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ABSTRACT: Highly accurate estimates of the high-spin/low-spin energy difference ΔEHLel in the high-spin complexes
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+ have been obtained from the results of CCSD(T) calculations extrapolated to the complete

basis set limit. These estimates are shown to be strongly influenced by scalar relativistic effects. They have been used to assess the
performances of the CASPT2 method and 30 density functionals of the GGA, meta-GGA, global hybrid, RSH, and double-hybrid
types. For the CASPT2 method, the results of the assessment support the proposal [Kepenekian, M.; Robert, V.; Le Guennic, B.
J. Chem. Phys. 2009, 131, 114702] that the ionization potential−electron affinity (IPEA) shift defining the zeroth-order
Hamiltonian be raised from its standard value of 0.25 au to 0.50−0.70 au for the determination of ΔEHL

el in Fe(II) complexes with
a [FeN6] core. At the DFT level, some of the assessed functionals proved to perform within chemical accuracy (±350 cm−1) for
the spin-state energetics of [Fe(NCH)6]

2+, others for that of [Co(NCH)6]
2+, but none of them simultaneously for both

complexes. As demonstrated through a reparametrization of the CAM-PBE0 range-separated hybrid, which led to a functional
that performs within chemical accuracy for the spin-state energetics of both complexes, performing density functionals of broad
applicability may be devised by including in their training sets highly accurate data like those reported here for [Fe(NCH)6]

2+

and [Co(NCH)6]
2+.

1. INTRODUCTION

Transition metal (TM) complexes exhibit many interesting
physical and chemical properties, which are dictated by the
shapes and relative positions of the potential energy surfaces
(PESs) of their low-lying spin states. For instance, (pseudo)-
octahedral 3d4−3d7 TM complexes can exhibit spin crossover
(SCO), that is, the entropy-driven thermal depopulation of
their electronic low-spin (LS) ground state in favor of the close-
lying high-spin (HS) state. SCO is accompanied by a change of
the optical, magnetic, and structural properties of the
complexes. Furthermore, light irradiation can also be used to
control the SCO equilibrium. The SCO complexes are
therefore likely to be used in the design of optical devices for
the storage and display of information at the molecular level. As
such, they are the subject of numerous multidisciplinary
studies.1−3 A change of spin states also takes place in many
reactions of TM complexes, as well as in the chemistry of many
metalloproteins and metalloenzymes.4−6

The in-depth understanding of SCO and related phenomena
or of spin-nonconserving reactions of TM systems relies on the
accurate description of the PESs of the corresponding spin-
states, at given critical points or along given relevant
coordinates. Theoretical methods can in principle be used to
obtain an accurate description of these PESs. However, such
theoretical studies are seriously undermined by the issues tied
to the accurate determination of the energy difference between
states of different spin multiplicities.
In the framework of density functional theory (DFT),7,8 the

results are strongly dependent on the exchange-correlation

(XC) functional used. Although considerable attention has
been paid to this issue,4,5,9−42 no XC functional has emerged so
far as the functional of choice for the evaluation of TM spin-
state energetics. Furthermore, there is no guarantee that the
accuracy of the DFT results shall improve with the degree of
sophistication of the functional. In contrast, in wave function
theory (WFT), the accuracy of the results can be systematically
improved by resorting to methods that improve the treatment
of both static and dynamic correlation effects. However, such
methods are limited to systems of small to medium size (∼100
atoms at most). And, even in the case of the well-established
CASPT2 multireference perturbation (MRPT) method,43,44

some empiricism turns out to be needed in the definition of the
zeroth-order Hamiltonian.45−47 Such limitations can be over-
come by resorting to high-level coupled-cluster (CC)
methods.48,49

CC methods are the most accurate methods for treating
electronic correlation in single-reference systems, and even in
their standard formulation, they can also be used to reliably
cope with situations of multireference character.48−50 However,
CC calculations are unquestionably computationally very
demanding. For instance, the CCSD and CCSDT methods

have canonical scalings of N( )6 and N( )8 , respectively,
where N is the number of basis functions. Consequently, given
that sufficiently large basis sets must be used to obtain accurate
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and physically sound results, elaborate CC calculations can only
be performed for relatively small systems, i.e., of up to a few
tens of atoms. Despite these restraints on the size of the
complexes which can thus be investigated, the theoretical
characterization of TM spin-state energetics would greatly
benefit from the availability of highly accurate CC reference
data.

1. These data could be used for a straightforward and
stringent assessment of the performance of the less
computationally demanding DFT and WFT methods.
Despite being appealing, the calibration of computational
methods against experimental data is hampered, in the
present case, by the fact that the spin-state energetics of
TM complexes can be strongly influenced by their
surroundings and, as for SCO complexes, by the fact that
the available experimental data may actually correspond
to enthalpy differences and thus depend on temperature
and pressure.51−53 The accurate inclusion of environ-
mental, temperature, and pressure effects in the
description of a TM system is a challenging task, which
the use of very accurate gas-phase ab initio reference data
would allow to bypass in the assessment process.

2. By including them in relevant training data sets, they
could serve to develop improved semiempirical density
functionals.

In addition, they can be used to predict within DFT the spin-
state energetics in complexes of a given TM ion, based on a
recent study, which showed that, despite their limitations, DFT
methods can be applied to the accurate determination of the
spin-state energetics in families of complexes of a TM ion,
provided that the spin-state energetics in a reference complex of
a given family are accurately known.54

Consequently, with the aim to contribute to a comprehensive
set of benchmark data, we have undertaken the accurate
characterization of the spin-state energetics in TM complexes
of inorganic and bioinorganic interests, using high-level CC
methods. In this study, we report the results obtained for the
HS−LS energy differences in the 3d6 iron(II) HS complex
[Fe(NCH)6]

2+,9,55,56 and in the hypothetical 3d7 cobalt(II)
[Co(NCH)6]

2+ complex, which have the “MN6” (M = Fe, Co)
first coordination sphere present in the majority of Fe(II) and
Co(II) SCO complexes. Their spin-state energy differences
have been calculated with the CCSD(T) method,57 which is
considered the gold standard of quantum chemistry, and which
is characterized by an N( )6 scaling for the iterative CCSD
part and an N( )7 scaling for the perturbative connected
triples. Sequences of very large basis sets were used and the
results extrapolated to the complete basis set (CBS) limit.
Scalar relativistic (SR) effects were also taken into account. The
highly accurate CC results thus obtained for the spin-state
energetics in the [Fe(NCH)6]

2+ and [Co(NCH)6]
2+ complexes

were then used to assess the performances of the CASPT2
method and of the 30 XC energy functionals given in Table 1.

2. COMPUTATIONAL DETAILS
Reference [M(NCH)6]

2+ Geometries (M = Fe, Co). The
geometries of [Fe(NCH)6]

2+ and [Co(NCH)6]
2+ used for the

CCSD(T), CASPT2, and DFT calculations have been obtained
by nonrelativistic (NR) DFT optimizations performed with the
ADF program package.92−94 These DFT calculations were
carried out with the OLYP functional63,71 and the TZP basis set
of triple-ζ polarized quality from the ADF Slater-type orbital

(STO) basis set database.95 The Cartesian coordinates of these
reference structures are available as Supporting Information
(SI).

CCSD(T) Calculations on [M(NCH)6]
2+ (M = Fe, Co). The

CC calculations have been performed with the Tensor
Contraction Engine (TCE) module96−98 of the NWChem
program package (version 6.0).99,100 They have been run
nonrelativistically and also with scalar relativistic (SR) effects
taken into account through the use of the second-order
Douglas−Kroll−Hess (DKH or DK) method,101−103 as
implemented in NWChem.104 The NR CC calculations have
been carried out with two series of spherical basis sets, hereafter
denoted S1

NR = {S1,n
NR}n=T,Q and S2

NR = {S2,n
NR}n=T,Q,5, wherein the

H, C, and N atoms are described by Dunning’s correlation-
consistent basis sets,105 and the TMs by correlation-consistent
basis sets of Balabanov and Peterson designed for the accurate
treatment of the 3s3p semicore plus valence correlation.106 The
S1,n
NR and S2,n

NR basis sets are defined by the following
combinations of correlation-consistent basis sets (M = Fe or
Co):

= ‐ ‐ ‐ ‐

=

S n n n

n

{H.cc pVDZ, C.cc pV Z, N.cc pV Z, M.cc pwCV Z}

( T, Q)

n1,
NR

(1)

and

= ‐ ‐ ‐ ‐

=

S n

n

{H.cc pVDZ, C.cc pVTZ, N.cc pVTZ, M.cc pwCV Z}

( T, Q, 5)

n2,
NR

(2)

We have thus chosen to describe the peripheral H atoms in all
these basis sets with the cc-pVDZ basis set. In the S1,n

NR series, n
is the cardinal number of the correlation-consistent basis sets
used to describe the N, C, and TM atoms, and because of the
rapid increase of the number of basis functions, we have had to
limit n to T and Q. In the S2,n

NR series, the N and C atoms are
described by the large cc-pVTZ basis set, and n is the cardinal
number of the correlation-consistent basis sets used for the TM
atoms, taking values in T, Q, and 5. The basis sets S1,T

NR and S2,T
NR

are identical; therefore, starting from a common point, the S1,n
NR

Table 1. Exchange-Correlation Energy Functionals Used for
the DFT Calculations

GGAs hybrid GGAs

PBE58,59 B3LYP60,61

BLYP62,63 B3LYP*11

BP8662,64,65 X3LYP66

BOP62,67 PBE068,69

PBEOP58,59,67 B9770

OLYP63,71 B97-372

OPBE58,59,71 B9873

HCTCH/40774 mPW1K75

HCTCH/407+76

meta-GGAs hybrid meta-GGAs

TPSS77 BB1K78

PKZB79,80 TPSSh81

M06-L82 M0583,84

M0685

range-separated hybrids double hybrids

CAM-B3LYP86 B2-PLYP87,88

LC-BLYP89,90 mPW2-PLYP87,88

LC-PBE89,90

CAM-PBE091
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and S2,n
NR sequences provide two different ways for exploring the

convergence with respect to the basis sets of the energy
differences of interest. In order to determine the SR shifts to
these quantities, the DKH CC calculations have been
performed with the sequence of spherical basis sets S2

DK =
{S2,n

DK}n=T,Q. This series is the DKH counterpart of the S2
NR series

in that the correlation consistent basis sets intervening in the
definition of S2,n

DK have been obtained by recontracting the NR
ones used in S2,n

NR with the DKH Hamiltonian:104,106

= ‐ ‐ ‐ ‐ ‐ ‐

‐ ‐ =

S

n n

{H.cc pVDZ DK, C.cc pVTZ DK, N.cc pVTZ DK, 

M.cc pwCV Z DK} ( T, Q)

n2,
DK

(3)

The characteristics of the S1,n
NR, S2,n

NR, and S2,n
DK basis sets are

summarized in Table 2. This includes the correlation-consistent
basis sets used for the different atoms, the corresponding
number of contracted functions, and the total number N of
basis functions.

Using the sequences of basis sets {S1,n
NR}n=T,Q, {S2,n

NR}n=T,Q,5, and
{S2,n

DK}n=T,Q, we have estimated the complete basis set (CBS)
limits of the quantities of interest by extrapolating the total
energies with a two-point −3 formula107

= +E E
A
XX CBS 3 (4)

and a mixed exponential and Gaussian formula108

= + ′ + ′− − − −E E A e B eX
X X

CBS
( 1) ( 1)2

(5)

In the above extrapolation formulas, X = 3, 4, 5, ... for n = T, Q,
5, .... For the CC calculations on the closed-shell LS
[Fe(NCH)6]

2+ complex, we have used a restricted HF
(RHF) reference determinant. The CC calculations on the
open-shell species (i.e., [Fe(NCH)6]

2+ in the HS state and
[Co(NCH)6]

2+ in both spin-states) have been performed in the
unrestricted framework (UCC calculations). For the NR UCC
calculations, a restricted open-shell HF (ROHF) reference
wave function has been employed (ROHF-UCC calculations),
and as required with the use of a ROHF reference determinant,
the Fock matrix was systematically reconstructed in order to
obtain correct correlation energies. However, in its current state
of development, the TCE module of NWChem cannot
reconstruct the Fock matrix when SR effects are operative.
Consequently, for performing the DKH UCC calculations, we
have used a relativistic unrestricted HF (UHF) reference
determinant (UHF-UCC calculations). In order to probe the
influence of the choice of the reference wave function on our
results, the NR UCC calculations on the open-shell species
have also been performed with a UHF reference, using the NR
basis sets S2,n

NR (n = T, Q). The NR ROHF-UCCSD/S2,n
NR and

UHF-UCCSD/S2,n
NR results (n = T, Q) proved to be very similar,

thus reflecting the insensitivity of CCSD to the choice of the
reference function.48 With the full inclusion of higher
excitations (CCSDT, CCSDTQ, ...), the CC method becomes
further insensitive to the choice of the reference determinant
and approaches the invariance of the FCI method.48 Hence, the
perturbative (T) treatment of the connected triples in
CCSD(T) explains the dependency on the reference
determinant which we have observed for our NR UCCSD(T)
results. Interestingly, the differences between the NR ROHF-
UCCSD(T) and UHF-UCCSD(T) results are well below the
chemical accuracy of 1 kcal/mol ≈ 350 cm−1 (see Supporting
Information for a comparison of the NR ROHF-UCC and
UHF-UCC energy differences determined for [Fe(NCH)6]

2+

and [Co(NCH)6]
2+). Furthermore, if we denote ΔSR Q( ) n, the

SR shift to a quantity Q determined with the method as the
difference between the DKH ( | ‐Q SDK / n2,

DK) and NR

( | ‐Q SNR / n2,
NR) values of Q:

Δ = | − |‐ −Q Q Q( ) n S S
SR

, DK / NR /n n2,
DK

2,
NR (6)

it turns out that ΔSR(Q)UCCSD,n ≈ ΔSR (Q)UCCSD(T),n for all the
energy differences “Q” of interest to us. That is, the use of an
ROHF or UHF reference has a very weak influence on the
CCSD(T) determination of the SR shifts to these energy
differences, which actually are already quite accurately
determined at the HF level (see below). Consequently, within
the framework of our CC study based on the use of ROHF
references for the open-shell species, accurate DKH CC energy
differences are obtained by summing the NR energy differences
calculated within this framework and the SR shifts determined
by the UHF-UCC calculations.

Table 2. Definitions of the Series S1,n
NR, S2,n

NR, and S2,n
DK of

Spherical Basis Sets Used in the CCSD(T) Calculations on
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+: Correlation-Consistent

Basis Sets Used for the Different Atoms, Corresponding
Number of Contracted Functions (in Brackets), and Total
Number N of Basis Functions

H N, C Fe, Co N

NR S1,n
NR basis sets (n = T, Q)

S1,T
NR cc-pVDZ

[2s1p]
cc-pVTZ
[4s3p2dlf]

cc-pwCVTZ
[9s8p6d3f2g]

492

S1,Q
NR cc-pVDZ

[2s1p]
cc-pVQZ
[5s4p3d2f1g]

cc-pwCVQZ
[10s9p7d4f3g2h]

839

NR S2,n
NR basis sets (n = T, Q, 5)

S2,T
NR cc-pVDZ

[2s1p]
cc-pVTZ
[4s3p2d1f]

cc-pwCVTZ
[9s8p6d3f2g]

492

S2,Q
NR cc-pVDZ

[2s1p]
cc-pVTZ
[4s3p2d1f]

cc-pwCVQZ
[10s9p7d4f3g2h]

539

S2,5
NR cc-pVDZ

[2slp]
cc-pVTZ
[4s3p2dlf]

cc-pwCV5Z
[11s10p8d5f4g3h2i]

601

DKH S2,n
DK basis sets (n = T, Q)

S2,T
DK cc-pVDZ-DK

[2s1p]
cc-pVTZ-DK
[4s3p2d1f]

cc-pwCVTZ-DK
[9s8p6d3f2g]

492

S2,Q
DK cc-pVDZ-DK

[2s1p]
cc-pVTZ-DK
[4s3p2d1f]

cc-pwCVQZ-DK
[10s9p7d4f3g2h]

539

Table 3. ANO Basis Sets ANO-I and ANO-II Used in the CASSCF and CASPT2 Calculations on the [M(NCH)6]
2+ Complexes

(M = Fe, Co): Number of Contracted Functions and Total Number N of Basis Functions

N

H C N M [M(NCH)6]
2+

ANO-I [2slp] [4s3p2dlf] [4s3p2dlf] [7s6p5d3f2glh] 490
ANO-II [2slp] [4s3p2dlf] [5s4p3d2flg] [10s9p8d6f4g2h] 717
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In the remaining text, we will no more mention the nature of
the reference determinants used for the CC calculations, which
all have been performed in D2h, and wherein all electrons have
been correlated. A total of 108 and of 109 electrons have thus
been correlated in the CC calculations carried out on
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+, respectively.

CASPT2 Calculations. The CASSCF109,110 and
CASPT243,44,111,112 calculations have been performed with a
development version of the MOLCAS package113−115 using the
DKH Hamiltonian and two atomic natural orbital (ANO) basis
sets. In these basis sets, hereafter denoted ANO-I and ANO-II,
all atoms are described with the relativistic ANO-RCC basis
sets of Roos and co-workers.116−118 The contractions of the
basis set are given in Table 3 along with the total number of
basis functions. In all calculations, the Cholesky decomposition
technique for approximating the two-electron integrals was
employed.119 For the CASPT2 calculations, an imaginary shift
of 0.1 au was used to avoid intruder states,120 while the
ionization potential−electron affinity (IPEA) shift defining the
zeroth-order Hamiltonian45 was varied between 0 and 2.5 au by
steps of 0.05 au.
For the CASSCF calculations on the Fe(II) and Co(II)

complexes, we used an active space consisting of six or seven
electrons in the five Fe(3d) or Co(3d) orbitals, a second 3d′
shell to account for the double-shell effect,121 and two doubly
occupied metal−ligand σ-bonding orbitals to account for
nondynamic correlation effects associated with the covalent
metal−ligand interactions.122 In the course of the CASSCF
study of the complexes, it proved necessary to include the 3s
semicore orbital and a correlating 3s′ orbital. These orbitals
indeed tend to systematically rotate into the active space when
the calculations are performed on the geometries of D2h
symmetry; this probably follows from the fact that, in D2h,
these orbitals can mix with the 3dz2 and 3dx2−y2 orbitals. To
make the calculations on the [M(NCH)6]

2+ complexes (M =
Fe, Co) comparable, we have included the 3s and 3s′ orbitals in
the active spaces used in all calculations. This especially implies
that the CASPT2 calculations correlate the M(3s) semicore
orbital along with the M(3p) orbitals which are correlated by
default. In summary, (i) we have employed for the CASSCF
calculations on the Fe(II) and Co(II) complexes a CAS(12,14)
and a CAS(13,14) active space, respectively, and (ii) for the
CASPT2 calculations on both complexes, all valence electrons
and the TM semicore 3s and 3p electrons were correlated while
the core electrons (C, N: 1s; Co, Fe: 1s, 2s, 2p) were kept
frozen.
DFT Calculations. They were performed with the DFT

module of the NWChem program package (version 6.0).99,100

SR effects were not included in the DFT calculations since the
SR shifts to the energy differences of interest proved to be
already quite well described at the HF level. That is, we expect
the determination of the SR shifts within DFT to not be an
issue. This was confirmed by the results of test DKH SR
calculations performed on [Co(NCH)6]

2+ at the PBE/S2,Q
DK level

(see Supporting Information).
Given the large basis sets used for the calculations, we expect

the basis set dependency of the NR results obtained with the
non-double-hybrid functionals to be vanishing. This has been
validated by the results of a series of test calculations performed
with the PBE functional and the {S2,n

NR}n=T,Q,5 basis sets, which
indeed showed a very weak dependence on the basis set (see
Supporting Information). We have therefore chosen to use the

S2,Q
NR basis set to perform the calculations with the non-double-
hybrid functionals.
Double-hybrid functionals are characterized by the inclusion

of a second-order Møller−Plesset (MP2) type perturbation
theory correlation contribution.87 This makes the results
obtained with these functionals sensitive to the basis set used.
Consequently, the calculations with the B2-PLYP and mPW2-
PLYP double-hybrid functionals were performed with the
{S2,n

NR}n=T,Q,5 series of basis sets and the results extrapolated to
the CBS limit (see Supporting Information). The results
reported in the manuscript for the double-hybrid functionals
correspond to these CBS values.

3. RESULTS AND DISCUSSION

3.1. CCSD(T) Benchmark Results for [M(NCH)6]
2+ (M =

Fe, Co). 3.1.1. The Energy Differences of Interest. We are
interested in determining highly accurate values for the HS−LS
electronic energy difference ΔEHL

el in [Fe(NCH)6]
2+ and in

[Co(NCH)6]
2+, defined by

Δ = −E E EHL
el

HS
el

LS
el

(7)

where EHS
el and ELS

el are the electronic energies of the considered
complex in the HS and LS states, respectively.
For the octahedral d6 complexes such as Oh Fe(II)

complexes, the LS and HS states correspond to the ligand-
field 1A1g(t2g

6 ) and HS 5T2g(t2g
4 eg

2) states. The nondegenerate

1A1g(t2g
6 ) state can be directly characterized within the single-

reference framework of our CC study, not so for the 5T2g(t2g
4 eg

2)
state. [Fe(NCH)6]

2+ was thus studied in the LS state by
performing the calculations on its optimized LS geometry of Oh
symmetry (see Supporting Information), and obviously ELS

el =
Eel(1A1g). For [Fe(NCH)6]

2+ in the HS state, the optimization
of its geometry in D2h led to a minimum which was found to be
associated with the 5B2g tetragonal component of the HS state.
Indeed, upon the Oh → D2h symmetry lowering, the Jahn−
Teller (JT) unstable HS state is split according to 5T2g →

5B1g
⊕ 5B2g ⊕ 5B3g. Because of the symmetry of the problem, the
minima associated with the three tetragonal components are
equivalent, and the located 5B2g minimum is representative of
all three as they are related by permutations of the ligands
located on the principal C2 axes. The CC calculations were
performed for the 5B2g state at the optimized HS geometry.
That is, EHS

el = Eel(5B2g) in eq 7. The choice of the 5B2g HS
component for defining EHS

el proves to be irrelevant: additional
CC calculations performed for determining the energies of the
two other HS states at the optimized HS geometry showed that
the differences between their energies are tiny (see Supporting
Information). The near degeneracy of the three components of
the HS state is due to the fact that going from one component
to the other mainly involves an electronic rearrangement within
the metallic molecular orbitals (MOs) of nonbonding Fe(t2g)
parentage. These results suggest that the JT effects in the 5T2g
state are rather weak (see Supporting Information).
For the octahedral d7 complexes such as Oh Co(II)

complexes, the LS and HS states correspond to the ligand-
field 2Eg(t2g

6 eg
1) and 4T1g(t2g

5 eg
2) states, respectively. Both ligand-

field states are degenerate. For the CC study of [Co(NCH)6]
2+,

we have performed the calculations on optimized D2h LS and
HS geometries. Upon the Oh → D2h symmetry lowering, the
HS state is split into three components, 4T1g →

4B1g ⊕ 4B2g ⊕
4B3g. The optimization led to the location of the minimum
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associated with the 4B1g HS state. As explained above for
[Fe(NCH)6]

2+ in the HS state, this relaxed HS geometry of
[Co(NCH)6]

2+ is representative of the minima associated with
the three tetragonal components of the HS 4T1g state. The CC
calculations have been performed on this HS geometry with the
purpose of determining the energy of the 4B1g HS state. Hence,
EHS
el = Eel(4B1g) in eq 7. The choice of the 4B1g state for the

definition of EHS
el should to be irrelevant because going from

one component of the 4T1g state to the other mainly involves an
electronic rearrangement within the MOs of nonbonding
Co(t2g) parentage. For the same reason, the JT effects of the
HS 4T1g state should be weak (see Supporting Information).
This should not be the case for the LS 2Eg(t2g

6 eg
1) state because

the JT instability results from the single occupancy of the
degenerate metallic MOs of antibonding Co(eg) character.
Upon the Oh → D2h symmetry lowering, the 2Eg state gets split
into two 2Ag states. The geometry optimization led to the
location of a 2Ag minimum and a 2Ag saddle point. The saddle
point is characterized by a vibrational mode of imaginary
frequency and of ag symmetry which transforms the geometry
at the saddle point to the geometry at the minimum. So, the
saddle point is a transition state between two such minima. Due
to the tetragonal symmetry of the JT problem, there are
actually three equivalent 2Ag minima and three associated
equivalent 2Ag saddle points. The presence of the saddle points
indicates that quadratic vibronic coupling is effective, and if the
JT instability of the LS state can be well described by an ideal
single-mode E ⊗ e problem, the section of the LS potential
energy surface (PES) along the effective e mode would
resemble the warped Mexican hat potential.123 For the
determination of ΔEHLel in [Co(NCH)6]

2+, the energy of the
2Ag minimum is used as the energy of the LS state: ELS

el =
Eel(2Ag; min). CC calculations were also carried out for
evaluating the energy Eel(2Ag; sad) of the saddle point and
consequently the height ΔJT of the barrier between the LS
minima

Δ = −E E( A ; sad) ( A ; min)g gJT
el 2 el 2

(8)

which is also the height of the barrier to pseudorotation, that is,
to the rotation of the JT distortions between the equivalent

minima on the lowest sheet of the LS PES.124,125 Although it
will only be considered in the CASPT2 study of [Co-
(NCH)6]

2+, we also define here the JT stabilization energy of
LS [Co(NCH)6]

2+:

= −E E E( E ) ( A ; min)g gJT
el 2 el 2

(9)

The reliability of the CCSD(T) results depends on the fact
that the studied electronic states do not exhibit a strong
multireference character due to electronic near degeneracy. The
obtention in the CCSD calculations of T1 and T2 excitation
amplitudes significantly larger in magnitude than 0.1 is
considered as being indicative of such an unfavorable situation
of significant nondynamical correlation effects (see, for
instance, ref 126). In our case, the calculated T1 and T2
amplitudes are smaller than 0.1 (the five largest T1 and T2
amplitudes for the NR CCSD/S2,Q

NR are given in the Supporting
Information): this makes us confident about the quality of the
results of our single-reference CCSD(T) calculations. We must
however mention that there is currently no definitive diagnostic
based on CC results for the identification of situations of
significant multireference character. Jiang et al.127 have recently
analyzed for various first-row TM species several diagnostics,
among them the widely used 1 and 1 diagnostics,128−131 as
well as the percentage %TAE of the perturbative triple
contribution to the total atomization energy.132,133 They
found that the usual criteria 1 > 0.02 and 1 > 0.05 of
multireference character derived from the studies of main group
species are not well suited for the 3d TM species in that the
thresholds used should be increased. Their detailed analysis
thus led them to suggest three new criteria for substantial
multireference character in 3d TM species; namely, 1 > 0.05
and 1 > 0.15 and |%TAE| > 10.127 However, as they pointed
out, the disregard of one or more of these criteria does not
imply that the electronic structure has a single-reference or a
weak multireference character. Nevertheless, the weight of the
leading configuration in a CASSCF wave function proved to
remain a useful diagnostic, provided that the active space
includes all critical molecular orbitals. This is the case for the
active spaces used in our CASSCF calculations, and effectively,
the weak multireference character of the electronic states

Table 4. NR and DKH Results Obtained at the HF, CCSD, and CCSD(T) Levels for the HS−LS Energy Difference ΔEHL
el

(cm−1) in [M(NCH)6]
2+ (M = Fe, Co)

[Fe(NCH)6]
2+ [Co(NCH)6]

2+

HF CCSD CCSD(T) HF CCSD CCSD(T)

NR results, S1,n
NR (n = T, Q) basis sets

S1,T
NR −32535 −8808 −4388 −18789 −7008 −5018
S1,Q
NR −32692 −7825 −3186 −18848 −6469 −4363
S1,∞
NR a −32806 −7108 −2309 −18890 −6076 −3885

NR results, S2,n
NR (n = T, Q, 5) basis sets

S2,T
NR  S1,T

NR −32535 −8808 −4388 −18789 −7008 −5018
S2,Q
NR −32492 −7636 −3071 −18765 −6398 −4325
S2,5
NR −32534 −6944 −2294 −18779 −6069 −3956
S2,∞
NR (TQ)b −32461 −6780 −2111 −18747 −5953 −3819
S2,∞
NR c −32558 −6539 −1838 −18788 −5876 −3739

SR shifts ΔSR (ΔEHLel )ℳ,n (n = T, Q) as given by eq 6
n = T 1337 1359 1384 757 719 723
n = Q 1336 1326 1349 757 704 706
n = ∞d 1336 1301 1324 757 692 694

aCBS values obtained with the S1,n
NR (n = T, Q) results and eq 4. bCBS values obtained with the S2,n

NR (n = T, Q) results and eq 4. cCBS values obtained
with the S2,n

NR (n = T, Q, 5) results and eq 5. dCBS values obtained with the n = T and n = Q results and eq 4.
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studied by the CCSD(T) method is also observed in the
CASSCF wave functions (see below).
In the following, we will first discuss the NR results obtained

for the energy differences ΔEHLel and ΔJT (section 3.1.2), before
discussing the influence of SR effects (section 3.1.3).
3.1.2. NR Results. HS−LS Energy Differences in [M-

(NCH)6]
2+ (M = Fe, Co). The results obtained for the HS−LS

energy difference ΔEHL
el in [Fe(NCH)6]

2+ and in [Co-
(NCH)6]

2+ are summarized in Table 4. They include the HF,
CCSD, and CCSD(T) values of ΔEHL

el calculated with the
different sequences of basis sets [S1,n

NR (n = T, Q) and S2,n
NR (n =

T, Q, 5)] as well as the extrapolated CBS values. For both
complexes, one notes in Table 4 that, irrespective of the basis
set used and in the CBS limit also, the calculated ΔEHLel values
increase with the degree of treatment of electronic correlation
as follows

Δ | ≪ Δ | < Δ | <E E E 0HL
el

HF HL
el

CCSD HL
el

CCSD(T) (10)

For either of the [M(NCH)6]
2+ complexes (M = Fe, Co),

owing to the fact that the number of paired electrons in the
compact 3d shell is larger in the LS state than in the HS state,
the electronic correlation is far more important in the LS state
than in the HS state. The strong overestimation of the stability
of the HS state with respect to the LS state at the uncorrelated
HF level is due to the lack of correlation treatment. The
situation markedly improves on going from the HF to the
CCSD level. However, the HS-LS differential correlation
energy is still severely underestimated by the CCSD method.
The increase of ΔEHL

el brought about by the perturbative triples
(T) is on the order of 4500 cm−1 and 2000 cm−1 for
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+, respectively.

Inspection of Table 4 shows that the convergence of ΔEHL
el

with respect to the basis set is faster at the HF level than at the
CCSD and CCSD(T) levels. This reflects the fact that the HF
energy converges faster with respect to the one-particle basis set
than the correlation energy. The differences in the rates of
convergence of the different methods with respect to the basis
set are illustrated in Figure 1, in the case where the sequence of
basis sets {S2,n

NR}n=T,Q,5 has been used, by the plots for each
method of the ratios of the calculated energy differences
Δ |E SHL

el
/ n2,

NR to their CBS values Δ |
∞

E SHL
el

/ 2,
NR ( = HF, CC,

CCSD(T)). Figure 1 shows that, for both complexes, the HF
results are already nearly converged when using the smallest
basis set (n = T), while the CCSD and CCSD(T) values

increase comparatively slowly toward their CBS values.
Actually, the convergence of the CC results with respect to
the basis set is faster for the Co(II) complex than for the Fe(II)
complex (Table 4 and Figure 1). Given that the decrease in the
number of paired electrons entailed by the LS → HS change of
states is smaller for [Co(NCH)6]

2+ than for [Fe(NCH)6]
2+ (2

vs 4), this difference in the convergence behaviors can be
attributed to the smaller HS−LS differential correlation energy
in [Co(NCH)6]

2+ than in [Fe(NCH)6]
2+.

The use of the two sequences of basis sets S1,n
NR (n = T, Q)

and S2,n
NR (n = T, Q, 5) leads to different CBS values of ΔEHLel ,

the S1,∞
NR CBS values being systematically more negative than

their S2,∞
NR counterparts (Table 4). The S1,T

NR and S2,T
NR basis sets

are identical. The S1,Q
NR basis set is far larger than the S2,Q

NR basis
set (839 vs 539 basis functions). Still, the ΔEHL

el values obtained
with the S1,Q

NR and S2,Q
NR basis sets are remarkably close to each

other, especially at the CCSD(T) level, at which the values
obtained with the two basis sets only differ by 115 cm−1 and 38
cm−1 for [Fe(NCH)6]

2+ and [Co(NCH)6]
2+, respectively.

Thus, the use of the basis set S2,Q
NR in place of the basis set

S1,Q
NR translates into a huge savings in terms of computational
resources with nearly no loss in accuracy. In the series
{S1,n

NR}n=T,Q, n is the cardinal number of the basis sets used for
the C, N, and TM atoms, whereas in the {S2,n

NR}n=T,Q,5 series it is
only the cardinal number of the basis sets used for the TMs,
while the N and C atoms remain described by a cc-pVTZ basis
set (Table 2). Consequently, the improvement observed for the
CC results on going from the n = T to the n = Q basis set in the
{S1,n

NR}n=T,Q sequence of basis sets is primarily due to the
enhancement of the quality of the basis set used for the TMs.39

For this reason, the CBS values of ΔEHLel obtained at the CCSD
or CCSD(T) level with the sequence of basis sets {S2,n

NR}n=T,Q,5
are more accurate than those similarly obtained with the
{{S1,n

NR}n=T,Q} sequence. For both [Fe(NCH)6]
2+ and [Co-

(NCH)6]
2+, the extrapolated ∞S/ 1,

NR values of ΔEHL
el

( = CCSD, CCSD(T)) turn out to be better estimates of
the S/ 2,5

NR values than of the ∞S/ 2,
NR values (Table 4).

For both complexes, the ΔEHLel values obtained with the S1,Q
NR

basis set are systematically slightly more negative than those
obtained with the S2,Q

NR basis set (Table 4). The two basis sets
differ by the basis set put on the C and N atoms of the ligands:
cc-pVTZ in S2,Q

NR and cc-pVQZ in S1,Q
NR. Thus, the replacement of

the cc-pVQZ basis set put on the ligands by the smaller but still
quite flexible cc-pVTZ basis set leads to a slight overestimation

Figure 1. Convergence with respect to the basis set of the calculated HF (□), CCSD (○), and CCSD(T) (◊) values of ΔEHLel in [Fe(NCH)6]
2+ and

in [Co(NCH)6]
2+, in the case where the sequence of basis sets {S2,n

NR}n=T,Q,5 has been used: Plots of the ratios of the calculated energy differences
Δ |E SHL

el
/ n2,

NR = ΔEHLel (n) to their CBS values Δ |
∞

E SHL
el

/ 2,
NR = ΔEHLel (∞) ( = HF, CC, CCSD(T); lines serve as guide to the eye).
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of the stability of the LS state with regard to the HS state.
Given that the metal−ligand bonds are longer in the HS state
than in the LS state, this suggests that the loss in accuracy in the
description of the metal−ligand bonding entailed by the cc-
pVQZ → cc-pVTZ change of basis sets is slightly more
pronounced in the HS state than in the LS state.
The expansion of the basis sets in the {S2,n

NR}n=T,Q,5 sequence
concerns the TMs only, the C and N atoms of the ligands
remaining described by the cc-pVTZ basis set. From the above
comparative analysis of the results obtained with the S1,Q

NR and
S2,Q
NR basis sets it follows that for both complexes, the restraint
put on the basis sets used for the ligands leads to an
overestimation of ΔEHLel in the S2,∞

NR CBS limit. For any of the
methods used ( = HF, CCSD, CCSD(T)), a reliable
estimate of this overestimation of ΔEHLel is given by the
difference ΔCBS,lig ΔE( )HL

el between the S2,∞
NR (TQ) and S1,∞

NR

CBS values of ΔEHL
el , the notation S2,∞

NR (TQ) being used to
designate the CBS value extrapolated from the results of the
calculations with the {S2,n

NR}n=T,Q basis sets (Table 4). This
difference remains quite small and actually decreases with the
level of treatment of the electronic correlation. Thus, at the
CCSD(T) level, it amounts to 198 cm−1 and 66 cm−1 for
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+, respectively. The larger

overestimation of ΔEHL
el found for [Fe(NCH)6]

2+ than for
[Co(NCH)6]

2+ can be ascribed to the fact that the lengthening
of the metal−ligand bond induced by the LS → HS change of
states is larger for [Fe(NCH)6]

2+ than for [Co(NCH)6]
2+.

More generally, the restraint put on the description of the
ligands in the sequence of basis sets {S2,n

NR}n=T,Q,5 will
systematically lead to an error in the ∞S/ 2,

NR CBS value of
any quantity Q ( = HF, CCSD, CCSD(T)). As this was
done above for ΔEHL

el , we propose to use as a good estimate of
this error the difference

Δ = | − |
∞ ∞

Q Q Q( ) S S
CBS,lig

/ (TQ) /2,
NR

1,
NR (11)

Our best possible estimate of the CBS value of Q with the
method is then given by the relation

| = | − Δ∞ ∞
Q Q Q( )S/CBS( ) /

CBS,lig
2,
NR (12)

The most accurate NR estimates of ΔEHL
el thus obtained at the

CCSD(T)/CBS(∞) level for the complexes [Fe(NCH)6]
2+

and [Co(NCH)6]
2+ are −2036 cm−1 and −3805 cm−1,

respectively. They are summarized in Table 6, wherein we
also report the ΔEHLel values determined at the HF/CBS(∞)
and CCSD/CBS(∞) levels, for they provide us with additional
landmarks in the course of our assessment of the other
methods.
Height ΔJT of the Barrier to Pseudorotation in the JT-

Unstable LS State of [Co(NCH)6]
2+. The HF, CCSD, and

CCSD(T) values of ΔJT determined using the sequences of
basis sets {S1,n

NR}n=T,Q and {S2,n
NR}n=T,Q,5 and are given in Table 5,

along with the corresponding CBS values. All calculated values
are positive as expected, and for any of the basis sets used and
in the CBS limits, they increase with the level of treatment of
electronic correlation as follows:

< Δ | < Δ | ∼ × Δ |0 0.9JT HF JT CCSD JT CCSD(T) (13)

Thus, the height of the barrier is underestimated at the HF level
and increases upon the inclusion of correlation effects at the
CC level. The CCSD and CCSD(T) values of ΔJT are very
close, differing by 25 cm−1 at most for the results obtained with

the smallest basis set S1,T
NR = S2,T

NR. The convergence of ΔJT with
the degree of the CC treatment of electronic correlation is
relatively fast, especially when compared to the one previously
observed for the HS−LS energy difference. This fast
convergence can be ascribed to the fact that the ΔJT energy
difference is evaluated for states belonging to the same spin
manifold and originating from the same t2g

6 eg
1 ligand-field

configuration.
Inspection of Table 5 shows that, at the HF, CCSD, or

CCSD(T) level, the convergence of ΔJT with respect to the
basis set is also quite fast. The values obtained with the
{S1,n

NR}n=T,Q basis sets are larger than those obtained with the
{S2,n

NR}n=T,Q,5 basis sets and, as a consequence thereof, the S1,∞
NR

CBS values are also larger than the corresponding S2,∞
NR CBS

values. The comparison of the CC results obtained with the
S1,Q
NR and the smaller S2,Q

NR basis set shows that the enhancement
of the quality of the basis set used for the Co atom is the main
factor responsible for the improvement observed for the CC
results on going from the n = T to the n = Q basis set in the
{S1,n

NR}n=T,Q sequence of basis sets. In this respect, the CBS S2, ∞
NR

values of ΔJT are more accurate than their S1,∞
NR analogues.

However, with a given method ( = HF, CCSD,
CCSD(T)), and as discussed previously for the determination
of ΔEHL

el , the restraint put on the description of the ligands in
the sequence of basis sets {S2,n

NR}n=T,Q,5 leads to an error in the

∞S/ 2,
NR CBS value of ΔJT. For the determination of the

estimate ΔCBS,lig Δ( )JT of this error given by eq 11, we have

calculated the ∞S/ 2,
NR(TQ) CBS values of ΔJT (Table 5). By

making use of eq 12, we have been able to determine the NR
/CBS(∞) values of ΔJT (Table 6). The most accurate NR

estimate of ΔJT thus obtained at the CCSD(T)/CBS(∞) level
is 273 cm−1.

3.1.3. Influence of Scalar Relativistic Effects on ΔEHLel and
ΔJT. The influence of SR effects on the energy differences ΔEHLel
and ΔJT has been evaluated at the HF, CCSD, and CCSD(T)
levels according to eq 6, that is, from the results of NR and
DKH calculations performed with the NR {S2,n

NR}n=T,Q and DKH

Table 5. Jahn-Teller Instability of the LS State of
[Co(NCH)6]

2+: NR and DKH Results Obtained at the HF,
CCSD, and CCSD(T) Levels for the Height ΔJT (cm−1) of
the Barrier to Pseudorotation

HF CCSD CCSD(T)

NR results, S1,n
NR (n = T, Q) basis sets

S1,T
NR 74 264 289
S1,Q
NR 88 260 278
S1,∞
NR a 99 257 269

NR results, S2,n
NR (n = T, Q, 5) basis sets

S2,T
NR  S1,T

NR 74 264 289
S2,Q
NR 73 228 251
S2,5
NR 72 201 220
S2,∞
NR (TQ)b 72 202 223
S2,∞
NR c 71 185 201

SR shifts ΔSR (ΔJT)ℳ,n (n = T, Q) as given by eq 6
n = T 106 101 100
n = Q 106 98 97
n = ∞d 106 96 95

aCBS values obtained with the S1,n
NR (n = T, Q) results and eq 4. bCBS

values obtained with the S2,n
NR (n = T, Q) results and eq 4. cCBS values

obtained with the S2,n
NR (n = T, Q, 5) results and eq 5. dCBS values

obtained with the n = T and n = Q results and eq 4.
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{S2,n
NR}n=T,Q basis sets, respectively. The SR shifts ΔSR ΔE( ) nHL

el
,

and ΔSR Δ( ) nJT , ( = HF, CCSD, CCSD(T)) obtained with
the different basis sets (n = T, Q) as well as their extrapolated
CBS values (n = ∞) are given in Tables 4 and 5, respectively.
All these values are positive: SR effects increase the HS−LS
energy difference in [Fe(NCH)6]

2+ and in [Co(NCH)6]
2+, and

also the height ΔJT of the barrier to pseudorotation in the LS
state of [Co(NCH)6]

2+. Further inspection of Tables 4 and 5
shows that the predicted SR shifts are only marginally affected
by the degree of treatment of electron correlation and that they
have a weak dependence on the quality of the basis sets used.
The CCSD and CCSD(T) values are indeed very close and
depart very little from the HF values. As for the influence of the
quality of the basis sets, it is vanishing at the HF level while the
CC values of the SR shifts turn out to be nearly converged for
the smallest basis sets (n = T). Similar observations were made
by Balabanov and Peterson regarding the weak influence of
both the electron correlation treatment and the size of the basis
set on the SR shifts to the energies of the 4s23dm−2 → 4s13dm−1

excitations in the Sc−Cu series of TMs.106

The most accurate estimates of the SR shifts to the HS−LS
energy differences in [Fe(NCH)6]

2+ and [Co(NCH)6]
2+ are

ΔSR(ΔEHL
el )CCSD(T),∞ = 1336 cm−1 and ΔSR(ΔEHL

el )CCSD(T),∞ =
694 cm−1, respectively. For the barrier to pseudorotation in LS
[Co(NCH)6]

2+, the best estimate of the shift is
ΔSR(ΔJT)CCSD(T),∞ = 95 cm−1. Thus, for ΔEHL

el and ΔJT, the
SR shifts are on the same order of magnitude as their NR-
CCSD(T)/CBS(∞) values (Table 6). Relativistic effects
should therefore systematically be included in the studies of
the energetics of first-row TM complexes. The final DKH-
CCSD(T)/CBS(∞) best estimates of ΔEHL

el are −712 cm−1

and −3111 cm−1 for [Fe(NCH)6]
2+ and [Co(NCH)6]

2+,
respectively, and the final DKH-CCSD(T)/CBS(∞) best
estimate of ΔJT is 368 cm−1. These values are reported in
Table 6 along with those similarly obtained at the DKH-HF
and DKH-CCSD levels.
For both complexes, the vibrational contribution ΔEHLvib to the

HS−LS zero-point energy difference ΔEHL° are negative
because of the weakening of the metal−ligand bonds upon
the LS → HS change of spin states (data not shown).
Consequently, the DKH-CCSD(T)/CBS(∞) values of ΔEHL

el

being negative (ΔEHL° = ΔEHL
el + ΔEHLvib ), the two complexes

are found to be HS species.

3.2. Performance of the CASPT2 Method. Starting from
a CASSCF reference wave function, which captures all near-
degeneracy effects in the electronic structure of the investigated
system, the CASPT2 method is formulated to recover the
remaining correlation by adding a second-order perturbative
correction to the electronic energy.43,44 In its initial
formulation, the CASPT2 approach was successfully applied
to numerous chemical problems, but the original one-electron
zeroth-order Hamiltonian was shown to systematically favor
open-shell over closed-shell systems.134,135 Modifications of the
one-electron zeroth-order Hamiltonian were devised to remedy
the situations. These are the g1, g2, and g3 modifications,136

which have been superseded by the IPEA shift technique.45 The
latter involves the introduction of a level shift in the zeroth-
order Hamiltonian, the so-called ionization potential−electron
affinity (IPEA) shift, whose standard value was set to ε = 0.25
au based on test calculations of dissociation energies,
spectroscopic constants, excitation, and ionization energies of
atoms and molecules.45 However, from the study of the IPEA
dependence of the CASPT2 values of ΔEHL

el in [Fe(NCH)6]
2+

and in Fe(II) complexes having also a [FeN6] core and of
experimentally known magnetic behaviors, it was suggested that
an IPEA shift of 0.50−0.70 au should rather be used for the
CASPT2 determination of ΔEHLel in such Fe(II) complexes.46

Due to the [FeN6] core found in many Fe(II) SCO complexes,
[Fe(NCH)6]

2+ has been the subject of several CASPT2
studies.9,46,137,138 Here, we examine the influence of the IPEA
parameter on the CASPT2 HS−LS energy differences in
[Fe(NCH)6]

2+ and in [Co(NCH)6]
2+ on the basis of the CC

results.
3.2.1. The HS−LS Energy Difference in [Fe(NCH)6]

2+ and in
[Co(NCH)6]

2+. The DKH CASSCF/CASPT2 calculations have
been performed with the ANO-I and ANO-II basis sets, which
are slightly modified versions of basis sets used in a recent
CASPT2 study of heme models.47 ANO-RCC basis sets like the
ANO-I basis set should help reach convergence in the HS−LS
energy differences at an affordable computational cost.46,137

With the larger ANO-II basis set, in which the TMs are
described by the largest possible contraction available for them
in the ANO-RCC basis sets of the MOLCAS library, the results
should be close to the basis set limit.47 For both complexes in
either spin-state, the CASSCF wave functions are dominated by
a single determinant with a weight larger than 90%, and the
natural orbital occupation numbers for the active space are near
two and zero and near one for open-shell states (see
Supporting Information), thus reflecting as anticipated above
the low multireference character of the considered electronic
states.127,139 The CASSCF values of the HS−LS energy
differences are summarized in Table 7. They have a weak
dependence on the basis set and are intermediate between the
DKH-HF/CBS(∞) and the DKH-CCSD/CBS(∞) results
(Table 6).
The dependencies on the IPEA shift ε of the CASPT2 ΔEHLel

values in the [M(NCH)6]
2+ complexes (M = Fe, Co) are

plotted in Figure 2. For the considered ε values, passing from
the ANO-I to the ANO-II basis set translates into a systematic
increase of ΔEHL

el of ∼800 cm−1 and ∼500 cm−1 for
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+, respectively. At ε = 0,

the DKH-CCSD(T)/CBS(∞) best estimates of −712 cm−1

and −3111 cm−1 found for [Fe(NCH)6]
2+ and [Co(NCH)6]

2+,
respectively, are severely underestimated, as expected. The
results improve with increasing ε values. For [Fe(NCH)6]

2+,
although the geometries, the active space, and the basis sets

Table 6. Best NR and DKH CBS Results Obtained at the HF,
CCSD, and CCSD(T) Levels for the HS−LS Energy
Difference ΔEHL

el (cm−1) in [Fe(NCH)6]
2+ and

[Co(NCH)6]
2+, and for ΔJT (cm

−1) the Height of the Barrier
to Pseudorotation in the Jahn-Teller Unstable LS State of
[Co(NCH)6]

2+

[Fe(NCH)6]
2+ [Co(NCH)6]

2+

ΔEHL
el ΔJT ΔEHL

el

nonrelativistic results
HF/CBS(∞) −32903 98 −18931
CCSD/CBS(∞) −6867 240 −5999
CCSD(T)/CBS(∞) −2036 273 −3805

scalar relativistic DKH results
HF/CBS(∞) −31567 204 −18173
CCSD/CBS(∞) −5531 336 −5307
CCSD(T)/CBS(∞) −712 368 −3111
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used differ, the IPEA dependency of ΔEHLel compares well with
the one reported in ref 46. For this complex, the DKH-
CCSD(T)/CBS(∞) best estimate of ΔEHL

el is obtained at ε ≈
0.60 au and at ε ≈ 0.45 au, when using the ANO-I and ANO-II
basis sets, respectively. This supports the recommended use of
an IPEA value of 0.50−0.70 au for the CASPT2 studies of the
spin-state energetics in [Fe(NCH)6]

2+ and in Fe(II) complexes
with a [FeN6] core.

46

For [Co(NCH)6]
2+, the DKH-CCSD(T)/CBS(∞) best

estimate of ΔEHLel is obtained for larger IPEA values: at ε ≈
1.25 au and ε ≈ 1.05 au, when using the ANO-I and ANO-II
basis sets, respectively. This suggests that, using basis sets
similar to the ANO-I and ANO-II basis sets, a IPEA value of
1.00−1.30 au is best suited for the CASPT2 characterization of
the spin-state energetics in Co(II) complexes with a [CoN6]
core.
3.2.2. The Jahn−Teller Instability of the LS State of

[Co(NCH)6]
2+. For [Co(NCH)6]

2+ in the JT unstable LS state,
the CASSCF values obtained with the ANO-I and ANO-II basis
sets for the height ΔJT of the barrier to pseudorotation and for
the JT stabilization energy EJT are given in Table 7. They are
positive, as expected, and vary little with the basis set. The
CASSCF ΔJT values are actually much larger than the DKH HF
and CC best estimates (Table 6). The influence of the IPEA
shift on the CASPT2 determination of ΔJT and EJT has been
probed. The results are summarized in Figure 3.
For the considered IPEA values, passing from the ANO-I to

the ANO-II basis set translates into a systematic small increase
of the CASPT2 values of ΔJT and EJT of about 70 cm1 and 80
cm−1, respectively. The CASPT2 estimates of ΔJT and EJT are
both slowly increasing functions of the IPEA shift ε. This

contrasts with the strong IPEA dependencies observed for the
CASPT2 values of ΔEHLel in [Co(NCH)6]

2+ and in [Fe-
(NCH)6]

2+ (Figure 2) and which are due to the large
modification of the electronic structures entailed by the change
of spin states.45 The CASPT2 values of ΔJT at ε = 0 are too
small compared to the DKH-CCSD(T)/CBS(∞) best estimate
of 368 cm−1, which is obtained at ε ≈ 2.15 au and ε ≈ 1.50 au,
when using the ANO-I and the ANO-II basis sets, respectively.
These optimal IPEA values are larger than those found for the
CASPT2 calculations of ΔEHL

el in [Co(NCH)6]
2+. Still, using

the IPEA value of 1.00−1.30 au which seems best suited for the
CASPT2 characterization of the spin-state energetics in the
complex, reasonably good CASPT2 estimates of ΔJT are
obtained with the two basis sets. From the CASPT2 results
obtained with this IPEA value of 1.00−1.30 au, a best ab initio
estimate of 1600 ± 100 cm−1 is obtained for EJT

3.3. Performances of DFT Methods. The search for
accurate density functional approximations is a very active
research area. Numerous functionals are regularly designed
either nonempirically so as to satisfy as many exact theoretical
constraints as possible or by empirical fitting to accurate
experimental or ab initio data. A comprehensive view of the
many kinds of functionals is beyond the scope of the present
study. Our objective here is to assess the performance of
popular XC energy functionals for the accurate determination
of the HS−LS energy difference in [Fe(NCH)6]

2+ and in
[Co(NCH)6]

2+, and for that of the height ΔJT of the barrier to
pseudorotation in LS [Co(NCH)6]

2+. These functionals can be
classified as semilocal, hybrid, range-separated hybrid, and
double-hybrid density functionals. To make these distinctions
clear, we give below a brief overview of the different types of
considered density functionals. The reader is referred to the
referenced papers for more details.
Local and semilocal XC energy functionals admit the general

form

∫ρ ρ ρ ε ρ ρ ρ

ρ ρ ρ τ τ

= ∇

∇ ∇ ∇

↑ ↓ ↑ ↓ ↑

↓ ↑ ↓ ↑ ↓

E r r r r r

r r r r r

[ , ] d ( ) ( ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ))

xc xc

2 2
(14)

where ρ↑(r) and ρ↓(r) are the spin-up and spin-down densities,
ρ(r) = ρ↑(r) + ρ↓(r) is the charge density, and εxc is the XC
energy per particle. In the local density approximation (LDA)
not considered here, εxc depends only on the spin

Table 7. CASSCF Results for the HS−LS Energy Difference
ΔEHL

el (cm−1) in [Fe(NCH)6]
2+ and [Co(NCH)6]

2+, and for
the Height ΔJT (cm−1) of the Barrier to Pseudorotation and
the Jahn-Teller Stabilization Energy EJT (cm−1) in the Jahn-
Teller Unstable LS State of [Co(NCH)6]

2+: Results of Scalar
Relativistic Calculations Performed with the ANO-I and
ANO-II Basis Sets

[Fe(NCH)6]
2+ [Co(NCH)6]

2+

ΔEHL
el ΔEHL

el ΔJT EJT

ANO-I −18257 −12360 491 1908
ANO-II −17959 −12188 541 1972

Figure 2. Dependence of the CASPT2 HS−LS energy differences in [Fe(NCH)6]
2+ and [Co(NCH)6]

2+ on the IPEA shift ε: CASPT2 results
obtained with the ANO-I (blue dot-dashed lines) and ANO-II (blue solid lines) basis sets. The DKH-CCSD(T)/CBS(∞) best estimates are also
shown (horizontal red lines).
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densities.8,140−145 Although the LDA is only valid for slowly
varying densities, it performs reasonably for the description of
atomic, molecular, and solid systems. For these systems
characterized by rapidly varying densities, the LDA under-
estimates the exchange energy by about 14% and overestimates
the correlation energy by a factor of approximately 2.5; quite
often the two errors cancel.146,147 Semilocal approximations
improve on the LDA by including corrections which reflect the
strongly inhomogeneous densities of real systems. Within the
generalized gradient approximation (GGA), εxc depends on the
spin densities but also on their gradients ▽ρσ(r) (σ = ↑
,↓).62,64,148−150 In the meta-GGA,79,80,151,152 εxc is also a
function of the second derivatives of the spin densities
▽2ρσ(r) and/or the kinetic energy densities τσ(r).

∑τ ψ= |∇ |σ
σ

σ σfr r( )
1
2

( )
i

i i

occ.
2

(15)

where f iσ and ψiσ(r) are the occupation number and the spin−
orbital of the ith σ-type single-particle level of the Kohn−Sham
(KS) noninteracting system, and the summation runs over the
occupied spin−orbitals.
With their conceptual root in the adiabatic connection

formalism,153−158 hybrid XC energy functionals include a
contribution of the nonlocal HF exchange energy:60,159
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They explicitly depend on the occupied KS spin−orbitals
(Ex

HF[ρ↑,ρ↓]  Ex
HF[{ψiσ}iσ∈occ]) and can be written

ρ ρ ρ ρ ρ ρ

ρ ρ

= + −

+
↑ ↓ ↑ ↓ ↑ ↓

↑ ↓

E a E a E

E

[ , ] [ , ] (1 ) [ , ]

[ , ]

xc
hyb

x x
HF

x x
sem

c
sem

(17)

where ax ∈ ]0,1], and Ex
sem and Ec

sem are semilocal exchange and
correlation functionals. With their fixed amounts of HF
exchange, these functionals are also termed global hybrids to
distinguish them from the other types of hybrid functionals.

The considered range-separated hybrid (RSH) functionals
rely on the splitting of the Coulomb operator into a short-range
(sr) and a long-range (lr) term according to:86,89−91,160−163

where “erf” is the error function and ω, the range separation
parameter. The short-range component dominates for small
interelectronic distances, r12 ≪ 1/ω, and behaves like (1−α)/
r12 for r12 → 0. The long-range component dominates for r12 ≫
1/ω, with an asymptotic behavior in (α+β)/r12. One thus must
verify (α,β) ∈ [0,1]2 and 0 ≤ α + β ≤ 1. The splitting of the
Coulomb operator allows for a partition of the exchange energy
into a short-range and a long-range component:

ρ ρ ρ ρ ρ ρ= +↑ ↓ ↑ ↓ ↑ ↓E E E[ , ] [ , ] [ , ]x x
sr

x
lr

(19)

The short-range component Ex
sr is approximated by a local or

semilocal functional, and the long-range complement is
described by the HF exchange
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There are two approaches to the design of RSH exchange
energy functionals based on eq 18. In the LC scheme,89,90,163 α
= 0 and β = 1: the exchange energy functional is the
combination of the long-range HF exchange and the chosen
short-range semilocal exchange functional; furthermore, the
exchange potential has the correct −1/r12 asymptotic behavior.
In the CAM approach,86,91 α ≠ 0, so that there is a
nonvanishing amount “α” of HF exchange at short-range, and
the correct asymptotic behavior of the exchange potential is
retained for α + β = 1. Finally, a RSH XC energy functional is
obtained by combining a RSH exchange energy functional with
an unmodified semilocal correlation energy functional.
Inspired by the Görling-Levy perturbation theory,164,165 the

double-hybrid approach substitutes in global hybrid functionals
a fraction of the semilocal correlation energy by a nonlocal

Figure 3. CASPT2 characterization of [Co(NCH)6]
2+ in the Jahn−Teller unstable LS state: plots of the CASPT2/ANO-I (blue dot-dashed lines)

and CASPT2/ANO-II (blue solid lines) values of ΔJT and EJT as functions of the IPEA shift ε; the solid red line (left) represents the DKH-
CCSD(T)/CBS(∞) best estimate of ΔJT.
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second-order Møller−Plesset (MP2) type correlation en-
ergy.87,88,166 Double-hybrid XC energy functionals thus read

ρ ρ ρ ρ ρ ρ

ρ ρ ρ ρ

= + −

+ − +

‐
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c c
sem

c c
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(21)

where (ax,ac) ∈ ]0,1]2 and Ec
MP2[ρ↑,ρ↓], the nonlocal MP2-like

contribution, is given in spin−orbital form by
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The labels i and j (respectively, a and b) are for the occupied
(respectively, virtual) KS spin−orbitals (ψk ≡ ψkσk) of energies
εk (k = i,j,a,b), and (ia|jb) is a two-electron repulsion integral in
Mulliken notation. For the evaluation of the double-hybrid
correlation energy, the KS spin−orbitals are first self-
consistently determined using the hybrid XC energy functional
defined by the first three terms of the right-hand side of eq 21,
then used for the evaluation of the nonlocal correlation
contribution.87,88,166

With their explicit dependency on both occupied and virtual
KS spin−orbitals, double-hybrid XC energy functionals are at
the highest (fifth) rung of John Perdew’s Jacob’s ladder of
density functional approximations,167 with the LDA, GGA,
meta-GGA, and hybrid functionals at the first, second, third,
and fourth rungs, respectively. We will now discuss the
performances of the selected functionals, which thus span the
second to fifth rungs of the ladder. As explained in the
Computational Details section, the DFT calculations were run
nonrelativistically. Hence, the performances of the functionals
will be assessed against the NR-CCSD(T)/CBS(∞) results.
3.3.1. HS−LS Energy Differences in [Fe(NCH)6]

2+ and in
[Co(NCH)6]

2+. The results obtained with the different func-
tionals for the NR values of the HS−LS energy differences in
the two complexes are summarized in Table 8. The inspection
of this table shows that the functionals perform very differently
and that most of them actually are not even in the right
ballpark. The NR-CCSD(T)/CBS(∞) estimates of ΔEHL

el in
[Fe(NCH)6]

2+ and [Co(NCH)6]
2+ are −2036 cm−1 and

−3805 cm−1, respectively.
With the exception of the HCTH/407 and HCTH/407+

functionals, the GGAs strongly overestimate ΔEHLel and thus
tend to fail to predict the HS state as the electronic ground
state of the complexes. Among these GGA results, the less
inaccurate ones are those obtained with the functionals
including the semiempirical OPTX exchange functional,71

namely, the OLYP63,71 and OPBE58,59,71 GGAs, the former
leading to a lesser overestimation of ΔEHL

el than the latter. The
HCTH/407 functional74 is a semiempirical XC energy GGA
obtained by fitting to a training set containing 407 molecular
and atomic systems, with no data relative to the spin-state
energetics of TM complexes. It gives for [Fe(NCH)6]

2+ the
best GGA estimate of ΔEHLel , which it however underestimates
by 35.8%, and it overestimates ΔEHLel for [Co(NCH)6]

2+. The
HCTH/407+ functional is a reparametrization of the HCTH/
407 obtained by including the ammonia dimer (NH3)2 in the
training set, with special emphasis on the improved description
of the nonlinear hydrogen bond and the potential energy

surface of this dimer.76 In the present case, passing from the
HCTH/407 to the HCTH/407 + GGA translates into a
decrease of the ΔEHL

el values. For [Fe(NCH)6]
2+, this

accentuates the overestimation of the stability of the HS state
with regard to the LS state and leads, for [Co(NCH)6]

2+, to a
minor improvement.
The tested meta-GGA functionals severely overestimate the

HS−LS energy differences in the two complexes. The smallest
overestimation is observed for the semiempirical M06-L
functional, which was obtained by fitting to 22 energetic
databases, for main-group thermochemistry, TM bonding,
thermochemical kinetics, and noncovalent interactions.82 The
tendency of the GGA and meta-GGA functionals to over-
estimate ΔEHLel can be ascribed to the fact that they still present
the underestimation of exchange inherited from their LDA
component.18,20 The approximate exchange energy functionals
must indeed correctly account for the variation of the exchange
interaction with increasing or decreasing spin polarization, as in
the case of a change of spin states. The performances of the
highly parametrized HCTH/407, HCTH/407+, and M06-L
functionals trained on large data sets, though far from being
satisfactory, suggest that semiempirical semilocal XC func-
tionals for accurate spin-state energetics of TM complexes
could be designed by including in such training sets highly
accurate data like those reported here for [Fe(NCH)6]

2+ and
[Co(NCH)6]

2+.
Contrary to the trend observed for the semilocal functionals,

the assessed global hybrids tend to give the correct sign for
ΔEHL

el . This is in line with the fact that the inclusion of a
contribution of the nonlocal HF exchange generally leads to
improvements.60,68,69,159 The improvement observed here can
be ascribed to the fact that the admixture of HF exchange helps

Table 8. NR DFT Results for the HS−LS Energy Difference
ΔEHL

el (cm−1) in the [M(NCH)6]
2+ Complexes (M = Fe,

Co)a

GGAs M = Fe M = Co hybrid GGAs M = Fe M = Co

PBE 8470 3021 B3LYP −1726 −2483
BLYP 6282 2145 B3LYP* 441 −1213
BP86 9300 3468 X3LYP −2145 −2788
BOP 4951 1705 PBE0 −3138 −3579
PBEOP 5394 1830 B97 −2789 −2982
OLYP 118 −495 B97−3 −5989 −4673
OPBE 1706 192 B98 −3067 −3258
HCTCH/407 −2764 −1571 mPW1K −9190 −7038
HCTCH/407+ −4255 −2195
meta-GGAs M = Fe M = Co hybrid meta-GGAs M = Fe M = Co

TPSS 8432 2481 BB1K −6411 −5408
PKZB 2884 465 TPSSh 3602 −220
M06-L 545 −1808 M05 −9180 −5369

M06 −4789 −3467
range-separated

hybrids M = Fe M = Co
double
hybrids M = Fe M = Co

CAM-B3LYP −2002 −2706 B2-PLYP −1119 −2829
LC-BLYP 6877 2032 mPW2-

PLYP
−2585 −3662

LC-PBE 9478 3136
CAM-PBE0 −672 −2657

aThe results were obtained with the S2,Q
NR basis set except in the case of

the double-hybrid XC energy functionals, for which the reported
results correspond to those obtained with the {S2,n

NR}n=T,Q,5 basis sets
extrapolated to the CBS limit.
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correct for the underestimation of the exchange interaction by
the semilocal functionals. There however remains the general
question of the optimal amount ax of HF exchange to use.
Global hybrids incorporating a fraction of ax ≈ 0.20−0.25 of
HF exchange tend to perform well for main group
compounds.60,68,69,159 For the spin-state energetics of TM
complexes, the stability of states of high spin multiplicities with
regard to those of lower spin multiplicities is known to increase
with ax and to become severely overestimated for too large ax
values.11,12,20 Despite the different functional forms of the
tested global hybrids, the inspection of Table 8 shows that,
except for B97 (ax ≈ 0.194), this trend holds for the hybrid
GGAs (B3LYP*, ax = 0.150; B3LYP, ax = 0.200; X3LYP, ax ≈
0.218; B98, ax ≈ 0.220; PBE0, ax = 0.250; B97-3, ax ≈ 0.269;
mPW1K, ax = 0.428), and to a lesser extent, also for the tested
hybrid meta-GGAs (TPSSh, ax = 0.100; M06, ax = 0.270; M05,
ax = 0.280; BB1K, ax = 0.420). On the basis of assessments
made mostly against experimental data, global hybrids with
some 10% of HF exchange (like the B3LYP* and TPSSh) are
proposed as the ones best suited for the description of the
properties of the TM complexes, their spin-state energetics
included.11,12,15,18,20,34,37,168 Here, the B3LYP* and TPSSh
functionals strongly overestimate the HS−LS energy difference
in both complexes. For either complex, results intermediate
between the NR-CCSD and NR-CCSD(T) best estimates
(Table 6) are observed for global hybrids with ax ≈ 0.2−0.3.
Actually, the X3LYP (ax ≈ 0.218) and PBE0 (ax = 0.250)
functionals perform remarkably well for [Fe(NCH)6]

2+ and
[Co(NCH)6]

2+, respectively, their predicted ΔEHL
el values

differing from the NR-CCSD(T)/CBS(∞) estimates only by
−5.4% and +5.9%, respectively. It thus follows that the question
of the optimal amount of HF exchange to include in global
hybrids for TM spin-state energetics remains open.
The use of the four RSHs did not lead to a systematic

improvement of the DFT results. The CAM-B3LYP functional
(α = 0.19, β = 0.46, ω = 0.33 bohr−1)86 gives for [Fe(NCH)6]

2+

a ΔEHLel value in exceptionally good agreement with the NR ab
initio best estimate (+1.7%), but for [Co(NCH)6]

2+, it
overestimates ΔEHLel by 28.9%. The LC-BLYP (α = 0, β = 1,
ω = 0.33 bohr−1) and LC-PBE (α = 0, β = 1, ω = 0.30 bohr−1)
functionals89,90 severely overestimate ΔEHL

el for the two
complexes. The CAM-PBE0 functional (α = 0.25, β = 0.75,
ω = 0.30 bohr−1)91 predicts for [Fe(NCH)6]

2+ and [Co-
(NCH)6]

2+ the correct sign of ΔEHL
el , like the CAM-B3LYP, but

it overestimates ΔEHL
el in both cases, by 67.0% and 30.2%,

respectively. Interestingly however, ones notes for these RSHs
characterized by ω ≈ 0.3 bohr−1 that the LC-PBE and LC-
BLYP actually perform like the PBE and BLYP GGAs, and that
the CAM-PBE0 and CAM-B3LYP functionals characterized by
α ≠ 0 give the most acceptable results. This indicates the need
of a nonvanishing amount of HF exchange at short-range,
which is in line with the fact that the electronic rearrangement
accompanying the LS↔ HS change of states is centered on the
TMs and mainly takes place in the compact 3d shell of TMs.
Increasing ω and/or modifying α therefore constitute a
convenient and attractive means to readily tune the perform-
ance of RSHs for TM spin-state energetics.
The tested double-hybrid B2-PLYP (ax = 0.53, ac = 0.27) and

mPW2-PLYP (ax = 0.55, ac = 0.25)87,88 functionals predict for
the two complexes the correct sign for ΔEHL

el . The B2-PLYP
functional overestimates the ΔEHLel values. The mPW2-PLYP
functional performs very well for [Co(NCH)6]

2+ (+3.8%), but
for [Fe(NCH)6]

2+, it underestimates ΔEHL
el (−27.0%). The two

double hybrids have the same LYP correlation functional63 and
similar ax and ac optimized values, so that the observed better
performance of the mPW2-PLYP with regard to the B2-PLYP
can be ascribed to the replacement of the B exchange
functional62 by the mPW exchange functional.169 Remarkably,
the mPW2-PLYP functional proves to be the only tested
functional to give ΔEHLel values that are within ±2 kcal/mol (ca.
± 700 cm−1) of the best ab initio estimates. No functional gives
for both complexes ΔEHLel values which are within chemical
accuracy (±1 kcal/mol) of the best ab initio estimates.

3.3.2. Height ΔJT of the Barrier to Pseudorotation in the
JT-Unstable LS State of [Co(NCH)6]

2+. The NR-CCSD(T)/
CBS(∞) value of the barrier height ΔJT is 273 cm−1. The ΔJT
values obtained with the different density functionals are given
in Table 9. Although the predicted DFT values are all positive

as expected, the inspection of this table shows that ΔJT is
overestimated by most functionals by a factor of ∼1.4 at least.
The use of the M06-L and CAM-PBE0 functionals leads to a
30−40% underestimation of ΔJT. The LC-BLYP value is in
reasonable agreement with the best ab initio estimate. An
almost perfect match is observed for the LC-PBE functional
and also for the semiempirical mPW1K and BB1K functionals,
which were actually devised for main-group thermochemical
kinetics.75,78 Although the functionals mPW1K and BB1K
perform badly for the HS−LS energy difference in [M-
(NCH)6]

2+ (M = Fe, Co), their remarkable performances for
the determination of ΔJT suggest that they may be well suited
for the study of the reactions of first-row TM complexes in a
given spin state.

4. SUMMARY, CONCLUSION, AND OUTLOOK
Highly accurate estimates of the HS−LS energy difference
ΔEHL

el in the HS complexes [Fe(NCH)6]
2+ and [Co(NCH)6]

2+

Table 9. NR DFT Results for the Height ΔJT (cm−1) of the
Barrier to Pseudorotation in the Jahn-Teller Unstable LS
State of [Co(NCH)6]

2+a

GGAs hybrid GGAs

PBE 590 B3LYP 511
BLYP 664 B3LYP* 595
BP86 592 X3LYP 473
BOP 775 PBE0 428
PBEOP 727 B97 577
OLYP 962 B97−3 571
OPBE 954 B98 516
HCTCH/407 994 mPW1K 256
HCTCH/407 + 1066

meta-GGAs hybrid meta-GGAs

TPSS 498 BB1K 284
PKZB 761 TPSSh 457
M06-L 185 M05 558

M06 390
range-separated hybrid double hybrids

CAM-B3LYP 375 B2-PLYP 488
LC-BLYP 312 mPW2-PLYP 415
LC-PBE 280
CAM-PBE0 153

aThe results were obtained with the S2,Q
NR basis set except in the case of

the double-hybrid XC energy functionals, for which the reported
results correspond to those obtained with the {S2,n

NR}n=T,Q,5 basis sets
extrapolated to the CBS limit.
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and of the height ΔJT to pseudorotation in LS [Co(NCH)6]
2+

have been obtained from the results of intensive CCSD(T)
calculations extrapolated to the CBS limits. SR effects were
taken into account and shown to significantly influence the
energetics of the complexes. The SR shifts, which proved to
have been accurately determined already at the HF level, are
indeed on the same order of magnitude as the NR values of
ΔEHL

el and ΔJT. The influence of relativistic effects should
therefore systematically be probed, especially when computa-
tional results have to be compared against experimental data.
Actually, given that the spin-state energetics of TM complexes
can be strongly influenced by their surroundings and also by
temperature and pressure, the calibration of computational
methods against experimental data should be avoided unless
special care is taken to accurately account for the influence of
these external factors. For this purpose, it is preferable to use
highly accurate gas-phase ab initio data like those reported here
for [Fe(NCH)6]

2+ and [Co(NCH)6]
2+

We have used the CCSDT/CBS(∞) estimates of the energy
differences ΔEHLel and ΔJT to assess the performances of the
CASPT2 method and of 30 functionals of the GGA, meta-
GGA, global hybrid, RSH, and double-hybrid types. For the
CASPT2 method, our results confirm that an IPEA parameter
value of 0.50−0.70 au seems best suited for the study of the
spin-state energetics of Fe(II) complexes with a [FeN6]
core.46,138 They also indicate that this parameter should be
increased to 1.00−1.30 au when dealing with the spin-state
energetics of Co(II) complexes with a [CoN6] core. For
[Co(NCH)6]

2+ in the JT unstable LS state, with the IPEA value
of 1.00−1.30 au, accurate results are obtained for the height ΔJT
of the barrier to pseudorotation, and a JT stabilization energy of
EJT = 1600 ± 100 cm−1 is predicted.
At the DFT level, some of the assessed functionals proved to

perform within chemical accuracy (±1 kcal/mol ≈ 350 cm−1)
for the spin-state energetics of [Fe(NCH)6]

2+ (X3LYP, CAM-
B3LYP), others for that of [Co(NCH)6]

2+ (PBE0, M06,
mPW2-PLYP), but none of them did perform so accurately for
both complexes at the same time. Only the mPW2-PLYP
functional gives for both complexes ΔEHLel values that are within
±2 kcal/mol of the best ab initio estimates. For the height ΔJT
of the barrier to pseudorotation in LS [Co(NCH)6]

2+,
remarkably accurate results are obtained with the specialized
mPW1K and BB1K “kinetics” functionals and also with the LC-
PBE functionals.
Regarding the performances of the functionals for the spin-

state energetics of the two complexes, the results obtained with
the RSHs suggest that, for such functionals, there is a need for a
nonvanishing HF exchange contribution at short-range. This is
in line with the fact that the electronic rearrangement
accompanying the LS ↔ HS change of states and the
concomitant variation of exchange interactions are mainly
localized in the compact 3d shell of the TMs. Besides this, no
other trend could however be identified within and between the
different classes of tested functionals. Still, given the high
flexibility of the functional forms, our result makes us believe
that it is possible to devise semiempirical functionals, likely of
any of the considered types, that perform accurately for TM
spin-state energetics.
The CAM-PBE0 functional is the most interesting in this

respect. This RSH is characterized by α = 0.25, β = 1 − α =
0.75, and ω = 0.30 au−1 [eq 19]. It overestimates ΔEHLel for both
complexes and gives NR values of the right sign (Table 8).
Therefore, increasing the amount of short-range HF exchange

in this functional by increasing α or ω could help improve the
results for both complexes by stabilizing the HS state with
respect to the LS state. To probe this proposal, we have
calculated with the CAM-PBE0 functional the HS−LS energy
difference in the two complexes while varying α ∈ [0.15,0.35]
and ω ∈ [0.10,0.55] au−1. The results are summarized in Figure
4 by the plots of the dependence on α and ω of the difference

between the CAM-PBE0 estimate, ΔEHL
el |α,ω, and the best ab

initio estimate, ΔEHLel |CCSD(T)/CBS(∞). We note in Figure 4 that a
slight increase of the amount of short-range HF exchange to α
= 0.32 accompanied by a slight decrease of the range separation
parameter to ω = 0.25 au−1 suffices to obtain an RSH which
performs within chemical accuracy for the evaluation of ΔEHLel
in both complexes at the same time. The reparametrized CAM-
PBE0 indeed gives for [Fe(NCH)6]

2+ and [Co(NCH)6]
2+ NR

ΔEHL
el values of −2220 cm−1 and −3651 cm−1, respectively, the

reference ΔEHLel estimates being −2036 cm−1 and −3805 cm−1,
respectively.
The results of this “CAM-PBE0” exploratory case study are

very promising, for they confirm that performing semiempirical
functionals of broad applicability may be devised by including
in the training sets data relative to TM spin-state energetics.170

So, to enrich our data set, we are completing the CC
characterization of the spin-state energetics of the complexes
[Mn(NCH)6]

2+, [Ni(NCH)6]
2+, [Fe(NCH)6]

3+, and [Co-
(NCH)6]

3+ and have started extending the CC study to
another class of TM complexes, namely the metalloporphyrins.
In the search for a reliable approach to the calculation of spin-
state energy differences in TM systems, we will also use these
reference data to assess the performance of the NEVPT2
second-order MRPT method.171−175 The results will be
reported in forthcoming papers.

Figure 4. Influence of the fraction α of HF exchange and of the range
separation parameter ω on the performance of the range-separated
hybrid CAM-PBE0 for the HS−LS energy difference in [M(NCH)6]

2+

(M = Fe, Co): plots of the dependence on α and ω of δ[ΔEHLel ] =
ΔEHLel |α,ω − ΔEHLel |CCSD(T)/CBS(∞) for [Fe(NCH)6]

2+ (open symbols)
and [Co(NCH)6]

2+ (filled symbols).
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