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Abstract: A series of compounds (cat)[V6O6(OCH3)8(calix)(CH3OH)] was obtained under anaerobic
conditions and solvothermal reaction of VOSO4 with p-tert-butylcalix[4]arene (calix) in methanol using
different types of bases (Et4NOH, NH4OH, pyridine, Et3N). All compounds contain the same polyoxo(alkoxo)-
hexavanadate anion [V6O6(OCH3)8(calix)(CH3OH)]- (1) exhibiting a mixed valence {VIIIVIV

5O19} core with
the so-called Lindqvist structure coordinated to a calix[4]arene macrocycle and cocrystallizing with the
conjugated acid of the base (cat ) Et4N+, NH4

+, pyridinium, Et3NH+) involved in the synthesis process.
The structures have been fully established from X-ray diffraction on single crystals and the mixed valence
state has been confirmed by bond valence sum calculations. The magnetic behavior of all compounds are
the same because of the polyalkoxohexavanadate anion [V6O6(OCH3)8(calix)(CH3OH)]- (1) and have been
interpreted by DFT calculations. Thus the V(III)‚‚‚V(IV) interactions are found to be weakly ferromagnetic
(<5.5 cm-1) while the V(IV)‚‚‚V(IV) are antiferromagnetic (-17.6; -67.6 cm-1). The set of the coupling
exchange parameters allows a good agreement with the magnetic experimental data.

Introduction

In the frame of the emerging nanosciences there is a general
concern for preparing nanoscale polymetallic species1 with a
narrow size distribution.2 In that regard, coordination chemistry
offers a smart approach as it can produce tailored and func-
tionalized one-sized nanoscale polynuclear complexes of high
nuclearity. The synthetic approach generally uses multidentate
and bulky ligands that favor the metal aggregation then keep
the resulting clusters aside from each other by lying at their
periphery.3,4 Among the wide number of multidentate ligands,
calixarenes macrocycles look particularly attractive. Indeed they
are bulky while the phenol oxygen platform is available for
coordination of 3d,5-7 4d,8,9 5d,10,11 4f,12,13 and 5f14-16 metal

ions for example. Another interest is that they are available with
different ring size and modifications which may be useful for
shaping the cluster size17-19 or for further functionalization.20,21

With this in mind and as part of our interest in magnetism of
polynuclear metal complexes,22,23we investigated the coordina-
tion chemistry of calixarene24 and thiacalixarene macrocy-
cles.25,26 Because of the low solubility of most calixarenes in
proper solvents for complexation and crystallization in standard
conditions we adopted the solvothermal method which has
proved with the hydrothermal method to be efficient for the
synthesis of numerous metal clusters27-32 and polyoxometa-
lates.33-36 This method has already allowed us to synthesize
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successfully a series of Mn(II) and Fe(II) polynuclear complexes
with thiacalixarene macrocycles.25,26We also recently reported
on a dinuclear cobalt(II) complex with calix[8]arenes exhibiting
strong magnetic anisotropy of the cobalt(II) ions.24 In this paper
we present a part of the extension of this investigation to
vanadium.

Our interest for vanadium holds in its well-known ability to
form many oxo-clusters37-40 among which are a great number
of hexavanadate33,38,41,42clusters but also some larger clusters43-52

up to [V34].51 Some of these systems exhibit interesting magnetic
properties.52-54 Let us note that some calixarene-based oxova-

nadium are known as catalytic systems but are mainly mono-
and binuclear complexes.55

We report hereafter a series of compounds (cat)[V6O6-
(OCH3)8(calix)(CH3OH)] which were obtained under anaerobic
conditions and a solvothermal method when reacting VOSO4

with p-tert-butylcalix[4]arene (calix) in methanol with differ-
ent bases (Et4NOH, NH4OH, pyridine, Et3N). All com-
pounds contain the same polyoxo(alkoxo)hexavanadate anion
[V6O6(OCH3)8(calix)(CH3OH)]- (1), exhibiting a mixed valence
{VIIIVIV

5O19} hexavanadate core with the so-called Lindqvist
structure, coordinated to a calix[4]arene macrocycle. The
different compounds that come from1 cocrystallize with cations
(cat ) Et4N+, NH4

+, PyH+, Et3NH+) that are the conjugated
acids of the base involved in the synthesis process. Whereas
V(III, IV) mixed valences are known in three-dimensional open-
framework56-58 such polynuclear species are very rare and of
quite recent discovery. Indeed, the first polynuclear system with
V(III, IV) mixed valence states was reported in the early 1990s
by Mikuriya et al.,59 but it is only in the last 2 years that novel
examples have been reported by McInnes et al.34-36,60 How-
ever, to the best of our knowledge, the compounds reported
here are the first examples showing a hexavanadate with the
Lindqvist type structure and V(III, IV) mixed valence states.
Owing to their common polyoxo(alkoxo)hexavanadate anion
[V6O6(OCH3)8(calix)(CH3OH)]- (1), all compounds of the series
show the same magnetic behavior which has been interpreted
by DFT calculations. Whereas the previous examples of mixed
valence V(III, IV) systems reported antiferromagnetic exchange
couplings, we evidenced the presence of ferromagnetic interac-
tion between V(III) and V(IV).

Experimental Section

Syntheses.All chemicals and solvents were used as received.p-tert-
Butylcalix[4]arene was synthesized as previously reported.61 All
solvothermal preparations of the complexes were performed under
anaerobic conditions.

Preparation of (cat)[VIII VIV
5O6(OCH3)8(calix)(CH3OH)] (1.cat)

(cat ) Et4N, NH4, PyH, Et3NH). Green single crystals were obtained
from the reaction mixture ofp-tert-butylcalix[4]arene (calix, 0.1 g,
0.15mmol), VOSO4 (0.21 g, 0.9mmol), tetraethyl ammonium hydroxide
(0.3 mL, aqueous solution 40%) (1.Et4N), or triethylamine (1.5 mL)
(1.Et3NH) or pyridine (1 mL) (1.PyH) or ammonia (1 mL) (1.NH4)
and methanol (23 mL) in a 43 mL Teflon-lined autoclave under
anaerobic conditions at 170°C for 3 days: yield, 0.13 g, 58%. The
crystals were isolated upon filtration then washed with methanol and
dichloromethane. The compounds were kept in a N2 atmosphere.
(1.Et4N) Yield: 65%. Anal. Calcd for C61H100N1O19V6: C, 50.3; H,
6.92; N, 0.96; V, 21.0. Found: C, 49.7; H, 6.87; N, 0.98; V, 21.2. IR
(cm-1): 3460 (w), 2954 (w), 2915 (vw), 2812 (w), 1463 (m), 1204
(w), 1057 (vw), 966 (vw), 793 (vw), 577 (w). (1.Et3NH) Yield: 61%.
Anal. Calcd for C59H96N1O19V6: C, 49.6; H, 6.77; N, 0.98; V, 21.4.
Found: C, 49.8; H, 6.89; N, 0.97; V, 20.9. IR (cm-1): 3460 (w), 2954
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(w), 2915 (vw), 2812 (w), 1467 (m), 1200 (w), 1057 (vw), 962 (vw),
798 (vw), 573 (w). (1.PyH) Yield: 57%. Anal. Calcd for
C58H86N1O19V6: C, 49.5; H, 6.16; N, 1.00; V, 21.7. Found: C, 49.0;
H, 6.12; N, 0.99; V, 21.2. IR (cm-1): 3429 (w), 3058 (w), 2954 (vw),
2920 (vw), 2807 (w), 1627 (w), 1467 (m), 1182 (w), 1053 (vw), 970
(vw), 793 (vw), 642 (m), 582 (w). (1.NH4) Yield: 65%. Anal. Calcd
for C53H85NO19V6: C, 49.2; H, 6.01; N, 1.01; V, 22.0. Found: C, 49.0;
H, 5.92; N, 0.99; V, 21.8. IR (cm-1): 3429 (w), 3058 (w), 2954 (vw),
2920 (vw), 2807 (w), 1627 (w), 1467 (m), 1182 (w), 1053 (vw), 970
(vw), 793 (vw), 642 (m), 582 (w).

X-ray Crystallography. Data Collection. Processing of the data
was performed by the KappaCCD analysis softwares.62 The lattice
constants were refined by least-square refinement using 3883 reflections
(0° < θ < 27.9°), 4100 reflections (0° < θ < 27.9°) and 4938
reflections (0° < θ < 25.7°) for compounds (cat)[VIII VIV

5O6-
(OCH3)8(calix)(CH3OH)] (1.cat), respectively, with cat) Et4N+, NH4

+,
PyH+, Et3NH+. No absorption correction was applied to the data sets.

Structure Solution and Refinement.(cat) [VIIIVIV
5O6(OCH3)8(calix)-

(CH3OH)] (cat) Et4N+, NH4
+, Et3NH+) crystallize in the monoclinic

system and according to the observed systematic extinctions, the
structures have been solved in theC2/m space group (No. 12). (PyH)-
[V IIIVIV

5O6(OCH3)8(calix)(CH3OH)] (1.PyH) crystallizes also in the
monoclinic system with close crystal cell parameters but according to
the observed systematic extinction, the structure was solved in theP21/c
space group (No. 14). All structures were solved by direct methods
using the SIR97 program63 combined to Fourier difference syntheses
and refined againstF using reflections with [I/σ(I) > 3] with the
CRYSTALS program.64 All atomic displacements parameters for non-
hydrogen atoms have been refined with anisotropic terms. The hydrogen
atoms were theoretically located on the basis of the conformation of
the supporting atom. Table 1 summarizes the crystallographic data and
refinement details for1.cat (cat) Et4N+, NH4

+, PyH+, Et3NH+).
Selected bond lengths and angles are given in Table 2 for1.Et4N and
in Supporting Information Tables S1-S2 for 1.Et3NH, 1.NH4, and
1.PyH.

Magnetic Measurements.The magnetic studies were carried out
using a Quantum Design SQUID magnetometer on freshly made
samples kept under a N2 atmosphere in a PTFE capsule. The magnetic

susceptibilities were measured from 2 to 300 K in an applied field of
5 kOe. The magnetization was measured at 2 and 5 K in the 0-55
kOe range. The data were corrected for diamagnetism of the sample
holder and of the constituent atoms using Pascal’s constants.

Computational Details. The exchange parameters were estimated
using the DFT-broken symmetry approach developed by Noodleman
et al.65-68 as already described in the literature.69-74 All single-
determinant calculations were performed by means of the Gaussian 03
package75 within the spin-unrestricted formalism using the tight SCF
convergence criteria to ensure sufficiently well converged values for
the high spin (HS) and broken symmetry (BS) state energies. The hybrid
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Table 1. Crystal Data and Structure Refinement Parameters for Compounds 1.cat

1.Et4N 1.NH4 1.Et3NH 1.pyH
formula C61H100NO19V6 C53H85NO19V6 C59H96NO19V6 C58H86NO19V6

fw (g‚mol-1) 1457.09 1345.89 1429.04 1406.95
cryst syst monoclinic monoclinic monoclinic monoclinic
space group C2/m(No. 12) C2/m(No. 12) C2/m(No. 12) P21/c (No. 14)
a (Å) 28.815 (5) 28.885 (5) 28.805 (5) 15.798 (5)
b (Å) 15.726 (5) 15.613 (5) 15.638 (5) 15.555 (5)
c (Å) 15.904 (5) 15.789 (5) 15.833 (5) 28.662 (5)
R (deg) 90 90 90 90
â (deg) 104.809 (5) 104.356 (5) 104.546 (5) 104.676 (5)
γ (deg) 90 90 90 90
V (Å3) 6967 (3) 6898 (3) 6903 (3) 6814 (3)
Z 4 4 4 4
T (K) 293 293 293 293
λ(Mo KR) (Å) 0.71069 0.71069 0.71069 0.71069
D (g‚cm-3) 1.387 1.280 1.372 1.370
µ (mm-1) 0.84 0.84 0.84 0.86
R(F2)a, I > 2σFo) 0.0518 0.0738 0.050 0.058
Rw(F2)b, I > 2σ(Fo) 0.0602 0.0803 0.059 0.066
S 1.16 1.10 1.11 1.14

a R(F))∑ ||Fo| - |Fc||/∑ |Fo|. b Rw(F) ) ∑[w((Fo
2 - Fc

2)2/∑ wFo
4]1/2.

Table 2. Selected Interatomic Distances (Å) and Angles (deg) for
1.Et4Na

V1-O1 2.032(4) V2-O2 1.608(5)
V1-O3 2.186(5) V3-O4 1.598(5)
V1-O7 1.944(4) V4-O5 1.600(5)
V1-O8 1.953(4) V5(V5i)-O6 1.605(4)
V1-O9 1.955(3)
V1‚‚‚V2 4.426(1) V2‚‚‚V4 3.294(1)
V1‚‚‚V3 3.182(1) V2‚‚‚V5(V5i) 3.294(1)
V1‚‚‚V4 3.162(1) V3‚‚‚V4 4.715(1)
V1‚‚‚V5(V5i) 3.172(1) V3‚‚‚V5(V5i) 3.335(1)
V2‚‚‚V3 3.299(1) V4‚‚‚V5(V5i) 3.332(1)
V1-O7-V3 105.4(2) V2-O1-V3 87.6(1)
V1-O8-V4 103.7(2) V2-O1-V4 88.1(1)
V1-O9-V5 104.2(1) V2-O1-V5 87.8(1)
V1-O1-V2 179.8 (2) V3-O13-V5 112.3(2)
V1-O1-V3 92.2(2) V4-O14-V5 112.7(2)
V1-O1-V5 92.2(1) V3-O1-V4 175.7(2)
V1-O1-V4 92.2(2) V3-O1-V5 89.6(1)
V2-O10-V3 111.9(2) V4-O1-V5 90.2(1)
V2-O12-V4 110.6(2) V5sO1sV5i 175.5(2)
V2-O11-V5 110.7(2)

a Symmetry code: (i)x, -y, z.
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B3LYP exchange-correlation functional76-78 was used, in conjunction
with the contracted all-electron Gaussian basis sets reported by Ahlrichs
et al.79,80On the vanadium and oxygen atoms, the triple-ú valence basis
sets extended by one polarization function (p-function for V, d-function
for O) were used (TZVP). The carbon and hydrogen atoms were
described by slightly smaller polarized split-valence SVP basis sets
that are of double-ú quality in the valence region and contain one
polarization function (d-function for C, p-function for H). The X-ray
geometry was used throughout the calculations. The influence of the
nonorthogonality of the computed single determinants on〈S2〉 values
and on J values was estimated by using the following criteria: (i)
deviation of the computed〈S2〉HS and〈S2〉BS values from those derived
using the Clebsch-Gordan algebra and (ii) compatibility of all possible
equations forJ values derived for the orthogonal set of single
determinants with the computed HS and BS state energies. Some details
about the origin of the nonorthogonality problem are given in ref 74.

Results and Discussion

Synthesis.The (cat) [VIIIVIV
5O6(OMe)8(calix)(MeOH)] (cat

) Et4N, NH4, Et3NH, pyH) compounds were synthesized by
solvothermal synthesis under anaerobic conditions (N2 atmo-
sphere) in methanol by reacting VOSO4 with p-tert-butylcalix-
[4]arene (calix) in presence of a base (Et4NOH, NH4OH, Et3N,
pyridine). Whatever the base used in the reaction, we obtained
the same [V6]- anionic complex

[V IIIVIV
5O6(OMe)8(calix)(MeOH)]- (1) is charge balanced

by a cation (cat) issued from the base (cat) Et4N, NH4, Et3-
NH, pyH). As reported elsewhere the VIII valence state obtained
here has to be ascribed to the solvothermal method that tends
to stabilize the low valence state.26,35,81,82

Description of the Structure. All compounds are made of
[V6O6(OCH3)8(calix)(CH3OH)]- anion (1) plus cations (cat)
Et4N+, NH4

+, Et3NH+, pyH+). The crystal structures established
from single-crystal X-ray diffraction show that the{V6O19}
vanadium framework of the cluster exhibits the so-called
Lindqvist structure with a capping macrocycle (Figure 1).

The {V6} octahedron comprises eightµ2-oxygen ions from
the methoxo groups and four from the phenoxo groups of the
capping calix[4]arene. The six vanadium ions are linked together
by a centralµ6-O2- ion (O1). In contrast with other hexavana-
dates40,42 there are only five vanadyl groups in a syn-coplanar
conformation83 (V2, V3, V4, V5, V5i), easily identified by the
characteristic short VdO distances of∼1.60 Å as reported in
Table 2 and Table S1 (V2-O2, V3-O4, V4-O5, V5-O6,
V6-O19). The{VIVO6} octahedron are distorted because of
the short VdO and the long V-O1 bond lengths. Concerning
the sixth vanadium ion (V1) which is coordinated to the lower
rim of the calixarene macrocycle there is no vanadyl group.
Instead there is a coordinated methanol group (V-O(H)Me)
with a longer bond length [V1-O3: 1.946(7)-2.227(5) Å]. It
follows that to balance the charge of the compound (1.cat) one
vanadium should be in the+III valence state. To further identify
the valence states of each vanadium center, bond valence sum

(BVS) calculations84-86 were performed. For five of the
vanadium ions, V2, V3, V4, V5, and V5i (or V6 for1.PyH)
the BVS calculations (Tables 3 and S3) agree with+IV
oxidation states, whereas for the vanadium (V1) caped by the
calixarene macrocycle the BVS calculations (Tables 3 and S3)
indicate a+III oxidation state which is in good agreement with
the charge balance of the compounds1.cat. Some polynuclear
systems with V(III)/V(IV) have been already reported,34-36,59,60

but to the best of our knowledge these compounds (1.cat) are
the first example of polyoxo(alkoxo)hexavanadate with the
Lindqvist-type structure.

Magnetic Studies.As may be expected all compounds of
the series (1.cat) have the same magnetic behavior as exempli-
fied for 1.Et4N in Figure 2. At 300 K, the product of the
magnetic susceptibility with temperature (øT) is 2.60 cm3 K
mol-1 which is lower than the value expected for five V(IV) (S
) 1/2) plus one V(III) (S) 1) magnetically independent (2.875
cm3 K mol-1). Upon coolingøT continuously decreases to reach
a minimum at 90 K (2.17 cm3 K mol-1) then increases to the
maximum value of 2.74 cm3 K mol-1 at 6 K and decreases
again. The field dependence of the magnetization at 2 K (inset

(75) Frisch, M. J.; et al.Gaussian 03,revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(76) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(77) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100.
(78) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785-789.
(79) Schafer, A.; Huber, C.; Ahlrichs, R.J. Chem. Phys.1994, 100, 5829-

5835.
(80) Schafer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys.1992, 97, 2571-2577.
(81) Kumagai, H.; Kitigawa, S.Chem. Lett.1996, 471-472.
(82) Laye, R. H.; McInnes, E. J. L.Eur. J. Inorg. Chem.2004, 2811-2818.
(83) Rodriguez-Fortea, A.; Alemany, P.; Alvarez, S.; Ruiz, E.Eur. J. Inorg.

Chem.2004, 143-153.

(84) Brese, N. E.; O’Keeffe, M.Acta Cryst.1991, B47, 192-197.
(85) Brown, I. D.; Altermatt, D.Acta Cryst.1985, B41, 244-247.
(86) Thorp, H. H.Inorg. Chem.1992, 31, 1585-1588.

Figure 1. Molecular structure of1. For clarity, H atoms have been omitted,
and thermal ellipsoids (30% probability) are only drawn for the V and O
atoms.

Table 3. Bond Valence Sum (BVS) Calculations for 1.Et4N84-86

V1 3.03
V2 3.89
V3 4.01
V4 4.03
V5 4.02
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of Figure 2) reaches the maximum value of 3.7µB at 5 T
corresponding to a spin ground stateS ) 3/2 or S ) 2.

According to the structural parameters of (1.cat) (Figure 1)
we can consider that from the magnetic point of view there are
only three different vanadium (C4 symmetry): (a) the terminal
V(III) (V1 with spin S1), (b) the four equatorial V(IV) [V3,
V4, V5, V5i, (or V6) with spin S3, S4, S5, and S5i (or S6),
respectively], and (c) the terminal V(IV) (V2 withS2). Con-
sidering the V‚‚‚V distances (Table 2), this leads to five possible
magnetic exchange couplings (Scheme 1):J1 between the V(III)
(V1) and the equatorial V(IV) (V3, V4, V5, V5i, or V6 mean
V‚‚‚V distance) 3.17 Å); J2 between next neighbor of the
equatorial V(IV) (mean V‚‚‚V distance) 3.3 Å]; J3 between
the terminal V(IV) and the equatorial V(IV) (mean V‚‚‚V
distance) 3.29 Å);J4 between the V(III) (V1) and the terminal
vanadium V(IV) through the central oxygenµ6-O1 (V1‚‚‚V2
distance) 4.43 Å); andJ5 between next next neighbor of the
equatorial V(IV) through the central oxygenµ6-O1 (mean V‚
‚‚V distance) 4.71 Å). The corresponding spin Hamiltonian
may thus be written as follow:

Straightforward running of the MAGPACK fitting procedure87,88

to describe the magnetic data with this Hamiltonian led to
several mathematically satisfactory but contradicting sets of
exchange parameters. To find a reasonable set of coupling

constants we thus investigated the magnetic interactions through
DFT calculations.

DFT Calculations: DFT study of the exchange coupling was
carried out on cluster1 with structural parameters found in
compound1.Et4N. The goal was to assess the relative impor-
tance of the exchange pathways and to figure out the dominant
exchange interactions. To simplify calculations, thetert-butyl
groups of the calixarene macrocycle were replaced by hydrogen
atoms. As usual in the DFT-broken symmetry approach the
single-determinant states representing different spin configura-
tions were computed, namely the high-spin (HS) state with the
total spinS ) 7/2 and the broken-symmetry (BS) states. The
spin density distribution computed from the unrestricted HS
solution (see Figure S1 of Supporting Information) clearly
indicates that all seven d-electrons are completely trapped, in
agreement with the experimental observation. The spin density
is concentrated on the metal ions; the contributions from the
V(IV) centers are dxy in character, while the two magnetic
electrons on the V(III) center occupy its dxz and dyz orbitals.89

Apparently, the formation of the relatively short bond between
V(III) site and central oxygen atom results in the destabilization
of the dxy orbital on the corresponding metal ion. The unre-
stricted HS solution is a good representation of the octet state,
the computed〈S2〉 value (15.82) is close to the expectation value
for the pureS ) 7/2 state (15.75).

The HS and 31 BS single determinants computed for1 are
reported in Table S4. The remaining 32 microstates are simply
spin-reversed counterparts of those listed in the table and we
do not consider them. From Table S4 one can see that the single-
determinant〈S2〉 values are not significantly affected by the
nonorthogonality problem inherent in the computational pro-
cedure, the computed values are close to the expected ones.
The diagonal matrix elements of the model spin Hamiltonian
associated with the computed single-determinant energies are
listed in Table S5. As one can see, the diagonal matrix elements
are given by the same expression for the states that are
equivalent under the symmetry imposed by the Hamiltonian.
From Table S5 one can obtain different equations expressing
the differences in energy between two single determinants as
functions ofJ values. Six different sets of five equations were
considered to test the consistency of these equations with the
computed HS and BS state energies. Since the crystal structure
of 1 was found to possess a lower symmetry, the average of
the computed BS state energies was used for the energy of the
single-determinant states that should be degenerate in the
idealized system having the square equatorial unit. The average
J values and their standard deviations areJ1 ) 2.0(1) cm-1, J2

) -17.6(2) cm-1, J3 ) -67.6(2) cm-1, J4 ) 5.5(3) cm-1, J5

) 0.5(6) cm-1. Apparently, the influence of the single-
determinant nonorthogonality onJ values can be considered
negligible for1.

Let us consider in detail the calculated values of exchange
coupling constants. As expected, the exchange couplings are
weak in the diagonal pairs, where the metal centers are well
separated by 4.43 and 4.71 Å forJ4 andJ5 exchange pathways,
respectively, and appeared to be of ferromagnetic nature. The
dimeric units comprising theµ-OMe bridges display a difference

(87) Borrás-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B.
S. Inorg. Chem.1999, 38, 6081-6088.

(88) Borrá’s-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S. J. Comput. Chem.2001, 22, 985-991.

(89) A local coordinate frame with thex andy axes pointing toward the bridging
oxygen atoms, and thezaxis directed along the V2-O2 (or V1-O3) bond
is considered.

Figure 2. Temperature dependence of theøT product and field dependence
of the magnetization at 2 K (inset) for1.Et4N. The solid lines hold for the
fitting with values discussed in the text.

Scheme 1. Magnetic Exchange Pathways in 1

Ĥ ) -2J1(Ŝ1Ŝ3 + Ŝ1Ŝ4 + Ŝ1Ŝ5 + Ŝ1Ŝ5i) - 2J2(Ŝ3Ŝ5 +
Ŝ5Ŝ4 + Ŝ4Ŝ5i + Ŝ5iŜ3) - 2J3(Ŝ2Ŝ3 + Ŝ2Ŝ4 + Ŝ2Ŝ5 +

Ŝ2Ŝ5i) - 2J4(Ŝ1Ŝ2) - 2J5(Ŝ3Ŝ4 + Ŝ5Ŝ5i)
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in the strength and sign of exchange. In V(IV)-V(IV) units,
the metal centers are coupled antiferromagnetically; the coupling
is stronger in the case of smaller intermetal separation (3.33 Å
for J2 and 3.29 Å forJ3) in agreement with previous results on
syn-coplanar conformation.83 In V(III) -V(IV) units, the cou-
pling is ferromagnetic but weak despite the short V‚‚‚V distance
(3.17 Å). One can try to rationalize these results by considering
the mixed oxo- and alkoxo-bridged dimeric units within the
Kahn-Briat model.90,91This model relates the antiferromagnetic
contribution of the exchange coupling constant between two
paramagnetic centers (A and B) with the overlap between
“magnetic orbitals”, that is, the orbitals of the two localized
A-X and X-B fragments (if a simple A-X-B system is
considered) bearing the unpaired electrons. Scheme 2 shows
the metal components of the two magnetic orbitals for both
V(III) -V(IV) and V(IV)-V(IV) dimeric units. In V(III)-V(IV)
pairs, the bridging angle (V-O1-V) is close to 90° (Table 2),
and these orbitals are composed of pure 3d vanadium orbitalss
dxz(dyz) on V(III) and dxy on V(IV). One can see that the
d-orbitals on the vanadium centers are orthogonal to each other.
Thus, one can expect that the antiferromagnetic term in the
expression forJ vanishes because of the orthogonality of the
“magnetic orbitals” imposed by the polyoxometalate architec-
ture. Apparently, the coupling is weak because the orbital
orientation is not optimal for the ferroexchange. In V(IV)-V(IV)
units, the dxy orbitals on the vanadium centers are also orthogonal
to each other. However the magnetic electrons were found to
be coupled antiferromagnetically. This has to be compared with
our recent study of VIV/VV mixed-valence alkoxo-polyoxovana-
date74 comprising the same type of hexanuclear vanadium core
but having only four unpaired electrons (four V(IV) and two
V(V)). In that case the coupling within the V(IV)-V(IV)
dimeric units is ferromagnetic, whereas both systems were
studied applying exactly the same computational procedure.
Then, it follows that the exchange coupling within a dimeric
unit depends on the overall number of magnetic electrons of
the system. The dimeric fragments within a polynuclear
framework cannot be treated as independent units. Our calcula-
tions show that the addition of the three extra electrons changes
even the sign of exchange within the same dimeric unit. It also
means that the magnetostructural correlations encountered in
vanadium oxo-dimers83 cannot be directly applied to polynuclear
architectures. Of course, the differences can also be partly

attributed to the presence, in our case, of mixed oxo-alkoxo
bridges.

Interestingly, in contrast with all our previous attempts when
we input these computed exchange parameters in the MAG-
PACK package87,88 we obtained a very good agreement with
the experimental magnetic susceptibility data without any fitting
procedure if we considerg ) 2 and aøTIP ) 0.74 10-3 emu
mol-1 (Figure 2). Ag ) 2 may seem surprising considering
the anisotropic contribution generally accounted for from the
V(III). 92,93 However, such a value was also found for other
V(III,IV) mixed-valence polynuclear systems.36,59The relatively
high øTIP value used in the simulations is in the range of those
encountered in mixed-valence V(III,IV) open-framework struc-
tures (∼0.8 10-3 emu mol-1),94 [V14Ge8O42S8]12- clusters (5.5
10-3 emu mol-1),95 in vanadium oxide V2O5 xerogels (0.1-
8.5 10-3 emu mol-1),96 and in TlV5-yCryS8 materials (0.3-
10.5 10-3 emu mol-1).97

Thus, we can suppose that our DFT-based estimations of
exchange parameters, as well as the earlier predictions of the
ferromagnetic coupling in the system with four magnetic
electrons,73 are reliable. Although, the description of the
magnetization data is less satisfactory (Figure 2), we must note
that this dependence is very sensitive to the energy gap between
the ground and first excited states, which is found with
calculated parameters at just about 2 cm-1, and the presence of
intermolecular interactions. In previously reported V(III,IV)
mixed-valence clusters, the V(III)-V(IV) couplings were found
antiferromagnetic and generally strong.36,59,60For example in
[(V IVO)8VIII

2]60 all magnetic interactions were found antiferro-
magnetic, with a V(IV)‚‚‚V(III) exchange constant of-39 cm-1

[Ĥ ) -2J(Ŝ1Ŝ2)] related to a V(IV)‚‚‚V(III) distance of 3.68 Å
and a V(IV)-O-V(III) angle of 128°. In 1, this exchange is
found ferromagnetic (2.0 and 5.5 cm-1) with a V(IV)‚‚‚V(III)
distance of 3.17 Å and V(III)-O-V(IV) angles of ∼104°
through the phenoxo-groups of the calixarene and∼92° through
the µ6-O1 central ion (Table 2). Therefore, the ferromagnetic
character of the V(IV)‚‚‚V(III) found in 1 may be due to the
shortest distance between the vanadium ions and the smallest
V-O-V angle values with one almost orthogonal.

Conclusions

We have reported in this paper a series of compounds (cat)-
[V6O6(OCH3)8(calix)(CH3OH)] which were obtained under
anaerobic conditions and a solvothermal method when reacting
VOSO4 with p-tert-butylcalix[4]arene (calix) in methanol.
Cluster1 may be obtained starting from other oxovanadium-
(IV) salts and the final compound (1.cat) always incorporate
cations (cat) that are the conjugated acid of the base used in
the reaction. Whereas some V(III)/V(IV) compounds have
already been reported, cluster1 is the first polyoxovanadate-
(III, IV) with a Lindqvist-type structure. The study of the

(90) Kahn, O.; Briat, B.J. Chem. Soc. Trans.1976, 72, 1441-1446.
(91) Kahn, O.; Briat, B.J. Chem. Soc. Trans.1976, 72, 268-281.

(92) Beaulac, R.; Tregenna-Piggott, P. L. W.; Barra, A.-L.; Weihe, H.; Luneau,
D.; Reber, C.Inorg. Chem.2006, 45, 3399-3407.

(93) Treggena-Piggott, P. L. W.; Weihe, H.; Bendix, J.; Barra, A.-L.; Gu¨del,
H. U. Inorg. Chem.1999, 38, 5928-5929.

(94) Laye, R. H.; Murrie, M.; Ochsenbein, S.; Bell, A. R.; Teat, S. J.; Raftery,
J.; Güdel, H.-U.; McInnes, E. J. L.Chem.sEur. J. 2003, 9, 6215-6220.

(95) Pitzschke, D.; Wang, J.; Hoffmann, R. D.; Po¨ttgen, R.; Bensch, W.Angew.
Chem., Int. Ed.2006, 45, 1305-1308.

(96) Liu, Y.-J.; Cowen, J. A.; Kaplan, T. A.; DeGroot, D. C.; Schindler, J.;
Kannewurf, C. R.; Kanatzidis, M. G.Chem. Mater.1995, 7, 1616-1624.

(97) Bensch, W.; Wo¨rner, E.; Tuczek, F.Mater. Res. Bull.1995, 30, 1065-
1074.

Scheme 2. Magnetic Orbital Orientations for Different Vanadium
Pairs
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magnetic behavior shows that the V(IV)‚‚‚V(III) magnetic
interactions are ferromagnetic (2.0 and 5.5 cm-1). Moreover it
is the only example of polyoxovanadate coordinated to a
calixarene macrocycle. Thus this novel family of polyoxovana-
dates is interesting both from the magnetic point of view but
also for other fields such as catalysis. The synthesis of similar
clusters with larger calixarene macrocycles is under progress.
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