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Towards accurate estimates of the spin-state
energetics of spin-crossover complexes within
density functional theory: a comparative case
study of cobalt(II) complexes†

Alfredo Vargas, Itana Krivokapic, Andreas Hauser and Latévi Max Lawson Daku*

We report a detailed DFT study of the energetic and structural properties of the spin-crossover Co(II) complex

[Co(tpy)2]2+ (tpy = 2,20:60,200-terpyridine) in the low-spin (LS) and the high-spin (HS) states, using several

generalized gradient approximation and hybrid functionals. In either spin-state, the results obtained with the

functionals are consistent with one another and in good agreement with available experimental data.

Although the different functionals correctly predict the LS state as the electronic ground state of [Co(tpy)2]2+,

they give estimates of the HS–LS zero-point energy difference DEo
HLðtpyÞ which strongly depend on the

functional used. This dependency on the functional was also reported for the DFT estimates of the zero-

point energy difference DEo
HLðbpyÞ in the HS complex [Co(bpy)3]2+ (bpy = 2,20-bipyridine) [A. Vargas,

A. Hauser and L. M. Lawson Daku, J. Chem. Theory Comput., 2009, 5, 97]. The comparison of the DEo
HLðtpyÞ

and DEo
HLðbpyÞ estimates showed that all functionals correctly predict an increase of the zero-point energy

difference upon the bpy - tpy ligand substitution, which furthermore weakly depends on the functionals,

amounting to D DEo
HL

� �
bpy!tpy

� þ2760 cm�1. From these results and basic thermodynamic considerations, we

establish that, despite their limitations, current DFT methods can be applied to the accurate determination of

the spin-state energetics of complexes of a transition metal ion, or of these complexes in different

environments, provided that the spin-state energetics is accurately known in one case. Thus, making use of

the availability of a highly accurate ab initio estimate of the HS–LS energy difference in the complex

[Co(NCH)6]2+ [L. M. Lawson Daku, F. Aquilante, T. W. Robinson and A. Hauser, J. Chem. Theory Comput., 2012,

8, 4216], we obtain for [Co(tpy)2]2+ and [Co(bpy)3]2+ best estimates of DEo
HLðbpyÞ � �2800 cm�1 and

DEo
HLðtpyÞ � 0 cm�1, in good agreement with the known magnetic behaviour of the two complexes.

1 Introduction

The electronic ground state of Co(II) complexes is either a low-
spin (LS) doublet state or a high-spin (HS) quartet state.
In octahedral symmetry, these states are the LS 2Eg(t6

2ge1
g) and

HS 4T1g(t5
2ge2

g) states. When the LS state is the ground state and
the excited HS state lies sufficiently close in energy, the Co(II)

complexes can exhibit spin crossover (SCO), that is, the
entropy-driven thermal transition from the LS state, populated
at low temperatures, to the HS state, populated at higher
temperatures.1 The Co(II) SCO complexes constitute a rather
small class of SCO complexes,2,3 especially when compared to
their Fe(II) analogues. The title complex, [Co(tpy)2]2+ (tpy =
2,20:60,200-terpyridine), is one of the very first members of this
class. Its SCO behaviour was indeed observed as early as in the
1960s.4,5 The complex is shown in Fig. 1. Its geometry is
generally depicted as being of D2d molecular symmetry.

The trigonal complex [Co(bpy)3]2+ (bpy = 2,20-bipyridine) is
usually a HS species, although bpy is considered a stronger
ligand than tpy.6 Actually, in [Co(tpy)2]2+, the coordination
motif brought about by the tridentate terimine tpy ligand is
believed to be responsible for the stabilization of the LS state
with respect to the HS state.3,6 Indeed, the rigid geometry of tpy
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imposes short axial Co–N bonds and long distal Co–N bonds.
The resulting tetragonal compression leads to destabilization
of the dz2 component of the antibonding eg level, which is
not favorable to the HS state characterized by two unpaired
electrons in the eg level, but stabilizes one component of the
Jahn–Teller (JT) unstable 2Eg state.

The SCO behaviour of [Co(tpy)2]2+ is strongly influenced by
the environment of the complex. It thus proves to be sensitive
to the nature of the counteranions, to the nature and number of
incorporated solvent molecules in crystalline media, and, in
solutions, to the nature of the solvent.4–18 The magnetic proper-
ties of [Co(bpy)3]2+ are also sensitive to the environment of the
complex. Indeed, upon the incorporation of [Co(bpy)3]2+ into
the supercages of zeolite Y19–21 or into the cavities of three-
dimensional oxalate networks,22,23 the LS state becomes the
ground state and the complex exhibits SCO. This makes the
choice of the environment an efficient means for fine tuning
the SCO behaviour of the two Co(II) imine complexes. Their
behaviour can also be modified chemically, as recently demon-
strated with the series of [Co(tpyRX)2]2+ complexes (tpyRX =
40-alkoxy-2,20:60,200-terpyridine, X = 4, 8, 12), whose SCO beha-
viour in the solid state proves to depend on the nature of the
alkoxy-substituting group and on the nature of the counter-
anion as well.24 The detailed characterization of the two iso-
lated Co(II) imine complexes in the two spin states is required
for the in-depth understanding of the evolution of their
magnetic properties with the environment and upon chemical
modification of the ligands. In a previous study,25 we have
characterized within density functional theory (DFT)26,27 the
geometric, energetic and optical properties of [Co(bpy)3]2+ in
the HS and Jahn–Teller unstable LS states. In this paper, we
extend this DFT study to the [Co(tpy)2]2+ complex.

We will thus characterize the geometric and energetic prop-
erties of [Co(tpy)2]2+ in the LS state then in the HS state by
carrying out optimization calculations in D2d with different
generalized gradient approximation (GGA) and hybrid exchange–
correlation (XC) functionals. The LS state of [Co(tpy)2]2+ is however
prone to a pseudo-Jahn–Teller (PJT) instability, which may lead to
a lowering of the molecular symmetry to C2v.

13 Consequently, for
investigating this vibronic instability, we will perform further
calculations in C2v for the complex in the LS state. This will
involve the determination of the C2v PJT-distorted LS geometry
of the complex and the associated PJT stabilization energy.
For [Co(tpy)2]2+ in the HS state, we will evaluate the tetra-
gonal splitting of this spin state and examine the extent to which
this splitting is influenced by a D2d - C2v symmetry lowering.

Finally, we will discuss the performances of the functionals
used for the determination of the HS–LS energy differences in
[Co(tpy)2]2+ and [Co(bpy)3]2+. Furthermore, from the comparison of
the HS–LS energy differences in the two complexes, we will discuss
the extent to which DFT methods can be used for the accurate
prediction of the variation of the HS–LS energy difference in Co(II)
imine complexes and, more generally, in families of transition
metal complexes. By extending the comparison to the benchmark
complex [Co(NCH)6]2+ for which highly accurate ab initio estimates
of the HS–LS energy difference have been recently reported,28 we
will make use of our results to derive accurate estimates of this
energy difference in [Co(tpy)2]2+ and in [Co(bpy)3]2+.

2 Computational details

The DFT calculations were carried out with the Gaussian 0329

and the Amsterdam Density Functional (ADF)30,31 program
packages. Both packages were used for the optimization of the
LS and HS geometries of the complex and subsequent frequency
analyses. With the Gaussian 03 package, these calculations were
performed using the PBE,32 OLYP,33,34 OPBE32,34 and HCTH40735

GGAs, as well as the B3LYP36,37 and B3LYP*38,39 hybrids, in
combination with the Gaussian-type orbital (GTO) TZVP40 basis
set of triple-z polarized quality, hereafter referred to as the G

basis set. With the ADF program package, the optimization and
frequency calculations were carried out using the PBE, OPBE,
RPBE,41 OLYP, and BLYP33,42 GGAs and the Sfc Slater-type orbital
(STO) basis set. Sfc consists of the TZP basis set of triple-z
polarized quality from the ADF STO basis set database, with
the atomic core orbitals frozen up to the 1s level for the C and
N atoms and up to the 2p level for the Co atom.

The calculations were run nonrelativistically. In ref. 28,
scalar relativistic (SR) effects were shown to have a strong
influence on the HS–LS electronic energy difference DEel

HL in
the complexes [Co(NCH)6]2+ and [Fe(NCH)6]2+. For both com-
plexes, the SR shift to DEel

HL was accurately determined from the
results of CCSD(T) calculations performed with the second-
order Douglas–Kroll–Hess (DKH) method43–45 extrapolated to
the complete basis set limit (CBS(N)). The SR shifts were found
to have a weak dependence on the basis set, and also to be
hardly affected by the degree of treatment of electron correla-
tion since the HF and CCSD estimates are very close to the

Fig. 1 The [Co(tpy)2]2+ complex. In the D2d and C2v molecular symmetries which
will be considered, the tpy ligands are planar and lie in two perpendicular planes.
The plane corresponding to the ligand on the top is depicted in yellow. The atom
labeling used is also shown.
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CCSD(T) best estimates. For [Co(NCH)6]2+, the DKH-CCSD(T)/
CBS(N) estimate of the SR shift is +694 cm�1. In the present
study, the influence of SR effects has been probed by carrying out
additional optimization calculations for [Co(tpy)2]2+, [Co(bpy)3]2+

and [Co(NCH)6]2+ in the two spin states. The relativistic calcula-
tions were run within the zero-order regular approximation
(ZORA) for relativistic effects,46–50 using the ADF program pack-
age and the OLYP functional combined with the all-electron
ZORA TZP STO basis set from the ADF basis set database. The
influence of SR effects on the calculated geometries and on the
vibrational contributions to the zero-point energies as well as
their differences turned out to be weak (see ESI†\). For
[Co(NCH)6]2+, the ZORA-OLYP estimate of the SR shift to
DEel

HL is +617 cm�1, in very good agreement with the DKH-
CCSD(T)/CBS(N) value28 and also with the DKH-PBE value of
+608 cm�1 (see ESI of ref. 28). Such an agreement shows that SR
results obtained with the DKH and ZORA results can be
compared in a straightforward manner. For [Co(bpy)3]2+, the
calculated SR shift to DEel

HL is +274 cm�1. For [Co(tpy)2]2+, the
influence of SR effects on the energy differences between states
of the same spin multiplicities proved to be negligible, and the
SR shift to DEel

HL is +386 cm�1. In the following, the reported
energy differences will include the SR shifts thus determined.

All DFT calculations were run unrestricted; with the mole-
cular symmetry constrained to D2d or C2v for [Co(tpy)2]2+, to D2h

for [Co(NCH)6]2+,28 and to C2 or D3 for [Co(bpy)3]2+.25 Molecular
visualization was performed with the Jmol program.51,52

3 Results and discussion
3.1 Characterization of [Co(tpy)2]2+ in the LS manifold

Upon the Oh - D2d symmetry lowering, the ligand-field 2Eg(t6
2ge1

g)
state is split into the 2B2 and 2A1 states characterized by the single
occupancy of the metallic antibonding dx2�y2 and dz2 orbitals of
octahedral Co(eg) parentage, respectively. The calculations per-
formed in D2d give the 2B2 state as the most stable tetragonal
component. This agrees with the fact that the tetragonal com-
pression imposed by the ligands destabilizes the dz2 level.

3.1.1 The high-symmetry D2d LS geometry. Selected bond
lengths and angles characterizing the calculated LS D2d geometries
are summarized in Table 1. Given that the calculated geo-
metries exhibit a weak dependence on the XC functionals used,

only average values and standard deviations of the functionals
are reported. The full results are available in the ESI.† The
values found for these structural parameters in the 120 K X-ray
structure of LS [Co(tpy)2]I2�2H2O14 are also given in Table 1.

Inspection of Table 1 shows that the ADF and G03 calculated
D2d geometries are in good agreement with experiment.
Thus, as experimentally observed, the equatorial cobalt–
nitrogen bonds are longer than the axial cobalt–nitrogen
bonds, and the C–C bonds between the pyridinyl rings are
longer than the benzylic C–C bonds (see ESI†\). However, the
calculated geometries tend to be slightly more expanded than
experimentally observed for most optimized bond lengths. This
observation does not hold for the Co–N0 bond since, with the
exception of the B3LYP/G and B3LYP*/G geometries, the calcu-
lated geometries exhibit shorter Co–N0 bonds than experimen-
tally observed (see ESI†\). Actually, the B3LYP and B3LYP*
hybrids give slightly longer cobalt–nitrogen bonds than the
GGAs and, in order to understand the difference observed
between the experimental and calculated Co–N0 distances,
one should rather consider the ratio Z of the axial to the distal
cobalt–nitrogen bond lengths

Z ¼ dðCo�N0Þ
dðCo�NÞ : (1)

While Z takes for the X-ray structure a value of 0.918, it takes for
the calculated geometries values of between 0.891 and 0.902
depending on the functional used. That is, independently of
the tendency of the functionals to give more or less long cobalt–
nitrogen bonds, they all predict a more pronounced tetragonal
compression than experimentally observed.53 The differences
between the experimental and the calculated D2d geometries
remain rather small, as also attested by the similar values of the
angles a, b and b0 which describe the spatial arrangement of the
ligands about the metal center (Table 1). They can be ascribed
to the neglect of the crystal packing effects in our calculations
performed in the gas phase, and also to the neglect of the
vibronic instability of the LS state at this stage.

3.1.2 The vibronic instability of the LS state. The vibra-
tional analyses performed on the optimized D2d geometries
indicate that the 2B2 state is a first-order transition state,
characterized by one imaginary frequency associated with a
normal vibration of b2 symmetry. This instability of the D2d

Table 1 Selected bond lengths \(Å\) and angles (1) in the optimized LS 2B2 [Co(tpy)2]2+ geometries of D2d symmetry. The reported parameter values are averages over
the ADF and G03 calculated structures, with standard deviations given in parentheses. Experimental values are also given for comparison purposes

Exp.a ADF G03

Co–N, Co–N00 2.083 2.116(8) 2.115(22)
Co–N0 1.912 1.892(8) 1.895(19)
a ¼ ff C06 � C002 ; C2 � C02

� �
106.5 107.5(2) 107.5(6)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ 79.4 80.1(1) 80.0(3)
b0 ¼ ffðN00 � Co�NÞb 158.9 160.2(2) 160.0(6)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �b 1.2 0.0 0.0

Z = d\(Co–N0)/d\(Co–N00) 0.918 0.894(1) 0.896(4)

a Data are for the [Co(tpy)2]2+ geometry of approximate D2d symmetry found in the 120 K X-ray structure of LS [Co(tpy)2]I2�2H2O.14 b The D2d

symmetry constraint imposes that b0 = 2b and g = 0.
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configuration of [Co(tpy)2]2+ is due to a pseudo-Jahn–Teller
(PJT) effect,54 that is, the vibronic coupling between the non-
degenerate LS ground state and one or several excited doublet
states. It is responsible for the distortion of the molecular
structure towards an extremum of C2v symmetry, which is given
as a true minimum by the vibrational analyses performed on
the optimized C2v geometries, and which corresponds to an
electronic state of 2A1 symmetry.

The PJT-distorted C2v geometry. Selected bond lengths and
angles characterizing the calculated LS C2v geometries are given
in Table 2, along with their changes on going from the LS D2d to
the LS C2v geometries. Owing to the weak dependence of the
optimized geometries on the XC functionals used, only average
values and standard deviations over the functionals are reported.

The structural data in Table 2 show that the LS C2v geometries
obtained with the G03 and ADF packages are consistent with one
another. They also show that the passing from the LS D2d to the LS
C2v geometries is mainly characterized by the fact that one ligand,
noted L1, moves closer to the cobalt atom while the other ligand,
noted L2, concomitantly moves away from it. Thus, there is for L1

a shortening of the equatorial and axial metal–nitrogen bonds of
B0.1 Å and B0.03 Å, respectively, which is accompanied by a
decrease of the angle a of B41 and an increase of the angle b of
B11 (note that b0 = 2b in D2d and C2v). For L2, one observes a
lengthening of the equatorial and axial metal–nitrogen bonds of
B0.1 Å and B0.06 Å, respectively, associated with an increase of
a of B31 and a decrease of b of B21. The large structural changes
thus undergone by the complex are illustrated by the superposition
in Fig. 2 of its OLYP/Sfc optimized D2d and C2v geometries.

The PJT stabilization energy and the dynamic nature of the
vibronic instability. The different functionals perform very simi-
larly for the calculation of the PJT stabilization energy EPJT:

EPJT = Eel(2B2) � Eel(2A1). (2)

They indeed consistently predict that EPJT is small, with
calculated values of between 140 cm�1 and 240 cm�1, from
which a reliable estimate of

EPJT = 205(70) cm�1 (3)

is obtained for the PJT stabilization energy (see ESI†\).
The tetragonal symmetry of the PJT problem imposes the

presence on the LS ground-state adiabatic potential energy
surface (APES) of two equivalent C2v minima connected by
the D2d

2B2 saddle point. As will be reported elsewhere, the
PJT instability is a multimode problem: besides the b2 vibra-
tional mode of imaginary frequency, many other modes of b2

and a1 symmetries contribute to the PJT distortion.55 Given the
small value of EPJT, the PJT instability of the LS state effect is
expected to be dynamic for the isolated complex. The approxi-
mate D2d symmetry of the LS X-ray structure of the complex14

and the symmetry of the EPR spectrum determined for LS

Table 2 Selected bond lengths \(Å\) and angles (1) in the optimized LS 2A1 [Co(tpy)2]2+ geometries of C2v symmetry, and variations of these structural parameters on
going from the LS D2d to the LS C2v geometries. The reported values are averages over the ADF and G03 calculated structures, with standard deviations given in
parentheses

ADF G03

L1 L2 L1 L2

Values of the selected structural parameters in the optimized LS geometries of C2v symmetry
Co–N, Co–N00 2.009(11) 2.222(10) 2.012(23) 2.214(22)
Co–N0 1.867(9) 1.961(8) 1.872(19) 1.952(16)
a ¼ ff C06 � C002 ; C2 � C02

� �
103.5(3) 110.9(2) 103.6(6) 110.7(6)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ 81.3(1) 78.0(1) 81.2(3) 78.3(3)
b0 ¼ ffðN00 � Co�NÞa 162.5(2) 155.9(2) 162.5(6) 156.5(6)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �a 0.0 0.0 0.0 0.0

Structural changes upon the D2d - C2v symmetry lowering
Co–N, Co–N00 �0.107(6) +0.105(5) �0.104(3) +0.098(3)
Co–N0 �0.025(2) +0.068(3) �0.024(1) +0.057(4)
a ¼ ff C06 � C002 ; C2 � C02

� �
�4.0(2) +3.4(1) �3.9(1) +3.2(1)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ +1.2(1) �2.1(1) +1.2(1) �1.8(1)
b0 ¼ ffðN00 � Co�NÞa +2.3(2) �4.2(2) +2.5(2) �3.5(2)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �a 0.0 0.0 0.0 0.0

a The C2v symmetry constraint imposes that b0 = 2b and g = 0.

Fig. 2 Superposition of the optimized OLYP/Sfc geometries of [Co(tpy)2]2+ in
the LS manifold: LS geometry of D2d symmetry (blue) and PJT-distorted LS
geometry of C2v symmetry (red).
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[Co(tpy)2]2+ from measurements performed at 4.2 K on the SCO
system [Fe1�xCox(tpy)2](PF6)2 (x = 4%)6,56 suggest that this is
also the case in the solid state.

3.2 Characterization of [Co(tpy)2]2+ in the HS manifold

3.2.1 Characterization in D2d. In D2d, the ligand-field 4T1g(t5
2ge2

g)
state is split into the 4A2 and 4E states which essentially differ by the
occupancies of the nonbonding metallic degenerate ek = (dxzk, dyzk)
and nondegenerate b1k = dxyk spin-down orbitals of octahedral
Co(t2g) parentage: namely, (ek)2(b1,k)1 and (b1,k)2(ek)1 for the
4A2 and 4E states, respectively. Because of the difference in their
handling of orbitally degenerate states, ADF allowed the char-
acterization of [Co(tpy)2]2+ in both states whereas G03 was
restricted to the 4A2 state. The 4E state is JT unstable, and the
calculated 4A2 geometries were given as true minima by the
vibrational analyses performed after the optimizations.

Optimized 4A2 and 4E geometries. The selected bond lengths
and angles employed above for the description of the LS
geometries are also used for characterizing the HS geometries.
The calculated HS structures prove to vary little with the XC
functionals. Hence, as was also the case for the LS geometries,
only average values and standard deviations of the functionals
are reported for the selected structural parameters. They are
summarized in Table 3, while the full results are given in the
ESI.† We also list in Table 3 the variations of these parameters
on going from the LS D2d to the HS D2d geometries.

Inspection of Table 3 shows that the ADF and G03 optimized
4A2 geometries are quite similar and that the HS geometry of
[Co(tpy)2]2+ hardly evolves on going into the 4E state. This is due
to the fact that, as stated above, the passing from the 4A2 to the
4E state mainly involves the transfer of an electron from the
nonbonding metallic b1k = dxyk level to the nonbonding metallic
ek = (dxzk, dyzk) level. Table 3 gives also the values found for the

structural parameters in the 295 K X-ray structure of HS
[Co(tpy)2](ClO4)2�1.3H2O.15 The comparison of these values with
those reported for the optimized geometries indicates that these
agree quite well with the experimental ones,15 all the more so as the
HS fraction of the perchlorate salt at room temperature is actually
around 80% only.57 The ratio Z of the central to the distal cobalt–
nitrogen bond lengths takes a value of 0.949 for the HS X-ray
structure and, for the calculated geometries, values of between 0.933
and 0.947 depending on the functional used. The functionals
therefore tend to predict a tetragonal coordination which is slightly
more compressed than observed. The tetragonal compression
observed for D2d [Co(tpy)2]2+ in the HS states is less marked than
in the LS state, wherein Z = 0.918 for the experimental LS geometry
and Z = 0.891–0.902 for the calculated D2d LS geometries. This is due
to the fact that the LS - HS change of spin-states is accompanied
by an increase of the axial and distal cobalt–nitrogen bond lengths
of ca. 0.12 Å and 0.05 Å, respectively, for the X-ray structures, and of
ca. 0.16 Å and 0.05 Å, respectively, for the optimized structures.
As the ligands move away from the central metal ion, the bite angle
b and b0 = 2b is predicted to decrease by about 3.51 and 71,
respectively, in agreement with experiment. The driving force of
the strongly anisotropic dilatation of the coordination sphere upon
the LS - HS change of spin-states is the promotion of one electron
from the nonbonding metallic levels of Co(t2g) parentage into the
antibonding metallic dz2 level of Co(eg) parentage.

Tetragonal splitting of the HS state. The different functionals
give positive values for the tetragonal splitting of the HS state
DHS defined by the electronic energy difference:

DHS = Eel(4E) � Eel(4A2). (4)

The 4A2 state is thus predicted to be the most stable tetragonal
component of the HS state, whatever the XC functional used.

Table 3 Selected bond lengths \(Å\) and angles (1) in the optimized HS 4A2 and 4E [Co(tpy)2]2+ geometries of D2d symmetry, and associated HS–LS differences. The
reported values are averages over the ADF and G03 calculated structures, with standard deviations given in parentheses. Experimental values are also given

Exp.a

4A2
4E

ADF G03 ADF

Values of the selected structural parameters
Co–N, Co–N00 2.137 2.179(11) 2.185(16) 2.182(10)
Co–N0 2.028 2.054(10) 2.053(19) 2.062(9)
a ¼ ffðC06 � C002 ; C2 � C02Þ 107.5 107.9(3) 107.9(1) 108.0(1)
b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ 76.8 76.5(1) 76.6(3) 76.2(1)
b0 ¼ ffðN00 � Co�NÞb 153.6 153.1(2) 153.2(6) 152.4(2)
g ¼ ffðN0 � C02 � C2 �NÞ ¼ ffðN00 � C002 � C06 �N0Þb 2.7 0.0 0.0 0.0
Z = d\(Co–N0)/d\(Co–N\) 0.949 0.941(2) 0.940(6) 0.945(2)

Variations of the parameters on going from the LS D2d to the HS D2d geometries
Co–N, Co–N00 +0.053 +0.066(4) +0.066(12) +0.069(12)
Co–N0 +0.116 +0.161(3) +0.169(3) +0.157(3)
a ¼ ff C06 � C002 ; C2 � C02

� �
+1.0 +0.3(1) +0.5(4) +0.4(4)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þb �2.7 �3.5(1) �3.9(1) �3.4(1)
b0 ¼ ffðN00 � Co�NÞb �5.4 �7.0(2) �7.8(2) �6.8(2)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �b +1.5 0.0 0.0 0.0

Z = d\(Co–N0)/d\(Co–N\) +0.031 +0.047(1) +0.051(4) +0.044(4)

a Data are for the geometry of approximate D2d symmetry found in the 295 K X-ray structure of HS [Co(tpy)2](ClO4)2�1.3H2O.15 b The D2d symmetry
constraint imposes that b0 = 2b and g = 0.
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Furthermore, these values are quite consistent with one
another (see ESI†\), which allows us to propose for DHS a reliable
estimate of:

DHS = +540(110) cm�1. (5)

The tetragonal splitting thus predicted for the HS ligand-
field state is relatively small, especially when compared to the
tetragonal splitting of the LS ligand-field state, which gives rise
to an intraconfigurational d–d transition with an energy of
B7500 cm�1.6,13 The fact that DHS is small is due to the
essentially nonbonding character of the metallic orbital levels
involved in the electronic rearrangement accompanying the
4A2 2 4E change of states.

3.2.2 Splitting of the ligand-field HS state: a more complex
picture. A small tetragonal splitting was also determined from
the analysis within ligand field theory of the EPR spectrum of
the HS complex, recorded at 4.2 K on the HS compound
[Zn1�xCox(tpy)2](PF6)2 (x = 2).6 In this case however, the 4E state
was found to be the most stable HS component with an
experimental estimate of DHS E �600 cm�1. In order to under-
stand why the DFT and LFT estimates of DHS are of opposite
signs, we have examined the possible influence of the JT
instability of the 4E state on the splitting of the ligand-field
HS state. For this, we have also optimized the geometry of the
HS complex in C2v, knowing that, upon the D2d - C2v symmetry
lowering, the two HS tetragonal components evolve as follows:
4E - 4B1 "

4B2 and 4A2 -
4A2. Actually, the extrema of the HS

APES associated with the HS 4B1 and 4B2 states are equivalent in
that their electronic configurations differ only by the occupancies
of the equivalent metal-centered orbitals of 3dxz and 3dyz types
and of b1 and b2 symmetries, respectively.58 Finally, the opti-
mizations in C2v were performed for the HS 4A2 and 4B1 states at
the OLYP/Sfc, OPBE/Sfc, RPBE/Sfc, BLYP/Sfc and PBE/Sfc

levels. Vibrational analyses performed on the optimized geo-
metries indicate that the located C2v extrema correspond to true

minima on the HS APES. The equivalent roles of the two
terpyridine ligands impose that there actually exist two equiva-
lent 4A2 C2v minima.

The HS C2v geometries obtained with the different func-
tionals are consistent with one another. Selected structural
parameters characterizing them are given in the ESI.† Their
averages over the calculated structures and those of their
variations upon the D2d - C2v symmetry lowering are reported
in Table 4. Our results indicate that the 4A2 D2d and 4A2 C2v

minima do not necessarily coincide (Table 4) but that they are
quasi degenerate, their electronic energy difference being less
than 10 cm�1 whatever the functional used. The 4B1 minimum,
hence the equivalent 4B2 minimum also, are found to lie lower
in energy than the 4A2 minima, with electronic energy differ-
ences of 283, 143, 183, 255 and 132 cm�1 calculated at the
OLYP/Sfc, OPBE/Sfc, RPBE/Sfc, BLYP/Sfc and PBE/Sfc levels,
respectively. The consistency among these predicted energy
differences allows us to propose for the electronic difference
in C2v

D0HS ¼ Eel 4B1;2

� �
� Eel 4A2

� �
(6)

a best estimate of

D0HS ¼ �200ð70Þ cm�1; (7)

and for the JT stabilization energy associated with the vibronic
instability of the HS 4E state given by

EJT ¼ DHS � D0HS; (8)

a best estimate of

EJT = 740(130) cm�1. (9)

From the above results, we can draw the conclusion (i) that,
for the D2d [Co(tpy)2]2+ complex, the HS 4A2 state would be more
stable than the HS 4E state, and (ii) that the electronic state

Table 4 Selected bond lengths \(Å\) and angles (1) in the optimized HS 4A2 and 4B1 [Co(tpy)2]2+ geometries of C2v symmetry, and their variations upon the D2d to C2v

symmetry lowering in the HS states. The reported values are averages over the ADF calculated structures, with standard deviations given in parentheses

4A2 in C2v
4B1 in C2v

L1 L2 L1 L2

Values of the selected structural parameters
Co–N, Co–N00 2.174(19) 2.197(20) 2.170(21) 2.198(22)
Co–N0 2.047(17) 2.068(16) 2.098(15) 2.064(13)
a ¼ ff C06 � C002 ; C2 � C02

� �
107.5(5) 108.2(4) 107.6(5) 108.2(6)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ 76.8(3) 76.2(2) 74.9(2) 76.5(3)
b0 ¼ ffðN00 � Co�NÞa 153.6(6) 152.4(4) 149.8(4) 153.0(6)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �a 0.0 0.0 0.0 0.0

Variations associated with the D2d - C2v symmetry lowering: 4A2 - 4A2 and 4E - 4B1 " 4B2

Co–N, Co–N00 �0.008(11) +0.015(11) �0.012(12) +0.016
Co–N0 �0.006(8) +0.015(6) +0.037(7) +0.003
a ¼ ff C06 � C002 ; C2 � C02

� �
�0.2(4) +0.4(3) �0.4(4) +0.2(5)

b ¼ ffðN0 � Co�NÞ ¼ ffðN00 � Co�N0Þ +0.2(2) �0.4(2) �1.3(2) +0.3(3)
b0 ¼ ffðN00 � Co�NÞa +0.4(4) �0.8(4) �2.6(4) +0.6(6)
g ¼ ff N0 � C02 � C2 �N

� �
¼ ff N00 � C002 � C06 �N0
� �a 0.0 0.0 0.0 0.0

a The C2v symmetry constraint imposes that b0 = 2b and g = 0.
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actually probed by EPR spectroscopy results from the JT
instability of the HS 4E state.

3.3 The HS–LS energy difference in cobalt(II) imine complexes

In order to observe SCO in a Co(II) complex, a prerequisite is
that the LS state is its electronic ground state. That is, its HS–LS
zero-point energy difference

DEo
HL ¼ Eo

HS � Eo
LS (10)

must be positive. The zero-point energy Eo
G of the G spin-state

(G = HS, LS) is given by

Eo
G ¼ Eel

G þ Evib
G ; (11)

where Eel
G is the electronic contribution obtained from the

minimization of the energy of the complex in the G state, and
Evib
G is the vibrational contribution obtained from the vibration

analysis performed within the harmonic approximation. The
HS–LS zero-point energy can thus be expressed as the sum of an
electronic contribution, DEel

HL = Eel
HS � Eel

LS, and a vibrational
contribution, DEvib

HL = Evib
HS � Evib

LS :

DEo
HL ¼ DEel

HL þ DEvib
HL: (12)

3.3.1 The [Co(tpy)2]2+ complex. For [Co(tpy)2]2+ in the PJT-
unstable LS state, the relevant zero-point energy is the one
determined at the PJT-distorted C2v minima: Eo

LS ¼ Eo 2A1

� �
.59

For the HS zero-point energy, we have chosen to use that of the
4A2 tetragonal D2d component of the HS state: Eo

HS ¼ Eo 4A2

� �
.

Other choices can of course be made among the C2v minima,
which have been located on the HS APES (see above). However,
the HS C2v and D2d

4A2 states have the same Eel value, which is

only D0HS

�� �� ¼ 200 cm�1 larger than the one of the HS C2v
4B1 and

4B2 states. Furthermore, at any of the theoretical levels used for
characterizing the splitting of the HS state, the Evib values
calculated at the HS D2d and C2v minima are very similar, with
the largest difference of 57 cm�1 observed for the OLYP/Sfc

calculations (data not shown). This probably reflects the fact
that going from one of these HS states to another one involves
mainly an electronic rearrangement in essentially nonbonding
metal-centered orbitals of octahedral t2g parentage. Finally,
from the above remarks, it is clear that the choice made by
us for the definition of the HS zero-point energy does not
introduce any hidden bias in the study of the spin-state
energetics of [Co(tpy)2]2+.

Table 5 gives the calculated values of DEo
HL and of the

contributions DEel
HL and DEvib

HL. The nearly identical results
obtained with the OLYP, OPBE and PBE functionals using the
Sfc and G basis sets show that the two basis sets are of very
similar quality and that the results obtained with either basis
set can be compared in a straightforward manner. The calcu-
lated DEo

HL values are all positive: the LS state is thus predicted
by all functionals to be the electronic ground state of the SCO
[Co(tpy)2]2+ complex. However, the DEo

HL values vary between
202 cm�1 and 5947 cm�1 depending on the functional used.
Furthermore, the strong sensitivity of the magnetic behaviour
of [Co(tpy)2]2+ to its environment tends to preclude any

comparison between experiment and theory, which could help
discriminate between these gas-phase values of DEo

HL and thus
assess the performance of the functionals.

Inspection of Table 5 shows that the values found for DEvib
HL

depend only weakly on the theoretical level used, with average
and standard deviation of these values of �183 cm�1 and
23 cm�1, respectively. This allows us to give for this quantity
an accurate estimate of

DEvib
HL = �185(25) cm�1. (13)

Hence, the large spread of the calculated DEo
HL values

clearly originates from the electronic component DEel
HL since

762 cm�1 r DEel
HL r 6536 cm�1. These results illustrate the

difficulties met with the approximate XC functionals for the
determination of the electronic energy difference between states
of different spin multiplicities of transition metal complexes.
This issue has received tremendeous attention.25,28,38,39,60–94

But so far, none of the available XC functional could be estab-
lished as the functional of choice for the evaluation of DEel

HL. The
results obtained for [Co(tpy)2]2+ illustrate the trends generally
observed among the functionals. Hybrid functionals tend to lead
to an underestimation of DEel

HL, and DEel
HL decreases with the

amount of included Hartree–Fock (HF) exchange, as can be seen
from the results obtained with the B3LYP and B3LYP* hybrids
which differ only by the amount of admixed HF exchange of 20%
and 15%, respectively. In contrast, semilocal functionals such as
the GGAs tend to lead to an overestimation of DEel

HL. We will not
discuss further this delicate issue. In the following, we will rather
focus on what can be accurately done for the spin-state ener-
getics of Co(II) imine complexes within the limitations of the
current approximations to the true XC functional.

3.3.2 [Co(bpy)3]2+ versus [Co(tpy)2]2+: an instructive com-
parison. The [Co(bpy)3]2+ complex is a HS species when not
chemically confined in a tight fitting environment,6,19–23 which
we have recently thoroughly characterized within DFT.25 We
used the GTO G and STO Sae basis sets, the latter being the
all-electron counterpart of Sfc. The hybrid GGA and meta-GGA
functionals used gave consistent results for the geometries
of the trigonal complex [Co(bpy)3]2+ in the HS and LS states,
for the JT instability in the LS state, and for the trigonal splitting
of the HS state, and a good agreement between experiment and
theory was observed whenever the comparison could be made.

Table 5 Calculated values of DEo
HL in [Co(tpy)2]2+ and of the contributions DEel

HL

and DEvib
HL , in cm�1

Theoretical level DEo
HL DEel

HL DEvib
HL

B3LYP/G +588 +762 �174
B3LYP*/G +2042 +2223 �181
HCTH407/G +2351 +2530 �179
OLYP/G +3317 +3487 �170
OLYP/Sfc +3413 +3593 �180
OPBE/Sfc +4095 +4236 �141
OPBE/G +4136 +4283 �147
RPBE/Sfc +4574 +4785 �211
BLYP/Sfc +5594 +5810 �216
PBE/G +6289 +6456 �167
PBE/Sfc +6333 +6536 �203
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Regarding the determination of its HS–LS zero-point energy
difference DEo

HLðbpyÞ, the vibrational contribution DEvib
HL(bpy)

was shown to exhibit a weak dependence on the functionals
used, as in the present study of [Co(tpy)2]2+, and an estimate of

DEvib
HL(bpy) E �200 cm�1 (14)

could thus be given. Note that, from here on, the notation X(L)
will be used to designate the value of the quantity X in the Co(II)
‘‘L’’ complex. DEo

HLðbpyÞ itself could not be determined because
of the difficulties met with the functionals for the calculation of
its electronic contribution DEel

HL(bpy). Table 6 allows the com-
parison of the values found for DEel

HL(bpy) and DEel
HL(tpy) with the

functionals employed in the present study.
Inspection of Table 6 shows that, whatever the functional

used, the HS state is predicted to be destabilized with regard to
the LS state upon the bpy - tpy ligand substitution. This result
is in agreement with the fact that [Co(bpy)3]2+ and [Co(tpy)2]2+

are HS and SCO species, respectively. Furthermore, the values
obtained with all functionals for the change in DEel

HL:

D(DEel
HL)bpy-tpy = DEel

HL(tpy) � DEel
HL(bpy), (15)

are very consistent with one another, averaging to +2756 cm�1

with a standard deviation of 285 cm�1 which falls within the
chemical accuracy of 350 cm�1. This allows us to propose for
D(DEel

HL)bpy-tpy an accurate estimate of

D(DEel
HL)bpy-tpy = +2760(290) cm�1. (16)

Given that the comparison of eqn (16) and (13) gives

DEvib
HL(bpy) E DEvib

HL(tpy), (17)

we have for the change in the HS–LS zero-point energy
difference

D DEo
HL

� �
bpy!tpy

� D DEel
HL

� �
bpy!tpy

� þ2760ð290Þcm�1: (18)

Hence the accurate knowledge of either of the HS–LS zero-
point energy differences, DEo

HLðbpyÞ or DEo
HLðtpyÞ, allows the

determination of the other one. Unfortunately, this is not the
case yet.

We however know that DEo
HLðbpyÞ t 0 t DEo

HLðtpyÞ:
[Co(bpy)3]2+ is indeed a HS species and the magnetic behavior
of [Co(tpy)2]2+ is strongly influenced by its environment. It thus
follows that

�2760 cm�1t DEo
HLðbpyÞt 0 tDEo

HLðtpyÞtþ 2760 cm�1:

(19)

3.3.3 Toward an accurate determination in DFT of the
HS–LS energy differences in classes of transition metal complexes:
rationale. The results obtained above for the comparison of the
spin-state energetics of [Co(bpy)3]2+ and [Co(tpy)2]2+ suggest
that DFT methods can be used for the accurate prediction of
the variation of the HS–LS energy differences in Co(II) imine
complexes. This proposal can be put on firm ground by making
use of the ‘‘Born–Haber’’ cycle of Fig. 3.

This thermodynamic cycle shows that the change in the
HS–LS Gibbs free energy differences in two Co(II) complexes,

CoII Lað Þna
h iqa

and CoII Lbð Þnb
h iqb

,

D DGo
HL

� �
La!Lb

¼ DGo
HL Lbð Þ � DGo

HL Lað Þ (20)

can be determined from the knowledge of the standard Gibbs
free energy differences DrG

o
G La ! Lbð Þ, (G = LS, HS) associated

with the La - Lb ligand substitutions in the two spin states,
using the relation:

D DGo
HL

� �
La!Lb

¼ DrG
o
HS La ! Lbð Þ � DrG

o
LS La ! Lbð Þ: (21)

The above equality reduces in the T - 0 limit to an identical
equality between zero-point energy differences. It clearly shows

Table 6 Calculated values (cm�1) of DEel
HL in [Co(bpy)3]2+ and [Co(tpy)2]2+, noted

DEel
HL(bpy) and DEel

HL(tpy), respectively, and of their difference D(DEel
HL)bpy-tpy

a

Functional Basis type DEel
HL(bpy) DEel

HL(tpy) D(DEel
HL)bpy-tpy

B3LYP GTO �1802 +762 +2564
B3LYP* GTO �269 +2223 +2492
HCTH407 GTO �322 +2530 +2852
OLYP STO +608 +3593 +2985
OPBE STO +1167 +4236 +3069
RPBE STO +1800 +4785 +2985
PBE GTO +4110 +6456 +2346
PBE STO +4193 +6536 +2343

a The DEel
HL(bpy) values are the sums of nonrelativistic values taken

from ref. 25 and of the scalar relativistic correction (see computational
details, Section 2), and the DEel

HL(tpy) values are from this work
(Table 5). For [Co(bpy)3]2+, in ref. 25, the GTO basis set used is G, and
the STO basis set is Sae, the all-electron equivalent of Sfc.

Fig. 3 Free energy ‘‘Born–Haber’’ cycle for the determination of D DG�HL

� �
La!Lb

.
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that the change in the spin-state energetics or, equivalently, in
the thermodynamics of the LS # HS equilibrium of a Co(II)
complex upon a ligand exchange reaction, can be accurately
described by any approximate XC functional able to describe
the thermochemistry of the substitution reaction in the two
spin states accurately. This tends to be the case for most
modern functionals. This will be all the more true for
exchanged ligands which are chemically related, as in the case
of the imine tpy and bpy ligands.

DFT methods can thus be applied to the accurate prediction
of the variation of the spin-state energetics or thermodynamics of
the LS # HS equilibrium in classes of transition metal com-
plexes. There is a priori no restriction neither on the homoleptic
or heteroleptic character of the considered complexes, nor on the
nature of the transition metal. For instance, Zein et al.77 have
reported that the variation of the HS–LS energy difference in two
iron(II) SCO complexes could be correctly described by almost all
the 53 functionals, which they have assessed.

Our reasoning based on the use of a Born–Haber cycle readily
extends to any two complexes of a given transition metal ion Mn+.
Hence, denoting Ea and Eb the chemically distinct coordination
environments of Mn+ in the two complexes, the equality given by
eqn (21) can be rewritten to take the most general form:

D DGo
HL

� �
Ea!Eb

¼ DrG
o
HSðEa ! EbÞ � DrG

o
LSðEa ! EbÞ: (22)

D DGo
HL

� �
Ea!Eb

is the variation of the HS–LS Gibbs free energy

difference entailed by the Ea - Eb chemical modification of the
coordination environment of Mn+, and Dr DGo

G

� �
Ea!Eb

(G = LS, HS)

are the standard Gibbs free energy changes associated with the
modification of the coordination environment in the two spin
states. Eqn (22) states that D DGo

HL

� �
Ea!Eb

can be correctly pre-

dicted by all DFT methods which describe the thermochemistry of
the Ea - Eb chemical modification in both spin states accurately.

The considered chemical modifications may also concern
the outer coordination sphere of the complex. So, we have
recently shown that the variation of the HS–LS energy difference
in [Fe(bpy)3]2+ upon its encapsulation in the supercage of zeolite
Y could be correctly described by all the GGA and hybrid
functionals used.88 The analysis of the guest–host interactions
brought about by the encapsulation showed that, at fixed geo-
metry of the inclusion compound [Fe(bpy)3]2+@Y, these inter-
actions depend neither on the spin state of the dication nor on its
nature. They could be identified as the closed-shell interactions
between the first coordination sphere defined by the bpy ligands,
and the second coordination sphere defined by the supercage,
under the polarizing influence of the transition metal dication.
The ability of modern functionals to accurately describe such
closed-shell interactions explains their good performances for the
accurate description of the influence of the encapsulation in
zeolite Y on the spin-state energetics of [Fe(bpy)3]2+.

The conclusions drawn from the study of [Fe(bpy)3]2+@Y and
those from the comparison between the spin-state energetics of
[Co(tpy)2]2+ and [Co(bpy)3]2+ suggest that, when analyzing the
issue of the accurate determination of the spin-state energetics
of complexes of a given transition metal ion, we may to some

extent distinguish between (1) the changes which are taking
place at the metal center and (2) those involving their surroundings.
(1) A spin-state conversion is accompanied by an increase or a
decrease of the spin polarization, which is mainly localized on
the transition metal ion, and by a lengthening or shortening of
the metal–ligand bonds, which is due to a change in the
occupation of the antibonding 3d orbitals of octahedral eg

parentage. The changes in the metal–ligand bonding in either
spin state actually tend to be well described within DFT, but
this is not the case for the interactions between the localized
3d electrons. (2) The surroundings of the transition metal ion
must adapt to the change of spin states so as to keep the metal–
ligand bonding interactions optimal. DFT methods tend as well
to correctly describe the interactions between the main-group
fragments, which usually define the environment of the transi-
tion metal ion. Furthermore, in this field of main-group thermo-
chemistry, noticeable progress is continuously being made in
DFT, even in the delicate cases of weak interactions.95

So, although the calculation in DFT of the HS–LS energy
difference in a first-row transition metal complex suffers from
the difficulties met by the functionals to correctly account for the
changes in the interactions between the localized 3d electrons,
eqn (22) shows that advantage can be taken of the good perfor-
mance of the functionals for the description of the metal–ligand
bonding and of the interactions occurring in the coordination
environment of the metal to accurately evaluate within DFT
the variation of this energy difference among complexes of the
transition metal ion. Then, knowing accurately the value of the
HS–LS energy difference in a single reference case would allow us
to deduce the values in other cases.

3.3.4 Accurate estimates of DEo
HL in [Co(tpy)2]2+ and

[Co(bpy)3]2+. We have recently reported for the benchmark
complex [Co(NCH)6]2+ an accurate estimate of the HS–LS elec-
tronic energy difference of DEel

HL = �3111 cm�1 obtained from
the results of intensive scalar-relativistic CCSD(T) calculations
extrapolated to the complete basis set limit.28 In order to be
able to apply the approach detailed above, we have calculated
DEo

HL of [Co(NCH)6]2+, DEo
HLðNCHÞ, using different density

functionals. The results are summarized in Table 7.
The DFT values of DEo

HLðNCHÞ range from �2193 cm�1 to
+2960 cm�1. As expected, such a dispersion of these DFT
estimates of DEo

HLðNCHÞ is due to the electronic contribu-
tion DEel

HL, the vibrational contribution taking values between
�434 cm�1 and �541 cm�1 depending on the functional used,

Table 7 Calculated values (cm�1) of DEo
HL in [Co(NCH)6]2+ and of the energy

differences D(DEel
HL)NCH-bpy and D(DEel

HL)NCH-tpy

Functional Basis type DEo
HLðNCHÞ D DEo

HL

� �
NCH!bpy

D DEo
HL

� �
NCH!tpy

B3LYP GTO �2193 +245 +2809
B3LYP* GTO �814 +374 +2866
HCTH407 GTO �1804 +1278 +4130
OLYP STO �610 +1022 +4007
OPBE STO +53 +861 +3930
RPBE STO +790 +831 +3816
PBE GTO +2879 +1024 +3367
PBE STO +2960 +991 +3337
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with an average value and a standard deviation of �488 cm�1

and 35 cm�1, respectively. The variations D DEo
HL

� �
NCH!bpy

and

D DEo
HL

� �
NCH!tpy

of DEo
HL upon the NCH - bpy and the

NCH - tpy ligand exchange are also reported in Table 7. They
take positive values: this is consistent with the fact that NCH is
a weak-field ligand while bpy and tpy are stronger-field ligands.
Despite the very distinct chemical nature of NCH and of the
polypyridine ligands, the values found for D DEo

HL

� �
NCH!bpy

and D DEo
HL

� �
NCH!tpy

are spread over narrow ranges. Thus,

using the ab initio value of �3111 cm�1 for DEel
HL(NCH),28 this

allows us to propose

DEo
HLðbpyÞ ¼ �2800ð370Þ cm�1 (23)

and

DEo
HLðtpyÞ ¼ 0ð550Þ cm�1 (24)

as best estimates of the gas-phase values of DEo
HL in [Co(bpy)3]2+

and [Co(tpy)2]2+. These estimates satisfactorily obey the inequali-
ties given by eqn (19). Furthermore, the relatively large negative
value found for DEo

HLðbpyÞ is consistent with the fact that
[Co(bpy)3]2+ is usually a HS species, and that a rather tightly
confining environment such as those provided by the supercages
of zeolite Y19–21 or by the cavities of three-dimensional oxalate
networks22,23 is required for turning this complex into a SCO
complex. As for the value close to zero found for DEo

HLðtpyÞ, it is
consistent with the fact that [Co(tpy)2]2+ is a SCO complex whose
magnetic behaviour is strongly sensitive to its environment.4–18

4 Conclusion and outlook

DFT has been applied to the in-depth structural and energetic
characterization of the d7 complex [Co(tpy)2]2+ in the LS and the
HS states. The geometry of the complex was optimized in both
spin states using several GGA and hybrid functionals combined
with large triple-z polarized basis sets of similar qualities. The
optimizations were performed in D2d and also in C2v in order to
take into account the vibronic instability of the LS and HS
states. In either spin state and for the considered molecular
symmetries, the functionals gave results which are consistent
with one another and in good agreement with available experi-
mental data. The different functionals used give positive HS–LS
zero-point energy differences DEo

HLðtpyÞ, thus correctly predicting
the LS state as the electronic ground state of [Co(tpy)2]2+. However,
the calculated DEo

HLðtpyÞ values exhibit a very large spread,
which results from the difficulties met with the approximate XC
functionals for the accurate determination of the electronic
energy differences between states of different spin multiplicities
in transition metal complexes.

In order to determine how this limitation of the current
approximate functionals can be bypassed, we have compared
the results obtained for the spin-state energetics of [Co(tpy)2]2+

with those previously reported for [Co(bpy)3]2+.25 For all func-
tionals, DEel

HL(tpy) > DEel
HL(bpy), in agreement with the fact that

[Co(bpy)3]2+ and [Co(tpy)2]2+ are usually HS and SCO species,

respectively. Furthermore, the increase D(DEel
HL)bpy-tpy of DEel

HL

upon the bpy - tpy ligand substitution exhibits a weak depen-
dence on the functionals: D(DEel

HL)bpy-tpy = +2760(290) cm�1. This
suggests that DFT methods can be used for the accurate deter-
mination of the variation of the spin-state energetics in Co(II)
imine complexes. This proposal could be put on firm ground
from basic thermodynamic considerations. It actually turns out
that, for a transition metal ion Mn+ in a given coordination
environment Ea, the variation D DGo

HL

� �
Ea!Eb

of the HS–LS Gibbs

free energy difference entailed by the chemical modification
Ea - Eb of its coordination environment can be correctly
predicted by all DFT methods, which describe the thermo-
chemistry of the chemical modification in both spin states
accurately (eqn (22)). As discussed above, this tends to be true
for most modern functionals. Consequently, DFT can effectively
be applied to the accurate determination of the spin-state energetics
of complexes of a transition metal ion, provided that the spin-state
energetics of one of these complexes are accurately known.

In this vein, taking advantage of the fact that a highly
accurate ab initio estimate of the HS–LS electronic difference in
the benchmark complex [Co(NCH)6]2+ has recently been reported,28

we have calculated with different density functionals the variations
D DEo

HL

� �
NCH!bpy

and D DEo
HL

� �
NCH!tpy

of DEo
HL upon the

NCH - bpy and the NCH - tpy ligand substitution. Despite
the very distinct chemical nature of NCH and the polypyridine
ligands, the calculated values of D DEo

HL

� �
NCH!bpy

and of

D DEo
HL

� �
NCH!tpy

are spread over narrow ranges. Best estimates

of DEo
HLðbpyÞ ¼ �2800ð370Þcm�1 and DEo

HLðtpyÞ ¼ 0ð550Þcm�1
could thus be determined, in pretty good agreement with the
known magnetic behaviours of [Co(tpy)2]2+ and [Co(bpy)3]2+.

So, using the approach emphasized above, we are able to
determine within DFT accurate estimates of the HS–LS energy
differences in very various Co(II) complexes with a [CoN6] core.
More generally, for any transition metal complex, this approach
makes possible the systematic and accurate DFT study of the
evolution of its spin-state energetics with the chemical nature
of its ligands or with its environment.
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