
Performance of CASPT2 and DFT for Relative Spin-State
Energetics of Heme Models

Steven Vancoillie,† Hailiang Zhao,† Mariusz Radoń,‡ and Kristine Pierloot*,†
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Abstract: The accuracy of the relative spin-state energetics of three small FeII or FeIII heme
models from multiconfigurational perturbation theory (CASPT2) and density functional theory
with selected functionals (including the recently developed M06 and M06-L functionals) was
assessed by comparing with recently available coupled cluster results. While the CASPT2
calculations of spin-state energetics were found to be very accurate for the studied FeIII complexes
(including FeP(SH), a model of the active site of cytochrome P450 in its resting state), there is
a strong indication of a systematic error (around 5 kcal/mol) in favor of the high-spin state for
the studied FeII complexes (including FeP(Im), a model of the active site of myoglobin). A larger
overstabilization of the high-spin states was observed for the M06 and M06-L functionals, up to
22 and 11 kcal/mol, respectively. None of the tested density functionals consistently provides a
better accuracy than CASPT2 for all model complexes.

1. Introduction

Because of their important role in biological systems as the
active centers or prosthetic groups of heme proteins1 iron
porphyrins have over the years received a lot of attention.
The elucidation of both the geometric and the electronic
structures of these compounds is of paramount importance
for the detailed understanding of the complex mechanisms
of biological systems.2 An important aspect of iron porphy-
rins is that during the catalytic processes the spin state of
the central iron changes. Both 3d6 Fe(II) and 3d5 Fe(III)
porphyrins can access low-spin (LS; singlet or doublet),
intermediate-spin (IS; triplet or quartet), and high-spin (HS;
quintet or sextet) states. Consequently, a good description
of the relative spin-state energetics is required for any method
aimed at achieving a good accuracy for describing heme-
ligand bond formation.

For the quantum chemical treatment of iron porphyrins,
the methods that are most readily employed are either density
functional theory (DFT) or multiconfigurational second-order

perturbation theory (CASPT2). The former is dominant in
the area of bioinorganic molecules because it accounts for
electron correlation at a low computational cost, allowing
for treatment of large molecules. Unfortunately, the results
are significantly dependent on the functional, especially for
predicting relative spin-state energetics in transition-metal
complexes.3-25 The CASPT2 method on the other hand is
the only feasible ab initio alternative for DFT in cases of
relatively large transition-metal compounds. This method was
shown to outperform DFT20,22 with several traditional (GGA
or hybrid) functionals in two comparative studies of the HS-
LS splittings of a number of six-coordinated ferrous
compounds.20,22 However, there are also indications that
CASPT2 may in fact significantly overstabilize higher with
respect to lower spin states at least in some (critical) cases.
A typical example is ferrous porphin FeP (P ) porphin),
for which CASPT2 is unable to predict the correct 3A2g

ground state. Instead, HS 5A1g is the calculated ground state,
5 kcal/mol below the 3A2g state.23,26 In this respect, it should
be noted that the CASPT2 method, in its present implemen-
tation in the MOLCAS 7.x software,27 already includes in
its zeroth-order Hamiltonian Ĥ(0) an ionization potential-elec-
tronic affinity (IPEA) shift technique to properly discriminate
the HS and LS states. Without this shift, the error on the
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5A1g-3A2g gap in FeP is significantly larger, up to 10 kcal/
mol.26 In the original implementation of CASPT2 in
MOLCAS, the IPEA shift was absent. However, already in
one of the first systematic test studies of the method it was
shown that the original Ĥ(0) would systematically favor HS
over LS states.28,29 A first remedy was formulated in the
so-called g1, g2, and g3 modifications of Ĥ(0),30 but later
the IPEA-modified Ĥ(0) was introduced31 and became the
standard zeroth-order Hamiltonian in MOLCAS 6.4. The
standard IPEA shift was set to 0.25 au, based on systematic
tests of dissociation, ionization, and excitation energies in
atoms and simple molecules. However, in a recent CASPT2
study on spin-cross-over complexes with Fe(II)N6 architec-
ture it was suggested32 that a shift of 0.25 au is in fact too
small to properly describe the adiabatic HS-LS gap in these
systems, and a shift of 0.5-0.7 au was proposed instead.

In a recent study by Oláh and Harvey, the performance
of several popular DFT functionals for treating NO bonding
to heme groups with ferric or ferrous iron was investigated.25

To this end, DFT calculations were performed on FeP(Im)
and FeP(SH) (Figure 1). The latter models the cystein-ligated
Fe(III) heme group which is commonly found in cytochrome
P450s and other hemoproteins, while the former serves as a
model for histidine-ligated Fe(II) porphyrins found in the
active site of many enzymes, e.g., in myoglobin. In order to
assess the accuracy of the DFT functionals for the spin-state
energetics a series of benchmark calculations was performed
by means of the CCSD(T) method and different basis sets.
Because this was not possible for the FeP(SH) and FeP(Im)
molecules, three smaller model systems were used using two
chelating amidine ligands instead of the full porphyrin ring
(Figure 2).

The main purpose of the present study is to test the
accuracy/error of CASPT2 for describing the spin-state
energetics in ferrous and ferric porphyrins. To this end,
CASSCF/CASPT2 calculations with different basis sets were
first performed on the small heme models introduced by Oláh
and Harvey so as to compare to their CCSD(T) benchmark
results. The role played by the IPEA shift in Ĥ(0) was
investigated by performing test calculations where this shift
was increased to 0.5 au. As a second point of interest, in a
continued search for improved exchange-correlation func-

tionals for the property at hand we decided to include in
this work also some DFT test calculations, in particular with
the M06 and M06-L exchange-correlation functionals. Both
are part of the recently introduced Minnesota 2006 suite of
exchange-correlation functionals.33-35 M06-L is a local
functional, while M06 is a hybrid functional which was
parametrized including both transition metals and nonmetals.
Both Minnesota functionals include also the density of
electron kinetics energy, as characteristic of so-called meta-
GGA functionals.36 In an extensive series of test calculations,
these two functionals were shown to perform well for
organometallic and inorganometallic thermochemistry.35 In
this work, their performance for spin-state energetics was
tested, both for the three small complexes and for the more
realistic models FeP(SH) and FeP(Im). More traditional
functionals were also employed for comparison, including
some common hybrid (B3LYP and B3LYP*),5,37 pure
(BP86, OLYP),38-40 meta-GGA (TPSS),36 and hybrid-meta-
GGA (TPSSh)36 functionals.

2. Computational Details

All CASSCF41/CASPT242,43 and some DFT (Minnesota
2006 class of functionals33-35) calculations were performed
with the MOLCAS 7.4 package27 using a Cholesky decom-
position technique44 for approximating the two-electron
integrals, with the convergence threshold set to 10-6 au. DFT
calculations for the other functionals were performed with
Gaussian 0345 (B3LYP, B3LYP*, OLYP, BP86, TPSS) or
Gaussian 0946 (TPSSh). In all calculations scalar relativistic
effects were included via the second-order Douglas-Kroll-
Hess transformation.47 All DFT calculations were done using
the spin-unrestricted formalism. In all CASPT2 calculations,
an imaginary level shift of 0.1 au was used to improve
convergence and avoid intruder states. These calculations
were performed with either the default IPEA shift of 0.25
au or an increased shift of 0.5 au. Core electrons were kept
frozen during the CASPT2 step. For the small heme models,
the Fe(3s,3p) electrons were also not included in the
correlation, in order to compare to the CASPT2 results to
the CCSD(T) results from Oláh and Harvey,25 which did
not include these electrons either. For the larger models the
Fe(3s,3p) electrons were included, so as to to be able to
compare the results obtained here to our previous CASPT2
results for FeP(Im).23

For all five model complexes (Figure 1) single-point
CASPT2 and DFT calculations were performed on the
B3PW91-optimized geometries from ref 25 (where they were
used for the CCSD(T) calculations). Two different types of
basis sets were used. The first, correlation-consistent type
basis sets, is the same as those used previously for the
CCSD(T) calculations. They consist of the Douglas-Kroll
recontraction48 of the cc-pVDZ, cc-pVTZ, and cc-pVQZ
basis sets by Dunning et al.49 for H, C, N, O, and S atoms,
combined with cc-pVTZ and cc-pVQZ basis sets for iron,
developed by Balabanov and Peterson, also in forms adapted
for use with Douglas-Kroll one-electron integrals.50 Three
combinations were used for iron and the ligand atoms,
labeled A ) cc-pVTZ/cc-pVDZ, B ) cc-pVTZ/cc-pVTZ,

Figure 1. Molecular structures of heme models.

Figure 2. Molecular structures of the small models.
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and C ) cc-pVQZ/cc-pVDZ. Calculations were also per-
formed with a second type of atomic natural orbital (ANO)
basis sets. In these sets, labeled I-III, ANO-rcc basis sets
on iron were combined with either ANO-s (basis I) or ANO-
rcc (basis II, III) on the other atoms.51,52 All basis set
contractions are given in Table 1. All six basis set combina-
tions were used for the calculations on the small models 1-3.
Calculations on the two larger models, FeP(SH) and FeP(Im),
were only performed with basis C and II.

The active space used in the CASSCF and CASPT2
calculations was constructed by starting from a distribution
of 6 or 5 electrons in the five Fe 3d orbitals and adding a
second 3d′ shell to describe the double-shell effect.53 To
account for nondynamic correlation effects associated with
covalent Fe-ligand interactions, a doubly occupied bonding
σ (Fe-Nring) orbital is added, with an additional bonding σ
(Fe-NH3) orbital for model 3 and FeP(Im), leading to a total
of 10 electrons in 12 orbitals, and two additional bonding σ
(Fe-SH) and π (Fe-SH) orbitals for models 1, 2, and
FeP(SH), leading to a total of 11 electrons in 13 orbitals. In
cases where orbitals from the 3d′ shell correlating empty 3d
orbitals were found to rotate out of the active space, they
were removed. The empty 3d orbitals themselves were kept
active and also maintained their character during the orbital
optimization process.

3. Results and Discussion

3.1. Small Heme Models 1, 2, and 3. All three models
consist of an iron atom surrounded by two bidentate amidine
ligands, each bonded to iron by 2 nitrogen atoms, and a third
axial ligand, either the sulfur-bonded SH (FeIII complexes 1
and 2) or the nitrogen-bonded NH3 (FeII complex 3) ligand.
Interaction with these ligands gives rise to a splitting of the
Fe 3d orbitals, forming pairs of bonding-antibonding
molecular orbitals: σ, σ* (Fe dxy-N; Fe dz2-NH3/SH) and
π, π* (Fe dyz-SH). The lowest states for each of the different
spin multiplicities are 6A′, 4A′′, and 2A′ for model 1, 6A′,
4A′′, and 2A′′ for model 2, and 5A′′, 3A′, and 1A′ for model
3. The principal CASSCF configurations (occupations of Fe

3d orbitals) for these states are given in the Supporting
Information.

The CCSD(T), CASPT2, and DFT relative energies for
the different spin states of the three small heme models are
collected in Table 2 for each of the basis sets. Since the DFT
results for different basis sets were very similar, only the
values of basis set C (cc-pVQZ/cc-pVDZ on iron/ligand) are
included in the discussion.

As can be seen from Table 2, all relative energies obtained
from either CCSD(T) and CASPT2 using the same basis sets
(A-C) are in close agreement, with absolute differences
below 3 kcal/mol. This is particularly the case for the Fe(III)
model 2, with differences less than 1 kcal/mol for all states/
basis sets. The same is also true for the 4A′′-6A′ energy
difference in the smaller Fe(III) model 1. On the other hand,
the low-spin state 2A′′ in this case seems to be overstabilized
by about 2 kcal/mol by CASPT2 (as compared to CCSD(T)).
This is opposed to the results obtained for the Fe(II) model
3, for which CASPT2 systematically favors the high-spin
5A′ ground state, giving rise to energy differences which are
larger by 2-3 kcal/mol than the corresponding CCSD(T)
results.

Table 2 also includes an extrapolation of the CCSD(T)
results to the infinite basis set limit, based on the results
obtained with basis A and C.25 The choice of only these
two sets was based on the observation that the quality of
the basis set on iron (cc-pVQZ in basis C versus cc-pVTZ
in basis A, combined with the same basis sets on the
amidines) influences the spin-state energies of model 1 to a
much larger extent than the size of the basis set on the
amidine ligands (cc-pVTZ in B versus cc-pVDZ in A,
combined with the same basis set on iron). The same is also
observed for the CASPT2 results for all three models.
Between basis A and C, the relative energies of the high-
and intermediate-spin states systematically improve by 3-5
kcal/mol. On the other hand, going from basis A to basis B
has a much smaller, and opposite, effect.

In a previous study we made use of ANO-type basis sets,
contracted as in basis I and II, to study the bonding of CO,

Table 1. Number of Contracted Functions Included in Each of the Basis Sets Used in This Work

basis Fe N C H S

A ) cc-pVTZ/cc-pVDZ 7s6p4d2f1g 3s2p1d 3s2p1d 2s1p 4s3p1d
B ) cc-pVTZ/cc-pVTZ 7s6p4d2f1g 4s3p2d1f 4s3p2d1f 3s2p1d 5s4p2d1f
C ) cc-pVQZ/cc-pVDZ 8s7p5d3f2g1h 3s2p1d 3s2p1d 2s1p 4s3p1d
I ) ANO-rcc/ANO-s 7s6p5d2f1g 4s3p1d 3s2p1d 2s 5s4p2d
II ) ANO-rcc/ANO-rcc 7s6p5d3f2g1h 4s3p2d1f 4s3p1d 3s1p 5s4p3d2f
III ) ANO-rcc/ANO-rcc 10s9p8d6f4g2h 5s4p3d2f1g 4s3p2d1f 3s2p1d 6s5p4d3f2g

Table 2. Relative Energy (kcal/mol) of the Low- and Intermediate-Spin States with Respect to the High-Spin State of the
Small Heme Models 1 (6A′), 2 (6A′), and 3 (5A′′) from CCSD(T) and CASPT2 Calculations

CCSD(T)a CASPT2

A B C ∞ A B C I II III IIIb

1 2A′ 37.8 38.5 33.2 29.8 35.3 35.8 30.4 33.0 30.6 30.1 25.7
4A′′ 18.8 20.4 16.0 13.9 19.2 20.4 16.0 18.5 17.2 17.1 15.4

2 2A′′ 0.6 -4.1 -7.4 0.6 1.6 -4.7 -1.2 -3.1 -4.7 -8.5
4A′′ 7.4 4.3 2.2 6.9 7.3 3.7 5.5 4.1 3.3 1.9

3 1A′ 37.2 32.9 30.4 40.2 40.3 36.1 38.6 37.3 35.9 33.8
3A′ 21.8 19.0 17.3 23.9 24.5 21.1 23.8 22.2 21.5 20.7

a Taken from ref 25. b IPEA shift of 0.5 au.
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NO, and O2 to Fe(II) heme systems.23 So as to be able to
compare the results from that study with the present results,
the CASPT2 calculations on models 1-3 were also per-
formed with the same basis sets. Furthermore, the smaller
size of the present models also allows us to extend the
contraction of the ANO-rcc basis sets even further, thus
giving basis III (see Table 1). The size of the contracted
basis set I is comparable to basis sets A and B (actually the
ANO contraction on iron contains one more d function than
the cc-pVTZ set). Still, as Table 2 indicates, the relative
energies obtained with basis I are superior to these correla-
tion-consistent sets, predicting, for example, the correct 2A′′
ground state for model 2. The ANO-rcc basis sets II and III
contain many more functions on the ligands, yet for the metal
they are comparable (either slightly smaller or larger) to cc-
pVQZ. The fact that these three basis sets give similar
relative energies is another confirmation that the ligand basis
set size is of minor importance for the property at hand. The
results obtained with basis III should be close to the basis
set limit for this ANO-rcc basis set on iron. Still, with respect
to the CCSD(T) infinite basis set limit, the CASPT2 results
in Table 2 are invariably too high, indicating that in all cases
the high-spin state is overstabilized with respect to the low-
and intermediate-spin states. This is primarily a basis set
effect, pointing to the need of extremely large basis sets on
the metal, both primitive and contracted, for an accurate
description of the relative spin-state energetics in transition-
metal complexes.

The difference between the best CASPT2 results and the
CCSD(T)(∞) results is largest for the Fe(II) heme model 3:
4-6 kcal/mol. Here, it should partly be traced back to an
inherent tendency of CASPT2 to overstabilize higher with
respect to lower spin states in ferrous complexes. Let us note
that a comparable error (at least 5 kcal/mol, not accounting
for ZPVE) was found in our previous study of the 5A1g-3A2g

splitting in the four-coordinate FeP complex, calculated there
with basis II23 and in our recent study of the doublet-quartet
transition in some {FeNO}7 complexes.54 Similar errors were
also found in a recent CASPT2 study of the adiabatic
quintet-singlet splitting in a number of ferrous pseudo-
octahedral FeN6 complexes.32 On the basis of the results of
their study the authors proposed replacing the standard IPEA
shift of 0.25 au in the zeroth-order Hamiltonian by a larger
value, 0.50-0.70 au, for these specific adiabatic gap calcula-
tions. In order to investigate whether their proposal can be
made more general also for the ferrous and ferric complexes
considered here, we decided to repeat the CASPT2 calcula-
tions with basis III using an IPEA shift of 0.5 au. The results
are given in the rightmost column of the CASPT2 data in
Table 2. As one can see, the success of the shift operation is

not unequivocal. For the Fe(II) model 3, the relative energies
are indeed shifted toward the CCSD(T) results. However,
the effect of the IPEA shift increase is too limited, only 0.8
kcal/mol for the 3A′ and 2.1 kcal/mol for the 1A′ state. The
latter value is only about one-half of what was found for
the series of seven FeN6 complexes studied in ref 32,
showing a systematic increase of their adiabatic HS-LS
splitting with 3.6-4.3 kcal/mol with an increase of the IPEA
shift to 0.5 au, and further with 3.3-3.8 kcal/mol with a
further increase to 0.75 au On the other hand, for the ferric
models 1 and 2, where the original CASPT2 results proved
to be excellent, the effect of increasing IPEA is significantly
larger than for model 3, up to 4.4 kcal/mol for the 2A′ state,
but it is obviously deteriorating. This set of results, although
limited, seems to indicate that changing the IPEA shift in
the CASPT2 Ĥ(0) should be done with care, if at all, as the
lack of systematics in the approach may easily turn CASPT2
into a semiempirical method.

Turning next to the DFT results (given in Table 3) we
first note that, since for this method basis set convergence
should be much faster than for traditional correlated ab initio
methods, basis C should be large enough to provide results
close to the basis set limit. The DFT results in Table 3 should
therefore rather be confronted with the infinite basis set
CCSD(T) results rather than with the results obtained with
basis C. The CCSD(T)(∞) results are therefore included as
a reference in the rightmost column of Table 3. A first look
at this table already shows that all DFT results significantly
differ from the CCSD(T)(∞) results. Notably, none of the
tested functionals yields an agreement better than (5 kcal/
mol for all three models simultaneously, not rarely the errors
exceeding 10 kcal/mol. The DFT energetics are substantially
dependent on the functional, in a qualitative agreement with
a trend already recognized in the literature: pure functionals
systematically overstabilizing low-spin relative to high-spin
states, and the hybrid functionals favoring high spins more
as the contribution of Hartree-Fock exchange is in-
creased.5,16,17,19,20,22,23 Herein, this trend is most clearly
evidenced by comparing the TPSS (pure) with the TPSSh
(hybrid) results or the B3LYP* (hybrid, 15% of exact
exchange) with the B3LYP results (hybrid, 20%). The (meta-
GGA) TPSS functional in fact behaves in a very similar way
as the BP86 functional. In contrast, the OLYP functional
yields significantly different spin-state energetics than the
traditional pure functionals (here epitomized by BP86), in
agreement with previous observations.23,55 In fact, the present
OLYP results are similar to B3LYP* or B3LYP ones. Going
to the recently introduced Minnesota functionals (M06 and
M06-L) one can note that they both predict a much higher
energy of the IS state (with respect to the HS state) than

Table 3. Relative Energy (kcal/mol) of the Low- and Intermediate-Spin States with Respect to the High-Spin State of the
Small Heme Models 1 (6A′), 2 (6A′), and 3 (5A′′) from DFT Calculations (basis C)

B3LYP B3LYP* OLYP BP86 TPSS TPSSh M06 M06-L CCSD(T)(∞)

1 2A′ 21.4 17.5 22.7 6.5 4.9 12.3 43.8 35.0 29.8
4A′′ 6.4 3.5 6.5 -4.8 -4.1 1.3 19.0 16.8 13.9

2 2A′′ -5.8 -12.2 -12.4 -31.1 -29.4 -17.8 14.9 3.7 -7.4
4A′′ -4.2 -7.4 -3.7 -16.2 -14.8 -9.2 8.8 7.3 2.2

3 1A′ 26.3 22.3 27.2 12.6 12.1 20.0 35.9 27.1 30.4
3A′ 10.1 7.0 9.1 -1.8 -2.1 4.1 21.0 15.9 17.3
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any other of the tested functionals; the same holds true for
the energy of the LS state (with respect to the HS state),
except for model 3 for M06-L. Two more observations can
be made for the Minnesota functionals. First, the local
functional M06-L in general performs better than the M06
functional. The latter functional systematically overstabilizes
the high-spin with respect to the intermediate-spin and even
more with respect to the low-spin state, with errors amount-
ing up to 22 kcal/mol. A second observation is that the ferric
complexes, with model 2 in particular, are described
considerably worse than the ferrous complex 3. For the latter
model, quite reasonable results are in fact obtained with both
functionals, M06 overestimating the relative energies by 2-4
kcal/mol and M06-L underestimating them with 1-3 kcal/
mol. In contrast, for model 2, both functionals severely
overestimate the stability of the high-spin 6A′ state, incor-
rectly predicting this state to be the ground state. With M06,
the ordering of the two other states 2A′′ and 4A′′ is also not
correctly reproduced.

3.2. Large Heme Models FeP(SH) and FeP(Im). Inter-
action of the iron atom with the surrounding porphyrin and
axial ligand gives rise to a splitting of the d orbitals similar
to that of the small model complexes, thus forming pairs of
bonding-antibonding molecular orbitals: σ, σ* (Fe dxy-P;
Fe dz2-Im/SH) and π, π* (Fe dxz-SH). The lowest states
for each spin are 6A′, 4A′′, and 2A′′ for FeP(SH) and 5A′,
3A′′, and 1A′ for FeP(Im). The relative energies of the
different spin states are presented in Table 4.

Compared to the small models 1 and 3, the CASPT2
relative energies of the LS and IS states of FeP(SH) and
FeP(Im) are much lower, though the HS state remains the
ground state for both of the large heme models. The 2A′′
state of FeP(SH) is lower in energy than the 4A′′ state, but
unlike in model 2 it remains above the 6A′ state. The relative
energies of the 1A′ and 3A′′ states of FeP(Im) are similar,
about 10 kcal/mol above the 5A′ ground state. Going from
basis C to the ANO basis set II, an increased stabilization
of the low- and intermediate-spin states is observed for both
complexes. The same basis set was used by Radoń and
Pierloot23 to calculate the relative energies of the different
spin states of FeP and FeP(Im), using the same active space
but different geometries, that is PBE0 and BP86 optimized
and Fe(3s,3p) core correlation. The results for FeP(Im) were
added to Table 4. In order to compare with these results,
extra CASPT2 calculations with Fe(3s,3p) core correlation

were performed for basis C and II. We can see that the
energies are very similar to the values obtained here using
the B3PW91-optimized structures from ref 25. Both singlet
and triplet excited-state energies are within a range of 0.5
kcal/mol around 13.5 and 9.0 kcal/mol, respectively. We also
note that the effect of Fe(3s,3p) correlation is rather
significant (to about 3 kcal/mol) and opposite for both
complexes: in FeP(Im) the LS and IS states are stabilized
with respect to the HS state, while in FeP(SH) the LS state
is destabilized and the IS state is unaffected. In view of these
irregularities we believe that the 3s,3p electrons should be
preferably correlated in ab initio calculations of spin-state
energetics in first-row transition-metal complexes.

Going to the DFT results (Table 5), we first note that they
compare well to the previous DFT calculations on the heme
complexes (FeP(Im) and FeP(SH)) available in the lit-
erature.23,25,56-59 As could be expected, a similar behavior
of the different DFT functionals is found for the large heme
models as for the small models 1-3. In this respect we note
again that the energies of the LS and IS states (with respect
to the HS state) are lower with the pure (BP86, TPSS) than
with the hybrid functionals (B3LYP, B3LYP *,TPSSh), with
OLYP giving results close to the hybrid functionals. A more
concrete discussion of the accuracy of the DFT results for
FeP(Im) and FeP(SH) requires a comparison to some reliable
reference results. A reasonable estimate of the spin splitting
in these complexes may be obtained from the available
CASPT2 results (Table 4), assuming that this method has
similar errors for the large models as were noted for models
1-3. Our “best” estimate of the splittings is given in the
rightmost column of Table 5. As one can see, the results of
the hybrid functionals (B3LYP, B3LYP*) and the pure
OLYP functional are reasonably close to this estimate, with
errors typically e6 kcal/mol. The results obtained from the
pure TPSS and BP86 functionals are worse and again (see
also Table 3) very similar, overstabilizing the IS and LS
states by 12-16 kcal/mol with respect to the HS state for
FeP(SH) and by 16-20 kcal/mol for FeP(Im). The error is
reduced in TPSSh; however, somewhat suprisingly, this
method now overshoots the relative energy of the 4A′′ state
in FeP(SH).

A more important question is whether M06 or M06-L can
outperform the traditional functionals. This is obviously not
the case. Similar to the small models, we find that both
functionals tend to overstabilize the HS with respect to the
IS and even more with respect to the LS state. The M06-L
functional again clearly outperforms M06. As was also found
for models 1-3 both Minnesota functionals describe the
ferrous complex FeP(Im) much better than the ferric complex
FeP(SH). In fact, for the former (ferrous) complex, the
M06-L functional yields quite accurate spin-state energetics.
This success should however be put into perspective, given
the much larger error of more than 10 kcal/mol obtained
with this functional for the 2A′′ state in FeP(SH).

4. Conclusion

In this investigation we attempted to benchmark the accuracy
of CASPT2 and selected DFT methods for spin-state
energetics of selected heme complexes of Fe(II) and Fe(III),

Table 4. Relative Energy (kcal/mol) of the Low- and
Intermediate-Spin States with Respect to the High-Spin
State of the Large Heme Models FeP(SH) (6A′) and
FeP(Im) (5A′) from CASPT2 Calculations

CASPT2

basis C II Ca IIa IIb IIc

FeP(SH) 2A′′ 7.0 6.8 4.1 3.6
4A′′ 10.2 9.2 8.7 7.5

FeP(Im) 1A′ 11.2 10.6 14.4 13.7 14.0 13.0
3A′′ 10.3 9.5 10.3 9.5 8.6 8.5

a With Fe(3s,3p) core electron correlation included. b From ref
23 using PBE0 structures (and omitting the ZPVE contribution).
c From ref 23 using BP86 structures (and omitting the ZPVE
contribution).
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including the models of the active site of cytochrome P450
(in its resting state) and myoglobin. While there are no
benchmark results for the large heme complexes (FeP(Im)
and FeP(SH)), the CCSD(T) calculations for their smaller
mimics (complexes 1-3) were recently published.25 It must
be mentioned here that although we believe in a high
accuracy of the reference CCSD(T) data, one should not
forget that they also might be subject to errors related to
the absence of higher order terms in the CC expansion, the
multiconfigurational character of the wave function, or the
basis set extrapolation procedure.

The performance of CASPT2 is excellent for the ferric
complexes 1 and 2 (an error within chemical accuracy) and
worse for the ferrous complex 3, thereby confirming previous
suspicions that this method overstabilizes the high-spin state
in some Fe(II) complexes.23,32,54 Let us note that all these
problematic cases concern the ligand-field transitions from
a nonbonding (dx2-y2) to an antibonding (dxy) orbital of Fe.
The error can be estimated as slightly above 5 kcal/mol but
definitely less than 10 kcal/mol. It should be stressed that
CASPT2 errors of this size are rather exceptional in
transition-metal chemistry, even for dx2-y2 f dxy transitions.
This is illustrated by the excellent performance of this method
for complexes 1 and 2 as well as by previous numerous
applications. Unfortunately, it seems that for the presently
studied complexes the error cannot be easily reduced by
changing the zeroth-order Hamiltonian of CASPT2 (increas-
ing the IPEA shift), as was successful in the previous study
of some FeN6 complexes. This indicates that playing with
the zeroth-order Hamiltonian of CASPT2 should be done
with care (and preferably avoided); otherwise, one may easily
turn this ab initio method into a de facto semiempirical
approach.

The present investigation also explored the accuracy of
several DFT methods. With respect to the extrapolated
CCSD(T) reference results, all tested functionals lead to
errors above 5 kcal/mol at least for one complex. This is
also true for the recently introduced M06 and M06-L
functionals from the Minnesota 2006 set, among which the
second one (M06-L) performs much better. However, its
overall performance for the complexes studied here is not
any better than of some more traditional functionals, like
B3LYP or OLYP.

In summary, the present investigation confirms an overall
high accuracy of CASPT2, although a systematic error of
CASPT2 for the ferrous complexes (possibly one of the most
difficult cases for CASPT2 calculations) is definitely pin-
pointed. We believe that CASPT2 calculations on transition-

metal systems will become more and more common and
useful in the field of bioinorganic chemistry.
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