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Abstract: We present a quantitative evaluation of the influence of the electron transfer on the magnetic
properties of mixed-valence polyoxometalates reduced by two electrons. For that purpose, we extract from
valence-spectroscopy ab initio calculations on embedded fragments the value of the transfer integrals
between W nearest-neighbor atoms in a mixed-valence aPW;,04, polyoxowolframate Keggin anion. In
contradiction with what is usually assumed, we show that the electron transfer between edge-sharing and
corner-sharing WOg octahedra have very close values. Considering fragments of various ranges, we analyze
the accuracy of calculations on fragments based on only two WOs pyramids which should allow a low cost
general study of transfer parameters in polyoxometalates. Finally, these parameters are introduced in an
extended Hubbard Hamiltonian that models the whole anion. It permits to prove that electron transfers
induce a large energy gap between the singlet ground state and the lowest triplet states providing a clear
explanation of the diamagnetic properties of the mixed-valence Keggin ions reduced by two electrons.

. Introduction and DawsorWells” (P,M1g062""). The Keggin structure is
constituted of four edge-sharing triads of M@ctahedra
arranged around the X atom in such a way that the resulting
species has a tetrahedral symmetry. The Keggin structure can
also be viewed as formed by a ¥O clathrate encapsulated
into a neutral M,O3zs sphere based on corner sharing MO
pquare-pyramids whose apical oxygen atoms point outside the
spheré?® (see Figure la). They are thus sometimes noted as
04™ C M1203e.

An important property of the polyoxometalate anions is that
their identity is usually preserved by reversible redox pro-
cesses? forming “heteropoly blues” or “heteropoly browns”
reduction products by addition of various electrons which are
delocalized over the sphefeExperimentally, it has been found

Polyoxometalates (POM) are a class of inorganic compounds
with a remarkable degree of molecular and electronic tunabilities
that impact disciplines as diverse as catalysisedicine? and
materials sciencéThese compounds are molecular metal oxides
mainly based on V, Mo, and W ions in their highest oxidation
states. Because of the cluster structure, POM are specially usefu
as model systems for the studies of magnetic and electronic
interactions. Indeed, many of these structures allow the inclusion
of well-isolated clusters of paramagnetic ions with various
nuclearities and definite topologies and geomefri@s.the other
hand, they permit the controlled injection of electrons, giving
rise to mixed-valence species in which delocalized electrons
may coexist and interact with localized magnetic moments. In

this context, they provide unique systems for the development that when the reduced species contain an even number of
of new theories in the mixed valence area. delocalized electrons, their spins are always completely paired,

Some typical structural types are the LindquigflcO:-, even at room te_mperature. This result is general _and has been
M = Mo, W), Keggirf (XM 10,™, X = P, Si, Co, Ni, ...), found not only in the Keggin structure but also in the other
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Using this model, it may be possible to qualitatively explain
the strong antiferromagnetic coupling between the pair of
electrons in the reduced Keggin anion. However, the space
spanned by this number of parameters is by far too large to
permit an univoque solution of the problem. To reduce the size
of this space and thus to draw a picture of the coupling between
the two delocalized electrons, independent information on the
values of these parameters is essential. The main aim of the
present article is to evaluate theoretically some of these
parameters. To reach this goal, we will calculate the transfer
parameters andt’ by using very accurate ab initio methods.
These values will be then introduced in the extended Hubbard
model in order to obtain information on the lowest lying spin
levels of the system and on the effective coupling between the
pair of electrons that are delocalized over the Keggin structure.

Il. Embedded Fragments

The transfer (hopping) effective integrals are essentially local
parameters® Therefore, fragment spectroscopy calculations can
be used to accurately evaluate their values. The fragments are
embedded in a bath adapted to reproduce the main effects of
the rest of the crystal, namely, the short-range Pauli exclusion
and the long-range Madelung potential. This bath consists of a
large number of punctual charges and total-ion pseudopoten-
tials!” (TIPs). A quasi-spherical embedding of punctual charges
is obtained by replacing all the atoms surrounding the fragment
(those closer than 20 A from the center of the considered Keggin
anion) by punctual charges. The total-ion pseudopotentials, TIPS,
are put in the position of all the atoms of the first and second
shells enclosing the fragment. In refsl8 and 19, a complete
description of embedded fragment spectroscopy calculations is
reported as well as a discussion of the accuracy of the
embedding procedure.

Figure 1. (a) Schematic structure of a Keggin anion. (b) The /2% The biggest fragment of the Keggin cluster on which we have
fragment. (c) The 016 fragment. (d) The three 2W-based fragments. The performed calculations is represented by the,BYy tetramer
oxygen atoms occupy the corners of the octahedra or pyramids. The atomS(Figure 1b). This fragment is based on four adjacent gNVO
modeled by punctual charges and TIPs are not represented. octahedra and on the R@ncapsulated clathrate. W1 and W2
belong to the same triad (and thus belong to edge-sharing WO
octahedra); W3 and W4 are part of the same triad (and thus
f belong to edge-sharing Wi@ctahedra) adjacent to the triad of
electron repulsion and electron delocalization can also stabilizeW1 anc_zl W2. W1 and W4, on one side, and W2 :and W3, on the
the singlet ground stafé:15 other S|de,_belong to corner-sharlng ogtahedra. Such afragrr_1ent
thus permits the electron delocalization along corner-sharing

The extended-Hubbard model Hamiltonian used for these tahedrat " I d hari tahetd
calculations handles the effective parameters corresponding tooctanedra (parameter), along edge-sharing octahetiefam-

the main microscopic interactions: (i) thieslectron transfer eter_), and between second neighbors octahefigatameter).
(hopping) parameter between corner-sharing Mi@tahedra, Figure 1c represents the @6 fragn_wer_\t, extracted from the

(ii) the t' electron transfer (hopping) parameter between edge- Precedent POz fragment by substituting the RGnolecule
sharing octahedra, (jii) the on-site electron repulsion between Y the appropriated punctual charges and TIPs. It is thus
electrons belonging to the magnetic orbital of a same metal COMPosed of four corner-sharing W@yramids. A comparison
center, (iv) the fiveV, ... W intersite electron repulsions between the values of the transfer parameters obtained on the
corresponding to the five inequivalent pairs of metal centers. PWsOz0 and WiOs6 fragments permits evaluation of the role
that the PQ plays on the electron delocalization. This is so

(12) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem. S0d.986 108 because punctual charges and TIPs do not support any basis
2748. Kozik, M.; Baker, L. C. WJ. Am. Chem. Sod987 109, 3159.
Kozik, M.; CasanPastor, N.; Hammer, C. F.; Baker, L. C. \W.Am. Chem.

ones. It was initially attributed to a very strong antiferromagnetic
coupling via a multiroute superexchange mechari&but more
recently, it has been theoretically shown that a combination o
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112 7604. Casa#astor, N.; Baker, L. C. WJ. Am. Chem. Sod. 992 Malrieu, J. P.; Ben Amor, N.; Maynau, Phys. Re. 1999 B59 6593.
114, 10384. (17) Durand, P.; Barthelat, J. Cheor. Chim. Actal975 38, 283.
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(14) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. Phys. Lett1999 307, 102. Mutoz, D.; lllas, F.; Moreira, |. de P. RRhys.
S. Chem. Phys1995 195, 1. Rev. Lett. 200Q 84, 1579. Jimenez-Calzado, C.; Fernandez-Sanz, J.;
(15) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. Malrieu, J. P.J. Chem. Phys200Q 112 5158.
S. Chem. Phys1995 195 17. Borra-Almenar, J. J.; Clemente-Juan, J.  (19) Suaud, N.; Lepetit, M.-BPhys. Re. 2000 B62 402. Suaud, N.; Lepetit,
M.; Coronado, E.; Tsukerblat, B. &hem. Phys1995 195 29. M.-B. Phys. Re. Lett. 2002 88, 056405.
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set and thus cannot held any bridging pathway between W where d;, d;, d3, and d4 stand for the Slater determinants
centers. Therefore, if it is assumed that punctual charges andconstructed when the extra electron is situated on W1, W2, W3,
TIPs mimic properly the electrostatic and Pauli exclusion effects, and W4, respectively.

the role of the PQ@on the electron delocalization is the difference The transfer parameters are thus written a

between the values of the transfer parameters calculated on the

PW,O2 and on the WO, fragments. t = [d,|H|d,= [d,|H|d,0 5)
The smallest fragments we have considered are formed by -

the dimeric units WOy and W01 represented in Figure 1d. t'= 10, H|d,0= fglH|d,0 (6)

In these three cases, the W, O, and P ions that belong to the 9= d,|H|d,= [d,|H|d,0 @)

4W-based fragments but not to the 2W-based fragments are
modeled by punctual charges and TIPs added to the total The transition energies are
embedding. The two YDy fragments, based on corner-sharing

pyramids, are extracted from edge-sharing octahedra (rightmost E,,=E,—E = -2t — 2t (8)
fragment) and corner-sharing octahedra (fragment on the left).
The two pyramids of the D1 fragment do not share any atom. E, ;=B —E =-2t— 2t 9)

These fragments afford the independent evaluatiah fand
td parameters, respectively. Thus, a comparison with the previous
results should permit checking the accuracy of these calculations.

As the structure of the P¥O4o cluster only changes slightly wherei}, Ei’pES’l;nd E4 Zr?ﬁ resl,zpecnvEely, the Zn;rgms of the
when the charge compensating cations of the salt are changed®t&t®S F'1. 2, Ws, and Wy Ei—p, Eis and B, are,
respectively, the transition energies between the stHiesnd

all the calculations reported in this work are based on the X-ray
¥, ¥, andW¥3 andW; and W,.

crystallographical coordinatéesf the (HO,)3(PW12040°") salt.
y grap (602 )a(PW1040" ) The transfer parameters are extracted from the comparison

In this case, th@y4 symmetry of the polyoxometalate makes all ” ) S :
the W atoms equivalent. On one hand, this high symmetry of the transition energies calculated by ab initio methods with

permits much quicker calculations. On the other hand, the eq; 82\;)/ landBlo. qF Each ¢ the th oW
equivalence of all the W ions induce the equivalence of the . -lon base ragments. ach one of the three T
interactions W1 W2 and W3<> W4 (along edge-sharing ion based fragments (Figure 1d) supports only one kind of
octahedra) as well as the interactions WAW4 and W2< electron transfer. Thus, the fragment on the left is used for
W3 (along corner-sharing octahedra) and of the interactions W1 ejxtractlngt, while the rightmost one allows the evaluation of
< W3 and W2« W4 between second neighbor octahedra t'; finally, from the fragment at the bottom we can extract the
" value oftd,
[1l. Model Hamiltonians and Extraction of Parameters The transition energ¥pp between symmetric and antisym-
metric doublet states predicted by the model Hamiltonian is thus
related to the transfer parameter by the relation:

E, ,=E,—E=-2t—2t (10)

In the reduced Keggin ion, the unpaired electrons are
essentially delocalized over theydike orbital of each of the
W ions (pointing between the equatorial O ions of the E.—E. —E. =2
. ; op ~— Fo+ D-
octahedron). Hence, a model Hamiltonian that takes into account
the transfer (hopping) parameter betweggliéie orbitals of wheret stands fot, t', or t4 depending on the fragment we are

adjacent W lons and thg Coulomb repulsion between the two dealing with.Ep+ andEp- are the energies of the doublet states
extra electrons is well suited to reproduce the electron delocal-q, . and Wp_, respectively. The symmetry of these two
ization and spin coupling in this systéthWe focus in this functions are trllose af, + dy andd; — dy. Thus, for the WO,

article on tfhi ca][;:ulqtlon IOf the t.ransferl _pararfneters.. Tlhe fragments,Wp is the antisymmetric doublet anflp— is the
extraction of the effective electrostatic repulsions from similar symmetric one, whereas, in theBko fragment, Wp. is the

ab initio calculations with a different number of delocalized symmetric doublet an¥p_ is the antisymmetric one.

elecltrotr]s W"]l 318 the aim Oft a fct))rthcgmlng paper.l F?r ?nt' Hence, the energies of the symmetric and antisymmetric
evaluation ot these parameters based on pure electrostaliGy, piet states obtained by ab initio calculations directly give

consideration, see ref 14. . the values of the transfer parameters.
A. 4W-lon Based Fragments.Let us consider one electron

delocalized over the 4W-ion based fragments (fragments 1b and!V. Computational Methodology
C) The mOdel Ham|lt0n|an |nduces the fO”OW|ng doublet states: On each of the previous|y described fragmentS’ we performed both
CASSCF and CASPT2 calculations using the MOLCAS suite of

d+d,+d;+d, programg?
1= 2 (1) According to the physics of mixed-valence compounds that permits
the differentiation of the orbitals, depending of their contribution to
. dl - d2 - d3 + d4 5 electron transfer, the CASSCF procedure divides the molecular orbitals
27 2 @) into three subspaces: (i) theactive orbitals that remain doubly
d1+ d2 - d3 - d4 (20) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A;
- —— (3) Carissan, Y.; Cooper, D. L.; Cossi, M.; Fleig, T:}I§cher, M. P.; Gagliardi,
2 L.; de Graaf, C.; Hess, B. A.; Karlstng, G.; Lindh, R.; Malmqyvist, P.-A;
Neograly, P.; Olsen, J.; Roos, B. O.; Schimmelpfennig, B.; SzhM.;
d—-d,+d;—d, Seijo, L.; Serrano-Ande L.; Siegbahn, P. E. M.; Stalring, J.; Thorsteinsson,
1P4 = - = - (4) T.; Veryazov, V.; Wierzbowska, M.; Widmark, P.-MOLCAS version
2 5.2; Lund University: Sweden, 2001.
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occupied; (i) theactive orbitalswhose occupation is allowed to change; cas 1-hole l-part. 1-h + 1-p
and (iii) the virtual orbitals that remain unoccupied.

The complete active space (CAS) is then defined, for a given number Virtual [4] [4]
of active electrons (those occupying the active orbitals), as the set of Orbitals & u\

all the Slater determinants that can be built according to the previous
occupation rules. The CASSCF consists of the self-consistent optimiza-
tion of all the orbitals and of the coefficients of the wave function
developed on the CAS. It treats exactly the interactions between the
active electrons in the mean field of the remaining electrons. That way,
the static polarization and a small fraction of the correlation of the
active electrons are thusriationally taken into account. :
From this zeroth order, CASPT2 goes further and takes into account I * |:| * D
the dynamical polarization and correlation effects in a second-order Inactive
perturbative treatment; that is as a sumation of interactions that do not orbitals
interact between them. Even if CASPT2 is more precise than CASSCF,
we present both results. Indeed, the differences between the two
methods account for the influence of the dynamical effects on the 2.k 2-p 2-h # 1-p 1-h + 2-p  2-h + 2-p
transfer parameters, providing at the same time a checking of the
suitability of the CASSCF to be a good zeroth order for CASPT2.

-
—+ b
- <
-+ 5
B
—+ 4

: ) S . Iy, [4] [4]
Difference dedicated configuration interactid#? (DDCI) is a more [T ] L1
accurate method but often requires much larger calculations than those m m m m

of CASPT2. In the DDCI method, the dynamical polarization and
correlation effects are taken into account variationally; still only those
effects that contribute (at the second-order of perturbation) to the energy
differencedetween the states of the CAS are taken into account. This
method requires the diagonalization of the matrix representative of the
DDCI space generated by all the following excitations on all the
determinants of the CAS: (i) 1-hole (one electron is excited from an
inactive orbital to an active orbital), (ii) 1-particule (active virtual),
(iii) 1-hole-1-particule (inactive— virtual), (iv) 2-holes (inactivet+
inactive— active+ active), (v) 2-particules (activé active— virtual
+ virtual), (vi) 2-holes-1-particule (inactive- inactive — active +
virtual), (vii) 1-hole-2-particules (inactive- active— virtual + virtual). Figure 2. Schematic representation of the single and double excitations
Besides the excitations within the DDCI space, other double on the CAS. The space spanned{yAS, 1-h, 1-p, 1-ht 1-p, 2-h, 2-p,
excitations are also possible, the 2-hole-2-particule excitations which 2-" + 1-p, 1-h+ 2-p} corresponds to the DDCI space. The number of
by the way are the most numerous (for a schematic representation Oforbnals and electrons in the figure is arbitrary.
the determinants of the DDCI space and of the 2-hole-2-particule rapje 1. Results in meV of the Calculations on the 4W-Based
excitations of the CAS, see Figure 2). If we only consider energy Fragments
differences, these out of space excitations can be ignored when a

common set of molecular orbitals (MO) are used for all the calcula- PO Wi
tions?! Indeed in this case, their effect is only to shift the energy of all t %ﬁiﬁ% :Zgg :1514112
the state_s of the CAS by th_e same energy (at the second-order of t CASSCE —551 551
perturbation). All the calculations were thus performed on the set of CASPT2 —470 —479
MO optimized at the CASSCF level for the lowest doublet state. td CASSCF —87 -89

Because of the size of the matrices to diagonalize, the DDCI CASPT2 —123 —125

calculations have only been performed on the 2W-based fragments in
order to obtain results as accurate as possible and to compare these

results with those obtained with the CASPT2 method. The DDCI results Set contracted to 3s3p4d2f for the W, a 5s6pld primitive basis set
were obtained with the CASDI suite of prografis. contracted to 2s4pld for the O atoms that belong to the coordination

In our system, the active orbitals are thg-like orbital of the W sphere of the W treated in the fragments, a 5s6pld primitive basis set
ions. The CAS is thus based on one electron and four orbitals in the contracted to 1s2pld for the other O atoms (the two O thenRilecule
case of 4W-based fragment calculations (the corresponding states ard't linked to the W of the fragments), and a 7s6p1d primitive basis set
those of section 3.1); it is reduced to one electron and two orbitals in contracted to 1slpld for the P atom. Exact expressions of the basis
the case of 2W-based fragment calculations. sets and ECP can be found in ref 24.

In all the calculations, the inner-core electrons {EERpP33p5-
423d1%4pP54d1%4f 14 for the W atoms and [Bfor the O and P atoms)
are represented by effective core potentials (ECP). The outer-core and  A. Results on 4W-lon Fragments.The results obtained on
valence electrons are represented using a 13s10p9d5f primitive basishe 4W-ion fragments (fragments b and ¢ in Figure 1) are
summarized in Table 1.

V. Results and Discussion

(21) Malrieu, J. PJ. Chem. Phys1967, 47, 4555. . . 19

(22) Broer, R.; Maaskant, W. J. Ahem. Phys1986 102 103. Miralles, J.; As itis generally observed in m'Xe_d'Valence CompOL}ﬁ_él%v
Castell, O.; Caba_llgl. R, I\/Ifalrle_u,”.J. Bhem. F;)h?/ls}gga %}72 33H Cabrero, we can observe that the dynamical effects (the difference
Xigfgg\é‘;‘,’“ N.; de Graaf, C.; llas, F.; Caballol, R Phys. Chen200Q between CASPT2 and CASSCEF results) remain small and do

(23) Maynau, D.; Ben Amor, N.; Pitarch-Ruiz, J. @ASDIsuite of programs; not change significantly the values of the transfer parameters.

University of Toulouse: France, 1999. Ben Amor, N.; Maynau,&hem.
Phys. Lett1998 286 211. Pitarch-Ruiz, J. V.; ®&hez-Mam, J.; Maynau,
D. J. Comput. Chenmr2002 23, 1157. (24) Barandiar, Z.; Seijo, L.Can. J. Chem1992 70, 409.
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Table 2. Results in meV of the Calculations on the 2W-Based assume that the whole embedding correctly reproduces the main
Fragments effects of the crystal on the fragmetft&checkings of the aptness
CASSCF CASPT2 of an embedding based on a limited number of punctual charges
t —510 —445 to reproduce the Madelung field will be presented in a
:d _5868 :‘1‘3(2) forthcoming papé# in the case of another polyoxometalate).

Hence, the dimer fragment can be considered a quite good model
to extract the transfer parameters in a very efficient and simple

In contrast with what may be expectadandt’ have very way.

similar values. This is a surprising result, as the-@~W Concerningd, we can see that the values extracted from dimer
angles between the two W ions and the bridging oxygen (the calculations are significantly different from those extracted from
oxygen that does not belong to the P@olecule) have very ~ 4W-based fragments;-102 meV versus—-125 meV at the
different values. For edge-sharing octahedra, this angle is 127 CASPT2 level. Indeed, whereas in the two other fragments all
and for corner-sharing octahedra, it is $5&hereas the WO the closest neighbors of the bridging O anions are in the
distances have very close values, 1.964 A and 1.957 A, fragment, the environment of the bridging O anions in this case
respectively. Thus, this angle seems not to be the only relevantis not so accurately treated, since part of the closest neighbors
parameter involved in the electron transfer. It would be of these anions are modeled by charges and TIPs. Nevertheless,
interesting to get a better understanding of all the relevant the dimer calculations prove that th# parameter has a
geometrical parameters that act on the electron-transfer integralgronnegligible value and justify our choice to take this parameter
and that can explain why= t'. Calculations in this context are  into account in the model Hamiltonian. Tlfevalue obtained

presented in the subsection V.C. from 4W-based fragment is not an artifact because of the
The value oft? is about 4 times smaller with respect to those extraction of three parameters from three transition energies,
of t andt’, and of the same sign. and we can trust its value.

Finally, the very small differences between the results  Thus, accurate values of electron tranfers can be obtained
extracted on the PO, and W06 fragments, less than 15 from calculations on correctly embedded small fragments based
meV, permit two important conclusions: (i) The bridging effects on only two WG pyramids.
due to the O anions of the R@nolecule are very small, as it C. Influence of the W—O—W Angle on the Transfer
could have been expected because of the large distaf®& ( parameter. We have shown that those O ions shared by the
A) between these anions and the W atoms. Note that the gctaedra and the P@olecule do not support any pathway for
electron-transfer pathways from one W atom to the other through the electron transfer. Thus, the delocalization only occurs
the PQ molecule are allowed in the PX@ fragment but not  through the orbitals of the other O ions shared by two octaedra.
in the W;O16 fragment. (II) The effects of the atoms of the PO We can wonder if the WO—W ang|e formed by the later
molecule on the transfer integrals are accurately reproduced byoxygen and the tungsten ions is the only relevant parameter for
the chosen charges and TIPs. Whereas in th®Mfragment  the electron transfer, if it can explain why the valueg ahd
these atoms are modeled by punctual charges and TIPs, they only differ by about 46-50 meV and if it could be possible
are treated with a basis set in the FOY fragment. to predict the value of these parameters (or at least the ratio

These results clearly show the aptness of calculations on apetween them) only from these crystallografic data.
four corner-sharing pyramid embedded fragment, but even for  \ye have demonstrated that the 2W-based fragments are well
this reduced fragment, the calculations are top large to treatdesigned for extracting the valuestaindt'. Thus, we will use
systems where the symmetry betwe@nions is reduced.  hese fragments to get more information on the effect of the
Another problem arises from the meaning of th@arameter. W—0O—W angle on the values dfandt’. For that purpose, we
Indeed, as we extracted three parameters from three energynertormed calculations on model fragments obtained by rotating
differences, we could not check the aptness of this parameterg,.p of the W@pyramids around the bridging O atoms in the
to model the system. plane containing these atoms and the two W atoms. 20 model

We show in the next subsection how calculations on dimer fragments were formed (10 for the tranfer between edge-sharing
fragments permit the lifting of these two problems. octaedra and 10 for the tranfer between corner-sharing octaedra)

B. Dimer Calculations. The results of the calculations  corresponding to variations of the YWD—W angles of—5°,
performed on the three 2W-based fragments are presented in—g° —3° —2° —1° 4+1° 42°, +3°, +4°, and+5° around
Table 2. the real angles given by the X-ray structure (182ct corner-

We can see that the results bndt' compare very well  sharing WQ octaedra and 126 &or edge-sharing octaedra).

with the results extracted from the i fragment with We did not perform calculation on more distorted fragments,
differences smaller than 3% at the CASSCEF level as well as at s they should be too far from the real structure to give relevant
the CASPT2 level. On one hand, this confirms that, as usual in values. The results are represented in Figure 3.

mixed-valence compounds, the electron transfer in the Keggin  \y/a observe that when the YWO—W angle increases the
anion is essentially a local parameter and can be accuratelyyansfer parameters increase in absolute value. This is due to

calculated on fragments .based 9” t.he interacting metal I0NSthe increase of the overlap between the magnetic orbital of the
and on the atoms of their coordination sphere. On the otheryy jong and the bridging orbital of the O ion. Such a variation

hand, these results prove that the effects of thes\M@amids g of the same order of magnitude for corer and edge-sharing
on the atoms of the fragment are correctly reproduced by the
chosen punctual charges and TIPs. As the same punctual charge

X . (55) Jimenez-Calzado, C.; Gaita-AoinA.; Suaud, N.; Clemente-Juan, J. M.;
and TIPs were used in the whole embedding, we thus can Coronado, E. To be published.
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Figure 3. Variations of the value of the electron-transfer parameter with
the W—O—W angle around the real structure. The curves on the left Figure 4. Theoretical energy levels of the doubly reduced Keggin ion.
represent the variation obtained from edge-sharing fragments; the curvesThe dotted lines stand for triplet states; the solid lines stand for singlet
on the right represent the variation obtained from corner-sharing fragments. states (see ref 14 for the denomination of the states). The vertical dashed
line represents the value of the calculatéf| ratio.
fragments with a tangent at 152 df about—4.6 meV? and of
about—3.9 meV/ at 126.8 (at the CASPT2 level). function of the transfer and electrostatic repulsion parameters,
If the W—O—W angle was the only geometrical parameter the magnetic behavior of a two-electron-reduced Keggin anion.
acting on the transfer parameter, model fragments based onThe symmetry of the Keggin anion exhibits five-yW different
either corner-sharing octaedra or edge-sharing octaedra shouldiistancesd, > d, > dy > dy > dy. An evaluation of the/,,
give the same value for the transfer parameter when thev,, Vy, Vv, andVy corresponding electronic repulsions between
W-0O—-W angle is the same. Extrapolations of the curves the delocalized electrons was performed from purely electrostatic
presented in Figure 3 clearly show that this is not the case. considerations. The differenc¥s — V, = 800 meV and/, —
Thus, other structural parameters than the-@~W angle V| = 300 meV permitted a first simplification of the model that
have strong effects on the electron transfer and should be takerconsists of considering that the electrons remain on centers

into account either to explain why the valuestaindt’ are separated by distancesor dj.
close or to roughly predict the values of the electron-transfer  The values of the transfer integrals obtained from ab initio
parameters in other polyoxometalate clusters. calculations give a ratio close to ortdf = 1.086. They justify

D. Comparison between CASPT2 and DDCI ResultsVe the particular case df=t' and negative that was studied in ref
have now established the validity of 2W-based fragments, 14. In this case, the energy differences among the three low-
comparing, at the same level of calculations, the values for the lying levels predicted by the model are almost independent of
transfer parameters extracted from fragments of various nucle-the energy differenc&, — V, in the range 0< V; — V; <
arities. It is thus possible on these small fragments to go further —10x. Figure 4 represents the energy levels of the two singlet
than the perturbative treatment of the dynamical effects (CASPT2 and two triplet lowest states in the particular cas¥pf- V, =
method) and perform a variational calculation of the transfer t. The model predicts a singléf; ground state and that the
parameters with the DDCI methods. Since the 2W-based first excited state is 8T triplet state. The energy gap between
fragments calculations give a good evaluation of the order of these states is thus aboutQ#at is 280 meV. This very large
magnitude of the? parameter but with errors of about 20%, it value permits an understanding of the diamagnetic properties
is useless to intend to perform more accurate calculations onof two-electron-reduced Keggin anion compouftis.
such a fragment (and it is at the moment technically impossible  Fyrther improvements of the models allowed by the ab initio
to obtain DDCI results on 4W-based fragments). We thus only evaluation of more parameters would permit a more complete
performed DDCI calculations to evaluate trendt’ parameters,  comprehension of the behavior of two-electron-reduced Keggin
which are the only relevant ones in the theoretical models polyoxoanions and a more accurate prediction of the energy

proposed to describe the magnetic behavior of two-electron- gap betweeRT, andA;. This will be the aim of a forthcoming
reduced Keggin ion¥* The results are the following: paper.

t=—-467meV t' =-507 meV VI. Conclusion

These are the most accurate results presented in this work. In this article, we have quantitatively shown for the first time
Differences with the CASPT2 calculations (on the same how the electron hopping occurring in mixed-valence Keggin
fragments) are very small, of the order of 20 meV, less than polyoxometalates can promote a strong antiferromagnetic
5%. coupling between the pair of delocalized electrons.

Thus, the transfer electron between W atoms of corner-sharing To reach this goal, we have combined the exact results
WOgs octahedra and between W atoms of edge-sharing octahedraobtained from a phenomenological extended Hubbard type
have similar intensities, whatever the level of calculation and model that allows evaluation of the effect of the electron transfer
the fragment used for these calculations. and electron repulsion on the properties of the whole mixed-

E. Prediction of the Singlet-Triplet Energy Gap. Theo- valence cluster, with ab initio calculations that provide accurate
retical model¥* were previously developed to predict, as a values of the transfer parameters from calculations on small
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fragments of the Keggin cluster. These fragments permit large studyof the transfer parameters in mixed-valence polyoxometa-
configuration interaction DDCI calculations and, thus, com- lates compounds, and in other kinds of high nuclearity mixed-
parison with multireference second-order pertubative theory valence systems.
CASPT? results, providing at the same time a general and
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