
The Spin Dependence of the Spatial Size of Fe(II) and of the Structure of Fe(II)-Porphyrins

Jesus M. Ugalde,*,§ Barry Dunietz,† Andreas Dreuw,† Martin Head-Gordon, † and
Russell J. Boyd‡

Kimika Fakultatea, Euskal Herriko Unibertsitatea, PK 1072, 20018 Donostia, Euskadi (Spain),
Department of Chemistry, UniVersity of California, Berkeley and Chemical Science DiVision,
Lawrence Berkeley National Laboratory, Berkeley, California 94720, and Department of Chemistry,
Dalhousie UniVersity, Halifax, N.S., B3H 4J3 Canada

ReceiVed: March 11, 2004

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 Fe2+ atom is analyzed with respect to different spin states, and it is shown that the ion
size decreases with increasing spin state for the d6 electronic configuration. This contradicts the common
belief that the iron out-of-plane location in the quintet state of ligated Fe(II)-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.

I. Introduction

The relationship between spin state and structure of Fe(II)-
porphyrins (P) constitutes an active research topic due to its
implications for the biological activity of heme proteins.1,2 In
particular, the role of doming of the FeP plane for the
functionality of the proteins has been highlighted.2,3 It is well
established from the available experimental crystallographic data
that high-spin Fe(II)-porphyrin complexes possessing an ad-
ditional axial ligand, that is, the iron atom is pentacoordinated,
are domed. In such high-spin complexes the iron atom is
displaced∼0.4 Å with respect to the porphyrin plane, while
Fe(II)-porphyrin complexes with two additional ligands, in
which the iron has an octahedral coordination sphere, exhibit
essentially planar structures.4-9 In low-spin states of either
coordination type, the iron atom prefers essentially in-plane
positions. Spectroscopic studies confirm these results. For
instance, spectroscopic observations of protein dynamics oc-
curring upon ligand dissociation have aided understanding the
role of the doming mode for the protein functionality.10-13

Similar structural features have also been observed for non-
transition metal-porphyrins such as Pb(II)- and Sn(II)-porphy-
rins.14

The doming effect in Fe(II)-porphyrins is frequently explained
by invoking atom-size considerations, since it is generally
assumed that atomic high-spin states are spatially more extended
than low-spin states. According to this argument an allegedly
larger size of the iron atom in a high-spin state and the limited
space of the iron in the porphyrin ring are associated with
the out-of-plane movement of the iron, when pentacoordinated
Fe(II)P complexes are promoted from low-spin to high-spin

states.3,15-19 However, it has been shown theoretically20 and
confirmed experimentally21 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
of the orbital occupation. Semiempirical descriptions such as
ligand field theory have been shown to provide a successful
qualitative prediction of physical and chemical trends of related
systems.22,23Specifically, the occupation of the iron dx2-y2 orbital
(involving electronic densities centered on the iron and oriented
toward the lone pairs of the porphyrin ligating nitrogens) only
in the high-spin states has been widely accepted as being
responsible for the expansion of the core of ligated porphy-
rins. However, when considering the iron atom location with
respect to spin state a higher quantitative description of the
electronic system is needed. In this study we present an orbital
occupation analysis based on ab initio calculations relevant for
this aim.

In this paper we first estimate the spatial sizes of various
spin states of Fe2+ by means of their calculated electron den-
sity distribution functions and their associated moments of
the electron-nucleus distance, which provide a direct mea-
sure of the size of the atom.24 In fact the atomic radius de-
creases with increasing spin state, and thus, the described atom-
size argument for the out-of-plane movement of the iron atom
in Fe(II)-porphyrin complexes is incorrect. Therefore, we fur-
ther explore the origins of the iron displacement in the high-
spin quintet state of an Fe(II)-porphyrin that is additionally
ligated by an axial imidazole ligand (FePIm). We provide an
explanation based on an analysis of the occupied orbitals of its
singlet (low spin), triplet (intermediate spin), and quintet (high
spin) states and a comparison to the unligated Fe(II)-porphyrin
(FeP).
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II. Results and Discussion

First, we have calculated the spatial size of the Fe2+ ion to
evaluate the previously described atom-size argument. The 3d6

electronic configuration of Fe2+ 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 the5D state, then four triplets follow,
the 3P, 3H, 3F, and 3G states. All these states have the 3d6

electronic configuration. The next stable state belongs to the
3d54s1 configuration, namely, the7S state, which precedes the
1I state. The latter state belongs again to the 3d6 electronic
configuration. Their relative energies have been tabulated by
Corliss and Sugar.25

We have calculated the B3LYP26,27Kohn-Sham orbitals28,29

{ψi}, with GAMESS-UK,30 of a selected set of these atomic
states in order to obtain the electron density function,F(r ), as

The basis set used for the iron was that given by Scha¨fer,
Hurbert, and Ahlrichs,31 supplemented with a diffuses function
(with an exponent 0.33 times that of the most diffuses function
on the original set), two sets ofp functions optimized by
Wachters32 for the excited states, one set of diffused functions
(optimized by Hay),33 and three sets of uncontractedf functions,
including both tight and diffuse exponents, as recommended
by Raghavachari and Trucks.34

Then by following the algorithm of Sarasola et al.,35 the
electron density is used to calculate the system-averaged electron
density

and the moments of the electron-nucleus distance

whereFj is the spherically averaged electron density:

The results are listed in Table 1. We have also calculated the
radial electron density distribution function, 4πr2Fj(r), for all
the states listed in Table 1. These functions are plotted in Figure
1 with respect to the electron-nucleus distance,r.

Inspection of the data of Table 1 reveals that the size of the
atom indeed depends on its spin state. Consider, for example,

the 3d6 electronic configuration. When the mean electron-
nucleus distances (〈r〉) is inspected, it is demonstrated that the
atomic sizedecreaseswith increasing spin multiplicity. Such
size differences have been rationalized by the quantum me-
chanical explanation of Hund’s rule.36 Notice that moments〈r2〉
and〈r3〉 show the same trend. The same trend is also observed
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 electron-nucleus attraction energy, that is,EeN

) -Z〈r-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 the5D (3d6)
ground state of Fe2+ in Figure 1 is shown to decay logarithmi-
cally for large electron-nucleus distances. This mimics the exact
decay behavior of the electron density distribution function.37

Thus, it provides validation for the accuracy of our calculated
approximate densities, at least in the longr region.

The electron density distributions of the calculated four
electronic states with the 3d6 configuration nearly superimpose
each other, as suggested by the small values of their incremental
electron density distribution, 4πr2∆Fj, shown in the middle panel
of Figure 1. Nevertheless, it is worth pointing out that the1I
(3d6) state expands over larger radial electron-nucleus 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 electron-nucleus distances. Focusing on the
region close to the nuclei reveals reversal of the trend. For
negative moments equal to (-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 smallr
values region, states with lower spin multiplicity exhibit higher
densities. Since it is in this region whereFj acquires its largest
values, both 〈F〉 and 〈r-2〉 increase with decreasing spin
multiplicity, as shown in Table 1. This is essentially a
manifestation of the Fermi hole,38,39 where the probability
density of electrons of like spin to be found in the nearby
proximity of each other is decreased. This permits lower
multiplicity states to accumulate electron density close to the
nucleus at the expense of intermediate electron-nucleus distance

TABLE 1: Relative Energy ∆E (eV) with Respect to the5D
(3d6) Ground State (Experimental Values Are Given in
Italics), the Systems-Averaged Density〈G〉 (au), and Selected
Moments of the Electron-Nucleus Distance (au), for Various
Electronic States of Fe2+

5D (3d6) 3P (3d6) 3G (3d6) 1I (3d6) 7S (3d54s1)

∆Ea 0.000 2.508 2.733 3.935 4.320
0.000 2.406 3.045 3.764 3.730

〈F〉 4016.989 4017.130 4017.126 4017.206 4022.804
〈r-2〉 3182.527 3182.563 3182.559 3182.579 3184.653
〈r-1〉 114.906 114.889 114.886 114.878 114.666
〈r1〉 15.282 15.316 15.320 15.337 16.159
〈r2〉 16.194 16.306 16.321 16.381 19.907
〈r3〉 23.102 23.434 23.480 23.658 36.578

a E (5D) ) -1262.80431265 au.

F(r ) )∑
i

N

ψi
/(r )ψi(r ) (1)

〈F〉 ) ∫F2(r ) dr (2)

〈rn〉 ) 4π ∫0

∞
Fj(r)rn+2 dr (3)

Fj(r) ) ∫ dΩr

4π
F(r ) (4)

Figure 1. Upper panel: the electron density distribution function (au)
for the 5D (3d6) ground state of Fe2+. Middle panel: the incremental
electron density distributions of the3P (3d6, solid line),3G (3d6, dotted
line), and1I (3d6, dashed line) states relative to the5D (3d6) state. Lower
panel: the incremental electron density distribution of the7S (3d54s1)
state relative to5D (3d6) state.
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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 electron-nucleus distances. Hence,
within the same electronic configuration, lower spin multiplicity
states are bigger.40

The 7S (3d54s1) state has amore diffuseelectron density
distribution (notice the large values of 4πr2∆Fj in the lower panel
of Figure 1). However, for this electronic configuration, the
occupation of the 4s orbital renders a denser spherically averaged
electron density,Fj, near the nucleus, relative to the5D (3d6)
state, as shown in the lower panel of Figure 1. This screens the
nuclear charge in such a way that the electron density turns out
to be also denser away from the nucleus, at the expense of the
substantially decreased electron density at intermediate values
of r. This explains why both〈F〉 and 〈r-2〉 are largest for this
state, while〈r-1〉 is the smallest of all the considered states.
Note, this state was shownnot to be present in the porphyrin
environment. Extensive experimental41 and theoretical investiga-
tions42,43have established beyond any reasonable doubt that the
states of Fe2+ which play a role in Fe(II)-porphyrin complexes
are the singlet, triplet, and quintet of the 3d6 electronic
configuration.

Summarizing the calculations for the atomic spin states of
Fe2+, the spatial size of the ion decreases with increasing spin
quantum number, that is, Fe2+ needs less space in a high-spin
than in a low-spin state of the 3d6 electronic configuration. This
clearly shows that the atom-size argument for the larger out-
of-plane displacement of the iron atom in high-spin Fe(II)-por-
phyrin complexes is incorrect. To give an explanation, the struc-
tural effect is further investigated in the framework of Kohn-
Sham density functional theory in the following paragraphs. Two
molecular systems are studied, the unligated Fe(II)-porphyrin

(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 functional26,27and
the 6-31G(d) basis set. All molecular calculations have been
performed using the QCHEM suite of programs.44

It has been reported that the B3LYP functional has a tendency
to artificially prefer high-spin multiplicities.45 However, this
tendency is emphasized when comparing electronic states
involving different valence shells. Hence, our results reported
below, which focus on the comparison of d6 electronic states,
provide a reasonable level of accuracy. An additional confirma-
tion for B3LYP adequacy is provided by the experience gained
using B3LYP for studying related systems. These studies involve
systems containing Fe atoms in general46,47 and heme models
in particular18,43,48-50 and demonstrated the ability to reproduce
relevant experimental data. These experimental observations
involve the elongation of the ligand bonds upon axial liga-
tion,3,23,51the relative stability of FeP different spin multiplicities
states where the triplet state was found to be the most
stable,23,52,53and most importantly the well-documented doming
of the porphyrin ring associated with the iron located out of
the plane for high-spin five-ligated systems.23,51,54,55 Thus,
models based on using the B3LYP functional are appropriate
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
2). The singlet state is 7.3 kcal/mol higher in energy than the
triplet. The calculated energy differences are slightly smaller
than those found by Rovira et al.18 For the unligated FeP
molecule the triplet ground state is found to be 16.6 kcal/mol
lower in energy than the quintet state in accord with previous
calculations18,43,48(Table 2) and experimental data.23 Unfortu-
nately, the DFT calculation does not converge onto a stable
solution for the singlet state. For the Fe2+ the correct ordering
of the spin states (quintet, then triplet, and then singlet) is also

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).

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 Distancesa

bond length (Å)model
system

spin
state

relative energy
(kcal/mol)

out-of-plane
displacement Fe-NP Fe-NIm

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 singletb n/a
triplet 0.0 0.00 1.992
quintet 16.6 0.00 2.055

Fe2+ singlet 52.8
triplet 0.0
quintet -39.0

a The energies are provided relative to the triplet state and were
calculated at the DFT/B3LYP/6-31G(d) level. Iron-nitrogen bond
lengths are listed, where Fe-NP and Fe-NIm correspond to the distance
from iron to nitrogen on the ring and to nitrogen on the axial ligand
respectively.b 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.
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obtained with the 6-31G(d) basis set, as seen in Table 2.
However, the relative energies among these spin states are
poorer than those obtained with the considerably larger basis
set used for the atomic calculations shown in Table 1.

The preference for the triplet states in the molecular systems
versus the quintet state in the Fe2+ ion is a result of the
competition between two major energetic effects. While high-
spin states are energetically favored according to Hund’s rule,
molecular orbital theory, on the other hand, predicts lower
stability for high-spin states since antibonding, energetically
high-lying molecular orbitals become occupied. Later, the latter
effect will be illuminated in detail.

The optimization of the geometries of the different spin states
of FePIm revealed that the iron atom is slightly out-of-plane
even for the singlet and triplet states by about 0.16 and 0.14 Å,
respectively. This is in agreement with previous calculations
by Rovira et al.18 For the quintet state of FePIm we found the
iron displaced out of the plane by 0.36 Å toward the imidazole
ring (Table 2). In the unligated FeP molecule the iron atom has
been found to be located within the plane of the porphyrin ring.
Inspection of the optimized bond lengths of iron to the nitrogen
atoms of the porphyrin ring (NP) reveals that the Fe-NP bond
distance increases from 2.01 Å in the low-spin states (singlet
and triplet) to 2.1 Å in the quintet state. The bond length between
iron and the imidazole nitrogen Fe-NIm increases with the spin
multiplicity from 1.925 Å in the singlet to 2.258 Å in the triplet
state and decreases again to be 2.173 Å in the quintet state (see
Table 2). Smaller changes in the Fe-NP bond lengths but with
a similar trend are observed for FeP when going from the triplet
to the quintet state. The large increase of the Fe-NP distances
from the triplet to the quintet state in the FePIm system clearly
demonstrates the doming effect.

To explain the observed energetic and structural trends in
the FePIm and FeP complexes, we have calculated the Kohn-
Sham molecular orbitals (MOs) of the different spin states at
the same planar geometry of the optimized singlet system (use
of the optimized structure at higher multiplicities does not
change the analysis). This allows us to directly inspect the orbital
occupation which promotes the break of the structure planarity
mainly at the high-spin state of FePIm. In principle, the transition
from singlet to triplet can be seen as the promotion of an electron
from a doubly occupied singlet MO to a virtual MO and,
analogously, from the triplet to the quintet. The MOs which
are additionally occupied in the triplet and quintet compared to
the singlet state should thus explain the observed structural
changes. These MOs are displayed in Figure 2, which cor-
respond to the two highest singly occupied MOs of the quintet
state at the equilibrium structure of the singlet state.

In analyzing the character of these open shell orbitals, we
follow the widely used notation in the porphyrin literature.
Accordingly, in assigning the symmetry of the orbitals, we have
considered only the immediate environment of the iron atom
and thus assume the system obeys theD4h point group
symmetry. In the following, we will focus on the orbitals which
are occupied only in open shell spin occupation. These open
shell orbitals describe antibonding interactions between the
central iron atom and the ligands. Their corresponding bonding
MOs are doubly occupied in all the spin multiplicities.

The highest occupied orbital (in the high-spin state) is denoted
Q-HOMO in the figure. The high-spin configuration involves
the occupation of the iron d-orbital (dx2-y2), which introduces
electronic lobes oriented toward the nitrogens of the ligated
porphyrin. Here we choose thex andy axes to lie in the plane
of the porphyrin ring and along the Fe-N bonds. This orbital,

denoted Q-HOMO in the figure, in the molecular environment
of the porphyrin describes antibonding interactions of the iron
with the nitrogens of the porphyrin ligands. This orbital is also
frequently denoted asσxy

/ .
The second highest occupied orbital of high-spin FeImP,

through to the actual reduced symmetry of the system, involves
mixing the iron dz2 orbital and the HOMO of the porphyrin-
semi-a2u. This introduces antibonding interactions between the
iron and the axial Im ligand. This orbital was found to be the
HOMO of the triplet state and is denoted T-HOMO in the figure.

At the singlet state, the two highest occupied MOs correspond
to pure Fe d-orbitals (not shown), and the depicted orbitals
T-HOMO and Q-HOMO are unoccupied and have no energetic
or structural effects. Orbital Q-HOMO, for example, corresponds
to the sixth lowest unoccupied MO of the singlet state. Turning
to the triplet state one electron is promoted to orbital T-HOMO.
The orbital Q-HOMO of Figure 2 remains unoccupied in the
triplet state and corresponds to its fourth lowest unoccupied
orbital. In the quintet state yet another electron is promoted from
a doubly occupied orbital of the triplet state into the former
unoccupied orbital Q-HOMO. Here orbital T-HOMO corre-
sponds to the Q-HOMO-1. Changing the spin state from singlet
to triplet and quintet leads to substantial orbital relaxation effects
and stabilization of Q-HOMO. Thereby, the formerly sixth
lowest unoccupied MO of the singlet state becomes the HOMO
of the quintet (Q-HOMO) without changing the spatial character
of the orbital.

As described above, orbital T-HOMO exhibits strong anti-
bonding character along the Fe-NIm bond, but introduces
smaller antibonding effects with respect to the Fe-NP bonds.
This explains why the Fe-NIm bond is elongated in the triplet
compared to the singlet, while the Fe-NP bonds remain
essentially constant. However, in both singlet and triplet states
the iron is slightly displaced out of the porphyrin plane due to
the ligand-ligand repulsion between the imidazole and the
porphyrin ring. Thus the occupation of this orbital cannot explain
the enhanced doming observed for the quintet state of FePIm.
In the triplet this repulsion is reduced owing to an increased
Fe-NIm bond, and as a consequence, the iron moves a little bit
further in plane (see Table 2).

Orbital Q-HOMO has antibonding character with respect to
the Fe-NP bonds, thus, it is responsible for the increase of the
Fe-NP bond length in the quintet state relative to the triplet
and singlet states. This explanation also holds for the unligated
FeP molecule, since a similar orbital has been found to be the
Q-HOMO. The occupation of this orbital, and the resulting
weakening of the Fe-NP bonds, explains the reduced energy
penalty calculated for the iron out-of-plane movement in the
FeP system with increasing spin multiplicity.18,48 Here, it is
important to emphasize, however, that this orbital, which is
occupied in the high-spin states of both considered systems,
cannot be used solely to explain the pronounced out-of-plane
motion observed only for the FeImP molecule.

However, the occupation of Q-HOMO in the quintet state of
FePIm is clearly relevant for the enhanced doming of the iron-
nitrogen plane. We have seen previously that the iron is also
slightly displaced in the singlet and triplet states of FePIm by
about 0.15 Å toward the imidazole ligand. The origin of this
could only be the P-Im repulsion, because neither state of the
unligated FeP is domed, since the planarity maximizes the
bonding interactions between the iron and the porphyrin ring.
The weakening of the Fe-NP bonds in the FePIm quintet state
by occupation of the antibonding Q-HOMO (Figure 2) simply
allows the P-Im repulsion to pull the iron atom further out.56
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The importance of the repulsion interactions is well demon-
strated by considering replacing the axial ligand by a compact
NH2 amine group. For such simplified model systems a reduced
out-of-plane iron location has been experimentally23 and com-
putationally43 found. Hence in the quintet state the doming effect
allows the reduction of the P-Im repulsion interactions, and
the Fe-NIm 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 Fe-NP bonds introduced by the
high spin-orbital occupation.

III. Conclusions

In summary, our calculations have shown that the spatial size
of the Fe2+ ion decreases with increasing spin multiplicity.
Consequently, the argument that the enhanced doming of the
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
comparison with the unligated FeP molecule have clearly shown
that the enhanced doming of FePIm when going from the singlet
or triplet to the quintet state is the result of a combination of
weakening the Fe-NP bonds by occupation of an antibonding
orbital and the P-Im ligand-ligand repulsion.
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