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METALATES 

Christian RIMBAUIY, Lahcbne OUAH ABa, Jean Pascal SUTIERb and 
Olivier M b  

aGroupe Magriaux MolCculaires, Laboratoire de Chimie du Solide et Inorganique 
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France. 
bLaboratoire des Sciences MolCculaires, Institut de Chimie de la Matibre 
CondensCe de Bordeaux, UPR CNRS 9048, F33608 Pessac France. 

Abstraa The synthesis, crystal structures and magnetic properties of two nitronyl 
nitroxide radical salts of polyoxometalates are reported. The para-radical2-(4-N- 
methylpyridinium-4,4,5,5-tetramethylimidazoline)- l-oxyl-3-oxide was associated 
to Lindquist polyoxometalates [M6019]2- with M=Mo,W to give (para-rad)2- 
Mo6019 (1) and (para-rad)2-W6019 (2) which are isostructural. The magnetic 
measurements show ferromagnetic interactions for (1) and (2). 

INTRODUCTIO N 

The molecule based magnetic materials involves two kinds of compounds. On one hand 
those materials in which a spin-spin interactions occur through chemical bridges, the spin 
carriers being either transition metal ions or both transition metal ions and organic 
radicals'. On other hand the materials with weak through-space interactions between 
isolated molecules. These salts include charge transfer complexes such as TCNE- 
Fe(Cp*)2 and radical ions salts such as those containing nitronyl-nitroxide organic 
radicals. For this latter particular class, the magnetic interactions depend on the 
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dimensionality of the materials. In this way, we have recently observed ferromagnetic 
intcractions in such compounds containing hexa~yanometalates~. In this paper we report 
the preparation, X-Ray crystal structures and ferromagnetic interactions of a new class of 
nitronyl-nitroxide radical salts containing polyoxometalates. These inorganic anions 
(Schemel) have been used as components in conducting or magnetic TTF derivatives 
radical ions salts41516. Their structure can be discribed as condensed MO6 octahedra 
sharing edges or vertices, and they constitute a wide class of discrete molecular anions 
with different charges, shapes, sizes and electronic and magnetic properties7. Their 
association with organic radicals of the niuonyl nitroxide family can give rise to new 
molecular agencements with new kinds of magnetic interactions. Thanks to the richness 
of their substitution chemistry, it is possible to modulate their geometrical and physical 
properties. In particular, it can be introduced as spin carriers in these organic radical 
materials. 

KEGGIN 
[XM'M,,O,,]"' 

X= Si, P; MI= Fe, Cu; M= W 
X= Fe, Cu; MI= M= W 

LINDQUIST 
t1MgQ91 2- 

SCHEME 1: Represcntation of Lindquist and Keggin Polyoxometalates. 

EXPERIMENTAL SECTION: 

Svnthesis: 
Nitronyl nilroxide radical salt8 and Lindquist polyoxometalates~~~~ were prepared using 
the literature procedure. 

The synthesis of compounds is achieved by metathesis between the 
tetrabutylammonium salts of polyanions and the radical salt Rad+ I- in acetonitrile 
solution. Well shapped green and brown crystals (respectively for (1) and (2)) were 
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obtained by slow evaporation in acetonitrile. The stoichiometries were determined by X- 
Ray crystal structure and elemental analysis. Analysis calculated (found) gives for (1) : 
C, 22.78 (22.80); H, 2.77 (2.82); N, 6.13 (6.45); Mo, 42.02 (42.17). Analysis 
calculated (found) gives for (2) : C, 16.44 (16.42); H, 2.00 (2.01); N, 4.42 (4.39); W, 
58.14 (58.89). 

X-Rav Diffraction1 l: 
The X-Ray data collections were performed on an Enraf-Nonius CAD4 diffractometer 
equipped with a graphite monochromatized MoKa (k0.71073A) radiation. The unit cell 
parameters were determined and rcfined from setting angles of 25 accurately centred 
reflections. Data were collected with the 8-28 scan method. Thrce standard rcflcctions 

were measured every hour and revealed no fluctuations in intensities for (1) and (2). 
Intensities were corrected for Lorentz and polarisation effects. The structures were 
solved by direct methods and successive Fourier difference synthesis. An empirical 
absorption correction was applied using the 'I"-scan procedurel2. The refinements were 
performed by the full-matrix least-squares method [H-atoms, both found by Fourier 
synthesis and placed at computed positions (C-H: lP\, B=4A2). All the calculations were 
achieved on a Micro VAX 3100 using the Molen programs13. 

Magnctic Measurements: 
Thcse were carried out with a Quantum Design MPMS-5S SQUID magnetometer, with 
an external magnetic field of 103 Oe. 

STRUCTURAL AND MAGNETIC CHARACTERIS ATIONS: 

Crystal structu re: 
The unit cell of (1) and (2) contains one polyoxomctalate [M0]6I2- centered on the 
origin and one radical. The intramolecular bond lengths and bond angles are close to 
those reported for such ~ n i t s ~ ~ , ~ 5 .  The angle between the nitronyl nitroxide and the 
pyridinium rings is 33.4(2)". The radicals form centrosymetric dimers A-B which are 
located in the middle of the (ab) plane. Figure 1 shows the projection of the crystal 
structure. The most significant intermolecular interactions are observed following the 
directions [loo] and [OOl]. Theses distances are reported in Table 1. The shortest O...H 
distances between the radicals are 2.322(3)A and 2.368(6)A for [M0601g]~- and 
[W6O 19]2-, rcspectively. The shortest contact between the radical and the 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

46
 2

1 
A

ug
us

t 2
01

2 



70/[656] C. RIMBAUD B I  <I / .  

polyoxometalate is observed for a O...H interaction at 2.21(4)A and 2.294(4)A for 

[Mo6O19l2- and W6019]2- respectively. 

b 

- c -  - d -  

FIGURE 1 : a) Projection of the crystal structure. b, c and d give shortest 
intermolecular contacts according to Table 1. Symmetry code: A (x,y,z) ; B (1-x, 
I-y, Lz); C (-X, 1-y, 2-2); D (1-X, 1-y, 2-2). 
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TABLE1 : Significant intermolecular contacts for (1) and (2). 

radical-radical : 
dl(Ol1-H11) (i) 
d2(N2-H11) (i) 
d3(012-C1) (ii) 
d4(012-H4) (ii) 
d5(012-C2) (ii) 
d6(011-C1) (iii) 
d7(011-H2) (iii) 

pol yoxometalate-radical : 

d8(05-H6) (iv) 
d9(07-H5) (v) 
d10(03-H12) (vi) 

(para-rad)2-M06019 

2.53(6) A 
2.83(5) A 
3.169(4) A 
2.38(3) A 
3.045(3) 8, 
3.322(4) A 
2.322(3) 8, 

2.21(4) A 
2.45(5) 8, 
2.47(4) 8, 

@ara-rad)z- W6019 

2.452(6) 8, 
2.751(5) 8, 
3.137(8) A 
2.337(4) 8, 
3.020(6) A 
3.317(9) 8, 
2.368(6) 8, 

2.294(4) A 
2.2 I2(4) 8, 
2.430(4) 8, 

Svmmetrv code: (i): 1-x, 1-y, 1-z ; (ii): -x, 1-y, 2-2 ; (iii): 1-x, 1-y, 2-2 ; (iv): I-x, -y, 1- 

z ; (v): -x, 1-y, 1-z, (vi): x, y-1, z. 

Magnetic uroverties: 
The magnetic properties of (1) are represented in Figure 2 in the form of the XMT versus 
T plot, XM being the molar magnetic susceptibility and T the temperature. At room 
temperature, XMT is equal to 0.75 cm3.K.mol-l, which corresponds to what is cxpected 
for two uncorrelatcd radical spins, remains constant down to ca. 60K, then increases as 
T is lowered further, and reaches 0.85 cm3.K.mol-1. These experimental data may be 
fitted with the Curie-Weiss law XM = 0.750/(T-0.286). Such a behaviour reveals 
dominant ferromagnetic interactions between the radicals spins. There are three kinds of 
intermolecular interactions within the lattice, namely: (if the A-B interaction, B being 
deduced from A through the operation (1-x, 1-y, 1-z). The shortest contact is observed 
between a nitroxide oxygen atom of a unit and a hydrogen atom bound to a methyl group 
of the nitronyl nitroxide ring of the other unit (2.53(6) A); (ii) the A-C interactions 
between the units related through the operation (-x, 1-y, 2-2). The shortest contact is then 
between the nitroxide oxygen atom of a unit and the hydrogen atom bound to the 
pyridinium carbon atom in 2-position of the other unit (2.38(3) A); (iii) the A-D 
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interaction, D bcing dcduced from A through thc opcration (1-x, 1-y, 2-2). In that case, 
the shortest contact involves a nitroxide oxygen atom of a unit and a hydrogen atom of 
the methyl pyridinium group of the other unit (2.322(3) 8). It is not obvious to see what 
interaction is responsible for the observed ferromagnetic coupling. The best candidate 
seems to be the interaction A-B in which the niuonyl nitroxide groups are closer to each 
other. In any case, the interaction is rather weak. If we assume that one of the three 
interactions described above is operative and the other two are negligibly small, the 
expcrimcntal data could bc described by a dimer law. Such a law leads to a singlet-triplet 
energy gap J=0.84 cm-l. 

Thc data for compound (2) are very similar to that for compound (1). In the 
dimer hypothesis, J is found to be equal to 0.93 cm-l. The fact that the ferromagnetic 
interaction is larger than for 1 is in line with the fact that the intermolecular contacts in 
(2) are shorter than in (1). 

r. b 
x 

0.84 

0.82 

0.80 

0.78 

0.76 

0 20 40 60 80 100 
T / K  

FIGURE 2 : XMT versus T curve in the 2-100 K temperature range for compound 

(1) .  
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CONCLUSION 

The materials presented here constitute the first example of molecular assemblies of 
nitronyl nitroxide radicals with polyoxometalates. Despite the large size of the anions, 
ferromagnetic interactions between the nitronyl nitroxide radicals are observed. Other 
radical cation salts containing paramagnetic Keggin polyoxometalates [XM'Wi 10401"- 

(X= Si, P and M'= Fe, Cu; X= Fe, Cu and M'= W) are under current investigation in 
our group. This kind of polyoxometalates gives the possibility to introduce paramagnetic 
centers on the inorganic part. 
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