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The magnetic behavior of the oxo-bridged Cu(ll) dinuclear complexes has been investigated using hybrid
density functional methods (B3LYP) and a post-HartrEeck approach (difference-dedicated configuration
interaction method, DDCI). Both methods confirm the strong ferromagnetic coupling predicted for such
complexes at geometries close to the energy minimum. For largeOS«Cu bridging angles, the DFT
calculations predict an increase, whereas the DDCI method predicts a decrease of the ferromagnetic interaction,
a result that is associated with the different weight of the excited charge-transfer configurations.

Introduction o o

An important hindrance for the development of the field of
molecular magnetism is the scarcity of bridging ligands that 0\ P
favor ferromagnetic coupling in di- or polynuclear transition- d
metal complexe$.For instance, among the Cu(ll) dinuclear 0\# /9\;
complexes, probably the most studied family of compounds in 0/5
this field, only the end-on azido bridging ligand always gives
complexes with relatively strong ferromagnetic coupRmgso, o-®—0
the hydroxo-bridged Cu(ll) complexes may present ferromag-
netic coupling depending on structural parameters such as the 1
Cu—O—Cu bond angle and the out-of-plane shift of the
hydrogen atoni.These are the only known ligands that usually
give strong ferromagnetic coupling among late transition metals.
Although the magnetic properties of dinuclear early transition-
metal complexes have been less studied, it is also worth
mentioning the very strong ferromagnetic coupling in complexes
with a single V-O—-V bridge?

Recently, we have shown the ability of methods based on
density functional theory (DF¥f to provide good estimates
of exchange coupling constaritsor this reason, we undertook
a computational search of ligands that could lead to new families
of transition-metal complexes with ferromagnetic couplfivye
analyzed the influence of the substitution of the hydrogen atom
at the hydroxo bridging ligand and found that the presence of
highly electropositive substituents enhances the ferromagnetic
coupling. Therefore, we predicted very strong ferromagnetic
coupling for complexes with the-OLi bridge, while the
strongest cou_pling is pr_edi_cted for the bare oxo ligand. For a Resuits of DFT Calculations
model in which the bridging framework structuré) (was
optimized, we obtained a calculated exchange coupling constant [N our previous work, we performed calculations for models
J of +661 cnt! (using the Heisenberg Hamiltoniad = with different coordination numbers for Cu(ll), although we did
—JSS). This value is three times larger than the strongest Not systematically compare the exchange coupling constants
known coup"ng in end-on azido Cu(”) dinuclear Comp|exes_ obtained in each case. In Figure 1, we show the dependence of
Recently, Blanchet-Boiteux and Mouesca have performed a the calculated coupling constant with the-8D—Cu bond angle
study of oxo-bridged Cu(ll) complexes using broken-symmetry ¢ (B3LYP method) for modelL,'® as well as for analogous
DFT calculations and analyzed the magnetic properties throughmodels with two or no axial ammonia ligands on each copper
the Kahn-Briat®? valence bond modéf:11 They concluded that ~ atom (i.e., coordination numbers five, six, and four, respec-

the very strong ferromagnetic coupling that we have predicted tively). In all cases, the ferromagnetic coupling constant
increases considerably as the-8D—Cu angle increases. Such

t Departament de Qmica Inorgaica. behavior is markedly different from that found for other families
* Departament de Qmica Fsica. of dinuclear Cu(ll) complexes, for which a parabolic dependence
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for those complexes is linked to an artifact of the broken-
symmetry calculations, associated with the presence of a larger
copper spin population in the spin-paired broken-symmetry
solution than in the triplet state.

The aim of this communication is to extend our previous
work’ on the so-far hypothetical oxo-bridged Cu(ll) dinuclear
complexes by applying the difference-dedicated configuration
interaction method (DDCI) and to verify whether the strong
coupling predicted by the DFT results is just an artifact of the
DFT methodology employed. The DDCI method is specifically
designed to determine small energy differenéés,and it is
the state-of-the-art among the post-Hartr€eck approaches
to calculate exchange coupling constait3® The detailed
description of the technical aspects of these calculations is
included in the Appendix.
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Figure 1. Calculated exchange coupling constant as a function of the the DDCI method.
Cu—O—Cu angle (doublé:basis set, B3LYP method) for models with
two (a), one (modell, W), or no axial ammonia ligand®{.** applied to the oxo-bridged complexes. Hence, the B3LYP results

L . ) _ obtained for bridging angles larger than°9Seem to be
of Jon the bridging angle has been foundbwnh amaximumin anomalous by comparison both with the DDCI results on the
the range of the bridge angles studied” The calculated  s3me system and with the B3LYP results on compounds with
coupling constand is seen to decrease upon addition of axial i ar bridges.

ammonia ligands to the model. Such a result is surprising, — The energy minimum of the triplet state appears at around
considering that the orbitals bearing the unpaired electrons arege for this model indicating that structures with a strong
Iocatgd in thexy plane, .Wherea}s the additional Ilgands are ferromagnetic coupling can be expected for this kind of
coordinated along theaxis. The |nflyencg of the basis set has complexes. Such an angle is practically coincident with that
also been analy_zed. T_he use of a trifleasis set for the copper  piained using the B3LYP method (91 The analysis of the
atoms results in an increase of -1P0% of the calculated  gigenyalues corresponding to the orbitals with the unpaired
coupling constant (results not shown in Figure 1) with respect g|ecirons reveals that the smallest energy gap corresponds to
to the value obtained with a doublebasis set but does not  he |argest exchange coupling constant, although the correlation

change the overall trend observed with the smaller basis. expected from the HayThibeault-Hoffmann model (eq 1) is
We are interested in learning whether the DFT results for o+ found (linear regression coefficient 0.65).

the oxo-bridged complexes follow the relationship proposed by
Hay—Thibeault-Hoffmar?? (eq 1, whereKap, Jas andJap, are Analysis of the Spin Density
the two-electron integrals involving the two orbitals localized

on each metal center). In a recent work, Blanchet-Boiteux and Moue¥¢a sug-

gested that the anomalous dependencé arfi the bond angle

(€, — &)’ in our previous B3LYP calculations could be ascribed to the
J=2K b_l— (1) presence of a larger copper spin population in the broken-
B U N symmetry solution than in the triplet state. They propose that

the antiferromagnetic part of the exchange coupling constant

The representation off as function of the square of the can be splitin two terms, one associated with the metal d orbitals
eigenvalue gap,e{ — €)?, indicates that larger values of the that is always positive and a second term representing the
energy gap correspond to weaker ferromagnetic coupling ascontribution of the bridging ligand. This second term may be
expected from eq 1. However, the relationship between the two negative and can be related to the copper spin population through
magnitudes is far from linear (linear regression coefficient 0.70). an analytical expression (eq 2) derived from a Mulliken
This fact seems to be a general feature of systems with a neapopulation analysis.
degeneracy of the orbitals containing the unpaired electrons, as
reported previously for the 1,3-azido-bridged ligafés such Joag 0 —(ops’ — Pps) 2)
cases, there is a subtle interplay between the two- and one-
electron contributions.in eq 1, and small.changes_in the eNnergyThys, if the copper spin population in the broken-symmetry
gap can produce very important changes in the antiferromagnetics | tion s larger than that in the triplet stafgyg turns out to
contribution (second term in eq 1). be positive. These authors suggest that the origin of the strong
ferromagnetic coupling could originate from this fact because
DDCI Results in such conditions all of the contributions to the coupling

In Figure 2, we show the dependence of the exchange constant would be positive. It is worth noting that eq 2 and a
coupling constant on the CtO—Cu angle for modell, as similar expression proposed by us introducing the orbital overlap
calculated with the DDCI method. Comparison of the B3LYP between the two localized broken-symmetry orbffadse only
and DDCI results (Figures 1 and 2) shows that the expectedapplicable when this overlap is very small. As shown in ref 11,
behavior at angles smaller than°9s similar in both cases:  this overlap increases considerably for large-@Q+Cu angles
the ferromagnetic exchange is enhanced as the@tCu angle and, consequently, the results obtained with these expressions
increases. However, the two methods differ in their predictions must be considered carefully for the oxo-bridged Cu(ll)
for angles between 9%and 105. We note also that in recent  complexes.
studies using the B3LYP methétiywe found for several families To further check whether the differences between the B3LYP
of dinuclear Cu(ll) complexes a parabolic dependencé ar and DDCI results are associated with the larger copper spin
the bridging angle, as found here when the DDCI method is population of the broken-symmetry solution, we have analyzed
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Figure 3. Exchange coupling constari) and oxygen spin population
for the triplet state @) calculated with the DDCI method for model
at large bridging angles.

the spin-density distribution calculated with the two methods.

We observe that for the model with hexacoordinated metal atoms 2

the copper spin densities in the two states are in the right order,. .

pus > pes, and still abnormally high positive values dfare incorporating now G-O ¢* character 8). At a large enough
calculated at large CtO—Cu bond angles. If we employ a more

accurate procedure to estimate such spin populations, such as + <8>
the NBO approach (where NBO stands for natural bond orbital) /

instead of the Mulliken population analysis, the copper spin + ,"
population is larger in the triplet state for the three models. Thus, | ','
the difference between the copper spin populations calculated NS

for the broken-symmetry and triplet states cannot account, at + M
least in this case, for the anomalous dependencé af the
bond angle found with the B3LYP calculations.

The major discrepancy between our B3LYP and DDCI
calculations is the large spin population found at the oxygen
atoms with the former method at large €0—Cu angles. For
the model without axial ligands at a €@—Cu angle of 105,
the NBO-B3LYP calculations indicate that a large portion of
the spin population is located at the bridging oxygen (0.56) angle, the electron in the* orbital would be transferred to the
rather than at the copper atoms (0.40), while the spin populations?* one, thus accounting for the formation of a peroxo bridge.
obtained with the DDCI method are still mostly localized at The formation of a peroxo bridge at large bond angles was
the copper atoms (0.28 and 0.66 for oxygen and copper, Previously proposed by Blanchet-Boiteux and Mou€edcehe
respectively). Our B3LYP results are in agreement with those important change in the energy of these four orbitals with the
of Blanchet-Boiteux and Moueséawho also obtain large spin ~ O—Cu—0O bond angle results in a variety of configurations
populations for the oxygen atoms by using nonhybrid function- Within the 3d manifold with similar energies that give rise to
als. At larger angles, however, even the DDCI calculations several triplets and singlets of the same symmetry)(Bt is
(Figure 3) show a progressive localization of the Spin density clear that the DDCI method is best suited to adequately handle
onto the oxygen atoms, with an abrupt increase close t6.120 the extensive configuration interaction that appears at intermedi-
In essence, thus, the two methods predict localization of the ate angles. The abrupt changeliand spin populations at ca.
unpaired electrons at the oxygen atoms for |arge ang|es11209 thus Corresponds to a trlplet transition state in the oxo/
combined with a very strong ferromagnetic coupling, the main Cu(ll) to peroxo/Cu(l) transformation in which two electrons
difference being the angle at which this phenomenon becomeshave been already transferred from the oxygen to the copper
evident and the abruptness of the change in spin localization. Itatoms.
must be stressed though, that these discrepancies arise only for .
geometries that are far from the energy minimum, whereas thereConclusions
is good agreement in the region near the minimum. We have seen that both methods, B3LYP and DDCI, indicate

The analysis of the DDCI wave functions shows that there that the energy minimum for the oxo-bridged complexes is very
are four states involved. First, there are t®e= O states: one  close to the ideal prototype situation proposed by Goodenough
is an open-shell singlet and appears at small angles, and theand Kanamo#®~28 for ferromagnetic coupling: a GtO—Cu
second one is a closed-shell state that becomes more stable diridging angle close to 90and an oxo bridging ligand without
bridging angles larger than 119Ve have also detected sizable substituents. The first condition is fulfilled usually only by the
contributions from two triplet states: the first one is the ground oxo-bridging ligands, because the inclusion of substituents
state at small angles and shows the spin population located abonded to the bridging oxygen atoms results in a shift of the
the copper atoms, while a second triplet has the spin density mimimum to larger Ca-O—Cu angles. For instance, when the
located mainly at the oxygen atoms and is reflected in the abruptB3LYP method is used for the hydroxo- and alkoxo-bridged
change of the spin population shown in Figure 3. Cu(ll) complexes, the CHO—Cu angles corresponding to the

As the angle is increased, the two oxo bridges approach eachenergy minimum are 102and 103, respectively, when the
other. As aresult, one of the singly occupied molecular orbitals substituent is within the G, framework plane. The second
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point is very important for the ferromagnetic coupling because
the presence of a substituent at the bridging oxygen, such a
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performed using a modified broken-symmetry approach in which
the energy corresponding to the broken-symmetry wave function
is not projected® The DDCI calculations were done by means

of the CASDI codé®36 using the starting orbitals generated 5829

with the MOLCAS 5 packagé. An ANO-type basis sé#3°
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