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Molecular structure of the iron porphyrin cation [FeP]+ with small ligands X (X: O, CO, NO, O2, N2, H2O,
N2O, CO2) are studied employing density functional theory (DFT) methods with the exchange-correlation
(XC) functionals OPBE and B3LYP using the LANL2DZ basis set. The relative spin state energies and bond
dissociation energies of all of the complexes are presented at their optimized geometries. The low-spin (S )
1/2, S ) 0) state is found to be the lowest energy states for the [FePO]+, [FePCO]+, and [FePNO]+ complexes
whereas the high-spin (S ) 5/2) state has the lowest energy for the [FePO2]+ complex. The intermediate-spin
(S ) 3/2) state is found to be the lowest energy states for the [FePN2]+, [FePH2O]+, [FePN2O]+, and [FePCO2]+

complexes which exhibit the same relative spin-state energy ordering: (S ) 3/2) < (S ) 5/2) < (S ) 1/2) as
isolated [FeP]+, and the Fe-ligand bonding is very weak. The calculated bond dissociation energy using the
OPBE XC-functional method has shown the following order for the lowest energy spin state: N2O < CO2 <
N2 < O2 < H2O < CO < NO < O. This level of theory was previously shown to be the only DFT method
capable of correctly predicting the spin ground state of iron compounds, and we find similar good performance
of OPBE XC-functional in the current study.

I. Introduction

Enormous progress in molecular biology observed in recent
years and high expectations connected to biotechnology resulted
in increased interest for theoretical studies of biological
molecules, particularly proteins. Many biological functions of
proteins may now be successfully explained on a molecular level
because of a careful analysis of both experimental and theoretical
data. Iron porphyrins are subjects of active experimental and
theoretical research because they serve as structural models for
the active sites of heme proteins1 and because of their
importance in biology and catalysis.2,3 Information about the
electronic structure of the iron porphyrin, in particular, the spin
state of the iron center, is crucial for understanding how
hemoproteins perform their biological functions. An iron
porphyrin complex is commonly occurring in the iron(II) or
iron(III) oxidation state. A survey of literature data shows that
Fe(III)P (P ) porphyrin) complexes may exist as five- or six-
coordinate species in which the 5d electrons of the central FeIII

ion can be arranged into three possible spin states, that is, the
low-spin state (S ) 1/2), intermediate-spin state (S ) 3/2), and
the high-spin state (S ) 5/2).4 One functionally important
property is the relative energy of different spin states of a given
metal complex. The accurate determination of the relative
energies for the different low-energy spin states in the different
oxidation states accessible to open-shell Fe(III)P and related
complexes is still a computational challenge.5 Most of the
theoretical investigations have been done employing conven-
tional density functional theory (DFT) methods.6,7 The most

widely used XC-functional is B3LYP.8 The accuracy and
deficiency of DFT with the B3LYP XC-functional are reviewed
for transition metal complexes.5,9 The relative energies of
different spin states of metal complexes represent very chal-
lenging observables which can be used to test DFT accuracy.10,11

Swart et al. reported a systematic investigation of a diversity
of DFT functionals for predicting the spin ground state energies
of iron complexes and have shown that the reliability of DFT
methods for giving a proper description of relative spin state
energies depends largely on the functional form of the exchange
functional. The GGA exchange functional OPTX12 in combina-
tion with the correlation functional PBE,13 that is, OPBE,
performs better than other functionals for spin-state splittings
of iron complexes.14,15 Furthermore, in a series of papers,
Swart16-18 reported the performance of the OPBE functional
for the geometry optimization and also for spin state energies
of iron containing complexes. Ghosh and co-workers19 also
demonstrated that the OPBE XC-functional is the most accurate
for the overall description of the spin-state energetics of
transition metal complexes.

We further assess the capability of the OPBE method in the
present work by systematically investigating the ground state
electronic structures, relative spin state energies, and bond
dissociation energies of iron porphyrin cation [FeP]+ with small
ligands X (X: O, CO, NO, O2, N2, H2O, CO2, N2O). For
comparison, we also performed B3LYP calculations for all of
the complexes. Through our DFT calculations, we want to
provide a basis to understand the spin-structure relationships
underlying the role of [FeP]+ in the catalytic oxidation of
atmospheric and organic molecules.

The organization of this paper is as follows. In section II,
we present the details of the calculations. Section III deals with
the results and discussions. Finally, we conclude this work with
a summary in section IV.
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II. Methods and Computational Details

Our calculations were performed applying the OPBE and
B3LYP XC functionals using the Dunning-Hay-Wadt basis
sets LANL2DZ20-23 as implemented in the Gaussian-03 suite.24

The reference structures of all complexes are presented in Figure
1. Each complex consists of a planar porphyrin ring composed
of four pyrrole rings and the ligand lie along an axis perpen-
dicular to the plane of the porphyrin ring. As a ligand, we used
the full oxygen derived molecule except N2. Neutral forms of
these CO (S ) 0), NO (S ) 1/2), O2 (S ) 1), N2 (S ) 0), H2O
(S ) 0), CO2 (S ) 0), N2O (S ) 0) molecular ligands were
used, resulting in a net charge on the complex of +1. Three
spin (low, intermediate, and high-spin) states were considered
for each model complex. Geometry optimizations were per-
formed for [FePO]+, [FePCO]+, [FePO2]+, [FePH2O]+,
[FePN2O]+, [FePCO2]+, and [FePNO]+ complexes in low,
intermediate, and high-spin states in the gas phase applying
OPBE and B3LYP methods without any restrictions (symmetry,
restraints, or constraints). Next, we have checked the stability
of the wave function at the final geometry. The frequency
calculations were performed to determine whether stationary
points from geometry optimization calculations were local
minima or saddle points and to determine the zero-point
energies. Atomic charges are presented by the natural bond
orbital (NBO) analysis.25 The open shell systems were treated
using unrestricted wave functions. The relative spin-state
energies and the bond dissociation energies (BDE) of all of the
complexes were calculated at their final optimized geometries.
Zero-point energies were used to correct the BDE energies. To
probe basis set effects on the relative spin state energies, we
performed single-point energy calculations at the OPBE/
LANL2DZ optimized geometries with a large (6-311++G**)
basis set. In general, for all the complexes studied, the calculated
S2 values were in excellent agreement with the theoretically
expected values for the high-spin and intermediate-spin states

but not for the low-spin state. To account for spin contamination,
the spin projected energy Es is calculated by subtracting the
energy contribution of the higher spin state Es+1 from the spin
contaminated energy EC with subsequent renormalization using
the following equations:26

where <S2>C is the expectation value of S2 obtained from the
spin contaminated wave function and s is the total spin.

III. Results and Discussion

The spin multiplicities, structural parameters, and atomic
charges are shown in Table 1. The spin multiplicities and
calculated relative spin-state energies with OPBE and B3LYP
XC-functional using the different basis sets are reported in Table
2. The bond dissociation energies (BDE) for the spin state with
the lowest energy obtained by applying the OPBE and B3LYP
XC-functionals are presented in Table 3. Remarkably, the OPBE
optimized structures of all of the complexes except [FePNO]+

for the low-spin state have shown that the porphyrin plane is
strongly distorted by ruffling. The porphyrin deformation,
especially the ruffling or saddling of the Fe(III)P complexes,
was described recently in a review article27 with an emphasis
on the use of 1H NMR, 13C NMR, and ERP spectroscopy.
However, as pointed out previously (see ref 27 and references
therein) ruffling of the porphyrin plane is associated with a
change in the electronic structures. In principle, there are two
types of electronic ground states in low-spin Fe(III)P complexes.
One is the commonly observed ground state with the
(dxy)2(dxz,dyz)3 electron configuration and the other is the less
common ground state with (dxz,dyz)4(dxy)1. On ruffling, the system
prefers the less common (dxz,dyz)4(dxy)1 state. The unpaired
electron in the dxy orbital cannot mix with the porphyrin
π-system if the porphyrin ring is planar, whereas upon ruffling
of the porphyrin plane, the π orbitals of the porphyrin have
in-plane components that can overlap with the dxy orbital. This
overlap allows the half-filled dxy orbital of the iron to accept
additional electron density from the porphyrin π orbitals in the
ferric oxidation state. Below we discuss each complex separately.

A. Isolated Iron-Porphyrin Cation [FeP]+. Geometry opti-
mizations were carried out for three possible electronic con-
figurations: low-spin (S ) 1/2), intermediate-spin (S ) 3/2),
and high-spin (S ) 5/2) states of the [FeP]+ complex. As shown
in Table 1, from OPBE geometry optimization the resulting
lowest energy spin state is a quartet, and the relative spin-state
energy order predicted for those spin states are (S ) 3/2) < (S
) 5/2) < (S ) 1/2) which is in good agreement with the results
reported in ref 28 in which they calculated the relative spin-
state energy with TZP basis set using ADF program. The B3LYP
method predicted also a (S ) 3/2) ground state but switched
the ordering of the doublet and sextet states, relative to OPBE.
Geometrically, in each spin state, the four Fe-N bonds are
equivalent, and there is no distortion in the Fe-4N plane. Both
XC-functionals OPBE and B3LYP show that there is large spin
contamination for the (S ) 1/2) doublet state of [FeP]+. The
spin projection technique,26 as discussed above, was used to
obtain the results for the pure spin doublet.

Figure 1. Model systems studied in the present work.
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B. Iron-Porphyrin Cation with Oxygen [FePO]+. For the
[FePO]+ complex, the single oxygen atom is attached perpen-
dicular to the porphyrin plane as shown in Figure 1. Similar to
[FeP]+, first, we performed geometry optimizations in the (S )
1/2), (S ) 3/2), and (S ) 5/2) states. Then, we calculated the

relative spin state energy and bond dissociation energy. The
optimized structures show that the Fe atom is about 0.2-0.4 Å
out of the porphyrin plane, and the Fe-ligand distance is nearly
not affected by the change in the spin state. The optimized
structure (in Table 1) for the (S ) 1/2) state at the OPBE level
shows that the porphyrin plane is strongly distorted with ruffling.
As for [FeP]+, there is non-negligible spin contamination for
the (S ) 1/2) state, at both the OPBE and B3LYP levels. Both
OPBE and B3LYP calculations predict that the lowest energy
state has S ) 1/2 which is very close in energy to the (S ) 3/2)
state differing by less than 1 kcal/mol. Calculations at both
OPBE and B3LYP levels yield the same trend (S ) 1/2) < (S
) 3/2) < (S ) 5/2) for the relative spin-state energies and also
quantitatively agree quite well with each other (in Table 2).
However, the calculated OPBE and B3LYP bond dissociation
energies are quite different for the lowest energy spin (S ) 1/2)
state (in Table 3).

C. Iron-Porphyrin Cation with Carbon Monoxide [FeP-
CO]+. CO binding to Fe in the heme-CO system leads to a
linear orientation of Fe-C-O which is well studied both
experimentally29 and theoretically.30,31 In this work for the
[FePCO]+ complex, we considered a similar structure (as shown

TABLE 1: Spin Multiplicity (Ms) and Important Structural Parameters in (Å): Iron-Ligand Distance (dX), Iron Displacement
out of the Plane of the Porphyrin Nitrogens (dP), Iron and Porphyrin Nitrogens Distance (dFe-4N), and Atomic Charges qFe of Fe

FeP+ OPBe(laNl2dz) B3LYP(laNl2dz) SPIN

+X dX dP dFe-4N qFe dP dP dFe-4N qFe Ms

[FeP]+ 0.0 2.00 1.09 0.0 2.01 1.16 2
0.0 1.98 1.32 0.0 1.98 1.47 4
0.0 2.03 1.70 0.0 2.07 1.46 6

[FePO]+ 1.61 b 2.00(aVe) 0.91 1.62 0.26 2.01 1.04 2
1.62 0.22 2.07 0.94 1.62 0.25 2.01 1.04 4
1.63 0.38 2.09 1.41 1.64 0.41 2.08 1.51 6

[FePCO]+ 1.69 b 1.96(aVe) 0.55 1.76 0.17 2.01 0.64 2
2.34 0.12 1.99 1.20 1.77 0.20 2.02 0.67 4
2.26 0.23 2.05 1.58 2.21 0.20 2.09(aVe) 1.47 6

[FePNO]+ 1.60 0.27 1.99 0.65 2.61 0.29 2.00 0.77 1
1.75 0.0 1.98 0.91 2.24 0.0 1.98 1.32 3
3.17 0.0 1.98 1.32 2.49 0.0 1.98 1.44 5

[FePO2]+ 2.19 b 1.98 1.20 2.17 0.0 2.01 1.16 4
3.55 0.0 1.98 1.32 2.60 0.0 1.98 1.46 6

[FePN2]+ 1.84 b 1.99(aVe) 0.92 2.59a 0.0a 2.02a 1.15a 2
2.83 0.0 1.98 1.31 2.46 0.06 1.99 1.44 4
2.63 0.22 2.05 1.66 2.47 0.0 2.00 1.42 6

[FePOH2]+ 2.10 b 2.00(aVe) 1.10 2.16 0.16 2.03 1.17 2
2.20 0.2 1.99 1.31 2.12 0.21 2.00 1.46 4
2.16 0.3 2.06 1.70 2.09 0.32 2.06 1.80 6

[FePN2O]+ 3.76 0.0 2.00(aVe) 1.11 2.51 0.0 2.02 1.16 2
3.51 0.0 1.98 1.33 2.33 0.0 1.99 1.45 4
2.60 0.28 2.05 1.67 2.44 0.25 2.07(aVe) 1.49 6

[FePCO2]+ 3.57 0.0 2.00 1.10 2.54a 0.0a 2.02a 1.17a 2
2.91 0.0 1.98 1.34 2.36 0.14 1.99 1.47 4
2.58 0.25 2.05 1.68 2.44a 0.20a 2.07a 1.62a 6

a Refers to optimized structure which has one imaginary frequency. b Refers to distorted ruffling structure.

TABLE 2: Spin Multiplicity, Relative Energies in (kcal/
mol), and the Expectation Value of the Total Spin S2a

Ms OPBe(laNl2dz) OPBe(6-311++G**) B3LYP(laNl2dz) <S2>C

[FeP]+ 2 23.76, [26.4] 27.06 4.30 (1.86)
4 0.0, [0.0] 0.0 0.0 (3.80)
6 12.35, [13.0] 13.37 15.05 (8.76)

[FePO]+ 2 0.0 0.0 0.0 (1.53)
4 0.50 3.08 0.15 (3.77)
6 11.42 13.52 11.75 (8.82)

[FePCO]+ 2 0.0 0.0 0.0 (0.76)
4 8.57 8.72 45.76 (3.80)
6 17.18 17.78 6.77 (8.76)

[FePNO]+ 1 0.0 0.0 8.51 (0.0)
3 8.32 9.95 0.0 (2.24)
5 27.33 33.68 7.54 (6.05)

[FePO2]+ 4 11.53 12.94 13.91 (4.33)
6 0.0 0.0 0.0 (8.81)

[FePN2]+ 2 19.58 18.53 9.05 (1.15)
4 0.0 0.0 0.0 (3.80)
6 10.28 11.50 42.21 (8.76)

[FePH2O]+ 2 25.52, [26.6] 27.24 17.0 (1.55)
4 0.0, [0.0] 0.0 0.0 (3.81)
6 7.05, [8.4] 8.03 9.56 (8.76)

[FePN2O]+ 2 26.99 30.12 10.19 (1.88)
4 0.0 0.0 0.0 (3.80)
6 10.6 12.66 10.17 (8.76)

[FePCO2]+ 2 25.12 26.66 10.25 (1.87)
4 0.0 0.0 0.0 (3.80)
6 10.06 11.78 9.87 (8.76)

a Values in square brackets are taken from ref 28. Values in
parentheses refer to computed <S2>c values (for pure spin states, the
values are 0.75, 2.0, 3.75, 6.0, and 8.75 for a doublet, triplet,
quartet, quintet, and sextet, respectively) using OPBE XC
functional.

TABLE 3: Bond Dissociation Energies for the Lowest Spin
State Energy in (kcal/mol) at 0 K and Spin Multiplicity (Ms)

OPBe(laNl2dz) B3LYP(laNl2dz) Ms

[FePO]+ 69.43 46.53 2
[FePCO]+ 34.22 10.14 2
[FePNO]+ 49.29 1

13.40 3
[FePO2]+ 10.46 15.40 6
[FePN2]+ 3.75 8.21 4
[FePH2O]+ 14.45 23.15 4
[FePN2O]+ 2.05 7.17 4
[FePCO2]+ 2.48 7.49 4
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Figure 1). Geometry optimization was performed for the (S )
1/2), (S ) 3/2), and (S ) 5/2) states. The (S ) 1/2) state is
found to be the lowest energy state at both the OPBE and the
B3LYP levels. As shown in Table 1 for each spin state species,
there is significant variation of the Fe-ligand distance and the
Fe atom lies slightly out of the porphyrin plane, toward the CO
group (by 0.1-0.2 Å). It is well-known that in the high-spin
ground state of unligated heme the iron is situated (0.1-0.2 Å)
above the porphyrin ring.32,33 Remarkably, there is no spin
contamination for the [FePCO]+ complex in any spin state. As
shown in Table 2 at the OPBE level, the order of stability of
the spin state energies is (S ) 1/2) < (S ) 3/2) < (S ) 5/2)
whereas the B3LYP calculations switch the ordering of the
relative spin-state energy. Here, the B3LYP behaves somewhat
differently from OPBE and predicts subsequently higher relative
spin-state energy for the (S ) 3/2) state. In a previous theoretical
study,31 the ground state geometry was optimized, and the
binding energy was calculated of the neutral (FePCO) complex
applying molecular dynamics within the Car-Parrinello scheme.
An optimized Fe-ligand distance of 1.69 Å and a binding energy
of 26 kcal/mol were reported.31 Interestingly, our calculations
with OPBE give the same Fe-ligand distance and a somewhat
higher bond dissociation energy (34.22 kcal/mol) for the cationic
complex.

D. Iron-Porphyrin Cation with Nitric Oxide [FePNO]+.
It was reported that the binding of NO to an Fe(III) porphyrin
leads to the formation of a low-spin diamagnetic (S ) 0)
mononitrosyl complex, in which the Fe-N-O unit takes a linear
geometry.34,35 There are a number of X-ray structures for the
ferric NO-bound complex at different resolutions. In one
structure, the Fe-N-O bond is linear; in another structure, the
NO geometry is somewhat bent.36 As shown in Figure 1, starting
from linear conformation, we performed geometry optimization
for the three possible spin states S ) 0, S ) 2, and S ) 4.
Whereas the OPBE XC-functional yields the lowest energy for
the (S ) 0) state, the B3LYP XC-functional predicts that lowest
energy state has S ) 2. Both methods obtain an interconversion
from a linear to bend structure during geometry optimization
for the S ) 2 state, whereas a linear structure is obtained for
the S ) 0 and S ) 4 states. In the bent structure the Fe-N-O
bond angle is 146° and 126° at the OPBE and the B3LYP levels,
respectively for the (S ) 2) state. The OPBE optimized structure
for the S ) 2 state shows strong ruffling of the Fe-4N plane.
The OPBE optimized structural parameters are in good agrement
with those obtained with B3LYP for the S ) 0 state but not for
the S ) 2 and the S ) 4 states. Geometry optimization resulted
in non-negligible spin contamination for the S ) 2 state at the
OPBE and B3LYP levels. However, for the S ) 0 state B3LYP
calculations do not find a stable minimum-energy structure.
Furthermore, the B3LYP relative spin-state energy order S ) 2
< S ) 4 < S ) 0 is completely different from that of OPBE
which predicts the following order S ) 0 < S ) 2 < S ) 4. For
the present system, the optimized Fe-ligand distances 1.60 Å
and 1.61 Å at the OPBE and the B3LYP levels, respectively,
are much shorter than the bond length (1.69 Å) obtained by a
Carr-Parrinello simulation on the neutral complex.31 We note
that an identical Fe-ligand bond length (1.61 Å) was reported
for the [FePNO]+ complex using the B3LYP/6-31G(d) in ref
34.

E. Iron-Porphyrin Cation with Dioxygen [FePO2]+. The
ground state of the oxygen molecule is a triplet with two
unpaired electrons. In binding O2 to heme, the Fe-O-O unit
is normally bent and takes a so-called end-on O2 configuration.31

Therefore, in this study, we optimized the structures of the

[FePO2]+ complex for the different spin multiplicities. As a
result, the lowest energy state is (S ) 5/2), and the Fe-O-O
angle is 144° and 156° at the OPBE and B3LYP levels,
respectively. The Fe atom is positioned in the porphyrin plane.
Our efforts to find a stable structure for the (S ) 1/2) and (S )
3/2) states have been unsuccessful. The bond dissociation energy
for the lowest energy state (S ) 5/2) is 10 kcal/mol and 6.83
kcal/mol at the OPBE and B3LYP levels, respectively, which
correlate well with previous theoretical results.31

F. Iron-Porphyrin Cation with Molecular Nitrogen [Fe-
PN2]+. Starting from the linear structure shown in Figure 1, we
performed geometry optimization in the three spin states (S )
1/2), (S ) 3/2), and (S ) 5/2). The lowest energy spin state is
found to be (S ) 3/2) at both the OPBE and the B3LYP levels.
In the resulting optimized structure for each spin state, the Fe
atom is located in the porphyrin plane except for the (S ) 5/2)
state, for which there is a very small out of plane displacement
(0.15 Å) at the OPBE level. Since the [FePN2]+ complex is
isoelectronic to the [FePCO]+ complex, the OPBE optimized
structures obtained for each spin state are very similar. The most
significant differences between different spin states are the iron-
ligand distances which are significantly shorter in the (S ) 1/2)
state than in the (S ) 3/2) and (S ) 5/2) states. For each spin
state species, the four FeP nitrogen distances are nearly equal.
In contrast to OPBE, B3LYP yields an imaginary frequency
for the optimized structure in the (S ) 1/2) state, indicating
problems to find the minimum.

G. Iron-Porphyrin Cation with Water [FePH2O]+. The
H2O molecule has a singlet (S ) 0) ground state and is attached
to the [FeP]+ as shown in Figure 1. Similarly, we performed
geometry optimization in the three spin states (S ) 1/2), (S )
3/2), and (S ) 5/2). From geometry optimization, the predicted
lowest energy spin state is (S ) 3/2) at both the OPBE and the
B3LYP levels. The optimized structures for (S ) 1/2), (S )
3/2), and (S ) 5/2) states are not very similar. At the OPBE
level, the Fe-ligand distance is longer in the sextet state than in
the quartet and doublet states. At the B3LYP level, the Fe-ligand
distance is longer in the doublet state than in the quartet and
sextet states. At both levels, OPBE and B3LYP, the iron atom
moves out of the Fe-4N plane by 0.1-0.3 Å for the (S ) 1/2)
state, and there are spin contaminations. At the OPBE level,
the porphyrin ring is slightly distorted. Both methods yield the
same trends: (S ) 3/2) < (S ) 5/2) < (S ) 1/2) for the relative
spin-state energy which is consistent with previous theoretical
work.28 The bond dissociation energies calculated by using the
B3LYP XC functional agree with OPBE results for the (S )
1/2) state but are about 10 kcal/mol higher for the (S ) 3/2)
and (S ) 5/2) states.

H. Iron-Porphyrin Cation with Nitrous Oxide [FePN2O]+.
The ground state of the N2O molecule is a singlet (S ) 0) state
and takes linear conformation.37 For the starting geometry of
the [FePN2O]+ complex, we considered a bent conformation
of the Fe-N2O unit. The optimized structures at the OPBE level
show that there is an interconversion from the bent to the linear
conformation for the (S ) 1/2) and (S ) 3/2) states whereas
the optimization keeps the bent structure for the (S ) 5/2) state
with an angle of 138°. For each spin state conformations, there
is no distortion of the Fe-4N plane. Fe lies in the Fe-4N plane
for the (S ) 1/2) and (S ) 3/2) states and moves 0.28 Å out of
the Fe-4N plane for the (S ) 5/2) state.

I. Iron-Porphyrin Cation with Carbon Dioxide [FePCO2]+.
CO2 has no net dipole moment and consequently is not very
reactive. It was known that the most stable coordination of CO2

to metal cation takes the linear end-on conformation due to the
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electrostatic(charge-quadruple) nature of the bonding.38 As
shown in Figure 1, we consider a bent conformation for the
starting geometry of the [FePCO2]+ complex. The optimized
structures applying the OPBE XC-functional shows that the
stable coordination of CO2 to [FeP]+ is linear, and the predicted
lowest energy spin state is (S ) 3/2). There is no distortion of
the Fe-4N plane in any spin state. Fe lies in the Fe-4N plane
for the (S ) 1/2) and (S ) 3/2) states whereas it moves 0.25 Å
out of the Fe-4N plane for the (S ) 5/2) state. The relative
spin-state energy ordering is (S ) 3/2) < (S ) 5/2) < (S ) 1/2).
The optimized structures at the B3LYP level for the (S ) 1/2)
and the (S ) 5/2) states lead to an imaginary frequency
indicating problems to find a stable minimum, whereas for the
(S ) 3/2) state the structure has a genuine minimum.

IV. Conclusions

We have studied different small molecules ligated to iron-
porphyrin cation complexes using density functional theory at
the OPBE and B3LYP levels. The optimized structures of all
complexes except [FePCO]+ have shown that the wave function
suffers from non-negligible spin contamination in the (S ) 1/2)
spin state. An inspection of the tables reveal the following
trends: (i) The relative energies of different spin (low, inter-
mediate, high) states indicate that the (S ) 3/2) state is the lowest
energy state for the [FeP]+, [FePN2]+, [FePCO2]+, [FePN2O]+,
and [FePH2O]+ complexes. Furthermore, for the [FePO]+ and
[FePCO]+ complexes, the (S ) 1/2) spin state, and for the
[FePO2]+ complex, the (S ) 5/2) spin state, they are found to
be the lowest energy states at both levels. The basis sets have
virtually no effect on the overall ordering of relative spin state
energies of all complexes. Our results show that for the
[FePNO]+ complex the B3LYP method has failed to predict
the correct lowest spin state energy. Our theoretical investiga-
tions indicate the necessity of calculating various spin states
since the spin state of the ground state is not directly apparent.
(ii) The calculated bond dissociation energy using the OPBE
XC-functional method has shown the following order for the
lowest energy state: N2O < CO2 < N2 < O2 < H2O < CO < NO
< O. Because of the lack of experimental data, we cannot
evaluate our results directly, but we hope these results will serve
as a stimulus for experiments in the near future.
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