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The trinuclear Cu" complex [(talen)Cu's] (1) using the new
triplesalen ligand Hgtalen has been synthesized and structurally
characterized. The three Cu" ions are bridged in a m-phenylene
linkage by the phloroglucinol backbone of the ligand. This
m-phenylene bridging mode results in ferromagnetic couplings with
an S; = %, spin ground state, which has been analyzed by means
of EPR spectroscopy and DFT calculations. The EPR spectrum
exhibits an unprecedented pattern of 10 hyperfine lines due to
the coupling of three Cu'" ions (I = 3/,). Resonances around g =
4 in both perpendicular and parallel mode EPR spectra demonstrate
a zero-field spliting of D ~ 74 x 10™* cm™! arising from
anisotropic/antisymmetric exchange interactions. The DFT calcula-
tions show an alteration in the sign of the spin densities of the
central benzene ring corroborating the spin-polarization mechanism
as origin for the ferromagnetic coupling.

states. The spin-polarization mechanism provides control
over the interaction (ferromagnetic vs antiferromagnetic). The
m-phenylene linkage of organic radicals and carbenes leads
to ferromagnetic couplings, whereas tiheandp-phenylene
linkages lead to antiferromagnetic couplings. This concept
was applied to transition metal complexes using a variety
of ligands which bridge the metal ions im-phenylene
arrangements. Some of these compounds indeed exhibit
ferromagnetic interactions between the transition metalSons.
However, there are complexes with the same or slightly
modified bridging ligands that exhibit antiferromagnetic
interactions’.® Competing superexchange and spin-polariza-
tion mechanisms and the orientation of the magnetic orbitals
relative to the bridging ligand plane have accounted for these
differences in the exchange interactidiis.

Recently, we reported the use of the modified 1,3,5-
trinydroxybenzene (phloroglucinol) ligandsH(=2,4,6-tris-
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critical temperaturé. As Kahn emphasized, the parallel
alignment of neighboring spins is essential for the design of
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for the prospect to stabilize ferromagnetically coupled ground
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Figure 1. (a) Molecular structure of [(talen)] in crystals of1-CHCl5*
(2-((2-(dimethylamino)ethyl)imino)ethyl)-1,3,5-trinydroxy-  0.5toluene. Selected bond lengths [A]: Gt@11 1.883(3), Cut012

benzene) to bridge three Eions in am-phenylene linkagd? 1.899(3), Cu+N11 1.942(3), CutN12 1.940(3), Cu2021 1.859(3),
These complexes exhibit ferromagnetic interactions betweenf_%%}%lzctgggg)’1gli§('\éilct'39§%(f )i_gzuﬁg'zéjﬁﬁgf}jgggf‘;fﬁ)
the threeS = Y/, sites to result ir§ = %, ground states. We  Spin-density distribution of the inner fragmentDfor the S = 3/, ground
proposed that the ferromagnetic coupling originates from the State obtained from DFT calculations.

spin-polarization mechanism. The ligandklHhas been
synthesized from the triketone 2,4,6-trisacetyl-1,3,5-trihy- 233 K’\‘*ﬁ‘
droxybenzene. The reactive carbonyl functions provide the %

opportunity to introduce a variety of pendant arms in 2,4,6 T32

position of phloroglucinol. Thus, this versatile ligand system e
provides the opportunity to synthesize and study a series of TIK

closely related compounds. In this respect, we synthesizedrigure 2. Temperature dependenceif of complex. The solid line is
the Iigand triplesalen, Halen (:2,4,6-tris(1-(2-salicy|— a fit to the experimental data using the values given in the text.
aldimino-2-methylpropylimino)-ethyl)-1,3,5-trihydroxy-
benzene, Chart 1.

The triplesalen ligand was designed to meet both criteria
necessary for single-molecule magn€tkigh-spin ground
states by then-phenylene bridging and magnetic anisotropy
by the strong axial ligand field of a salen-like coordination
environment! In this study, we report on the synthesis and
characterization of the first complex of the triplesalen ligand
with paramagnetic transition metal ions, i.e., the ferromag-
netically coupled trinuclear Clucomplex [(talen)Clg] (1),
which has been characterized by means of single-crystal
X-ray diffraction, temperature-dependent magnetic suscep-
tibility measurements, EPR spectroscopy, and DFT calcula-
tions.

Reaction of Htalen with [CU,(OAc)4(OH,);] in EtOH
results in a purple solid which was recrystallized from a 3
CHCly/toluene mixture to afford single-crystals bICHCly* H=-2)S;S,+SS;+SSy) + ) [gusSBl (1)
0.5toluene. Figure 1la shows the molecular structurg.'6f =
Three {salenCl} units are bridged in am-phenylene

arrangement. Each copper ion is in a distorted square-planar
coordination environment.

The effective magnetic moment,, of 1 at 290 K is 3.21
us, consistent with three noninteractigg= %, spins ¢ =
2.14). With decreasing temperatutg; increases and reaches
a maximum of 3.33 at 10 K (Figure 2) demonstrating a
ferromagnetic coupling il with an S = 3/, spin ground
state. Below 5 Kuer drops to 2.53ug at 2 K due to the
combined effects of intermolecular antiferromagnetic cou-
plings, saturation, and zero-field splitting in tBe= 3/, spin
ground state.

The experimental magnetic data have been successfully
simulated using the spin-Hamiltonian (eq 1) for an equilateral
Cu'; triangle by a full-matrix diagonalization approath:

In this procedure, saturation effects are already taken into
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Figure 3. (a) Perpendicular mode and (b) parallel mode EPR spectra of
complexl in CHyCly/toluene (1:1) solution at 2.7 K.

hyperfine lines £2nl+1, | = 3,, n = 3), and a weak half-
field signal atg ~ 4 (Figure 3a). Both features demonstrate
the S = 3/, spin ground state of an equilateral 'Cuimer.
The intensity of the half-field transitions increases in a
parallel-mode measuremerf| By), whereas the allowed
transitions are strongly attenuated (Figure 3b). The relative
intensities of theg ~ 4 signals in both detection modes, as
well as the width and the appearance of the 2 pattern,
indicate substantial zero-field splitting of the total spin

functional theory (DFT) calculationd. The atomic spin
density distribution in the quartet ground state, as obtained
by Mulliken population analysis, is shown in Figure 1b. The
main (positive) spin density is on the three Cu ions. The
square-planar coordination geometry observetiglknown
for strong covalent overlap of the magnetic orbitals on the
Cu' ions k> — y?) with the pseudas orbitals of the donor
atomsg® leading to an efficient spin-delocalization (positive
spin-density) on the O and N donor atoms. Although the
density functional used for the calculations is known to
overestimate the covalency of Cdligand bonds? it is
expected to provide a qualitatively correct picture of the spin
density distribution of the central benzene ring. As predicted
by the spin-polarization mechanism, an alteration of negative
and positive spin densities on adjacent C atoms is obtained
by the DFT calculations. These results are in strong support
that the origin of the ferromagnetic coupling observed in
is the spin-polarization mechanism.

In conclusion, them-phenylene linkage of the three €u
ions by the triplesalen ligand it results in ferromagnetic
interactions and a®& = 3, spin ground state via the spin-

guartet. The spectra were successfully simulated by adoptingpolarization mechanism. The EPR spectra exhibit to the best

an effective spin-Hamiltonian (eq 2) for an isolat&d= %/»
spin ground-state including hyperfine-couplings with three
identical $3%%Cu nuclei.

3
[A3/2,iS|i]

@)

An axial zero-field parameter was fourdg, = —74 x
104 cm™! (along the locak-axes, normal to the molecular
xy-plane), which has to be compared with possible dipolar
spin coupling contributions for the trimer &fgip 3. = +15
x 1074 cm™L. That value is obtained in a point-dipole mddel
with a Cu—Cu pair distance of 7.2 A, which yields pairwise
axial Jgip matrices with main componenisax = —97.5 x
104 cm ! in the moleculaixy-plane. Addition of the local
matrices with 120 rotations around, and considering the
corresponding weighting coefficients ¥§ according to the
Wigner—Eckart theorem® yields an axial total dipolar
coupling matrixJgip 32 With positive main component as given
above. The deviation from the experimental value (note the
difference in signs) strongly supports the presence of
substantial anisotropic-antisymmetric exchange contributions
to the cluster spin ground stafe= 3/, zero-field splitting!®

Theg-matrix obtained from the simulationgs,, = 2.050,
2.050, 2.235, and the hyper-fine tenségg ; = (—10, —10,
—70) x 10* cm™%, correspond nicely to the values of
mononuclear [(salen){j'® due to the relations, = g;, and
Aspi = a/3 which reveals the persistence of the local
electronic structure in the spin-coupled system.

In order to obtain insight into the spin-density distribution
of the S = ¥/, spin ground state, we have performed density

1
He = D3/2(Szz - ES(S"' 1)) + 1gSg B +

(15) Bencini, A.; Gatteschi, DElectronic Paramagnetic Resonance of
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of our knowledge the unprecedented pattern of 10 hyperfine
lines due to the interaction of the total electron spin with
the individual nuclear spins of the three'Cions. We are
currently investigating trinuclear @y Fe", and Mn"
complexes of the triplesalen ligand as candidates for single-
molecule magnets and related ligand systems based on other
phloroglucinol derivatives for the preparation of higher
dimensional compounds.
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