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The question of why the iron displacement out of the porphyrin plane is enhanced in quintet states of singly
ligated iron-porphyrin complexes compared to lower spin states and unligated iron-porphyrin is addressed.
The spatial size of the Featom is analyzed with respect to different spin states, and it is shown that the ion
size decreases with increasing spin state for thelectronic configuration. This contradicts the common
belief that the iron out-of-plane location in the quintet state of ligated Fe(ll)-porphyrins is due to an increased
required space of the iron within the porphyrin ring. Therefore, the singlet, triplet, and quintet ground states
of imidazole-ligated iron-porphyrin have been calculated employing density functional theory, and the relevant
molecular orbitals have been analyzed. Additional comparison with the unligated iron-porphyrin molecules
reveals that the enhanced doming in the quintet state is the result of a combination of the weakening of the
iron-ring nitrogen bonds by occupying antibonding orbitals and the repulsion between the imidazole ligand
and the porphyrin ring.

. Introduction states¥15-1° However, it has been shown theoretic#lland
confirmed experimentalB} that high-spin states are not neces-
sarily larger relative to lower spin states of the same atomic
configuration. An alternative explanation is based on analysis

particular, the role of doming of the FeP plane for the qf the qrbital occupation. Semiempirical desgriptions such as
functionality of the proteins has been highlighfetlt is well ligand field theory have been shown to provide a successful
established from the available experimental crystallographic datadualitative prediction of physical and chemical trends of related
that high-spin Fe(ll)-porphyrin complexes possessing an ad- Systems?>?*Specifically, the occupation of the iroredy2 orbital
ditional axial ligand, that is, the iron atom is pentacoordinated, (involving electronic densities centered on the iron and oriented
are domed. In such high-spin complexes the iron atom is toward the lone pairs of the porphyrin ligating nitrogens) only
displaced~0.4 A with respect to the porphyrin plane, while in the high-spin states has been widely accepted as being
Fe(l)-porphyrin complexes with two additional ligands, in responsible for the expansion of the core of ligated porphy-
which the iron has an octahedral coordination sphere, exhibit rins. However, when considering the iron atom location with
essentially planar structurés? In low-spin states of either  respect to spin state a higher quantitative description of the
coordination type, the iron atom prefers essentially in-plane glectronic system is needed. In this study we present an orbital

positions. Spectroscopic studies confirm these results. Foro.cnation analysis based on ab initio calculations relevant for
instance, spectroscopic observations of protein dynamics oc-yic i

curring upon ligand dissociation have aided understanding the
role of the doming mode for the protein functionaltfy!3 In this paper we first estimate the spatial sizes of various
Similar structural features have also been observed for non-spin states of P& by means of their calculated electron den-
transition metal-porphyrins such as Pb(ll)- and Sn(ll)-porphy- sity distribution functions and their associated moments of
rins14 the electror-nucleus distance, which provide a direct mea-
The doming effect in Fe(ll)-porphyrins is frequently explained sure of the size of the atofi.In fact the atomic radius de-
by invoking atom-size considerations, since it is generally creases with increasing spin state, and thus, the described atom-
assumed that atomic high-spin states are spatially more extendedjze argument for the out-of-plane movement of the iron atom
than low-spin states. According to this argument an allegedly jn Fe(l1)-porphyrin complexes is incorrect. Therefore, we fur-
larger size of the iron atom in a high-spin state and the limited e explore the origins of the iron displacement in the high-
space of the iron in the porphyrl_n ring are assomated_ with spin quintet state of an Fe(ll)-porphyrin that is additionally
the out-of-plane movement of the iron, when p(_antacogrdlnat_ed ligated by an axial imidazole ligand (FePIm). We provide an
Fe(ll)P complexes are promoted from low-spin to high-spin ; . . . .
explanation based on an analysis of the occupied orbitals of its
s Euskal Herriko Unibertsitaten sin_glet (low spin), triplet (ir_1termediate spin), and quintet (high_
t University of California. ' spin) states and a comparison to the unligated Fe(ll)-porphyrin
* Dalhousie University. (FeP).
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The relationship between spin state and structure of Fe(ll)-
porphyrins (P) constitutes an active research topic due to its
implications for the biological activity of heme proteih3In
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TABLE 1: Relative Energy AE (eV) with Respect to the®D
(3d®) Ground State (Experimental Values Are Given in
Italics), the Systems-Averaged DensitypJ(au), and Selected
Moments of the Electron—Nucleus Distance (au), for Various
Electronic States of F&"

D(3d) 3P (3d) 3G (3F) U3d) 'S (3c4s)

AE2 0.000 2.508 2.733 3.935 4.320

0.000 2.406 3.045 3.764 3.730
0 4016.989 4017.130 4017.126 4017.206 4022.804
120 3182.527 3182.563 3182.559 3182.579 3184.653
B0 114.906 114.889 114.886 114.878  114.666
0 15282 15316 15320  15.337 16.159
@0 16194  16.306 16321  16.381 19.907
F0 23102 23.434 23480  23.658  36.578

aE (°D) = —1262.80431265 au.

Il. Results and Discussion
First, we have calculated the spatial size of thé"Fen to

evaluate the previously described atom-size argument. The 3d

electronic configuration of P& exhibits three spin states,
namely,S= 0, S= 1, andS = 2, which correspond to the

singlet, triplet, and quintet multiplicities, respectively. The

ground state is known to be thB state, then four triplets follow,
the 3P, 3H, 3F, and3G states. All these states have the 3d
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Figure 1. Upper panel: the electron density distribution function (au)
for the D (3df) ground state of Pe. Middle panel: the incremental
electron density distributions of t#e (3¢, solid line),3G (3¢, dotted
line), and!l (3d%, dashed line) states relative to ftiz(3cF) state. Lower
panel: the incremental electron density distribution of 1Bd3cP4st)
state relative t&D (3dF) state.

the 3¢ electronic configuration. When the mean electron
nucleus distancesi() is inspected, it is demonstrated that the

electronic configuration. The next stable state belongs to the aomic sizedecreasesvith increasing spin multiplicity. Such

3dP4s! configuration, namely, théS state, which precedes the
1| state. The latter state belongs again to thé& &ictronic

size differences have been rationalized by the quantum me-
chanical explanation of Hund’s ruf€ Notice that moment&i?[]

configuration. Their relative energies have been tabulated by 5nqm3Oshow the same trend. The same trend is also observed

Corliss and Sugai®

We have calculated the B3LY#27Kohn—Sham orbital&2°
{vi}, with GAMESS-UK?° of a selected set of these atomic
states in order to obtain the electron density functjgn), as

N
p(r) = ¥i()wi(r) 1)

The basis set used for the iron was that given by &oha
Hurbert, and Ahlrich$! supplemented with a diffussfunction
(with an exponent 0.33 times that of the most diffeganction
on the original set), two sets g§ functions optimized by
Wachter# for the excited states, one set of diffuséunctions
(optimized by Hay$2 and three sets of uncontractefiinctions,

with the system-averaged electron density. Namely, the system-
averaged electron density decreases with the spin multiplicity
for states belonging to the same electronic configuration.
Concomitantly, for the spin multiplicities with smaller atomic
size (i.e., larger spin multiplicity) we found, as expected, larger
values for the electronnucleus attraction energy, that By

= —Z[~ 1) with Z being the iron’s nuclear charge. The higher
negative moment<2), which emphasizes the short range region
exhibits the opposite trend.

The electron density distribution function for thB (3cF)
ground state of P& in Figure 1 is shown to decay logarithmi-
cally for large electrorrnucleus distances. This mimics the exact
decay behavior of the electron density distribution funcfibn.
Thus, it provides validation for the accuracy of our calculated

including both tight and diffuse exponents, as recommended approximate densities, at least in the langegion.

by Raghavachari and Trucks.
Then by following the algorithm of Sarasola et #&l.the

The electron density distributions of the calculated four
electronic states with the 8donfiguration nearly superimpose

electron density is used to calculate the system-averaged electrorach other, as suggested by the small values of their incremental

density
BO= [ o%(r) dr 2)
and the moments of the electrenucleus distance
0= 4 [ p(r)r (3)
wherep is the spherically averaged electron density:
an=[ %p(r) (4)

electron density distribution%2Ap, shown in the middle panel

of Figure 1. Nevertheless, it is worth pointing out that fhe
(3cF) state expands over larger radial electromicleus distances
relative to the quintet ground and all the calculated triplets, since
it drags more electron density out from the intermediate values
of r over larger electrofnucleus distances. Focusing on the
region close to the nuclei reveals reversal of the trend. For
negative moments equal te-2) (see Table 1) or larger (not
reported) the trend is reversed. Indeed, inspection of the middle
panel of Figure 1 reveals that near the nucleus at the small
values region, states with lower spin multiplicity exhibit higher
densities. Since it is in this region whegseacquires its largest
values, both[p and 20 increase with decreasing spin

The results are listed in Table 1. We have also calculated themultiplicity, as shown in Table 1. This is essentially a

radial electron density distribution functiongz#p(r), for all

manifestation of the Fermi hof8;?° where the probability

the states listed in Table 1. These functions are plotted in Figuredensity of electrons of like spin to be found in the nearby

1 with respect to the electremucleus distancse,

proximity of each other is decreased. This permits lower

Inspection of the data of Table 1 reveals that the size of the multiplicity states to accumulate electron density close to the
atom indeed depends on its spin state. Consider, for examplenucleus at the expense of intermediate eleetrarcleus distance
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Q-HOMO

Figure 2. The molecular structure (top) as well as relevant molecular
orbitals calculated at the equilibrium geometry of the singlet state are
shown. The HOMO of the triplet state is depicted in the middle
(T-HOMO), and the HOMO of the quintet state is provided in the
bottom (Q-HOMO).

regions. This increased buildup of electron density near the
nucleus for low-spin multiplicity states, with respect to the high-
spin multiplicity states of the same configuration, increases the

screening of the nuclear charge, and consequently, valence

electrons span over large electremucleus distances. Hence,
within the same electronic configuration, lower spin multiplicity
states are biggéf.

The 7S (3cP4s)) state has amore diffuseelectron density
distribution (notice the large values af#Ap in the lower panel
of Figure 1). However, for this electronic configuration, the
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TABLE 2: Different Spin States of Iron-Porphyrins in the
Presence and the Absence of an Axial Ligand (Imidazole
Group) Are Compared with Respect to Relative Energy and
Iron Nitrogen Bond Distancest

relative energy out-of-plane ond length (A)

model  spin
system state (kcal/mol)  displacement FeNp Fe—Ni
FePIm singlet 7.3 0.16 2.005 1.925
triplet 0.0 0.14 2.007 2.258
quintet 2.8 0.36 2.100 2.173
FeP singlet n/a
triplet 0.0 0.00 1.992
quintet 16.6 0.00 2.055
Fet singlet 52.8
triplet 0.0
quintet —39.0

aThe energies are provided relative to the triplet state and were
calculated at the DFT/B3LYP/6-31G(d) level. Irenitrogen bond
lengths are listed, where F&lp and Fe-Ni, correspond to the distance
from iron to nitrogen on the ring and to nitrogen on the axial ligand
respectively® The FeP singlet calculation does not converge. However,
the results of FeP triplet and quintet are given, and they help to
understand the effects underlying the iron location with respect to the
molecular spin state of FePIm.

(FeP) and the imidazole-ligated FeP (FePIm) (Figure 2), of
which the latter is a widely used model system for heme pro-
teins, where the imidazole (Im) group mimics the histidine
residue present in the real protein.

Our calculations comprise geometry optimizations of FeP and
FePIm in their different spin ground states, the singlet, triplet,
and quintet states, as well as the calculation and visualization
of the molecular orbitals of these species. For this objective we
employed standard ground-state density functional theory with
the widely used B3LYP exchange-correlation functiéh&land
the 6-31G(d) basis set. All molecular calculations have been
performed using the QCHEM suite of prografs.

It has been reported that the B3LYP functional has a tendency
to artificially prefer high-spin multiplicitie$®> However, this
tendency is emphasized when comparing electronic states
involving different valence shells. Hence, our results reported
below, which focus on the comparison df electronic states,
provide a reasonable level of accuracy. An additional confirma-
tion for B3LYP adequacy is provided by the experience gained

occupation of the 4s orbital renders a denser spherically averaged;sing B3LYP for studying related systems. These studies involve

electron densityp, near the nucleus, relative to tAB (3cf)

systems containing Fe atoms in gen&& and heme models

state, as shown in the lower panel of Figure 1. This screens thejn particulat84343 50 and demonstrated the ability to reproduce

nuclear charge in such a way that the electron density turns outrelevant experimental data. These experimental observations

to be also denser away from the nucleus, at the expense of thanvolve the elongation of the ligand bonds upon axial liga-
substantially decreased electron density at intermediate valuegjon 32351the relative stability of FeP different spin multiplicities

of r. This explains why bottipCand [i—?Care largest for this
state, whileli~!0is the smallest of all the considered states.
Note, this state was showrot to be present in the porphyrin
environment. Extensive experimeritand theoretical investiga-

states where the triplet state was found to be the most
stable?3:5253and most importantly the well-documented doming

of the porphyrin ring associated with the iron located out of

the plane for high-spin five-ligated systedi$15455 Thus,

tions*?43have established beyond any reasonable doubt that themodels based on using the B3LYP functional are appropriate

states of F&" which play a role in Fe(ll)-porphyrin complexes
are the singlet, triplet, and quintet of the ®3dlectronic
configuration.

Summarizing the calculations for the atomic spin states of

for the investigation at hand.

At their corresponding equilibrium geometries, the triplet state
of FePIm is found to be the electronic ground state, while the
quintet state is 2.8 kcal/mol higher in energy (see also Table

Fe?t, the spatial size of the ion decreases with increasing spin 2). The singlet state is 7.3 kcal/mol higher in energy than the
guantum number, that is, Feneeds less space in a high-spin triplet. The calculated energy differences are slightly smaller
than in a low-spin state of the 8dlectronic configuration. This  than those found by Rovira et ¥.For the unligated FeP
clearly shows that the atom-size argument for the larger out- molecule the triplet ground state is found to be 16.6 kcal/mol
of-plane displacement of the iron atom in high-spin Fe(ll)-por- lower in energy than the quintet state in accord with previous
phyrin complexes is incorrect. To give an explanation, the struc- calculation®4348(Table 2) and experimental daaUnfortu-
tural effect is further investigated in the framework of Kehn  nately, the DFT calculation does not converge onto a stable
Sham density functional theory in the following paragraphs. Two solution for the singlet state. For the¥ehe correct ordering
molecular systems are studied, the unligated Fe(ll)-porphyrin of the spin states (quintet, then triplet, and then singlet) is also
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obtained with the 6-31G(d) basis set, as seen in Table 2.denoted Q-HOMO in the figure, in the molecular environment
However, the relative energies among these spin states areof the porphyrin describes antibonding interactions of the iron
poorer than those obtained with the considerably larger basiswith the nitrogens of the porphyrin ligands. This orbital is also
set used for the atomic calculations shown in Table 1. frequently denoted as),,.

The preference for the triplet states in the molecular systems The second highest occupied orbital of high-spin FelmP,
versus the quintet state in the 2 eion is a result of the through to the actual reduced symmetry of the system, involves
competition between two major energetic effects. While high- mixing the iron ¢ orbital and the HOMO of the porphyrin
spin states are energetically favored according to Hund'’s rule, semiay,. This introduces antibonding interactions between the
molecular orbital theory, on the other hand, predicts lower iron and the axial Im ligand. This orbital was found to be the
stability for high-spin states since antibonding, energetically HOMO of the triplet state and is denoted T-HOMO in the figure.
high-lying molecular orbitals become occupied. Later, the latter At the singlet state, the two highest occupied MOs correspond
effect will be illuminated in detail. to pure Fe d-orbitals (not shown), and the depicted orbitals

The optimization of the geometries of the different spin states T-HOMO and Q-HOMO are unoccupied and have no energetic
of FePIm revealed that the iron atom is slightly out-of-plane or structural effects. Orbital Q-HOMO, for example, corresponds
even for the singlet and triplet states by about 0.16 and 0.14 A, to the sixth lowest unoccupied MO of the singlet state. Turning
respectively. This is in agreement with previous calculations to the triplet state one electron is promoted to orbital T-HOMO.
by Rovira et ak® For the quintet state of FePIm we found the The orbital Q-HOMO of Figure 2 remains unoccupied in the
iron displaced out of the plane by 0.36 A toward the imidazole triplet state and corresponds to its fourth lowest unoccupied
ring (Table 2). In the unligated FeP molecule the iron atom has orbital. In the quintet state yet another electron is promoted from
been found to be located within the plane of the porphyrin ring. a doubly occupied orbital of the triplet state into the former
Inspection of the optimized bond lengths of iron to the nitrogen unoccupied orbital Q-HOMO. Here orbital T-HOMO corre-
atoms of the porphyrin ring (B} reveals that the FeNp bond sponds to the Q-HOMO-1. Changing the spin state from singlet
distance increases from 2.01 A in the low-spin states (singlet to triplet and quintet leads to substantial orbital relaxation effects
and triplet) to 2.1 A in the quintet state. The bond length between and stabilization of Q-HOMO. Thereby, the formerly sixth
iron and the imidazole nitrogen F&\y, increases with the spin  lowest unoccupied MO of the singlet state becomes the HOMO
multiplicity from 1.925 A in the singlet to 2.258 A in the triplet  of the quintet (Q-HOMO) without changing the spatial character
state and decreases again to be 2.173 A in the quintet state (seef the orbital.

Table 2). Smaller changes in the-Rdp bond lengths but with As described above, orbital T-HOMO exhibits strong anti-
a similar trend are observed for FeP when going from the triplet honding character along the 8, bond, but introduces
to the quintet state. The large increase of the-Rg distances smaller antibonding effects with respect to the-f& bonds.
from the triplet to the quintet state in the FePIm system clearly Thijs explains why the FeN,, bond is elongated in the triplet
demonstrates the doming effect. compared to the singlet, while the FBp bonds remain

To explain the observed energetic and structural trends in essentially constant. However, in both singlet and triplet states
the FePIm and FeP complexes, we have calculated the-Kohn the iron is slightly displaced out of the porphyrin plane due to
Sham molecular orbitals (MOs) of the different spin states at the ligand-ligand repulsion between the imidazole and the
the same planar geometry of the optimized singlet system (useporphyrin ring. Thus the occupation of this orbital cannot explain
of the optimized structure at higher multiplicities does not the enhanced doming observed for the quintet state of FePIm.
change the analysis). This allows us to directly inspect the orbital In the triplet this repulsion is reduced owing to an increased
occupation which promotes the break of the structure planarity Fe—N,, bond, and as a consequence, the iron moves a little bit
mainly at the high-spin state of FePIm. In principle, the transition further in plane (see Table 2).

from singlet to triplet can be seen as the promotion of an electron  Orbjtal Q-HOMO has antibonding character with respect to
from a doubly occupied singlet MO to a virtual MO and, the Fe-Np bonds, thus, it is responsible for the increase of the
analogously, from the triplet to the quintet. The MOs which Fe—Np bond length in the quintet state relative to the triplet
are additionally occupied in the triplet and quintet compared to and singlet states. This explanation also holds for the unligated
the singlet state should thus explain the observed structuralFep molecule, since a similar orbital has been found to be the
changes. These MOs are displayed in Figure 2, which cor- Q-HOMO. The occupation of this orbital, and the resulting
respond to the two highest singly occupied MOs of the quintet weakening of the FeNp bonds, explains the reduced energy
state at the equilibrium structure of the singlet state. penalty calculated for the iron out-of-plane movement in the
In analyzing the character of these open shell orbitals, we FeP system with increasing spin multiplict$/#® Here, it is
follow the widely used notation in the porphyrin literature. important to emphasize, however, that this orbital, which is
Accordingly, in assigning the symmetry of the orbitals, we have occupied in the high-spin states of both considered systems,
considered only the immediate environment of the iron atom cannot be used solely to explain the pronounced out-of-plane
and thus assume the system obeys g point group motion observed only for the FelImP molecule.
symmetry. In the following, we will focus on the orbitals which However, the occupation of Q-HOMO in the quintet state of
are occupied only in open shell spin occupation. These openfFepim is clearly relevant for the enhanced doming of the-iron
shell orbitals describe antibonding interactions between the nitrogen plane. We have seen previously that the iron is also
central iron atom and the ligands. Their corresponding bonding sjightly displaced in the singlet and triplet states of FePIm by
MOs are doubly occupied in all the spin multiplicities. about 0.15 A toward the imidazole ligand. The origin of this
The highest occupied orbital (in the high-spin state) is denoted could only be the PIm repulsion, because neither state of the
Q-HOMO in the figure. The high-spin configuration involves unligated FeP is domed, since the planarity maximizes the
the occupation of the iron d-orbital ,édy?), which introduces bonding interactions between the iron and the porphyrin ring.
electronic lobes oriented toward the nitrogens of the ligated The weakening of the FeNp bonds in the FePIm quintet state
porphyrin. Here we choose theandy axes to lie in the plane by occupation of the antibonding Q-HOMO (Figure 2) simply
of the porphyrin ring and along the F& bonds. This orbital, allows the P-Im repulsion to pull the iron atom further obft.
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The importance of the repulsion interactions is well demon-

strated by considering replacing the axial ligand by a compact
NH, amine group. For such simplified model systems a reduced

out-of-plane iron location has been experimen#dlgnd com-
putationally® found. Hence in the quintet state the doming effect
allows the reduction of the-Pim repulsion interactions, and
the Fe-Nin, is allowed to relax and to become slightly shorter
in the quintet than in the triplet state of FePIm. Thus, the

enhanced doming of FePIm in the quintet state is a combined

result of the repulsion between the Im ligand and the porphyrin
ring and the weakening of the F&lp bonds introduced by the
high spin—orbital occupation.

I1l. Conclusions

In summary, our calculations have shown that the spatial size

of the F&* ion decreases with increasing spin multiplicity.

Consequently, the argument that the enhanced doming of th
Fe—N plane in the quintet state of FePIm is simply due to an
increased required space of the Fe atom is wrong. In fact
analysis of the relevant molecular orbitals of FePIm and

J. Phys. Chem. A, Vol. 108, No. 21, 2004657

(14) Yamaki, T.; Nobusada, Kl. Phys. Chem. 2003 107, 2351.
(15) Hoard, J. I'Hemes and Hemoprotein€hance, B., Estabrook, R.,
Yonetane, T., Eds.; Academic Press: New York, 1966; pR4
(16) Hoard, JSciencel971, 174, 1295.
(17) Kaim, W.; Schwederski, BBioinorganic Chemistry: Inorganic
Elements in the Chemsitry of Lif8. Wiley and Sons: New York, 1994.
(18) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, MPhys.
Chem. A1997, 101, 8914.
(19) Dreuw, A.; Dunietz, B. D.; Head-Gordon, M. Am. Chem. Soc.
02 124, 12070.
(20) Boyd, R. JNature 1974 250, 566.
(21) Pichou, F.; Huetz, A.; Joyez, G.; Landau, M.; Mazead, Phys.
B 1976 9, 933.
(22) Eaton, W.; Hanson, L. K.; Stephens, P.; Sutherland, J.; Dunn, B.
J. Am. Chem. So0d.978 100, 4991.
(23) Scheidt, W. R.; Reed, C. Lhem. Re. 1981, 81, 543.
(24) Boyd, R. JJ. Phys. B1976 10, 2283.
(25) Corliss, C.; Sugar, J. Phys. Chem. Ref. Date982 11, 135.
(26) Becke, A. D.J. Chem. Phys1993 98, 1372.
(27) Becke, A. D.J. Chem. Phys1993 98, 5648.
(28) Hohenberg, P.; Kohn, WRhys. Re. 1964 136, 864.
(29) Kohn, W.; Sham, L. JPhys. Re. 1965 140, 1133.
(30) Gamess-uk is a package of ab initio programs written by M. F.
" Guest, J. H. van Lenthe, J. Kendrick, K. Schoffel, and P. Sherwood with
contributions from R. D. Amos, R. J. Buenker, H. J. J. van Dam, M. Dupuis,

20

e
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or triplet to the quintet state is the result of a combination of
weakening the FeNp bonds by occupation of an antibonding
orbital and the P-Im ligand—ligand repulsion.
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