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Assessment of electronic structure methods
for the determination of the ground spin states
of Fe(II), Fe(III) and Fe(IV) complexes†
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Our ability to understand and simulate the reactions catalyzed by iron depends strongly on our ability to

predict the relative energetics of spin states. In this work, we studied the electronic structures of Fe2+

ion, gaseous FeO and 14 iron complexes using Kohn–Sham density functional theory with particular

focus on determining the ground spin state of these species as well as the magnitudes of relevant

spin-state energy splittings. The 14 iron complexes investigated in this work have hexacoordinate

geometries of which seven are Fe(II), five are Fe(III) and two are Fe(IV) complexes. These are calculated

using 20 exchange–correlation functionals. In particular, we use a local spin density approximation

(LSDA) – GVWN5, four generalized gradient approximations (GGAs) – BLYP, PBE, OPBE and OLYP, two

non-separable gradient approximations (NGAs) – GAM and N12, two meta-GGAs – M06-L and M11-L, a

meta-NGA – MN15-L, five hybrid GGAs – B3LYP, B3LYP*, PBE0, B97-3 and SOGGA11-X, four hybrid

meta-GGAs – M06, PW6B95, MPW1B95 and M08-SO and a hybrid meta-NGA – MN15. The density

functional results are compared to reference data, which include experimental results as well as the

results of diffusion Monte Carlo (DMC) calculations and ligand field theory estimates from the literature.

For the Fe2+ ion, all functionals except M11-L correctly predict the ground spin state to be quintet.

However, quantitatively, most of the functionals are not close to the experimentally determined

spin-state splitting energies. For FeO all functionals predict quintet to be the ground spin state. For the

14 iron complexes, the hybrid functionals B3LYP, MPW1B95 and MN15 correctly predict the ground spin

state of 13 out of 14 complexes and PW6B95 gets all the 14 complexes right. The local functionals,

OPBE, OLYP and M06-L, predict the correct ground spin state for 12 out of 14 complexes. Two of the

tested functionals are not recommended to be used for this type of study, in particular M08-SO and

M11-L, because M08-SO systematically overstabilizes the high spin state, and M11-L systematically

overstabilizes the low spin state.

1 Introduction

The mechanisms of reactions catalyzed by iron depend strongly
on the spin state,1,2 and our ability to understand and simulate

these reactions depends strongly on our ability to predict the
relative energetics of the relevant spin states accurately.3 Evaluating
the spin-state energetics should be very important for under-
standing exchange-enhanced reactivity.4–6 Fe(II) and Fe(III) com-
plexes are ubiquitous in nature and can be found in a number of
biological systems and as catalysts for a number of important
chemical and biological reactions.7,8 Iron-containing metal–
organic frameworks (MOFs) and zeolites in many instances
have interesting catalytic properties,9,10 and iron is also a
convenient metal for use in the templated self-assembly of
metal–organic cages.11–13

Of particular interest are the activation of dioxygenmediated by
iron complexes in these oxidation states14–17 and the temperature-
dependent transition from a low-spin state to a high-spin state
(‘‘spin crossover’’) for hexacoordinate iron complexes.18–20 The
higher oxidation states (IV, V and VI) of iron also exist or are
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proposed to exist and are implicated in reactions such as C–H
and C–C bond activation.9,21–26 The Fe(II) and Fe(III) oxidation
states are the more commonly occurring oxidation states in
many extended systems, such as iron-based MOFs27–30 and iron-
containing zeolites.31–33 The kind of chemistry exhibited by
these extended systems is governed by the nature of the ground
spin state for a single-state reactivity scenario, whereas in a
two-state reactivity scenario, crossing of spin surfaces can occur
during the course of a reaction leading to spin inversion, which
can play an important role in determining the rate of the
reaction.34,35 As such, the accurate prediction of the structures
and energies of the ground and excited spin states is a crucial
step toward understanding iron-catalyzed reactions.

It is essential to understand how well various electronic
structure methods perform in determining the ground spin state
of small or model systems before one applies these methods to
study the reactivity of open-shell biological systems and extended
materials such as iron-containing MOFs and zeolites. Many papers
show the success and failure of different exchange–correlation
functionals, dating back at least to the work of Trautwein and
coworkers.36 A review by Kepp37 reported on the influence of
zero-point enthalpy, entropy, free energy, solvation, relativity and
dispersion energy on the spin state splittings. In the present work,
we study the electronic structures of Fe2+ ion, gaseous FeO and 14
iron complexes, each of which has six ligands coordinated to the
metal center. Theoretical calculations using Kohn–Sham density
functional theory (KS-DFT) for some of these complexes have been
reported in the literature by several groups,37–48 and the present
work extends those studies by including more complexes and
newer density functionals.

The accuracy of predictions made by KS–DFT depends strongly
on the exchange–correlation functional, and this is especially
true for predicting the ground spin state of open-shell systems
containing transition metals. The choice of a functional for
practical studies of a given system and a given property is made
in part on the basis of previous validations and also on the basis
of the functional’s ingredients, which in practice influence its
accuracy and computational cost. Local functionals (which are
functionals without Hartree–Fock (HF) exchange and without
nonlocal correlation) have relatively low computational cost, but
they suffer from self-interaction errors and are known to often
overstabilize low-spin states.49–52 Definitive analysis of this
tendency is complicated though by the change in angular shape
of the orbitals that may accompany spin changes, which couples
errors in exchange energy to errors in describing orbitals of
different angular momentum or shape.53–56 Hybrid functionals
substitute a percentage of local exchange by HF exchange, and
this eliminates some of the self-interaction error.57 This
improved treatment of self-interaction is achieved at the expense
of increased computational costs for large systems, thus limiting
the size of the systems that can be studied. Furthermore, hybrid
functionals are not necessarily more accurate. Whereas local
functionals produce overly delocalized charge distributions,
high-HF exchange favors overly localized charge distributions.
Computed properties often depend on the amount of HF
exchange in a hybrid functional, and spin-state splittings can

vary especially significantly with the percentage of HF exchange.
As a pertinent example, Reiher et al.58–61 and other workers40,62

have noted that 15–30% HF exchange is optimum for predicting
the relative energy orderings of the high- and low-spin states of
some transition metal complexes for the exchange–correlation
functionals they studied; however, in other work, good results
were obtained43,45,60,63–65 with the local OPBE,66,67 OLYP66,68

and RPBE69 functionals, although in ref. 70 both hybrid and
local functionals were found to predict similar ground-state
spins, but with hybrid functionals having a greater tendency
to favor high-spin states. In a recent study,47 B2-PLYP,71 which is
a doubly hybrid functional with 53% HF exchange and 27%
nonlocal correlation, was shown to predict spin-state splitting
energies well. Although the percentage of HF exchange needed
to obtain agreement between experiment and computation
varies with the transition metal and the ligand, increasing the
percentage too much can overstabilize the high-spin states.
Also, HF exchange brings in static correlation error, resulting
in unsatisfactory predictions for systems with intrinsically multi-
configurational wave functions.72 Yet another complication is
that although high HF percentages favor high-spin states, corre-
lation energy favors low-spin states with more doubly occupied
orbitals, so when one compares functionals differing in both
exchange and correlation functionals, one cannot easily disentangle
the contributions. For this and other reasons (e.g., exchange
functionals differ in the dependence of their local part on spin
densities, spin density gradients, and sometimes local kinetic
energy, as well as differing in the percentage of HF exchange),
one must consider the exchange–correlation functional as a
whole, and not just the amount of the HF exchange.73 In the
present work, a variety of density functionals including ones
recently developed in our group, are examined to learn how well
they predict the ground spin state of Fe2+ atomic ion, FeO diatomic
and 14 polyatomic iron complexes with the iron ion spanning
three oxidation states.

Two wave function theory (WFT) approaches that can be used
as benchmarks for density functional calculations are diffusion
Monte Carlo (DMC)74,75 and the complete active space second
order perturbation theory (CASPT2),76 although CASPT2 is sensitive
to the IPEA shift empirical parameter.77 Density matrix renormali-
zation group (DMRG) calculations78 and multiconfiguration pair-
density functional theory (MC-PDFT)79,80 are also efficient and
promising methods for spin-state energetics in TM complexes.
Droghetti et al.39 previously reported the results of DMC calculations
on four Fe(II) complexes. They compared the results obtained with
DMC with those obtained with LSDA,94 BP86,81,82 B3LYP,68,81,83,100

PBE0101 and BHH83 exchange–correlation functionals. They found
that these functionals fail badly in quantitatively predicting the
energy differences between the high- and low-spin states of all four
studied iron complexes. The failure of these functionals was
attributed to either an underestimation of the exchange energy
(important for complexes with high-spin ground states) or to the
multiconfigurational character of the iron complexes (important for
complexes with low-spin ground states). The present work will
re-examine this kind of problem by considering more cases and
more density functionals. One often finds that local density
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functionals stabilize the low-spin state and hybrid density
functionals stabilize the high-spin state.49,51 In this work, we
test to see to what extent this is true and whether local functionals
(which are less expensive than hybrid functionals) perform as well
as hybrid functionals.

Considering CASPT2 as a benchmark level, Pierloot and
co-workers have examined this model for iron–heme
systems,84 as well as for various hexacoordinate compounds
including three of those considered here.44,64 In the case of the
heme compounds, CASPT2 was found to predict excellent spin
state energetics for Fe(III) but to systematically overstabilize the
high-spin states of the Fe(II) cases by about 5 kcal mol�1. Still
larger overstabilizations were observed with a number of
density functionals. In the hexacoordinate compounds, CASPT2
results were found to be accurate when reasonably complete
single-particle basis sets were employed, and the generally
excellent performance of OLYP was noted. Similarly, Isley
et al.65 noted good agreement between CASPT2 and OPBE
for various geometries of hexacoordinate Fe(II) pyridyl imine
complexes, adding to the number of reports of the OptX exchange
functional66 (which is abbreviated as ‘‘O’’ in OLYP and OPBE)
providing good accuracy for iron spin-state energetics.

This work is organized as follows. Section 2 describes the
iron complexes investigated in this work, Section 3 describes the
computational details of density functional and wave function based
methods used in this work, Section 4 discusses the results obtained
for the 14 iron complexes, and Section 5 concludes our work.

2 Structures

The 14 hexacoordinate iron complexes investigated in this work
are as follows; all 14 are shown in Fig. 1 and 2. Seven of them
are Fe(II) complexes—

1, [Fe(CO)6]
2+;

2, [Fe(CNH)6]
2+;

3, [Fe(NCH)6]
2+;

4, [Fe(NH3)6]
2+;

5, [Fe(H2O)6]
2+;

6, [Fe(bipy)3]
2+; and

7, Fe(amp)2Cl2.
Five are Fe(III) complexes—

8, [Fe(CO)6]
3+;

9, [Fe(CNH)6]
3+;

10, [Fe(NCH)6]
3+;

11, [Fe(NH3)6]
3+; and

12, [Fe([9]aneN3)2]
3+.

The last two are Fe(IV) complexes—
13, [Fe(O)(TMC)(MeCN)]2+ and
14, [Fe(O)(TMCS)]+.
Here, bipy stands for 2,20-bipyridine, amp stands for 2-(amino-

methyl) pyridine, [9]aneN3 stands for 1,4,7-triazacyclononane,
TMC stands for 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-
decane and TMCS stands for 1-mercaptoethyl-4,8,11-trimethyl-
1,4,8,11-tetraazacyclotetradecane.

For the Fe(II) complexes, the energies of the quintet, triplet
and singlet states were computed, and in some cases the septet

state was also computed; for the Fe(III) complexes, the energies
of sextet, quartet and doublet states were computed; and for the
Fe(IV) complexes, the energies of quintet and triplet states were
calculated. For the two Fe(IV) complexes studied here we
considered two conformations of the macrocyclic ring with
the two N–CH2–CH2–N groups in a parallel or crossed orientation.
These conformations are based on available crystallographic data
for the [Fe(O)(TMC)(MeCN)]2+ complex85 and two related oxoiron(IV)
complexes with TMC-based ligands.86,87 In the manuscript we
report spin state splitting energies for the lowest-energy conformers.
Relative energies of the high-energy conformers and representative
depictions of the conformations are given in Section 2 of the ESI.†

Complexes 6, 7 and 12 have served as challenging examples
of large molecular complexes for accurate predictions of spin state
splitting energies by KS-DFT in previous studies such as ref. 45.

3 Computational methods

KS-DFT was employed to calculate the electronic structure of
Fe2+ ion, gaseous FeO and 14 iron complexes, and WFT was
employed to treat nine of the 14 complexes. All calculations
were carried out for the gas-phase isolated molecules or ions.
The symmetry used in our calculations is CNv or C2v for FeO
(based on the maximum available symmetry operation in the
program used) and C1 for the 14 iron complexes.

KS-DFT

The density functional calculations on all the compounds were
performed with the Gaussian 0988,89 program and a locally modified
version90 of it. We used 20 exchange–correlation functionals, as
listed in Table 1. Table 1 also gives the types of the functionals,
the percentages X of HF exchange and the ref. 58, 66, 68, 81, 83
and 91–108. These functionals were selected for study for various

Fig. 1 The structures of iron complexes 1–5 and 8–11.
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reasons, including popularity and success in our previous56,104

tests, or those of others, as noted in the introduction.
The geometries were optimized for all the spin states using

an ultrafine grid (that has 99 radial shells around each atom,
each shell having 590 angular points) or a larger grid that has
96 radial shells around each atom, each shell having 32 points
in y and 64 points in f.

A triple-zeta basis set, def2-TZVP (valence-triple-zeta basis
set with polarization)109 was used in all cases except where

stated otherwise. For a few cases, ma-TZVP (where ma- denotes a
minimally augmented110 def2 basis set), ma-TZVPP,110 def2-
QZVP,109 ma-QZVP,110 def2-QZVPP,109 ma-QZVPP,110 cc-pVTZ,111

cc-pVTZ-DK,112 cc-pVQZ-DK,112 cc-pwCVTZ-DK112 and cc-pwCVQZ-
DK112 basis sets were also used, as noted in those cases. After
geometry optimizations, the stability of the single Slater deter-
minant wave functions were tested, and if found unstable,
allowed to converge to the most stable, possibly broken-
symmetry,51,113,114 solutions.88–90 Hessian analyses were per-
formed in order to confirm that all structures are minima on the
potential energy surfaces. A few cases had small imaginary frequen-
cies (o20i cm�1) corresponding to the methyl rotation of MeCN in
complex 13, and these low imaginary frequencies were ignored.

Only for FeO, spin-unrestricted DFT calculations were also
done usingMolpro version 2015.1.10115 in C2v symmetry with 10
of the 20 functionals tested in this work. In the radial part of
the integration grid the degrees of quadrature was set to 99 for
each atom and the convergence criterion for optimization was
set equivalent to that of Gaussian.

WFT

We computed the spin–orbit coupling116 terms for the nine
smallest Fe(II) and Fe(III) complexes. These calculations were
performed using Molpro version 2010.1.24115 and were single-
point calculations on the GAM/def2-TZVP optimized geometries.
State-averaged complete active space self-consistent field
(SA-CASSCF)117–123 calculations without spin–orbit coupling
were followed by state-interaction calculations,124–126 where the
spin–orbit eigenstates are obtained by diagonalizing Ĥel + ĤSO

(the subscript ‘‘el’’ labels the spin-free electronic Hamiltonian,
and the subscript ‘‘SO’’ indicates the spin–orbit interaction
Hamiltonian) in a basis of eigenfunctions of Ĥel for internal
configurations of the active space, and the contributions
of external configurations were approximated by mean-field

Fig. 2 The structures of iron complexes 6, 7 and 12–14.

Table 1 Density functionals tested

Functional Typea Xb Ref.

GVWN5c LSDA 0 91–94
BLYP GGA 0 68 and 81
PBE GGA 0 67
OPBE GGA 0 66 and 67
OLYP GGA 0 66 and 68
N12 NGA 0 95
GAM NGA 0 96
M06-L MGGA 0 97
M11-L Range-separated MGGA 0 98
MN15-L MNGA 0 99
B3LYP* Hybrid GGA 15 58
B3LYPd Hybrid GGA 20 68, 81, 83 and 100
PBE0e Hybrid GGA 25 101
B97-3 Hybrid GGA 26.93 106
M06 Hybrid MGGA 27 103
PW6B95 Hybrid MGGA 28 107
SOGGA11-X Hybrid GGA 35.42 102
MPW1B95 Hybrid MGGA 31 105
MN15 Hybrid MNGA 44 104
M08-SO Hybrid MGGA 56.79 108

a Abbreviations: local spin-density approximation (LSDA), generalized
gradient approximation (GGA), nonseparable gradient approximation
(NGA), meta-GGA (MGGA), meta-NGA (MNGA). b X denotes the percentage
of HF exchange. c The keyword for this method is SVWN5 in Gaussian 09
and LDA in Molpro. d The keyword for this method is B3LYP in Gaussian
09 and B3LYP3 in Molpro. e The keyword for this method is PBE1PBE in
Gaussian 09 and PBE0 in Molpro.
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one-electron Fock operator. The correlation-consistent polarized
double-zeta basis set, cc-pVDZ111,127 was used in these spin–orbit
calculations. Two cases, quintet [Fe(CNH)6]

2+ and doublet
[Fe(CNH)6]

3+, were tested using a larger basis set, cc-pVTZ. The
spin–orbit couplings changed by no more than a few wave-
numbers as compared to the cc-pVDZ basis set results. Hence all
spin–orbit coupling values reported in this work are with the
cc-pVDZ basis set. The active space used for the Fe(II) complexes
includes six electrons in five 3d orbitals (6/5), and the active
space used for the Fe(III) complexes includes five electrons in
five 3d orbitals (5/5). Thus, we placed six electrons in the five d
orbitals of Fe(II) and five electrons in the five 3d orbitals of
Fe(III), respectively. The symmetry was turned off during the
SA-CASSCF calculations, wherein initially five equally weighted
states were investigated. This was followed by increasing the
number of states to 10 and 20 equally weighted states for
doublet Fe(III) complexes as described in Section 4.2. For the
nine complexes, the energy splitting between two spin states is
also calculated by adding the spin–orbit coupling energy for
each complex to its total electronic energy.

4 Results and discussion

Although solvation and other environmental effects can be
important in condensed-phase studies, the present study is
based entirely on gas-phase calculations. Although solvation
would change the quantitative values of spin splittings, it is not
expected to change our major conclusions.

4.1 Performance of exchange–correlation functionals without
including spin–orbit coupling

In Table 2, the spin-state splitting energies for the Fe2+ ion are
presented and compared to the experimental128 values.

In Table 3, spin-state splitting energies, harmonic frequencies,
bond lengths and dipole moments of gaseous FeO are presented
and compared to experimental data where available. Table 4
presents splitting energies and bond lengths for 10 functionals
calculated in Molpro. In some cases these results differ slightly
from those in Table 3; this is because Gaussian 09 allows spatial
symmetry breaking to achieve a stable solution, while in Molpro
the spatial symmetry is maintained during the calculation.

In Tables 5–7, we show the calculated spin-state splitting
energies of Fe(II), Fe(III) and Fe(IV) complexes, respectively. Note
that for each structure, the geometries of the different spin
states are separately optimized for every spin state, and hence
the reported values are the adiabatic (not the vertical) electronic
energy splittings. In the absence of experimental values of spin-
state splitting energies, Tables 5–7 contain the reference ground
spin states,39,43,129–132 and their last columns give the number of
correct predictions of the ground state for each density functional.

This section considers only calculations without spin–orbit
coupling.

4.1.1 Fe2+ ion. Monatomic ions present unique issues that
molecules without degeneracies do not have, but they also
provide challenges that should not be ignored.

The calculated quintet states are pure spin states as indicated
by hS2i value of 6.0 with all 20 functionals. With a few functionals,
we switched orbitals and found that the total electronic energy is
unaffected by how the only beta electron is paired with any of the
five alpha electrons.

The calculated triplet states are not pure spin states as
indicated by hS2i values lying in the range 2.73–3.00 for all
20 functionals. The Slater determinants of SVWN5 (intermediate
hS2i value) and MN15 (highest hS2i value) were used as initial
guesses for the MN15-L (lowest hS2i value) calculation. We found
that the Slater determinants of SVWN5 and MN15 are similar to
each other, and that of MN15-L is different from them, but the
final energies of the MN15-L calculations obtained with and
without SVWN5 and MN15 Slater determinants as initial guesses
are the same due to the use of ‘‘stable = opt’’ option in Gaussian
09. As discussed above, in all cases we used the ‘‘stable = opt’’
option in Gaussian 09. In addition, we often try more than one
initial guess. The energy we quote is always the variationally
lowest energy for that spin state and that functional, and this
provides a consistent way to do the comparisons, as discussed
in a previous paper.56

The calculated singlet states also are not pure spin states as
indicated by hS2i values lying in the range 1.83–1.98 for all 20
functionals. But again the energy we quote is always the
variationally lowest energy for that spin state and that functional,
and this again provides a consistent way to do the comparisons.

Table 2 shows that all functionals except M11-L correctly
predict the ground spin state of the Fe2+ ion to be quintet.
However, if we compare the magnitude of Esinglet � Equintet
splittings to experiments, most of the functionals significantly
deviate from the experimental values, significantly underestimating
the spin-state splitting energies. Of the functionals tested, the GAM

Table 2 Calculated and experimental spin-state splitting energiesa

(kcal mol�1) of the Fe2+ ion

Functional Esinglet � Equintet Etriplet � Equintet Esinglet � Etriplet

GVWN5 59.9 44.2 15.7
BLYP 42.1 34.6 7.5
PBE 46.7 38.0 8.7
OPBE 62.8 48.9 13.9
OLYP 59.1 45.7 13.4
N12 42.0 34.6 7.4
GAM 80.7 58.6 22.1
M06-L 48.0 44.8 3.2
M11-L �19.5 7.9 �27.4
MN15-L 94.5 72.2 22.3
B3LYP* 46.6 37.7 8.9
B3LYP 46.4 37.8 8.6
PBE0 50.6 41.3 9.3
B97-3 49.1 39.3 9.8
M06 73.1 47.5 25.6
PW6B95 50.6 39.7 10.9
SOGGA11-X 56.7 44.2 12.5
MPW1B95 54.1 42.1 12.0
MN15 28.9 28.7 0.2
M08-SO 51.0 42.6 8.4
Expt.b 85.6 56.1 29.5

a Spin–orbit coupling was not included in calculating spin-state
splitting energies. b Experimental values are taken from ref. 128, where
the spin-split energies were converted back to spin-free representation.
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value of 80.7 kcal mol�1 is closest to experiments, and is off from
experiment by 4.9 kcal mol�1. We note, however, that the primary
source of error in most of the functionals appears to be associated
with the highest-energy spin state, the singlet, as the triplet–
quintet splitting is predicted by most functionals to be in the
40–50 kcal mol�1 range, which is in considerably better agree-
ment with the experimental value of 56.1 kcal mol�1. Again,
here, GAM gives the best agreement with experiments differing
by only 2.5 kcal mol�1 from it. Evidently, all functionals over-
stabilize lower spin states compared to higher spin states for

this atomic ion, with the effect being most profound for the
singlet.

Monatomic ions with a given oxidation state, in this case
oxidation state 2, are not necessarily representative of that
oxidation state in polyatomic molecules or ions, and we next
turn to polyatomic molecules and ions for cases more relevant
to practical applications.

4.1.2 Gaseous FeO. FeO is the simplest molecule in which
Fe is in oxidation state 2. In Table 3, spin splittings (in kcal
mol�1), bond lengths (in Å), harmonic frequencies (in cm�1)
and dipole moments (in D) of FeO are presented. Since there is
more than one quintet state of FeO, we present the two lowest
energy quintets as shown by experiments, in particular, the 5D
and 5S states. For some of the functionals (especially the local
functionals), the 5S state could not be determined, and for
those functionals only the 5D state is presented. The experimental
bond lengths for these two states in the table are re values
obtained from the corresponding r0 values, and the procedure
to extract re from r0 is described in detail in the ESI.†

For the functionals for which the 5S state could be determined,
the calculated bond lengths increase (re) as one goes from

5D to 5S
to 7S state (with the exception of M08-SO), and the calculated
dipole moments decrease in the same order. The functionals that
predict the best re values for the

5D state of FeO are BLYP, GAM,
M06-L, MN15-L, SOGGA11-X, B97-3 and M06, where the difference
from experiments is within 0.010 Å. The geometry of the 7S state
is not available from experiments, but multireference WFT
calculations by Sakellaris et al.133 predict that the Fe–O bond
for the septet state is longer than that of both the quintet states,

Table 3 Calculated and experimental equilibrium bond lengths (re in Å), dipole moments (m in D), harmonic frequencies (o in cm�1), and spin splittings
(DE in kcal mol�1) of FeO. These calculations are carried out with Gaussian 09, and the spin-state splitting energiesa of the quintet (5S) and the septet (7S)
states are computed with respect to the 5D state

Functional

5D (3ds3dp23dd3) 5Sb (3ds23dp23dd2) 7S (3ds3dp23dd24ss)

re m o re m o DE re m o DE

GVWN5 1.580 4.19 971 — — — — 1.657 2.05 867 27.0
BLYP 1.618 4.35 895 — — — — 1.705 2.23 775 28.3
PBE 1.604 4.29 920 — — — — 1.685 2.12 812 25.1
OPBE 1.591 4.48 931 — — — — 1.667 1.96 836 19.2
OLYP 1.607 4.52 902 1.637 3.85 875 11.4 1.686 2.09 798 22.9
N12 1.593 4.53 930 — — — — 1.680 1.95 782 33.1
GAM 1.618 4.11 873 1.638 3.77 869 6.9 1.687 2.32 784 18.0
M06-L 1.614 4.39 918 1.627 3.94 925 6.8 1.681 2.55 828 20.2
M11-L 1.570 4.89 981 — — — — 1.659 2.23 810 40.4
MN15-L 1.612 4.57 937 1.622 3.93 950 4.5 1.670 2.86 873 8.0
B3LYP* 1.606 4.92 915 1.628 4.22 916 10.3 1.681 2.50 820 23.4
B3LYP 1.608 5.13 910 1.627 4.38 922 10.2 1.679 2.60 821 22.0
PBE0 1.598 5.27 922 1.615 4.54 949 12.3 1.660 2.63 864 17.2
B97-3 1.611 5.53 899 1.623 4.64 930 8.5 1.668 2.71 843 21.9
M06 1.610 5.59 925 1.616 4.17 950 �5.5 1.666 2.71 867 17.6
PW6B95 1.603 5.39 912 1.618 4.56 941 10.1 1.665 2.67 845 20.0
SOGGA11-X 1.611 5.87 899 1.611 4.82 970 4.2 1.660 2.91 869 17.2
MPW1B95 1.600 5.49 916 1.614 4.60 954 9.7 1.658 2.71 864 18.0
MN15 1.597 5.61 942 1.614 4.62 949 6.6 1.656 2.41 878 19.2
M08-SO 1.638 6.51 861 1.622 5.39 954 1.7 1.668 3.26 870 11.2

Expt. 1.618c 4.50d 882e 1.625f — 800e (881)f 11.6e (5.9)g — — 877e 3.3e (14.2)g

a Spin–orbit coupling was not included in calculating spin-state splitting energies. b The 5S state was not determined for some of the functionals.
c r0 value is using rotational spectroscopy (ref. 156), and converted to re as described in the ESI. d Ref. 157. e Ref. 158. f r0 value is using rotational
spectroscopy (ref. 159), and converted to re as described in the ESI. g Ref. 160.

Table 4 Calculated bond lengths (re in Å) and spin splittings (DE in kcal
mol�1) of FeO using 10 density functionals in Molpro. The spin-state
splitting energiesa of the quintet (5S) and the septet (7S) states are
computed with respect to the 5D state

Functional

5D 5S 7S

re re DE re DE

GVWN5b 1.580 1.607 10.8 1.657 27.0
BLYP 1.618 1.645 11.1 1.705 28.3
PBE 1.604 1.632 13.4 1.685 25.1
M06-L 1.606 1.626 7.3 1.673 20.7
M11-L 1.591 1.611 30.9 1.685 41.2
B3LYPc 1.608 1.627 10.2 1.679 22.0
PBE0 1.598 1.615 12.2 1.660 17.1
M06 1.601 1.610 �4.8 1.654 18.3
SOGGA11-X 1.611 1.611 4.2 1.660 17.2
M08-SO 1.620 1.621 2.1 1.666 11.6

a Spin–orbit coupling was not included in calculating spin-state split-
ting energies. b The keyword for this method is SVWN5 in Gaussian 09
and LDA inMolpro. c The keyword for this method is B3LYP in Gaussian
09 and B3LYP3 in Molpro.
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which is in agreement with all the KS-DFT calculations in this
work. The difference in experimental bond lengths of the 5D and
5S states is 0.006 Å, indicating that there is a negligible
difference in their bond lengths, which is similar to what is
predicted by all the functionals here, where we find that the
maximum difference in bond lengths for the two states is no
more than 0.030 Å (obtained with OLYP). The experimental
dipole moment is available only for the 5D state of FeO and the
top five functionals that agree with the experimental value of
4.50 D are OPBE, OLYP, N12, M06-L and MN15-L.

If we compare spin-state splitting energies we find that all
functionals predict the ground spin state to be a quintet, which
agrees with experiments.134 The calculated values show that 5D

is the ground state for all the functionals except M06, which
predicts 5S as the ground state. According to the experimental
values reported by Drechsler et al.,158 the 7S state is next
higher in energy after the 5D state, and the excitation energy
is 3.3 kcal mol�1. In comparison to their experiment, we find
that all functionals overestimate the energy of the 7S state with
respect to the 5D state and predict the 7S state to be at least
8.0 kcal mol�1 (obtained with MN15-L) higher in energy than
the 5D state. Moreover, from these experiments, the 5S state is
higher in energy than the 7S state, but the functionals that
predicted the existence of the 5S state all show an opposite
trend. However, a more recent experiment by Kim et al.160

reassigned the states and found that the 5S state is lower in

Table 5 Calculated spin-state splitting energiesa (kcal mol�1) of seven Fe(II) complexes

Functional Stateb 1 [Fe(CO)6]
2+ 2 [Fe(CNH)6]

2+ 3 [Fe(NCH)6]
2+ 4 [Fe(NH3)6]

2+ 5 [Fe(H2O)6]
2+ 6 [Fe(bipy)3]

2+ 7 Fe(amp)2Cl2

Number of
correct
predictions

GVWN5 Triplet 76.8 80.5 42.5 23.6 5.9 40.6 21.1 4/7
Quintet 119.2 129.9 56.8 25.2 �7.9 60.0 31.8

BLYP Triplet 47.6 53.0 21.5 9.4 �0.1 22.9 9.5 4/7
Quintet 64.4 76.1 18.6 1.1 �20.3 25.8 5.6

PBE Triplet 57.4 62.3 25.4 10.6 �0.5 26.2 10.9 4/7
Quintet 80.3 91.4 23.8 1.2 �23.0 30.9 8.5

OPBE Triplet 59.9 64.7 20.0 �4.9 �8.6 19.8 5.6 6/7
Quintet 75.3 87.1 6.3 �18.7 �44.2 13.5 �7.6

OLYP Triplet 48.9 54.5 15.6 �4.5 �7.8 16.8 3.7 6/7
Quintet 57.6 70.4 0.8 �18.0 �41.1 8.9 �10.7

N12 Triplet 61.8 67.5 30.9 17.2 4.4 31.3 16.7 4/7
Quintet 91.8 104.3 37.8 17.3 �9.0 43.1 21.0

GAM Triplet 38.5 44.5 7.1 �4.1 �14.1 10.0 �4.6 6/7
Quintet 35.4 48.3 �19.9 �35.0 �58.7 �8.6 �28.7

M06-L Triplet 41.4 46.4 17.9 8.7 �0.1 21.1 7.0 6/7
Quintet 43.3 53.5 2.8 �10.6 �30.5 11.3 �8.9
Septetc 136.1 137.8 86.1 95.2 82.4

M11-L Triplet 60.8 65.0 46.3 37.0 31.8 47.4 34.4 3/7
Quintet 88.0 97.5 63.6 50.7 39.5 69.2 49.0

MN15-L Triplet 34.9 40.8 8.0 0.1 �10.9 14.3 �1.6 6/7
Quintet 20.3 32.0 �24.4f �34.2 �57.6 �9.1 �30.8

B3LYP* Triplet 38.7 45.0 15.5 6.8 �1.3 17.0 5.3 6/7
Quintet 42.9 56.1 4.2 �8.0 �26.2 10.2 �8.1

B3LYP Triplet 32.6 39.2 12.1 4.9 �1.8 13.6 11.5 7/7
Quintet 30.8 44.2 �3.1 �12.6 �28.2 2.6 �14.1

PBE0 Triplet 35.9 42.4 10.9 3.1 �3.0 12.6 1.7 6/7
Quintet 31.9 45.7 �8.6 �19.2 �33.2 �2.1 �19.6

B97-3 Triplet 27.4 34.4 7.3 1.8 �3.8 9.6 0.6 6/7
Quintet 17.8 31.9 �13.9 �20.6 �34.1 �7.3 �22.4

M06 Triplet 29.2 35.9 7.4 0.1 �10.5 10.5 �1.7 6/7
Quintet 22.9 36.1 �13.2 �22.8 �45.1 �5.3 �24.2

PW6B95 Triplet 32.1 39.0 12.0 5.9 �2.2 14.5 3.7 7/7
Quintet 27.7 41.5 �4.6 �12.4 �29.7 2.9 �14.3

SOGGA11-X Triplet 22.1 28.6 6.1 2.1 �3.6 8.4 �0.1 6/7
Quintet 7.7 20.3 �17.9 �22.7 �36.2 �12.1 �26.6

MPW1B95 Triplet 32.7 39.5 11.7 5.5 �2.9 14.4 3.3 7/7
Quintet 26.9 40.9 �6.3 �14.6 �32.3 1.2 �16.3

MN15 Triplet 28.5 35.9 4.6 �2.9 �2.4 9.1 �4.0 7/7
Quintet 33.1 47.7 �4.3 �14.2 �23.0 5.9 �13.5

M08-SO Triplet 3.5 10.0 �8.2 �10.6 �9.9 �4.2 �10.8 4/7
Quintet �19.3 �6.8 �38.9f �41.3 �46.7 �29.4 �42.9

Reference ground spin state Singletd Singlete Quintetd Quintetd Quintetd Singletg Quinteth

a Spin–orbit coupling was not included in calculating spin-state splitting energies for this table. b If this column says triplet, the row shown is
Etriplet � Esinglet, if this column says quintet, the row shown is Equintet � Esinglet, and if this column says septet, the row shown is Eseptet � Esinglet.
c The septet state was calculated only for complexes 1–5 with the M06-L exchange–correlation functional. d The reference ground spin state is
based on diffusion Monte Carlo (DMC) calculations reported in ref. 39. e The reference ground spin state is based on approximations from ligand-
field theory. f The most stable wave function could not be obtained. g The reference ground spin state is based on best experimental estimate
reported in ref. 43. h The reference ground spin state is based on experimental investigations in ref. 129.
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energy than the 7S state, which is in agreement with the
prediction of all the functionals. Furthermore the theoretical
excitation energies agree better with the newer experiment than
with the older one.

As mentioned above, there are some local functionals for
which the 5S state was not calculated with Gaussian 09. To
calculate these states we used Molpro, which allows specification
of irreducible representations of C2v symmetry for FeO. The
results for ten of the functionals are given in Table 4. The
conclusions from Table 4 are similar to what has been already
discussed.

4.1.3 Hexacoordinate Fe complexes. In Table 5, the energy
splittings of seven hexacoordinate Fe(II) complexes are presented.
We see that for complexes [Fe(CO)6]

2+ and [Fe(CNH)6]
2+, all

density functionals correctly predict the ground spin state to be
a singlet, except for M08-SO, which predicts quintet to be ground
spin state. It appears that the overstabilization of the quintet spin

state by the M08-SO functional may be attributed to its high
percentage of HF exchange (56.79%), and in fact functionals with
this high amount of HF exchange were not originally intended for
use on transition metals (although this functional is included
here to illustrate the kind of performance one can obtain with
high HF exchange because it turns out56,104 that sometimes
functionals with high HF exchange can give useful results for
transition metals). For [Fe(NCH)6]

2+, the ground spin state is a
quintet, which is correctly predicted by two of the local functionals,
GAM and MN15-L, and by all hybrid functionals except B3LYP*.
For [Fe(NH3)6]

2+ and Fe(amp)2Cl2, the ground spin state is again a
quintet, which is correctly predicted by three local functionals,
namely GAM, M06-L and MN15-L, and by all hybrid functionals.
For [Fe(H2O)6]

2+, all functionals except for M11-L correctly predict
the quintet to be the ground spin state. For the [Fe(bipy)3]

2+

complex, all the local functionals except GAM and MN15-L
correctly predict it to possess a singlet ground state. This means

Table 6 Calculated spin-state splitting energiesa (kcal mol�1) of five Fe(III) complexes

Functional Stateb 8 [Fe(CO)6]
3+ 9 [Fe(CNH)6]

3+ 10 [Fe(NCH)6]
3+ 11 [Fe(NH3)6]

3+ 12 [Fe([9]aneN3)2]
3+

Number of
correct predictions

GVWN5 Quartet 50.7 60.1 27.9 �39.8 28.6 3/5
Sextet 78.2 96.7 34.6 �30.0 41.8

BLYP Quartet 27.4 36.7 13.6 11.0 17.9 3/5
Sextet 38.0 55.3 9.0 13.9 24.1

PBE Quartet 33.8 43.2 15.6 11.5 19.0 3/5
Sextet 47.1 65.0 11.2 13.6 25.1

OPBE Quartet 29.4 40.2 7.5 1.6 10.3 5/5
Sextet 32.5 52.8 �8.7 �7.1 7.1

OLYP Quartet 21.9 32.6 5.1 1.3 9.2 5/5
Sextet 22.3 42.0 �11.4 �6.4 6.4

N12 Quartet 39.9 50.1 22.6 19.2 25.9 3/5
Sextet 61.3 80.5 27.1 30.4 38.5

GAM Quartet 11.2 21.6 �5.3 �8.1 �1.0 4/5
Sextet 2.2 20.6 �33.9 �25.5 �11.6

M06-L Quartet 17.5 25.9 5.4 5.4 11.5 5/5
Sextet 8.7 24.2 �19.5 �11.1 3.9

M11-L Quartet 49.7 57.5 43.5 40.7 45.6 3/5
Sextet 68.6 84.0 52.3 53.4 65.6

MN15-L Quartet 3.8 14.1 �10.1 �10.2 �0.5 2/5
Sextet �20.5 �3.0 �53.4 �41.1 �18.7

B3LYP* Quartet 20.5 29.7 9.3 7.4 13.9 4/5
Sextet 22.5 39.8 �2.2 3.4 16.7

B3LYP Quartet 16.5 25.4 6.9 7.5 11.7 5/5
Sextet 14.3 31.3 �7.9 �1.5 11.7

PBE0 Quartet 16.6 26.0 4.8 2.9 9.5 5/5
Sextet 11.1 28.8 �14.5 �8.7 5.5

B97-3 Quartet 11.5 20.6 2.7 1.6 8.0 5/5
Sextet 2.9 19.8 �18.1 �10.9 2.9

M06 Quartet 8.4 17.5 �2.8 �2.8 3.3 3/5
Sextet �2.7 14.3 �30.0 �21.2 �6.6

PW6B95 Quartet 15.9 24.9 6.4 5.3 12.5 5/5
Sextet 11.8 28.9 �10.1 �3.4 11.7

SOGGA11-X Quartet 8.4 16.6 0.5 0.1 6.2 3/5
Sextet �4.7 11.0 �25.0 �17.0 �3.2

MPW1B95 Quartet 15.3 24.4 5.3 4.0 11.5 5/5
Sextet 9.2 26.7 �13.3 �6.9 8.7

MN15 Quartet 16.5 25.5 5.1 4.8 12.1 4/5
Sextet 24.6 42.6 �0.6 6.2 21.6

M08-SO Quartet �5.0 2.6 �10.6 �10.6 �5.1 2/5
Sextet �24.8 �9.0 �43.5 �34.6 �20.5

Reference ground spin state Doubletc Doubletc Sextetc Sextetc Doubletd

a Spin–orbit coupling was not included in calculating spin-state splitting energies for this table. b If this column says quartet, the row shows Equartet
� Edoublet, and if this column says sextet, the row shows Esextet � Edoublet.

c The reference ground spin state is based on approximations from ligand-
field theory. d The reference ground spin state is based on experiments in ref. 130.
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that even though GAM and MN15-L are local functionals, they
have a tendency to stabilize the quintet state. Overall we find
that the hybrid functionals, B3LYP, PW6B95, MPW1B95 and
MN15 correctly predict the ground spin state of all seven Fe(II)
complexes, and five local functionals, OPBE, OLYP, GAM, M06-L
and MN15-L and five hybrid functionals, B3LYP*, PBE0, B97-3,
M06 and SOGGA11-X, predict the correct spin state for six out of
seven complexes.

In Table 6, the energy splittings of five hexacoordinate Fe(III)
complexes are shown. Table 6 shows that [Fe(CO)6]

3+ and
[Fe(CNH)6]

3+ are doublets, and all local functionals except MN15-
L predict their correct spin state. All hybrid functionals except
SOGGA11-X, M06 and M08-SO correctly predict it to be doublet for
[Fe(CO)6]

3+ and all hybrid functionals except M08-SO correctly
predict [Fe(CNH)6]

3+ to be doublet. The complex [Fe(NCH)6]
3+ has

a sextet ground state, and this is correctly predicted by the OPBE,
OLYP, GAM, M06-L and MN15-L local functionals, and by all the
hybrid functionals. The complex [Fe(NH3)6]

3+ is also a sextet, and
again the OPBE, OLYP, GAM, M06-L and MN15-L local functionals
correctly predict that, while the only hybrid functionals that do not
predict it correctly are B3LYP* and MN15. The [Fe([9]aneN3)2]

3+

complex is a doublet, and only the GAM and MN15-L local
functionals and the M06, SOGGA11-X and M08-SO hybrid
functionals are not able to predict the correct ground spin
state. For the five Fe(III) complexes overall, the OPBE, OLYP and
M06-L local functionals and the B3LYP, PBE0, B97-3, PW6B95
and MPW1B95 hybrid functionals predict the correct ground
spin state for all complexes.

Iron(IV)–oxo complexes have been demonstrated to show
both hydrogen atom transfer (HAT) and oxygen atom transfer
(OAT) reactivity, as for example demonstrated by Sastri et al. for a
series of synthetic nonheme TMC-based Iron(IV)–oxo complexes.135

This type of reactivity has been rationalized with the two-state
reactivity principle34,35 for non-heme Fe(IV)–O complexes bearing
ligands of the TMC family,135–137 leading to a situation where the
accurate prediction of spin-state splitting energies is crucial to the
computational analysis of reactivity. The two-state reactivity model
has been associated with non-heme Fe(IV)–O complexes which
possess a triplet ground spin state, which is the most commonly
encountered spin state for synthetic model complexes of this
type,138,139 as reactions proceeding on the high-spin surface
benefit from exchange enhanced reactivity.140,141 For our
study here, we selected the structurally related complexes
[FeIV(O)(TMC)(MeCN)]2+ and [FeIV(O)(TMCS)]+, which differ in
having the ligand trans to the oxo atom being a solvent molecule
(MeCN) or a thiolate that is tethered to the TMC backbone,
because their spin ground states have been unequivocally
determined to be triplets by Mössbauer spectroscopy.85,131 Previous
computational studies have shown that the correct prediction of the
spin ground state has proven challenging for the [FeIV(O)(TMCS)]+

complex.135–137,142,143 Table 7 shows that all the local functionals
except OPBE, OLYP, GAM, M06-L and MN15-L correctly predict
[Fe(O)(TMCS)]+ to possess a triplet ground spin state, but we
note that (of course) getting the state-energy splitting right does
not guarantee a functional can model the reactivity, ionization
potential, dipole moment, or any other property of iron(IV)–oxo
complexes.141,144 B3LYP*, PW6B95 and MN15 are the only
hybrid functionals that correctly predict the triplet to be
lower in energy than the quintet, but only by a small amount
(o2 kcal mol�1). We find that more functionals predict the
[Fe(O)(TMC)(MeCN)]2+ complex to be a triplet than is the case
for [Fe(O)(TMCS)]+, as might be expected given the stronger
ligand field associated with the former complex compared to
the latter.

Table 7 Calculated spin-state splitting energiesa Equintet � Etriplet (kcal mol�1) of two Fe(IV) complexes

Functional 13 [Fe(O)(TMC)(MeCN)]2+ 14 [Fe(O)(TMCS)]+ Number of correct predictions

GVWN5 23.1 18.3 2/2
BLYP 12.0 7.2 2/2
PBE 12.9 8.3 2/2
OPBE 2.9 �1.8 1/2
OLYP 2.3 �3.1 1/2
N12 19.9 15.5 2/2
GAM �4.8 �11.8 0/2
M06-L 3.4 �2.1 1/2
M11-L 35.9 32.7 2/2
MN15-L �9.5 �16.2 0/2
B3LYP* 7.0 1.8 2/2
B3LYP 4.3 �1.0 1/2
PBE0 1.6 �3.6 1/2
B97-3 �0.3 �5.8 0/2
M06 �5.6 �12.5 0/2
PW6B95 5.5 0.4 2/2
SOGGA11-X �4.2 �9.5 0/2
MPW1B95 4.2 �0.9 1/2
MN15 6.1 0.3 2/2
M08-SO �16.1 �20.6 0/2

Reference ground spin state Tripletb Tripletc

a Spin–orbit coupling was not included in calculating spin-state splitting energies. A positive value of Equintet � Etriplet indicates that the triplet state
is the ground spin state. b The reference ground spin state is based on experiments in ref. 85. c The reference ground spin state is based on
experiments in ref. 131.
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One of the NGA functionals used in this work, N12, predicts
the ground spin state of four of the seven Fe(II) complexes, three
of the five Fe(III) complexes and both the Fe(IV) complexes
correctly. In contrast, the other NGA, which is the more recent
GAM functional, which has the same functional form as N12,
but which has been optimized with smoothness constraints
with a larger set of transition metal data, gives correct predictions
for all of the Fe(II) and Fe(III) complexes except two, but not for the
two Fe(IV) complexes.

The use of hybrid GGAs (B3LYP, B3LYP*, PBE0 and SOGGA11-X)
does improve the predictions in Tables 5 and 6. This supports some
previous findings,58–62,145 which found that introduction of small
amounts of HF exchange (10–27%) can significantly improve the
prediction of the ground states of spin crossover complexes. The
spin-state splitting energies obtained by B3LYP and PBE0 are
quite similar to each other.

The introduction of kinetic energy density terms in meta
GGAs or meta NGAs allows one to reduce self-interaction energy
and self-correlation energy in regions dominated by a single
spatial orbital.107,146 The M06-L meta-GGA functional correctly
predicts the ground spin state of 12 of the 14 complexes, consistent
with its good performance in a previous145 study. Two of the
complexes, [Fe(NCH)6]

2+ and [Fe(O)(TMCS)]+, for which the
prediction of M06-L is not correct are discussed in greater detail
in Section 4.4. For these complexes, the spin splitting energies
from M06-L are small values (2.8 kcal mol�1 and –2.1 kcal mol�1,
respectively), and they are tested to understand the effect of the
basis set. In addition to the quintet, triplet and singlet states, we
calculated the septet state for complexes 1–5 in Table 5 with the
M06-L functional. This is because in Table 3, the experimental
data shows that the energy of the septet state of FeO is only
3.3 kcal mol�1 higher than the lowest quintet state (5D state).
Hence this motivated us to compute the septet state of complexes
1–5, and unlike FeO, all the five complexes give the energy of the
septet state to be much higher than the quintet state.

In contrast to the good results obtained with M06-L,
Tables 5–7 show that the M11-L meta-GGA functional gives a
positive splitting for every complex. With our sign convention,
this indicates that M11-L predicts the low-spin state (singlet for
Fe(II) complexes, doublet for Fe(III) complexes and triplet for
Fe(IV) complexes) to be more stable than the high-spin state in
all cases, and hence overstabilizes the low-spin state irrespective
of the ligand environment around the iron center. The most
recently developed meta-NGA functional that we study here is
MN15-L, has the same mathematical form as the earlier MN12-L
functional,147 but has been optimized with a larger database
and smoothness constraints. The MN15-L functional predicts
the correct spin state for only 8 complexes and heavily favors
high spin states. Thus the NGA, namely GAM, is more suitable
for studying spin crossover in iron complexes than the meta-NGA,
namely MN15-L.

We also used the M06, PW6B95, SOGGA11-X, MPW1B95,
MN15 and M08-SO functionals, which have kinetic energy
density terms and a nonzero percentage of HF exchange.
M08-SO gives correct predictions for only 6 out of 14 complexes
owing to overstabilization of high-spin state, M06 and SOGGA11-X

give correct predictions for 9 out of 14 complexes, and the more
recent functional MN15 and MPW1B95 give correct predictions
for 13 out of 14 complexes. The best performing functional is
PW6B95, which correctly predicts the ground spin state of all
14 complexes.

To summarize this section, we have found that three local
density functionals, namely OPBE, OLYP andM06-L, three hybrid
GGAs, namely B3LYP*, B3LYP and PBE0, the hybrid meta-NGA,
namely MN15, and two hybrid meta-GGAs, PW6B95 and
MPW1B95, show good performance in the prediction of the
ground spin states of the iron complexes. Note that OPBE, OLYP
and M06-L have no HF exchange and are less expensive than
hybrid functionals for calculations on very large systems.

4.1.4 Metal–ligand distances in different spin state
complexes. For the metal complexes studied here, the different
spin states affect the environment of the central atom and the
metal–ligand distances. The average of all six metal–ligand
distances (defined, e.g., as the metal–carbon distances for CO
ligands and as the metal–oxygen distances for water ligands),
were calculated for PW6B95 optimized geometries of three spin
states of two complexes – [Fe(H2O)6]

2+ and [Fe(CO)6]
2+. The

trend we found is the same as found previously,48 namely that
the high-spin states have longer metal–ligand distances than the
low-spin ones. Furthermore, the strong field ligands introduce
more significant changes formetal–ligand distances than the weak
field ligands. As examples, Table 8 shows the average metal–ligand
distances of [Fe(H2O)6]

2+ and [Fe(CO)6]
2+ complexes for their

quintet, triplet and singlet spin states, where the H2O ligands
are weak-field ligands and the CO ligands are strong-field ones.
In the case of CO ligands the average bond length difference
for singlet and quintet states is B0.4 Å, and this difference is
decreased to B0.1 Å for H2O ligands.

4.1.5 Molecular orbital (MO) diagrams of 3d spin–orbitals
of Fe(II) complexes. In textbook discussions of spin ground
states of octahedral complexes, one considers the splitting of a
fivefold degenerate d orbital manifold into e orbitals and t
orbitals by a crystal field or ligand field, with a large splitting by
strong-field ligands favoring low-spin states and a small splitting
by weak-field ligands favoring high-spin states.148,149 However this
picture does not mesh well with the description provided by
KS-DFT. A basic aspect of KS-DFT is that the electron density is
represented as the absolute square of a Slater determinant. As
pointed out by Görling,150 the Kohn–Sham Slater determinant
cannot in general be assigned to an irreducible representation
of the symmetry group of the system (in addition to the fact that
it does not correspond to a definite value of total electron spin).
This is not a failure of presently available exchange–correlation
functionals but rather a feature of how conventional Kohn–Sham

Table 8 Average metal–ligand distances (in Å) of [Fe(H2O)6]
2+ and

[Fe(CO)6]
2+ complexes in their quintet, triplet, and singlet spin states as

optimized by PW6B95/def2-TZVP

Complex Quintet Triplet Singlet

[Fe(H2O)6]
2+ 2.147 2.099 2.048

[Fe(CO)6]
2+ 2.310 2.128 1.938
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theory works, as disconcerting as it might be for those who wish
to use ideas ingrained from long usage of wave function theory.151

Therefore, to understand why the different exchange–correlation
functionals studied here lead to different predictions for the
ground-state spin state, we must work with spatial orbitals that
do not show the usually expected symmetries. For example, the
Kohn–Sham Slater determinant of Fe2+ monatomic ion does not
have fivefold degenerate d orbitals, and the splitting is a few eV,
which is not insignificant. Furthermore (and this aspect is already
familiar from unrestricted HF theory), the spatial orbitals and
spin–orbital energies for majority spins (a spins) differ from those
for minority spins (b spins). Therefore wemust look at spin–orbital
energies, not orbital energies, and we will do that.

To investigate the energy splitting of 3d spin–orbitals in the
central Fe atom of complexes in different spin states, we selected
for comparison a weak-field ligand complex, [Fe(H2O)6]

2+, and a
strong-field one, [Fe(CO)6]

2+. (In these cases we can identify the d
orbitals reasonably clearly from plots of the orbital amplitude
contours, but we note that in some other cases, for example
[Fe(bipy)3]

2+, the d orbitals show strong mixing with the ligand
orbitals, which complicates the analysis further.) We chose two
functionals: PW6B95, which predicts the energetic ground spin
state correctly for all 14 complexes, and M11-L, which has poor
performance for the prediction of which is the ground spin state.

Fig. 3 shows the a and b spin–orbital energies for all the
occupied and unoccupied d orbitals; the degenerate and nearly
degenerate energy levels are shown by multiple short lines, with
the energy level terms shifted horizontally simply for visibility if
terms are very close to each other. The gray dotted lines connect
matching a and b spin–orbitals. Below the orbital diagrams are
the relative total energies of the states (denoted DE) and also
the sum of the spin–orbital energies of the occupied d orbitals
(denoted by De(d)).

In the top left plot of Fig. 3 the d spin–orbital energy levels of
quintet, triplet and singlet spin states as calculated by PW6B95
are shown for [Fe(CO)6]

2+. Since CO is a strong-field ligand, the
ground spin state is singlet (see the DE values in the figure),
and the singlet state shows the usual picture, namely three
degenerate d orbitals that are doubly occupied, and two degenerate
d orbitals that are empty. To make the triplet, we move a b electron
from this state to an empty a orbital. The figure shows that this
action breaks both three-fold degeneracies and both two-fold ones.
To make the quintet, one promotes another b electron from this
state to an empty a orbital, which now breaks one of the two
remaining spin–orbital degeneracies; interestingly, the double
degeneracy in the a manifold remains. In the plot only the d
orbitals are shown, but we note that there are several p-type ligand
orbitals with orbital energies around �21 eV, so the 3d subshell
does not form a single contiguous block on a full spin–orbital
diagram. Fig. 3 makes it clear that we must consider the changes in
spin–orbital energies when the spin state changes, not just move
electrons in a diagram with fixed spin–orbital energies or fixed
orbital energies. The spin–orbital energies change in part because
there are new favorable exchange interactions among the a orbitals
when we increase MS and fewer favorable interactions in the b
manifold; and they also change because the geometry changes.

Furthermore, as complicated as the changes in spin–orbital
energies are, they still do not present a complete picture. To
illustrate this issue we approximated the difference in spin-
state energies as the difference in the sum of the occupied
spin–orbital energies of the d orbitals. This would give the
correct spin-state energy differences if two conditions were
fulfilled: (i) the total energies were equal to the sum of the
spin–orbital energies and (ii) the spin–orbital energies of the
other spin–orbitals did not change appreciably upon moving
electrons between the a and b manifolds of d orbitals. Detailed
examination of the calculations shows that neither of these
conditions is even close to being satisfied, and indeed the
figure shows that the sum of the d spin–orbital energies does
not even predict the correct direction of the energy change upon a
spin transition in the case of PW6B95 calculations on [Fe(CO)6]

2+

or for M11-L calculations on [Fe(H2O)6]
2+, although it does give

the correct signs of the energy differences for PW6B95 calculations
on [Fe(H2O)6]

2+. Based on these considerations and on those in the
previous paragraph, we conclude that the usual way of thinking
about spin-state energetic trends in terms of weak-field and
strong-field effects on d orbital energies is overly simplified.

If the two top MO diagrams, namely [Fe(CO)6]
2+ by PW6B95

and M11-L, are compared, one sees that the patterns of energy
levels are similar for singlet and quintet but not for triplet.
Perhaps more significantly, one also sees that in the case of
M11-L the range of d spin–orbital energies is compressed. In
particular, with M11-L the energy differences between the lowest-
and highest-energy occupied d spin–orbitals as well as between
the highest-energy occupied and the lowest-energy unoccupied d
spin–orbitals are about 2 eV smaller than those values by PW6B95.
The same compression is noticeable if one compares the bottom
left to the bottom right. Since the reason for the failing of theM11-L
functional is that it always predicts the ground spin state to be the
singlet (even when it should be a higher-spin state), the conven-
tional argument would have led one to expect a greater spread of
energies of the spin–orbitals for this functional. Thus orbital plots
like this do not even have a shred of usefulness in explaining the
spin state energetics or the trends among the functionals.

If we compare the two left-side MO diagrams, namely those
for [Fe(CO)6]

2+ and [Fe(H2O)6]
2+ by PW6B95, then the patterns

of the energy levels are similar for all three spin states, but in
the case of [Fe(H2O)6]

2+ the presence of orbital degeneracies is
decreased compared to [Fe(CO)6]

2+. Because of the smaller
effect of the weak-field ligands (H2O), the d orbitals are situated
higher in energy then in the case of strong-field ligands (CO).

4.2 Spin–orbit coupling terms

Table 9 shows the computed spin–orbit coupling (SOC) values
for nine iron complexes.

The Fe(II) quintet complexes were calculated using five equally
weighted states because the maximum number of configuration
state functions (CSFs) for six electrons distributed in five 3d
orbitals with active space (6/5) is five.

The Fe(III) doublet complexes have 75 possible CSFs with the
(5/5) active space, but the maximum number of states allowed
by Molpro version 2010 is only 20 for each irreducible
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representation. Since we are not able to take into account all of
the possible 75 configurations, it is important to consider the
sensitivity of SOC to the number of states. Thus SOC effects were
calculated using five states, 10 states, and 20 states. The five
states and 20 states calculations gave a maximum difference of
0.3 kcal mol�1. The results obtained with 10-state and 20-state
calculations were very similar to each other, but since the 20-state

calculations would be expected to bemore accurate, we report 20-
state calculations in Table 9. However, only the doublet state of
the four Fe(III) complexes is reported with 20 states, while the
remaining calculations in the table are based on using five states.

For all the studied complexes, we find that the magnitude of
SOC is not more than 1.3 kcal mol�1, and its effect on energy
splitting is discussed in the next section.

Fig. 3 MO diagrams of 3d orbitals for quintet, triplet and singlet spin states of two Fe(II) complexes calculated by the PW6B95 and M11-L exchange–
correlation functionals; De (d, eV) and DE (eV) are the relative energy differences between the spin states calculated approximately using the sum of
occupied 3d spin–orbital energies and calculated correctly using the total energies, respectively. (Note that DE and De(d) each have their own zero of
energy for relative energies.)
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4.3 Effect of spin–orbit coupling on calculated energy
splitting

In this section, we examine the effect of spin–orbit coupling
energies shown in Table 9, on the calculated energy splittings
of nine complexes. These results are summarized in Table 10.
Except for MN15, we find inclusion of the spin–orbit coupling
does not change our conclusions about the number of correct
predictions for the ground spin state by each functional. The
conclusions do not change in most cases because the max-
imum contribution due to spin–orbit coupling in Table 9 does
not exceed 1.3 kcal mol�1, and this is quite small relative to
most of the energy level differences reported in Tables 5 and 6.
For [Fe(NCH)6]

3+ with MN15, the energy splitting before including
spin–orbit coupling was �0.6 kcal mol�1 and after inclusion it
becomes 0.6 kcal mol�1. The sign change changes the prediction
of whether the high- or low-spin state is the ground state, but with
such a small value of energy splitting between high- and low-spin
states for this complex we can say that the two spin states are
nearly degenerate according to this functional.

4.4 Effect of basis set and scalar relativity on calculated energy
splittings

Some effects of basis set choice have been examined in previous
work,152,153 and here we examine them in the present context.
In Table 11 we investigate the basis set size effect, the effect of
core-valence correlation in basis sets and the effect of using the
second-order Douglas–Kroll–Hess (DKH) method154 to include
scalar relativistic effects. We consider these effects for the
[Fe(NCH)6]

2+, [Fe(O)(TMC)(MeCN)]2+ and [Fe(O)(TMCS)]+ complexes.
The detailed study of [Fe(NCH)6]

2+ is motivated by the fact that the
calculated spin splitting obtained at the M06-L/def2-TZVP level is
small (1.9 kcal mol�1) when spin–orbit coupling is included. Hence
we analyzed this complex to see if the predicted ground spin
state would change if a larger basis set were used, and if the
results above are an artifact of the basis set. The two Fe(IV)–O
complexes, [Fe(O)(TMC)(MeCN)]2+ and [Fe(O)(TMCS)]+, are also
analyzed for the same reason – in these cases using functionals
that give magnitudes of quintet-triplet splitting less than or
equal to 3 kcal mol�1.

Some rows of Table 11 correspond to geometry optimization
with the same basis set as used for the final energy calculation,
and for others, the geometry was optimized with the def2-TZVP
basis set and single-point calculations done with other basis
sets, as indicated in the table. Calculations that use ‘‘. . .-DK’’
basis sets in Table 11 were carried out with the Douglas–Kroll–Hess
scalar relativistic Hamiltonian; other calculations are nonrelativistic.
Basis sets beginning with ‘‘cc-pwCV. . .’’ contain core polarization
basis functions to account for core-valence correlation. We use a
shorthand that ‘‘cc-(pw)CV. . .’’ denotes using cc-pwCV. . . for Fe
but using cc-pV. . . for other atoms.

[Fe(NCH)6]
2+. The results summarized in Table 11 show that

as we increase the basis set size from def2-TZVP to ma-TZVP,
from def2-QZVP to ma-QZVP, or from def2-QZVPP to ma-QZVPP,
the results do not change at all or only change by a negligible
amount (0.2 kcal mol�1). This shows that minimal augmentation
of the basis sets from Ahlrichs and coworkers with diffuse s and p
basis functions does not change the results for the [Fe(NCH)6]

2+

Table 9 Spin–orbit coupling (SOC, kcal mol�1) computed with CASSCF(6/
5)/cc-pVDZ//GAM/def2-TZVP for Fe(II) complexes and CASSCF(5/5)/cc-
pVDZ//GAM/def2-TZVP for Fe(III) complexes

Complex ESOC
a (HS) ESOC

a (LS)

Fe(II)b

[Fe(CO)6]
2+ �0.9 0.0

[Fe(CNH)6]
2+ �0.9 0.0

[Fe(NCH)6]
2+ �0.9 0.0

[Fe(NH3)6]
2+ �0.7 0.0

[Fe(H2O)6]
2+ �0.5 0.0

Fe(III)c

[Fe(CO)6]
3+ 0.0 �0.6

[Fe(CNH)6]
3+ 0.0 �0.6

[Fe(NCH)6]
3+ 0.0 �1.3

[Fe(NH3)6]
3+ 0.0 �1.3

a HS = high-spin; LS = low-spin. b For Fe(II) complexes, HS = quintet
calculated with 5 states and LS = singlet. c For Fe(III) complexes, HS =
sextet and LS = doublet calculated with 20 states.

Table 10 Calculated energy splittings (EHS � ELS, kcal mol�1)a after including spin–orbit coupling for nine iron complexes using selected exchange–
correlation functionals

Complex GAM M06-L B3LYP B3LYP* PBE0 M06 MN15-L MN15 Ref.

Fe(II) complexesb

[Fe(CO)6]
2+ 34.6 42.4 29.9 42.1 31.0 22.0 19.4 32.2 Singlet

[Fe(CNH)6]
2+ 47.4 52.6 43.4 55.3 44.9 35.2 31.1 46.9 Singlet

[Fe(NCH)6]
2+ �20.9 1.9 �4.1 3.2 �9.5 �14.1 �25.3d �5.2 Quintet

[Fe(NH3)6]
2+ �35.7 �11.4 �13.4 �8.7 �19.9 �23.6 �34.9 �15.0 Quintet

[Fe(H2O)6]
2+ �59.2 �31.0 �28.6 �26.7 �33.7 �45.6 �58.1 �37.1 Quintet

Fe(III) complexesc

[Fe(CO)6]
3+ 2.8 9.3 14.9 23.1 11.7 �2.1 �19.9 25.2 Doublet

[Fe(CNH)6]
3+ 21.2 24.9 31.9 40.4 29.4 14.9 �2.3 43.2 Doublet

[Fe(NCH)6]
3+ �32.6 �18.3 �6.7 �1.0 �13.4 �28.7 �52.2 0.6 Sextet

[Fe(NH3)6]
3+ �24.2 �9.8 �0.3 4.7 �7.5 �19.9 �39.8 7.5 Sextet

No. of correct predictions 9 8 9 7 9 8 7 7

a HS = high-spin and LS = low-spin; a positive EHS � ELS implies that LS is the ground spin state and a negative value implies HS is the ground spin
state. b For Fe(II) complexes, HS = quintet and LS = singlet. c For Fe(III) complexes, HS = sextet and LS = doublet. d The most stable wave function
could not be obtained.
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Table 11 Calculated spin-state splitting energies (DE, kcal mol�1) of [Fe(NCH)6]
2+, [Fe(O)(TMCS)]+, and [Fe(O)(TMC)(MeCN)]2+ complexes using selected

functionals with several basis sets. The spin–orbit coupling was included in calculating the spin-state splitting energies of [Fe(NCH)6]
2+

Functional Basis for single-point Basis for geometry optimization

Complex DE
Reference ground
spin state[Fe(NCH)6]

2+ Equintet � Esinglet
a

M06-L def2-TZVP Same 1.9 Quintet
ma-TZVP Same 1.7
ma-TZVPP Same 1.2
def2-QZVP Same 0.15
ma-QZVP Same 0.15
def2-QZVPP Same 0.14
ma-QZVPP Same 0.14
def2-QZVP def2-TZVP 0.15
cc-pVTZ def2-TZVP 1.3
cc-pVTZ-DK def2-TZVP 4.1
cc-(pw)CVTZ-DK def2-TZVP 3.9
cc-(pw)CVQZ-DK def2-TZVP 2.9

Functional Basis for single-point Basis for geometry optimization

Complex DE
Reference ground
spin state[Fe(O)(TMCS)]+ Equintet � Etriplet

b

OPBE def2-TZVP Same �1.8 Triplet
def2-QZVP def2-TZVP �2.2
cc-pVTZ def2-TZVP �1.8
cc-pVTZ-DK def2-TZVP �1.5
cc-(pw)CVTZ-DK def2-TZVP �1.5
cc-(pw)CVQZ-DK def2-TZVP �1.8

M06-L def2-TZVP Same �2.1
def2-QZVP def2-TZVP �2.6
cc-pVTZ def2-TZVP �2.1
cc-pVTZ-DK def2-TZVP �2.0
cc-(pw)CVTZ-DK def2-TZVP �2.1
cc-(pw)CVQZ-DK def2-TZVP �2.5

B3LYP def2-TZVP Same �1.0
def2-QZVP def2-TZVP �1.2
cc-pVTZ def2-TZVP �0.8
cc-pVTZ-DK def2-TZVP �0.5
cc-(pw)CVTZ-DK def2-TZVP �0.5
cc-(pw)CVQZ-DK def2-TZVP �0.6

B3LYP* def2-TZVP Same 1.8
def2-QZVP def2-TZVP 1.6
cc-pVTZ def2-TZVP 2.0
cc-pVTZ-DK def2-TZVP 2.2
cc-(pw)CVTZ-DK def2-TZVP 2.3
cc-(pw)CVQZ-DK def2-TZVP 2.2

PW6B95 def2-TZVP Same 0.4
def2-QZVP def2-TZVP 0.4
cc-pVTZ def2-TZVP 0.6
cc-pVTZ-DK def2-TZVP 1.0
cc-(pw)CVTZ-DK def2-TZVP 1.1
cc-(pw)CVQZ-DK def2-TZVP 1.0

MPW1B95 def2-TZVP Same �0.9
def2-QZVP def2-TZVP �1.0
cc-pVTZ def2-TZVP �0.7
cc-pVTZ-DK def2-TZVP �0.3
cc-(pw)CVTZ-DK def2-TZVP �0.3
cc-(pw)CVQZ-DK def2-TZVP �0.4

Functional Basis for single-point Basis for geometry optimization

Complex DE
Reference ground
spin state[Fe(O)(TMC)(MeCN)]2+ Equintet � Etriplet

b

OPBE def2-TZVP Same 2.9 Triplet
def2-QZVP def2-TZVP 2.6
cc-pVTZ def2-TZVP 3.0
cc-pVTZ-DK def2-TZVP 3.1
cc-(pw)CVTZ-DK def2-TZVP 3.1
cc-(pw)CVQZ-DK def2-TZVP 2.8

OLYP def2-TZVP Same 2.3
def2-QZVP def2-TZVP 2.1
cc-pVTZ def2-TZVP 2.5
cc-pVTZ-DK def2-TZVP 2.5
cc-(pw)CVTZ-DK def2-TZVP 2.5
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complex. However, increasing the basis set size from any of the
triple-z to any of the quadruple-z type basis set affects the energy
splitting by at least 1.0 kcal mol�1.

Table 11 compares cc-pVTZ calculations to cc-pVTZ-DK
calculations to see the contributions of scalar relativistic effects.
We find that the DKH calculation has an effect of 2.8 kcal mol�1.

Comparing calculations with the cc-(pw)CVTZ-DK basis set
to those with the cc-pVTZ-DK basis set show that core-valence
correlation has a negligible effect (0.2 kcal mol�1). With all the
basis sets tested, the sign of Equintet � Esinglet is found to be
positive and therefore the predicted ground spin state remains
singlet.

[Fe(O)(TMC)(MeCN)]2+. The basis set effect and the effect of
scalar relativity are tested for [Fe(O)(TMC)(MeCN)]2+ with OPBE,
OLYP, PBE0 and B97-3. For this complex, the maximum effect
of basis set with any functional is 0.5 kcal mol�1. The sign of
Equintet � Etriplet predicted by various basis sets remains positive
for OPBE, OLYP and PBE0, but, with B97-3 some basis sets give
a positive sign and some negative. Moreover with B97-3 all the
|Equintet � Etriplet| values are less than 0.5 kcal mol�1 indicating
that the two spin states are nearly degenerate.

[Fe(O)(TMCS)]+. The effect of basis set and DKH calculations
for the [Fe(O)(TMCS)]+ complex is tested using six density
functionals – OPBE, M06-L, B3LYP, B3LYP*, PW6B95 and
MPW1B95. With all of these functionals, the maximum basis-
set effect is 0.7 kcal mol�1, and the sign of Equintet � Etriplet
predicted by these functionals does not change. Also with some
of the functionals the Equintet � Etriplet values are very small and
the two spin states can be considered to be nearly degenerate.

4.5 MN15 vs. MN15//M06-L

The two functionals, MN15 and M06-L, correctly predict the
ground spin state of most of the iron complexes. In view of
MN15 being a hybrid functional, and therefore computationally
more expensive than the local functional, M06-L, we did single-
point calculations using MN15/def2-TZVP//M06-L/def2-TZVP to
see if we get results similar to MN15/def2-TZVP or not. If the
results turn out to be similar, MN15/def2-TZVP//M06-L/def2-
TZVP would be preferred over MN15/def2-TZVP when cost is a

consideration. The results using these twomethods are summarized
in Table 12 for the five largest complexes – 6, 7 and 12–14 (see Fig. 2)
used in this work. We see that the difference between optimizations
using MN15/def2-TZVP and single-point calculations using
MN15/def2-TZVP on the M06-L/def2-TZVP optimized geometries
is not more than 0.8 kcal mol�1. Because the results using the
two methods are so similar, one can use MN15/def2-TZVP//M06-
L/def2-TZVP instead of MN15/def2-TZVP if it is more convenient.

5 Concluding remarks

In this work, ground spin states of the Fe2+ ion, FeO and 14
hexacoordinate iron complexes were examined using gas-phase
electronic structure calculations.

Both the Fe2+ ion and FeO are known to have a quintet
ground spin state from experiments. From density functional
theory calculations, we find that most of the functionals predict
the correct ground spin state for this ion and molecule, although
state-energy splittings are generally poor, with low-spin states
overstabilized relative to states of higher spin.

Table 12 Calculated spin-state splitting energies of complexes 6, 7, and
12–14 using MN15/def2-TZVP and MN15/def2-TZVP//M06-L/def2-TZVP

Complex MN15/def2-TZVP MN15/def2-TZVP//M06-L/def2-TZVP

Equintet � Esinglet
6 5.9 5.8
7 �13.5 �13.8

Etriplet � Esinglet
6 9.1 8.9
7 �4.0 �4.2

Esextet � Edoublet
12 21.6 22.0

Equartet � Edoublet
12 12.1 12.9

Equintet � Etriplet
13 6.1 5.5
14 �0.8 �0.3

Table 11 (continued )

Functional Basis for single-point Basis for geometry optimization

Complex DE
Reference ground
spin state[Fe(O)(TMC)(MeCN)]2+ Equintet � Etriplet

b

cc-(pw)CVQZ-DK def2-TZVP 2.3
PBE0 def2-TZVP Same 1.6

def2-QZVP def2-TZVP 1.4
cc-pVTZ def2-TZVP 1.7
cc-pVTZ-DK def2-TZVP 1.9
cc-(pw)CVTZ-DK def2-TZVP 1.9
cc-(pw)CVQZ-DK def2-TZVP 1.8

B97-3 def2-TZVP Same �0.3
def2-QZVP def2-TZVP �0.4
cc-pVTZ def2-TZVP �0.1
cc-pVTZ-DK def2-TZVP 0.1
cc-(pw)CVTZ-DK def2-TZVP 0.1
cc-(pw)CVQZ-DK def2-TZVP �0.1

a A positive Equintet � Esinglet implies that singlet is the ground spin state. b A positive Equintet � Etriplet implies that triplet is the ground spin state.
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For the 14 hexacoordinate iron complexes, the hybrid functionals
were found to be better than local functionals. With the def2-TZVP
basis set, PW6B95 was found to get all the 14 complexes right, and
B3LYP, MPW1B95 and MN15 correctly predicted the ground spin
state of 13 out of 14 complexes. For the one case that each functional
got wrong, the error was reasonably small: 0.6 kcal mol�1 for MN15,
0.9 kcal mol�1 for MPW1B95 and 1.0 kcal mol�1 for B3LYP. The
good performance of PW6B95 is not particularly surprising because
PW6B95 was found to be the best functional (out of a large number
studied) when averaged over 3d and 4d transition metal energetics,
main-group atomization energies, and alkyl bond energies,56

and it was also found to very robust in broad tests by Goerigk
and Grimme.155

Among the local functionals, the best performing functionals
were OPBE, OLYP and M06-L; each of these predict the correct
ground spin state for 12 out of 14 complexes. We especially note
that OPBE performs better than PBE, and OLYP performs better
than BLYP. We could get the correct ground spin state of most
of the complexes with functionals that have various percentages
of HF exchange, in particular with percentages ranging from
0 to 44; this shows that the percentage of HF exchange is only
one of the relevant parameters, and a given functional has to be
considered in its entirety.

Because local functionals are less computationally demanding
than hybrid functionals for large systems, we did single-point
calculations using MN15 at geometries determined with one of
the best performing local functionals, M06-L (MN15//M06-L
calculation), and we found the results using MN15 optimizations
very similar to MN15//M06-L, making the latter method an excellent
choice for calculations on large iron-containing systems.

Because those functionals that we found to be most accurate
for hexacoordinate complexes are very inaccurate for the bare
Fe2+ ion, it is evident that iron–ligand interactions in the complexes
substantially changes the electronic distribution about the iron
center. Therefore, if one is to carry out reliable validations of
density functionals for practical applications to large molecules, it
is necessary to carry out these validations based on databases with
complexes representative of those to be involved in applications, as
we have done here.
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