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AbstratWe present a quantitative evaluation of the inuene of the eletron trans-fer on the magneti properties of mixed-valene polyoxometalates reduedby two eletrons. For that purpose, we extrat from valene-spetrosopy abinitio alulations on embedded fragments, the value of the transfer integralsbetween W nearest-neighbor atoms in a mixed-valene �PW12O40 polyox-owolframate Keggin anion. In ontradition with what is usually assumed,we show that the eletron transfer between edge-sharing and orner-sharingWO6 otahedra have very lose values. Considering fragments of variousranges, we analyse the auray of alulations on fragments based on onlytwo WO5 pyramids whih should allow a low ost general study of transferparameters in polyoxometalates. Finally, these parameters are introdued inan extended Hubbard hamiltonian that models the whole anion. It permitsto prove that eletron transfers indue a large energy gap between the singletground state and the lowest triplet states providing a lear explanation ofthe diamagneti properties of the mixed-valene Keggin ions redued by twoeletrons.

2



I. INTRODUCTIONPolyoxometalates (POM) are a lass of inorgani ompounds with a remarkable degreeof moleular and eletroni tunabilities that impat in disiplines as diverse as atalysis [1℄,mediine [2℄ and materials siene [3℄. These ompounds are moleular metal oxides mainlybased on V , Mo and W ions in their highest oxidation states. Due to the luster struture,POM are speially useful as model systems for the studies of magneti and eletroni in-terations. Indeed, many of these strutures allow the inlusion of well-isolated lusters ofparamagneti ions with various nulearities and de�nite topologies and geometries [4℄. Onthe other hand, they permit ontrolled injetion of eletrons, giving rise to mixed-valenespeies in whih deloalized eletrons may oexist and interat with loalized magneti mo-ments. In this ontext they provide unique systems for the development of new theories inthe mixed valene area.Some typial strutural types are the Lindquist [5℄ (M6O2�19 ;M = Mo;W ), Keggin [6℄(XM12Om�40 ; X = P; Si; Co;Ni; :::) and Dawson-Wells [7℄ (P2M18On�62 ). The Keggin stru-ture is onstituted of four edge-sharing triads ofMO6 otahedra arranged around theX atomin suh a way that the resulting speies has a tetrahedral symmetry. The Keggin struturean also be viewed as formed by a XOm�4 lathrate enapsulated into a neutral M12O36sphere based on orner sharing MO5 square-pyramids whose apial oxygen atoms pointsoutside the sphere [8, 9℄ (see Fig. 1a). They are thus sometime noted as XOm�4 � M12O36.An important property of the polyoxometalates anions is that their identity is usually pre-served by reversible redox proesses [10℄, forming "heteropoly blues" or "heteropoly browns"redution produts by addition of various eletrons whih are deloalized over the sphere [11℄.Experimentally it has been found that when the redued speies ontain an even number ofdeloalized eletrons, their spins are always ompletely paired, even at room temperature.This result is general and has been found not only in the Keggin struture but also in theother ones. It was initially attributed to a very strong antiferromagneti oupling via a mul-tiroute superexhange mehanism [12℄, but more reently it has been theoretially shownthat a ombination of eletron repulsion and eletron deloalization an also stabilize thesinglet ground state [13{15℄.The extended-Hubbard model Hamiltonian used for these alulations handles with thee�etive parameters orresponding to the main mirosopi interations:3



� the t eletron transfer (hopping) parameter between orner-sharing MO6 otahedra ,� the t0 eletron transfer (hopping) parameter between edge-sharing otahedra ,� the U on-site eletron repulsion between eletrons belonging to the magneti orbitalof a same metal enter,� the �ve V1 : : : V5 inter-site eletron repulsion orresponding to the �ve inequivalentpairs of metal enters.Using this model it may be possible to qualitatively explain the strong antiferromagnetioupling between the pair of eletrons in the redued Keggin anion. However, the spaespanned by this number of parameters is by far too large to permit an univoque solutionof the problem. In order to redue the size of this spae and thus to draw a piture of theoupling between the two deloalized eletrons, independent information on the values ofthese parameters is essential. The main aim of the present artile is to evaluate theoretiallysome of these parameters. To reah this goal we will alulate the transfer parameters t andt0 by using very aurate ab initio methods. These values will be then introdued in theextended Hubbard model in order to obtain information on the lowest lying spin levels ofthe system and on the e�etive oupling between the pair of eletrons that are deloalizedover the Keggin struture.II. EMBEDDED FRAGMENTSThe transfer (hopping) e�etive integrals are essentially loal parameters [16℄. Thereforefragment spetrosopy alulations an be used to aurately evaluate their values. Thefragments are embedded in a bath adapted to reprodue the main e�ets of the rest ofthe rystal, namely, the short-range Pauli exlusion and the long-range Madelung potential.This bath onsists in a large number of puntual harges and total-ion pseudopotentials [17℄(TIP's). A quasi-spherial embedding of puntual harges is obtained by replaing all theatoms surrounding the fragment (those loser than 20�A from the enter of the onsideredKeggin anion) by puntual harges. The total-ion pseudopotentials TIP's are put in theposition of all the atoms of the �rst and seond shells enlosing the fragment. In refer-enes [18, 19℄ a omplete desription of embedded fragment spetrosopy alulations isreported as well as a disussion of the auray of the embedding proedure.4



The biggest fragment of the Keggin luster on whih we have performed alulations isrepresented by the PW4O20 tetramer (Figure 1b). This fragment is based on four adjaentWO6 otahedra and on the PO4 enapsulated lathrate. W1 and W2 belong to the sametriad (and thus belong to edge-sharing WO6 otahedra); W3 and W4 are part of the sametriad (and thus belong to edge-sharing WO6 otahedra) adjaent to the triad of W1 andW2. W1 and W4, on one side, and W2 and W3, on the other side, belong to orner-sharingotahedra. Suh a fragment thus permits the eletron deloalization along orner-sharingotahedra (t parameter), along edge-sharing otahedra (t0 parameter) and between seondneighbors otahedra (td parameter).Figure 1 represents theW4O16 fragment, extrated from the preedent PW4O20 fragmentby substituting the PO4 moleule by the appropriated puntual harges and TIP's. It isthus omposed of four orner-sharing WO5 pyramids. A omparison between the values ofthe transfer parameters obtained on the PW4O20 and W4O16 fragments permits to evaluatethe role that the PO4 plays on the eletron deloalization. This is so beause puntualharges and TIP's do not support any basis set, and thus an not held any bridging pathwaybetween W enters. Therefore, assuming that puntual harges and TIP's mimi properlythe eletrostati and Pauli exlusion e�ets, the role of the PO4 on the eletron deloalizationis the di�erene between the values of the transfer parameters alulated on the PW4O20and on the W4O16 fragments.The smallest fragments we have onsidered are formed by the dimeri units W2O9 andW2O10 represented in �gure 1d. In these three ases the W , O and P ions that belongto the 4W-based fragments but not to the 2W-based fragments are modelled by puntualharges and TIP's added to the total embedding. The two W2O9 fragments, based onorner-sharing pyramids, are extrated from edge-sharing otahedra (rightmost fragment)and orner-sharing otahedra (fragment on the left). The two pyramids of the W2O10 frag-ment do not share any atom. These fragments a�ord the independent evaluation of t0, t andtd parameters, respetively. Thus, a omparison with the previous results should permit tohek the auray of these alulations.As the struture of the PW12O40 luster only hanges slightly when the harge ompen-sating ations of the salt are hanged, all the alulations reported in this work are based onthe X-ray rystallographial oordinates [8℄ of the (H5O+2 )3(PW12O3�40 ) salt. In this ase, theTd symmetry of the polyoxometalate makes all the W atoms equivalent. On the one hand5



this high symmetry permits muh quiker alulations. On the other hand, the equivaleneof all the W ions indue the equivalene of the interations W1 $ W2 and W3 $ W4(along edge-sharing otahedra) as well as the interationsW1$W4 and W2$W3 (alongorner-sharing otahedra) and of the interationsW1$W3 andW2$W4 between seondneighbor otahedra.III. MODEL HAMILTONIANS AND EXTRACTION OF PARAMETERSIn the redued Keggin ion, the unpaired eletrons are essentially deloalized over thedxy-like orbital of eah of the W ions (pointing in between the equatorial O ions of theotahedron). Hene, a model hamiltonian that takes into aount the transfer (hopping)parameter between dxy-like orbitals of adjaent W ions and the Coulomb repulsion betweenthe two extra eletrons is well suited to reprodue the eletron deloalization and spinoupling in this system [14℄. We fous in this artile on the alulation of the transferparameters. The extration of the e�etive eletrostati repulsions from similar ab initioalulations will be the aim of a forthoming paper. For an evaluation of these parametersbased on pure eletrostati onsideration, see referene [14℄.A. 4-W -ions based fragmentsLet us onsider one eletron deloalized over the 4-W -ions based fragments (fragments 1band 1). The model hamiltonian indues the following doublet states:	1 = d1 + d2 + d3 + d42 (1)	2 = d1 � d2 � d3 + d42 (2)	3 = d1 + d2 � d3 � d42 (3)	4 = d1 � d2 + d3 � d42 (4)where d1, d2, d3 and d4 stand for the Slater determinants onstruted when the extra eletronis situated on W1, W2, W3 and W4, respetively.The transfer parameters are thus written as:6



t = hd1jHjd4i = hd2jHjd3i (5)t0 = hd1jHjd2i = hd3jHjd4i (6)td = hd1jHjd3i = hd2jHjd4i (7)The transition energies are:E1!2 = E2 � E1 = � 2t0 � 2td (8)E1!3 = E3 � E1 = � 2t � 2td (9)E1!4 = E4 � E1 = � 2t � 2t0 (10)where E1, E2, E3 and E4 are respetively the energy of the states 	1, 	2, 	3 and 	4;E1!2, E1!3 and E1!4 being respetively the transition energy between the states 	1 and	2, 	1 and 	3, 	1 and 	4.The transfer parameters are extrated from the omparison of the transition energiesalulated by ab-initio methods with equations 8, 9 and 10.B. 2W-ions based fragmentsEah one of the three 2W-ions based fragments (Fig. 1d) supports only one kind ofeletron transfer. Thus, the fragment on the left is used for extrating t, while the rightmostone allows the evaluation of t0; �nally, from the fragment at the bottom we an extrat thevalue of td.The transition energy EDD between symmetri and antisymmetri doublet statespredited by the model hamiltonian is thus related to the transfer parameter by the relation:EDD = ED+ � ED� = 2ti 7



where ti stands for t, t0 or td depending on the fragment we are dealing with. ED+ andED� are the energy of the doublet states 	D+ and 	D�, respetively. The symmetry ofthese two funtions are those of d1 + d2 and d1 � d2. Thus, for the W2O9 fragments 	D+ isthe antisymmetri doublet and 	D� is the symmetri one, whereas in the W2O10 fragment	D+ is the symmetri doublet and 	D� is the antisymmetri one.Hene, the energies of the symmetri and antisymmetri doublet states obtained by abinitio alulations diretly give the values of the transfer parameters.IV. COMPUTATIONAL METHODOLOGYOn eah of the previously desribed fragments we performed both CASSCF and CASPT2alulations using the MOLCAS suite of programs [20℄.Aording to the physis of mixed-valene ompounds that permits to di�erentiate theorbitals depending of their ontribution to eletron transfer, the CASSCF proedure dividesthe moleular orbitals into three subspaes:� the inative orbitals that remain doubly oupied;� the ative orbitals whose oupation is allowed to hange;� the virtual orbitals that remain unoupied.The Complete Ative Spae (CAS) is then de�ned, for a given number of ative eletrons(those oupying the ative orbitals), as the set of all the Slater determinants that an bebuilt aording to the previous oupation rules. The CASSCF onsists in the self-onsistentoptimization of all the orbitals and of the oeÆients of the wave funtion developped on theCAS. Polarization and orrelation of the eletrons of the ative orbitals are thus variationallytaken into aount in the mean �eld of the eletrons of the inative orbitals.From this zeroth-order CASPT2 goes further and takes into aount the dynamial polar-ization and orrelation e�ets in a seond-order perturbative treatment, that is as a sumationof interations that do not interat between them. Even if CASPT2 is more preise thanCASSCF, we present both results. Indeed, the di�erenes between the two methods aountfor the inuene of the dynamial e�ets on the transfer parameters providing at the sametime a heking of the suitability of the CASSCF to be a good zeroth-order for CASPT2.8



Di�erene Dediated Con�guration Interation [21, 22℄ (DDCI) is a more auratemethod but often requires muh larger alulations than CASPT2. In the DDCI method thedynamial polarization and orrelation e�ets are taken into aount variationally still onlythose e�ets that ontribute (at the seond-order of perturbation) to the energy di�erenesbetween the states of the CAS are taken into aount. This method requires the diago-nalization of the matrix representative of the DDCI spae generated by all the followingexitations on all the determinants of the CAS:� 1-hole (one eletron is exited from an inative orbital to an ative orbital),� 1-partiule (ative!virtual),� 1-hole-1-partiule (inat.!virt.),� 2-holes (inat.+inat.!ative+ative),� 2-partiules (at.+at.!virt.+virt.),� 2-holes-1-partiule (inat.+inat.!at.+virt.),� 1-hole-2-partiules (inat.+at.!virt.+virt.).Besides the exitations within the DDCI spae, other double exitations are also possible,the 2-holes-2-partiules exitations whih by the way are the most numerous (for a shematirepresentation of the determinants of the DDCI spae and of the 2-holes-2-partiules exi-tations of the CAS, see Figure 2). If we only onsider energy di�erenes, these out of spaeexitations an be ignored when a ommon set of Moleular Orbitals (MO) are used forall the alulations [21℄. Indeed in this ase their e�et is only to shift the energy of allthe states of the CAS by the same energy (at the seond-order of perturbation). All thealulations were thus performed on the set of MO optimized at the CASSCF level for thelowest doublet state.Due to the size of the matries to diagonalize, the DDCI alulations have only beenperformed on the 2W-based fragments in order to obtain results as aurate as possible andto ompare these results with those obtained with the CASPT2 method. The DDCI resultswere obtained with the CASDI suite of programs [23℄.9



In our system, the ative orbitals are the dxy-like orbital of the W ions. The CAS is thusbased on one eletron and 4 orbitals in the ase of 4W-based fragment alulations (theorresponding states are those of setion IIIA); it is redued to one eletron and 2 orbitalsin the ase of 2W-based fragment alulations.In all the alulations, the inner-ore eletrons ([1s22s22p63s23p64s23d104p65s24d104f 14℄for theW atoms and [1s2℄ for the O and P atoms) are represented by e�etive ore potentials(ECP). The outer-ore and valene eletrons are represented using a 13s10p9d5f primitivebasis set ontrated to 3s3p4d2f for theW , a 5s6p1d primitive basis set ontrated to 2s4p1dfor the O atoms that belong to the oordination sphere of the W treated in the fragments, a5s6p1d primitive basis set ontrated to 1s2p1d for the other O atoms (the two O the PO4moleule not linked to the W of the fragments) and a 7s6p1d primitive basis set ontratedto 1s1p1d for the P atom. Exat expressions of the basis sets and ECP an be found inreferene [24℄.V. RESULTS AND DISCUSSIONA. Results on 4-W -ions fragmentsThe results obtained on the 4-W -ions fragments (fragments b and  in �gure 1) aresummarized in table I.As it is generally observed in mixed-valene ompounds [16, 18, 19℄, we an observe thatthe dynamial e�ets (the di�erene between CASPT2 and CASSCF results) remain smalland do not hange signi�antly the values of the transfer parameters.In ontrast with what may be expeted, t and t0 have very similar values. This is asurprising result as the W �O�W angle between the two W ions and the bridging oxygen(the oxygen that does not belong to the PO4 moleule) has very di�erent values. For edge-sharing otahedra this angle is 127�and for orner-sharing otahedra it is 153�, whereasthe W �O distane have very lose values, 1.964�A and 1.957�A respetively. Thus, this angleseems not to be the only relevant parameter involved in the eletron transfer. It would beinteresting to get a better understanding of all the relevant geometrial parameters that aton the eletron transfer integrals and an explain why t ' t0. Calulations in this ontextare presented in the subsetion VC. 10



The value of td is about 4 times smaller with respet to those of t and t0, and of the samesign.Finally, the very small di�erenes between the results extrated on the PW4O20 andW4O16 fragments, less than 15meV , permit to extrat two important onlusions:� the bridging e�ets due to the O anions of the PO4 moleule are very small, as it ouldhave been expeted due to the large distane (' 2:5�A) between these anions and theW atoms. Note that the eletron transfer pathways from one W atom to the otherthrough the PO4 moleule are allowed in the PW4O20 fragment but not in the W4O16fragment.� the e�ets of the atoms of the PO4 moleule on the transfer integrals are auratelyreprodued by the hoosen harges and TIP's. Whereas in the W4O16 fragment theseatoms are modelled by puntual harges and TIP's, they are treated with basis set inthe PW4O20 fragment.These results learly show the aptness of alulations on four orner-sharing pyramidsembedded fragment but, even for this redued fragment, the alulations are too large totreat systems where the symmetry between W ions is redued. Another problem arisesfrom the meaning of the td parameter. Indeed, as we extrated three parameters from threeenergy di�erenes, we ould not hek the aptness of this parameter to model the system.We show in the next setion how alulations on dimer fragments permit to lift these twoproblems.B. Dimer alulationsThe results of the alulations performed on the three 2W-based fragments are presentedin table II.We an see that the results on t and t0 ompare very well with the results extratedfrom the W4O16 fragment with di�erenes smaller than 3% at the CASSCF level as wellas at the CASPT2 level. On the one hand, this on�rms that, as usual in mixed-valeneompounds, the eletron transfer in the Keggin anion is essentially a loal parameter andan be aurately alulated on fragments based on the interating metal ions and on the11



atoms of their oordination sphere. On the other hand, these results proof that the e�etsof the WO5 pyramids on the atoms of the fragment are orretly reprodued by the hoosenpuntual harges and TIP's. As the same puntual harges and TIP's were used in thewhole embedding, we thus an assume that the whole embedding orretly reprodue themain e�ets of the rystal on the fragments [19℄ (hekings of the aptness of an embeddingbased on a limited number of puntual harges to reprodue the Madelung �eld will bepresented in a forthoming paper [25℄ in the ase of another polyoxometalate). Hene, thedimer fragment an be onsidered a quite good model to extrat the transfer parameters ina very eÆient and simple way.Conerning td, we an see that the values extrated from dimer alulations are signi�-antly di�erent from those extrated from 4W-based fragments, �102meV versus �125meVat the CASPT2 level. Indeed, whereas in the two other fragments all the losest neighborsof the bridging O anions are in the fragment, the environment of the bridging O anionsin this ase is not so aurately treated sine part of the losest neighbors of these anionsare modelled by harges and TIP's. Nevertheless, the dimer alulations prove that the tdparameter has a non-negligible value and justi�ate our hoie to take this parameter intoaount in the model hamiltonian. The td value obtained from 4W-based fragment is notan artifat due to the extration of three parameters from three transition energies and wean trust its value.Thus, aurate values of eletron tranfers an be obtained from alulations on orretlyembedded small fragments based only on two WO5 pyramids.C. Inuene of the W �O �W angle on the transfer parameterWe have shown that those O ions shared by the otaedra and the PO4 moleule do notsupport any pathway for the eletron transfer. Thus, the deloalization only ours throughthe orbitals of the other O ions shared by two otaedra. We an wonder if the W �O�Wangle formed by the later oxygen and the tungsten ions is the only relevant parameter for theeletron transfer, if it an explain why the values of t and t0 only di�er by about 40-50meV,and if it ould be possible to predit the value of these parameters (or at least the ratiobetween them) only from these rystallogra� data.We have demonstrated that the 2W-based fragments are well designed for extrating the12



values of t and t0. Thus we will use these fragments to get more informations on the e�et ofthe W �O�W angle on the values of t and t0. For that purpose, we performed alulationson model fragments obtained by rotating eah of the WO5 pyramids around the bridging Oatoms in the plane ontaining these atoms and the two W atoms. 20 model fragments wereformed (ten for the tranfer between edge-sharing otaedra and ten for the tranfer betweenorner-sharing otaedra) orresponding to variations of the W �O�W angles of -5�, -4�,-3�, -2�, -1�, +1�, +2�, +3�, +4�and +5�around the real angles given by the x-raystruture (152.4�for orner-sharing WO6 otaedra and 126.8�for edge-sharing otaedra).We did not perform alulation on more distorted fragments as they should be too far fromthe real struture to give relevant values. The results are represented in �gure 3.We observe that when the W � O �W angle inreases the transfer parameters inreasein absolute value. This is due to the inrease of the overlap between the magneti orbitalof the W ions and the bridging orbital of the O ion. Suh a variation is of the sameorder of magnitude for orner and edge-sharing fragments with a tangent at 152.4�of about�4:6meV /�and of about �3:9meV /�at 126.8�(at the CASPT2 level).If the W � O �W angle was the only geometrial parameter ating on the transfer pa-rameter, model fragments based either on orner-sharing otaedra or edge-sharing otaedrashould give the same value for the transfer parameter when the W � O �W angle is thesame. Extrapolations of the urves presented in �gure 3 learly show that this is not thease.Thus, other strutural parameters than the W � O � W angle have strong e�ets onthe eletron transfer and should be taken into aount either to explain why the values of tand t0 are lose or to roughly predit the values of the eletron transfer parameters in otherpolyoxometalate lusters.D. Comparison between CASPT2 and DDCI results.We have now established the validity of 2W-based fragments omparing, at the samelevel of alulations, the values for the transfer parameters extrated from fragmentsof various nulearities. It is thus possible on these small fragments to go further thanthe perturbative treatment of the dynamial e�ets (CASPT2 method) and perform avariational alulation of the transfer parameters with the DDCI methods. Sine the13



2W-based fragments alulations give a good evaluation of the order of magnitude of the tdparameter but with errors of about 20%, it is useless to intend to perform more auratealulations on suh a fragment (and it is at the moment tehnially impossible to obtainDDCI results on 4W-based fragments). We thus only performed DDCI alulations toevaluate the t and t0 parameters whih are the only relevant ones in the theoretial modelsproposed to desribe the magneti behavior of two-eletron-redued Keggin ions [14℄. Theresults are the following:t = �467meV t0 = �507meVThese are the most aurate results presented in this work. Di�erenes with the CASPT2alulations (on the same fragments) are very small, of the order of 20meV , less than 5%.Thus, the transfer eletron between W of orner-sharing WO6 otahedra and between Wof edge-sharing otahedra have similar intensity, whatever the level of alulation and thefragment used for these alulations.E. Predition of the Singlet-Triplet energy gap.Theoretial models [14℄ were previously developped to predit, in funtion of the transferand eletrostati repulsion parameters, the magneti behaviour of a two-eletron-reduedKeggin anion. Figure 4 represents the energy levels of the supported singlet and tripletlowest states.The values of the transfer integrals obtained from ab initio alulations give a ratio t0=jtj '�1:086 (vertial dashed line in Figure 4). Using these results the model predits a singlet 1A1ground state and that the �rst exited state is a 3T2 triplet state. The energy gap betweenthese states is thus about 0:6t, that is 280meV . This very large value permits to understandthe diamagneti properties of two-eletron-redued Keggin anion ompounds [12℄.VI. CONCLUSIONIn this artile we have quantitatively shown for the �rst time how the eletron hoppingourring in mixed-valene Keggin polyoxometalates an promote a strong antiferromagnetioupling between the pair of deloalized eletrons.14



To reah this goal we have ombined the exat results obtained from a phenomenologialextended Hubbard type model that allows to evaluate the e�et of the eletron transfer andeletron repulsion on the properties of the whole mixed-valene luster, with ab initio al-ulations that provide aurate values of the transfer parameters from alulations on smallfragments of the Keggin luster. These fragments permit large on�guration interationDDCI alulations, and thus omparison with multireferene seond-order pertubative the-ory CASPT2 results, providing at the same time a general and eÆient method to extratthese parameters in all the polyoxometalate strutures.As a perspetive, we want to fous on the omputational resoures needed for this work.Whereas the alulations on 4W-based fragment were only possible thanks to the power ofthe enter of alulation of the University of Valenia, those performed on dimer fragments(at CASSCF, CASPT2 and DDCI levels) requires less then 10Gb of hard disk, 300Mb ofmemory and about 30 hours on a 866Mhz-PIII "home" omputer. Our work thus intentsto be the grounding of a low ost general study of the transfer parameters in mixed-valenepolyoxometalates ompounds, and in other kinds of high nulearity mixed-valene system.AknowledgmentsThis researh was �nanially supported by European Community (Network Molnanomag,n�HPRN-CT-1999-00012), by the spanish Misterio de Cienia y Tehnologia (MAT2001-3507) and by the Generalitat Valeniana (GV01-312). We thank Marie-Bernadette Lepetitfor many fruitful disussions.
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Figure 1: (a) Shemati struture of a Keggin anion. (b) The PW4O20 fragment. () The W4O16fragment. (d) The three 2W-based fragments. The oxygen atoms oupy the orners of theotahedra or pyramids. The atoms modelled by puntual harges and TIP's are not represented.
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PW4O20 W4O16t CASSCF -506 -510CASPT2 -428 -443t' CASSCF -551 -551CASPT2 -470 -479td CASSCF -87 -89CASPT2 -123 -125Table I: Results in meV of the alulations on the 4W-based fragments.

CASSCF CASPT2t -510 -445t' -560 -490td -80 -102Table II: Results in meV of the alulations on the 2W-based fragments.
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