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ABSTRACT. The series of sodium/potassium salts of the sandwich-type heteropolyanions [Mn+3(H2O)x(BiW9O33)2](18(3n)( (Mn+ = (VO)II, x = 0 and Mn+ =  CrIII, MnII, FeIII, CoII, NiII, CuII, x = 3) was investigated by X and W bands ESR spectroscopy. In the complex with vanadium(IV) the unpaired electrons are trapped on the parent ions (gII  = 1.899, g( = 1.974, (AII( = 184 G, (A(( = 69 G) and the VIV ions are prevalently dipolar coupled. In the case of the other trinuclear clusters, the metallic coupling is based on the superexchange mechanism realized through the heteropolyoxometalate frame. The isotropic exchange constants were estimated for the CrIII (J = (4.116 cm(1) and MnII (J = (2.074 cm(1) clusters from the temperature dependance of the linewidths of the HF-EPR signals. The g tensor is isotropic for the complexes with CrIII, MnII and FeIII (g ( 2.0), axial for the CuII cluster (gII = 2.080, g( = 2.237) and rhombic for the NiII complex (gx = 2.201, gy = 2.211, gz = 2.292). The zero field splitting tensor is rhombic for the clusters of MnII (D = ​(0.381 cm(1, E = 0.054 cm(1 for the spin state S = 7/2) and NiII (D = 1.66 cm(1, E = 0.18 cm(1 for the spin state S = 1). Two species with different degrees of the rhombical distortion have been identified in case of the FeIII (D1 = 1.5 cm(1, E1 = 0.12 cm(1 and D2 = 1.5 cm(1, E2 = 0.5 cm(1) and CoII (gx1 = 5.021, gy1 = 3.561, gz1 = 2.401 and gx2 = 5.776, gy2 = 3.813, gz2 = 2.850) samples.

Introduction 

During the last years, sandwich-type heteropolyoxometalates (HPOM) encapsulating clusters of early transition metals have received much attention both from applied (in material science, medicine, catalysis) and fundamental research perspectives [1,2]. The metallic clusters are usually encapsulated between two Keggin or Dawson-Wells trilacunary fragments. In this context, our research focuses on the ESR and HF-ESR investigation of BiIII based sandwich-type HPOM with three 3d transition metals [Mn+3(H2O)x(BiW9O33)2](18(3n)( (Mn+ = (VO)II, x = 0 and Mn+ =  CrIII, MnII, FeIII, CoII, NiII, CuII, x = 3). 

Experimental 

ESR spectra on powdered solids have been recorded at room temperature and 80 K at ca. 9.6 GHz (X-band) using a Bruker ESP 380 spectrometer. W-band ESR spectra were recorded on the HF-ESR Grenoble spectrometer at 190 GHz frequency. Powder samples were pressed in pellets to avoid preferential orientation of the crystallites in the strong magnetic field.
Results and discussion

The powder ESR spectrum of the complex with vanadyl (Fig.1), obtained in the X-band at room temperature was simulated as a superposition of two Gaussian components, an axial and an isotropic one. The axial component exhibit the signals due to the hyperfine coupling of the unpaired electron spin  with the nuclear  spin of  the  51V isotope (I = 7/2) (gII = 1.899, g( = 1.974, (AII( = 184 G, (A(( = 69 G). The unpaired electrons are predominantly trapped on the parent ions. The degree of covalency of the in-plane V(O ( bonds (22 = 0.876 evaluated using the LCAO-MO method for VIV ion in a C4v local symmetry indicates a dominant ionic character of the in-plane ( bonds. The broad component of the spectrum could be interpreted in therms of the presence of very weak extended exchange interactions within the vanadyl triangular cluster. The excited state S = 3/2 could be responsible for the appearance of the broad component of the spectrum, because of the unsolved hyperfine structure and possible g and A tensors anisotropies [3]. 
HF-ESR spectra of the polycrystalline complex with three CrIII ions, obtained in W-band (190 GHz) and 5(200 K temperature range (Fig.2), contain a broad line at g ( 2.0. By raising the temperature, the linewidth of the signal decreases because of small CrIII(CrIII superexchange interactions. The temperature dependence of the inverse of the linewidth was fitted (Fig.3) taking into account the proportionality ((B(p-p))(1 ( (MT, with (M being the molar susceptibility, and in the frame of a HDVV model for three exchange-coupled high-spin CrIII ions (S1 = S2 = S3 = 3/2) [4,5]:
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where x = exp(J/kT) and all other parameters have their usual meanings. The best fit was obtained with J = (4.116 cm(1 and considering the g = 1.995 mean value in the temperature range of 5(85 K. The three CrIII ions are antiferromagnetically coupled as arises from the negative value of the exchange coupling constant. A large signal ((B(p-p) ( 2800 G) assigned to coupled CrIII ions was obtained in the X-band powder ESR spectra, at room temperature. The supplementary signal appearing in the spectrum obtained at T = 80 K at g2 = 4.047 is due to (MS = ( 2 transitions. 

ESR spectra of the powder complex with MnII performed in the X-band at room and nitrogen liquid temperatures show an isotropic signal at g1 = 2.013 typical for coupled MnII ions and a small signal at half-field (g2 = 4.264) due to (MS = ( 2 transitions (Fig.4). The HF-ESR spectra (190 GHz) of the polycrystalline sample pressed in a pellet of the MnIIcomplex in the temperature range 5(80 K exhibits an asymmetric signal at about g = 2.0. The exchange coupling constant J = (2.074 cm(1 was estimated following the same procedure as for the CrIII cluster, but for a system with three antiferromagnetic coupled high-spin MnII ions with S1 = S2 = S3 = 5/2 [6]. ESR spectrum obtained at T = 5 K was simulated using the following parameters: S = 7/2, g = 2.027, D = ​(0.381 cm(1, E = 0.054 cm(1.
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The powder ESR spectrum obtained in the X-band at T = 80 K for the complex with FeIII contains three main features at the effective g values 8.493, 4.289 and 2.000 and a shoulder at 5.498 (Fig.5a). The ESR spectrum was interpreted using one S = 5/2 spin state. The positions of  the main signals were reproduced by simulation with an isotropic g tensor, (gx = gy = gz = 2.0) and a rhombic fine structure tensor (D = 1.5 cm(1, E = 0.12 cm(1) (Fig.5d). For reproducing the intensities of the signals at geff ( 4.289 for transitions in MS = (3/2 doublet and geff ( 8.493 for transitions in MS = (1/2 doublet, the above spectrum was superposed with another component with a stronger signal at geff ( 4.289. This component (Fig.5c), present in the 4:1 ratio with the first component, is characterised by an isotropic g tensor (gx = gy = gz = 2.0) but a zero field splitting tensor with a greater rhombicity (D = 1.5 cm(1, E = 0.5 cm(1).

[image: image3.wmf]The powder ESR spectrum of the complex with CoII, recorded in the X-band (9.7 GHz) at T = 80 K, exhibits a very broad signal ((B(p-p) ( 2160 G) centered at g = 3.582 and a small signal at g ( 2.00. Only the last signal remains in the spectrum when increasing the temperature. The observation of this signal even at room temperature is in good agreement with the presence of coupled CoII ions, with square pyramidal local environments. HF-ESR spectra (190 GHz) of the pollycrystaline complex pressed in a pellet exhibit at least four signals (Fig.6). The ratio of the intensities for the two signals at lower magnetic fields is almost constant in the temperature range 5(50 K, which indicates that they originate in the same spin state. The HF-ESR spectrum at T = 5 K was simulated by superposing in 2:1 ratio the spectra of two distinct species (gx1 = 5.021, gy1 = 3.561, gz1 = 2.401 and gx2 = 5.776, gy2 = 3.813, gz2 = 2.850), characterised by the same effective spin Seff = 1/2 for three antiferromagnetic coupled CoII ions. 

HF-ESR spectra of the poly-crystalline sample with NiII pressed in a pellet (Fig.7) contain the most intense signals in the 2(8 T magnetic field region. The intensity of the signals varies with temperature so that at 25 K three sharp signals and two broader ones are observed. The obtained spectra were interpreted in terms of one S = 1 spin state for three antiferromagnetic coupled NiII ions. The magnetic fields for (MS = (1 transitions estimated from the spectrum at 5 K were used for supplying the ESR parameters by means of Chasteen procedure [10,11]. The cluster presents a small rhombic distortion both in g (gx = 2.201, gy = 2.211 and gz = 2.292) and D tensors (D = 1.66 cm(1 and E = 0.18 cm(1).

[image: image4.wmf]In the case of the complex with CuII, the anti-ferromagnetic coupling between the CuII ions, favorised by the geometry of the cluster and the spin frustration, leads to a double degenerate S = 1/2 ground state, which is ESR inactive, and one. ESR active S = 3/2 excited state The best fit of the spectrum was obtained with an axial spin Hamiltonian with S = 3/2, principal g values gII = 2.080 and g( = 2.237, the axial zero field splitting parameter D = 0.0214 cm(1. The parallel direction is along the C3 axis of the trinuclear copper cluster and also along the perpendicular direction of the individual g tensors.

Conclusion

ESR and HF-ESR investigation of the sodium/potassium salts of the [Mn+3(H2O)x(BiW9O33)2](18(3n)( (Mn+ = (VO)II, x = 0 and Mn+ = CrIII, MnII, FeIII, CoII, NiII, CuII, x = 3) heteropolyanions lead to the estimation of the type of the metal-metal interaction, of the ESR parameters and the ground spin states of the metallic clusters.

Vandium ions  have a  C4v local symmetry and are prevalently dipolar coupled. The weak superexchange ineraction lead to the S = 1/2 ground state and the excited S = 3/2 state. Trinuclear CrIII cluster has an isotropic g = 1.995 factor and the CrIII ions are antiferromagneticaly coupled (J = (4.116 cm (1). In the case of the MnII cluster, where the metallic ions are antiferromagnetically coupled (J = (2.074 cm(1), one S = 7/2 state was identified (D = ​(0.381 cm(1, E = 0.054 cm(1, g = 2.0). Two distinct species have been identified at 80 K in the sample of the complex with FeIII, characterised by the S = 5/2 spin state and D1 = 1.5 cm(1, E1 = 0.12 cm(1 and D2 = 1.5 cm(1, E2 = 0.5 cm(1 zero field splitting parameters, respectively. CoII cluster is characterised by the effective spin S = 1/2 and the sample is a mixture of two nonequivalent species (gx1 = 5.021, gy1 = 3.561, gz1 = 2.401 and gx2 = 5.776, gy2 = 3.813, gz2 = 2.850). NiII cluster has one S = 1 ground state and g (gx = 2.201, gy = 2.211, gz = 2.292) and D (D = 1.66 cm(1, E = 0.18 cm(1) rhombic tensors. Trinuclear CuII cluster has an ESR inactive S = 1/2 doublet as ground state and an excited state S = 3/2 (gII = 2.080, g( = 2.237, D = 0.0214 cm(1). 
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Fig.7 Temperature dependence of the HF-ESR spectra (190 GHz) of the polycrystalline sample of the complex with NiII pressed in a pellet (a0 T = 5 K, (b) T = 15 K, (c) T = 25 K, (d) T = 50 K
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Fig.6 (a) HF-ESR spectrum (190 GHz) at T = 5 K of a polycrystalline sample of  the complex with CoII pressed in a pellet and (b) the simulated spectrum as sum of the spectra (c) and (d) assuming S = 1/2 spin state
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Fig.2 HF-ESR spectra (190 GHz) of the poly�crystalline complex with CrIII pressed in a pellet, recorded at temperatures: (a) 5 K, (b) 15 K, (c) 25 K, (d) 50 K, (e) 85 K





Fig.3 Temperature dependence of the inverse of the linewidth ((B(p-p))�(1 for the HF-ESR signal of the complex with CrIII. The solid line is the best fit of the data.
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Fig.4 Powder ESR spectra of the complex with MnII recorded in the X-band at                 T = 293 K temperature
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Fig.5 (a) Powder ESR spectrum of the complex with           FeIII obtained in the X-band at T = 80 K. 


(b) The total simulated spectrum as sum of the spectra                    (c) and (d), assuming S = 5/2 spin state
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Fig.1. (a) The experimental powder ESR spectrum of  the complex with  vanadyl, obtained in the              X-band at room temperature (normal line) and its simulated spectrum (dotted line)


 (b) The components of the simulated spectrum of the complex.
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