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Computational methods based on density functional theory have been applied to a prospective study of dinuclear
transition metal complexes that may show strong exchange coupling interactions through very long bridging ligands.
The results indicate that M(III) complexes (being M) Cr, Mn or Fe) with dicyanamidobenzene-type ligands are
specially promising for this purpose, since strong ferromagnetic or antiferromagnetic coupling is predicted between
paramagnetic metal cations at distances as long as 25 Å. The existence of ferromagnetic or antiferromagnetic
coupling in the complexes with the different isomers of dicyanamidobenzene can be rationalized in terms of molecular
orbitals.

The synthesis of new polynuclear coordination compounds
with interesting and new magnetic properties is one of the
main goals in the field of molecular magnetism.1 The
magnetic behavior of a variety of dinuclear transition metal
compounds has been explored to learn about the exchange
interactions between two paramagnetic centers.2 One of the
strategies consists of searching for bridging ligands that
would allow us to obtain a wide range of magnetic properties.
However, the actual situation is far from ideal since the large
number of known antiferromagnetic complexes is in sharp
contrast with the paucity of ferromagnetic systems.3 Usually,
relatively small bridging ligands are employed in order to
provide a short exchange pathway that favors a strong
coupling. This fact introduces several limitations for the
assembly of new complex systems; for instance, in the case
of hybrid compounds obtained by host‚‚‚guest inclusion, the
short bridging ligands restrict the host lattices to those with
rather small cavities.4,5 The aim of this communication is to
perform a theoretical search for new complexes with a very
long exchange pathway, for which the exchange coupling
could be tuned from ferromagnetic to antiferromagnetic by
design.

During the last years, several authors have applied
theoretical methods to study the exchange interactions in
transition metal complexes.6-11 In recent works,12-16 we have
shown the performance of the hybrid density functional
B3LYP17 method combined with the broken-symmetry
approach to provide good numerical estimates of the
exchange coupling constantJ (introduced by the phenom-
enological Heisenberg HamiltonianH ) -J‚S1‚S2) by using
the GAUSSIAN package18 and an all electron basis set.19,20

The use of the nonprojected energy of the broken symmetry
solution as the energy of the low spin state within the DFT
framework provides good results because it avoids the
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cancellation of the nondynamic correlation effects as stated
recently by Polo et al.21,22 The details of the methodology
employed are discussed with detail in a previous work.15 The
excellent results obtained so far prompted us to apply such
methodology to predict the magnetic behavior of as yet
unknown complexes.23

As a starting point we look for aromatic bridging ligands
because of their ability to transmit electronic effects at long
distance. An interesting candidate is 1,4-dicyanamidobenzene
(1,4-dicyd) (1) that has been employed by Crutchley et al.
in the synthesis of mixed valence ruthenium complexes.24

Such compounds show a large comproportionation constant,25

consistent with a class III mixed valence character according
to the Robin-Day classification.26 Furthermore, equivalent
Ru(III) dinuclear complexes show diamagnetic behavior,
indicative of a strong antiferromagnetic coupling.27,28

We have explored five transition metal ions, Ni(II), Fe(III),
Mn(II), Mn(III), and Cr(III), with a pseudooctahedral coor-
dination (2), in order to have unpaired electrons in the t2g or
in the eg orbitals or in both. Theanti conformation of the
bridging ligand adopted by most of the ruthenium complexes
(1) was used for thepara dicyd ligand.24 Since isomeric

dinuclear complexes with bridges differing in the number
of intervening bonds between the donor atoms may switch
the exchange coupling from ferro- to antiferromagnetic, as
demonstrated for bipyridine Mo compounds,29 we have also
performed calculations on the analogous systems with the
metadicyd ligand (3). For this ligand, there is no experi-
mental structural information in transition metal complexes.
We have performed calculations in order to compare the
relative stability ofsynandanti conformations of the free
metadicyd ligand, and we found thesyn conformer to be
1.2 kcal/mol more stable than theanti one. This fact is not
unexpected due to the steric hindrance of theanti conformer,
and this difference of stability should be larger when the
ligand is coordinated to a transition metal. The geometry
optimizations performed for the transition metal complexes
give unrealistic geometries, especially in the case of com-
plexes with the 1,4-dicyd ligand where a linear structure for
the NCNC atom sequence is found.

Recently, Tordini et al. studied the isomerization between
the cyanamide and carbodiimide using DFT methods.30 These
authors explored the relative stability of the two isomers
using several functionals, and in all cases, the stability of
the carbodiimide form is overestimated. Consequently, in
most cases, the carbodiimide form is calculated to be more
stable than the cyanamide one, in contradiction with experi-
ment. Although the use of hybrid functionals may give the
right stability order, even the B3LYP functional with some
basis sets gives the wrong order. The unrealistic linear
structure that we found when optimizing the complex with
the 1,4-dicyd ligand, using the B3LYP functional, corre-
sponds to a sequence of the NCN atoms of the cyanamide
type rather than the carbodiimide one found experimentally
for the free ligand and for the ruthenium complex (see1).
This fact can be attributed to the wrong estimation of the
relative energy of this kind of systems by density functional
theory with the functionals at hand. For that reason, we
decided to adopt for our exploratory study the experimental
structure of the 1,4-dicyd ligand in one of its ruthenium
complexes,31 while for the 1,3-dicyd ligand we have em-
ployed an equivalent structure with thesyn conformation.
The use of experimental structures in this kind of calculation
is usually adopted due to a large dependence of the magnetic
properties on the structural parameters. The same coordina-
tion sphere was used for the five metals throughout the
calculations.32 This assumption is a crude approximation,
especially in the case of Mn(III) for which a relatively strong
Jahn-Teller distortion should be expected, but we are
interested more in the broad picture (i.e., whether a relatively
strong coupling should be expected or not) than in obtaining
precise numerical estimates.
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The calculated exchange coupling constants for the
complexes with thepara (1) and meta (3) isomers of the
dicyd ligand are presented in Table 1. Dramatic changes in
the predicted magnetic behavior result depending on the
metal ion and the bridging ligand chosen. Hence, we find
strong antiferromagnetic coupling for the trivalent metals
with thepara bridge, strong ferromagnetic coupling for the
same ions with themetabridge, but practically uncoupled
complexes for the divalent metal ions. Probably the most
relevant result is the existence of a strong ferromagnetic
coupling between trivalent metal ions that are 13.1 Å apart.

The strong antiferromagnetic coupling found for Cr(III)
with the para bridging ligand can be ascribed mostly to a
π-type orbital interaction between one of the d orbitals of
t2g character (assuming octahedral symmetry) from each
metal atom and theπ orbitals of the dicyd ligand, according
to the analysis of the Kohn-Sham orbitals,33 and schemati-
cally depicted in4. In the absence of the bridging ligands,
the symmetric (S) and antisymmetric (A) combinations of
those d orbitals at a long distance are degenerate. The A
combination interacts with the ligand orbital of the same
symmetry and is destabilized, whereas the S combination
presents a worse energy match with a low-lying ligand orbital
of the same symmetry, thus producing a weak interaction.
As a result, a significant gap between the two d orbitals
results and the spin-paired (antiferromagnetic) configuration
shown is more stable than that with one electron in the higher
A orbital and parallel spins (ferromagnetic), according with
the Hay-Thibeault-Hoffmann model.34 The reasons for the
relative energies of the ligand S and A orbitals as shown in

4 are given as Supporting Information for the interested
reader.

In the meta complexes of trivalent metals, the orbital
interaction is substantially different (5), since the S and Aπ
orbitals of the ligand that interact with the well oriented t2g

metal orbital are degenerate, thus destabilizing by roughly
the same amount the S and A combinations of those d orbitals
which remain nearly degenerate. Near degeneracy no doubt
favors the ferromagnetic situation, and the fact that the two
orbitals are strongly delocalized results in a large exchange
integral, hence the large positive values ofJ found.34

A study of the Kohn-Sham orbitals for the calculated
compounds shows that mixing of the ligandπ and metal t2g

orbitals is severely diminished when the oxidation state of
the metal changes from+3 to +2. This is due to the
decreased effective nuclear charge that makes the d orbitals
higher in energy and poorer acceptors toward the ligandπ
orbitals. The decreased mixing accounts for a much smaller
energy gap between A and S orbitals in thepara isomers
while, at the same time, results in a much smaller overlap
density that is reflected in a smaller exchange integral and
also a poorer ferromagnetic coupling in the case of themeta
isomer. This fact can be easily verified by analyzing the spin
population of the isoelectronic d5 Mn(II) and Fe(III) cations.
While the spin population of each Mn atom is+ 4.70, it is
only +3.83 for Fe, stressing the different degree of delo-
calization of the unpaired electrons through the bridging
ligand. Similarly strong delocalization can also be found for
the other trivalent metal complexes, the calculated spin
populations being+3.30 for the d4 Mn(III) cation and
+2.60 for the d3 Cr(III) ion.

The calculated spin density distribution for the ferromag-
netic state of the Cr(III) complex withmeta-dicyd as bridging
ligand (Figure 1) nicely reflects the combination of spin
delocalization and spin polarization mechanisms.35 The spin
polarization is responsible for the alternation of atoms with
positive and negative spin densities, whereas the spin
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Table 1. Calculated Exchange Coupling Constants for
[(NH3)5M(µ-dicyd)M(NH3)5]n+ with the para Bridging Ligand1 and
with the metaIsomer3

e- config para meta

Cr(III) t 2g
3 -161.3 +62.1

Mn(II) t 2g
3eg

2 -0.8 -0.001
Mn(III) t 2g

3eg
1 -177.9 +116.6

Fe(III) t2g
3eg

2 -289.2 +86.5
Ni(II) t 2g

6eg
2 +0.1 +0.14
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delocalization can be appreciated by the positive sign of the
spin density at the coordinated nitrogen atoms of the dicyd
ligand and is responsible for the larger positive atomic
densities compared to the negative ones. It is noteworthy
that spin polarization affects only theπ but not theσ system,
which is practically unpolarized. The nitrogen atoms of the
terminal NH3 ligands present negative spin density due to
spin polarization, since no delocalization of the unpaired t2g

electrons can occur toward thoseσ donor ligands. The other
two complexes of trivalent metal ions studied show almost
the same spin population distribution through the bridging
ligand, and only small differences at the nitrogen donor atoms
are observed, attributable to a larger unpaired electron
delocalization when these are in the eg orbitals, as is the case
for Mn(III) and Fe(III).

Given the crucial role of the phenyl ring in the long
distance coupling, it is worth exploring the possibility of
modulating the interaction via substitution at the aromatic
ring. For that purpose we have calculated the coupling
constants of Cr(III) complexes with substituted dicyd ligands,
using methyl or amino as electron donor and chloro as an
electron withdrawing substituent.

The results (Table 2) show that the presence of the donor
methyl substituents enhances the exchange coupling, whereas
electron withdrawing substituents make it weaker. The effect

is smaller for themetaisomers, yet a significant enhancement
of the ferromagnetic coupling is achieved by introducing
amino substituents. These results clearly demonstrate that
the exchange coupling constant can be fine-tuned by the
appropriate choice of substituents at the bridging ligand.

How far apart can we take the two metal ions without a
significant loss of exchange coupling interaction? In order
to answer this question, we performed calculations on the
very long hypothetical ligand indicated in6. The value ofJ
obtained for the Cr(III) complex with this briding ligand,
-337.4 cm-1, is still surprisingly high. The existence of a
possible artifact in the calculation has been checked by
repeating the calculation without the three central aromatic
rings (and saturating the two remaining rings with hydrogen
atoms), whereupon a negligible coupling was found. Thus,
we can confidently predict a very strong coupling for such
complex with the two metal atoms at a remarkably long
distance of 25.3 Å.

In conclusion, complexes of trivalent first row transition
metal ions with t2g

n electron configurations and dicyd-type
bridging ligands constitute interesting synthetic goals for
obtaining strong exchange coupling of paramagnetic ions at
very long distance. In these systems it is possible to control
the strength of the exchange interaction from relatively strong
ferromagnetic to antiferromagnetic, and they may also
constitute excellent building blocks for a wide variety of
structures from simple dinuclear complexes to tridimensional
networks as constructed with the related dicyanamide ligands.
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Figure 1. Spin population plot of the high spin solution corresponding to
the Cr(III) complex with the 1,3-dicyd ligand (clear and dark regions indicate
positive and negative spin populations, respectively).

Table 2. Calculated Exchange Coupling Constants (in cm-1) for
[(NH3)5Cr(µ-dicyd)Cr(NH3)5]4+ Complexes withpara andmeta
Bridging Ligands with Different Substituents

para meta

dicyd -161.3 +62.1
Me4-dicyd -222.7 +62.3
Cl4-dicyd -88.9 +24.0
(NH2)4-dicyd +82.7
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