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Abstract: Reaction of [VVIOCl2(thf)2]
with a bidentate nitrogen-donor
ligand (L: phen� 1,10-phenanthroline,
5-mephen� 5-methyl-1,10-phenanthro-
line, bipy� 2,2�-bipyridine, 5,5�-
me2bipy� 5,5�-dimethyl-2,2�-bipy) in
methyl alcohol, in the presence of trie-
thylamine, leads to the formation of
hexameric [V2

IVV4
V] oxo-alkoxo-vana-

dates of the general formula [V6O12-
(�2-OCH3)4(L)4] ¥ xH2O [L� phen (1 ¥
4H2O), 5-mephen (2 ¥ 6H2O), bipy (3 ¥
4H2O), 5,5�-me2bipy (4 ¥H2O)]. X-ray
structure analysis of 1 ¥ 2H2O and 4 ¥
8CH3OH revealed a pair of V3O13N4

trimeric units sharing two corners, with
a centrosymmetric planar V6-core. In
addition, a fully oxidized VV species

[VV
4O8(OCH3)2(�3-OCH3)2(5,5�-me2bi-

py)2] ¥ 3CH3OH (5 ¥ 3CH3OH) was iso-
lated from the reaction mixture used for
the synthesis of 4 ¥H2O. The crystal
structure of 5 ¥ 3CH3OH revealed a
dicubane-like framework with two miss-
ing vertices. Electron paramagnetic res-
onance (EPR) and variable temperature
magnetic susceptibility studies for the
hexamers 1 ¥ 4H2O and 3 ¥ 4H2O showed
the complete localization of the single
3d electrons on the VIV ions and unusual

ferromagnetic interaction between the
two paramagnetic vanadium(��) ions
separated by a distance of about 5.1 ä.
Furthermore, intermolecular antiferro-
magnetic interactions through �-con-
tacts of phenyl rings were observed for
these species below 8 K. The ferromag-
netic exchange coupling observed in the
hexanuclear compounds 1 ¥ 4H2O and
3 ¥ 4H2O is also discussed using ab initio
UHF calculations on a model com-
pound. The value of the exchange cou-
pling constant (3.7 cm�1) for this model
compound, calculated using the broken
symmetry approach, is in good agree-
ment, both in sign and magnitude, with
the experimental J values (6.00 cm�1 for
1 ¥ 4H2O and 8.54 cm�1 for 3 ¥ 4H2O).
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Introduction

Magnetic clusters, that is, molecular assemblies formed by a
finite number of exchange-coupled paramagnetic centers,

have received much attention in several areas of research, for
example, molecular chemistry, magnetism and biochemistry.[1]

As they lie in between small molecular systems and the bulk
state, the limited number of interacting centers often allows us
to model their properties with quantum mechanical ap-
proaches. They can thus serve as model systems for in-depth
understanding of magnetic exchange interactions. On the
other hand, when these clusters are large enough, they enter
into the realm of nanoscale magnetic materials, which have
gained great interest recently and give hope of promising
applications.[2]

A class of inorganic compounds that provide excellent
examples of magnetic clusters are the polyoxometalates
(POMs). These metal-oxide clusters possess a remarkable
degree of molecular and electronic tunabilities that impact in
disciplines as diverse as catalysis, medicine and materials
science.[3] However, the importance of polyoxometalates in
molecular magnetism is a recent development. Two classes of
magnetic POMs have generated significant interest over the
last few years. Diamagnetic polyoxo-molybdates or tungstates
that encapsulate small clusters of magnetic metal ions, for
example, cobalt(��) or nickel(��), constitute one of these

[a] Dr. T. A. Kabanos, M. J. Manos, Dr. A. J. Tasiopoulos, Dr. E. J. Tolis
Department of Chemistry
Section of Inorganic and Analytical Chemistry
University of Ioannina
45110 Ioannina (Greece)
E-mail : tkampano@cc.uoi.gr

[b] Dr. N. Lalioti
Department of Materials Science
University of Patras
26504 Patras (Greece)
E-mail : vtango@upatras.gr

[c] Dr. A. M. Z. Slawin, Prof. J. D. Woollins
Department of Chemistry
University of St. Andrews
St. Andrews, Fife, KY16 9ST (UK)

[d] Dr. M. P. Sigalas
Department of Chemistry
Laboratory of Applied Quantum Chemistry
Aristotle University of Thessaloniki
54124 Thessaloniki (Greece)
E-mail : sigalas@chem.auth.gr

FULL PAPER

Chem. Eur. J. 2003, 9, No. 3 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0903-0695 $ 20.00+.50/0 695



FULL PAPER A. M. Z. Slawin, M. P. Sigalas, T. A. Kabanos et al.

¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0903-0696 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 3696

classes.[4] The second important family of magnetic polyox-
ometalates comprises the fully reduced VIV and the mixed
valence VIV/V oxometalates. The main interest in the mixed
valence vanadium(����) clusters arises from the full or partial
delocalization of the single 3d electrons of the VIV ions over
both VIV and VV ions, or the complete localization of them on
the paramagnetic ions. Magnetic studies performed on poly-
oxovanadates with 2 to 18 VIV atoms have shown, in most
cases, antiferromagnetic coupling between oxovanadium(��)
magnetic ions.[4] It is noteworthy that the magnetic properties
of mixed valence VIV/V oxometalates indicated that the
antiferromagnetic coupling is larger than that of their fully
reduced VIV analogues, even though a weakening in the
vanadium(��) ± vanadium(��) interactions would be expected
due to the increasing number of diamagnetic VV centers. This
stronger antiferromagnetic coupling of the mixed valence VIV/

V species has been tentatively attributed to electron-transfer
effects.[4] In general, vanadium is one of the major molecular
magnet-forming elements. Vanadium-based magnets with
critical temperatures close to room temperature are well
known.[2b, 5] To date, ferromagnetic vanadium compounds are
limited to VII[2b, 5] or VIII species.[6] Examples of ferromagneti-
cally-coupled polynuclear oxovanadium(��) or (����) systems
are very rare.[7]

We describe herein the synthesis of a series of mixed-
valence vanadium(��/v) polyoxometalates, namely hexanu-
clear [V2

IVV4
V] oxo-methoxo-vanadates of the general for-

mula [V6O12(�2-OCH3)4(L)4] ¥ xH2O (where L� a bidentate
nitrogen-donor organic ligand such as 1,10-phenanthroline,
2,2�-bipyridine or alkyl-substituted derivatives of these organ-

ic molecules). These compounds were characterized by X-ray
crystal structure analysis (1 ¥ 2H2O, 4 ¥ 8CH3OH), infrared and
UV/Vis solid state reflectance spectroscopy as well as
elemental and thermogravimetric analyses. The crystal struc-
ture and the infrared spectrum of a fully oxidized tetranuclear
cluster of the formula [V4

VO8(OCH3)2(�3-OCH3)2(5,5�-me2-
bipy)2] ¥ 3CH3OH are also presented. Electron paramagnetic
resonance (EPR), variable temperature magnetic suscepti-
bility studies and magnetization measurements for the
hexameric species 1 ¥ 4H2O and 3 ¥ 4H2O revealed an unex-
pected ferromagnetic interaction between two VIV centers
separated by a distance of about 5.1 ä and important
intermolecular interactions. In addition, ab initio UHF
calculations on a simplified model of the hexanuclear clusters
have enabled us to obtain both a qualitative interpretation of
the ferromagnetic behavior and fairly good quantitative
approximations of superexchange coupling constants found
experimentally.

Results and Discussion

Synthesis of the compounds : The synthetic procedures to the
hexanuclear 1 ¥ 4H2O± 4 ¥H2O compounds involve oxidation/
hydrolysis reactions of the [VIVOCl2(thf)2] precursor in methyl
alcohol, in the presence of a nitrogen-donor bidentate ligand
and triethylamine. The latter presumably acts as a base, thus
facilitating deprotonation of CH3OH and H2O molecules
[Eq. (1)].

6 [VVIOCl2(thf)2]� 4L� 4H2O� 12Et3N� 4MeOH�O2

� [V6O12(OCH3)4(L)4]� 12Et3NHCl� 12THF
(1)

The tetrameric species 5 ¥ 3CH3OH was isolated from the
same reaction mixture used for the synthesis of the hexamer
4 ¥H2O. Specifically, yellow crystals of 5 ¥ 3CH3OH were
precipitated by allowing the solution, from which crystals of
4 ¥ 8CH3OH were also precipitated, to stand at�10 �C for two
months. Unfortunately, we have not yet been able to find a
reproducible route to the compound 5 ¥ 3CH3OH. Therefore
only its crystal structure and infrared spectrum were deter-
mined. However, the isolation of 5 ¥ 3CH3OH gave us a clue in
our attempt to understand the mechanism of the assembly of
the hexanuclear compounds 1 ¥ 4H2O± 4 ¥H2O. It is reason-
able to assume that the tetranuclear mixed valence VIV/V

species, which may result from the fully reduced V4
IV com-

pound, might be an intermediate in the assembly of the
hexanuclear compounds 1 ¥ 4H2O± 4 ¥H2O (Scheme 1, rou-
te A). A small part of this tetranuclear intermediate VIV/V

might be fully oxidized, leading to the compound 5 ¥ 3CH3OH
(Scheme 1, route B).

X-ray crystallography : X-ray crystal structure analysis of 4 ¥
8CH3OH (Figure 1) revealed a hexavanadium cyclic system,
which has a crystallographic center of symmetry (1 ¥ 2H2O
exhibits a similar gross structure) as well as eight methyl
alcohol molecules in the crystal lattice. A selection of
interatomic distances and bond angles relevant to the
coordination sphere of the vanadium centers for compounds
4 ¥ 8CH3OH and 1 ¥ 2H2O are listed in Table 1. In 4 ¥ 8CH3OH,
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Figure 1. Ball and stick representation of the compound 4 ¥ 8CH3OH and
the atom numbering scheme. For clarity the hydrogen atoms are omitted.

the central �3-O3 and �3-O3A oxygen atoms are ligated to the
V1, V2A, V3A and V1A, V2, V3 atoms respectively. The six-
coordinate V1 and V2 atoms and, by symmetry, the V1A and
V2A atoms, are approximately octahedral with the expected
distortions associated with the small bite of the 5,5�-me2bipy
rings. The five-coordinate V3 and V3A atoms have distorted
trigonal bipyramidal geometry, with V3, O5, O6 and O3A
being effectively co-planar. The O40-V3-O50A angle is
151.36 (18)�. The twelve-membered V6O6 outer ring is quite
planar (mean deviation approximately 0.13 ä) with the

maximum deviation being
0.17 ä for V1 and V1A. The
central O3 and O3A atoms are
effectively co-planar with the
V6O6 ring whilst the 5,5�-me2bi-
py molecules are close to or-
thogonal to the V6O6 plane. The
exocyclic V�O distances are in
the range 1.62 ± 1.63 ä. Within
the ring the V�O distances are
all longer (1.71 ± 2.12 ä), as
would be expected. The V1-
O1-V2 and V1-O3-V2A angles
are 156.7(2) and 146.8(2)�, re-
spectively. The V1 ±V3A and
V2 ±V3 distances (and, by sym-
metry, the V1A±V3 and
V2A±V3A ones) are about
3.11 ä, while the V1 ±V2 dis-
tance is 3.55 ä.

Alternatively, the cluster can
be viewed as a pair of two
V3O13N4 trimeric units each
comprised of two corner-shar-
ing VO4N2 octahedra and a VO5

trigonal bipyramid which has a
common edge with each of the
VO4N2 octahedra. Moreover,
the two V3O13N4 trimers share
two corners represented by two
�2-O2� groups.

Bond valence sum (BVS)
calculations[8] as well as the

charge requirements suggest that 4 ¥ 8CH3OH is a mixed
valence species V2

IVV4
V. More specifically, the vanadium

atoms V1 and V3 exhibit BVS values of 4.94 and 5.11,
respectively and thus are clearly identified as VV centers,
while the vanadium atom V2 shows a BVS value of 4.05 and is
therefore assigned as a VIV center. The BVS values of the
bridged oxo groups �2-O1 and �3-O3 are 1.94 and 2.03,
respectively, indicating no protonation for these oxygen
atoms. In addition, the BVS values for the methoxy oxygen
atoms O40 and O50 are 1.97 and 1.86, respectively, and reveal
that they are not protonated. These BVS calculations further
confirm that O40 and O50 belong to methoxy groups and not
to methyl alcohol ligands.

At this point, it is worth noting that the molecular structures
of 1 ¥ 2H2O and 4 ¥ 8CH3OH, which are made up of two
(V3O13N4) trimeric moieties sharing two corners with the six
vanadium centers in a planar cyclic arrangement (Figure 1),
are unique among polyoxovanadates and polyoxometalates in
general. The majority of known vanadium hexametalates
have an approximately Oh symmetry. These V6 species are
considered as derivatives of the hypothetical [V6

VO19]8�

structure.[9] Planar V6 rings have also been reported
in the compounds [(VIVO)6(OH)9(CO3)4]5� [10] and
[(VVO)6(O)6(OH)3(O2CCH2CH2NH3)3(SO4)]� ,[11] as well as
in the mixed valence VIV/V hexameric cluster [(VVO)5(VIVO)-
(O)4(PhCO2)9].[12] However, the molecular structures of the

Scheme 1. Proposed mechanism for the assembly of the hexanuclear compounds 1 ¥ 4H2O± 4 ¥ 2H2O from
tetranuclear mixed valence VIV/V species.
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first two compounds consist of six edge-sharing VO6 octahe-
dra (Anderson-like structure[3a]) and the structure of the third
one is made up of binuclear and tetranuclear units linked
together by four benzoate groups.

The molecular structure of compound 5 ¥ 3CH3OH was also
identified by X-ray crystal structure analysis. Selected intera-
tomic distances and angles relevant to the coordination sphere
of the vanadium atoms for 5 ¥ 3CH3OH are given in Table 2.
As is shown in Figure 2, 5 ¥ 3CH3OH consists of a centrosym-
metric tetranuclear unit in which the vanadium centers are
connected through �3-CH3O� and �2-O2� bridges. The tet-
ramer can be described as a dicubane-like framework with
two missing vertices, in which two types of vanadium atoms,

Figure 2. Ball and stick representation of the compound 5 ¥ 3CH3OH and
the atom numbering scheme. For clarity the hydrogen atoms are omitted.

namely V1 and V2, can be distinguished. The crystallo-
graphically-related V2 and V2A, which occupy two vertices of
the common face of the dicubane unit, are coordinated, in a
severely distorted octahedral geometry, by two �2-O2� groups,
two �3-CH3O� groups, a terminal CH3O� group and an oxo
group. The other two crystallographicaly related vanadium
centers V1 and V1A are also coordinated, in a distorted
octahedral geometry, by two 5,5�-me2bipy nitrogen atoms, two
�2-O2� atoms, an oxo group and a �3-CH3O� group. The
cluster could also be described as a binuclear unit of edge-
sharing VO6 octahedra, bridged by two VO4N2 octahedra each
sharing two edges with the binuclear core. Estimation of the
oxidation states of the two crystallographically-independent
vanadium centers V1 and V2, using BVS calculations[8] , gives
a value of 5.00 for each metal atom, which is in agreement
with that based on stoichiometry. Furthermore, the doubly
bridged oxygen atoms O22 and O24 show BVS values of 1.80,
which indicates no protonation for these oxo groups. The BVS
values for the methoxy oxygen atoms O21 and O25 are 1.80
and 1.90, respectively, revealing the deprotonation of these
oxygen atoms.

Infrared spectroscopy: Assignments of some diagnostic bands
for compounds 1 ¥ 4H2O± 5 ¥ 3CH3OH are given in Table 3.
The infrared spectra of all hexanuclear compounds 1 ¥ 4H2O±
4 ¥H2O showed three bands in the frequency range 960 ±
900 cm�1 attributable to a V�O stretching vibration, while
the IR spectrum of the tetramer 5 ¥ 3CH3OH exhibited only
two V�O stretches in the same range. Furthermore, the
spectra of the phen-containing species 1 ¥ 4H2O and 2 ¥ 6H2O
exhibited a strong band at about 1626 cm�1 corresponding to
C�C and C�N stretching vibrations, while the respective band
in the IR spectra of the bipy-containing species 3 ¥ 4H2O ± 5 ¥
3CH3OH appeared at about 1600 cm�1. Moreover, the
absorption bands at 1024 ± 1066 cm�1 observed in the IR

Table 1. Selected interatomic distances and angles relevant to the coordination sphere for the vanadium atoms for compound 4 ¥ 8CH3OH and 1 ¥ 2H2O
(square brackets).

bond lengths [ä]
V1�O1 1.707(4) [1.761(13)] V1�O3 1.862(3) [1.866(12)] V1�N1 2.156(4) [2.15(2)]
V1�O2 1.617(3) [1.598(13)] V1�O50 2.124(4) [2.058(15)] V1�N8 2.319(4) [2.33(2)]
V2�O1 1.917(4) [1.873(13)] V2�O40 2.019(4) [2.03(2)] V2�N21 2.160(5) [2.15(2)]
V2�O4 1.630(4) [1.608(13)] V2�O3A 1.952(3) [1.916(13)] V2�N28 2.302(5) [2.33(2)]
V3�O5 1.628(4) [1.621(13) V3�O50A 1.962(3) [1.939(14)] V3�O40 1.977(3) [1.958(14)]
V3�O6 1.625(4) [1.67(2)] V3�O3A 1.974(4) [2.017(14)]
bond angles [�]
V1-O1-V2 156.67(19) [153.6(8)] V1-O3-V2A 146.8(2) [149.3(8)]
V1-O3-V3A 108.31(16) [106.3(6)] O1-V2-N28 79.41(18) [81.5(6)]
O1-V2-N21 97.22(18) [90.2(6)] O50A-V3-O40 151.36(18) [147.9(6)]
O6-V3-O5 107.7(2) [110.7(8)]

Table 2. Selected interatomic distances and angles relevant to the coordination
sphere for the vanadium atoms for compound 5 ¥ 3CH3OH.

bond lengths [ä]
V1�O23 1.598(5) V1�O24 1.831(4) V1�N1 2.135(6)
V1�O22 1.734(4) V1�O21 2.293(4) V1�N11 2.196(6)
V2�O26 1.601(5) V2�O24A 1.825(4) V2�O22 1.982(4)
V2�O25 1.784(5) V2�O21A 2.326(4) V2�O21 2.055(4)
bond angles [�]
V1-O21-V2A 86.36(14) V2-O21-V2A 105.46(18)
V1-O22-V2 114.4(2) V2A-O24-V1 119.6(2)
N1-V1-O21 84.41(18) O26-V2-O25 101.7(3)

Table 3. Diagnostic infrared bands [cm�1] for the compounds 1 ¥ 4H2O±
5 ¥CH3OH.

Compound �(O-CH3) �(C�C, C�N) �(V�O)

1 ¥ 4H2O 1066(s) 1626(s) 950(vs), 925(m), 902(m)
2 ¥ 6H2O 1064(s) 1626(s) 950(vs), 934(m), 907(m)
3 ¥ 4H2O 1062(s),1024(m) 1600(vs) 951(vs), 930(sh)(w), 915(w)
4 ¥H2O 1062(m), 1049(s) 1603(s) 952(vs), 927(m), 902(m)
5 ¥CH3OH 1052(s), 1030(m) 1604(m) 957(vs), 941(s)
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spectra of all the vanadium compounds 1 ¥ 4H2O±
5 ¥ 3CH3OH, are attributable to a C�O stretching vibration
arising from the coordinated methoxy groups.

UV/Vis solid state reflectance spectroscopy : The hexameric
compounds 1 ¥ 4H2O± 4 ¥H2O were not soluble in any com-
mon organic solvent or water. We were therefore unable to
perform any solution studies. However, the UV/Vis solid state
reflectance spectra of 1 ¥ 4H2O± 4 ¥H2O were recorded. The
phen-containing species 1 ¥ 4H2O and 2 ¥ 6H2O exhibited quite
similar spectra. These contained a shoulder in the visible
region (at 528 nm for 1 ¥ 4H2O and 521 nm for 2 ¥ 6H2O) as
well as two peaks in the ultraviolet region (at 269 and 220 nm
for 1 ¥ 4H2O and 277 and 220 nm for 2 ¥ 6H2O). The visible
spectra of the bipy-containing species 3 ¥ 4H2O and 4 ¥H2O
exhibited a peak at 495 nm and a shoulder at 498 nm,
respectively. In the ultraviolet region, the spectra of 3 ¥
4H2O and 4 ¥H2O revealed three peaks (�max� 284, 240 and
219 nm) and four peaks (�max� 315, 290, 249 and 220 nm),
respectively.

Thermogravimetric analysis : The thermal stability of the
hexamers 1 ¥ 4H2O± 4 ¥ 6H2O under a dinitrogen atmosphere
in the range 30 ± 600 �C was examined by TGA-DTA experi-
ments. The total weight loss of 1 ¥ 4H2O and 2 ¥ 4H2O is 26.3
and 26.5% of their initial weight, respectively. The major
weight loss of 1 ¥ 4H2O and 2 ¥ 4H2O occurred in the range
280 ± 500 �C (13.14%) and 230 ± 415 �C (15.15%), respective-
ly.[13] The weight losses of 1 ¥ 4H2O at 30 ± 130 �C (5.40%) and
2 ¥ 6H2O at 30 ± 140 �C (6.48%) are attributed to the release of
four (5.09% calculated) and six (7.17% calculated) water
molecules per formula unit of 1 ¥ 4H2O and 2 ¥ 4H2O, respec-
tively. On the other hand, the bipy-containing hexamers 3 ¥
4H2O and 4 ¥H2O exhibited a total weight loss of about 49%
and 41.6%, respectively. The major weight losses of 3 ¥ 4H2O
were observed at 220 ± 330 �C (13.28%) and 390 ± 440 �C
(12.01%). The major weight losses of 4 ¥H2O were observed
at 100 ± 245 �C (17.13%) and 245 ± 390 �C (13.69%). In
addition, the weight losses of 3 ¥ 4H2O and 4 ¥H2O in the
range 30 ± 100 �C (5.36% for 3 ¥ 4H2O, 0.94% for 4 ¥H2O)
correspond to the removal of four (5.36% calculated) and one
(1.31% calculated) water molecule per formula unit of 3 ¥
4H2O and 4 ¥ 4H2O, respectively.[13]

Magnetic study of compounds 1 ¥ 4 H2O and 3 ¥ 4 H2O : Varia-
ble-temperature, solid-state magnetic susceptibility data were
collected on powdered samples in a 0.1 T applied magnetic
field and in the temperature range 2.0 ± 300 K. The ��T data
versus temperature for both hexameric species 1 ¥ 4H2O and
3 ¥ 4H2O are shown in Figure 3A. The ��T value for com-
pound 1 ¥ 4H2O increases from 0.76 cm3mol�1K at 300 K to
0.90 cm3mol�1K at 8 K, then drastically decreases to
0.842 cm3mol�1K at 2 K. The high-temperature value of
0.76 cm3mol�1K for ��T is very close to the value of
0.75 cm3mol�1K, that is, the spin-only value expected for a
d1 ± d1 system with isotropic g� 2.0. From the magnetic data it
is clear that there are two magnetic ions and therefore
complete localization of the single 3d electrons on the two
vanadium(��) ions labeled as V2 and V2A in Scheme 2.

Figure 3. A) Temperature dependence of the susceptibility data, in the
form of �MT vs T, for the compounds 1 ¥ 4H2O (�) and 3 ¥ 4H2O (�). The
solid lines represent the fitting results according to Equation (2); B) mag-
netization data for the compounds 1 ¥ 4H2O (�) and 3 ¥ 4H2O (�). The solid
line represents the theoretical Brillouin function for an S� 1 system.

Scheme 2. A simplified magnetic model in which the two paramagnetic
ions (V2 and V2A) are clearly shown as is the long diamagnetic path
between them.

Furthermore the data are consistent with ferromagnetic
interaction between the two VIV ions, while below 8 K an
antiferromagnetic intermolecular interaction is present due to
the strong �-stacking between different hexanuclear clusters
(Figure 4). In Figure 4, it can easily be seen that the
phenathroline ring of the V2 atom of one cluster has a �-
contact with that of the V2A of the other cluster. The overlap
of the two phenanthroline rings is around 80%, while the
distance between them is 3.4 ä. This confirms the strong
character of the �-type intermolecular interaction which is
irrespective of the large distance between the VIV atoms.
Furthermore in this Figure there are two such contacts: a) the
phenyl ring of V2 with the phenyl ring of V2A of the upper
molecule and b) phenyl ring of V2A with the phenyl ring of
V2 of the lower molecule.
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The ��T value for compound 3 ¥ 4H2O increases from
0.779 cm3mol�1K at 300 K to 0.95 cm3mol�1K at 8 K, then
drastically decreases to 0.855 cm3mol�1K at 2 K. The inter-
action is again ferromagnetic, while below 8 K the intermo-
lecular interaction seems to be weaker than that of 1 ¥ 4H2O.
The above data were fitted to the Bleany ±Bowers equation
based on the mean-field correction, in order to take into
account the antiferromagnetic intermolecular interactions.
The equation is as follows:

�M� 2N g 2 � 2
B

k�T � ��
1

3� e
�2J

kT

� �
(2)

The fitted results are: Compound 1 ¥ 4H2O: J� 6.0 cm�1,
g� 2.01, ��� 0.5 K; Compound 3 ¥ 4H2O: J� 8.54 cm�1, g�
2.01, ���0.36 K. These are shown as solid lines in Figure 3A.

The magnetization data for both hexameric species are
shown in Figure 3B, where the saturation value MS is close to
1.86 for both compounds. The solid line shows the theoretical
Brillouin function for an S� 1 system. The small difference
between the experimental data and the theoretical curve
reflects the significance of the intermolecular interactions,
which at this temperature influences the magnetic behaviour
of these systems.

EPR Studies for 1 ¥ 4 H2O and 3 ¥ 4 H2O : In order to confirm
the ferromagnetic interaction in these clusters, powder
X-band EPR measurements were carried out in the low
temperature range (4 ± 70 K) and the spectra at 4 K are shown
in Figure 5. For both species, a main resonance was centered
at g� 2.0, while a resonance centered at g� 3.9, correspond-
ing to the half-field transition (�ms�� 2), was clearly
resolved, which shows the integer character of the ground
state. The ratio of intensity between the main resonance and
the low-field one was 10:1 for both compounds. Furthermore,
the lower intensity of the half-field transition reflects the weak

ferromagnetic interaction between the
paramagnetic vanadium(��) ions. This
was also confirmed from the magnetic
measurements (see above) and it is in
accordance with the large distance
between the VIV centers. Temperature
dependence experiments in the tem-
perature range 4 ± 70 K showed no
significant change of the linewidth,
which is further evidence of localized
unpaired electrons.

Theoretical calculations : A theoreti-
cal study of the hexanuclear com-
pounds has been also carried at the
UHF level. The very large size of the
compounds makes it very difficult to
carry out ab initio calculations. There-
fore, with the aim of speeding up the
calculations, the theoretical study was
undertaken using a model in which the
phen and bipy ligands were replaced

Figure 5. Powder X-band EPR spectra of compounds 1 ¥ 4H2O (�) and
3 ¥ 4H2O (––) in the field range 2500 ± 4500 G. The half-field transition for
the two hexamers is shown in the inset.

by the model ligand [HN�CH-CH�NH]. This model ligand
has the same donor atoms and closely resembles the
conjugated system of phen or bipy. Such a model has also
been used successfully in other metal compounds containing
these ligands.[14]

The overlay of the optimized structure and the experimen-
tal structure for 4 ¥ 8CH3OH is shown in Figure 6. Some
selected calculated structural parameters are reported in
Table 4. In general, taking into account that the model is
simplified and doubtless less hindered, one observes quite
satisfactory agreement between the model and the experi-
mental values of geometrical parameters of both 1 ¥ 2H2O and
4 ¥ 8CH3OH.

In the optimized structure the expectation value of the spin
operator �S 2� was 2.026. The calculated Mulliken atomic
spin densities for V1, V2 and V3 were 0.028, 0.904, and 0.014,
respectively, whereas those according to Lowdin analysis
were 0.031, 0.894, and 0.012, respectively. The results of
the spin population analysis further confirm the character-
ization of V1 and V3 as VV and V2 as VIV, in line with

Figure 4. Packing diagram of 1 ¥ 2H2O. The arrows show the distance (3.4 ä) between the phenanthroline
rings of V2 and V2A atoms from two adjacent V6 clusters.
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Figure 6. Overlay of the optimized structure of the model complex 1� in
black and the experimental structure of 4 ¥ 8CH3OH in grey (hydrogens not
shown).

the bond-valence sum calculations, and serve as an indication
for the strong localization of each unpaired electron on a
vanadium atom. Thus, it is obvious that we are dealing with an
essentially d1 ± d1 binuclear system.

According to Hoffmann×s model for superexchange inter-
actions in binuclear complexes, the degenerate in-phase and
out-of-phase d-orbital combinations of the metal fragments
interact with the symmetry-appropriate orbitals of the bridg-
ing ligands, resulting in two SOMOs. The energy gap between
the two SOMOs, (�� e1� e2) is closely related to the absolute
magnitude of the antiferromagnetic term, JAF, of the super-
exchange interaction.[15] According to the UHF calculations,
each of the two SOMOs,� S and�AS, the shapes of which are
presented in Figure 7, is localized to the d orbitals of the V2
and V2A atoms lying in the plane of the [V6O8] framework,

with almost zero participations from atomic orbitals of the
intervening bridging atoms. As the calculated difference in
energy (�) of the SOMOs � S and �AS is very small
(480 cm�1), the antiferromagnetic term is diminished and
the ferromagnetic term becomes dominant. This is exactly the
situation experimentally observed.

Figure 7. Shapes of the two SOMOs,� S and�AS, of the model complex 1�.

The large size of the system prevents the application of a
configuration interaction calculation which, in principle,
should be used for the quantitative calculation of the
singlet ± triplet gap.[16] Instead, we have used the broken
symmetry (BS) approach proposed by Noodlemann,[17, 18]

which has been successfully applied to the study of the
magnetic properties of binuclear complexes.[19±22] In this
approach the triplet state, �T	, is represented approximately
by a single spin-unrestricted determinant, because it is a
proper pure spin eigenfunction. For the singlet state �S	,
although a pure spin state should be obtained by a linear
combination of the two determinants, ���	 and ���	, one of
these determinants is actually minimized. The energy of this
BS solution is related to that of the pure singlet and the
singlet ± triplet gap can be calculated as:

J� 2
EBS � ET

S�S � 1� (3)

Using this method we have calculated the exchange
coupling constant for this model of the hexanuclear com-
pounds. The calculated value of J (3.7 cm�1) is in agreement in
nature and magnitude with the experimental values
(6.00 cm�1 for 1 ¥ 4H2O and 8.54 cm�1 for 3 ¥ 4H2O). The
discrepancy is attributed to the neglect of electron correlation
at the UHF level, as well as to the effect of modelling.

Table 4. Selected bond lengths [ä] and bond angles [�] calculated for the
model complex 1�.[a]

calcd calcd

V1�O1 1.716 O1-V1-O3 100.5
V1�O2 1.541 O1-V1-N1 90.8
V1�O3 1.849 O3-V1-O50A 77.6
V1�50A 1.995 O50A-V1-N1 81.3
V1�N1 2.187 O2-V1-N8 158.7
V1�N8 2.392 N1-V1-N8 68.5
V2�O1 1.919 O1-V2-O3A 98.4
V2�O4 1.527 O1-V2-N21 88.1
V2�O3A 1.837 O3A-V2-O40 77.0
V2�O40 1.986 O40-V2-N21 90.2
V2�N21 2.216 O4-V2-N28 164.0
V2�N28 2.374 N21-V2-N28 69.9
V3�O5 1.548 O5-V3-O3A 120.5
V3�O6 1.653 O6-V3-O3A 139.4
V3�O40 1.923 O5-V3-O6 110.1
V3�O50 1.917 O40-V3-O50 142.1
V3�O3A 2.082 V1-O1-V2 158.7

V1-O3-V2A 150.2
V2-O40-V3 106.0
V3-O50-V1A 103.7
V1-O3-V3A 106.6
V3-O3A-V2 103.2

[a] Numbering scheme as in Figure 1.
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Conclusion

A series of VIV/V oxo-methoxo-hexametalates 1 ¥ 4H2O± 4 ¥
H2O was prepared by treating VIVO2� species with an organic
nitrogen-donor chelate ligand and triethylamine in methyl
alcohol. The tetranuclear dicubane-like compound 5 ¥
3CH3OH was also isolated from the reaction mixture used
for the preparation of 4 ¥H2O. The isolation of this fully
oxidized VV tetranuclear species reveals a possible assembly
of the hexanuclear compounds 1 ¥ 4H2O± 4 ¥H2O from tetra-
nuclear mixed valence VIV/V units. The crystal structures of 1 ¥
2H2O and 4 ¥ 8CH3OH revealed a pair of (V3O13N4) trimeric
units sharing two corners, with the six vanadium centers being
in a planar cyclic arrangement. Remarkably, such a structural
motif is observed for first time in polyoxometalates.

In marked contrast to the vast majority of known poly-
nuclear vanadium(��) or (����) species, which exhibit anti-
ferromagnetic coupling between VIVO2� magnetic ions, the
hexameric compounds 1 ¥ 4H2O and 3 ¥ 4H2O show ferromag-
netic behavior. More interestingly, the EPR and magnetic
measurements for the species 1 ¥ 4H2O and 3 ¥ 4H2O revealed
a complete localization of single 3d electrons on two VIV ions,
which surprisingly interact ferromagnetically through a long
diamagnetic path of about 5.1 ä. Another interesting feature
of the system is the intermolecular antiferromagnetic inter-
actions through �-contacts of phenyl rings observed at
temperatures below 8 K. Theoretical UHF calculations have
been used to interpret the experimental magnetic data. Both
the shape and the energy difference of the two SOMOs
calculated for a simplified model of the hexanuclear com-
pounds account well for the observed intramolecular ferro-
magnetic interaction, while the calculated J value (3.7 cm�1) is
in good agreement both in sign and magnitude with the
experimental values.

The results obtained herein suggest that other mixed
valence VIV/V polyoxo-alkoxo-metalates with appropriate
topologies might be a good source of ferromagnetically-
coupled systems with large ground state spin values. It is an
ongoing challenge for us to expand this class of compounds.

Experimental Section

Materials : Reagent grade chemicals were obtained from Aldrich, and used
without further purification. Dichlorobis(tetrahydrofuran)oxovana-
dium(��), [VIVOCl2(thf)2], was prepared by the literature procedure.[23]

All manipulations were carried out under high-purity argon using standard
Schlenk techniques, unless otherwise noted. Methyl alcohol was dried by
refluxing over magnesium methoxide, while reagent grade triethylamine
was dried and distilled over calcium hydride. C, H, and N analyses were
conducted by the University of Ioannina×s microanalytical service.
Vanadium was determined gravimetrically as vanadium pentoxide or by
atomic absorption.

[V6O12(�2-OCH3)4(phen)4] ¥ 4H2O (1 ¥ 4H2O): Solid phen (0.290 g,
1.6 mmol) was added in one portion to a stirred solution of [VIVOCl2(thf)2]
(0.450 g, 1.6 mmol) in methyl alcohol (14 mL). The blue color of the
solution immediately changed to green. Triethylamine (0.807 g, 8 mmol)
was then added, causing the solution to turn deep red. After stirring for 12 h
the solution was left in the atmosphere for two days, during which dark red
needle-shaped crystals of 1 ¥ 4H2O were formed. The crystals were filtered
off, washed with methyl alcohol (5 mL) and diethyl ether (5 mL), then
dried under vacuum to afford 1 ¥ 4H2O (0.184 g, 50%). Elemental analysis

calcd (%) for C52H52N8O20V6 (1414.63): C 44.15, H 3.70, N 7.92, V 21.60;
found C 44.45, H 3.45, N 8.05, V 21.90.

[V6O12(�2-OCH3)4(5-mephen)4] ¥ 4 H2O (2 ¥ 6H2O): Compound 2 ¥ 6H2O
was prepared in 54% yield in a manner similar to 1 ¥ 4H2O, using 5-mephen
instead of phen. Elemental analysis calcd (%) for C56H68N8O22V6 (1506.75):
C 44.64, H 4.54, N 7.43, V 20.29; found C 44.49, H 4.20, N 7.52, V 20.50.

[V6O12(�2-OCH3)4(bipy)4] ¥ 4 H2O (3 ¥ 4 H2O): Compound 3 ¥ 4H2O was
synthesized in 30% yield in an analogous fashion to compound 1 ¥ 4H2O,
using bipy instead of phen. Elemental analysis calcd (%) for C44H52N8O20V6

(1318.58): C 40.08, H 3.97, N 8.5, V 23.18; found C 40.22, H 3.85, N 8.58, V
22.85.

[V6O12(�2-OCH3)4(5,5�-me2bipy)4] ¥ H2O (4 ¥ H2O): Compound 4 ¥H2O was
prepared in 44% yield in a fashion similar to 1 ¥ 4H2O, using 5,5�-me2bipy
instead of phen. Elemental analysis calcd (%) for C52H70N8O17V6 (1376.76):
C 45.36, H 5.12, N 8.14, V 22.20; found C 45.15, H 5.25, N 8.45, V 22.40.

[VV
4O8(OCH3)2(�3-OCH3)2(5,5�-mebipy)2] ¥ 3CH3OH (5 ¥ 3CH3OH): Com-

pound 5 ¥ 3CH3OH was isolated from the reaction mixture used for the
synthesis of 4 ¥H2O. Specifically, yellow crystals of 5 ¥ 3CH3OH were co-
precipitated with crystals of 4 ¥H2O by allowing the final solution to stand
at �10 �C for eight weeks. The desired crystals were then manually
separated from the dark red crystals of 4 ¥H2O. A reproducible route to this
material has not yet been determined.

X-ray crystallography : Diffraction measurements for 1 ¥ 2H2O, 4 ¥ 8CH3OH
and 5 ¥ 3CH3OH were performed on a Siemens SMART diffractometer
using a graphite monochromated Mo K radiation. A crystal of 1 ¥ 2H2O, 4 ¥
8CH3OH or 5 ¥ 3CH3OH was sealed in a glass capillary with the mother
liquor to avoid decomposition. The crystals of 1 ¥ 2H2O and 4 ¥ 8CH3OH
were of poor quality. Crystal data and details of data collection are listed in
Table 5. For structure solution and refinement, the programs SHELXS-
86[24] and SHELXS-93[25] were used. All non-hydrogen atoms for the three
structures were refined anisotropically. CCDC-189160 (1 ¥ 2H2O), CCDC-
189159 (4 ¥ 8CH3OH) and CCDC-189158 (5 ¥ 3CH3OH) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.
cam.uk).

Physical measurements : IR spectra of the various compounds dispersed in
KBr pellets and in Nujol with CsI windows were recorded on a Perkin ±
Elmer Spectrum GX FT-IR spectrometer. UV/Vis solid state reflectance
spectra of the compounds dispersed in BaSO4 were recorded on a
Shimadzu 2401-PC system. Thermogravimetric analysis (TGA/DTA) was

Table 5. Summary of crystallographic data for compounds 1 ¥ 2H2O,
4 ¥ 8CH3OH, 5 ¥ 3CH3OH.[a]

1 ¥ 2H2O 4 ¥ 8CH3OH 5 ¥ 3CH3OH

formula C52H48N8O18V6 C60H92N8O24V6 C31H48N4O15V4

Mr 1378.62 1615.06 922.51
a [ä] 9.717(3) 15.3564(19) 12.507(2)
b [ä] 11.694(4) 17.515(2) 15.066(3)
c [ä] 13.344(5) 14.8273(19) 12.203(2)
� [�] 74.342(6) 90 90
� [�] 77.504(7) 115.586(3) 114.368(4)
	 [�] 88.537(8) 90 90
V [ä3] 1424.6(8) 3597.0(8) 2094.5(7)
Z 1 2 2

calcd [Mgm�3] 1.607 1.491 1.463
space group P1≈ P2(1)/c P2(1)/c
T [K] 293(2) [a] 125(2) 293(2)
� [ä] 0.71073 0.71073 0.71073
� [mm�1] 1.023 0.828 0.931
GOF on F 2 0.975 1.020 0.976
R1(final) 0.1511 0.1058 0.0571
wR2 0.3580 0.2334 0.1246

[a] The structure of 1 ¥ 2H2O could not be determined at low temperature
because of problems with the crystal fracturing on cooling.
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performed with a Shimadzu 449C thermal analyses instrument, at a
temperature range of 30 ± 600 �C under dinitrogen atmosphere with a
heating rate of 5 �Cmin�1. Polycrystalline powder EPR spectra were
recorded for all the compounds at X-band frequency (9.23 GHz) on a
Varian ESR9 spectrometer equipped with a continuous flow 4He cryostat,
both at room temperature and at helium temperatures of 4 ± 70 K. The
temperature dependence of magnetic susceptibility was measured on
polycrystalline powder samples using a Cryogenics S600 SQUIDMagneto-
meter with an applied field of 0.1 T and a temperature range of 2 ± 300 K.
Data were corrected for sample holder contribution and diamagnetism of
the sample using standard procedures.

Computational details : The electronic structure and geometry of the model
studied were computed using UHF theory.[26] For the vanadium atom the
effective core potential (ECP) approximation of Hay and Wadt was used
with the electrons described by the ECP being those of 1s, 2s, and 2p shells,
while the basis set used was of valence double-� quality.[27] For all other
atoms the STO-3G basis set was used.[28] The calculations involved 58
atoms, 264 basis functions and 612 primitive Gaussian functions. Full
geometry optimization was carried out without any symmetry constraint,
using tight convergence criteria in both optimization and SCF procedures.
All of the calculations were performed using the GAMESS package.[29]
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