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Accurate predictions of the EPR parameters in planar
cobalt(II) complexes by hybrid density functional theory
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Abstract

The hybrid density functional theory is applied to calculate the electron paramagnetic resonance parameters, i.e, the g- and A-tensors
of some planar Cobalt(II) complexes with a C2v symmetry. Calculations were done for four systems: Co(acacen), Co(tacacen), Co(seaca-
cen) and Co(sacsac)2. The following hybrid functionals were employed: B3LYP, B3PW91, mPW1PW91 and PBE0. The expected large
deviation of the g- and A-tensors is well reproduced, and is in very good agreement with the experimental observations. Comparative
study shows that the PBE0 hybrid model yields the best agreement with experimental data.
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1. Introduction

Electron paramagnetic resonance (EPR) is a powerful
experimental technique allowing to extract details of the
electronic structure of complexes with unpaired electrons
[1]. EPR can be used to map the distribution of an
unpaired electron in a molecule and, thus obtain informa-
tions to which extent the electrons are delocalized over the
ligands. It can also provide some information about the
energy levels of complexes. Extraction of these informa-
tions from experimental spectra is however not always
straightforward, quantum-chemical calculations are there-
fore needed [2]. Calculations of the g- and A-tensors
within traditional ab initio approaches require sophisti-
cated treatment of the electron correlation and large basis
sets, which is computationally demanding [3]. These rea-
sons make DFT a suitable tool for such a calculations
[4,5]. However, standard XC functionals (GGAs) underes-
timate the magnetic resonance parameters in transition
metal complexes [6,7]. For the same systems, the core–

shell spin polarization effect are also underestimated [8],
this can be improved by using the hybrid density function-
als (HDFT).

In a previous work [5], we have investigated the aniso-
tropic behavior of the EPR parameters; i.e. the g- and
the A-tensors, of the Co(acacen) complex using pure den-
sity functionals (pure GGAs) based on a second-order per-
turbation theory combined with the zeroth-order regular
approximation (ZORA) [9,10]. As it was reported [5], the
results were in a rather good agreement with the experi-
mental data. However, a predefined amount of exact Har-
tree–Fock (HF) exchange can be added to the pure density
functionals which leads to the well known hybrid function-
als. Arbuznikov and coworkers [11] proposed a new
scheme and first implementation to calculate the electronic
g- and A-tensors, for a variety of systems, especially transi-
tion metal complexes (TM). They used meta-GGA [12,13]
exchange-correlation functionals, wherein both Laplacian
and kinetic-energy-density are taken into account, and sta-
tistically average orbital model exchange-correlation
potentials [14] (SAOP). Munzarova and Kaupp [15] pre-
sented a critical study of the density functional approach
for calculation of the A-tensor in transition metal com-E-mail address: mohamed.zbiri@unifr.ch.
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plexes, they have compared some combinations of
exchange and correlation potentials, using pure and hybrid
functionals.

The reason behind the design and the use of new hybrid
and meta functionals to predict magnetic resonance param-
eters, is that the standard GGA exchange-correlation func-
tionals underestimate these parameters in transition metal
complexes [6,7]. For the same systems, the core–shell spin
polarization effect are also underestimated [8], this can be
improved by using hybrid functionals [16]. Recently, the
hybrid models were used efficiently to elucidate the mag-
netic behavior of a set of a newly synthesized azido-bridged
binuclear complexes by calculating their magnetic
exchange coupling constants [17]. Within this spirit, the
aim of the present communication is to show the ability
of the HDFT methods to predict and evaluate accurately
other type of magnetic properties of transition metal sys-
tems; i.e. the g- and A-tensors. Four hybrid models are
used and their performance will be discussed via compara-
tive study in Section 4.

Cobalt(II) complexes are interesting and suitable sys-
tems for such investigation, Co(II) forms low-spin d7-com-
plexes with tetradentate Schiff bases [18] which leads nearly
to a C2v-symmetry. As explained in a previous study [5], the
main consequence of that planar coordination is related to
the electronic energy levels of the five d-orbitals of the
metal. The typical splitting for square planar coordination,
i.e considering the highest occupied p(a2) (HOMO) and the
lowest unoccupied p*(b1) (LUMO) molecular orbitals, are
due to the fact that 3d-orbitals with the same symmetry
become destabilized or stabilized by mean of p-donation
or p-back donation, as a consequence of this anisotropic
p-bonding is the large in-planar anisotropy of the main val-
ues of the g- and A-tensors.

2. The hybrid functionals

The hybrid DFT/HF methods are rooted in the adia-
batic connection formula/concept [19,20]. The best way
to build ‘‘accurate’’ HDFs is to use this concept. In this
approach, an adiabatic parameter k is introduced to tune
the electron–electron interaction for a given system taken
a sum of fictitious systems all with density q and different
e–e interaction

Exc ¼
Z 1

0

Exc;k dk ð1Þ

k = 0 corresponds to non-interacting electrons,

Exc;k¼0 ¼ EX ¼ F HF ð2Þ
k = 1 corresponds to full interacting electrons,

Exc;k¼1 ¼ Exc þ T � T S ð3Þ
In Eq. (1), the adiabatic parameter k has two extreme val-
ues 0 and 1 corresponding to Eqs. (2) and (3). But the dif-
ficulty arises when k varies between these two values.
However, one can overcome this problem by writing the

XC energy as a linear expansion with respect to k. Starting
from the adiabatic connection formula, several hybrid
schemes have been proposed, most of them include three
empirical parameters to determine the mixing of HF and
DFT exchange, and correlation. The B3LYP [26] hybrid
scheme is an example of hybrid functional determined by
semiempirical approach

EB3LYP
xc ¼ð1�aÞELSD

xc þaEk¼0
xc þbEB88

X þ cELYP
C þð1� cÞELSD

C

ð4Þ
where a = 0.20, b = 0.72, and c = 0.81, are the semiempir-
ical coefficients determined by an appropriate fit to exper-
imental data, Ek¼0

xc is the exact exchange energy (tuned by
a), EB

X is Becke’s 1988 gradient correction (to the LSDA)
for exchange [21], and ELYP

C is the Lee, Yang, and Parr gra-
dient correction [25]. The second strategy to build a new
hybrid model is the non-parametric way. The PBE0
[28,29] hybrid functional is a good example of a functional
without adjustable parameters. The idea is to use the pure
GGA PBE [30,31], and to add 25% of the HF exchange to
it based on purely theoretical and physical considerations.
In this case, the hybrid functional is written with respect to
k as follows:

Ek
xc;HDFðnÞ ¼ Ek

xc;DF þ ðEX;HF � EX;DFÞð1� kÞn�1 ð5Þ
where n P 1 is an integer to be determined, it controls how
rapidly the correction to DF vanishes as k ! 1. Then

Exc;HDF ¼
Z 1

0

dkEk
xc;HDF ¼ Exc;DF þ 1

n
ðEX;HF � EX;DFÞ ð6Þ

The optimum integer n should be the lowest order [28] of
perturbation theory which provides a realistic description
of the shape or k-dependence of the exact Ek

xc. An ideal hy-
brid functional would be sophisticated enough to optimize
n for each system and property, but the accuracy of MP4
(fourth-order Møller–Plesset perturbation theory) [32] for
most molecules suggests n = 4 as the best single choice,

EHDF
xc ðn ¼ 4Þ ¼ EDF

xc þ 1

4
ðEHF

X þ EDF
X Þ ð7Þ

As explained above, the so-called PBE0 model is a variant
obtained inserting the PBE (DF or GGA) in Eq. (7),

EPBE0
xc ¼ EPBE

xc þ 0:25ðEHF
X þ EPBE

X Þ ð8Þ
this functional does not contain any fitted parameter to
experimental data, and that a predefined amount of HF ex-
change is added self-consistently to DFT contribution,
PBE0 model can be considered a true non-empirical DFT
approach. This model generally provides results which
are of similar accuracy as those obtained with empirical
functionals [40,41].

3. Computational details

All calculations were performed using the GAUSSIAN

program [33] (version 03), with the following exchange-
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correlation hybrid functionals, B3LYP [34–36], B3PW91
[34,37,38], mPW1PW91 [39], and PBE0 [40]. To avoid
gauge dependence of the g-values upon the origin chosen
for the magnetic field if one uses a finite basis set, the gauge
including atomic orbitals (GIAO) [42,43] method was used.
The experimental geometries based on X-ray crystallo-
graphic data determined by Cariati and coworkers [44]
were adopted. Calculations were done for four Co(II) com-
plexes that are shown in Fig. 1. Since the deviation from
C2v symmetry is not significant, this symmetry is imposed
in all the calculations. The molecules belong to the point
group C2v(x), with x as the principal symmetry axis instead
of the more conventional z-axis. By convention, such an
orientation has always been used to discuss this type of
complexes [5]. All-electron basis sets were used for Co, with
(15s11p6d)/[9s7p4d] sets designed previously for the hyper-
fine calculations [15]. The EPR-III basis set, formed follow-
ing the prescriptions given in Ref. [45], has been used for O,
N, C and H. The 6-311++G** Gaussian functions [46–48]
were adopted for Se and S. The experimental values [18]
depend strongly upon the host lattice and the temperature.
Thus, a range of values is available. In order to make com-
parisons with theoretical predictions, only experimental
studies in single crystal phase and with nickel as host lattice
are considered.

4. Results and discussion

4.1. The g-tensor

For the current study, the g-tensor is calculated as a cor-
rection [49–52], Dg, to the free electron values ge,

g ¼ ge1þ Dg ð9Þ
with ge = 2.0023193, and Dg is the correction that repre-
sents contributions of three GIAO nuclear magnetic shield-
ing terms:

Dg ¼ gRMC þ gDC þ gOZ þ gSOC ð10Þ
where gRMC, gDC, gOZ and gSOC are relativistic mass cor-
rection, diamagnetic correction, orbital Zeeman and

spin–orbit coupling [53] contribution, respectively. The cal-
culated g-values of all the complexes using the proposed
hybrid methods are summarized in Table 1. The corre-
sponding experimental data is also given for the sake of
comparison. Good agreement is found between the calcu-
lated and experimental values. The experimental data
exhibits a monotonic behavior of the gzz components for
the four complexes. The gzz values decrease from 2.00 to
1.90 in the following order: co(acacen)! co(taca-
cen) ! co(seacacen)! co(sacsac)2. For the gyy compo-
nent, this trend is only observed for three complexes; i.e.
co(tacacen)! co(seacacen) ! co(sacsac)2. This is different
for the gxx values. Indeed, the variation of the gxx compo-
nents do not occur monotonically with respect to the
change of the ligands forming the first coordination sphere
of the TM. Theoretically, these trends are well reproduced
by all the hybrid functionals. It is clearly shown that the

Fig. 1. The Co(II) complexes: (a) X stands for oxygen (O), sulfur (S) and selenium (Se) corresponding to co(acacen), co(tacacen) and co(seacacen),
respectively. (b) Represents the fourth complex co(sacsac)2.

Table 1
The calculated and the observed g-tensor values for the cobalt complexes

Co(acacen) Co(tacacen) Co(seacacen) Co(sacsac)2

B3LYP gxx 2.85 2.83 2.93 2.91
gyy 1.89 1.92 1.91 1.90
gzz 1.96 1.92 1.91 1.90
giso 2.23 2.22 2.25 2.24

B3PW91 gxx 2.87 2.85 2.95 2.92
gyy 1.89 1.92 1.95 1.94
gzz 1.96 1.93 1.92 1.94
giso 2.24 2.23 2.27 2.27

mPW1PW91 gxx 3.13 3.01 3.18 3.17
gyy 1.89 1.95 1.91 1.90
gzz 2.00 1.96 1.93 1.93
giso 2.34 2.31 2.34 2.33

PBE0 gxx 3.22 3.05 3.27 3.23
gyy 1.89 1.96 1.94 1.92
gzz 2.01 1.96 1.94 1.93
giso 2.37 2.32 2.38 2.36

Exp [18] gxx 3.26 3.05 3.33 3.28
gyy 1.88 1.98 1.93 1.90
gzz 2.00 1.95 1.93 1.90
giso 2.38 2.33 2.40 2.36
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PBE0 and mPWPW91 hybrid schemes yields the best esti-
mation of the g-values. The B3LYP and B3PW91 function-
als perform equally leading to results that are less accurate
than those obtained with PBE0 and mPW1PW91. The gxx
components increase significantly when going from B3LYP
to PBE0, which proves that there is an influence of the XC
potentials on the description of the anisotropic behavior of
the magnetic resonance parameters of TM systems. This is
similar to the gzz component. On the other hand, the same
correlation relation is not observed for the gyy components.
But from a quantitative point of view, only the
mPW1PW91 and PBE0 hybrid DFs lead to results that
are in excellent agreement with the experimental data. In
order to complete the comparison and to make a quantita-
tive estimation of the large deviation of the g-values from
ge, the isotropic values of both the calculated and the
experimental g-tensors are compared,

giso ¼
gxx þ gyy þ gzz

3
ð11Þ

As shown in Fig. 2 (numerical values are also available in
Table 1). The PBE0 yields the most accurate predictions
of the anisotropy of the g-tensor. Fig. 3 shows the highest
occupied (HOMO), lowest unoccupied (LUMO) molecular
orbitals, and their separation d (the HOMO–LUMO gap).
Based on these results, B3LYP and B3PW91 perform

equally to predict the orbital energy levels. The
mPW1PW91 and PBE0 hybrid models have also the same
performance, and they predict more stabilized HOMO
energies and highest values of LUMO levels. Consequently,
the HOMO–LUMO gap d, is much larger when the
mPW1PW91 and PBE0 functionals are adopted. This is re-
lated to the accuracy of the calculated g-values using these
models. As stated in Section 1, the typical splitting of the
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Fig. 2. The theoretical and the experimental [18] isotropic g-values,
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electronic energy levels of the five d-orbitals is directly
responsible of the anisotropy of the g-values.

4.2. The A-tensor

Unpaired electrons interact with external magnetic
fields. This arise from the Zeeman effect and from the
hyperfine coupling with nuclei having non-zero spins. For
a nucleus N located at rN, the isotropic (Fermi-contact)
component of the hyperfine interaction tensor, aF, is
related to the local spin density through [54]

aFðNÞ ¼ 8p
3
bebNgN

X
l;m

Pa�b
lm h/l j dðr� rNÞ j /mi ð12Þ

where be, bN, and gN are the electronic and nuclear magn-
etons and the nuclear magnetogyric ratio, the indices l and
m run over the basis functions, Pa�b

lm is the difference be-
tween the density matrices of spin a and spin b electrons
and d(r � rN) is the Dirac delta. Fig. 4 represents the iso-
tropic Fermi contact coupling values for Co(II) nuclei for
the corresponding complexes, using the four models cited
above. The maximal difference between these values is
10�3 cm�1. The determination of the spin densities (cf.
Eq. (12)) depends strongly on the hybrid method em-
ployed. More precisely, the dependence is on the amount
of the exact HF exchange combined to pure DFs, and
how the model is built. This is related to the spin contam-
ination [15] which can be a problem with hybrid function-
als when treating TM complexes. The anisotropic hyperfine
coupling tensor, can be expressed as

AklðNÞ ¼ bebNgegN
X
l;m

Pa�b
lm h/l j r�5

N ðr2Ndkl � 3rN;krN;lÞ j /mi

ð13Þ
The A-tensor is always traceless, and after diagonalization
it leads to the main components: Axx, Ayy and Azz. Table 2
compares computed and experimental A-tensor values at
the metal nuclei for the four complexes. One have to keep
in mind, however, that the experimental determination of

the A-tensor is not very accurate, since more distant atoms
in the solid seems to have a considerable effect on the
hyperfine interaction [18]. Thus, the best choice of the func-
tional depends strongly on the electronic structure of the
TM complex [16,15]. While PBE0 and mPW1PW91 show
better performance to calculate the g-tensors than
B3LYP and B3PW91. The four hybrid functionals perform
almost equally to predict the A-tensor values. The results
for co(acacen) and co(sacsac)2 are in a good agreement
with the experiment. This is not the case for co(tacacen)
and co(seacacen), where the Axx components are not closer
to the corresponding experimental values. Theoretically,
correlation between the different complexes and a given hy-
brid method can be established. For a given hybrid func-
tional, one can observe that the Axx and Ayy values
decrease in the following order: co(acacen) ! co(taca-
cen) ! co(seacacen)! co(sacsac)2. Such a trend is not ob-
served experimentally, which confirms the above remark
about the inaccuracy of the experimental determination
of the A-tensor. Even if the anisotropy of the A-values is
correctly reproduced, however, the computed values are
of moderate quality [5,15]. There are various reasons why
the hyperfine coupling of TM complexes presents such a
difficulties. Among them, the core–shell spin polarization,
which is mainly due to exchange interactions between sin-
gly occupied (SOMO) metal 3d orbitals, and the outermost
doubly occupied 3s- and 2s-type core shells. This interac-
tion is still a challenge for the present-day functionals.

5. Conclusions

The interest of first principle calculations of experimen-
tal observables resides in the ability to link the electronic
structure of a material to the experimental observable using
relevant and adequate theoretical approaches. The main
objective of the present study was to show the performance
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2

Fig. 4. The isotropic Fermi contact coupling, aF, values using different
hybrid functionals.

Table 2
The calculated and the observed A-tensor values (in 10�4 cm�1) for the
cobalt complexes

Co(acacen) Co(tacacen) Co(seacacen) Co(sacsac)2

B3LYP Axx 120 114 112 110
Ayy 37 36 33 32
Azz 42 37 40 35

B3PW91 Axx 119 112 110 105
Ayy 37 35 33 31
Azz 42 37 37 34

mPW1PW91 Axx 121 115 113 107
Ayy 39 36 32 29
Azz 42 39 41 38

PBE0 Axx 120 114 113 106
Ayy 38 35 32 29
Azz 42 39 41 37

Exp [18] Axx 116 95 161 105
Ayy 38 23 27 35
Azz 35 28 14 35
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of the hybrid DFT to predict accurately the g- and A-ten-
sors in TM systems, and to reproduce their anisotropic
behavior in a planar symmetry for a low-spin d7 Co(II)
complexes. The results were discussed mainly from a
numerical point of view; i.e. in relation to the hybrid func-
tionals used. Indeed, the topic of this work do not focus on
a chemical point of view in relation to the nature of the
ligands involved. Different hybrid models were used, and
it is proven their superiority over the pure DFs. Among
these hybrid methods, the PBE0 functional provides most
accurate values, especially for the g-tensor. mPW1PW91
performs also efficiently. However, some problems remain
to be investigated concerning the calculation of the hyper-
fine interaction constants (the A-tensor) of inorganic sys-
tems, which remains a challenge to quantum chemistry.
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