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Influence of Jahn-Teller Distortion on the Magnetic Coupling in Oxalato-Bridged
Copper(II) Dimers: An Orbital Interpretation of the Superexchange Mechanism
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Extended Huickel molecular calculations have been used to analyze how the magnitude of exchange coupling
is influenced by the structural distortions in a series of dinuclear six-coordinate copper(Il) complexes bridged
by the planar bis-bidentate oxalate anion. Copper(Il) ions have distorted octahedral surroundings, one being
axially elongated and the other compressed. The magnetic interaction is strong in the former complexes and
very weak in the latter. This is interpreted as resulting from a switching of magnetic spin orbitals due to the
structural distortions (bond elongation or compression) of the copper sites.
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Introduction

Magnetic properties of dinuclear u~oxalato copper(1l)
complexes have been of interest for some time. In part, this
is because of the ability of a bridging ligand to provide a
pathway for exchange coupling between transition metal
ions separated by more than 5 A. The magnetic interactions
of dinuclear oxalato bridged complexes have been thorough-
ly discussed by Hoffmann' and Kahn.? The theories present-
ed by these authors have been used to rationalize the
magnetic interactions observed for the oxalato-bridged
copper(Il) compounds.’

Recent theoretical and experimental works* have revealed
that the exchange interactions between the copper ions
propagated through the oxalate bridge are strongly depend-
ent on the coordination environment around the copper ions.
When the short copper-ligand bonds are coplanar with the
bridging ligand, the strong antiferromagnetic coupling
results. In such case, the spin orbitals of copper(ll) ions are
well oriented to interact with the oxalate orbitals. Otherwise,
the interaction between the spin orbitals through the bridge
becomes poor and weak coupling results.

The p-oxalato-dicopper(Il) complexes have rich stereo-
chemistry because of the plasticity of the coordination
sphere of this metal ion which can be four-, five- or six-
coordinated.’ The octahedral compounds of varying struc-
tural complexity through pronounced Jahn-Teller distortion
are also known.*'? Although the Jahn-Teller effect is well
documented in the chemistry of copper(ll), its influence on
the magnitude of the exchange coupling in polynuclear
copper(Il) complexes remained unexplored most likely
because of the lack of copper(ll) dimers exhibiting a
compressed octahedral environment. It is noteworthy in this
regard that the g~oxalato-dicopper(ll) complexes whose
structures have been recently reported'” have exhibited an
axially-compressed (2+4) geometry rather than the more
common axially-elongated (4+2) structure. Concerning the
coordination geometry, two situations are possible. If the
ligands along the z-axis are further away from the copper(1l)

center than those in the xy plane, then we expect the x°-)” (or
xy) orbital to be singly occupied and highest in energy. For
the case where the geometry is axially compressed along z
the converse will occur and now the z° orbital will be higher
and singly occupied. In this paper, we will consider this
point to present the results of extended Hiickel molecular
orbital (EHMO) calculations'*'* on model dimers of general
formula [(H3N);Cu(4~C,04)Cu(NH;),]*" in an attempt to
obtain semiquantitative estimates of the effect of the
distortions of the local copper octahedral geometry on the
magnetic coupling. The atomic parameters used in our
calculations are collected in Table 1.

Description of Model Complexes

The geometrical features and exchange coupling constants
for a variety of oxalato-bridged copper compounds are
presented in Table 2. The coordination geometry of
copper(Il) is divided into two classes in these compounds. In
each axially-compressed (2+4) octahedral complex, the axial
bonds are shorter than the equatorial distances. In order to
investigate a significant influence of this structural feature
on the magnetic coupling interaction, we modeled the

Table 1. Exponents ¢ and valence shell ionization potentials H;; of
Slater-type orbitals ¥ used for extended Hiickel MO calculations

atom 7y Hi (eV) Ci G Qi' (&

Cu 4s -114 2.151 1.0

Cu 4p —-6.06 1.370 1.0

Cu 3d -14.0 7.025 0.4473 3.004  0.6978
(0] 2s -32.3 2.688 0.7076 1.675 0.3745
(0] 2p -14.8 3.694 0.3322 1.659  0.7448
N 2s -26.0 2.261 0.7297 1.425 0.3455
N 2p -13.4 3.249 0.2881 1.499  0.7783
C 2s -21.4 1.831 0.7931 1.153 0.2739
C 2p -114 2.730 0.2595 1.257  0.8026
H Is -13.6 1.300 1.0
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Table 2. Structural and magnetic data for selected oxalato-bridged Cu(I) complexes

compound’ chromophore geometry J(cm™) ref.
[Cuz(dpyam)4(C204)] (C104)2(H20)3 N20:N"> 2+4 242 12
[Cuz(dpyam)4(C204)] (BF4)2(H20)3 N20:N"> 2+4 3.38 12
[Cua(dpyam)a(C204)(NO3)>((CH3).SO)] N,0,0'0" 442 -305 12
[Cua(bpy)a(C204)(NO3)2(H;0)5] N,0,0'0" 442 -382 6
[Cus(deen)o(C204)(Cl04)x(H20)1] N,0,0'0" 442 -300 8
[Cuz(tacn)z(C204)(CIO4)2] N 3020' 2+4 —41 9
[Cuz(bispicen)z(C204)](C104)2 NzOzN'z 2+4 23 11

[Cuz(bispicMezen)z(C204)](ClO4)z NzOzN'z 2+4 -2.14 11

“dpyam = di-2-pyridylamine; bpy = 2,2'-dipyridine; deen = N,N-diethylethane-1,2-iamine; tacn = 1,4,7-triazacyclononane; bispicen = N,N'-bis(2-
pyridylmethyl)-1,2-ethanediamine; bispicMesen = N,N'-bis(2-pyridylmethyl)-N,N-dimethyl-1,2-ethanediamine

Figure 1. Perspective views of [Cux(C204)(NH;)s]*" dinuclear
model with [Cu(C,04)(NH3)4] monomeric unit used in theoretical
calculations. The two copper(Il) spin centers are coplanar with the
oxalate bridge.

geometry as placing the copper atoms in a distorted octa-
hedral environment. All the non-bridging ligands were
replaced by ammonia molecules. The equatorial planes of
copper coordination spheres were kept in a plane. All the
bond lengths in the models were obtained by averaging the
corresponding experimental data. The bond angles are close
to those reported for the experimental complexes. The model
complex [(NH;3)4Cu(C,04)Cu(NH3)4]** is shown in Figure 1
together with the relevant geometrical parameters of
[(NH3)4Cu(C204)] monomeric unit which are used in the
calculations. Calculations for the model compounds were
performed for these different bond distances around the
copper atom with the following structural parameters: N-H =
1.02 A; C-C =1.56 A; C-O=1.25 A; C-C-O = 117° Cu-N-
H =109 O-Cu-Ngq = 93°.

Results and Discussion

When no direct metal-metal bond occurs, the exchange
interaction between adjacent spin centers in complexes is
due to the delocalization of the spin density onto orbitals of
the bridging ligands that connect the centers."'> For a system
with two metal atoms each bearing one unpaired electron,
the magnetic coupling constant J is given, according to
Hoffmann's expression,' by Equation (1).

E(singlet) — E(triplet) = J = 2K, — (Ae)*/(Jaa—Jab) (1)

Here, Kap, Jaa and Jyp are the exchange integral, the one- and
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Figure 2. Plot of the energy of xy and z° spin orbitals from EH
calculations for the hypothetical [Cu(C>04)(NH3)s] mononuclear
complex as a function of the metal to ligand bond distances (see
text).

two-center Coulomb repulsion integrals, respectively, and
Ae is the difference in energy between the two singly
occupied molecular orbitals (SOMOs) of a spin dimer
formed from the two spin orbitals originally describing the
unpaired electrons. Of the two terms on the right of eqn. (1),
the first one can be interpreted as a ferromagnetic contri-
bution Jr to the magnetic exchange constant, favoring the
triplet ground state (ie., J > 0), while the second one
represents an antiferromagnetic contribution Jar favoring the
singlet ground state (i.e., J <0). The nature of the interaction
will be ferro- or antiferromagnetic depending upon whether
parallel or antiparallel spin coupling, respectively, is found
in the ground state. If it is assumed that all two-electron
integrals are very small and invariant for the slight changes
in structural parameters within a family of compounds with
the same magnetic centers and bridging ligand, the vari-
ations in J parameters of a magnetic system can be expected
to arise from the corresponding Ae values. When Ae is large,
the corresponding J is dominated by the Jar term which is
always negative. When Ae is zero or nearly zero, the positive
Jr term is predominant. The interaction of the metal and
ligand orbitals thus affects the energy splitting of the two
SOMOs and determines whether the spin exchange mech-
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anism results in overall antiferromagnetism or ferromagne-
tism. The main focus in this paper is placed on electronic
structure analysis of the dependence of the magnetic coupl-
ing constants on the specific changes in structures, rather
than calculations of the coupling constant. In the y-oxalato-
bridged dicopper(I) complexes, the antiferromagnetic
coupling interaction between the two magnetic centers
occurs through superexchange via the p-oxalato bridging
ligand, where the overlap between the singly occupied metal
d orbital on the metal atoms and the oxygen p orbitals on the
bridging ligand is responsible for the magnetic super-
exchange coupling. The extent of the coupling depends on
the magnitude of the overlap between the spin orbitals of the
two magnetic centers and the lower-lying filled orbitals of
the bridging ligand. The more negative overlap indicates a
stronger antibonding interaction between the metal and the
ligand orbitals which results in a larger energy gap between
SOMOs and in a greater superexchange coupling.

The remarkable variation of J values for the family of
compounds reported in Table 2 is strongly dependent on the
coordination geometry around the Cu(Il) ions. The large
coupling in the (4+2) axially-elongated system arises from
the strong o overlap between the copper dy (xy) spin orbitals
through the oxalate O atoms. On the contrary, in the (2+4)
axially-compressed system, the copper centers have a d,” (z°)
spin orbital which overlaps very poorly with the oxalate o
orbitals and leads to a considerably weaker coupling as
observed. A superexchange pathway involving the 7z system
is unlikely because of symmetry mismatch of the relevant
ligand orbitals and the copper spin orbitals in the octahedral
geometries. Thus the mechanism of exchange interaction
between the two magnetic centers occurs through the s
system of the bridging ligand.

Before discussing the electronic structure of the d” model
complex [(H3N)sCu(u-C204)Cu(NH;)4]*, it is convenient to
define a local coordinate system for each Cu ion. Accord-
ingly, the z axis at each Cu center is chosen such that it is
parallel to the appropriate Cu-N, bond axis, and the x axis is
defined so that the Cu-Cu vector lies in the xz plane, as
shown in Figure 1. Using this definition, the octahedral ty,
orbitals on each Cu center correspond to x*-y°, xz, yz, and the
higher-lying e, orbitals to z° and xy. Low-symmetry distor-
tions, such as the nonequivalence of N and O donors, the
different copper-donor bond lengths and bond angles,
remove the degeneracy of the parent t», and e, orbitals.

One can now try to get a deeper understanding of the
exchange interaction operating in the compounds described
in the present study. In the case of Cu(Il) ions, the unpaired
electron, which occupies an xy orbital in a (4+2) environ-
ment, is located in the z° orbital in a (2+4) one. Such a
change of the copper coordination geometry from the former
to the latter produces a switching of the metal-based spin
orbital and should lead to a significantly reduced coupling.
In order to probe the crossover of the xy and z° spin orbital
energies, we have performed EHMO calculations on the
monomeric [(NH3)4Cu(C204)] model system (see Figure 1).
The bond distances, which are denoted as a, b, and ¢ in

Table 3. Values of the structural parameters for selected steps in the
hypothetical [Cu (NH3)4(C>04)] monomeric complex”

bond distance, A

step . b .
1 1.99 1.99 252
3 2.07 2.05 232
4 2.11 2.08 222
6 2.19 2.14 2.02
7 2.23 2.17 1.92

“Four nitrogen atoms from ammonia molecules and two oxygens from
the oxalate group build the octahedral surrounding around the copper
atom. The two nitrogens and the two oxalate oxygen atoms in trans
positions are kept coplanar in the calculations.

Figure 1, are modified stepwise, the starting point (step 1 in
Table 3) being close to the situation of the copper atoms in a
(4+2) environment. The next steps are generated by adding
the fixed amounts of Aa=0.04, Ab=0.03, and Ac =—0.10 per
each step to the starting values in such way that step 6
reflects the real situation of the copper in a (2+4) geometry.
The energy values of the xy and z° orbitals obtained from
these calculations are plotted in Figure 2. In step 1, the
octahedral e, level split into xy and z° levels with the z°
orbital being much deeper in energy. In the copper coordi-
nation geometry the unpaired electron on the metal center
will be in the xy orbital. The energy gap between the two
orbitals decreases as the octahedral compression increases.
The crossover of the xy and z” orbital energies occurs at step
4 and the 2° orbital describes the unpaired spin around each
Cu(II) ion in the axially-compressed system.

The six-coordinate y~oxalato-dicopper(Il) complexes have
been found with J values varying from approximately zero
up to —400 cm™' by the modification of the copper surround-
ing (see Table 2). In the copper dimers of a (4+2) octahedral
coordination with four nearest neighbors in the basal plane, a
strong antiferromagnetic coupling is explained as follows:
the spin orbital for each Cu(Il) ion is constructed from the xy
orbital (referring to the reference axes shown in Figure 1)
pointing toward the bridging and terminal ligands. The
interaction of the two spin orbitals leads to two MOs, one
symmetric (Ws) and the other antisymmetric (W) with
regard to the mirror plane perpendicular to the Cux(C204)
network. These MOs are strongly antibonding with respect
to the in-plane o interactions of the metal xy orbitals with
filled orbitals on the ligands (see Figure 3). This will result
in the large energy gap Ae between the two MOs which is
responsible for the strong antiferromagnetic coupling
observed. In the dimers of a (2+4) octahedral coordination
with two short Cu-N distances in axial positions, the
principal lobes of the z spin orbital for each Cu(II) ion are
oriented along the axial nitrogen atoms. As shown in Figure
4, this orientation of the spin orbitals is unfavorable to
propagate the exchange interaction between these two
adjacent spins through the oxalate bridge due to its poor
overlap, thereby decreasing the associated Ae value, in
agreement with the very small coupling. The overlap inte-
grals between the antisymmetric spin orbitals of the two
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Figure 3. Schematic representation of the symmetric SOMO built
from xy spin orbitals in [Cu(C>04)(NH3)4], as calculated by the EH
method.

Figure 4. Schematic representation of the symmetric SOMO built
from z” spin orbitals in [Cu(C>04)(NH3)4], as calculated by the EH
method.

magnetic centers and the bridge orbitals are —0.095 for the
geometry of step 3 and —0.065 for that of step 4. The trend
found for this magnitude is in agreement with that found for
the energy gap between SOMOs showing a good correlation
with observed J values (vide infra).

Calculations on hypothetic dimers described above give
Ae = 233 meV with the mononuclear structure of step 3 and
Ae = 67 meV with that of step 4. The energy gap Ac is 3.5
times larger for the former dimer than for the latter one. If
we assume that in antiferromagnetically coupled systems,
the variation of the experimentally observed J parameter is a
good indication of the variation of Jar, then we should
expect the value of J reduced by a factor of 1/3.5 for the
(2+4) system. The trend appears fairly good in the observed
J parameters given in Table 2. This result basically arises
from the difference in magnitude of the overlap between the
copper d orbital containing the unpaired electron and the
bridging oxalate orbitals. In this qualitative scheme the
explanation of the loss in exchange interaction would
involve affirming that the xy spin orbital in the g~oxalato
copper(IT) dimer is more efficient than the z° orbital in
transmitting an exchange interaction through the oxalate o
molecular orbitals. A reversal of the spin orbitals due to the
axial compression of the copper sites induces a drastic
weakening of the antiferromagnetic coupling, so that the in-
plane xy orbital makes up the predominant o superexchange
pathway in these compounds.
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