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The effective group potentials (EGP) approach has been successfully used for the computation of the ground and
excited states energies of the mixed valence compound [Fea(OH)s(NHs)eJ?*. It is the first time that for a system as
big as the complex presented above the ground and excited states are computed with their own orbitals and
studied in such a detailed way. First of all, the NH; EGP was validated by comparing calculations where NHz was
treated explicitly at different levels of calculations. Once the validation was obtained, the complete spectrum of the
compound under interest was calculated and compared with results obtained in a previous work by Barone et al.
and the spin Hamiltonian of widespread use. Some deviations from these predictive approaches were observed.
This allowed us to emphasize the importance of the dynamic correlation which is not included explicitly in the spin
Hamiltonian. Then, the influence of vibration has been studied by computing the potential energy curves obtained
when moving the (OH); plane. This study shows that our calculations lead to a delocalized compound (class I11)
as expected according to former experimental data.

that the electron is localized on one metallic center. In that
case the oxidation numbers of the two metals are different.
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Figure 1. Representation of the [E@H)s(NHz)s]2* compound. Geo- Figure 2. The bonding and antibonding orbitals under interest. The orbitals
metrical parameters taken from a previous work. presented in this picture were obtained by a CASSCF calculation for the
ground state of the molecule.
The opposite one (the third one) is to delocalize the electronic ) ) -
structure completely. The oxidation numbers of the metallic feasible to a quantum chemist because of the difficulty a
centers being identical but nonintegers. The second one istransition metal dimer represents and because of the size of
an intermediate class which leads to a temperature dependerf® molecule but we managed to overcome these difficulties
localization of the electron. The three classes mentioned @S explained later. Our aim in this study was twofold. First
above have been characterized experimentally. of all, we used EGP to reduce considerably the size of the

From a theoretical point of view the enerdy of the system to treat WhiCh allowed us to be able to do CCSD
different states of spiSwas rationalizetiusing the following ~ (coupled cluster singles and doubles) and CASPT2 (complete
formula: active space self-consistent field with second-order perturba-
tion theory). With such calculations, all the spectrum is thus
in principle reachable. Therefore, we do not have to use the
broken symmetry approach which makes the computation
o _ of the magnetic properties of this system (and others) easier.

Before giving the meaning of th#andB constants, we  Second of all, once we have computed the spectrum at the
shall focus on thet sign. As mentioned above, the so-called CASPT2 level, we can compare our results to the spectrum
extra electron can be localized on one center or the otherwe would obtain using eq 1 and test its validity on this
one which we will refer fpr convenience as left ar\d right. specific system. Furthermore, we have computed the influ-
Then for a given total spit$, two states can be built. One  ence of a vibrational mode on the energy of the ground state
with the electron localized on the left center and the other (E(%,, —)) and the highest localized statE(¥,, —)) and
one with the electron on the rlght center. In a delocalized Compared it to the expected oh&o our know|edge this is
view, these two states correspond to symmetric or antisym-the first time it is done at an ab initio level of calculation.
metric states with respect to the symmetry operation which
transforms one metallic center to the other. If one analyzes2. Presentation of the Problem
eqlB repr.esents the exchange of one elec_tron between the As stated in the Introduction, the work presented in this
two me.talhlc centers. As a matter of fad, is caII(_ad the. article aimed to compute the spectrum of a mixed valence
delocallzatlop parameted.is the sqpergxchange ISOropiC  pjecule (Figure 1). Let us have a look in detail at the system
constant. It is the parameter which I|ft_s the dege”eracy and try to find an appropriate method to do this calculation
between states having the same spatial extension but 3n a reasonable time on a normal PC

. 7 .
dlflferent tot_al splnSk by B & ved val 2.1. The scientific Challenge. 2.1.1. Physical Consid-
na pre(.\jwoll:Js(\;v'f)'r NI¥| azri)nefetF_ the mllxeh va ince erations. In order to understand the electronic structure of
corgp%un ! gh )g( k3)6] (cf. Figure 1) has _ he(laDnFT the mixed valence compound we are interested in, we shall
studie using t e broken symmetry approach wit focus on the FeFe system which is the core of the magnetic
calculations. This molecule was chosen to model the complexpropertieS of this system. In the mixed valence compound
[Fe:(OH)y(tmtacn)]** using NH ligands to replace the 1, the two Fe atoms have formally two different oxidation

tmtacn ligand ,N',N"-trimethyl-1,4,7-triazacyclononane). numbers+Il and +l1I. This gives rise to an extra electron
With these calculations, all excited states are not available .

tthe | ¢ stat ithin the ireducibl i in the Fe-Fe system, i.e., 11 electrons in the 10 linear
exceptthe lowest states within the irreducible representationsy , yyinations of each set of five 3d orbitals. The ground state

of the symmetry group of the mqlecule. A comparison (_)f for this system is supposed to be in the spin multiplici§/ 2
theoretical and experimental studies of magnetic properties , | _ 10. It is worth pointing out that the calculation of
of molecular systerzns is summarized in a review presented ..« \vith spin multiplicity higher than 4 is not common
oo 4 . I
by Ciofini and Dauk* We have decided to stud_y this mixed and is a real challenge. As stated in the Introduction, each
valence compound because of the challenge it represents foLiate & —) differs from another state of the same spin
a qusntgm Chehm'j't' Wwe Wﬁ.nf(: to T\pp;ly ab 'T't'.o quandtum multiplicity by the excitation of one electron from the
mechanic methods at a high level ol correlation and to bonding orbital to the antibonding one. The doubly occupied
compute the magnetic spectrum of this pompound, which orbitals in these states are given in Figure 2. From the
had not been done so far. Such a calculation does not aPP€3Gccupation of 10 orbitals with 11 electrons, states with spin

(24) Ciofini, I.; Daul, C. A.Coord. Chem. Re 2003 238239, 187 muIt!pI?c?ty from 10 to 2 can ari;e. For each of thgse
209. multiplicities, we propose computing two states which

E(S +) = %[9(s+ 1)] + B(s+ %) 1)
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correspond to the excitation of one electron from one Table 1. CPU Times for the Same Calculation with and without EGPs

molecular orbital mainly built on one iron to a molecular ECPs ECPs+

orbital mainly extended on the other iron, i.e., from the only EGPs gain
bonding orbital to the antibonding one. In order to compute  integrals 3058 1355 2.3
these states properly, it is compulsory to take into account 1 CASSCF iteration 10789 2915 3.7

o e . iterati 3274 669 4.9
the fact that the wave function is multiconfigurational. In ~  CASPT2teration

other words, such wave functions cannot be represented by ©In seconds.

one main configuration modified by some excitation. The are built on one determinant only and include the correlation
representation has to be balanced; i.e., the weight of theenergy in different ways. The CC includes the excitations
configurations should have the possibility of being of the (singles and double completely and some triples and
same order or equal. A general method to do the calculationsquadruples) on top of the zero order wave function, whereas
with such restrictions is the CASSCF (complete active spacethe DFT tries to include the entire correlation effect by means
self-consistent field) one. In a CASSCF approach, one of a functional. However, the CC is suitable for the study of
distributes the electrons in an active orbital space, and onethe wave functions which are mainly built on one determi-
optimizes the molecular orbital coefficients and the weights nant, in our case, the high spin of each symmetry. Concerning
of the configurations for each state. The choice of the active the lower spin states, this is not feasible anymore since one
space is far from being trivial, and we shall discuss it in the cannot represent them using one determinant. For this reason,
next section. In our case, one should note that the numberthe CCSD calculations were performed only on the high spin
of configurations will increase rapidly as the spin decreases. states.
By its definition given previously, the CASSCF method takes 2.2, The Size Problem Solved by the Use of EGPs. 2.2.1.
into account the fact that the wave function is multiconfigu- - Size Reduction A general choice for production calculations
rational. It allows us to include the part of the correlation would be to use effective core potentials on the metals, the
energy called the static correlation energy. In order to include nitrogens, and the oxygens and a small basis on the
the rest of the correlation energy, called the dynamic hydrogens. This choice (cf. section 3.1) would lead to 200
correlation energy, one should add the excitations which werepasis functions and 101 electrons. On the other hand one
not taken into account in the CASSCF wave function. could use effective group potentials (cf. section 3.1) on the
Methods of choice would be MRCI methods, for instance, NHj; ligands in order to reduce the size of the system. Then
but the number of determinants increases so drastically thatthe number of primitive function and electrons drops from
such a calculation is impossible. The CASPT2 method is a 200 to 158 and from 101 to 65, respectively.
treatment of the single and double excitations on top of the  Since our purpose is to compute the complete spectrum
CASSCF wave function in a perturbative approach only and of the molecule, one would like to be able to use calculations
thus is feasible. methods such as coupled cluster or complete active space
2.1.2. Choice of the Active Space and Importance of  self-consistent field with the perturbation theory to take
the CASPT2 Treatment.In our study, the orbitals involved  into account the dynamic correlation (CASSCF/CASPT2).
in the magnetic properties of the compound are the d orbitals According to Helgaker et af.,the time-consuming step
of the Fe. Since we want to study the transitions between for CCSD scales such @8 and the time-consuming step of
the states arising from the different occupations of these CASPT2 scales such a@s,s x n°. n is the number of basis
orbitals, our active space was chosen to be the 10 d orbitalsfunctions, andnes is the number of configurations in the
occupied with 11 electrons. With this active space, we are CASSCF wave function. With these numbers, the reduction
able to generate all the excited states of interest. It would, factor for the computational time would be about 4.1 for a
perhaps, be better to follow the recommendation of Roos CCSD calculation and about 3.2 for a CASPT2 one. Note
and of Pierloot and Froese Fishéo include in the CAS  that these factors do not take into account the fact that the
two d orbitals per Fe (3d and 4d). The first one would number of electrons treated explicitly is reduced by a factor
introduce the correlation and the second one the polarization.101/65= 1.55 which leads to a reduction of the number of
But, since this would have increased the size of the excitations in the CCSD and CASPT2 wave functions. An
calculation by too large a factor, we decided not to do so. example of CPU times for the calculation of the ground state
We shall come back to this point in the next section. at the CASPT2 level with or without EGP is given in Table
Finally, the choice of the active space we took is also 1. In this table are also presented the CPU times for the
interesting since it includes precisely the effects which are evaluation of the integrals. In this case, the improvement
taken into account in order to derive eq 1. The inclusion of due to the presence of the EGPs is not as important as
the dynamic correlation will show whether this equation is expected because in both calculations there is a threshold
still valid for a system with such a high spin or if some other under which the integrals are assumed to be zero. So the
effects due to the dynamic correlation have to be taken into number of evaluated integrals drops to 90899462 with ECPs
account. and 37777606 (i.e., a ratio of 2.4) with EGPs. This is mainly
2.1.3. Note on Coupled Cluster and DFTIn this paper, due to the fact that in there is a non-negligible number of
we will give results of coupled cluster (CCSD) and DFT  basis functions on the hydrogens of the Nigands which
calculations. These two methods do not fulfill the require- overlap loosely with the basis functions of the atoms at the
ment of a balanced representation of the wave function. Theyopposite side of the molecule.
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Table 2. Comparison of the Transitioh®btained with 2 Different
ECPs on the Fe Atoms and the NHGP

state root ECP1 ECP2 EGP
108, 1 0 0 0
108, 1 9388 9700 9196
104, 1 9845 9713 9199
108, 1 11290 11491 11214
8A 1 1304 1352 1320
8A, 1 9266 9320
8B, 1 9339 9323
8B, 1 10620 9798 11041
B, 1 2584 2719 2653
5A; 1 9352 9879 9463
Aay 0 4.7% 2.1%
aln cm 1L

2.2.2. The Novelty Accessible Thanks to EGP#n the

previous section, we have seen that the use of EGPs wa

efficient to reduce the size of the calculation. We shall prove

later (section 4.1) that this reduction does not affect the

quality of the calculation. Therefore, we shall have also the
opportunity to evaluate the influence of a vibrational mode
on the energy of the states, cf. section 4.4.

3. Methodological Details

3.1. Level of Calculation.The calculations without EGP were
done using Game5gMRPT), and MOLCAS 5.28 The ones with
EGPs were carried out with MOLCAS 5.2 (CASSCF, CASPT2,
CCSD).

In order to validate the EGP of NfHwe have used two different

Carissan et al.

Table 3. Comparison of the TransitioA®etween CASPT2 (Using
Either an ECP on the N Atorsor an EGP to Model the NgiLigand)
and CCSD Calculations Using EGPs

state CASPT2(ECP) CASPT2(EGP) CCSD(EGP)
108, 0 0 0

108, 9691 9426 9264

10A 1 10289 9911 9270

104, 11290 10308 11569

aln cm .

As we expected, the difference between ECP and EGP
calculation is of the same amplitude as the difference between
two different ECPs. The mean difference between two sets
of calculationsa andb containingn values, the sed being
considered as the reference, is computed this way; =

Sl/nzi":ﬂa — bil/a;. These values are computed taking the

first column of Table 2 as reference. These values are more
than encouraging. When one compares the first column and
the third one A,y is the error one does when one uses EGPs
for NHs. Since this error is of the same amplitude of the
difference one obtains using two different ECPs, we can trust
the results obtained with EGPs. We can say after this study
that the problem is well reproduced with our I HGP at

the CASSCF level. In other terms, we showed with this
preliminary work that the occupied orbitals are well repro-
duced by our EGPs. No virtual orbital is involved in this
test.

Another study will be done at the CASPT2 level to take

ECPs on Fe and compared the results with the one obtained withinto account the dynamic correlation, so the previous study

the NH; EGP (section 2). The ECP1 is an ECP from Stutfgart
and associated basis, whereas ECP2 is an ECP by Kraus&'et al
All the calculations were carried out using Stutté@t effective

core potentials on Fe and O and associated basis. The basis on th

H on the bridging OH was 3-214. The NH; effective group
potentiat is centered on the pseudo’ ldtom. The basis on this

is a first step but not a complete validation of the EGP. To
validate it completely, we performed calculations with EGP
including static and dynamic correlation. These calculations
Will validate the virtual orbitals we generate with the EGP.

We compared three different calculations. The first one is a

atom is an uncontracted 1s2p basis. The s exponent is 1.7605965CASPT2 calculation with ECP only. This calculation was
and the 2 p exponents are 1.3760213 and 0.1346355. The EGRPOssible for the highest spin states of each symmetry since

used was extracted during a previous work by Poteau.2Oair

CASPT?2 calculations were done using the G3 Fock Hamiltdfian
with an imaginary shift of 0.4. With these conditions, the weight
of the reference wave function in the CASPT2 wave function

the size of the CASSCF space is small for these states. The
second one is a CASPT2 calculation with EGP and the third
one is a CCSD calculation using EGP. These three calcula-
tions (Table 3) will be referred to aa b, andc until the

appears to be the same for all the states we computed (ca. 74%)and of this discussion. We compared CCSD and CASPT2
This weight is not as close as we expected, and this is probably calculations using EGP arguing that these two methods use

due to the fact that we did not follow the recommendation cited in
the previous section. Anyway, the fact that the weight was similar

for each state allowed us to trust our calculations according to

Persico?021

4. Results and Discussion

4.1. Validation of the EGP. The computation of the
spectrum of the mixed valence molecule ff@H)3(NHz)q]?"

the virtual orbitals in two completely different ways.

The mean error between calculatioasand b is 4.9%
which is reasonable according to the CASSCF results. The
agreement betweeb and ¢ seems to indicate that the
CASPT2 does reasonably well in reproducing the correlation.
Once agaiththe quality of the EGP in the treatment of the
dynamic correlation is shown. We can safely use the EGP

requires us to treat properly the system in its ground statet0 perform the calculation of the entire spectrum of the
and excited states. Before we used the EGP to compute allmolecule with EGP.

the spectrum of the molecule, we made sure that thg NH
EGP was not introducing a bias. In order to do so, we

4.2. The Equilibrium Geometry. The compound belongs
to the Dsy symmetry group, but we will treat it in the first

computed the lower states of each irreducible representationabelian subgroup available which@,. This is due to the

of the C,, symmetry group at the CASSCF level with two
kinds of ECP on the iron¥;*and we compared the results
with the one obtained with EGP on NHThe results of this
study are given in Table 2.

1414 Inorganic Chemistry, Vol. 43, No. 4, 2004
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abelian. The reason for that is the technical difficulties which
would arise in such calculations.



Calculations of Mixed-Valence [F&§OH)s(NHz)g]2"

Table 4. Correspondence between the Excitations between Orbitals and Table 7. Spectrum at the CASPT2 Level
the Transitions between StatesDi, and Cy,

energy av energy
excitation transition state (cm™) (cm™)
D3 Ca D3z Ca isz 0 0
a—e' a—a Ay—E" By — A1 B1 9463 9703
1 2 107 9943
&b BBy 108 10006
a—€ a—a Ay—FE By — Az Ton> 10160
o — b, BB A 10315
o Y 10 13253 13253
a—a a—b A= AL Bo— A1 10A1 18635
108, 19117 18876
Table 5. Degeneracies Expected in tfe, Calculations Due to th®s, Ton’
Geometry of the Molecul B1 19233 19478
eometry o e iolecule 10A1 19723
state é};mmetry oot number syrrl?ﬁetry aThe energies are given in cth
108, 1 Aj Table 8. Comparison between the SpeétBat the CASSCF and
104, 1 E' CASPT2 Level with EGP, the DFT Approach,and the Experimental
108, 1 Data®
1o 1 E
10 transitionDap expt
B; 5 itionD DFT  CASSCF CASPT2 CCSD |
12A1 2 Ay 10, 10gn 8388 8823 9703 9267
ey 2 E 10, 10p! 10987 10583 10160 11569 7380
10E2 g . 10, .19, 13660 13786 13253 13500
mBl 5 105, 10E" 22712 17148 18876 17860
' 10, — 10p 21207 17967 19478 21350
Table 6. Spectrurd at the CASSCF Level aThe energies are given in crh P This work.
energy av energy
state (em™) (em™) is known to give good results with transition metals. This
1;’82 0 0 spectrum respects the degeneracies ofQihepoint group
loii gggg 8823 and gives the proper order of the high states. This is a
108, 10333 10583 noticeable improvement in comparison with the CASSCF
1ZA2 10833 results. This is an argument for doing our next calculations
102: 12523 13786 at a higher correlated level than the CASSCF. This seems
108, 17559 17148 to indicate as well that the activénactive correlation which
10 ; ; ;
10@21 g%g 17967 is not taken into account by the CASSCF approach might

play a role in the magnetic properties of the compound under
aThe energies are given in cth interest.

4.2.1. High Spin States (3 + 1 = 10). First of all, let us Comparison with DFT and Experiment. In a previous
consider the transitions which are experimentally measurable,paper, Barone et atlid a study on the same mixed valence
i.e., the ones which correspond to the transitions allowed by compound with a DFT approaéhn this study they did an
symmetry inDs, from the high spin 92) ground state. For  open shell DFT calculation. Since this method does not allow
convenience we present in Table 4 the correspondencethem to compute the electronic states as we did, they
between the excitations between orbitals and the transitionscomputed the spectrum using the Slater transition state
between states iDgz, and C,,. It is worth noting that the  theory!* It is worth noting that using this method one
transitions A — E' are not allowed by symmetry iDs, assumes that the orbitals are unchanged between the two
since the direct product AQ E' = E" and E' does not states. In Table 8, the CASPT2 calculations were done using
contain any component of the dipole moment. Table 5 shows the multistate approach; i.e., the states were computed with
the degeneracies expected ifCa study. average orbitals at the CASSCF level and uncoupled in the

The CASSCF Spectrum.The spectrum given by the CASPT2 calculation. As we can see our results stick to the
CASSCEF calculation preceding the CASPT2 one (cf. Table experiment except for the first transition. This behavior
6) reveals that the degeneracies are the ones expectecappears also at every level of calculation which indicates
Nevertheless, the four last states are not ordered properlythat our EGP is not guilty of this behavior. The CASSCF
and their degeneracies are wrong, due certainly to smallresults are in good agreement with experiment, and the
symmetry breaking, according to the previous section. We active—inactive correlation included via CASPT2 does not
shall see in the next section that the introduction of the seem to be crucial. Nevertheless, we shall see later that this
dynamic correlation by the CASPT2 method will correct this is no more true for the lower spin states. It is to be noted
bias. It is worth pointing out that the CASSCF reproduces that the CASSCF method shows a deterioration of its quality
qualitatively the spectrum in the lower part but the high roots for the higher roots. The inversion of the two last transitions
are not described correctly since the states are computed wittwhich appear in the DFT approach does not appear with

average orbitals.

The CASPT2 Spectrum. The CASPT2 spectrum was

computed (Table 7 with the G3 Fock Hamiltontamhich

CASPT2. This is probably due to the fact that the DFT
approach makes the approximation that the orbitals do not
change when a transition occurs. Such an approximation

Inorganic Chemistry, Vol. 43, No. 4, 2004 1415
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might be good for the first states but becomes more and moreTable 9. CASSCF Spectrum Obtaingd

approximate for the higher excitations. Since in the multistate state CASSCF formula
CASPTZ? approach each state is computed in its own ey 13788 13786
orbitals, this problem disappears. +71, 12186 11941
4.2.2. The Low Spin StatesAs stated earlier, it is possible i:g 12;’3? 135223?
at the CASSCFH- CASPT2 level to compute the entire +1, 6938 7029
spectrum of the mixed valence compound we are studying i 4001 4272
L . -3, 3181 3049
thanks to EGPs. In their article, Barone et al. were regretting sy, 1986 1929
that their approach had to rely on a spin Hamiltonian I, 913 913
formalism and had the ambition to develop a methodology —2 o 0

to get rid of this. According to them, this would lead to a aThe energies are given in cth The results given by the formula are
validation of the spin Hamiltonian formalism itself. We will ~ obtained withg = 1379 and) = 103." Values used to extraé andJ (cf.
L . ection 4.2.2).

see later that this is true to some extend. The EGPs relieved’
us to use the spin Hamiltonian formalism by computing each 15w | | . | | |
multiplet structure by itself. In order to do so, we computed & CASSCF spetrum
the lower roots in each symmetry available for e&h | x-x Formula applied on the CASSCF results
{%, "Iy, 515, 815, Y5}. Within the DFT approach, it is not
possible to compute the states with spin different friigm
(we are not talking about TDDFT here). Barone et al
managed to compute the exchange coupling congtasing
broken symmetry approach. Then with tBeconstant they
obtain from the difference between the t8o= %, states,
they predicted the energies of the lower spin states using eq
1. The results we obtained for the spectrum of the low spin
states will be presented in two parts. At first we will present . ! ! | | | !
our CASSCF results. We will plot the CASSCF spectrum Oz @GR G2 (I/ZE)S,. /J‘r‘)’z'*) GRG0 020 e
2’:;?;2%7;3(;"?92 \i\(_igis/zeia)‘;ig ggpa%qaagjlggggéripésscFFigure 3. CASSCF spectrum compared to the results given by eq 1.
= (EClo, +) — ECl2, =))/10; 3 = (EClo, =) — E("2, =) — the one generated by eq 1 using tBeand J parameters
B)/9]. In a second step we shall do the same for the CASPT2 ¢5/cjated with the CASSCF states are plotted in Figure 3.
spectrum. Th_is approa_ch will allow us to see the influ_ence The CASSCEF results are in perfect agreement with the one
of the dynamic correlation on the spectrum and check if the predicted by the formula. Furthermore, the value8and
utilization of eq 1 is still suitable for the system under study. ; compare very well with experiment which givBs= 1350

The CASSCF Spectrum: The Static Correlation.Our cm 1 and a superior bound &J| > 140 cnTL. These results
CASSCF wave functions were obtained using 10 active show clearly that the spin Hamiltonian formalism is validated
orbitals and 11 electrons section 2.1.2. In order to treat all by the CASSCF approach. This means that this formalism
the d orbitals in an identical manner, we chose to compute takes entirely into account the valence correlation. Let's
these states in the average orbitals over the 3 first states ofnalyze the occupation number of the linear combination of
each symmetry. [For the state¥,(+), we had to depart  the dz orbitals. In the 10 states we are interested in, the total
from this rule since the CASSCF algorithm did not converge number of electrons in the bonding and antibonding molec-
with 3 states but only with 2 states.] This choice became ular orbitals is 3. From a formal point of view, one would

10000 —

Energy (cm-l)

5000

ours after we realized that the calculation doneCip was expect 2 electrons in the bonding orbital for tige€) states
introducing a bias which was a symmetry breaking in the and 1 electron in the antibonding one. The occupations
molecular orbitals. IDs, the dz on one side and thecd, should be inverted in theS(+) states. This strict behavior

and dy orbitals on another side belong to different symmetry is observed for thé/, states because these states are built
and are not allowed to mix. This is no more the case in the on one configuration. Since for the other valuesSothe

Cy, point group in which these orbitals belong to the same number of configurations on which the states are constructed
symmetry. This leads to an artificial mixing of these orbitals. becomes higher aS decreases, the extra electron is more
We can avoid it by doing an average calculation on different and more delocalized between the two molecular orbitals
states so that the average occupation of the average d orbitalarising from the ¢ orbitals of the metallic centers. Thus,
are of the same order. Thus, the wave function keef3sifs  the variation of the occupation number of the bonding orbital
symmetry. It worth noting that this problem has a tendency should decrease & decreases for theS( —) states. The

to be stronger as the total spBincreases. This is due to  occupation number of the antibonding orbital should show
the fact that the number of configurations is very low [there the exact opposite variation; i.e., its occupation should
are 3 configurations implied in the stat&s= %,] so the increase aSincreases for the§ +) states and the amplitude
dissymmetry is emphasized. The spectrum obtained at theof this variation should be of the same order of the preceding
CASSCEF level is presented in Table 9. This spectrum and one. Figure 4 shows the variation of the occupation of the
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(8- Figure 5. CASPT2 spectrum compared to the results given by eq 1 and

Figure 4. Excess of electron compared with 1.5 in the bonding (anti- the results given in a previous work by Barone et al.
bonding) molecular orbital for theS( —) ((S +)) CASSCF states.

energies. In this figure, we also introduced the spectrum

Table 10. CASPT2 Spectrum Obtaingd . . . -
P generated by application of eq 1 withandJ obtained with

state CASPT2 formula DFT the broken symmetry approaghithe CASPT2 results no
ijz 13253 13253 13660 longer follow the behavior predicted by the spin Hamiltonian
15/2 ggég iéiii 1;;22 formalism. The difference is more important for the states
+3/, 11984 8672 8144 {2, +), Cl2, +), (%2, +)}. This seems to indicate that the
+i/2 10841 7260 6570 influence of the activeinactive correlation introduced by
:352 22‘3‘96) gggg gggg the CASPT2 approach is no longer negligible for these states.
_5,2 2578 2189 1642 The value oB endJ still compare very well with experin_]ent
=7, 1066 1066 752 (B = 1350 cmt andJ < 140 cml). Nevertheless, since
— ® 0 0 the experimental values & andJ are computed with the
aThe energies are given in cth The results given by the formula are ~ help of eq 1, they cannot reflect the disagreement that we
obtained withB = 1325 and] = 58. ? Values used to extra@® andJ (cf. observe. The occupation numbers of the CASPZ datural
Sec. 4.2.2). orbitals are very similar to the ones obtained at the CASSCF

level presented in Figure 4. For the staf€4,, +), ¢/, +),
. . 5/, +)}, the population on the antibonding orbital is lower
states, respectlvely. To these occupation numbers we hav han the lowest occupation number for te-€) states. This
subtracted 1.5, Th'? allow us t(? know if at least half of the obviously means that the transfer of the extra electron from
3 e!ectron_s oceupying thezcorbitals are on the molecular bonding to antibonding orbitals is energetically unfavorable.
orbital wh|ch IS expected to be QOUny occqp|ed. A? We €an Tis feature brought by the activénactive correlation is
see, the variation of the occupation number IS more Important , o jcjyded in the spin Hamiltonian formalism. Since the
in the case of the§ +) S.t'?“es t.han- in the —) states. influence of the core is not taken into account at all by the
Furthermore, the most striking thing is that for th&/; state g Hiamiltonian, it is understandable that the correlated
the occupation of the antibonding orbital is lower than 1.5. results do not behave like eq 1 would predict. As a summary,
This means that, contrary to what one unld expect, the extra, o could say that the most striking thing is the very good
electron did not formerly jump on the antibonding molecular o4 yior of the formula for predicting the CASSCF spectrum.
orbital. It is worth noting that this behavior is not taken into 5 ihe contrary, that it fails to match the CASPT2 results is
account by the spin Hamiltonian formalism. In the formal . surprising. As a matter of fact, eq 1 is based on the
approach, one would expected to have 2 electrons in the,;gsmption that the electronic configurations on which the
bonding orbital in the five first states and a double occupation giates are built arise from some of the many possible
of the antibonding orbital for theS( +) states. arrangement of the electrons in the magnetic orbitals. In our
The CASPT2 Spectrum: The Dynamical Correlation.  example, the configurations arise from the arrangement of
In order to compare our results obtained at the DFT level the 11 electrons in the 10 linear combinations of the d orbitals
and with experiment, we did a CASPT2 treatment on top of of the irons. This is precisely what the CASSCF wave
the CASSCF results presented above. Since the CASSCHunction consists of. On the other hand, this model does not
wave functions were obtained in average orbitals, we havetake into account others excitations which would modify the
used the CASPT2 multistate algorithm in order to avoid the wave function. This is exactly what the CASPT2 approach
mixing of these states at the correlated level. Thus, we allow us to do. Note that in the CASPT2 wave functions we
obtained a different set of orbitals for each states. The obtained the weight of the reference function (i.e., the
CASPT2 results are presented in Table 10. Figure 5 presentsCASSCF one) which is about 74%. This means that the
the CASPT2 results and the spectrum given by application modification of the wave function by the excitations which
of eq 1 with theB and J extracted from the CASPT2  were not taken into account formerly is not negligible. This

bonding and antibonding orbitals for th§ () and § +)
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Figure 6. Values ofE(S+) + E(S—)/2 andE(S+) — E(S—)/2 in terms

of Sfor the CASSCF and CASPT2 calculations. These data were fitted Figu_re 7. Compa_rison of the actual CASPT2 spectrum and
d obtained by the fitting procedure.

the one

(see text). The fitting curves are not presented on the graph to avoi

overloading it. ) ) .
the quadratic and the linear term $are different.

explains why the CASPT2 spectrum we obtained does not

follow eq 1 while the CASSCF one is in a very good f(Scaspr2= 98 — 601S(corr= 0.7925)
agrement with it.
4.3. A Model for the CASPT2 ResultsAs shown in the (S caspro= 14836+ Y,) (corr= 0.7844)

previous sections, eq 1 does not appear to be reliable for the
study of the spectrum. This formula is based on two There are two main features that one can extract from these
assumptions that we shall keep in eq 2. There are two termsfitting procedures. The first one is the fact that
the first onef(S), corresponding to transitions in which spin  function has the same linear coefficient & about 1400
changes and the other org€S), which takes into account cm™. This means that the delocalization is not drastically
the localization of the electron on one or the other metallic modified by the introduction of the activénactive correla-
center. There’s also a constaldt,which gives the origin of  tion. The second one is the large modification of the behavior
the energy. of f(S) from CASSCF to CASPT2. As a matter of fact the
values off(S) increase withS for the CASSCF values and
ES +£)=f(9 £9(9 +K 2 decrease witlswhen one introduces the CASPT2 treatment.
This means that the compound is expected to be ferromag-
netic at the CASSCF level and antiferromagnetic at the
CASPT?2 level of calculation. This is a major change in the
physics of the molecule of interest. Figure 7 shows the
spectrum generated by tHES) and g(S) obtained for the
E(S +) + ES -) CASPT2 results. The comparison of Figures 5 and 7 shows
f(9 = 5 3) clearly an improvement of the predicted spectrum when one
uses the fitted functions instead of the results obtained via
(S = ES +) - ES ) @ eq 1. If one looks closely at the functions we used, the main
2 difference between eq 1 and the fitted ones is the dependence
) ] of the superexchange part (i.e., thpart in eq 1 or thd(9
The functionsf(S) andg(S) were extracted by fits on the  fynction in the fit procedure). The spin Hamiltonian formal-
curves presented in Figure 6. The fitting for the CASSCF ism expects this part to have the same coefficient for the
results is not problematic as expected since these data wernear and quadratic terms B This is no more true in our
already given by eq 1. The functions obtained for the case when we introduce the activieactive correlation. In
CASSCF spectrum are given here. Note that we tried to putact, this is not very surprising; ab initio calculations on small
the following functions in a form close to the one expected system® have already shown that there are effects to take
by eq 1 when this did not spoil the correlation coefficient. into account beyond double exchange which are not taken
. _ into account by formula 1. Our calculations allow us to
f(Scassce= 53(S+ 1) (corr= 0.9873) quantify these effects. Our results show clearly that the
dynamical correlation, which is usually assumed to be a small
correction, is no more negligible in our case. Our results
indicate a strong variation of this part in terms ®fn a
linear manner. The variation of the parameter in front of the

From eq 2 we can derive the functiof(§), g(S) by the
fit of the formulas given in eqs 3 and 4. The constént
which is a shift of the energy, will be skipped during the
following study.

9(9cassce= 14006+ '1,) (corr=0.7998)

The functions obtained for the CASPT2 spectrum are given
here. Note that in the CASPT2 case we did not manage to

write f(S) in a fom_] close to _the one given b)/ _eq 1 This is (25) de Loth, Ph.; Cassaux, P.; Daudey, J.-P.; Malrieu, J.-Rm. Chem.
understandable since the signs of the coefficient in front of Soc.1981, 103 4007.
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3051 ' ‘ ' ' ‘ ' = barrier are found to be roughly 4200 and 350 ¢érfor the
:.Oggzggmz ::2: ?ﬁ Y, and ¥/, states, respectively. In order to analyze these
results, we have built an effective Hamiltonian which takes
explicitly into account the displacement of the (Qld)ane,
30511 Ar, the variation of the energy of the occupied orbital,
3 andk the force constant associated to the movement of the
] plane. The extra diagonal element of this Hamiltonian is
£ noted 5. Following the same reasoning than Blondin and
305.12 Girerd, we obtain the following form of the energy for the
lower state:
KAr? 2 2
E=——V{@AN"+5 (5)
T 0.1 0 ' 0.1 02 2
Displacement of the (OH), plane (angstrém)
Figure 8. Variation of the energy of the states/, and—% in terms of This equation can be rewritten in terms of the dimension-
the displacement of the (Oklplane. less variablaq = (}'/k)Ar_
linear variation inS varies by about 1000 cm, and more
important, it changes sign. This change is very important 2, 2\,
for the attribution of a ferro- or antiferromagnetism to the E= 2k (?q) +h (6)
compound of interest.
4.4. The Influence of a Vibrational Mode. 4.4.1. The Before going further we definB,, = 27k as the energy
Low States. The former study was suitable for Bag, between the minimum of a well for &(—) state and the

geometry. Nevertheless, this static [i.e., fixed geometry] curve of the corresponding(+) state at the samar. We
approach is not sufficient for the characterization of the define alsdE, as the height of the energetic barrier between
mixed valence compound as a localized or delocalized the two wells of a potential energy curve. The formEnf
compound. In order to determine this, we followed the can be written as follow%’

proposition of Barone et &lto take into account a special

vibrational mode. On the basis of work of Blondin and E =1E +[3_2_ Bl @)
Girerd}® Barone et al. propose to approximate the influence 0 47op Eop

of the out-of-phase combination of the breathing motions

on the two monomeric subunits. This vibration consists of  The results we obtained for tH& states ards, = 4694

the reduction (or augmentation) of three-A¢ distances and  cm! and E,, = 8886 cn1®. With these values, we obtain
the augmentation (respectively, reduction) of the three other || = 2015 cn1!. These values are consistent with the fact
Fe—N distances on the other side of the molecule. In the that the § —) state is localized if and only Ey, > 2|5]. At
same time, the (OH)plane moves along the Fé&e axis. this point, it is worth noting that the value &, that we
This last movement is the main component of the vibration. extracted from our results was calculated between the bottom
In order to evaluate the influence of this vibrational mode of the well for the—/, state and the energy of tHe'/, state.

on the localization of the extra electron on one metallic This gives us an approximate value &), which might be
center, we computed the energy in terms of the displacementunderevaluated. With the value gfwve are able to compute

of the (OH} plane. In our calculation, we did not relax the the differentB constants if one agrees on the fact that the
geometry of the molecule. This study was done in@e  g(9 function should vary likeB x (S+ 1/,). Then forS=
point group of symmetry. In order to conserve as much as %,, B = . So with this approach we found a value for the
possible theC;, symmetry of the wave function, we averaged B constant which is compatible with tigwe obtained from

the CASSCF calculation on 6 states using the same argumenthe former approach (about 1325 ctincf. Table 10). It is
than formerly and uncoupled the 3 lowest in the multistate worth noting that3(%,) differs from B because they were
CASPT2 calculation. According to KaHnamong the 10  obtained by two different way$3 was extracted by using
states at our disposal, only the five lowest may show a the model Hamiltonian eq 1 on our CASPT2 results (Table
localized behavior. Among these states, % and the—1/, 10) whereag(/,) was obtained by fitting the curves 8 using
are the more extreme ones. Indeed, ¥ state is expected eq 6. The most important result when one compares these
to be delocalized which means that the energy in terms of two numbers is that they have the same order of magnitude.
the displacement of the (OkPlane should be a well centered We should remember that this value is an upper limit
at the center of the FeFe bond. On the other hand, the according to the fact thd&,, was underestimated. Neverthe-
energy of the—Y, state should have the shape of a double less, we can build the energy potential curves by choosing
well connected via a barrier whose height is the thermal an averagg to be 1650 cm® and by re-evaluatingt,, at
energy required by the extra electron jumping from one 11000 cn1!. The increase oE,, is based on the fact that
metallic center to the other one. Figure 8 shows the potential the E,, we obtained by the former study was underestimated.
energy curves of the-%/, and—1/, states. Indeed, these two The correction is taken to be half of the valueE®fwhich
states show a localized behavior. The values of the energetids reasonable. The value Bf obtained with these parameters
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—1, is localized as shown on Figure 9. With the inclusion
of the zero point energy, the spectrum we obtained repro-
duces properly the experimental results, i.e., the transition
between the states of spif. This transition is about 13500
cm ! experimentally and is found to be 16914 ¢mwvhich

is a good result according to the fact that the potential energy
curves were built without relaxing the geometry of the
molecule while moving the (OH)plane.

-2000

-3000

-4000

-5000

E (cm'l)

-6000
5. Conclusion

-7000

The effective group potential approach has been successful
in order to compute the excited states of the mixed valence
compound of interest. This approach was found more
valuable than the broken symmetry approach since the
Figure 9. Potential energy curves of the 5 lower states obtained fvith ComPUtanon of the entire spectrum Of the molecule was
1650 cnt! andE,p = 11000 cnil. q is the adimensional variable such as  possible at a high level of correlation. Moreover the
q = (UK)Ar. The energy of the first vibrational states are plotted in bold  c5|culations performed in this work allowed us to emphasize
lines for each curve. . . . o

the deviations of the actual spectrum obtained with ab initio
is found to be around 400 crhwhich is totally compatible ~ calculations from the predictive eq 1. _ _
with the barrier we found formerly for this state. Last, we proposed a reformulation for the function which

4.4.2. The Influence of the Zero Point EnergyNow that ~ Predicts the magnetic spectrum which fits our results. It
we have parameters extracted after taking into account theShows clearly that this is the superexchange term which is
influence of this vibration, we shall generate the spectrum the most sensitive to the dynamical correlation. We also
with all the states. In order to do so, we have generated theinvestigated the vibrational mode which acts on the localiza-
energy potential curves of the states where the extra electrorion of the extra electron. The potential energy curves were
is on the low energy orbital, see Figure 9. These curves showobtained for two states, and the results we obtained allowed
C|ear|y that our results extracted from tﬁe states are us to predict the behavior of all states in between. Then we
compatible with a localization of the %/, state. By finding ~ have been able to take into account the zero point energy.
the solutions of the vibrational problem, we were able to These results allowed us to find transition energies similar
Compute the Spectrum tak|ng into account the zero point to the experimental results. They also show the localization
energy, i.e., the energy of the first vibrational mode. It turns Of all the S —) states with the exception of the ground state
out that for the ground state of the molecule in its first for which the barrier found is so small that it is attributed to
vibrational mode, this state is localized. Indeed, its energy & Small symmetry breaking. This compound is then found
291 cntt is lower than the height of the barrier 344 tn to belong to class I¥f in accordance with the experimental
This result has to be considered carefully since the differenceresults obtained earlié?.* This work is encouraging for the
between the top of the barrier and the vibrational mode is future of the EGPs in the investigation of high spin states.
no more than 50 cri. This result seems to disagree with N the future we plan to extract an EGP for the tmtacn ligand
the experimental resul® which show clearly that this ~ @nd to do the study again in order to determine the impact
compound has a delocalized ground state. Nevertheless th@f the replacement of this ligand with NH

small energetic barrier which appears in our results could Acknowledgment. The authors would like to thank
be attributed to a small symmetry breaking artifact which is Franck Jolibois for discussions about the mixed valence
well-known to appear in metallic dimer calculatiofisSThis — 106und and Nathalie Guihery and Jean-Paul Malrieu for
point is true for the ground state but no more true for the 5 ahje discussions about the deviations of the CASPT2
states § —) with S € 7/, %5; 3/5; Y, which are clearly spectrum.

localized. This result reinforces the idea that the complex is
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