremendous challenge in the scientific community to find a way
to use molecular magnets for quantum information processing we
could refer to a Highlight of R.E.P. Winpenny who claims in the
graphical abstract of Ref. [55]: “Recent observations using pulsed
EPR spectroscopy suggest that it could be possible to use magnetic
molecules such as the {V15} POM cage in quantum information pro-
cessing (QIP). Controlled interactions of cage complexes with an
S=1/2 ground state, acting as qubits, could allow QIP.” (For further
related theoretical proposals for the exact handling of {Vi5} see
papers cited in Ref. [55].) In this context it is important to note that
the control of complex coherent spin states of the molecular mag-
nets - in which exchange interactions can be tuned by well defined
chemical changes of the metal cluster ligand spheres - could finally
enable to circumvent the ‘roadblock’ of decoherence.
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