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Abstract We show that the ferromagnetism, recently found
in the doubly-reduced hexanuclear polyoxometalate [V6O12
(μ2−OCH3)4(L)4] does not contradict to the proposed ear-
lier delocalization mechanism of the stabilization of a spin-
singlet state. The ground state triplet state yields from the
internal and/or external complex asymmetry leading to the
spin density localization.

Keywords Polyoxometalates · Ferromagnetism · Electron
delocalization.

1 Introduction

Polyoxometalates (POM) constitute an important class of
metal-oxygen anionic clusters, formed mainly by Mo, W, V
in their highest oxidation states, with interesting and poten-
tially valuable physical and chemical properties [1–3]. The
remarkable possibilities of tuning their molecular and elec-
tronic structure have impact in such different disciplines as
catalysis, medicine, and materials sciences. A special place
in the POM chemistry is occupied by reduced species called,
due to their intense blue color, “polyoxo blues” or “hetero-
poly blues”, if polyoxoanions contain a heteroatom. Addition
of one or several electrons usually preserves the POM struc-
ture, and its high symmetry provides excellent possibilities
for excess electron delocalization between metal centers. As
in their oxidized state POM metal centers possess the d0

electronic configurations, the reduction leads to appearance
in the POM energetic spectrum of states characterized by a

S.A. Borshch (B)
Laboratoire de Chimie, UMR 5182
CNRS – Ecole Normale Supèrieure de Lyon,
46 allée d’Italie, 69364 Lyon Cedex 07, France
E-mail: borchtch@ens-lyon.fr

E.M. Zueva
Department of Inorganic Chemistry,
Kazan State Technological University,
68 K. Marx street, 420015 Kazan, Russia
E-mail: zueva_e@kstu.ru

non-zero total spin. However, it has been found experimen-
tally for clusters reduced by an even number of electrons,
that only spin singlet ground state is populated even at room
temperature. The strong stabilization of spin singlet ground
state was initially explained by the presence of multiple chan-
nels of antiferromagnetic exchange between centers accept-
ing magnetic electrons [4–8]. The further theoretical analysis
based on model Hamiltonians of the Hubbard type suggested
that the delocalization of excess electrons in reduced POM
can result in singlet ground states [9–14]. The most common
POM structures, such as Keggin, decatungstate, and Wells–
Dawson, have been studied. The energy gap between ground
singlet and first non-zero spin state is of the order of intra-
molecular transfer parameter. The high-level ab initio cal-
culations [13] of local effective transfer integrals resulted in
values in the range 0.5–1 eV, thus explaining the diamagnetic
properties of doubly reduced polyoxoanions.

It seems natural that if the electron delocalization enhances
the stabilization of a spin singlet state, the delocalization hin-
dering must weaken this stabilization. This idea was illus-
trated in the study of model isomers of the experimentally
observed system [Mo10O25(OMe)6(NO)]−, in which two ex-
cess electrons are delocalized over decanuclear cluster [15].
Changing the positions of methyl groups attached to differ-
ent bridging oxygen atoms, we observed the strong decrease
of the singlet-triplet gap in the cases, when methylation con-
cerns oxygen bridges most efficient in the electron delocal-
ization. The gap value changes from several thousands cm−1

to a few wave numbers. The transition from diamagnetism
to an antiferromagnetically coupled state is also reflected in
the nature of the ground state. If for the strong delocalization
even spin-unrestricted DFT calculations converge to a spin-
restricted solution, in the opposite case a broken symmetry
type state has lowest energy. For some model isomers, with
a particular choice of exchange-correlation functionals, we
even obtained a spin-triplet ground state.

Recently synthesized hexanuclear oxo-alkoxo vanadium
cluster gives the first experimental example of ferromag-
netically coupled POM, reduced by even number of elec-
trons [16]. We will show in this paper that this example does
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Fig. 1 Ball-and-stick representation of the hexanuclear vanadium complex [V6O12(μ2 − OCH3)4(L)4]. Ligands L are replaced by the model
ligand [HN = CH–CH = NH].

not contradict our previous conclusion about the delocaliza-
tion stabilization of the spin singlet state. The ferromagnetic
ground state results from the cluster disymmetry (intrinsic
and induced by external perturbations), which breaks the
electron delocalization.

2 Phenomenological treatment

The hexanuclear cluster [V6O12(μ2−OCH3)4(L)4] (Fig. 1),
where L is a bidentate nitrogen-donor organic ligand, has
a formal composition [VIV

2 VV
4 ].[9] Two symmetry-related

vanadium ions form [VO5] coordination cores with distorted
trigonal bipyramidal geometry and can be clearly identified as
VV centers. Four remaining vanadium atoms form a tetranu-
clear centrosymmetric unit with [VN2O4] strongly distorted
octahedral coordination sites. Should the tetranuclear unit

have the maximal possible symmetry C2h, it could produce
ideal conditions for the delocalization of two excess elec-
trons between four equivalent vanadium centers. Symmetry
reduction to CI, expressed by the displacement of bridging
oxygen atoms from central positions, distinguishes between
two pairs of equivalent vanadium atoms and results in a par-
tial localization of the electronic density within one pair.

The interesting feature of the hexanuclear clusters is a
weak ferromagnetic coupling between two “excess” elec-
trons. It is a first example of the ferromagnetic exchange in
doubly reduced polyoxometalates. The experimental obser-
vation agreed with the results of the UHF calculations of
the exchange parameter for a simplified model system [16].
However, these calculations, neglecting the electronic cor-
relation, do not provide insight into the mechanism of the
ferromagnetic interaction. One can suppose that the locali-
zation of electronic density due to the symmetry lowering is
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non-innocent in the stabilization of a spin triplet
ground state.

Since two electrons within a cyclic tetranuclear unit gen-
erate the magnetic state of the hexanuclear cluster, let us
consider a simple model two-electron four-center system.
Such a system was firstly studied in order to analyze the
electronic properties of the tetranuclear mixed-valence POM
[W4O8Cl8(H20)4]2− [17]. Using as a basis two-electron rad-
ical and ionic singlet states,

φS
i j = 1√

2

(
φi (1)φ j (2) + φi (2)φ j (1)

)
,

φS
ii = φi (1)φi (2), (1)

and triplet states

φT
i j = 1√

2

(
φi (1)φ j (2) − φi (2)φ j (1)

)
, (2)

where φi is a one-electron function, localized at i th center of
a square cluster, and diagonalizing in this basis the Hubbard
hamiltonian

Hel = t
∑

i, j,σ

a+
i,σ a j,σ + U

∑

i,σ

ni,σ ni,−σ (3)

one can obtain the energy spectrum presented on Fig. 2. It
can be easily seen that for any value of the electron transfer
parameter the ground state is a singlet. A ground triplet state
can result from the stabilization of the first excited 3E state.
The energy of this orbitally degenerate electronic term can
be affected by the Jahn-Teller effect through the interaction
with the b1 vibrations, active in D4h symmetry. This vibron-
ic interaction must reduce the symmetry of the cluster and
lower the energy of one of the components of the 3E state.
The most straightforward way to introduce the vibronic inter-
actions in our system is to account for the interaction with the
local totally symmetric distortions (breathing vibrations) qi ,
accompanying localization of excess electrons at metal cen-
ters. This interaction governs the transition between local-
ized and delocalized regimes in mixed-valence polynuclear
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Fig. 2 The energy levels of a two electrons-four center model system

clusters [18]. The matrix elements of this interaction can be
written in the two-electron basis as

〈i i | Hv |i i〉 = 2λqi , 〈i j | Hv |i j〉 = λ(qi + q j ), (4)

where λ is the vibronic constant. The local coordinates can
be grouped into symmetrical combinations:

Qa = 1
2 (q1 + q2 + q3 + q4),

Qb = 1
2 (q1 − q2 + q3 − q4),

Qe1 = 1√
2
(q1 − q3),

Qe2 = 1√
2
(q2 − q4),

(5)

and the nuclear coordinates depending electronic energies
can be obtained by the diagonalization of the full electronic
Hamiltonian Hv + Hel. In order to determine potential sur-
faces one must add the elastic energy

Ev = k

2

∑

i

q2
i , (6)

and the energies of stable states will be given by the ener-
gies of the minima of corresponding sheets of adiabatic sur-
faces. If we perform these calculations for different choices
of the parameters, we find that the behavior of the energy
gap between the first excited triplet and the ground singlet
state can be represented as in Fig. 3. It shows that the vib-
ronic interaction strongly reduces the energy gap. However,
the crossing of triplet and singlet states does not take place.
For a rather strong vibronic coupling not only the triplet is
stabilized due to the Jahn-Teller effect, but the energy of
the ground singlet level is lowered due to vibronic mixing
with higher lying levels (Fig. 2). The asymmetry induced
by the chosen part of vibronic interaction is not sufficient to
lead to a triplet ground state. However, the interaction with
other molecular vibrations can provide an additional source
of internal asymmetry as well as external factors such as the
influence of counter-ions or solvent molecules in the vicinity
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Fig. 3 The dependence of the triplet-singlet gap on vibronically active
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Table 1 Dependence of the gap between triplet and BS states on the position of the bridging oxygen atom in model complexes

V3–O7 1.813 1.837 1.861 1.885 1.909 1.933 1.958 1.982 2.006 2.030 2.054

V8-O7 (Å) 1.813 1.789 1.765 1.741 1.717 1.693 1.669 1.645 1.621 1.597 1.573
ET − EBS(cm−1) 9.9 9.6 9.1 8.0 6.6 5.0 3.0 1.0 −2.5 −5.1 −7.7

of the complex. In the next section we will illustrate the role
of the asymmetry in the stabilization of the ferromagnetic
state using DFT calculations.

3 DFT calculations of the hexanuclear polyoxometalate

The DFT calculations of the experimentally studied complex
with L = 5, 5′ − me2bipy, for which the X-ray structure is
available [16], and of model systems have been performed
with the ADF package [19,20]. The experimental system
was calculated at experimental centro-symmetrical geometry
with V3–O7 and V8–O7 distances equal respectively to 1.917
and 1.707 Å. A double-ζ Slater type orbital basis set was em-
ployed to describe valence electrons. The Vosko, Wilk, and
Nusair exchange-correlation potential [21] was used to con-
struct the local part of the energy functional, and the Becke
[22] and Perdew [23] gradient corrections were added to the
exchange and correlation energy functionals, respectively.
We used the broken-symmetry (BS) technique developed by
Noodleman et al. [24] to calculate the singlet–triplet gap.
The monodeterminantal BS state is a mixed spin state with
MS = 0, and the calculated value of the singlet–triplet gap
depends on the assumption about the overlap between mag-
netic orbitals. As in our analysis we are mainly interested in
a qualitative behavior of the gap, we considered the mono-
determinantal BS solution as an approximation to the singlet
state of antiferromagnetically coupled systems.

The DFT calculations resulted in the energy gap between
the triplet and BS states equal to −40.1 cm−1. The exper-
imental measurements for clusters with L = phen and bipy
also gave the ferromagnetic exchange parameter, but a little
bit weaker, −6 cm−1 and −8.5 cm−1. One can conclude that
the results of DFT calculations correctly predict the sign and
are in a good agreement in magnitude of the exchange param-
eter. It is interesting to note that in both high-spin and BS
states the spin density is predominantly localized on V3 and
V23 atoms (≈ 0.8), but a non-negligible part is also on V8
and V13 atoms (≈ 0.2). This result shows that the system is
much less localized than presented by the UHF calculations
[16].

In order to simplify the calculations necessary to analyze
the role of electron localization, we replaced ligand L by the
model ligand [HN = CH–CH = NH], as it has been done also
in the UHF calculations [9]. If we maintain in the calcula-
tions of the model complex the experimental geometry of
the V6O12(μ2 − OCH3)4 core, we again obtain a ferromag-
netic ground state with a slightly diminished energy gap of
−22.5 cm−1. A part of spin density in the model system is
transferred to the rings due to conjugation effects.

The highest possible symmetry of our molecular system
is C2h. If we impose this symmetry and perform calculations
with the geometry optimization, we obtain four vanadium
atoms V3, V8, V13, and V23 that are structurally equivalent.
The bridging oxygen atoms are found in middle positions
with the V3–O7 and V8–O7 distances equal to 1.813 Å. The
symmetrization of the geometry leads to the change in the
energy gap sign. The antiferromagnetic singlet becomes a
ground state and the exchange parameter is now equal to
9.9 cm−1. Due to the high symmetry the spin density value
is the same for all four vanadium atoms forming the ring:
0.309 in the triplet state, and 0.297 (positive for V3, V8 and
negative for V13 and V23) in the BS state.

In order to confirm that the asymmetry and resulting elec-
tron localization are at the origin of a ferromagnetic state,
we performed a series of calculations for model Ci structures
obtained from the optimized C2h geometry. The Ci structures
were generated by small displacements of O7 and O32 atoms
parallel to the axis connecting V11 and V21 atoms. Single
point calculations have been performed with a triple-ζ plus
polarization STO basis set. The results of the calculations are
presented in Table 1.

The results clearly demonstrate that by increasing the de-
gree of spin density localization we reduce the gap between
triplet and singlet state and finally invert it. The transition
to the triplet ground state appears for more pronounced dis-
placements of O7 and O32 atoms than those found in the ex-
perimental geometry. However, symmetry in the real system
is also reduced by the displacements from the central posi-
tions of O15 and O25 atoms, which are ignored in our model.
The ferromagnetism observed for a family of reduced poly-
oxometalates does not contradict the delocalization mecha-
nism of the spin-singlet stabilization. The asymmetry of the
system is sufficiently high to hinder the delocalization and to
stabilize the spin-triplet state.

4 Conclusions

The fine-tuning of magnetic interactions in reduced POM
creates new possibilities for the design of molecular mag-
netic materials. Our theoretical work shows that structural
perturbations can modulate the character of electronic pair-
ing in reduced POM. In some cases the sign of effective
exchange parameter can be inverted leading to a ferromag-
netic ground state. However, the ferromagnetism cannot be
excluded in POM with delocalized electronic distributions.
The high symmetry of POM results in sets of degenerate
vacant orbitals, which can be filled by reducing electrons.
Non-complete filling of degenerate orbital must, according



Electron localization versuss delocalization and ferromagnetic coupling in mixed valence polyoxometalates 513

to the Hund rules, produce a high-spin ground state. The elu-
cidation of this mechanism is under way now.
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