Magnetic coupling constants and vibrational frequencies by extended
broken symmetry approach with hybrid functionals
D. Bovi and L. Guidoni
Citation: J. Chem. Phys. 137, 114107 (2012); doi: 10.1063/1.4752398
View online: http://dx.doi.org/10.1063/1.4752398
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v137/i11
Published by the American Institute of Physics.

Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/
Journal Information: http://jcp.aip.org/about/about_the_journal
Top downloads: http://jcp.aip.org/features/most_downloaded
Information for Authors: http://jcp.aip.org/authors

THE JOURNAL OF CHEMICAL PHYSICS 137, 114107 (2012)

Magnetic coupling constants and vibrational frequencies by extended
broken symmetry approach with hybrid functionals
D. Bovi1 and L. Guidoni2,a)
1
2

Physics Department, La Sapienza - University of Rome, Rome, Italy
Department of Physical and Chemical Sciences, University of L’Aquila, L’Aquila, Italy

(Received 7 June 2012; accepted 29 August 2012; published online 20 September 2012)
The description of the electronic structure and magnetic properties of multi-centers transition metal
complexes, especially of mixed-valence compounds, still represents a challenge for density functional theory (DFT) methods. The energies and the geometries of the correctly symmetrized lowspin ground state are estimated using the Heisenberg-Dirac-van Vleck spin Hamiltonian within
the extended broken symmetry method introduced by Marx and co-workers [Nair et al., J. Chem.
Theory Comput. 4, 1174–1188 (2008)]. In the present work we extend the application of this technique, originally implemented using the DFT+U scheme, to the use of hybrid functionals, investigating the ground-state properties of di-iron and di-manganese compounds. The calculated magnetic
coupling and vibrational properties of ferredoxin molecular models are in good agreements with
experimental results and DFT+U calculations. Six different mixed-valence Mn(III)–Mn(IV) compounds have been extensively studied optimizing the geometry in low-spin, high-spin, and brokensymmetry states and with different functionals. The magnetic coupling constants calculated by the
extended broken symmetry approach using B3LYP functional presents a remarkable agreement with
the experimental results, revealing that the proposed methodology provides a consistent and accurate DFT approach to the electronic structure of multi-centers transition metal complexes. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4752398]
I. INTRODUCTION

Multi-center transition metal (TM) complexes have an
important role in different fields of biology and materials science. They are present as catalytic and redox centers in many metalloenzymes and electron-transport proteins
such as ferredoxin (Fd),1–3 hydrogenases,4–7 copper-based
enzymes,8 and photosynthetic complexes.9–11 They also play
an important role in the research of biomimetic inorganic
molecular catalysts for water oxidation12, 13 and hydrogen
production.14, 15 Theoretical calculations are a valuable tool
to evaluate geometrical and spectroscopic parameters of such
complexes with the aim to aid rationalization and interpretation of the experimental observations. As demonstrated
by several examples present in the literature (see Refs. 16
and 17 and references therein) electronic structure calculations may elucidate different issues of multi-center transition metal complexes, such as the role of the ligands on the
metal redox states, the catalytic strategies, and the electron
transfer properties, providing the grounds for the interpretation of structural, thermodynamic, kinetic, and spectroscopic data. Post-Hartree Fock correlated methods are still
a challenge for multi-center TM complexes and the most
used technique for medium and large size system remains
density functional theory (DFT).18, 19 Recent calculations on
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gas phase models of the oxygen evolving complex20 were
able to suggest the location of protons and the magnetic interaction pattern on the catalytic Mn cluster for water oxidation of Photosystem II.21 In the case of inorganic systems, a recent combination between x-ray absorption data and
ab initio molecular dynamics techniques revealed the protonation state in solution of μ-oxo bridges in molecular models
for artificial photosynthesis.22
Despite the wide application range, density functional
theory calculations still suffer from two main limitations in
describing the electronic structure of multi-center TM complexes. The first major problem is the choice of the approximate exchange-correlation functional. Using the generalised
gradient approximation (GGA) the dominating term in the energy functional is the Coulomb repulsion that makes the orbitals localization more difficult.23, 24 In addition these functionals may suffer also from static correlation errors that
discourage the formation of open-shell electron states usually
possible by the high degeneracy of the d-orbitals. On the other
hand the HF approach suffers from the opposite drawback,
preferring parallel spin configurations and therefore leading to
an excessive disposition for localized high-spin (HS) state.25
In both cases the results might provide an erroneous description of the magnetic properties of the complexes.26 The second problem affecting Kohn-Sham (KS)-DFT calculations on
multi-center TM complexes is represented by the fact that
the Kohn-Sham scheme is intrinsically a one-determinant theory which is not suitable to properly describe open-shell spin
multiplets, which are often found as ground state of these
complexes.26
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Many efforts have been made so far to improve the performances of exchange-correlation functionals on TM complexes. In particular, the use of hybrid functionals, based on
a partial contribution of exact Fock exchange, represents a
good choice to promote the localization of singly occupied
valence molecular orbitals.27–29 An alternative and effective
approach has been proposed by introducing an on-site repulsion term (Hubbard-U term) in the Hamiltonian.30–33 The latter approach provides an electron localization effect similar to
that observed with hybrid functionals, with the advantage of
being more easily and efficiently implemented in plane wave
schemes and in ab initio molecular dynamics.22, 34
In multi-center TM complexes where each metal center has near half filled d-orbitals, thanks to Hund’s rule, the
parallel alignment of the valence electrons’ spins is usually preferred on-site and leads to a resulting local high-spin
configuration on each metal center. These local spinors may
interact to each other either in ferromagnetic or in antiferromagnetic (or ferrimagnetic) way, leading to total HS or
low-spin (LS) ground states, respectively. The LS state is often globally an open-shell spin singlet (S=0) state, although
formed by unpaired high-spin states on-sites. The correct representation of such spin state is beyond the one-determinant
picture of DFT because of the missing appropriate symmetrization of the spinor part. A widely used technique to
circumvent this problem is to evaluate different single determinant magnetic configurations using the so-called brokensymmetry (BS) approach.35–37 The broken-symmetry states
suffers anyway from spin contamination, since they are not
exact eigenstates of the total spin S2 operator;17 anyway, they
often represent in many cases a good approximation of the
ground-state electron density. An alternative approach to access the LS ground state with the correct spin symmetry
is represented by the so-called extended broken-symmetry
(EBS) method proposed by Marx and co-workers38 and successfully used in combination with the DFT+U approach for
calculating geometrical, energetic, and magnetic properties of
di-nuclear iron complexes.39, 40 The approach is based on the
reconstruction of LS energy surface trough an Heisenberglike Hamiltonian depending on the empirical coupling parameter J. The parameter can be estimated by performing two independent single determinant HS and BS calculations.34, 38 So
far the application of EBS was limited to a couple of ironsulfur complexes and to the use of DFT+U scheme in plane
waves.34, 38–41
In the present work we investigate the capability of EBS
in combination with hybrid functionals to describe the geometry and energetics of di-nuclear iron and manganese complexes. Our results will be also compared with those obtained
using other theoretical approaches and with the available experimental data. In Sec. II we review the EBS formalism and
we apply it to the calculation of harmonic vibrational frequencies. In Sec. III we present the obtained results and report
the features and the accuracy of the EBS approach in combination with hybrid functionals, focusing on the geometrical and magnetic properties of two classes of systems: ferredoxin complex models that were previously investigated by
EBS DFT+U calculations, and mixed-valence di-manganese
complexes for which an extensive BS study has been done.42
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II. METHODS

Due to the inadequacy of Kohn-Sham formulation of
DFT to describe multi determinant ground states, the openshell LS ground state of several TM cluster requires in principle the use of multideterminantal methods. Despite this
drawback, the so-called BS35, 36 implementation of DFT can
provide reasonably good molecular geometries and energies
even if the correct spin symmetry is not satisfied by the onedeterminant wave function. A simple, alternative proposal
to go beyond this approach is the EBS method,38–40 where
the description of the LS ground-state properties is achieved
through the evaluation of the exchange coupling constant J using separated calculations performed on BS and on HS states.
In the present section we will review the computational methods to evaluate the exchange coupling constant and its use in
the EBS method scheme. The EBS approximation is therefore extended to the LS Hessian matrix to evaluate harmonic
vibrational frequencies in LS state. Computational details of
the Fe- and Mn-based complexes are also reported.
A. Evaluation of exchange coupling constant J

The magnetic coupling between the two on-site highspin states in TM dimers can be described at phenomenological level by the Heisenberg-Dirac-van Vleck spin
Hamiltonian43–45
Ĥ = −2J ŜA ŜB ,

(1)

where ŜA and ŜB are the spin operators of the resulting magnetic momentum on the metal center A and B, while J is the
exchange coupling constant between the two magnetic centers. The phenomenological description of Eq. (1) is valid
in the strong exchange coupling limit46 |J|  1 for homovalent or heterovalent magnetic dimers as demonstrated for the
case of Mn dimers.47, 48 The Hamiltonian could be also generalised to polynuclear magnetic centers.38 For the binuclear
case, defining the total spin operator Ŝ = ŜA + ŜB , the Hamiltonian (1) can be reformulated as


(2)
Ĥ = −J Ŝ 2 − ŜA2 − ŜB2
and the energy of a state of total spin S is given by
E S = −J [Ŝ 2 S − SA (SA + 1) − SB (SB + 1)].

(3)

In case of pure spin states, the Ŝ 2 operator in Eq. (3) can
be replaced by its corresponding eigenvalue. In DFT the onedeterminant representations of the antiferromagnetic configurations, the BS states, are not eigenstates of Ŝ 2 since they are
“contaminated” by components on higher spin states. Nevertheless, in these cases Ŝ 2  can be estimated numerically in
an approximated way.39, 49, 50 The Hamiltonian (1), adopted to
describe the magnetic coupling between metal centers, generates an Heisenberg’s spin-ladder of eigenstates with S ranging from Smin = |SA − SB | up to Smax = SA + SB , where Smax
and Smin are the maximum and minimum total spin quantum
numbers corresponding to the exact HS and LS eigenstates of
Eq. (1), respectively. On the contrary, the BS state does not
belong to the Heisenberg’s ladder, and due to the higher
spin contamination in the antiferromagnetic case its energy
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is higher than the LS energy. Due to its symmetry, the HS
state is always represented by a single Slater determinant and
can be therefore correctly evaluated by DFT. These two latter
states can be used together to estimate the coupling constant
J, using the Yamaguchi formula, obtained combining Eq. (3)
for the HS and BS states (see Refs. 51 and 52 and references
therein)
J =

E BS − E HS
Ŝ 2 HS − Ŝ 2 BS

(4)

,

where EHS and EBS are the total energies of the HS and BS
states, respectively.

(dc/dRI = 0) . In this approximation, Eq. (8) leads directly to
the LS forces (Eq. (10))
BS
HS
FLS
I = (1 + c)FI − cFI

(10)

and to the LS Hessian
KLS = (1 + c)KBS − cKHS .

(11)

Considering the LS potential energy surface at its equilibrium geometry, in harmonic approximation it is possible to
use the LS Hessian under mass weighted transformation (K̃ij
√
= Kij / mi mj ) to calculate vibrational frequencies and normal modes of LS state.
C. Computational details

B. Extended broken symmetry to access the low-spin
energy, forces and Hessian

Beyond the evaluation of the exchange interaction J, the
knowledge of the HS and BS states can be used to obtain information on all the spin-ladder eigenstates (Eq. (3)) and, in
particular, on the LS state.38–40
In general the Ŝ 2  value, appearing in Eq. (5), can be
evaluated using the Löwdin’s formulation49



β
β
nαmag − nmag
nαmag − nmag
2
+ 1 + nβmag + ,
Ŝ  =
2
2
(5)
where

 = nβnmag + 2 (r1 α, r2 β|r1 β, r2 α)dr1 dr2 .
(6)
β

β

In Eqs. (5) and (6), nαmag (nmag ) and nαnmag (nnmag ) are the numbers of unpaired and paired α(β) electrons,53 respectively;
(r1 σ1 , r2 σ2 |r1 σ2 , r2 σ1 ) is the two-particles density matrix
and  is a correction term that arises from the spin contamination due to nonsymmetric spin states and from the overlap
between the magnetic orbitals. In the special case of the HS
state, that is a pure spin state eigenfunction of the Hamiltonian
β
(1),  ≈ 0 and nmag = 0, since formula (5) is reduced to the
proper eigenvalue S(S + 1). In the other cases, when the total
spin S < Smax ,  > 0 and S2 has always positive deviation
from the exact value.
The equation for the exchange coupling constant (4) can
be rewritten in terms of these new quantities39
J =

2
Smax

E BS − E HS
.
2
− Smin
− BS + HS

(7)

The DFT calculations for the HS and BS states are performed using the ORCA54 package with different hybrid
(B3LYP,55–57 TPSSh58 ) and GGA functionals (PBE, BP86).
The Ahlrichs basis sets have been employed: TZVP basis set59 for all atoms and TZV/J auxiliary basis sets60 as
implemented in ORCA. The criteria for the SCF convergence are set as “TightSCF” (energy change 1e−08; maxdensity change 1e−07; rms-density change 5e−09; DIIS error
5e−07) and a high precision for the integration grids (Grid4)
is used.
The geometry optimizations in EBS approach are produced interfacing the external optimizer features available in
ORCA with an ad hoc C++ code. This code runs the HS and
BS gradient calculations separately and uses Eqs. (8) and (10)
to obtain the LS energy and forces as described in Subsection II B.
To evaluate the oxidation state of the transition metal
atoms in all complexes we implemented the recent method
proposed by Selloni and co-workers.61 LS frequencies and
normal modes are obtained from the LS energy Hessian matrix constructed around the optimized LS geometry combining the HS and LS Hessians as described in Eq. (11).
III. RESULTS AND DISCUSSION
A. Iron-sulfur clusters

The two-iron two-sulfur [2Fe–2S] cluster is an important
inorganic component of several proteins involved in electron
transfer processes. In Fd the [2Fe–2S] core is located inside its
binding pocket anchored to four terminal-cysteines. We considered two models of this complex as shown in Figures 1(a)
and 1(b).

Using Eq. (3) and the latter definition of J (7), the energy of the LS ground state can be written in terms of
the HS and BS total energies as its general spin-projected
representation38 (8),
E LS = (1 + c)E BS − cE HS = PE BS,HS ,
c=

Smax − Smin + BS
.
2
2
Smax
− Smin
− BS + HS

(8)
(9)

It is possible to exploit the same weighted sum of energies (8) to calculate the energy gradient and Hessian of the LS
state assuming the condition that c (9) is nearly constant38, 39

FIG. 1. Molecular structures of ferredoxin core models employed in DFT
calculations: (a) [FE2 S2 (SH)4 ]2 − and (b) [FE2 S2 (SCH2 CH3 )4 ]2 − .
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TABLE I. Structural properties and exchange coupling constant J of models of [2Fe2S] core of ferredoxin using the extended broken symmetry approach in
different computational schemes compared with protein experimental data.
Relaxed geometry

AIMD (300 K)

Low-spin state

B3LYPa,b

PBEa,b

B3LYPa,c

PBE+Ub,d

PBE+Ub,d

PBE+Ud,e

Exp.e,f

Fe–Fe (Å)
S1 –S2
Fe1 –S1
Fe1 –S2
Fe2 –S1
Fe2 –S2
S1 –Fe1 –S2
S1 –Fe2 –S2
Fe1 –S1 –Fe2
Fe1 –S2 –Fe2
S2 –Fe1 –S1 —Fe2
J (cm−1 )

2.81
3.53
2.26
2.26
2.26
2.26
102.79
102.79
77.21
77.21
0.0
−186

2.65
3.52
2.20
2.20
2.20
2.20
106.07
106.07
73.92
73.92
0.0
–401

2.79
3.54
2.25
2.25
2.25
2.25
103.39
103.39
76.60
76.62
−0.32
−205

2.7
...
2.22
2.22
2.22
2.23
...
...
75.4
75.3
1.0
−223

2.75
...
2.24
2.24
2.24
2.24
...
...
76.0
76.0
0.0
−202(40)

2.74
...
2.27
2.22
2.29
2.24
...
...
74.0
76.0
9.7
−175 (35)

2.75
3.52
2.28
2.23
2.23
2.18
102.2
105.6
75.1
76.8
4.3
−182(20)

a

This work.
From [Fe2 S2 (SH)4 ]2 − complex in vacuo.
c
From [Fe2 S2 (SCH2 CH3 )4 ]2 − complex in vacuo.
d
Several previous results: statics,40 dynamics in vacuo,38 and in oxidized Anabaena PCC7119 Fd protein.40
e
From [Fe2 S2 ]Cys4 in protein.
f
Structure data from x-ray diffraction in oxidized Anabaena PCC7119 Fd protein62 and magnetic coupling constant from magnetic susceptibility calculation in Spirulina maxima63
and Mössbauer spectroscopy from spinach protein.64
b

For each complex the geometry was optimized in the LS
state according to the EBS forces using the B3LYP hybrid
functional. The J value was therefore evaluated at the LS
minimum structures. Our results are summarized in Table
I together with experimental data and previous theoretical
calculations on similar complexes. In term of geometries and
J values we are in very close agreement to those obtained
by Marx and co-workers using Hubbard correction on PBE
functional. As discussed in their original paper,40 they
observe a dramatic improvement on the magnetic properties
passing from PBE to PBE+U, thanks to the crucial role of
the Hubbard repulsion term in avoiding the artificial spin
density delocalization affecting local density approximation
(LDA) and GGA calculations. Our structural results are in
excellent agreement with the protein experimental data (Table
I); the small differences can be attributed to the asymmetric
deformation induced by the protein environment that breaks
the planar ferredoxin core.
For the magnetic coupling constant J we obtain a value
which is in very good agreement with the experimental esti-

mations and close to those obtained by DFT+U plane wave
calculations. In comparing the results of our model with experiments we have to consider the influence of thermal fluctuations and the surrounding protein environment. This can
be estimated by comparing statical (T = 0 K) dynamical
(T = 300 K) and in situ molecular dynamics calculations performed in the same conditions with PBE+U40
as reported in Table I. From this consideration we have
to take into account a possible 20% variation which is
anyway in line with DFT+U ab-initio molecular dynamics (AIMD) calculations and still in good agreement with
experiments.
In conclusion, our results demonstrate how the EBS approach can be successfully used with B3LYP hybrid functional to obtain geometries and exchange coupling constants
in good agreement with experimental data.
We also calculated the harmonic frequencies of the
ferredoxin models in different spin states: HS, BS, and LS, as
proposed in Subsection II C. The vibrational frequencies of
the [2Fe–2S] core are reported in Table II together with the

TABLE II. Calculated vibrational harmonic frequencies (cm−1 ) of Ferredoxin model in vacuo, compared with
previous calculation from AIMD39 and with experimental values of ferredoxin from Porphyra umbilicalis.65
(2Fe–2S)–4(SH)
Mode

BS B3LYP

HS B3LYP

LS B3LYP

Ag, A
B1, g
B2u
Ag, D
B3u
B1u

144, 157, 290, 294
269
325
370
382
290,144

152, 288
233
260, 321
365
355
132, 290

288, 327
372
530
528
293, 528
129, 279

a

Frequencies from AIMD in vacuo by Ref. 39.
Mode terminal dependent.
c
Mode out of the plane of the 2Fe2S core (considered environment sensitive mode).
b

Real
LS

PBEa

160
318
300–430, 396
340, 364
295
145

Exp.
339b
329
426
395
282b , 367b
357c
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FIG. 2. Mixed-valence Mn(III)–Mn(IV) complexes optimized in their low-spin state by extended broken symmetry method.

experimental values and other theoretical frequencies calculated by ab initio molecular dynamics in gas phase.39 The
direct comparison with experiments in protein environment
might be difficult for what concerns the Ag,A , B3u , and B1u
modes since they are either terminal modes or out-of-plane
mode, therefore, supposed to be strongly influenced by the
environment and by the tail termination. The other three
modes report frequencies values in the range of the experiments, although all irregularly redshifted. With respect the
HS and BS frequencies the LS results are in better agreement.

tions and structural and electron paramagnetic resonance data
available on di-nuclear Mn cluster offers a valuable opportunity to verify the accuracy and the consistency of different
computational strategies. Neese and co-workers42 for the case
of a set of Mn(III)–Mn(IV) dimers successfully explored different DFT approaches using different functionals, BS strategies, and geometries.42, 67 In the present work we calculate the
properties of several mixed-valence complexes evaluating the
effect of the functional and the geometries on the exchange
coupling constant. Moreover, we will use the EBS method to
access the LS geometry and energy of the complexes. Six binuclear manganese complexes of mixed oxidation state (III/IV)
are considered as shown in Figure 2.
We have optimized all geometries in several spin states,
HS, BS, and LS, using different exchange-correlation functionals. The mixed-valence character of the complexes has
been clearly recognized using the projection procedure described in Ref. 61. To evaluate the magnetic coupling constant we follow two different approaches: the first using the
same functional and spin state as the one used in the geometry optimization, the second using different combination of
functionals and geometries as reported in Ref. 42. The results
using a geometry optimized in HS state, using BP86, a GGA
functional, and afterwards calculating the exchange coupling

B. Mixed-valence manganese dimers

The catalytic Mn4 Ca complex of the oxygen evolving
center (OEC) represents one of the major challenges for the
electronic structure methods applied to biological systems.
A recent crystal structure of OEC at atomic resolution21 has
opened the way to reliable quantum mechanics calculations to
elucidate the mechanisms of the water splitting reaction. All
the proposed reaction mechanisms11, 66 rely on reaction steps
involving mixed-valence Mn intermediates. Discerning one
proposal from another will be a difficult task for electronic
structure calculations since an accurate description of mixedvalence cluster is required. The comparison between calcula-

TABLE III. Exchange coupling constants J (in cm−1 ) for mixed-valence manganese(III/IV) complexes. Methods acronyms are in the form SS-F1/F2 where SS is the spin state (low spin, high spin, broken symmetry) and
F1, F2 are the functionals used in geometry optimization and energy single point calculations, respectively.
Method
Exp.
LS-B3LYP/B3LYP
BS-B3LYP/B3LYP
HS-B3LYP/B3LYP
BS-BP86/B3LYP
HS-BP86/B3LYP
LS-TPSSh/TPSSh
BS-BP86/TPSSh
HS-BP86/TPSSh
a

Reference 68.
Reference 69.
c
Reference 70.
d
Reference 71.
e
Reference 72.
f
References 73 and 74.
b

1

2

3

4

5

6

J

−177a
−169
−158
−115
−185
−101
−216
−218
−120

−150b
−142
−139
−127
−161
−123
−187
−210
−147

−146c
−125
−122
−112
−128
−106
−160
−160
−128

−110d
−104
−101
−82
−116
−80
−146
−145
−93

−110e
−111
−109
−102
−124
−99
−152
−157
−119

−10f
−8.9
−8.8
−8.0
−8.4
−7.0
−14.2
−11.3
−9.6

...
7%
9%
21%
10%
26%
28%
27%
12%
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constant by other hybrid functional (B3LYP and TPSSh)
are reported in Table III, labelled as HS-BP86/B3LYP and
HS-BP86/TPSSh. As a second step we tried a similar mixed
method, optimizing the geometry again with BP86 functional
but in the antiferromagnetic BS electronic configuration (BSBP86/B3LYP and BS-BP86/TPSSh in Table III). Brokensymmetry B3LYP geometric relaxations were also performed
in both HS and BS states. Finally, we adopt the EBS method to
optimize the geometry in the antiferromagnetic LS electronic
configuration, using the hybrid functional B3LYP (or TPSSh)
and obtaining the magnetic properties consistently with the
same functional (LS-B3LYP/B3LYP and LS-TPSSh/TPSSh
in Table III). The latter approach allows us to evaluate more
easily the quality of the functional alone, since the geometries
and the calculated J are obtained in a consistent way. First
we observe that the effects of the functional (BP86, B3LYP,
or TPSSh) used to calculate the equilibrium geometry have
a relevant influence on the metal-metal distances and angles,
reflecting a dramatic variation on the calculated value of J.
The results for the exchange coupling constant are also
compared with the experimental values and the quality of
each approach is estimated using the relative J error, defined
as J = |(J th − J ex )/J ex |. This average quantity can be very
useful to evaluate the accuracy of different methods in this
kind of screening approach, as already shown.42 The LSB3LYP/B3LYP geometries gives a very good agreement with
the available experimental data, reporting a J as small as
7%. This result is close to what is obtained in the BS state
(BS-B3LYP/B3LYP), at variance with the HS-B3LYP/B3LYP
which is rather off the experimental values (21%). Beyond
the better agreement with experiments of our proposed LSB3LYP/B3LYP scheme, we wish to remark the fact that in our
approach geometries and magnetic properties (which rely on
calculations of energy differences) are calculated consistently
using the same functionals on the low-spin ground state of the
effective spin Hamiltonian (Eq. (1)). A comparison between
the results obtained with the two hybrid functionals (B3LYP
and TPSSh), considering the same geometry (HS-BP86 or
BS-BP86), suggests an over estimation of J for TPSSh over
B3LYP. Table III also shows the influence of the spin state on
the evaluation of J, reporting smaller values for equilibrium
geometries in the HS state with respect to those in LS and
BS states. This is in agreement with the observation that HS
metal-metal distances are usually larger, therefore leading to
a smaller magnetic coupling. The above effects may compensate each other in some extent when TPSSh calculations are
performed on HS geometries (for instance, using BP86 functional), eventually leading to a good estimate of J, as shown
in the last line of Table III and reported already by Neese and
co-workers42 for a similar class of complexes.
IV. CONCLUSIONS

In the present work we have applied for the first time
the EBS method in combination with hybrid functionals to
di-nuclear transition metal complexes. An extensive comparison of distances and magnetic coupling constants on ferredoxin molecular models indicates that EBS-B3LYP leads to
results in very good agreements with experimental data, simi-

J. Chem. Phys. 137, 114107 (2012)

lar to what obtained using the DFT+U approach on the same
systems.40 We have used the EBS formalism for Hessian calculation and normal mode analysis around the low-spin relaxed geometries of the ferrodoxin models, comparing the
obtained frequencies with the experimental data available for
the full protein. The performance of the proposed approach to
mixed-valence Mn(III)–Mn(IV) dimers, was inferred by comparing the EBS method using two hybrid functionals (B3LYP
and TPSSh) with the results obtained on broken-symmetry
and high-spin geometries. Calculations performed on 6 different mixed-valence clusters demonstrate that EBS-B3LYP
provides an accurate estimation of the exchange coupling constant J, being the average discrepancy with experimental values as small as 7%. Beyond the fair comparison with the experiments, our scheme represents a consistent way to evaluate
J since the energy differences are evaluated on the low-spin
geometry with the same functional used for the optimization.
This work represents the first step towards an accurate study
by DFT of the low-spin state of larger multi-centers mixedvalence Mn compounds such as the catalytic cluster of the
oxygen evolving complex in Photosystem II.
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