
FULL PAPER

A Theoretical Study of the Exchange Coupling in Hydroxo- and Alkoxo-
Bridged Dinuclear Oxovanadium(IV) Compounds

Antonio Rodrı́guez-Fortea,*[a,c] Pere Alemany,[b,c] Santiago Alvarez,[a,c] and Eliseo Ruiz[a,c]

Keywords: Exchange coupling / Density functional calculations / Magnetic properties / Magneto-structural correlations /
Vanadium

A density functional study of exchange coupling in hydroxo-
and alkoxo-bridged dinuclear oxovanadium(IV) compounds
is presented. Coupling constants calculated for full un-
modeled structures are in good agreement with experiment-
ally reported values, confirming the ability of the computa-
tional strategy used in this work to predict the exchange
coupling in dinuclear VIV compounds. The influence of the
configuration of the [VO(µ-OR)2VO]2+ core in compounds
with two edge-sharing octahedrally coordinated oxovana-
dium(IV) centers, of the nature of the terminal ligands and
of structural distortions on the coupling constant have been

Introduction

The phenomenon of exchange coupling between the spins
of unpaired electrons located at different metal atoms in
polynuclear complexes leads to magnetic behaviors that dif-
fer completely from the one predicted for independent para-
magnetic entities. Antiferromagnetic coupling results when
the ground state presents an antiparallel alignment of the
spins, whereas ferromagnetic coupling is a consequence of
the alignment of the electron spins in a parallel manner.
Since the discovery of intramolecular antiferromagnetic
coupling in copper() acetate monohydrate in 1951,[1] much
experimental and theoretical work has been carried out to
elucidate the mechanism of exchange coupling in polynu-
clear complexes. This work has led to the now well-estab-
lished field of molecular magnetism, that is, the synthesis
and the study of the magnetic properties of materials based
on molecular entities.[2�7]

Dinuclear systems have been the most studied com-
pounds because of their relative simplicity, especially the
family of CuII compounds. This ion, with a d9 electronic
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analyzed through model calculations. The results indicate
that the coupling constant is less affected by these factors
than for hydroxo- and alkoxo-bridged CuII compounds. The
calculations support the orbital models usually employed in
qualitative interpretations of magneto-structural correlations,
showing good correlations between the calculated coupling
constants and the overlap between the two magnetic orbitals
or the square of the orbital gap.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

configuration, presents only one unpaired electron per me-
tal atom, and is therefore the simplest case for the analysis
of magnetic properties. A large number of compounds with
different bridges have been studied and interesting relation-
ships between the magnetic properties and the structural
parameters of the bridge have been established, especially
for dihydroxo-bridged compounds.[8�12] Such magneto-
structural correlations are very useful for predicting mag-
netic properties of new compounds.

Vanadium() dinuclear complexes constitute another
interesting family of compounds for the study of intramol-
ecular exchange coupling since the electronic configuration
of VIV is d1, thus having one unpaired electron per metal
center as in CuII compounds. A considerable number of
oxovanadium() dimers have been characterized, since they
play an important role in biological processes[13�21] and are
also relevant in solid-state chemistry,[22�28] but the estab-
lished magneto-structural correlations are much fewer than
for dinuclear CuII complexes.

The main difference between the CuII and VIV cations is
in the orbitals in which the unpaired electron is placed. In
octahedral or square-planar CuII systems the unpaired elec-
tron is occupying an orbital of the eg set, with a large con-
tribution of the dx

2
�y

2 metal orbital, whereas for VIV the
only occupied orbital is of t2g symmetry, mainly a dxy metal
orbital, if the ligands are placed along the x and y axis and
the oxygen atom of the vanadyl group along the z axis. As
a consequence, the exchange mechanism in dinuclear CuII

and in dinuclear VIV compounds is expected to be different,
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since the dx

2
�y

2 metal orbital is pointing directly towards the
orbitals of the bridging ligands, thus favoring a superex-
change mechanism, whereas the dxy metal orbital does not
point to orbital ligands, but to the other dxy metal orbital,
leading to direct σ overlap between them and resulting in a
direct through-space exchange mechanism, as suggested by
Ginsberg[29] and other authors.[16,30�33]

The aforementioned direct exchange mechanism is, how-
ever, not effective in all dinuclear VIV compounds, since
specific geometric arrangements exist in which a direct
overlap between the orbitals that bear the unpaired electron
(the so called magnetic orbitals) is not possible. A useful
classification of the geometries of the [VO(µ-OR)2VO]2�

cores in compounds built from two edge-sharing octa-
hedrally coordinated oxovanadium() centers has been
given by Plass.[34] The arrangements are classified (i) ac-
cording to the orientation of the V�O groups with respect
to the bridging plane, that is the plane formed by the two
vanadium centers and the two oxo bridging atoms (orthog-
onal, coplanar or twisted), and (ii) the relative orientation
of the two V�O groups (syn or anti), as shown in 1�5.

Many dinuclear VIV complexes have been reported in
the two orthogonal[17,32,33,35�38] and the anti-coplanar
configurations,[34,39�44] but the syn-coplanar[44,45] and the
twisted arrangements[34,44] are not so frequent. There are
also dinuclear VIV complexes in which the metallic centers
are five-coordinate in a square-pyramidal environment with
the apical position occupied by the oxo group. In such a

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 143�153144

family of compounds, the classification of Plass can also be
applied, the orthogonal geometries being the only possible
ones.[16,20,36]

As far as the nature of the exchange coupling is con-
cerned, it has been found that compounds with anti-orthog-
onal, syn-orthogonal or syn-coplanar configurations (1, 2
and 4) present strong to moderate antiferromagnetic coup-
ling, whereas compounds with anti-coplanar and twisted ar-
rangements (3 and 5) show weak ferromagnetic coupling
(Table 1). These experimental results have been interpreted
in a qualitative way regarding the interaction between the
magnetic orbitals of each center:[34] for the orthogonal con-
figurations the direct (through-space) exchange mechanism
is more effective than the superexchange pathway, and is
the predominant mechanism of the exchange interaction.
For syn-coplanar compounds, the direct exchange mecha-
nism is not as effective as in orthogonal configurations and
antiferromagnetic coupling can be qualitatively justified by
considering the superexchange mechanism to be operative.
For anti-coplanar and twisted configurations the situation
is, however, different since neither mechanism seems to be
effective in mediating the exchange interaction, resulting in
a weak ferromagnetic coupling.[34]

Despite the large amount of experimental data for hydro-
xo- and alkoxo-bridged oxovanadium() dinuclear com-
plexes reported so far, theoretical studies of their magnetic
properties are still rare.[34,46�49] Computation of exchange
coupling constants for some structures within the density
functional theory (DFT) framework has been reported by
Plass, reproducing the nature of the coupling for anti-or-
thogonal (antiferromagnetic), anti-coplanar and twisted
configurations (both ferromagnetic). Other DFT studies of
the exchange interaction for hydroxo- and alkoxo-bridged
oxovanadium() dinuclear systems exist: (i) an analysis of
the effects of the bridging V�O distance, the bridging
V�O�V angle and the protonation of the bridging ligands
on the coupling constant for a syn-coplanar core configura-
tion,[47] and (ii) a study of the exchange interaction in the
three phases of vanadyl pyrophosphate, by means of model-
ization with dinuclear molecular fragments.[48,49]

The aim of this contribution is to examine the exchange
coupling phenomenon for hydroxo- and alkoxo-bridged
oxovanadium() dinuclear systems by applying a recently
developed computational strategy that is able to quantitat-
ively reproduce the coupling constants for a large variety of
compounds with different bridging ligands and/or para-
magnetic centers.[50�60] We will report first calculations of
the exchange coupling constant for a variety of full non-
modeled structures to compare them directly with the ex-
perimental data. We will then extensively study the ex-
change coupling in hydroxo-bridged compounds by analyz-
ing the influence of the [VO(µ-OH)2VO]2� core geometry
on the coupling constant and studying magneto-structural
correlations for distortions found in these systems. We will
also study the effect of the nature of the terminal ligands
on the coupling constant. Finally, we will analyze the effect
that some of the aforementioned factors have on the coup-
ling constant in the related alkoxo-bridged compounds.
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Table 1. Experimental exchange coupling constants for hydroxo- and alkoxo-bridged dinuclear VIV complexes along with some of their
most characteristic structural parameters: the bridging angle, V�O�V; the distance between the V atoms, V···V; the angle that measures
the out-of-plane displacement of the H (or R) group from the bridging plane, τ (7); and the angle between the bridging plane and the
plane formed by the V atom and the other two equatorially coordinated atoms, σ, defined in 6

Compound Bridge Conf. V�O�V (°) V···V (Å) τ (°) σ (°) J (cm�1) Refcode Ref.

A OH 1 101.2 3.03 7.5 25.6 �354 CINKUF [32]

B OR 1 98.6 3.12 30.0 19.2 �336 DOTQAE [37]

C OR 1[a] 103.9 3.08 5.0 49.0 �214 PUTBAH [20]

D OH 1 103.2 3.12 39.2 19.4 �78 RELMAW [35]

E OR 2[b] 96.0[c] 2.95 37.7[c] 37.6[c] �424 REPPOR [36]

F OH 2 98.1[c] 2.97 [d] 25.7[c] �300 VAFZAD [33]

G OR 2 99.4[c] 3.08 5.1[c] 20.8[c] �256 WARBIA [38]

H OH 4[e] 122.8 3.45 1.3 [f] �334 YEYGAK [45]

I OR 1[b] 104.8[c] 3.11 3.1[c] 49.9[c] �60 YIKZAT [17]

J OR 3 107.0 3.31 36.6 [f] �3 ZUFXIH [34]

K OR 5 104.1[g] 3.22 29.0[g] 29.5 �10.6 ZUFXUT [34]

[a] One metal ion is six-coordinate and the other one is five-coordinate. [b] The metal ions are five-coordinate. [c] The V�O�V, τ and σ
angles are averages of the two different values found in each of these compounds. [d] The position of the H atoms has not been determined
in the crystal structure. [e] The values for the structural parameters correspond to the bridge that is not in trans position with respect to
the oxo ligand. [f] The σ angle is not defined for coplanar configurations. [g] Average of the two significantly different V�O�V (100.1
and 108.0°) and τ (44.1 and 13.8°) angles.

Computational Methodology

Since a detailed description of the computational strategy
adopted in this work can be found elsewhere,[51,53,55,59] we
will only briefly sketch its most relevant aspects here. Using
a phenomenological Heisenberg Hamiltonian Ĥ � �JŜ1•Ŝ2

to describe the exchange coupling in a dinuclear compound,
where J is the coupling constant, and S1 and S2 the local
spins on centers 1 and 2, respectively, the coupling constant
J can be related to the energy difference between states with
different spin multiplicity. For the case in which S1 � S2,
the coupling constant may be obtained by using
Equation (1), where EHS is the energy of the state with the
highest total spin, ELS that of the lowest total spin state
(S � 0 when S1 � S2), and Si are the local spins on each
metal atom.

EHS � ELS � �2JSi(Si � 1/2) (1)

It has been found that, when using DFT-based wave-
functions, a reasonable estimate of the energy correspond-
ing to the low spin state, ELS, can be obtained directly from
the energy of a broken-symmetry solution, EBS.[53,61] In this
case, introducing Si � 1/2 in Equation (1), we arrive at the
following expression for J:

J � EBS � EHS (2)

Experience has shown that the use of this equation leads
to a good agreement with experimental data for a large var-
iety of compounds with exchange-coupled electrons.[50�60]

The inclusion of an unspecified amount of non-dynamic
correlation energy in the broken symmetry solution by me-
ans of the commonly used functionals is probably respon-
sible for such a good agreement, as pointed out recently by
Polo et al.[62]

The hybrid, DFT-based B3LYP method[63] has been used
in all calculations as implemented in Gaussian-98,[64] mix-
ing the exact Hartree�Fock exchange with Becke’s ex-
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pression for the exchange functional[65] and using the
Lee�Yang�Parr correlation functional.[66] Double-ζ qual-
ity basis sets[67] have been employed for all atoms except for
the metal ones, for which a triple-ζ basis set[68] with two
extra p orbitals (polarization functions) has been used. Due
to the small magnitude of the exchange coupling constants
all energy calculations must be performed including the
SCF�Tight option of Gaussian to ensure sufficiently well
converged values for the state energies.

Results and Discussion

1. Calculations for Full Structures: In order to check the
accuracy of the computational procedure employed in this
work for the family of hydroxo- and alkoxo-bridged di-
nuclear VIV complexes, we have performed calculations for
several full non-modeled structures with hydroxo and al-
koxo bridging ligands in which the metal atom presents dis-
torted square-pyramidal or octahedral coordination en-
vironments (Figure 1). We note that the experimental mag-
netic susceptibility used to obtain the coupling constant is
measured from solid samples in which packing forces can
induce small deviations from the minimum energy geometry
of the individual molecules. In order to be able to compare
our computed coupling constants for full structures, we
have used in our calculations the molecular structure as de-
termined experimentally by X-ray diffraction rather than an
optimized one, in which small changes with respect to the
experimental structure could result in significant deviations
of the calculated coupling constant.

The results (Table 2) show that there is a fair agreement
between calculated and experimental coupling constants,
reproducing the sign of the coupling constant in all cases,
but obtaining rougher estimations than for other systems
studied previously.[55] However, considering that the coup-
ling constants are obtained as energy differences that are
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Figure 1. Crystal structures of hydroxo- and alkoxo-bridged di-
nuclear VIV compounds whose coupling constants have been com-
puted; large white spheres represent V atoms, medium white
spheres N atoms, small white spheres H atoms, grey spheres C
atoms, and dark spheres O atoms; H atoms of terminal ligands
have been omitted for clarity; the labels A, C, E and K refer to
Entries in Tables 1 and 2

Table 2. Experimental and calculated coupling constants for complete structures of some hydroxo- and alkoxo-bridged dinuclear VIV com-
plexes

Compound Formula[a] Conf. Jcalcd. (cm�1) Jexp. (cm�1) Ref.

A [(VO)2(OH)2([9]aneN3)2]2� 1 �259 �354 [32]

C [VO(OCH3)(ma)]2 1[b] �84 �214 [20]

E [(VO)2(cit)(Hcit)]3� 2[c] �293 �424 [36]

K [(VO)2(Hsabhea)(OCH3)(HOCH3)(acac)] 5 �15.4 �10.6 [34]

[a] Abbreviations: [9]aneN3 � 1,4,7-triazacyclononane; H4cit � citric acid; H3sabhea � N-salicyclidene-2-[bis(2-hydroxyethyl)amino]ethyl-
amine; Hacac � 2,4-pentanedione; ma � maltolato anion. [b] The metal ions are five-coordinate. [c] One metal ion is six-coordinate and
the other one is five-coordinate.

Table 3. Computed coupling constants, together with the overlap integrals between BS-OMSOs for hydroxo-bridged model structures
1�5 (R � H) presenting different V�O�V angles (and the related V···V distances); the energy of the antiferromagnetic state relative to
the minimum of each configuration is also included

Configuration V�O�V (°) V···V (Å) J (cm�1) Sab x 100 Erel. (kcal/mol)

anti-Orthogonal (1) 100 3.03 �204 9.86 0.0
104 3.12 �23.8 4.73 0.5
108 3.20 �31.0 0.51 3.0

syn-Orthogonal (2) 100 3.03 �215 10.7 0.9
104 3.12 �27.2 5.50 0.0
108 3.20 �30.9 1.21 1.3

anti-Coplanar (3) 100 3.24 �3.7 1.92 6.3
104 3.33 �7.4 1.18 1.9
108 3.42 �8.8 0.48 0.0

syn-Coplanar (4) 100 3.03 �43.4 2.83 12.1
104 3.12 �71.0 3.92 5.1
108 3.20 �93.8 4.64 0.0

Twisted (5) 100 3.03 �26.7 0.52 5.9
104 3.12 �11.7 0.37 2.1
108 3.20 �3.3 0.25 0.0
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calculated from total energy values eight or nine orders of
magnitude larger, these deviations can be considered as ac-
ceptable.

2. Exchange Coupling in µ-Hydroxo Compounds: After
verifying the agreement between calculated and experimen-
tal values of J for full non-modeled structures, we study
now the effects of different factors on the coupling constant
by performing calculations on a model system. In this
model system, the terminal ligands present in experimental
structures have been replaced by ammonia molecules (L �
NH3) and idealized structures have been considered. The
bond lengths and angles used in the model system are aver-
ages of experimental values (see the Appendix). First of all,
we analyze the dependence of the exchange coupling on the
configuration of the [VO(µ-OH)2VO]2� core (1�5), study-
ing then some magneto-structural correlations for distor-
tions found in this family of compounds. Finally, we have
looked at the influence of the terminal ligands on the coup-
ling constant as well.

(a) Influence of the Configurations of the [VO(µ-
OH)2VO]2� Core on the Exchange Coupling: Five different
configurations of the [VO(µ-OH)2VO]2� core in complexes
consisting of two edge-sharing octahedrally coordinated
VIV centers have been experimentally characterized (1�5).
All the structural parameters are kept the same in the five
models in order to study which is the effect of the core
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configuration on the coupling constant. For each core con-
figuration the V�O�V bridging angle has been varied be-
tween 100 and 108°. The calculated coupling constant J,
together with the overlap between the broken-symmetry oc-
cupied magnetic spin orbitals (BS-OMSOs)[69] Sab and the
relative energy of each configuration, are shown in Table 3.

In the orthogonal configurations (1 and 2), the calculated
coupling constant experiences a significant variation with
the V�O�V angle (more than 200 cm�1), becoming more
negative — enhanced antiferromagnetic coupling — for
smaller values of the V�O�V bridging angle and corre-
spondingly shorter V···V distances. The calculated values
for configurations 1 and 2 are very similar, showing the
small influence on the coupling constant of the orientation
of the V�O groups in orthogonal configurations. These ef-
fects can be understood considering that the orbital that
bears the unpaired electron is on the basal plane of the
axially distorted octahedron, and its mixing with the or-
bitals of the ligands in the apical positions is very small
for symmetry reasons. It is worth noting that the coupling
constant for a model compound consisting of two edge-
sharing square-pyramidally coordinated VIV centers in an
anti-orthogonal configuration with a V�O�V angle of
104° is �19.7 cm�1, a value that is also in agreement with
such an orbital explanation.

On the other hand, there is a much smaller variation of
the coupling constant (about 50 cm�1) in the model with
syn-coplanar configuration (4) when the V�O�V angle is
varied. Moreover, the angular dependence is opposite to
that presented by orthogonal configurations, 1 and 2, since
in 4 the antiferromagnetic coupling decreases when the
V�O�V angle becomes smaller. These results are consist-
ent with the existence of different exchange mechanisms be-
tween the unpaired electrons located at the metal centers
in the orthogonal and the syn-coplanar configurations, as
suggested previously by other authors.[16,29,31�34,46] The
predominant mechanism in orthogonal configurations (1
and 2) is direct through-space exchange, because of the im-
portant σ overlap between the dxy metal orbitals (Figure 2,
a) that becomes larger when the V�O�V angle and the
V···V distance decrease. On the other hand, in the syn-co-
planar configuration (4), the direct exchange is not so effec-
tive because the overlap between the metal orbitals that
bear the unpaired electron is poor due to their relative
orientation. In this case, the superexchange mechanism be-
comes more important since the orbitals of the bridging
ligand overlap with the metal orbitals (Figure 2, b). Finally,
in the anti-coplanar (3) and twisted configurations (5) the
coupling constant is relatively small regardless of the
V�O�V angle considered, showing that neither a direct
exchange nor a superexchange pathway are important. It
is interesting to note, though, that a weak ferromagnetic
coupling is predicted for the anti-coplanar configuration 3,
whereas for the twisted configuration 5 weak antiferromag-
netic coupling is calculated. The expectation of antiferro-
magnetic coupling contrasts with the experimental finding
of ferromagnetic behavior for the twisted configuration
5.[34,46] In our results we see that although the overlap be-
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Figure 2. Computed magnetic orbitals (BS-OMSOs) for the anti-
orthogonal (a), syn-coplanar (b), anti-coplanar (c) and twisted (d)
[VO(µ-OH)2VO]2� core configurations

tween BS-OMSOs is small in the twisted configuration, it
is non-zero (i.e. the orbitals are not strictly orthogonal), and
the antiferromagnetic contribution to the coupling constant
is larger than the ferromagnetic one, obtaining as a result a
weak antiferromagnetic coupling. This result is, however,
consistent with the experimental data because we use an
undistorted model structure in our calculations. Distortions
of the structure or the effect of terminal ligands can be at
the origin of the ferromagnetic behavior shown by com-
pound K,[34] whose experimental coupling constant is also
well reproduced by our computational method, as shown
above (Table 2).

Together with the topology of the BS-OMSOs, two ad-
ditional results support the prevalence of a direct exchange
mechanism in orthogonal configurations and of a superex-
change mechanism in the coplanar ones. First, a correlation
between the type of core arrangement and the V···V dis-
tance exists in experimental hydroxo- and alkoxo-bridged
oxovanadium() dinuclear compounds: orthogonal con-
figurations present V···V distances up to 3.20 Å, whereas in
coplanar and twisted configurations the distance is larger
(up to 3.45 Å), hinting to the existence of a through-space
interaction in orthogonal configurations that keeps the two
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metal atoms closer than in the coplanar ones. The other
result is related to the sign of the spin population in the
high-spin state: in the syn-coplanar configuration the spin
density at the oxygen atom of the only effective bridge pre-
sents the same sign as in the vanadium atoms, showing that
the delocalization of the spin density is more important
than the spin polarization mechanism and confirming the
primacy of superexchange over the direct exchange mecha-
nism in that core configuration. On the other hand, spin
polarization predominates at the oxygen atoms of the
bridge in orthogonal configurations showing that delocaliz-
ation through the bridging atoms (i.e. superexchange) is not
so effective in this case.

From Table 3 (last column, Erel.), it can also be seen that
the type of distortion considered here is possible from the
energetic point of view for each of the five configurations
studied, since only a few kcal/mol are needed to produce
such a distortion. This result is in good agreement with the
fact that the experimental structures of hydroxo- and al-
koxo-bridged six-coordinate oxovanadium() dinuclear
compounds present values for the V�O�V angle over a
wide range (Table 1). It is also important to note that the
minimum energy for each of the configurations corresponds
to a V�O�V angle of 108°, except for the orthogonal con-
figurations in which the minimum energy corresponds to
smaller angles.

The dependence of the coupling constant on the core
configuration can be rationalized within the framework of
the qualitative model proposed by Kahn and co-
workers[3,70�76] that results in an expression for the coup-
ling constant dependent on the overlap between non-or-
thogonal localized magnetic orbitals [Equation (3)].

J � 2Kab � 4βSab (3)

Here Kab is the exchange integral involving non-orthog-
onal magnetic orbitals a and b, β the transfer integral and
Sab the overlap between the magnetic orbitals as well. The
first term in Equation (3) (2Kab) is positive and can be inter-
preted as a ferromagnetic contribution (JF) to the exchange
coupling constant, responsible for the stability of the triplet
state, whereas the second one (4βSab) is negative and rep-
resents an antiferromagnetic term (JAF) favoring the singlet
state. Since within the Wolfsberg�Helmholtz approxi-
mation the transfer integral is proportional to the overlap,
β � Sab, then the antiferromagnetic contribution to the
coupling constant should be proportional to the square of
the overlap between magnetic orbitals, JAF � S2

ab.
Although Equation (3) has been obtained within the

framework of the wave function based theory, it has been
shown that Kohn�Shan orbitals obtained from density
functional calculations are physically sound and suitable for
qualitative molecular orbital theory.[77,78] In Figure 3, the
values of the coupling constant corresponding to the five
core configurations and three different V···V distances
(Table 2) are plotted as a function of the square of the over-
lap between the broken-symmetry occupied magnetic spin-
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Figure 3. Dependence of the coupling constant J on the square of
the overlap integral S2

ab (�1000) between BS-OMSOs for the differ-
ent [VO(µ-OH)2VO]2� core configurations (three different V···V
distances have been considered for each configuration): anti-or-
thogonal (1, solid squares), syn-orthogonal (2, squares), anti-co-
planar (3, solid circles), syn-coplanar (4, circles) and twisted (5,
triangles); linear fittings for the anti-coplanar and twisted configu-
rations have been omitted for clarity

orbitals (BS-OMSOs).[69] We have used BS-OMSOs because
they are the most suitable orbitals to represent the so-called
magnetic orbitals for d1 centers, since they form a non-or-
thogonal basis set (a must in Kahn and Briat’s model) and
are very similar to the localized natural orbitals as
well.[79,80] From the linear fittings in Figure 3 we can find
estimates for the value of the exchange integral Kab by com-
parison with Equation (3). The estimated Kab values for the
five core configurations are �18.1, �15.1, �4.7, �6.9 and
�1.8 cm�1 for the anti-orthogonal, syn-orthogonal, anti-
coplanar, syn-coplanar and twisted configurations (1�5),
respectively. These values are rather small compared to that
found for hydroxo-bridged dinuclear CuII compounds
(�412 cm�1),[51] showing the low ability of hydroxo-bridged
dinuclear oxovanadium() compounds to propagate ferro-
magnetic interactions. It should be noted that although the
predicted Kab sign for the syn-coplanar configuration is
wrong (�6.9 cm�1, whereas Kab must be positive), its value
is very small, thus indicating that it must also be a small
positive value as has been found for the other configura-
tions.

(b) Magnetostructural Correlations: The experimental
structures for hydroxo- and alkoxo-bridged dinuclear oxo-
vanadium() compounds often deviate from the idealized
geometries adopted in our model compounds. In this sec-
tion we analyze the effect of the most common distortions
on the coupling constant.

Effect of the V�O�V Bridging Angle (or the V···V Dis-
tance): We have studied exhaustively the dependence of the
coupling constant on the V�O�V angle (or what is the
same, on the V···V distance, since the V�O distance has
been kept frozen), but in this section we consider only the
orthogonal configurations 1 and 2. We have checked that
the variation of J with the V�O�V angle for each of the
orthogonal configurations is almost identical, in good
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Figure 4. (a) Dependence of the calculated coupling constant J
(solid line) on the bridging V�O�V angle for the model com-
pound with an anti-orthogonal core configuration (1); black
squares and circles correspond to experimental values for hydroxo-
and alkoxo-bridged compounds, respectively; (b) relative energy of
the ground state as a function of the V�O�V bridging angle

agreement with the simple two electrons—two orbitals
approximation. In Figure 4 the results corresponding to the
anti-orthogonal configuration are presented. From Figure 4
(a) it can be seen that strong antiferromagnetic coupling
appears at small V�O�V angles (i.e. short V···V distances),
as a consequence of the increased through-space overlap
between the metal orbitals. This strong antiferromagnetic
coupling drops sharply and becomes weakly ferromagnetic
at V�O�V angles between 104° and 110° (i.e. V···V dis-
tances between 3.12 and 3.20 Å) reaching a maximum at
about 108° (3.20 Å). The ferromagnetic coupling appears at
much larger V�O�V angles than in the case of hydroxo-
bridged dinuclear copper() compounds (at about 98°).[9,51]

The experimental values of the coupling constant for hydro-
xo- and alkoxo-bridged compounds fit very well with our
theoretical prediction (Figure 4a). As can be seen in Fig-
ure 4 (b), the minimum energy corresponds to the structure
with a V�O�V angle of 100°. Structures with V�O�V
angles ranging from 92° to 110° (V···V distances from 2.85
to 3.24 Å) are however possible (less than 5 kcal/mol), in

Eur. J. Inorg. Chem. 2004, 143�153 www.eurjic.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 149

good agreement with the fact that experimental structures
present V···V distances within this range of values, as can
be seen in Table 1 (configuration 1 and 2).

The dependence of the coupling constant on the
V�O�V angle for orthogonal configurations has also been
analyzed by means of the qualitative model proposed by
Hay, Thibeault and Hoffmann (HTH).[81] These authors
obtained an approximate expression for the coupling con-
stant of a homodinuclear complex with two unpaired elec-
trons that predicts that the antiferromagnetic contribution
to the coupling constant depends on the square of the or-
bital gap according to Equation (4), where Kab, Jaa, and Jab

are the exchange and Coulomb integrals involving orthog-
onal localized orbitals a and b, and ε1 and ε2 are the ener-
gies of the two SOMOs of the complex.

(4)

A plot of J versus the square of the orbital gap for the
anti-orthogonal configuration 1 is shown in Figure 5. It can
be seen that the linear relation predicted by HTH holds for
the hydroxo-bridged oxovanadium() models studied here
if the occupied magnetic spin orbitals (OMSOs)[69] are con-
sidered. An almost identical behavior is found when the
syn-orthogonal configuration 2 is considered (not shown in
Figure 5). The estimated values for Kab are �13.9 and
�14.7 cm�1 for 1 and 2, respectively. These values are very
similar to the ones predicted in Kahn and Briat’s model for
these core configurations (�18.1 and �15.1 cm�1 for 1 and
2, respectively). Within the HTH model, it is also possible
to estimate the value of (Jaa � Jab) — 6.5 � 104 and 6.3 �
104 cm�1 for 1 and 2, respectively — which are similar to
that found for hydroxo-bridged dinuclear CuII compounds
(7.2 � 104 cm�1).[51,58]

Figure 5. Dependence of the coupling constant J on the square of
the energy gap between the two OMSOs for model compounds
with an anti-orthogonal core configuration (1) at different values
of the V�O�V bridging angle
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Effect of Bending of the Terminal Ligands: The exper-
imental structures of some compounds with orthogonal
core configurations are distorted with respect to the ideal-
ized model in the way shown in 6.

To study the effect of the angle σ on the coupling con-
stant, we have performed calculations using model com-
pounds that present an anti-orthogonal core configuration
(1), keeping other structural parameters constant (a value
of 104° has been taken for the V�O�V bridging angle).
An increase of the antiferromagnetic coupling constant is
found when σ changes from 0° (�23.8 cm�1) to 30° (�86.4
cm�1). This result can be rationalized by means of the HTH
model since an increase in the orbital gap between OMSOs
appears when the structure is distorted in this way. It is also
seen that the most stable structure corresponds to that with
a σ angle between 10° and 20°, in good agreement with
most of the experimental structures, which present values
for the σ angle of approximately 20° (Table 1). It is, how-
ever, very difficult to check the accuracy of the theoretically
predicted dependence of the coupling constant on σ be-
cause J also depends on other structural parameters (es-
pecially on the V�O�V angle or the equivalent V···V dis-
tance) that change significantly from one structure to an-
other.

Effect of the Orientation of the Bridge: We have also stud-
ied the dependence of the coupling constant on the dis-
placement of hydrogen atoms out of the V2O2 plane for
structures with an anti-orthogonal configuration (1). This
type of distortion, commonly found for this family of com-
pounds, can be represented by the structural parameter τ
(7). The other structural parameters have been kept con-
stant (V�O�V � 104°). A change in the nature of the mag-
netic coupling is found at an angle of about 20° (Figure 6),
reaching a maximum of J � �60 cm�1, a small value in
good agreement with the predictions of qualitative models.
This type of distortion is energetically possible since less
than 5 kcal/mol are required to reach a τ angle of 50°, in
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Figure 6. Dependence of the coupling constant J on the τ angle for
the model compound with an anti-orthogonal core configuration
(7)

good agreement with experimental data, where it is possible
to find τ angles ranging from about 0° to 40° (Table 1).

(c) Influence of the Terminal Ligands on the Exchange
Coupling Constant: The effect of changing the terminal li-
gands has been previously studied for several families of
dinuclear CuII compounds.[50,57,59] To explain the observed
shifts in the coupling constant, a detailed analysis of the
magnetic orbitals for each particular case is needed and no
general rules can be established.

We have studied this effect on the coupling constant of
dinuclear oxovanadium() compounds for two different
core configurations, anti-orthogonal (1) and syn-coplanar
(4). Ammonia (NH3) and aqua (H2O) terminal ligands have
been used for the present analysis since most of the known
experimental structures present N-donor and/or O-donor
ligands. A value of 104° for the V�O�V angle has been
employed in the model compounds. A rather small influ-
ence on the coupling constant is observed, the antiferro-
magnetic coupling decreasing in the anti-orthogonal con-
figuration (from �23.8 to �10.0 cm�1) and increasing in
the syn-coplanar one (from �71.0 to �80.1 cm�1) when
ammonia is replaced by aqua ligands. This minute effect of
the terminal ligands can be rationalized by the small contri-
bution of the donor (N or O) atomic orbitals to the
OMSOs: both ammonia and aqua ligands are σ-donor li-
gands whereas the metal orbitals that contribute to the
OMSOs are of a π nature.

3. Exchange Coupling in µ-Alkoxo Compounds: Finally,
we have also studied how the exchange coupling is affected
by the replacement of the hydroxo bridges by alkoxo
groups. We have modeled the alkoxo bridging ligands by
methoxy groups (see Appendix), maintaining for the rest of
the structural parameters the same values as those used in
hydroxo-bridged models.

The results (Table 4) show that no significant differences
appear when the hydroxo bridging ligands are replaced by
methoxy groups, in contrast to the behavior found for di-
nuclear CuII compounds, in which an important enhance-
ment of the antiferromagnetic coupling occurs.[51] The most
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Table 4. Computed coupling constants, together with the relative
energy of the antiferromagnetic state for methoxo-bridged model
structures 1�5 (R � Me) presenting different V�O�V angles (and
the related V···V distances)

Configuration V�O�V V···V J Erel.

(°) (Å) (cm�1) (kcal/mol)

anti-Orthogonal (1) 100 3.03 �196 0.0
104 3.12 �13.9 0.7
108 3.20 �34.4 3.3

syn-Orthogonal (2) 100 3.03 �208 0.8
104 3.12 �17.6 0.0
108 3.20 �34.9 1.4

anti-Coplanar (3) 100 3.24 �8.8 4.9
104 3.33 �11.4 1.2
108 3.42 �12.0 0.0

syn-Coplanar (4) 100 3.03 �72.9 10.7
104 3.12 �109 4.2
108 3.20 �137 0.0

Twisted (5) 100 3.03 �24.0 5.1
104 3.12 �11.3 1.6
108 3.20 �4.1 0.0

notable changes, even though not very significant, corre-
spond to structures with syn-coplanar configurations, which
show a moderate increase in the antiferromagnetic coupling
constant, and the anti-coplanar ones, in which a slight in-
crease of the ferromagnetic coupling is found. In orthog-
onal configurations, the results are almost identical to those
found for hydroxo-bridged systems (the experimental al-
koxo-bridged compounds fit well in the predicted depen-
dence of J on the V�O�V angle for hydroxo-bridged
model compounds, Figure 4a). The coupling constant for
a model compound consisting of two edge-sharing square-
pyramidally coordinated VIV centers in an anti-orthogonal
configuration, with a V�O�V angle of 104°, has been pre-
dicted to be �7.5 cm�1, a value that is also similar to that
in hydroxo-bridged compounds (�19.7 cm�1), if somewhat
smaller. Consistently, no significant differences in the exper-
imental coupling constants are found when replacing the
bridging hydroxo by alkoxo groups, and the structural par-
ameters that play an important role in the magnetic coup-
ling of the complexes are not very different (Table 1).

The different behavior of dinuclear VIV complexes com-
pared to that of the CuII ones is related to the predominant
mechanism of exchange interaction for each family of com-
pounds. In CuII complexes superexchange is the main
mechanism and, as a consequence, the larger the orbital
delocalization through the bridging ligands, the stronger the
antiferromagnetic coupling. This explains the considerable
enhancement of antiferromagnetic coupling when hydroxo
bridging ligands are replaced by methoxo ones.[51] For VIV

complexes with orthogonal core configurations, the direct
through-space interaction between metal orbitals is the
prevalent mechanism, thus making the nature of the bridg-
ing ligands much less important. For VIV complexes with
syn-coplanar configurations, superexchange is more import-
ant than in orthogonal configurations, but still much less
than in CuII complexes, thus having an intermediate be-
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havior: a moderate enhancement of the antiferromagnetic
coupling when the hydroxo bridging ligands are replaced by
alkoxo ligands.

As far as the energetic cost of the V�O�V angle distor-
tion is concerned, we obtain similar results to those found
for hydroxo-bridged compounds (Table 4): (i) a few kcal/
mol are needed to perform such a distortion, and (ii) the
minimum energy structures present smaller V�O�V angles
for orthogonal configurations 1 and 2.

The magneto-structural correlation for the distortion cor-
responding to a displacement of the R group of the alkoxo
bridges out of the bridging plane (7) has also been studied
for a model structure with an anti-orthogonal core configu-
ration (with an V�O�V angle of 104°). An almost ident-
ical behavior as for hydroxo-bridged compounds has been
found: a change in the nature of the coupling, becoming
ferromagnetic at a τ angle of about 10° and reaching a
maximum of �56 cm�1 at τ � 40°. It has been seen that
this type of distortion is energetically possible as well: the
most stable structures are the ones with τ angles about 20°,
and less than 7 kcal/mol are needed to reach τ values of 40°.

Conclusions

The present contribution confirms that the compu-
tational strategy — based on density functional theory —
employed to investigate the exchange coupling in hydroxo-
and alkoxo-bridged dinuclear oxovanadium() compounds
provides fair estimates of their experimental coupling con-
stants. With its moderate demand for computer time, it also
permits us to investigate separately the effect on the coup-
ling constant of the different types of core arrangements
that exist in [VO(µ-OH)2VO]2� compounds, as well as the
influence of the nature of terminal and bridging ligands and
the magneto-structural correlations corresponding to the
most common distortions for this family of compounds.
The results confirm that different exchange mechanisms
predominate in orthogonal (through-space mechanism) and
coplanar configurations (superexchange mechanism). This
is a consequence of the dissimilar topology of the OMSOs
in each geometrical configuration. Qualitative orbital
models (Kahn�Briat and Hay�Thibeault�Hoffmann) are
seen to be useful in analyzing the results, giving estimates
for the ferromagnetic contribution to the exchange coupling
in this family of compounds. A minute influence of the nat-
ure of the terminal ligand on the coupling constant has
been found, a consequence of the σ-donor character of N-
and O-donor ligands considered, opposed to the π nature
of the interacting electrons.

Regarding the magneto-structural correlations, a very
strong antiferromagnetic coupling is found for structures
that present short V···V distances when orthogonal configu-
rations are considered, a result related to the important
overlap between BS-OMSOs in such configurations. An-
other interesting finding is the small effect of the displace-
ment of the hydrogen atom of the bridge out of the plane
on the coupling constant, that induces a change in the nat-
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ure of the coupling (from antiferromagnetic to ferromag-
netic), but that is not as important as in the case of
hydroxo-bridged dinuclear CuII compounds. Finally, it is
worth mentioning that important changes in the coupling
are not found when the hydroxo bridging ligands are re-
placed by alkoxo groups, a result that differs from the be-
havior shown by dinuclear CuII compounds, in which an
important increase in the antiferromagnetic coupling oc-
curs.

Appendix

The bond lengths and angles used for model compounds
are: 1.59 Å for the V�O bond; 1.98 Å for V�O (2.24 Å
when the O bridging atom is in the trans position with re-
spect to the oxo O-atom); 2.11 Å for V�N (2.34 Å when
the N atom is trans with respect to the oxo O-atom); 0.85
Å for O�H; a value of 104° for the V�O�V bridging an-
gle; and 91.5° for N�V�N. The N�H distance within the
ammonia ligands is 1.02 Å and the H�N�H angle is 109°.
For alkoxo-bridged compounds: 1.43 and 0.98 Å for O�C
and C�H distances, respectively and 109° for the
H�C�O angle.
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grant SGR2001-0044. The computing resources at CESCA/
CEPBA were supported in part through grants from CIRIT and
Universitat de Barcelona.

[1] B. Guha, Proc. Roy. Soc. 1951, 206, 353.
[2] O. Kahn, Y. Pei, Y. Journaux, Inorganic Materials, John

Wiley & Sons, Chichester, 1992.
[3] O. Kahn, Molecular Magnetism, VCH Publishers, New York,

1993.
[4] O. Kahn, Magnetism: A Supramolecular Function NATO ASI

Series, Vol. 484, Kluwer, Dordrecht, 1996.
[5] D. Gatteschi, O. Kahn, J. S. Miller, F. Palacio, Magnetic Molec-

ular Materials, Kluwer Academic, Dordrecht, 1991.
[6] J. S. Miller, M. Drillon, Magnetism: Molecules to Materials,

Vol. 1 and 2, Wiley-VCH, Weinheim, 2001.
[7] E. Coronado, P. Delhaes, D. Gatteschi, J. S. Miller, Magnetic

Molecular Materials: From Molecular Assemblies to the Devices
NATO ASI Series, Vol. 321, Kluwer, Dordrecht, 1996.

[8] V. H. Crawford, H. W. Richardson, J. R. Wasson, D. J. Hodg-
son, W. E. Hatfield, Inorg. Chem. 1976, 15, 2107.

[9] D. J. Hodgson, Prog. Inorg. Chem. 1975, 19, 173.
[10] E. D. Estes, W. E. Hatfield, D. J. Hodgson, Inorg. Chem. 1974,

13, 1654.
[11] D. L. Lewis, W. E. Hatfield, D. J. Hodgson, Inorg. Chem. 1972,

11, 2216.
[12] T. P. Mitchell, W. H. Bernard, J. R. Wasson, Acta Crystallogr.,

Sect. B 1970, 26, 2096.
[13] A. Butler, C. J. Carrano, Coord. Chem. Rev. 1991, 109, 61.
[14] N. D. Chasteen, Vanadium in Biological Systems, Kluwer Aca-

demic Publishers, Dordrecht, 1990.
[15] D. Rehder, Angew. Chem. Int. Ed. Engl. 1991, 30, 148.
[16] C. J. Carrano, C. M. Nunn, R. Quan, J. A. Bonadies, V. L.

Pecoraro, Inorg. Chem. 1990, 29, 944.

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 143�153152

[17] S. L. Castro, M. E. Cass, F. J. Hollander, S. L. Bartley, Inorg.
Chem. 1995, 34, 466.

[18] W. R. Harris, C. J. Carrano, J. Inorg. Biochem. 1984, 22, 201.
[19] Y. Sun, B. R. James, S. J. Rettig, C. Orvig, Inorg. Chem. 1996,

35, 1667.
[20] Y. Sun, M. Melchior, D. A. Summers, R. C. Thompson, S. J.

Rettig, C. Orvig, Inorg. Chem. 1998, 37, 3119.
[21] M. R. Bond, L. M. Mokry, T. Otieno, J. Thompson, C. J. Car-

rano, Inorg. Chem. 1995, 34, 1894.
[22] G. Villeneuve, P. Amorós, D. Beltrán, M. Drillon, Organic and

Inorganic Low-Dimensional Crystalline Materials, Plenum, New
York, 1987, Vol. B168.

[23] G. Villeneuve, K. H. Suh, P. Amorós, N. Casañ-Pastor, D. Bel-
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