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Toward the Design of Ferromagnetic Molecular Complexes: Magnetostructural
Correlations in Ferromagnetic Triply Bridged Dinuclear Cu(ll) Compounds
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In the present work we present a comprehensive study of the magneto-structural correlations of a series of
ferromagnetic triply heterobridged Cu(ll) dinuclear compounds containing [Cu(u-O-CR)(u-OH)(u-X)(L),J* " ions
(where X = OH,, CI~, OMe ™ and L = bpy, phen, dpyam) which have the particularity of being all ferromagnetic. The
present theoretical study, based on hybrid density functional theory (DFT) calculations, leads to strong conclusions
about the role of the pentacoordination geometry of the Cu(ll) ions (square base pyramidal (SP) or trigonal
bipyramidal (TBP) coordination) and the nature of the third bridging ligand in determining the final value of the
magnetic coupling constants in this series of compounds. These investigations point toward the existence of a
maximum value for the ferromagnetic interaction and may offer some useful information to synthetic chemists aiming at
obtaining new compounds with enhanced ferromagnetism.
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Introduction

The search for molecular magnets with specific properties
is a continuously challenging field for synthetic chemists.'
The appropriate design of new compounds with improved
features requires knowing magneto-structural correlations.
Both experimental and theoretical viewpoints are extremely
useful to successfully prepare the desired compounds with
diverse structural and magnetic properties. Especially, com-
pounds with ferromagnetism are of great interest for tech-
nological applications, and polynuclear Cu(II) compounds
provide very useful models to disclose the relationship bet-
ween molecular structure and magnetic properties. Among
the different possible families of Cu(II) containing molecules,
Cu(Il) dinuclear complexes have been widely investigated
since the early 1970s,” their magnetic behavior arising mostly
from the Cu open-shell 3d orbitals in an effective 3d’
electronic configuration. This particular electronic structure
with the spin density being stronglP/ localized in the open shell
3d orbitals permitted Kahn et al.” to develop the concept of
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magnetic orbitals, a keystone in establishing and under-
standing useful magneto-structural correlations. A particular
and special feature of Cu(Il) dinuclear complexes is the
ability of this ion to adopt diverse coordination geometries
in different chemical environments and accepting a wide
variety of bridging ligands. From the study of mono- and
dibridged di-Cu(Il) complexes, it has been established that
the sign and magnitude of the magnetic coupling constant
depends on the nature of the bridging ligands, the geometry
of the dinuclear core, and the coordination environment of
the metal atoms." For heterodibridged systems, it has been
reported that countercomplementary effects can arise
between the ligands, where positive and negative contribu-
tions to the final value of the magnetic coupling constants (J),
defining the observed ferro- or antiferromagnetic behavior,
are competing.*”°

Another, yet different, family of Cu(Il) complexes exists
where the two metals are triply bridged. These compounds
are of special interest because of their existence in a wide
diversity of topologies, intramolecular magnetic exchange

(4) McKee, V.; Zvagulis, M.; Reed, C. A. jhisitanialag 1985, 24,
2914.

(5) Nishida, Y.; Kida, S. . 1986, 2633.

(6) Christou, G.; Perlepes, S. P.; Libby, E.; Folting, K.; Huffman, J. C.;
Webb, R. J.; Hendrickson, D. N. kisiseieligid 1990, 29, 3657.

Published on Web 12/03/2009 pubs.acs.org/IC



286 Inorganic Chemistry, Vol. 49, No. 1, 2010 Costa et al.
M
M=), R
M—O0, R 05 NS
‘\(‘/ »1/ :‘\('—I{ N
| o ;
‘S 0
Unidentate (I) Chelating (11} Monoatomic Bridging (111)
M '\|"
(|) O_\ M—0x Bridging
Se—n _,‘\C—R SACTTR Didentate
M—a” <|’ M—0
M
Syn-anti (IV) Anti-anti (V) Syn-syn(VI)
M ’\|4
N—0. (I) /0.\
N N M ) C—R
L oC—R Ml JC—R ~
v ~ (|)
M

Figure 1. Representation of the structural features of the local environ-
ment of each of the Cu centers defining the A—F classes of triply bridged
dinuclear complexes considered in this work. Notice that the dotted lines
define the type of basis (square base pyramidal 4 + 1 coordination (SP) or
trigonal bipyramidal 3 + 2 coordination (TBP)) and dashed lines indicate
apical bond for SP and axial positions for TBP coordination.

pathways, and magneto-structural correlations.®”'% In this
series of Cu(Il) compounds, the metal atoms exhibit a 5-fold
coordination with a broad range of distorted geometries
between regular trigonal bipyramid and regular square-based
pyramid. The global topologies of these compounds can be
described in terms of the relative arrangement of the two
five-coordinate environments (square base pyramidal(SP)
or trigonal bipyramidal (TBP) coordination), giving rise
to different classes (A—F) of compounds as shown in
Figure 1. These particular structural features are useful to
further understand the relationships between molecular
structure and the final value of the intramolecular magnetic
exchange interaction in the triply bridged dinuclear unit. In
this sense, it is worth to mention that class C compounds have
been broadly studied and it is known that the magnetic
coupling is dominated by the two carboxylato groups which,
in general, lead to antiferromagnetic coupling. Consequently,
this class will not be studied in the present work.

In a previous study, magneto-structural correlations have
been investigated for some of these compounds by means of
the simple Extended Hiickel (EH) method, and a linear
correlation has been found for class B compounds allowing
a first step toward a proper understanding.” Nevertheless, the
qualitative nature of the electronic structure description
provided by the empirical EH method is of limited use for
both interpretation and a quantitative description of mag-
netic systems. This is because the final value of the magnetic
coupling is strongly dominated by subtle electron correlation
effects, as shown by the landmark paper by de Loth et al.'!
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Figure 2. Topologies of the different bridging ligands contained in the
molecules under study leading to the different nuclearity and variety of
topologies as shown in Figure 1. Notice the presence of a s system
involved in the different coordination modes.

and the subsequent analysis by Calzado et al.'>'* Ideally, one
can make use of mapping procedures and compute the
magnetic coupling constants accurately via appropriate con-
figuration interaction calculations'* although, because of
the extreme computational resources required, this is only
possible for model systems with simplified ligands. Alterna-
tively, one can make use of second order multiconfigura-
tional approaches'® or take advantage of recent advances in
density functional theory (DFT) based methods.'®!”

In the present work we present a comprehensive study of
the magneto-structural correlations of this extended series of
triply bridged Cu(II) dinuclear compounds using state of the
art hybrid DFT based calculations, and the results are
compared to available data on similar dinuclear complexes.
Itis important to stress the fact that, while most of the Cu(II)
dinuclear complexes exhibit an antiferromagnetic coupling,
all compounds investigated in the present work have the
particularity of being ferromagnetic thus making them more
attractive for potential new technologies employing mole-
cular magnets. In this sense, the present theoretical study
allows one to extract strong conclusions about the role of a
third bridging ligand in determining the final value of the
magnetic coupling constants for a specific global topology in
this series of compounds and may offer some useful informa-
tion to synthetic chemists aiming at obtaining new com-
pounds with enhanced ferromagnetism.

Brief Description of the Bridging Ligands and Crystal
Structures

The bridging carboxylate ligands are extremely flexible with
versatile coordination modes since each oxygen atom may
act as a unidentate, chelate, monatomic bridge and tri-
atomic bridge with syn-syn, syn-anti, anti-anti configurations.
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Table 1. List of the Dinuclear Triply-Bridged Copper(Il) Compounds and Experimental Magnetic Properties”

compound number class J(em™) ref.
[Cuy(u-O,CH)(u-OH),(dpyam),](ClO4).H,O 1 A 112.7 [7]
[Cux(u-0,CCH;3)(u-OH)(u-OH,)(dpyam),](S205) 2 B not available [7]
[Cua(u-O>CCH3)(u-OH)(u-OH,)(bpy)-l(NOs)> 3 B not available [7]
[Cua(u-O,CCH;3)(u-OH)(u-OHy)(phen),](BF4),-0.5H20 4 B 120.8 [7]
[Cux(u-0,CCH,CH;)(u-OH) (u-OH,)(phen),|(NO3), 5 B not available [7]
[Cus(-O>,CCH3)(u-OH)(u-OH,)(bpy),](Cl04), 6 B 38.6 [6]
[Cuz(u-0,CCH;3)(u-OH)(u-OHz)(phen),](Cl04) 7 B 120.0 8]
[Cu,(u-O>,CCH,CH3)(u-OH)(u-OH,)(bpy)o](ClO4)> 8 B 148.9 (8]
[Cua(u-O,CCHj3)(u-OH)(u-Cl)(bpy),]Cl-8.5H,O 9 B 1453 [7]
[Cua(u-O,CH)(u-OH)(u-Cl)(dpyam),](ClO4) - 0.5H,O 10 E 79.1 [9]
[Cus(u-O>CH)(u-OH)(u-Cl)(dpyam)](PF) 1 E 79.7 [10]
[Cua(u-O,CH)(u-OH)(u-OMe)(dpyam),](ClO,) 12 E 62.5 [9]
[Cuy(u-O,CH)(u-OH)(u-OMe)(dpyam),](PFs) 13 E 47.8 [10]

“Note that positive J values correspond to a ferromagnetic ground state.

These features are able to generate complexes with different
nuclearity and variety of topologies as shown in Figure 2
below and have been widely exploited in bioinorganic'®"
and molecular magnetic materials chemistry (see refs 7—10
and references therein). Concerning the chelating ligands,
1,10-phenanthroline(phen), 2,2'-bipyridine(bpy), and 2,2'-
bipyridylamine(dpyam) have been used in this work as a
terminal didentate chelating ligand. The phen, bpy, and
dpyam ligands represent a sequence of increasingly flexible
chelating nitrogen ligands. The flexibility or/and the rigidity
of these chelate ligands affect the dinuclear unit giving rise
the variety of topologies discussed above (Figure 1). Addi-
tionally, the crystal lattice of dinuclear complexes may be
stabilized by a variety of intermolecular non-covalent inter-
actions; the more flexible dpyam chelate ligand is usually
available to present the intra/intermolecular H-bonding from
back H atom, while, more rigid bpy and phen ligands prefer
to generate intra/intermolecular 7—s stacking and CH- - -7
interactions between pyridine groups. Consequently, the
differences in the crystal packing interactions may give rise
to a wide range of topologies on the dinuclear unit although
the molecular entity remains. Hence, magnetic coupling
depends on the global topology of the dinuclear unit and
on the local Cu(Il) environment, not on the crystal packing
although intermolecular interactions can induce significant
structural distortions.

The global topologies of the dinuclear triply bridged
copper(IT) compounds considered in the present work reveal
the 5-fold coordinated complexes containing a carboxylato
bridge which can be classified in four different families,
namely, classes A, B, E, and D for compounds 1, 2—9,
10—13, and 14, respectively: Class A compound reveals the
coplanar bases with a square pyramidal geometry for both
Cu(Il) environments with two hydroxo bridges linked in the
equatorial positions. On the other hand, class B compounds
display non-coplanar bases with a square pyramidal geome-
try for both Cu(II) ions. Here, the triatomic carboxylato and
hydroxo bridges are arranged in the basal positions. Class E
compounds show non-coplanar bases with a trigonal bipyra-
midal geometry for both Cu(Il) ions and one hydroxo
bridge in an axial—axial configuration. Finally, the only class
D compound displays non-coplanar bases with a square

(18) Kato, M.; Tanase, T.; Mikuriya, M. Sttt 2006, 45, 2925.
(19) Lubben, M.; Hage, R.; Meetsma, A.; Byma, K.; Feringa, B. L. [ygrg,
Chem. 1995, 34, 2217.

pyramidal geometry for both Cu(Il) ions but with the
hydroxo bridge displaced to an equatorial—equatorial con-
figuration and two carboxylato (monatomic and triatomic)
bridges are displaced to an axial—equatorial configuration.

The list of dinuclear triply bridged Cu(Il) compounds
considered in the present work and the available magnetic
data are reported in Table 1.

Description of Magnetic properties

For dinuclear Cu(II) systems exhibiting magnetic interactions
between the two paramagnetic ions, the magnetization versus
temperature curves describing the magnetic behavior of these
compounds can be approached, at first order, by the Bleaney—
Bowers expression”’ which takes into account both the phenom-
enological Landé g-factor and the magnetic coupling constant J.
For the model Heisenberg spin Hamiltonian as in eq 1

H = —JS;-S; (1)

the J value coincides with the energy difference between the
singlet and triplet spin states of the corresponding dinuclear
complex arising from the allowed combinations of the local
doublet states of each one of the Cu ions in the d” electronic
configuration. This energy gap can be related to the energies
of the frontier orbitals: the larger their energy separation, the
stronger the antiferromagnetic contribution to J is. In turn,
the singly occupied molecular orbitals (SOMOs) can be
approached as the symmetric and antisymmetric combina-
tions of the magnetic orbitals of each center, which consists of
the antibonding combination of the metallic atomic orbitals
which holds the unpaired electron with the adequate mole-
cular orbitals of their coordinated ligands.

The singlet—triplet energy gap can be estimated using
appropriate wave function methods or DFT based
methods.'* In the latter, one must realize that the
commonly used Kohn—Sham implementation based on the
use of a single Slater determinant for the reference system of
non-interacting electrons does not allow to describe open-
shell singlets.>'~** The broken symmetry procedure suggested

(20) Bleaney, B.; Bowers, K. D. Proc. R. Soc. London, Ser. A 1952, 97,
451.

(21) Illas, F.; Moreira, I. de P. R.; Bofill, J. M.; Filatov, M. Phys. Rev. B
2004, 70, 132414.
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earlier by Noodleman®*~° and by Yamaguchi*’~’ for the

SCF-Xo and UHF methods, provides a way to approach
these states provided spin symmetry is recovered by proper
spin projection;*® in this case, the singlet—triplet gap is just
twice the energy difference between the high-spin (appro-
ximate triplet) and the broken symmetry solution. Alterna-
tively, one can make use of the Restricted Open Shell
Kohn—Sham (ROKS) or Restricted Ensemble Kohn—Sham
(REKS) formalisms.?' ~%

It is also important to note that the final value of the
calculated magnetic coupling constant depends on the
choice of the exchange-correlation potential (i.e., the DFT
method chosen). It is well-known in solid state chemistry
that pure LDA and GGA functionals provide poor descrip-
tions of magnetic systems such as transition metal oxides
and halides (NiO, cuprates, manganites, etc.) which belong
to a large class of compounds denoted as strongly correlated
materials.'* The typical inconsistency of the LDA or GGA
descriptions of the electronic structure and magnetic prop-
erties of many of these materials consists in an incorrect
description of the insulating character (the magnitude and
the nature of the calculated gap is too small or zero and
usually of d-d type), poor spin localization (low spin states
are almost close shell in nature), and showing important
differences between high spin and low spin charge/spin
distribution leading to strongly overestimated ferro or
antiferromagnetic coupling constants. A very poor correla-
tion with available experimental magnetic data does not
allow one to confer predictive utility to these kinds of
approaches. In the case of molecules, a similar behavior
is observed regarding the spin and charge localization
(i.e., too strong charge/spin delocalization) that also leads
to a strong overestimation of either ferro or antiferromag-
netic interactions and a very different nature of magnetic
solutions with useless predictive utility. However, widely
used hybrid functionals have shown to provide a much
better and consistent description of solids and molecules
and, more important, the estimated values of different
properties including magnetic coupling constants are of
enough predictive accuracy to provide useful magneto-
structural correlations (see ref 14 and references therein).

In general, more elaborated hybrid potentials such as the
MO6 family or the range- screened hybrid functionals provide
significantly better results,'®'” although all strongly depend
on the amount of non- local Fock exchange chosen.'* There-
fore, we rely on simpler hybrid functionals which are known
to provide excellent magneto-structural correlations®' even if
the calculated J value may differ from experiment by an
almost constant factor.'

(24) Noodleman, L. . 1981, 74, 5737.
(25) Noodleman, L.; Davidson, E. R. . 1986, 109, 131.
(26) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesda, J. M. Coord
. 1995, 744, 199.
(27) Yamaguchi, K.; Tsunekawa, T.; Toyoda, Y.; Fueno, T. (bbb
Leyr. 1988, 143, 371.
(28) Yamaguchi, K.; Fueno, T.; Ueyama, N.; Nakamura, A.; Ozaki, M
. 1989, 164, 210.
(29) Nagao, H.; Mitani, M.; Nishino, M.; Yoshioka, Y.; Yamaguchi, K.
. 1997, 65, 947.
(30) Caballol, R.; Castell, O.; Illas, F.; Malrieu, J. P.; Moreira, I. de P.R.
1997, 101, 7860.
(31) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J. jnuinniiiiag. 1997,
119, 1297.
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Acc. 2000, 104, 265.

Costa et al.

In the following we summarize the most salient magnetic
features of each class of triply bridged Cu(Il) dinuclear
compounds considered in the present work.

Class A Compounds. In class A compound (1) both
metal atoms exhibit a distorted square base pyramidal
4 + 1 coordination (SP), with the basal planes defined by
the coordinating atoms of the terminal ligand and the
hydroxo bridges at the squares, strongly bonding the Cu(II)
ions located at their centers. For compound 1, the apical
positions are occupied by the oxygen atoms of the for-
mato bridge in a syn,syn conformation, but the Cu—O
apical bonds are considerably weaker than the basal ones
as can be argued from the longer distances, 2.34 A versus
1.95—2.01 A, respectively. The tight basal bonds place the
unpaired electron of the d° of each metal centerin a d .. 12
orbital pointing directly to the basal donors so the main
magnetic exchange pathways go through the hydroxo
bridges. This is clear from the calculations described
below since their oxygen atoms accommodate the highest
spin densities (0.095 au) while the formato oxygen atoms
are almost free of it (0.0002 au). The fact that the hydroxo
bridges follow almost exactly the Hodgson and Hatfield’s
linear relationships®* between the singlet—triplet gap
and the Cu—O—Cu angle (moderate ferromagnetism
from +115 to +123 cm™ ' expected versus the +112 cm ™!
experimental value or the +125 cm™' BHHLYP calcu-
lated value, see below) confirms the secondary role of the
formato bridge in the magnetic exchange for this class A
compound.

Class B Compounds. Compounds in class B (2—6)
show experlmental moderatel%/ ferromagnetic coupling
constants in the 120—150 cm ™" range except for 6 which
displays a smaller value (+38.6 cm™'). Their dinuclear
core is also formed by two 4 + 1 SP Cu(ll) ions sharing
three bridging ligands, but in this case there are one
hydroxo and one carboxylato bridges at basal positions,
and one water molecule (or a chloride anion for 9) in the
apex. As found in compound 1, the apical bonds are
clearly longer than the basal ones (2.34—2.46 A for aquo
and 2.63—2.66 A for chloro ligands compared to the
distances in the 1.92—2.03 A range for basal atoms) and
therefore similar magnetic orbitals evolve. This suggests
again that the apical bridge should not contribute sig-
nificantly to the magnetic exchange between the metal
atoms (spin densities on the oxygen atoms of the water
bridges were found to be almost zero in all calculations).
Hence, in these dinuclear systems one can interpret the
resulting magnetic behavior as being mainly due to
exchange interactions through the hydroxo and carbo-
xylato ligands. In such a case, a countercomplementary
effect is expected between the hydroxo bridge, which
generates ferromagnetic interaction due to the orbital
orthogonality, and one triatomic bridge in syn-syn con-
figuration which usually contributes a weak antiferro-
magnetic interaction.®

For class B complexes it is possible to trace a correla-
tion between structure and experimental magnetic ex-
change interaction using available data for compounds 4,
7, 8, and 9 (see Figure 3). We excluded compound 6 from
the list because the published J value was obtained from a

(33) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D.J.;
Hatfield, W. E. kickcaiabeid 1976, /5, 2107.
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Figure 3. Plot of experimental J (cm ') versus Cu—OH—Cu angle
(degrees) for class B compounds 4, 7, 8, and 9. The points corresponding
to compounds 2, 3, and 5 (red circles) are as predicted from this linear
correlation and, obviously, fit perfectly on the line.

partial high temperature zone (50—200 K) fitting of the
experimental data,® which introduces a high uncertainty
on the estimated coupling constant that lies far away
from the trend line. Figure 3 shows a clear linear
correlation between the experimental J value and the
Cu—OH—Cu angle. This correlation indicates that the
larger this structural parameter, the larger the J value
(one could predict J values for compounds 2, 3, and 5 as
+205.2, +146.1,and +142.0cm !, see below). However,
a larger number of the detailed structures and their
magnetic properties are required for a clear correlation
to be observed. In fact, this correlation has to be taken
with caution as it will be clear from the calculated values
and magnetostructural correlations discussed in the
forthcoming sections using the more elaborated hybrid
DFT approaches that include electron correlation
effects.

Class C Compounds. This class is the most frequently
studied and the magnetic coupling is dominated by the
two carboxylato groups which, in general, lead to anti-
ferromagnetic coupling and have been broadly studied.
Consequently, this class will not be further commented.

Class E Compounds. Class E compounds 10—13 show a
weaker ferromagnetic interaction (from +47 to 480
cm ™ '). They can be described as two trigonal bipyramidal
(TBP) coordinated Cu(II) centers where the axial posi-
tions are occupied by a nitrogen atom of the chelating
terminal ligand and the oxygen atom of the hydroxo
bridge, the latter involving the strongest bridging
bonds (1.90—1.92 A) Further, an oxygen atom of the
carboxylato bridge occupies one equatorial position of
each metal and shows moderately strong Cu—O
bonds (2.15—2.20 A, shghtly longer than for B-class
compounds), and the remaining nitrogen atom of the
dpyam terminal ligands holds the second equatorial
position.

For compounds 10 and 11, the third bridging ligand is a
chlorine anion that occupies the remaining equatorial
positions at 2.45—2.48 A from the metal centers, the
longest coordination bond distances although consider-
ably shorter than in B-class complex 9: the participation
of this chloro bridge on the magnetic exchange seems not
so negligible. On the contrary, for compounds 12 and 13
these positions are occupied by a methoxo bridge, con-
siderably more basic than the chlorine anion, and thus
showing stronger bonds to the metal (2.13—2.17 A)
comparable to those of formato. From this analysis it is
hard to argue whether all three bridges will not be
magnetically active.
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Scheme 1

Y, -

Previous work based on simple Extended Hiickel argu-
ments assigned the “superexchange” mechanism for these
compounds to orbital orthogonality between the Cu
magnetic orbitals and oxygen p-orbital via Cu—OH—Cu
unit allowing two unpaired electrons spins to be coupled
high spin.” This allows one to assume that the dominant
ferromagnetic interaction increases with increasing brid-
ging angle (compounds 10—12) up to a certain maximum
value and then decreases (compounds 10—13). However,
no clear correlation has been observed for class E com-
pounds reported in the literature. Hence, it is clear that
more detailed structures and magnetic properties are
required to study the magneto-structural correlation in
this class of compounds. DFT results in the present work
provide a more general framework to understand the
origin of ferromagnetism in these compounds and for a
new magnetostructural correlation.

Note that the metal coordination environments for B
and E class compounds can be related to each other
through the Berry pseudo-rotation mechanism, that
allows the transformation of a SP to a TBP through small
movements of the ligands around a pivot atom (the apical
one) as shown in Scheme 1.

This transformation can be monitored with the use of
the 7 parameter proposed by Addison et al.** which is 0.0
for a perfect SP and 1.0 for a TBP. This allows one to
relate B and E class compounds by calculating the t
parameter for each metal center of each dinuclear com-
pound and to quantitatively classify the B and E-class
complexes according to the sum of the 7 values of both
Cu(Il) ions. Thus a value close to 2.0 indicates that the
two Cu(II) have a TBP environment, a value close to 0.0
indicate that the two metal atoms have a SP coordination
whereas a value near 1.00 will indicate that the two
coordination of the metal centers is just intermediate
between SP and TBP. In Figure 4 the molecular structure
of two representative complexes and the expected mag-
netic orbitals are depicted for clarity. In this figure com-
pounds 5 and 11 are shown as representative of the two
limiting SP-SP and TBP-TBP structures for which the
expected d,._,. or d.. magnetic orbitals arising from the
local d° atomic configuration of the Cu(Il) centers are
suggested (see discussion below).

Classes D and F Compounds. Let us now briefly com-
ment on the role of dpyam as blocking ligand instead of
bpy or phen. This ligand favors the TBP geometry
because of the formation of a 6-membered chelate ring
that yields a higher bite angle (90—91° compared to
80—82° for the o-diimines), necessary to bind the metal
through an axial and one equatorial interaction. The only
exception to this rule is the Cu(II) coordination sphere in
the class-D compound 14. For this complex, both metal

(34) Addison, W. A.; Rao, T. N.; Reedijk, J.; Van Rijn, J.; Verschoor,
G. C. NN (95, 1349.
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Figure 4. Molecular structure of compounds 5 (top) and 11 (bottom) as representative of the two limiting SP-SP and TBP-TBP structures. Besides the
diagrammatic representation of the d.»—,. or d.. magnetic orbitals expected from the local environment of the Cu(II) centers are shown.

centers undergo noticeable distortions that are not fully
accounted for by the Berry pseudo-rotation model. The
Cu(l)atom can be considered in a mainly SP environment
(t = 0.22) with the O(4) atom of the monodentate
bridging propionate anion occupying the apical position
at 2.32 A. The high value of the dpyam bite angle (90.4°) is
compensated by both a tetrahedral distortion of the basal
plane (dihedral angle between the O(1)—Cu(1)—0(3) and
N(1)—Cu(1)—N(2) planes of 25.7°) and a bending of the
ligand (24.7° angle between the heterocyclic rings of the
Cu(1)-chelating ligand). For Cu(2), the coordination
environment is severely distorted from SP which is con-
sidered to be intermediate between SP and TBP (r =
0.43), although the O(5) atom of the monodentate brid-
ging propionate lies at 2.80 A from the metal atom, thus
suggesting a very weak interaction that causes the O-
(4)—Cu(2)—N(5) equatorial angle to widen up to 146.2°.
In addition, the equatorial bond between the Cu(2) atom
and the O(2) has a long length (2.24 A) comparable to an
apical SP bond which corresponds to that typical of TBP.
Because of these factors, compound 14 has the most
asymmetrically coordinated magnetic centers.

It is possible to extrapolate the trends exhibited by
either class B (the two Cu(II) in SP) or class E compounds
(the two Cu(II) in TBP) to class F compounds which have
one of the Cu(IT) metal centers in SP and the other one in
TBP coordination. In spite of its magnetic interest, the
number of representative compounds belonging to this
class is rather limited and according to the previous
correlations with rather weak coupling.®

Computational Details

Hybrid DFT calculations have been carried out to extract
the magnetic coupling constants for all the complexes and
to investigate magneto-structural correlations. The spin

(35) Chowdwury, H.; Rahaman, S. H.; Ghosh, R.; Sarkar, S. K.;
Corbella, M.; Ghosh, B. K. | NNENEREEE. 2006, 9, 1276.

polarized formalism based on a single determinant descrip-
tion has been considered to describe the open shell electronic
states of lowest energy that correspond in all cases to the
triplet ground state (described by means of a S. = 2 solution,
denoted as FM solution) and the first excited state that
corresponds to an open shell singlet (described by means of
a suitable S. = 0 broken symmetry solution, denoted as BS
solution). As described in section III, using the broken
symmetry approach the relation between the energies of high
spin and low spin solutions and J is given by J = E(BS) —
E(FM) if the spin Hamiltonian corresponds to the expression
ineq 1.

The two hybrid DFT based schemes used are the well-
known and widely used B3LYP functional*®*” and a simpli-
fied Becke Half-and-Half functional®® defined as

EchandH — OS.EiiF +0.5'E€SDA +E£,YP
and denoted as BHHLYP. These DFT methods have been
shown to predict reasonable estimates for the magnetlc
coupling constants of antlferromagnetlc compounds'*
although the information concerning ferromagnetic coupling
is rather scarce.'® Recently developed hybrid functionals such
as M06 or the range separated hybrids have shown to provide
accurate estimations of magnetic coupling constants'®!7 of
dinuclear magnetic complexes and strongly correlated solids.
In particular, the long-range separated hybrid functionals
provide calculated J values in excellent agreement with experi-
ment.'” These recent developments are becoming accessible in
the new versions of commonly used general quantum codes
but still are of limited accessibility. Therefore, in this work we
have chosen two standard functionals, namely, B3LYP and
BHHLYP, because of their general availability for practical
applications and, also, because of the consistency of the
results observed in a large amount of theoretical studies to
provide meaningful magnetostructural correlations.
Standard all electron Gaussian Type Orbitals (GTO) basis
sets have been used to represent the electronic density of the

(36) Becke, A. D. ittt 1993, 98, 5648.
(37) Lee, C. ; Yang, W.; Parr, R. G

. i 1988, 37, 785.
(38) Becke, A. D. piaausmiaing. 1993, 95, 1372.
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dinuclear Cu(II) complexes described in the previous section
with a molecular structure extracted from the experimentally
determined crystallographic structures reported in the refer-
ences included in Table 1. For Cu(Il) ions, a 6-3111-+g basis
set’*% extended with an f-function (¢ = 0.528) has been used
(corresponding to a [14s9p5d1f/9s5p3d1f] contraction)
whereas a 6-31g* basis set has been used for the remaining
atoms (corresponding to a [4s/2s] contraction for H atoms, a
[10s4p1d/3s2pld] contraction for C, N, and O atoms*' and a
[16s10p1d/4s3p1d] contraction for Cl atoms.** Single-point
energy evaluation runs were carried out for the crystallo-
graphic structures of the isolated dinuclear ions without
further geometry optimization. This prevents mixing struc-
tural and electronic effects and introducing errors in the
magnetic coupling constants arising from errors in the struc-
ture optimization. In two cases, compounds 12 and 13, the H
atom belonging to the OH bridging group was adjusted to a
position close to that corresponding to the remaining systems
since, on the one hand, the available crystallographic posi-
tions were not consistent with the typical bridging mode of
this group and, on the other hand, the calculated data clearly
indicate a deviation from the trend exhibited by the whole
series of compounds. Hence, we used d(O—H) = 0.90 A with
the O—H bond forming an angle of ~40° with the vector
normal to the Cu—O(H)—Cu plane and closer to the carboxy-
late group whereas the Cu—O distances and all the remaining
structure has been fixed to the crystallographic data. All
calculations were carried out using the Gaussian03 suite of
programs.*

We end this section by noting that spin contamination is
rather small, and in line with results found in previous studies.
For all the systems and methods considered in this work, the
expected values for the square of the total spin operator ((S>))
are in the [2.004—2.006] range for the ferromagnetic (or high
spin) solution and in the [0.989—1.005] range for the low spin
(broken symmetry) solutions, that is, a maximum deviation
of 40.006 from the (S%)y = 2.000 value for a triplet state and a
maximum deviation of —0.011 from the (S% = 1.000 value
for a perfect 50% singlet—triplet mixing state expected for a
single Slater determinant broken symmetry description of a
localized open-shell singlet. These values are, in our opinion,
small enough to trust the J values obtained from this spin
polarized single determinant approximation to the singlet—
triplet energy gap.

Results and Discussion

At first sight, comparing the experimental and calculated
magnetic coupling constants for compounds 2—14 is quite

(39) Wachters, A. J. H. jonfnlmisanibng. 1970, 52, 1033.

(40) Hay, P.J. . 1977, 66, 4377.

(41) Hariharan, P. C.; Pople, J. A. i 1973, 28, 213.

(42) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A. . 1982, 77, 3654.

(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery Jr., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; GVoth, . A,;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A.
D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
C.01; Gaussian, Inc.: Wallingford, CT, 2004.
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Table 2. Calculated J and Addison 7 Values (Aggregate and Compontents) for
the Dinuclear Triply-Bridged Copper(Il) Compounds Listed in Table 1

Jcalc

compound T (11+712) BHHLYP B3LYP Jexp
1 125.5 220.3 112.7
2 0.86 (0.43 + 0.43) 53.2 120.9

3 0.40 (0.21 + 0.19) 79.6 166.3

4 0.37 (0.21 + 0.16) 80.4 166.6 120.8
5 0.27 (0.08 + 0.19) 85.6 181.4

6 0.37 (0.21 + 0.16) 83.2 169.0 38.6
7 0.34 (0.20 + 0.14) 80.5 169.7 120.0
8 0.37 (0.21 + 0.16) 87.0 176.7 148.9
9 0.69 (0.41 + 0.28) 69.4 146.8 145.3
10 1.34 (0.67 + 0.67) 83.6 185.7 79.1
11 1.44 (0.72 4+ 0.72) 78.3 161.3 79.7
12 1.28 (0.64 + 0.64) 82.4 162.6 62.5
13 1.14 (0.57 + 0.57) 34.2 108.1 47.8
14 0.65(0.22 + 0.43) 57.6 99.2 24.1

“Note that positive J values correspond to a ferromagnetic ground
state.

frustrating (Table 2) since, contrarily to broad experience for
antiferromagnetic compounds,'**" the overall agreement
between calculation and experiment is rather poor although,
except for compound 6 (see above discussion), the experi-
mental singlet—triplet value is always between the two sets
(BHHLYP and B3LYP) of calculated values. At this point
one may wonder whether the experimental measurements are
accurate enough or the calculations are failing. Two com-
ments are appropriate here. First, magnetic measurements
for ferromagnetic compounds are more delicate than for
antiferromagnetic complexes because they are strongly influ-
enced by remaining paramagnetic impurities and because the
interaction between the ferromagnetic molecules cannot be
neglected as it is currently done in the models used to fit
magnetic susceptibility to experiments. For instance, for the
present compounds, the fitting procedures leads to antifer-
romagnetic zJ' mean field parameters in the —0.2 to —0.9
range and a 6% content of paramagnetic impurities.> More-
over, the published J value for compound 6 was obtained
from a partial high temperature zone (50—200 K) fitting of
the experimental data, which introduces even more uncer-
tainty to the estimated coupling constant. Second, there is a
large body of evidence that hybrid DFT calculations are able
to properly describe the trends for antiferromagnetic and
ferromagnetic compounds and, depending on the exchange-
correlation potential used, even to accurately reproduce the
experimental values.'®!”*! Hence, one may suggest to trust
the calculated values, at least in what concerns the main
trends, and inspect the information provided by the calcula-
tions in detail. To this end it is convenient to make use of the
structural parameter 7 introduced by Addison et al.** and
discussed in the previous section. In Figure 5, the BHHLYP
calculated J values of class B and class E compounds are
plotted with respect to the sum of the 7 values for each
metallic centers obtained by the PLATON code.** This plot
reveals interesting magnetostructural correlations which are
not apparent from the experimental values only. In addition
and in spite of the different values predicted by BHHLYP
and B3LYP, the experimental values lie in the range of values

(44) (a) Speck, A. L. PLATON, a multipurpose crystallographic tool;
Utrecht University: Utrecht, The Netherlands, 2001, http://www.cryst.chem.uu.
nl/platon/. (b) Le Page, Y. SN 1988, 2/, 983.
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Figure 5. Plot of the B3LYP (triangles) and BHHLYP (diamonds)
calculated J values (in cm ') versus the aggregate Addison’s  parameter
for classes B (2—9 plus 13) and for E compounds (10—12).

predicted by both methods and both methods predict the
same trends. However, one must warn that available struc-
tural data from measurements on the complexes of interest in
the present work do not cover a broad enough range of
aggregate t values to firmly confirm the trends predicted
above. In any case, results in Figure 5 clearly show that the
proposed magnetostructural relationships discussed above
are meaningful.

In fact, it appears that for class B compounds 2 to 9, the
calculated J values, predicted by the BHHLYP (or by the
B3LYP functional), correlate reasonably well with the sum of
the experimental T parameters corresponding to each Cu
atom. However, this result is opposite to the observations by
Kahn' and Journaux® for the antiferromagnetic J coupling
constants for several oxalato dinuclear Cu(II) complexes
with pentacoordinated environments. These authors found
that the closer the coordination to SP, the larger the anti-
ferromagnetic interactions (more negative J values) whereas
Figure 5 reveals that for the class B compounds examined in
the present work, the closer the coordination to SP, the larger
the ferromagnetic interactions (more positive J values). This
is because the oxalate system and the present class B com-
pounds exhibit different topologies and different magnetic
behavior. Interestingly enough, compound 13, which accord-
ing to the structural data and also to the 7 value has been
classified as belonging to class E, follows the correlation
above for class B. This is because the 7 value is very close to
the lower bound of 7 values defining class E and, therefore,
the calculated J value and the magnetostructural correlation
above seem to provide a more solid argument than those
from simple structural data. Accepting that compound 13
behaves as class B leaves us with only three compounds in
class E with the subsequent difficulty to obtain a meaningful
magnetostructural correlation. Nevertheless, the plot in
Figure 5 shows that J also correlates with the aggregate t
parameter although with a much smaller slope.

Kahn' and Journaux® interpreted the enhancement of the
antiferromagnetic coupling as arising from the increasing in
the overlap of the metal magnetic orbitals, mainly the d,.
atomic orbital of the d” metal atom, with the bridging ligand
with a concomitant intensification of the coupling pathway
through the basal positioned bridges, whereas the distant
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apical ligands are not involved in magnetic exchange. On the
contrary, for TBP environments the magnetic orbital is d.» in
nature, in such a way that the exchange pathways through the
bridging ligands would be less intense but magnetic interac-
tion is now spread across all five ligand atoms and involves all
three bridges. For the triply bridged complexes studied in the
present work, the arguments above are illustrated in Figure 4
along with two representative structures studied in the pre-
sent work. However, one must recall that magnetic interac-
tions are strongly dominated by electron correlation effects
and, hence, simple orbital interpretations may be misleading,
especially for ferromagnetic interactions. A proper interpre-
tation would require a deep analysis of configuration inter-
action wave functions such as those reported by Cabrero
et al.'>" for model systems.

Next, we analyze the magnetostructural correlation shown
in Figure 5 in depth. For B-class compounds, the magnetic
orbitals are located on the basal plane pointing directly
toward the oxygen atoms of the hydroxo and carboxylato
bridges (Figure 4, top), which have short bond distances and
hence are effective in coupling the exchange interactions
between the two paramagnetic ions. From orbital arguments,
the resulting moderately large ferromagnetic interaction can
be explained invoking the countercomplementary effect,’
except for the above commented compound 6. Note that
the apical aqua ligand (third bridge) do not contribute to the
magnetic exchange, as their spin density is negligible in both
triplet and BS solutions for all calculations. However, it is
worth mentioning that the B3LYP calculations for complex 9
on the triplet state lights up some spin density on the chlorine
bridge (0.7% versus 0 in the BS singlet). Interestingly enough,
all calculations show an increase of spin density in the oxygen
atom of the hydroxo bridge in the triplet state which is even
larger than for the CI bridge suggesting an active role of this
bridging ligand in the magnetic interactions.

Next, let us focus on the E-class complexes where the metal
contribution to magnetic orbitals is d.. (Figure 4, bottom)
with the axial lobe pointing toward the shortest Cu-bridge
distances (1.90—1.92 A) which correspond to the hydroxo
bridge. This strongly suggests that the hydroxo bridge is the
responsible one for the most intense exchange pathway,
which is confirmed by the high spin density values for the
oxygen atom of the hydroxo group (~9% and ~17% in the
BHHLYP and in B3LYP triplet calculations, respectively).
Both equatorial bonds are weaker but, contrarily to what is
found for class B, they are of comparable strength, indicating
an active participation in the magnetic coupling. In fact, the
spin density on the oxygen atoms of the carboxylato ligands is
similar to that found in class B, but now the third bridge
(chlorine atom for compounds 10 and 11) lights up in the
triplet state with a non negligible spin density of 3% from
BHHLYP and 7% upon B3LYP. This is clear from the spin
density plots*® for the ferromagnetic ground state of com-
pound 11 (the compound with largest aggregate 7) and also
for compound 5 (the compound with smallest aggregate 7)
shown in Figure 5. Note, that the magnetic orbitals arising
from these calculated spin density plots is in agreement with
the qualitative arguments depicted in Figure 6 and evidence
the large spin polarization of the hydroxo groups. This
explains that the calculated value for compounds 10 and 11

(45) Costa, R.; Garcia, A.; Ribas, J.; Mallah, T.; Journaux, Y.; Sletten, J.;
Solans, X.; Rodriguez, V. kisiceiake 1993, 32, 3733.

(46) Spin density plots have been generated using the VESTA package
version 2.0.3 by Momma, K.; Izumi, F. . 2008, 4/, 653.
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Figure 6. Spin density plots for the ferromagnetic ground state of compounds 5 (left) and 11 (right). Notice that these correspond to the two compounds

with smallest and largest aggregate T value, respectively.

corresponds to ferromagnetic couplings larger than expected
from the magnetostructural correlation found for class B
compounds (including 13) based on the aggregate t para-
meter (see Figure 5). This evidences the important role played
by CI (or methoxo in 12) as the third bridge. This behavior
may be due to the higher o- and m-donor character of chloro
ligands compared to water. These interactions are similar to
those occurring for the hydroxo bridge, but because of its
weaker field and higher covalency, chloro bridging ligands
are able to allow further magnetic interactions between the
Cu atoms with a reduced Cu—Cl—Cu angle (over 75 degrees)
which, according to Hatfield’s trends,” seems to favor
ferromagnetic exchange. Nevertheless, experimental cou-
pling constants for compounds 10 and 11, together with the
dubious value for compound 6, are below +100 cm™
indicating that the magnetic activity of the chloro bridge
does not compensate the overall bond weakening because of
the TBP geometry of the metals.

Compounds 12 and 13 belong to class E and have the
peculiarity that the third bridge is a methoxo ligand. They
have the same chemical formula for the dinuclear cation and
only differ in the counterion which is percholate for 12 and
hexafluorophosphate for 13. This chemical difference leads
to two structurally similar dinuclear ions, with differences
induced mostly by the crystal packing. The most important
variations are 0.1 A in the Cu—Cu distance, 5° in the
Cu—O(H)—Cuand Cu—O(CH3)—Cuangles, and differences
in the aggregate 7 parameters for the Cu(Il) ions, 0.64 and
0.57 for 12 and 13, respectively. Noticeably, the magnetic
coupling constant for 12 is 30% larger than for 13. For these
two compounds all attempts to carry out DFT calculations
using the original crystal structure failed to converge. This
has been attributed to an inaccurate assignment of the
position of the hydrogen atom of the hydroxo bridge in these
crystallographically symmetric compounds, that resulted in a
rather strange trigonal-planar geometry for the oxygen atom.
To achieve a more chemically sound nearly tetrahedral
configuration, we then moved the hydrogen atom of the
OH bridging ligand toward the carboxylato bridge. This
small variation in the atomic position of this H atom lead to
calculations that easily converge and to reasonable magnetic
coupling values, which are the ones included in Table 2. It is
important to point out that 12 and 13 exhibit the characteri-
stic feature of the triplet state spin density “lighting on” over
the oxygen atom of the hydroxo bridge (similar values to that
reported for 10 and 11), but here also over the oxygen atom of
the methoxo bridge with similar contribution (from 0 to 6 or
17% in BHHLYP and B3LYP methods). This result suggests
that the methoxo bridge contributes to the ferromagnetic
exchange in a strength comparable to that of the hydroxo
bridge. Nevertheless, the dominating factor for the magnetic

coupling in both compounds seems to be the coordination
geometry of the copper atoms: the 7 values for the Cu(II) ions
in 13 is 0.57 (1.14 aggregate), very close to that of Class B
compounds, in such a way that their calculated J value is in
accordance with that expected for the class B magnetostruc-
tural correlation above commented. On the contrary, calcu-
lated and experimental J values for complex 12 align better to
the ones found for the remaining E class compounds as the t
values for 10, 11, and 12 are not so different compared to
compound 13 although here the number of compounds is too
small to extract a meaningful correlation.

Complex 14 belongs to class D compounds where, like in
class B, the metal atoms lie in a mainly SP coordination
although the environment of the Cu(2) with 7 = 0.43
corresponding to a nearly intermediate geometry is consider-
ably more distorted than the one corresponding to Cu(l)
where 7 = 0.22. In this case, the pyramids do not share the
same bridging ligand at the apical positions (Figure 1). For
this complex, the basal planes accommodating the dy.
metallic contribution to the magnetic orbitals are almost
perpendicular, and the hydroxo bridge is the only one sharing
both basal planes and is tightly bonded to both Cu(II) ions.
The O(3) and O(2) atoms from the %', #")-bridging
carboxylate occupy one Cu(l) basal and one Cu(2) apical
positions, respectively, and the O(4) atom of the w«*(1°)-
carboxylate lies at the apical position of Cu(1) and one basal
position of Cu(2). In this complex, only the O(1) atom of the
hydroxo ligand changes significantly its spin density from
singlet to triplet states (from almost zero to 9% or 16% for
BHHLYP and B3LYP, respectively). Presumably this is the
only bridge that plays a noticeable role in the magnetic
exchange and, consequently, a small ferromagnetic interac-
tion is expected because of the topological orthogonality of
the magnetic orbitals."

Next, we discuss possible magnetic exchange pathways for
class D compound 14. A first possibility involves a single
Cu—OH—Cu (101.8°) unit which links Cu(Il) centers in an
basal—basal configuration. This structure can occur because of
the nearly intermediate geometry (z = 0.43) of one of the Cu(II)
centers. Consequently, another possible pathway is the tri-
atomic carboxylato bridge, and the small J value (+24.1 cm ™)
may result from a countercomplementary effect between the
monatomic bridge, with a small bridging angle which usually
contributes the ferromagnetic interaction due to the orthogon-
ality between the Cu magnetic orbitals and the oxygen
p-orbital, and the triatomic carboxylato bridge which usually
contributes to an antiferromagnetic interaction.

Conclusions

In this work we used hybrid DFT calculations to investigate
the magnetic coupling and magnetostructural correlation of a
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series of Cu(II) dinuclear complexes which have the common
particularity, over other well-known families of Cu(II) di-
nuclear complexes, of incorporating a third bridging ligand,
resulting in three different bridging ligands. The addition of
this ligand is not innocent since it turns out to largely favor
ferromagnetic interactions, as opposed to the broad class of
Cu(II) dinuclear complexes with one or two bridging ligands
which usually result in an antiferromagnetic compound.

Comparison of calculated and experimental values of the
isotropic magnetic coupling constant J is not as straightfor-
ward as it may seem because, on the one hand, the calculated
results depend strongly on the amount of Fock exchange used
in the exchange correlation functional and, on the other
hand, the accuracy of the measured values is not as good as
for antiferromagnetic compounds. The good news is that
calculated values (BHHLYP and B3LYP) lead to a range of
values where almost all experimental data fit. However,
analysis of the experimental data and comparison to struc-
tural data does not reveal any meaningful correlation.
Assuming that the calculated values are good enough to
provide a meaningful trend allows one to unravel a very
interesting magnetostructural correlation for class B com-
pounds, namely, that the magnitude of the calculated mag-
netic coupling constant correlates almost quantitatively with
the sum of the Addison’s T parameter of each Cu(II) cation.
The existence of this correlation opens the way for the guided
synthesis of new complexes with higher ferromagnetic char-
acter that may in turn lead to important technological
applications.

Concerning the relationship between J and the Cu—
OH—Cu angle discusse above, one must advert that it fits
the experimental data on the set of compounds 4, 7, 8, and 9
only and not for the rest of compounds investigated in the
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present work. Nevertheless, we must realize that for this set,
the aggregate 7 range is very narrow (between 0.34—0.37).
Therefore, the almost constant value of this coordination
parameter implies that variations of J can be attributable to
the Cu—OH—Cu angle. For fixed 7, this empirical correlation
does not show up from the calculated values although a
dispersion of the J values in a restricted J interval (~10cm ")
is observed. More experimental data on compounds having
diverse combinations of aggregate r and Cu—OH—Cu angles
are needed to properly investigate this double dependency.

To conclude, using ligands favoring the square based
pyramidal coordination on each Cu(Il) atom in a triple
bridge is the key to obtain complexes with enhanced ferro-
magnetic character. Available data for class E compounds
also indicate that this enhancement can also be achieved by
using a third ligand favoring the interaction through the d.-
orbitals. In addition, the theoretical correlation indicates that
there is an upper limit of 4200 cm ™' (when aggregate 7 is 0)
for the ferromagnetic coupling in this kind of hetero-triply
bridged compounds, and this fact must be accounted by the
experimentalists.
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