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The decawolframate anion reduced by two electrongOf, is diamagnetic, and its two “extra” electrons
delocalize mainly among its eight equatorial wolfram sites. In this work, we combine a phenomenological
Hamiltonian with first-principles calculations to explain the origin of these properties. Through ab initio
calculations and effective Hamiltonians on fragments, we determine the values of the magnetic exchange
parameters), the transfer integrald, the Coulombic repulsiond/, and the orbital energieg, Then, by
introducing these parameters in a model Hamiltonian simulating the whole molecule, one obtains that the
singlet-triplet gap is 780 meV and that more than a 90% of the “extra” electron density resides on the eight
equatorial wolfram ions. An analysis of the interplay between these parameters indicates that electron-transfer
processes play a dominant role while magnetic exchange has only a minor influence.

Introduction

Polyoxometalates (POMSs) constitute a rich and broad class
of inorganic compounds of current interest in molecular
magnetism. Besides their structural variety, they are able to
accommodate various numbers of unpaired electrons, which can
be either localized on a metal center or delocalized as “extra”
electrons over a large number of metal centers in the so-called
heteropoly blues or browns. Since the beginnings of polyoxo-
metalate chemistiyto its recent advancésPOMs have been
found to be excellent model systems to study fundamental
electronic processes like magnetic exchange or electron transfer
at the molecular scafe? In particular, mixed-valence POMs
were studied chiefly electrochemically and optically since the
sixties? later by NMR and EPR,and more recently are being
also subject of theoretical calculations, through model Hamil-
tonians® density functional theor§ and ab initio calculation¥’
Nevertheless, while some aspects of their magnetic and elec-
trochemical properties have been clarified, we still have an
insufficient comprehension of the relevant microscopic phe- Figure 1. Structure of the WOs, polyoxometalate and labels of the
nomena that control these properties. W metal ions C; symmetry).

Among POM, WO3"~ (n = 4—6), also known as deca-
wolframate!! whose structure is depicted in Figure 1, is an
interesting example. Long-lived complexes involving one- and
two-electron reduced decawolframate participate in photocata-
lytic cycles such as those of electron-transfer reaction to
alkenesi2in photodegradation of polymers and pesticitfesnd
in general in photosensitizing and photoactivation procel$ses.
Thus, details of the behavior of the delocalized electrons in this
structure are especially intriguing and a lot of scientific attention
has arisen. This problem has already been extensively studied

both experimentall? and theoretically;16-17through a variety

of techniques, including laser flash photolysis, vibronic theory,
and density functional theory. However, to our knowledge, an
exploration focusing on the magnetically relevant electronic
parameters has yet to be performed. Here we present a
comprehensive investigation of decawolframate with spectro-
scopic ab initio calculations and model Hamiltonians, with the
aim of shedding some new light on this open problem.

In previous works, we were already able to study and
rationalize the magnetic properties of some mixed-valence
. . - magnetic polyoxoanions by combining ab initio calculations on
: ﬁg{{tﬁg%’g’g% r"]"cuig‘%g'le'fch’ra"’;”:Uﬁﬁ/%er’s‘i'gfgreocz?ggigv-es (EC)- fragments to extract information about microscopic interactions
¥ FundacioGeneral Universitat de Valencia. ' with a model Hamiltonian, which is phenomenological and
§ Laboratoire de Physique Quantique, IRSAMC, UnivérBil Sabatier. provides a scheme to calculate the whole system. Our initial

10.1021/jp073433y CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/11/2007



9970 J. Phys. Chem. A, Vol. 111, No. 39, 2007 Clemente-Juan et al.

studies focused on the simplest case: Keggin-type anions Calculations on Embedded Fragments.The exchange,
reduced by two electrori8which is a highly symmetric system.  hopping, and electrostatic repulsion integrals are essentially local
We showed that the experimentally observed diamagnetism isparameters. Therefore, they can be accurately evaluated by using
a consequence of the strong antiferromagnetic coupling of theab initio spectroscopy calculations on system fragments if two
two “extra” electrons arising from the combination of electron conditions are met: (i) the fragment has to include all the short-
transfer and Coulombic repulsion in this type of topology and range effects, which means the full coordination sphere of the
symmetry. magnetic atoms, and (ii) the long-range effects have to be
With the aim of exploring other topologies and symmetries, considered, for example, by means of an appropriate bath of
we have extended our study to the decawolframate anion punctual charges. The embedded fragments calculation method
reduced by two electrons, which presents the following char- fulfills these goals and its validity on mixed-valence polyoxo-
acteristics: (i) as can be seen in Figure 1, it consists of two metalates is well established and has been detailed elseifhere.
squares of W@ octahedra and two apical octahedra sharing In this method, the model is composed by two parts: (i) a
edges or vertices and can be seen as the condensation of twéragment based on interacting metal centers and all the atoms
monovacant Lindgvist POMs through the four oxygen vertices of their coordination sphere, (ii) an embedding of punctual
of the WQ; octahedra; (i) experimentally, it has been found to charges and total-ion-pseudopotentials (TIPs). In the fragment,
be diamagnetic and with an uneven distribution of the “extra” the interactions between the atoms are explicitly taken into
electrons between apical and square metals. The main differenceaccount by using nuclei, electrons, large atomic basis sets, and
with the Keggin structure is precisely the existence of two types sophisticated ab initio calculations. The aim of the embedding
of centers and three different WO—W transfer and exchange s to reproduce the main effects of the rest of the crystal onto

routes. the fragment, that is, the Madelung field and the Pauli exclusion.
. The Madelung field is modeled by a very large ensemble of
Calculation Procedure suited punctual charges at the position of the ions surrounding

Model Hamiltonian of the Whole Anion. In the reduced t_he fragment. TIPs, encapsulating the punctual charges of the_
anion, the unpaired “extra” electrons are essentially delocalized first and second shell around the fragment, reproduce the Pauli
over the W g-like orbitals (pointing in between the equatorial exclusion, avoiding an excessive polarization of the electrons
O ions of the octahedron). Hence, a model Hamiltonian suited of the fragment. toward positive charge§. Note that the treatment
to describe the magnetic properties of a reduced anion has to®f the embedding is almost computationally costless.
take into account the main effective interactions between the The structure of a mixture of one- and two-electron reduced
electrons in these orbitals. These are: the magnetic exchangalecawolframate has been resolved by X-ray crystallography,
interactionsJ;, the electron-transfer hopping integrajs and and small differences were found for the- V@ distances and
the electrostatic repulsions between the two electrofps W—0—W angles between this structure and the fully oxidized
Furthermore, the model has to take into account the energy ofone (formula W¢Os5*"). The pure two-electron reduced deca-
the “extra” electron on each metal site,It can be written as wolframate structure has not, to our knowledge, been experi-
follows: mentally resolved, but it has been theoretically derived and was

found to present very small variations fromyy@s5*~.17 Thus,
H= z &n + ; t z (CI,Cja + Cjtci") - in this work, we chose the crystallographic structure of the first
T G historically well-resolved oxidized system, a tributylammonium
- - 1 salt.
; Ji (S% "2 ninj) + ; Vi, This structure presents only inversion symmetry with respect
0 H to the center of the decawolframate anion, whereas the “ideal”
structure (the most symmetric one) would bg,. Thus, the
studied compound presents five nonequivalent W atoms and
10 nonequivalent nearest-neighbor pairs compared to two
nonequivalent W atoms and three nonequivalent nearest-
neighbor pairs in the “ideal” structure. Figure 1 shows the
labeling of each W@octahedron (1 and’' lare symmetrically
equivalent, as 2 and',23 and 3, 4 and 4, and 5 and § and

where the sum overruns over the g-like orbitals of all the
W centers/ij(runs over all nearest-neighbors Wtike pairs,
(i,j) runs over all W glike pairs,S is the local spin operator
on sitei, c;r (respectivelyc; ) are the usual creation (respec-
tively annihilation) operators of an electron of spiron sitei,
n; is the number operator on sitee; is the energy of orbitall,
tj is the electron transfer integral of a magnetic electron between - ; . )
s]itesi andj, J; is the magnetic exchange integral, ands the Figure 2 emphasizes the nearest-neighbors\8@ahedra pairs
(intersite) electrostatic repulsion between two magnetic electrons® b, andc.
on sitesi andj. This model does not deal with configurations ~ All types of dimeric fragments are presented in Figure 2.
where two “extra” electrons are in the same orbital. Thus, it Because of the low symmetry of the molecule, which only bears
does not explicitly take into account the on-site electrostatic &n inversion center, there are up to 10 slightly unequal nearest-
repulsion. In fact, the large value of the on-site electrostatic neighbor fragments, which can be grouped in three types: (1)
repulsion versus the intersite electrostatic repulsion does nottype a apex-square: W(HW(2), W(1)-W(3), W(1)-W(4),
permit those configurations to have a large weight in the low- and W(1)-W(5); (2) typeb intrasquare: W(2yW(3), W(3)—
energy wave functions. Furthermore, the model Hamiltonian W(4), W(4)-W(5), and W(2}-W(5); (3) typec intersquares:
does treat the effects of such configurations through the effective W(2)—W(4') and W(3)-W(5).
value of the magnetic exchandentegrals. Typesa andb are “edge-sharing” fragments, and therefore
This model Hamiltonian is general and, if enlarged to expected to be very similar magnetochemically, and dissimilar
configurations with two “extra” electrons on the same metal to typec, which are “corner-sharing” fragments. All fragments
center if necessary (that is, when the number of “extra” electrons of typesa, b, andc were used for the determination of electron
is larger than the number of metal centers), can be used totransfert and magnetic exchangke Besides, calculations were
reproduce and understand the magnetic properties of anydone on all other possible pairs (types-h in Figure 2),
n-electron reduced POM. including next-nearest neighbors and long-range fragments, to
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discussed. Then, we present an attempt to rationalize these
results from structural (angles and distances) considerations.

Validity of the Microscopic Parameters. Table 1 presents,
at the same level of calculation (CASCI), the values of some
parameters that are extracted both from calculations on dimers
(*2W”) and on trimers (“3W”), with either one (“1e”) or two
(“2e") “extra” electrons. Transfer parameter values are almost
the same in 1e/2W and 1e-/3W calculations, proving the very
good accuracy of dimer calculations and validating the choice
of punctual charges and TIPs used in the bath. Comparisons
with the evaluation of from 2e-/3W calculations shows the
influence on the electron transfer (about 100 meV) of the
presence of another “extra” electron in the neighborhood of a
given electron. The result is consistent with the rationalization
of the origin of these effects done by Calzado and Malrieu for
cuprate compound®. Nevertheless, as shown later on, the
electrons remain far away from one another and-/28V
calculations give adequate valuestidgimilarly, J andV values
extracted from 2e/2W or 2e-/3W calculations are in good
agreement, showing the order of accuracy that can be expected
from 2e—/2W. More interesting is the comparison of thealues
with the size of the fragment as, to our knowledge, this
parameter has never been extracted from CI calculatians.
€1 andeg — €1 values are not so much affected by the size of
the fragment. The worst estimation is fey — €1, the value
obtained from dimer calculations is about 20% smaller than that
from trimer calculations. Thus, dimer calculation evaluations
of the microscopic parameters suffice for evaluating the influ-
ence of dynamical correlation mecanisms on these parameters.

Figure 2. The 25 embedded fragments of decawolframateCin

symmetry, at growing distance: 10 nearest-neighboms, @b, 2 c), Table 2 presents the evaluations from calculations on the same
six next-nearest neighbors (2 4 €), and nine long-distance 4 4 g, two dimers oft, J, €, andV parameters at the CASCI and DDCI

1 h). Typesa andb are W,Oso, typesc andd are WOy, typese—h level of calculations. MONO and DDCI2 calculations were also
are WOr.. performed. MONO, DDCI2, and DDCI are Cl calculations based

] ) ) on an increasing number of dynamical correlation mechanisms.
determine all Coulombic repulsion paramet@rsio check the MONO and DDCI2 results are not included, as they are less
consistency of the results with the size of the fragment used t0 gccyrate than DDCI and do not give any unexpected results.
extract the mic_rqscopic parameters, some trimeric fragments (notag ysyal, dynamical correlation does not play an important role
shown), containing three contiguous octahedra (tfi€); were  for the electron transfer, whereas it is crucial for a good
used. Comparisons between the results of calculation on dimersgyg|yation ofJ. In fact, this value is about 4 times stronger at
and on trimers are given in section “Validity of the microscopic e DDCJ level than at the CASCI level. More interesting is to
parameters”. note the influence of dynamical correlation on orbital energy

In Figure 3a, one can appreciate how the embedding used indiﬁerence& which are almost zero fef — ¢; andes — €.
the present calculations encloses the central polyoxoanionQOnce again, the largest influence is observed-on e, which
containing the fragments. It contains 27 completa W, is about 20% smaller at the DDCI level. Even if this last point
polyanions, including the central one from where the fragment should be rationalized, as checked in this section, all the
is cut, each of them with its closest four surrounding counter- mjcroscopic parameters presented in the next subsection suffice

cations (not represented). This embedding is large enough toto interpret and predict the collective behavior of the two “extra”
reproduce the effect of the Madelung field in the parameters glectrons delocalized over the Y03, anion.

under study, as determined and discussed in refs 10,19. A Complete Set of Microscopic ParametersDifferent kinds

Figure 3b depicts the nitrogen atoms and the oxo ions closestof gimers were used for extracting the values presented in Table
to them, i.e., the bridging ligand between W(1) and W(4), and 3 (t andJ), Table 4 ¢), and Table 5V).

the apical ligand of W(5). As the hydrogen atoms are not

resolved, we chose to use the positions of the nitrogens as
effective location of the positive ammonium charges throughout
the embedding.

The magnetic exchanggis antiferromagnetic for all con-
sidered fragments. This was both expected from structural data
(W—0O—W angles larger than 13pand coherent with previous
results on another POM (a Keggin anion). The magnetic
exchange is heavily dependent on the type of interaction: the
weakest value, of the order ef120 meV, isJ,, along the edge

The first part of this section is dedicated to check the validity ©of the pyramid. It raises to the order 250 meV inside the
of the procedure used to extract the ab initio parameters. base of the square pyramid, i.e., fragments typEinally, the
Comparison between fragments (dimers and trimers with one Strongest magnetic exchange (abe400 meV) isJ., between
or two “extra” electrons) and between methods (CASCI and the squares.

DDCI) are illustrated on some examples. As a result, a set of As expected, there is a parallel evolution of the values of
microscopic parameter values that can reasonably be assumeedlectron transfet. the smallest values (aroured00 meV) are
to reproduce the real ones is given in Tables 3, 4, and 5 and isto be found for type fragments, increasing to550 meV int,

Results and Discussion
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Figure 3. Embedding of punctual charges and TIPs. (a) Decawolframate anions considered in the embedding. At increasing distances, one can see
a hexagonal bipyramid (dark), a hexagonal prism (lighter) and an octahedron (lightest). (b) Position of the four countercations relative to each

decawolframate anion. The position of the nitrogens is shown, as are the nearest oxo Iigﬂmllsd ar

TABLE 1: Comparisons of the t, J, €, and V Parameters
Extracted at the CASCI Level on Some Dimers or Trimers
with One or Two ‘Extra’ Electrons 2

TABLE 4: Values of Orbital Energy ¢; €; Is Taken as the
Reference

€2 — €1 (meV) €3 — e1(meV) €4 — e1(meV) €5 — €1 (meV)

meV le-2W  2e-/2W le-/3W 2e-/3W 1140 ~1200 ~1180 1020
tiz —410 —429/-426 —315/-325
t14 —428 —453/-451 —354/-346 TABLE 5: Values of the Intersite Electrostatic RepulsionV
Jia —44 —50/—28 from SCF Calculations and of the Average Intersite Distance
Ja —44 —52/-72 d for Each Dimer Type2
€3— €1 —1275 —1235/-1445
ca—er  —1200 —1216+1411 type V(meV) dd)
Via— Vi3 * —70+ 200 a,b 2100 3.3
. - . c 2400 3.8
aValue * was not directly extracted, but supposed negligible during d 1250 4.6
the extraction of th& parameters. Indeed, the estimatiorVef — Vi3 e 1300 5.0
(=70 £ 200 meV) is under the range of error. f 1000 6.0
TABLE 2: Comparisons of the t, J, and e Parameters (in ﬁ 658 86.'56

meV) Extracted at the CASCI and DDCI Level of
Calculations on Some Dimers aAs indicated in the text, the lowest repulsio(h), is taken as

arbitrary reference.

meV CASCI DDCI

tia —410 —364 tions, rather than in absolute repulsion values, the lowest
tia —428 —397 repulsion is taken as the reference. The values for every possible
J1s —43 —122 W—W pair is taken into account, although they are grouped
;];4_ o _1_2% __153 into classes following Figure 2. It can be seen that they almost
€ —1200 —~1186 follow the inverse order of average intersite distance.

Magnetostructural Correlations in Fragments. Table 3
shows some magnetostructural data. There is a clear negative
correlation with W-O—W angle for bothJ andt. Figure 4
shows that the correlation is fairly linear for edge-sharing

TABLE 3: Values (Calculated at the DDCI Level) of t and J
vs Angles W-0O—W for All Dimers of Types a, b, and c, as
Well as Averages for Each Class

fragment t(meV) J(meV) W-0-W (deg) fragments (typa andb). Fragment 3-4 (116), the one where
1-2 —427 —156 115.6 the oxygens in the coordination sphere are farthest to the
1-3 —364 —122 114.9 countercations, is the main divergence from linearity. As
1-4 —397 —133 114.3 expected, there is an intensification of magnetic exchange and
1-5 —347 —94 1123 electron transfer with increasing WO—W angle. A similar
a —384 —-123 114.3 i . .

result was obtained for the Keggin ani#h.

g:z :gig :32(1) ﬂgg In Figure 5, we can see the calculated electrostatic repulsion
4-5 _561 —268 117.8 compared to the curve one would get from punctual charges in
2-5 —515 —232 118.6 vacuum estimation. As from the ab initio calculations, we can
b —544 —250 117.4 only extract differences in repulsions, and we choose the
—a —719 —432 173.2 fragment with the longest distance as energy origin for both ab
3-5 —672 —391 177.3 initio and punctual charge evaluations. That way, deviations over
c —696 —411 175.3 the continuous line means a larger shielding, while deviations

and —700 meV int.. The negative sign is coherent with the
results obtained on the Keggin anion.

under it means smaller shielding. Overall, one can see that the
trivial punctual charge estimation would have been fairly good.
Electronic and Magnetic Structure of the Anion. In this

The main result about orbital energies is the singularity of section, we present the results of model Hamiltonian calculations
the apical cations, where a higher orbital energy is predicted, involving one and two delocalized “extra” electrons over the
about 1 eV. The slight differences between the four equatorial 10 d-orbitals of decawolframate. We consider two observ-
wolframs are within the error range of our calculations. ables: the distribution of the “extra” electrons between equato-

Concerning Coulombic repulsion energies, as we are inter- rial and apical W@ sites, and the singlet-to-triplet energy gap
ested in comparing the energies of different electronic distribu- (for two “extra” electrons).
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Figure 4. Magnetostructural correlations for type and typeb
fragments. Full lines: calculated magnetic exchadges W—0O—W
angle. Dashed lines: calculated electron transfsrWW—O—W angle.
Values at the DDCI level.
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Figure 6. Variations of (a) the electron density of the equatorial sites
diAl and (b) the singlettriplet energy gap with factors multiplying all
Figure 5. Calculated electrostatic repulsion vs-WV distance: ab Coulombic repulsions\{) and all orbital energiessf). Note that the
initio values as points with error bars, punctual charges in vacuum as coordinates are logarithmical.
line.

By using the parameters of Tables 3, 4, and 5, we predict for To confirm these predictions, and to check the influence of
the ground state of the one-electron reduced system that a 95%an over- or underestimation of orbital and electrostatic repulsion
of the electronic density is on the eight equatorial sites and 5% energies, we display in Figure 6 the changes of the observables
on the two apical sites, far from the 80%/20% homogeneous on a wide range o¥/, ¢, multiplying the ab initio values by
distribution. This deficit was expected, as the orbital energies factors ranging front/; to 3. As expected, orbital energy and
differences favor the occupation of the equatorial sites. electrostatic repulsion play an antagonistic role on the electronic

For the two-electron situation, it is predicted that 91% of the distribution. In simple terms, the higher the difference in
electronic density is onto the eight equatorial sites and 9% onto electrostatic repulsion, the higher the probability of finding the
the two apical ones. It is also shown that almost all the electrons on the apical metals, while the higher the differences
population of the apical center originates from distributions with in orbital energies, the higher the probability to find them in
one electron on an apical center and one electron on anthe equatorials. As can be seen, a population distribution higher
equatorial (the contribution to the apical density of the situation than the homogeneous 80/20 is predicted even if we assume an
with one electron on each W(1) apical center is almost zero). gyerestimation of 50% ia differences and an underestimation
This shows that even though the electrostatic repulsion favors of 5004 inV differences.

D e e iereecloric dsance. & i 1ol SUO%0 pond.distance suhand MR of 4, 2, and 10
wolfram atoms. The singlet-to-triplet energy gap is evaluated |n_d|c_ate_ a str_ong _apex-equa_ltor asymmetry of the electron
' . . : distribution. Vibronic calculatiori§ predict that the electron
to 780 meV and explains the diamagnetism of the two-electron . . . - .
population on apical centers is negligible. Our calculations

reduced decawolframate polyanion. This quite large energy gap, _ .. ! . : .
is of the same order of magnitude as the ones found in otherbasmaIIy cqnﬁrm and ratl.orllallze the expenmen_tal re.sults,. but
we do predict a non-negligible electron density in apical sites.

dirreduced polyoxometalates, like the Keggin anibn. ) 2 - .
o : - . In this regard our ab initio predictions agree with those of the
The antagonistic roles of the various microscopic parametersDF_r approach (cf. the data in the tables of referéfcdhis

(t, J, ¢, and V) acting in the two-electron reduced system : imati f th ical lati ot be d
motivate a deeper analysis of their influence. With this goal, apparent overestimation of the apica’ population mignt be due
to the omission of the vibronic coupling into the calculations

the variations of the observables of the whole two-electron h id ol le in the el ic distributi
reduced decawolframate versus the variations of the microscopict"at could p ay arole in the electronic distribution. _
The next logical step is to analyze the effects on the magnetic

parameters are plotted.

Interplay between Parameters: Competition between properties. A certain but not dramatic influence of electrostatic
Electrostatic Repulsion and Orbital Energy. The most evident ~ repulsion on the singlet-to-triplet energy gap was found, namely
effect to expect is the competition between electrostatic repul- the gap increases for lower values\6aind decreases for high
sion, which tends to stabilize a maximum separation of the values ofV. This is an expected trend, as a large interelectronic
electrons on the two apical W(1) atoms and orbital energy, distance should impair the antiferromagnetic interaction. It is
which favors the population of the equatorial sites (becayse more interesting to note the influence of the orbital energies
is almost 1 eV higher thas_5s). One can also anticipate that One observes that, up to a certain point, larger orbital energy
the electronic distribution has a dramatic effect on the electronic differences favor the interaction because it shifts the electrons
interactions and thus on the magnetic coupling; the spins will from the apical to the equatorial sites. If too large, however,
uncouple if they get strongly localized in very distant centers. the electrons might be “trapped” into the most stable equatorial
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Figure 7. Variation of (a) the electron density of the equatorial sites ]
and (b) the singlet-to-triplet energy gap with factors multiplying all © 0.5eV
magnetic exchange parametedg and all electron transferg}, One £ o ]
can see the leading role bf -
metals, on opposite, far positions (Figuref26 A), thus
diminishing the singlet-to-triplet energy gap.
Interplay between Parameters: Magnetic Exchange and © . . .
Electron Transfer. Yamase®® among others, postulated that 83 2 A 0
the electron transfer is weak for edge-sharing octahedra, as seen tyinter

in the weak delocalization of the unpaired electron in monore- Figure 8. Variation of the singlet-to-triplet energy gap (a), of the
duced W014.2! Delocalization goes on mainly through quasi- electron density of the equatorial sites (b), and variation of the same
linear W—0O—W bonds. Thus, diamagnetism in direduced energy gap when transfer with apical wolfram is not allowed (c). The
decawolframate should be attributed to a strong antiferromag-axes indicate the factor multiplying all ab initio values of intrapyramid
netic exchange mediated by intersquare transfer. Our calculationstranSfertb and interpyramid transfet.
show that, even if the hopping increases with the linearity of
the W—O—W angle, the other transfer pathways (specially
intrasquare) are very important, while magnetic exchange is far
from being a critical interaction in the final magnetic behavior
of the system.

As shown in Figure 7, electron transfer has a dramatic
influence both in the electronic distribution and in the magnetic
properties of the system. A change of the sign of all the
parameters annihilates the electronic population of the apical
centers. The singlet-to-triplet energy gap, while not so heavily Square traqsfetra (‘?'at,a not shown). )
dependent on the sign, is nearly proportional to the value of _ 1N€ gap is maximized when the two hopping parameters are
the transfer parameter. The gap is remarkably symmetrical Nigh (in absolute value). When either of them is low, or in
regardingt, at least when all transfer parameters are simulta- 9eneral, when the ratigft; is very different from unity, the gap
neously raised or lowered. drops.

The influence of], in contrast, is very limited (and evidently The calculations were repeated for an artificially high value
does not display sign-symmetry). For a giviea much higher of repulsionV for nearest neighbors (not shown in graphics).
antiferromagnetic) results in a slightly larger energy gap. The gap diminished to about 50%, but the general form of the
Moreover, even if the antiferromagnetic exchange is canceled, surfaces was not altered. Hence, we see that nearest-neighbor
or replaced with a strong ferromagnetic exchange, the singletrepulsions are important, but not dramatic, for the general
remains well below the triplet. The influence on the electronic magnetic behavior. The calculations were also repeated, cancel-
distribution is also very weak. ling the apicat-square transfet, (Figure 8c). Both the general

If communication through botk andJ; between the squares form of the surface and the magnitude of the gap were
is canceled, the singlet-to-triplet gap disappears, as the electrongnaintained, but now the sign-symmetry is strict for both
have no way to interact. Moreover, if we just eliminate the remaining hopping parameters.
intersquard,, the gap closes considerably, the only remaining It is interesting to revisit reference 16a. With our current
coupling mechanism being a combination of intrasquareé results in mind, we confirm their hypothesis of the negative
intersquarel.. sign oft, however, we obtain a different ordering in the absolute

Interplay between Parameters: Role of the Different
Transfer Pathways. The influence of the relative intensity of
the intra- and intersquare electron-transfer processes is drawn
in Figure 8. It can be seen that for the energy gap as well as for
the electronic distribution, the near-symmetry of Figure 7b is
lifted for intrasquare transfer, while for the intersquare transfer,
it becomes strict. The system is also strictly symmetric, both in
Ielectronic distribution and in energy, with the sign of apical
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values. It would be of great interest, in our thinking, to repeat TABLE 6: Representative Matrix of the Model Hamiltonian
the vibronic study now that we have provided ab initio quality Restricted tIO the Case of One Electron Delocalized between
values fort, ¢, V, andJ. Two Orbitals a and b

|ald |bO
Conclusions I 0 tan
|bO tap €p — €a

In this work we have established the origin of the strong spin
interaction between the two delocalized electrons present in thewave functions, and molecular orbitals) provide a good zeroth
reduced polyoxometalate \Ds2*~. We predict a singlettriplet order for treating the dynamical polarization and correlation
energy gap of 780 me\&6000 cnt?) and 91% of the electronic  effects. This can be done variationally with the difference
population on the square W®ctahedra. Thus, the diamagne- dedicated configuration interaction (DDCI) methods. The DDCI
tism in this POM mainly arises from the delocalization of the matrix is based on the configurations that provide the main
two “blue” electrons over the two central s squares. Each  differential contributions to the lowest states. Hence, DDCI
one of the two electrons is circulating over one of the two calculations provide a very accurate evaluation of the micro-
squares to minimize electron repulsion, and the strong antifer- Scopic parameters relevant for magnetic compounds but do not
romagnetic coupling between them is dominated by the two permit to extract informations aboabsolute energielsut about
(intrasquare and intersquare) hopping integrals. energy differenceg@nd wave functions). The DDCI method is

Interestingly, the exchange interactidronly plays a minor ~ now quietly widely used, and more details can be found for
role, while the electron-transfer governs both the singfieplet exemple in referencé8 CASSCF is part of the MOLCAS suite
energy gap and the electronic distribution. In fact, 8w 0 of programs? and the DDCI results are obtained with the
ground spin state is independent of the sigd ahd is stabilized =~ CASDI code??
even in the presence of strong ferromagnetic exchange. On the In all the calculations, the inner-core electrons {PE2pb-
other hand, it has been found that the “blue” electrons are mainly 38°3pP4s?3d%4pP54d0414] for the W atoms and [ for the
distributed on the two central Y16 squares, the two apical O atoms) are represented by effective core potentials (ECP).
centers having an electron density below a half of the value The outer-core and valence electrons are represented using a
expected for a homogeneous charge distribution. 13s10p9d5f primitive basis set contracted to 3s3p4d2f for the

These conclusions have been extracted from a model thatW, a 5s6pld primitive basis set contracted to 1s2pld for the
considers a phenomenological Hamiltonian that takes into apical O atoms, and a 5s6pld primitive basis set contracted to
account the main electronic parameters: electron trangfer (  2s4p1ld for the other O. Exact expressions of the basis sets and
magnetic exchangd), relative electrostatic repulsiong)( and ECP can be found in ref 24.
orbital energies €) with an ab initio evaluation of these Model Hamitonians on Embedded FragmentsThe evalu-
parameters. This example constitutes the most complex POMation of the microscopic parameters of such a Hamiltonian from
system for which this methodology has been successfully appliedab initio calculations is a crucial point. We have now some
so far. In fact, we have determined up to 48 independent €xperience in the evaluation of the magnetic exchange integral
parameters (1D 10, 24V, 4¢) from first principles, compared ~ and of the electron transfer integral between crystallographically
with the previous case, the Keggin anion, which included nine €quivalent centers (it was widely detailed in the case @fa
independent parameters)(3t, 3V). Keggin anion where all the W centers are crystallographically

The size of the system has permitted introducing all of these equivalentd). Still, the complete evaluation of the microscopic
parameters into the model Hamiltonian. This feature has parameters is much harder in the present case due to the
provided the opportunity to study in detail the effect of each complexity of the model Hamiltonian and to the low symmetry

one of the parameters in the magnetic and electronic structureof the compound. _ )
of this high-nuclearity mixed-valence cluster. For each fragment, two kinds of calculations were performed.

Calculations involving one “extra” electron (above the closed-
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supported by the CNRS and the UPS. effective Hamiltonian extraction procedure. The effective
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Appendix: Computational and Modeling Details and verifies the equation: whekg are the ab initio energies
The CASSCF procedure permits a very accurate treatment Hoq WP = E PPl 1)

of the polarization and correlation of the “extra” electrons .
(captured during the oxidereduction processes) in theean and WP are the corresponding ab initio wave functions
field of the other (closed-shell) electrons. The results (energies, projected onto the model space. This procedure permits a direct
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TABLE 7: Representative Matrix of the Model Hamiltonian
Restricted to the Case of Two Electrons Delocalized between
Two Orbitals aand b

Clemente-Juan et al.

TABLE 8: Representative Matrix of the Model Hamiltonian
of Two Electrons Delocalized between Three Orbitals, b,
and ¢

labd  |abO |aall |bb Elon |abO |acd lacO |bcd |bcO
IabD 0 0 tab tab ‘ abO] Eab Jab/z tk:uc € S _tac
|3b|:| 0 0 _tab _tab ‘ ébl:l Jablz Eab €a tbc _tac €
|a?-|:| tab —tan Ua— Vabt+ €a— € 0 |acl] toe € Eac Jad2 tan (=)
|bbD tab —tab 0 Up — Vab— €a+ €p ‘aCD € toe Jaclz Eac € tab
‘ QCD S —tac tap € (= Jod2
evaluation of the parameters of the model Hamiltonian (the [bcU —tac & € tan Jod2 Enc

energy difference between the twarbital and thet transfer
integral between them). As the projections of the ab initio wave

2e parameters stand for exchange transfers interact@n=(
[@dbjH|acl] for example) are neglectelan, Eac, andEpc stand forVap

functions do not have any reason to be orthogonal, the effective + €a + €n, Vac + €a + €, andVic + e + &, respectively.

Hamiltonian is not necesseraly hermitic, providing two different
values for the samé parameter. Nevertheless, whatever the

static repulsion of two electrons in orbitadsandb andty, the

fragment and the level of calculation, the wave functions have electron transfer between orbitaisandb.
a large weight onto the model space (more than 80%) and the The evaluation of th&., and Epy, energies of theaaland

effective Hamiltonian is almost hermitic. Thus, the value given
in the results section do not indicate this slight nonhermiticity.
More details on effective Hamiltonians can be found in ref 25.
Two sets of molecular orbitals (MO) were used for DDCI
calculations: CASSCEF orbitals of the triplet state (obtained with
2 “extra” electrons) and IDDCI1 orbitals for the two lowest
doublet states. IDDCI1 (or IMONO) MO are adapted to the

IbbCdeterminants was done following an idea of Malrféu

set of molecular orbitals is obtained at the CASSCF level of
calculation for the [@b+ |3b|:]/\/§ triplet state. Then, a Boys
localization proceduf&?7gives two orthogonal MO, one almost
localized on one metal center (nama&dand the other almost
localized on the other metal center (hani®d Then, a SCF
procedure is performed to reoptimize all the orbitals exdept

calculations of energy differences. The MO are the average (respectivelya) with two electrons ina (respectivelyb) and

natural orbitals obtained from iterative calculations at the
IC+MONO level of the two lowest doublet states that take into
account the dynamical polarization of the twg-tike orbitals.

As it is usually observed, thieparameter is not very sensitive
to the set of MO (changes are of the order of 5%). We also
checked that energy orbital valuesire almost independent of
the choice of CASSCF or IDDCI1 MO (changes are of the order
of 2%). These results are not reported in this work.

Finally, in order to extract the model Hamiltonian parameters
from ab initio calculations, a localization of the MO was done
following the Boys criterig® We obtained two orthogonal MO,
one almost localized on one metal center (naragdnd the
other almost localized on the other metal center (natyed

A similar procedure is used to extracandt parameters from
trimer fragments containing one “extra” electron. The model
and effective Hamiltonians are 3 3 matrices, permitting the
simultaneous evaluation of the threerbital energies and the
threet transfer integrals.

Intersite Electrostatic Repulsion and Magnetic Exchange.
Calculations on dimer fragments containing two “extra” elec-
trons permit one to evaluate the magnetic exchardyeitd
intersite electrostatic repulsioW) parameters between the pairs
of W centers contained in the considered dimer fragment.

The extraction ofJ is simply obtained by the energy

zero inb (respectivelya). For fragments based on distant enough
W, the electron transfdarbeing almost 0, the matrix (Table 7)

is almost diagonal. Then, one of the two first singlet excited
states is almogbal(energyUa — Vap + €4 — €p) and the other

is almost]| bBD(energyUb — Vap — €4 + €p). The advantage of
this procedure is that it only necessitates two SCF calculations,
while DDCI calculations would have to diagonalize a matrix
of tens of millions of determinants.

Calculations on trimer fragments containing two “extra”
electrons are very interesting to evalugtéTable 8 represents
the corresponding model Hamiltonian). Indeed, the evaluation
can be done by considering only determinants with zero or one
electron in the magnetic local orbitals, whereas determinants
with two electrons in the same local orbital (with a very high
energy) have also to be considered in dimer fragments with two
“extra” electrons.

Three singlet and three triplet states are calculated at the
CASCI level on the CASSCEF orbitals optimized for the three
triplet states. The corresponding energies and wave functions
permit, through an effective Hamiltonian procedure, to evaluate
all the paramaters of matrix 8. Therefore, trimer calculations
with two “extra” electrons provide also an evaluation of the
superexchangeJ( and exchange transfer,(see ref 10c)

difference between the singlet state essentially based on theparameters. Finally, an evaluation of the influence of the

configuration {ab— |éb[j/«/§ and the triplet state essentially

based on @b+ [abll/v/2:
J=Es— Er 2

whereEs is the energy of the singlet state aBglthe energy of

the triplet stateJ > 0 is ferromagnetic).
The evaluation o¥ is more complicated, as it demands one

”

presence of an “extra” electron on the transfer of another “extra
electron can be obtained by comparing thevaluation from
trimer calculations with one or two “extra” electrons.

More sophisticated calculations (DDCI) would be interesting
to evaluate regarding the influence of dynamical mechanisms.
However, these calculations would be very large, and an
alternative procedure (equivalent to that Yoevaluation from
dimer calculations) is used. Average orbitals for the three triplet

to compare energies of states with different occupation of the states generated by two electrons delocalized over the three
magnetic d orbital of the W centers. We have to consider four centers is obtained at the CASSCEF level. Then, one of the three

determinants |abL] |abl] |aal] and |bbl) and their interaction,

active orbitals is frozen and reoptimization of the two remaining

representated in the matrix given in Table 7, where the energy active orbitals is performed at the CASSCF level for the triplet

of the determinantsbCor |abClis chosen as the referendg,
(respectivelyUy) is the intrasite electrostatic repulsion of two
electrons in orbitah (respectivelyb), Vap, the intersite electro-

state. This permits one to evaluate of the energjabf] |acl]
and |bcC0determinants and to compare their energies. More
details about this “constrained CASSCF” method and compari-
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sons with DDCI results on various type of compounds will be
published in a forthcoming article.
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