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Abstract

We have studied the ground state of a realistic model of oxyheme with multiconfigurational second-order perturbation theory

(CASPT2). Our results show that the ground-state electronic structure is strongly multiconfigurational in character. Thus, the wave-

function is a mixture of many different configurations, of which the three most important ones are approximately 1FeII–1O2 (70%),

FeIV�2O2�
2 (12%) and 3FeII–3O2 (3%). Thus, the wavefunction is dominated by closed-shell configurations, as suggested by Pauling,

whereas the Weiss 2FeIII� 2O�
2 configuration is not encountered among the 10 most important configurations. However, many other

states are also important for this multiconfigurational wavefunction. Moreover, the traditional view is based on an oversimplified

picture of the atomic-orbital contributions to the molecular orbitals. Thus, the population analysis indicates that all five iron orbitals

are significantly occupied (by 0.5–2.0 electrons) and that the total occupation is most similar to the 3FeII–3O2 picture. The net charge

on O2 is small, �0.20 e. Thus, it is quite meaningless to discuss which is the best valence-bond description of this inherently mul-

ticonfigurational system. Finally, we have calculated the eleven lowest ligand-field excited states of oxyheme and assigned the exper-

imental spectrum of oxyhemoglobin with an average error of 0.24 eV.

� 2004 Published by Elsevier Inc.
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1. Introduction

Hemes are an important and functionally diverse

group of biological cofactors. Heme proteins are respon-

sible for oxygen transport by globins, electron transfer

by cytochromes, oxidation and hydroxylation reactions

of vital importance in cytochromes P450, heme oxygen-

ases and oxidoreductases, as well as scavenging of small
oxidative-stress factors such as superoxide and peroxide

by peroxidases and catalases [1].

A crucial feature of the iron protoporphyrin IX sys-

tem is its ability to render all spin states of ferric and fer-

rous iron accessible [2], owing to the special design of the

cavity in porphyrin, in contrast to other tetrapyrroles
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[3,4]. We have recently suggested that the axial ligands

of heme proteins are tuned to bring spin states even clo-

ser in energy than they are in the free heme [5,6]. In par-

ticular, various choices of axial ligands or the tuning of

their ligand field strength by proximal hydrogen bonds,

for example [5], can be used to gather the spin states

within a small energy range, thereby greatly facilitating

binding of small ligands to the heme [6].
A classical example of such phenomenon is the bind-

ing of O2 to deoxyheme, as it takes place in the globins:

Deoxyheme is experimentally in the high-spin quintet

state, whereas O2 is a triplet and oxyheme is a singlet.

Thus, the reactants involve a septet or triplet state (quin-

tet + triplet), but the product is a singlet [7], which

means that the reaction is formally spin forbidden [8].

Our results [6] indicate that nature has solved this prob-
lem by employing a heme group in which the quintet,
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triplet and singlet spin states are close in energy and for

which the potential energy surfaces of the O2 binding are

very flat. Both these properties, together with the rela-

tively high spin–orbit coupling of iron, strongly enhance

the binding of O2.

It is known that the heme–O2 adduct contains dioxy-
gen in a bent end-on binding mode [9]. However, the

nature of the ground-state electronic structure remains

an unsolved problem [10,11]. Three models, all satisfy-

ing the EPR silence (diamagnetic behavior) have been

discussed. Pauling [7,12,13] suggested a closed-shell
1FeII–1O2 description with both moieties in the singlet

state. On the other hand, Weiss [14] has argued that
2FeIII�2O�

2 (doublet–doublet) provides a better explana-
tion to the experimentally observed properties, i.e. that

an electron is transferred from iron to O2 upon binding.

Finally, McClure [15] suggested a 3FeII–3O2 structure,

with the O2 molecule in its triplet ground state, but

deoxyheme promoted from the high-spin ground state

to the intermediate triplet-spin state. Subsequently,

Goddard and Olafson [16,17] have expanded this idea

into an ozone model, involving a three-center-four-
electron bond. Other authors have stressed that several

resonance forms may be necessary to properly describe

the structure [10,18,19].

Many theoretical calculations have been performed

on oxyheme models with the aim of settling the elec-

tronic structure, but with very varying results: Har-

tree–Fock calculations have been taken to support

either the closed-shell Pauling picture [20] or the Weiss
O�

2 model [21], whereas semi-empirical INDO calcula-

tions supported the Weiss model [22]. On the other

hand, the result of another semi-empirical method

(PPP) as well as density functional Xa calculations were

interpreted as a mixture of the Pauling and ozone mod-

els [18,23] and this is also supported by multiconfigura-

tional methods, which in general show a mixture of all

the three models, but with the singlet Pauling model as
the dominant configuration by 64–91% [24–26]. Yet,

generalized valence bond calculations agreed with the

ozone model [17] and the symmetry-adapted cluster con-

figuration interaction (SAC-CI) method gave a Pauling-

type ground state [27]. Finally, state-of-the-art density

functional theory (DFT) calculations suggest an open-

shell singlet ground state of oxyheme with spin polariza-

tion over the Fe–O bond [11,28,29]. Thus, they support
the Weiss model as the best description of Fe–O2 inter-

action or at least the dominant (2/3) configuration [6].

However, recent studies have repeatedly shown exten-

sive differences between the predictions of DFT and

more advanced coupled cluster and multiconfigurational

methods [30,31].

The SAC-CI results were also used to study the verti-

cal electronic excitation spectrum of oxyheme [24].
Unfortunately, the calculated spectrum was in poor

agreement with the experimental results for the ligand-
field spectrum [32] as well as the more intense porphy-

rin-based a, b and Soret bands [33] and only two bands

were claimed to be reproduced out of seven ligand-field

transitions and three porphyrin p ! p* transitions. For

these two bands, assignment was different from the ori-

ginal one (which was based extended Hückel theory [32])
and the oscillator strengths differed by up to two orders

of magnitude. Semiempirical PPP and DFT Xa methods

have also been used to interpret the spectrum of oxyhe-

moglobin, but still with large errors in the calculated

excitation energies (up to 1.68 eV) [30]. Recently, five li-

gand-field excitations in a O2–porphyrin model were cal-

culated by time-dependent DFT [34]. Three of them are

close to the experimental results (0.01–0.10 eV), but no
oscillator strengths were reported and the character of

the excitations were not discussed.

This survey clearly shows that the electronic state of

oxyheme and the interpretation of the electronic spec-

trum is far from settled. We present in this paper the

most advanced calculation of the oxyheme electronic

structure and ligand-field spectrum so far, based on mul-

ticonfigurational second-order perturbation theory. Our
procedure takes into account both dynamical and non-

dynamical correlation and all the relevant interactions

in the ligand field, including Fe–O p effects, double-

d-shell effects and porphyrin–iron r interactions. The re-

sults provide a proper interpretation of the spectrum

and show that the electronic state cannot be described

by a single electronic configuration.

1.1. Methods

Our chemical model of oxyheme includes the por-

phine ring without any side chains, O2 bound to iron

and the imidazole group of the proximal histidine ligand

[35]. The model is depicted in Fig. 1. The structure of the

singlet ground state was optimized with the unrestricted

BP86 DFT functional using the DZpdf basis set for iron
[6] and 6–31G(d) for the other atoms. DFT has been

readily applied to problems in porphyrin chemistry, pro-

viding excellent geometries of porphyrins in general

[36,37]. The applied BP86 structure, which has been de-

scribed before [6], is very close to experiment, as seen

from Table 1. Cs symmetry with the O2 molecule in a

staggered position with respect to the equatorial Fe–N

bonds was used because this is the optimum structure
in the calculations, as well as in the experimentally ob-

served state [6].

Calculations of the electronic spectrum were done

with the Molcas 6.0 software [38], which includes the

state-of-the-art implementation of CASPT2 (complete

active space second-order perturbation theory) [39,40]

for calculating accurate excitation energies using multi-

configurational wavefunctions [41]. We used the ANO-
S basis set [42,43] with the contraction scheme

[5s4p3d1f] for Fe, [3s2p1d] for N and O, [3s2p] for C



Fig. 1. The optimized oxyheme model of used in this work [6].

Table 1

Geometry of the model used in the calculations, compared to

experiment

State Fe–O Fe–Nax Fe–Neq1 Fe–Neq2

1A0(1) [6] 1.807 2.096 2.024 2.001

Crystal [35] 1.806 2.064 2.006a

a Average of the four Fe–Neq distances.
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and [2s] for H. This was the computationally largest pos-

sible basis set that still included a balanced treatment of

correlation and polarization effects in the system.

The active space contained 14 electrons in 13 orbitals
(7a + 6b) and it was designed to properly describe the li-

gand field of iron [44]. It is depicted in a partial density

plot in Fig. 2. The shapes of the orbitals of the final ac-

tive space are shown in Fig. 3 and their content is de-

scribed in Table 2. To model correlation in the d shell
Fig. 2. The spatial extension of the active space, calculated from

partial densities. The active-space density is depicted in red, with

carbon atoms in black, hydrogens in white and nitrogen atoms in blue.
and to include the double-shell effect, all occupied Fe
3d orbitals (72a, 73a and 45b) were correlated by 4d

orbitals (76a, 77a and 46b) and the bonding orbitals

were described with antibonding correlating orbitals.

Twelve of the active orbitals have significant Fe d char-

acter and five of them are almost pure d orbitals. Two

orbitals are almost pure oxygen p orbitals (71a and

44b) and four contain both O2 p* and Fe 3d character,

important for describing the Fe–O bond (74a, 75a, 45b
and 46b). An extra pair of orbitals from the porphine

ring of b-symmetry was included, obtained as the high-

est occupied linear combination of the nitrogen r orbi-

tals, which is a four-center d orbital interacting with the

dx2�y2 orbital of b-symmetry (43b, bonding and 47b,

antibonding) in the final active space.

This active space satisfactorily describes the correla-

tion effects in the ligand field and the Fe–O interaction
and it includes the important double d shell and the

Nr orbital [44]. Therefore, it should give a give a good

description of the electronic structure of the Fe–O ad-

duct, as well as the ligand-field spectrum of the complex.

However, it does not at all describe the electronic struc-

ture of the porphyrin and excitations within this ring.

Yet, the results clearly shows that the porphine p system

interacts very little with this ligand field. The HOMOs of
the porphine are 70a and 42b, respectively (also shown

in Fig. 3). Therefore, these orbitals do not need to be in-

cluded in the active space, as was done in other CASPT2

studies of heme (which on the other hand did not in-

cluded the important double d shell) [30,31].

The CASSCF (complete active space self-consistent

field) wavefunction is used in CASPT2 as a reference

to the second-order energy. This procedure is similar
to Møller–Plesset second-order perturbation theory

(MP2) using a CASSCF instead of a Hartree–Fock ref-

erence wavefunction. The CASSCF wavefunction cap-

tures the major part of the non-dynamical correlation

energy by mixing configurations at the full CI level in

the active space. Two state-average CASSCF calcula-

tions were performed, one including 6 roots of 1A



Fig. 3. The highest inactive (porphyrin p-type) and all active orbitals of symmetry a (top) and b (bottom). (A) side-view, (B) top-view. The colors

correspond to positive (green) and negative (red) signs of the orbitals.

Table 2

Composition of active space CASSCF orbitals

MO Type

71a O2 pþ Fe 3d2z
72a Fe 3dxz
73a Fe 3dx2�y2

74a O2 p� +Fe 3dz2

75a Fe 3dz2 +O2 p�

76a Fe 4dxz
77a Fe 4dx2�y2

43b Nr + Fe 3dxy
44b O2 p
45b O2 p* + Fe 3dyz
46b Fe 3dyz �O2 p�

47b Fe 3dxy – Nr
48b Fe 4dyz

Orbitals in bold face are doubly occupied in the Hartree–Fock

wavefunction.
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symmetry and one with 6 roots of 1B symmetry. All 1s

orbitals and the 2s and 2p orbitals of Fe were frozen.

The second-order perturbation treatment was carried

out using the multistate (MS) CASPT2 method [45], in

which the space spanned by the state-average terms is

subject to a perturbative Hamiltonian, where the diago-

nal elements correspond to the normal CASPT2 energies

and the off-diagonal coupling elements represent the
interaction under the influence of dynamic correlation.

With diagonalization of this matrix, the MS-CASPT2

approach provides an adequate description in cases

where the CASSCF wavefunction is not in itself a suit-

able reference, owing to strong coupling of the state-

average CASSCF wavefunction, caused by dynamic

correlation effects. The weight of the reference function

for the excited states must be very close to that for the
ground state, since the MS-CASPT2 approach is sensi-

tive to the good convergence of the CASSCF wavefunc-

tion and to the absence of intruder states. The reference

weights of all the perturbatively modified states were
very similar (0.46–0.47), implying that our MS-CASPT2

description is valid. We applied a level shift of 0.3 to re-

duce the influence of intruder states. This is known not

to affect the accuracy of CASPT2, which is �0.3 eV for
excitation energies when a saturated active space and a

reasonable basis set is applied [46].

Throughout the article, we use a coordinate system in

which Fe is at the origin, the oxygen atom that binds to

Fe is on the positive z-axis and dioxygen as well as imid-

azole are in the xz-symmetry plane, which intersects the

pyrrole nitrogen atoms (cf. Fig. 1).
2. Results and discussion

2.1. Nature of the ground state

The obtained ground state, 1A(1), is a mixture of a

large number of different configurations. The 10 config-

uration state functions (CSF) with the highest weights

are presented in Table 3 (with a cumulative weight of

91%). The most important configuration (weight 70%)

has two electrons in MOs 71a–74a and 43b, 44b and

46b. If we use the interpretation of the active MOs in
Table 2 and assign orbitals 74a and 45b as the two O2

p* orbital and orbitals 72a, 73a, 75a, 46b and 47b as

the five Fe 3d orbitals (this assignment is of course

approximate because the orbitals are in reality delocal-

ized, as can be seen in Fig. 3), then we can conclude that

this configuration is essentially the closed-shell Pauling

structure, ðdxzÞ2ðdx2�y2Þ2ðdyzÞ2ðp�
aÞ

2
. However, it should

be noted that although the dxz and dx2�y2 orbitals (72a
and 73a) are rather pure, MO 46b is a strong mixture

of dyz and the O2 p* orbital, with only a small excess

of the former (Fig. 3). Likewise, MO 43b has significant

amount of dxy, forming an antibonding interaction with

the pyrroles.



Table 3

The 10 most important configuration state functions (CSF) of the

ground-state wave function

# CSFa Weight (%)

1 2222000 220200 69.8

2 2222000 222000 11.9

3 222ud00 22ud00 3.2

4 2222000 202200 1.1

5 222ud00 2ud200 0.9

6 2220200 220200 0.9

7 2220200 222000 0.8

8 222uu00 22dd00 0.6

9 222ud00 2u2d00 0.6

10 u222d00 2ud200 0.5

a See Table 2 for the numbering of the active orbitals (7 in sym-

metry a, 6 in b). ‘‘2’’ means a doubly occupied orbital, ‘‘u’’ singly

occupied with spin up, ‘‘d’’ singly occupied with spin down and ‘‘0’’ an

unoccupied orbital. The CSFs are eigenfunctions of the spin operators.
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The second configuration (weight 12%) is made up of

the closed-shell double excitation of MO 46b to 45b. In

our interpretation, this is ðdxzÞ2ðdx2�y2Þ2ðp�
aÞ

2ðp�
bÞ

2
, i.e.

formally 1FeIV� 1O2�
2 . This model has frequently been

suggested as an alternative resonance state of the

closed-shell Pauling structure [13,19].

The third important configuration (weight 3%) in-

volves two excitations: In the first, an electron is excited
from MO 46b to 45b, i.e. between the two orbitals that

are a mixture of dyz and the O2 p*. The second is the

74a ! 75a excitation, which is also an excitation be-

tween two orbitals that are a mixture of Fe 3d ðd2
z Þ

and O2 p*. Even if both excitations formally are of

charge-transfer type, little charge is actually transferred,

owing to the similarity of the two MOs involved. The

resulting state is formally ðdxzÞ2ðdx2�y2Þ2ðdyzÞ1ðdz2Þ1
ðp�

aÞ
1ðp�

bÞ
1
, which actually is the triplet–triplet coupled

McClure or ozone model.

The remaining states all have a weight of 61%. Three

of them are closed-shell configurations. Number 4

(weight 1%) involves a double p ! p* excitation.

Number 6 and 7 are alternative Pauling structures with

the interpretations ðdxzÞ2ðdx2�y2Þ2ðdz2Þ2ðdyzÞ2 and ðdxzÞ2
ðdx2�y2Þ2ðdz2Þ2ðp�

bÞ
2
, i.e. a 1Fe0 � 1O2þ

2 and the standard
Pauling 1Fe2+–1O2 state, but with only Fe 3d orbitals

of a symmetry and with the pb* orbital occupied.

State 8 (0.6%) is notable because it has the same occu-

pation as in the ozone state (number 3), but with an

internal coupling of the electrons on iron and on O2.

The remaining three states involve two excitations,
Table 4

Mulliken orbital populations for Fe 3d and O 2p orbitals

Fe (total 6.37) O1

3dx2�y2 3dxz 3dyz 3d2z 3dxy 2px
1.97 1.95 1.28 0.68 0.49 1.27

O1 is the oxygen atom that coordinates directly to Fe.
including at least one from the bonding O2 p orbitals

and they thus describe static correlation in the O–O

bond.

It is notable that the Weiss configuration (FeIII�O�
2 ,

i.e. 2222000 22ud00 with the formalism in Table 3) is not

encountered among the important configurations. In
fact, there are four states with two singly occupied orbi-

tals among the 20 most important configurations (with a

total weight of 1.4%), but they all involve additional

excitations, e.g. 45b ! 44b in state 11 (i.e. formally
2FeI� 2Oþ

2 ).

This picture of the nature of the electronic ground

state can be supplemented by the occupation numbers

of the active natural orbitals, which are 1.98, 1.96,
1.97, 1.87, 0.16, 0.02, 0.02 for the a orbitals (71a–77a)

and 1.98, 1.93, 0.44, 1.63, 0.04 and 0.01 for the b orbitals

(43b–48b). Again, we see that the Pauling configuration

dominates, although MO 45b (mainly O2 p*) is almost

half occupied and MO 75a ðFe 3d2
z Þ is also significantly

occupied (0.2).

An alternative way to analyze the electronic character

of the ground-state wavefunction is to look at the Mul-
liken populations of the various atoms and atomic orbi-

tals. These are given in Table 4. From these, it can

directly be seen that the charge of the O2 moiety is

�0.20 e, which shows that only little charge is trans-

ferred from iron to O2. This shows that the Weiss

description ðFeIII�O�
2 Þ is of less importance for the

ground state of oxyheme. As a comparison, it can be

mentioned that DFT, in which the Weiss state is the ma-
jor configuration of the system, the Mulliken charge of

O2 is more negative (�0.32 to �0.42 e depending on

the functional used) [6], but still far from �1, expected

for a pure O�
2 state.

The Mulliken charge on the iron ion is 0.93 e, which

shows that much of the formal +2 charge has been

transferred to the imidazole ligand and the porphyrin

ring. The total 3d population is 6.37 e. This is actually
higher than what is expected for any of the three models

of the oxyheme ground state (6 or 5 e). On the other

hand, it is similar to the population of the same model

without the O2 molecule, calculated in the high-spin

state with the corresponding active space (8 electrons

in 9 orbitals), 6.23 e. This shows that there has not been

any appreciable transfer of charge, again speaking

against the Weiss description. The individual Fe 3d pop-
ulations are 1.97, 1.95, 1.28, 0.68 and 0.49 e. This is
(total 4.16) O2 (total 4.11)

2py 2pz 2px 2py 2pz
1.49 1.40 1.27 1.20 1.64



Table 5

Experimental assignment of the ligand-field spectrum of

oxyhemoglobin

State Energy (eV) Experimental assignment

I 0.95 dxz + O2 pg*! dyz + O2 pg*
II 1.08 dx2�y2 ! dyz + O2 pg*
III 1.26 a2u(p) ! dyz + O2 pg*
IV 1.59 a1u(p) ! dyz + O2 pg*
V 2.28 d ! d

VI 2.73 d ! d

VII 3.84 O2pu* ! dyz + O2pg*

Reference [32]. Note that we use a slightly different coordinate system

that in the original publication (the x and y axes have been

interchanged).
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closer to what is expected for the ozone description (2, 2,

1, 1, 0) than to the Pauling (2, 2, 2, 0, 0) or the Weiss (2,

2, 1, 0, 0) descriptions, but it clearly shows that all three

models are oversimplifications of the true multiconfigu-

rational ground state.

It is clear that the present calculations indicate that
the Pauling structure is the dominant contribution

to the ground-state wavefunction of oxyheme. However,

the weight of this state is only 70% (85% if all the closed-

shell configurations in Table 3 are included). Thus, only

part of the wavefunction can be explained with this

model. This is also supported by the 0.44 occupation

number of the alternative MO 45b. Moreover, this inter-

pretation is based on a very simplistic identification of
the dominant atomic-orbital component of the mixed

molecular orbitals. In fact, the Mulliken population

analysis indicates that the wavefunction actually is bet-

ter described by the ozone model than by the Pauling

model. Similar results were obtained in the previous, less

accurate, CASSCF calculations by Yamamoto and

Kashiwagi [26] (with 14 electrons in 11 active orbitals,

including only one Fe 3d shell); they obtained a similar
weight of the dominant Pauling configuration 68%,

although they obtained occupation numbers of the

3dyz and 3dz2 orbitals closer to one (1.08 and 0.97).

These calculations have in common that they give little

support of the Weiss model, which is the dominant con-

tribution in DFT calculations.

Thus, we can conclude that oxyheme is strongly

multiconfigurational. This explains why earlier investi-
gations have given so varying results. The multiconfig-

urational character of the wavefunction can only be

accurately described by multireference methods like

CASSCF. It is also hard to describe the total wave-

function in simple and intuitive terms as atomic orbi-

tals, resonance structures, or valence bond pictures, as

also has been discussed before [19]. Thus, it is quite

meaningless to discuss which of the three models is
the best description of oxyheme because the correct

answer is that it is a mixture of many different

configurations.

A check of the quality of the calculated wavefunction

is to estimate quadrupole splitting parameters (DEQ)

from the electric field gradients with standard methods

[47] and compare with experimental data from Möss-

bauer experiments. From the CASSCF wavefunction,
we get a DEQ value of �1.87 mm/s, oriented in the x-

direction and an asymmetry parameter (g) of 0.13. This
is quite close to experimental data for model com-

pounds, �2.10 mm/s and 0.23 in x- or y-direction [48],

as well as for oxymyoglobin (�2.3 mm/s) [49] and oxy-

hemoglobin (�2.24 mm/s) [50]. In particular, it is appre-

ciably closer than earlier CASSCF estimates: �0.98 mm/

s and 0.72 [26]. DFT with the same method as the geom-
etry optimization also gives similar results: �2.52 mm/s

and 0.24.
2.2. The ligand-field spectrum

The experimental ligand-field absorption spectrum of

oxyhemoglobin has been studied by Eaton et al. [29].

The near-infrared part of the spectrum was assigned

with seven bands (I–VII) based on extended Hückel cal-

culations, as is shown in Table 5. All assignments were

excitations to a combination of Fe 3dyz and O2 pg or
to unspecified d orbitals. Two of the bands (III and

IV) were supposed to be porphyrin-to-metal charge-

transfer excitations. Bands II, V and VI were assigned

as excitations from Fe 3d orbitals. Band I was assigned

as a dxz ! dyz excitation, whereas band VII was as-

signed as partial excitation from a O2 antibonding pu
orbital to dyz.

Table 6 shows the energies and composition of the ex-
cited states, whereas Table 7 describes the computed

spectrum and compares it to the experimental spectrum.

Seven lines appear in the experimental spectrum, but

band VII is at a higher energy than we have studied.

We have tried to use a larger number of CI roots, but

this destroyed the active space and gave erroneous re-

sults for some states. We have assigned our states based

on their oscillator strengths. Seven computed states have
oscillator strengths >10�6 and six of them can be di-

rectly assigned. The largest error in this assignment is

0.4 eV, with an average absolute error of 0.24 eV.

Two of the assigned states are of b symmetry, the four

others of a symmetry. Two states, 1A(3) and 1B(2), have

errors slightly larger than what could be expected from

CASPT2: 0.35 and 0.40 eV, respectively. The rest fall

within the expected uncertainty of the method (�0.3
eV). Characteristic for the spectrum is that most of the

excited states have large contributions from doubly

excited configurations.

When analyzing the electronic transitions it is impor-

tant to note that such an analysis depends strongly on

the choice of orbitals. The same total wavefunction

can be represented by different sets of orbitals. This is

true for Hartree–Fock as well as CASSCF wavefunc-
tions. It is possible to rotate the inactive and active orbi-

tals into each other without changing any of the



Table 6

Energies (eV) and composition of low-lying states obtained with various methods

State CAS PT2 MS Primary configuration Second configuration Third configuration

1A(1) 0.00 0.00 0.00 2222000 220200 2222000 22ud00 222ud00 22ud00
1A(2) 1.85 1.29 1.31 2222000 220200 2222000 22ud00 2u2d000 222200
1A(3) 2.14 1.96 1.94 2u2d000 222200 22ud000 222200 2222000 220200
1A(4) 2.46 2.16 2.07 22ud000 222200 2u2d000 222200 22ud000 22u2d0
1A(5) 2.57 2.03 2.23 22ud000 22u2d0 22uu000 22d2d0 22ud000 222200
1A(6) 2.90 2.92 3.00 2220000 222200 u22d000 222200 0222000 222200

1B(1) 0.76 0.30 0.30 2u22000 2220d0 2u22000 22d020 2ud2u00 2220d0
1B(2) 0.98 1.12 0.55 222u000 2220d0 222u000 22d020 22udu00 2220d0
1B(3) 1.12 0.58 0.76 22u2000 22d020 22u2000 22dud0 22u2000 222d00
1B(4) 2.54 1.88 1.29 22u2000 2220d0 222u000 222d00 22u2000 22dud0
1B(5) 2.80 0.84 1.91 222u000 222d00 222u000 220d20 22u2000 222d00
1B(6) 2.87 2.03 2.15 22u2000 22d020 22u2000 2220d0 22u2000 22dud0

CAS, CASSCF; PT2, CASPT2; MS, MS-CASPT2. See Table 4 for an explanation of the labeling scheme of the configurations.
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properties of the wave function. But the CAS-CI expan-

sion coefficients will change. Any discussion of the elec-
tronic structure, which is based on orbitals is therefore

in a way arbitrary.

The calculations of the excited states use state-aver-

age orbitals for the six lowest states in symmetry 1A

(and a different set for the six states of symmetry 1B).

These orbitals are different from the orbitals obtained

in a calculation of only the ground state. It should also

be borne in mind that the analysis of the excitation pat-
tern will be different when using state average orbitals

than it would have been using ground state orbitals.

Nevertheless we attempt below an interpretation of the

excitations in terms of the orbitals used in the calcula-

tion. In the state-average calculation, the ground state

contains only 44% of the Pauling configuration, 10%

of the ozone configuration and 6% 2FeIV� 2O2�
2 (Table

6). Moreover, it contains 18% of the Weiss configura-
Table 7

Calculated and experimental ligand-field absorption spectrum. The excitation

State MS-CASPT2 Experiment [32]

E k f E k
1A(2) 1.31 944 0.005660 1.26 980

1A(3) 1.94 641 0.000494 1.59 781

1A(4) 2.07 598 0.000001
1A(5) 2.23 555 0.000121 2.28 544
1A(6) 3.00 413 0.000919 2.73 455

1B(1) 0.30 4161 1.89E-07
1B(2) 0.55 2253 0.000025 0.95 1299

1B(3) 0.76 1627 0.000001 1.08 1149
1B(4) 1.29 963 4.27E-08
1B(5) 1.91 649 1.77E-07
1B(6) 2.15 576 1.05E-07

Energies (E) are in eV, wavelengths (k) in nm and oscillator strengths (f) in
tion, which was not seen at all in the CASSCF calcula-

tion optimized only for the ground state.
Starting with the symmetric states, the 1A(2) state is

assigned to band III as the only intense line close to

1.26 eV (1.31 eV). This state has a similar amount of

the Weiss configuration as the ground state (18%) but

contains less of the Pauling configuration (20%). The

McClure configuration is insignificant in this state. In-

stead, a partial 74a ! 75a single excitation and the

74a ! 45b and 72/74a ! 45b double excitations ac-
count for the state. These excitations can be described

as ligand-to-metal charge-transfer (LMCT) FeO,

O2 p�
a ! p�

b and MLCT FeO. The extended Hückel

assignments of porphyrin-to-metal charge transfer

bands are incorrect, since our results clearly show that

there is no communication between the ligand and the

metal: We have not observed any intruder states with li-

gand character.
s are denoted (S) for single excitations and (D) for double excitations

# Our assignment (main excitations)

f

0.00260 III 74a! 75a (S)

74a! 45b (D)

72/74a! 45b (D)

0.00210 IV 72/74a! 45b (D)

73/74a! 45b (D)

N.A. V 73/74a! 45/47b (D)

0.02200 VI 74a! 45b (D)

71/74a! 45b (D)

71a! 45b (D)

0.00005 I 74a! 47b (S)

74a/45b! 47b (D)

73/74a! 75a/47b (D)

0.00030 II 73a,45b! 47b (D)

atomic units.
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The next state, 1A(3) at 1.94 eV, is assigned to band

IV (1.59 eV). The agreement is not so good for this state.

It contains a mixture of various double excitations and

is described mainly by the same 72/74a ! 45b double

excitation as before (MLCT FeO and O2 p�
a ! p�

b), to-

gether with a similar 73/74a ! 45b double excitation,
from dx2�y2 instead of from dxz. This state is thus a

strong MLCT state and this may be the reason why it

is less well predicted than the other states in the

spectrum.

We then turn to 1A(5) at 2.23 eV, which we assign to

band V (2.28 eV). It consists mainly (53%) of the config-

uration state function 22ud000 22u2d0, which corre-

sponds to double excitations from 3dx2�y2 and O2 p�
a to

O2 p�
b and 3dyz. The second most important configura-

tion is the O2 p�
a ! p�

b double excitation, 74a ! 45b.

Thus, this is not a charge-transfer state.

The 1A(6) state at 3.00 eV is assigned as band VI

(2.73 eV). It can be described as a O2 p* ! p* excited

state, with two double excitations, 71/74a ! 45b and

71a ! 45b as the most important contributions.

The 1B states generally have small oscillator
strengths, but two of them are strong enough to be ob-

served experimentally. 1B(2) at 0.55 eV is assigned to

band I with an experimental excitation energy of 0.95

eV. It consists of three major excitations: a singlet

74a ! 47b LMCT excitation from mainly O2 p* to the

antibonding Fe 3dxy–Nr orbital in the porphyrin plane,

a double 74a/45b ! 47b LMCT excitation and a 73a/

74a ! 75a/45b double excitation. This is a strong
LMCT state, which may be the reason why it together

with 1A(3) is slightly less accurately modeled than the

other states.

Finally, the 1B(3) state at 0.76 eV is assigned to band

II at 1.08 eV. It also has LMCT nature, owing to the

dominant 73a/45b ! 47b excitation. This configuration

corresponds to exciting one electron from Fe 3dx2�y2

and another from the mainly O2 p* MO, both to the
antibonding Fe 3dxy–Nr orbital in the porphyrin plane.

Altogether, the experimental spectrum is assigned

with intense peaks well accounted for, except for band

VII, which is out of range of our computation. The three

largest errors in our excitation energies, 0.32–0.40 eV,

are slightly larger than expected for CASPT2 on organic

molecules. These errors are caused by the strong charge-

transfer character of these states, as was discussed
above. The remaining excited states have a mean abso-

lute error of only 0.12 eV. Considering that the experi-

mental spectrum is done on hemoglobin in solution

and our model includes only iron, imidazole, O2 and

porphine, this is surprisingly good and better than ear-

lier theoretical attempts on this spectrum [27,32].

As was mentioned in the introduction, the ligand-

field spectrum of the oxyheme model in Fig. 1 has also
been studied by time-dependent DFT with ligand-field

excitations at 0.41, 0.85, 1.09, 1.18 and 1.27 eV [34].
Since no details are given for these calculations, we have

repeated them with our geometry (with the same method

and basis sets as in the geometry optimisation). We ob-

tain bands at 0.40, 0.56, 0.72, 1.24 (all of b symmetry)

and 1.37 eV (a symmetry). Above �1.2 eV, a quite dense

spectrum is encountered with mainly porphyrin excita-
tions (80 bands below 3.3 eV). Thus, the DFT spectrum

is very close to the CASPT2 spectrum with an average

difference of 0.05 eV, which was quite unexpected, con-

sidering that many of the lines involve double

excitations.

Finally, we have also calculated the energy of the

lowest triplet and quintet states with CASPT2. The re-

sults indicate that the 3A, 5A and 5B states are 0.67,
0.41, 0.37 eV above the 1A ground state. However, the
3B state actually comes out 0.12 eV below the 1A ground

state. Of course, this is contrary to the experimental

observation of a singlet ground state of oxyheme, but

the energy difference is smaller than the expected accu-

racy of the CASPT2 method, �0.3 eV. Thus, our results

support the observation by DFT that there are triplet

and quitet states within 0.3 eV of the singlet ground
state, states which may facilitate the formally spin-

forbidden binding of O2 [6]. On the other hand, the

accuracy of our method gives no opportunity to decide

whether or not there is a very low-lying (thermally pop-

ulated) triplet state, as has been suggested for oxyhemo-

globin (0.018 eV) [51]. The latter results have been

questioned on experimental grounds [52]. Previous cal-

culations have given higher energies of the triplet state
(0.11–1.2 eV) [16,18,24,27], although the INDO-CI

method supported a thermally populated triplet state

(0.019 eV) [22].
3. Conclusions

We have studied the ground state and the first eleven
excited electronic ligand-field states of oxyheme with

multiconfigurational second-order perturbation theory.

Considering the extensive multiconfigurational charac-

ter of the ground state of the Fe–O2 interaction, this

should be the only type of methods that gives an accu-

rate and balanced description of the ground state

(although DFT undoubtedly provides an excellent

geometry of the oxyheme model [6], cf. Table 1, and also
a reasonably accurate description of the electronic

spectrum).

Two groups have used similar methods before to

study this system, viz. Newton and Hall with the gen-

eralized molecular orbital + CI method (essentially a

multireference CI method) [24] and Yamamoto and

Kashiwagi with CASSCF calculations [25,26]. How-

ever, these investigations are 10–20 years old. Today�s
methods and software allow for much more accurate

calculations with more realistic models, larger basis sets
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and larger active spaces. As a consequence, the present

calculations give a different picture than the older

studies.

The main conclusion of this work regards the ground

state electronic structure of oxyheme. Whereas Pauling

emphasized a 1FeII–1O2 description [7,12,13], McClure,
as well as Olafson and Goddard, a 3FeII–3O2 (ozone)

description [15–17] and Weiss a 2FeIII� 2O�
2 description

[14], we have shown here that our calculated wavefunc-

tion is a mixture of many different configurations. In

fact, various ways to interpret the wavefunction give dif-

ferent weights of the configurations, owing to the prob-

lem of interpreting a complex multiconfigurational

wavefunction in simple atomic-orbital terms.
Even if it is clear that a multiconfigurational descrip-

tion of oxyheme is necessary, it is not certain that any

CASSCF calculation will give an accurate description

of the electronic ground state. On the contrary, the re-

sults of CASSCF calculations strongly depends on the

choice of the active-space orbitals [44]. Experience has

taught us that the active space must be selected to accu-

rately describe the site of interest, especially considering
the quite restrictive upper limits of the active space (�14

orbitals) [38]. The present active space has been carefully

selected to describe in particular the Fe ligand field and

the Fe–O2 interaction. Thus, all five Fe 3d orbitals were

included, as well as correlating orbitals to all the occu-

pied 3d orbitals. Likewise, all four O2 p and p* orbitals

were included in the active space. The appropriateness

of this space is illustrated by the quality of the calculated
ligand-field and O2 charge-transfer excitation energies

and by the absence of intruder states.

Therefore, we are quite convinced that the present

description of the oxyheme electronic ground state is

accurate and will not change considerably if the calcula-

tions are improved by larger active spaces or better basis

sets. We can conclude that the electronic structure of

oxyheme is a strong multiconfigurational mixture of
many different valence-bond states. However, it is dom-

inated by a description involving only doubly occupied

orbitals.
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In the paper ‘‘O2-binding to heme: electronic struc-
ture and spectrum of oxyheme, studied by multiconfigu-
rational methods’’ published in the first volume of this
series [1], there was a misinterpretation of the structure
of the electronic wavefunction for the ground state of
the oxyheme molecule, which led to wrong conclusions
concerning the type of bond formed between iron and
the oxygen molecule. Here, we give the correct interpre-
tation, which should complement the discussion in sec-
tion 2.1 in [1].

The most important part of the CASSCF multicon-
figurational wavefunction for the ground state of oxy-
heme can be written as a linear combination of three
terms

W ¼ 0:835ð74aÞ2ð46bÞ2 � 0:345ð74aÞ2ð45bÞ2

� 0:179ð74aÞ1ð75aÞ1ð45bÞ1ð46bÞ1 þ � � � ; ð1Þ

where all orbital labels refer to those in [1] and the orbi-
tals are shown in Fig. 3 in [1]. Only orbitals with differ-
ing occupation numbers have been included in Eq. (1).
The two first terms are the most important for the dis-
cussion. It was correctly stated in [1] that the first term
corresponds to the closed-shell Pauling configuration.
But the weight of this configuration is not one, but only
0162-0134/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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70% (0.8352). Orbitals 74a and 46b are r and p bonding
between Fe and O, respectively. The next configuration
has orbital 46b replaced by the corresponding p anti-
bonding orbital 45b. It has a weight of 12%. Suppose
that the weight of these two configurations were equal.
We could then have made a transformation to localized
orbitals, p* on O2 and 3dyz on iron. The two configura-
tions would in this representation have collapsed into
one: (p*)1(3dyz)

1, where the two electrons are coupled
to a singlet. This is the Weiss configuration. Thus, we
can conclude that the wavefunction in Eq. (1) is a mix-
ture of the Pauling and Weiss configurations. The two
configurations overlap, so it is not possible to give a pre-
cise measure of their relative importance, but an esti-
mate indicates that they are of similar weight. The
conclusion is thus that the CASSCF wavefunction for
the ground state of oxyheme is dominated by the Paul-
ing and Weiss configurations with approximately the
same importance. We notice that there are more config-
urations in Eq. (1) that have weights significantly differ-
ent from zero (including the McClure ozone
configuration). This complicates the situation somewhat
but does not alter the main picture of the bonding.
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