A cyclic tetranuclear Cu,Gd, complex with an S = 8 ground state derived
from ferromagnetic spin-coupling between copper (11) and gadolinium(ii) ions

arrayed alternately
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A cyclic tetranuclear Cull,GdI, complex, in which Cull and
Gd!T jons are arrayed alternately, has an S = 8 spin ground
state, due to the ferromagnetic spin coupling between Sgq =
7/2 and Sc, = 1/2.

The field of molecular-based magnetic compounds has shown
spectacular advances in the last two decades, especiadly in the
metal-complex based magnetic materials.* Hetero-metal assem-
bly complexes with multi-dimensional extended structures and
versatile magnetic behavior! aswell as single molecule magnets
derived from large ground spin state and large magnetic
anisotropy? have attracted special attention. These interesting
magnetic materials consist of a d-transition metal ion, and the
magnetic chemistry of d—f and f—f transition metal complexesis
the forthcoming target in this field. Since ferromagnetic
coupling between Cu'' and Gd''' ionswas first observed in 1985
in a trinuclear complex,3 severa polynuclear Cu,Gd,, Cu,Gd
and other d—f complexes have been reported.# However, the
coexisting antiferromagnetic coupling such aswithin a Cu, pair
often concealed the weak ferromagnetic coupling and resulted
in net antiferromagnetic behavior. Thus, recent efforts have
been focused on strictly binuclear d—-f complexes,s in order to
obtain accurate information on the magnetic properties. If ad-f
cluster compound without the d—d and the f—f magnetic
interactions was synthesized, it could be a single molecule with
a large spin state® If a d-f extended multi-dimensional
compound without d—d and the f—f magnetic interactions was
synthesized, it would be a magnetic material exhibiting
spontaneous magnetization.” Here we report a cyclic tetra-
nuclear Cu,Gd, complex [CuLGd(hfac)s],, where Hil =
1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylide-
neamino)ethane® and Hhfac = hexafluoroacetylacetone. The
tetranuclear Cu,Gd, complex assumes an S = 8 ground state
derived from ferromagnetic spin-coupling between Cu!! and
Gd'" ions arrayed aternately, in which the Cu''-Cu!' and Gd'''—
Gd'"' magnetic interactions are weak.

The copper(i) complex K[CuL] was used as a ‘ligand
complex’ in order to construct an alternate array of Cu'' and
Gd''" ions, because it is well-known that phenoxo-, methoxy-
and amido-oxygen atoms can coordinate to a lanthanide ion,®
and further it is expected that the amido oxygen atom at the
opposite side serves as a bridge to provide an aternate array of
the df metal ionsX® As a counterpart, the gadolinium(in)
complex [Gd(hfac)z(H.0),] was used, because the hexa-
fluoroacetylacetonato (hfac) ion can be easily substituted with
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external donor atoms and can also function as a capping or
terminal ligand. The reaction of K[CuL] with an equimolar
amount of [Gd(hfac)z(H20)2] in methanol at ambient tem-
perature produced dark reddish purple crystals of [CuLGd-
(hfac),].11

The structure was determined by a single-crystal X-ray
diffraction analysis.12 Fig. 1 shows an ORTEP drawing of the
cyclic Cu,Gd, tetranuclear structure, in which the Cu!' and Gd'"
ions are arrayed aternately and the molecule has an inversion
center. The Cu'! ion has square planar coordination geometry
with the NoO, donor atoms of the unequivalent tetradentate
ligand (see chemical structure). The Cu-N and Cu—O distances
of the 2-oxybenzamido moiety (Cu-N1 = 1.913(4), Cu-O2 =
1.903(4) A) are considerably shorter than the corresponding
values of the 2-oxy-3-methoxybenzal dehyde moiety (Cu—N2 =
1.931(4), Cu—03 = 1.952(3) A) In the cyclic structure, the
Cu(n) complex functions as a ‘ligand complex’ with the two
Gd'"! ions. The two phenoxo (02 and O3) and the methoxy (O4)
atoms at the one side of the planar Cu(i1) complex coordinate to
aGd'"" ion as atridentate ligand with the distances of Gd—02 =
2.468(3), Gd-03 = 2.350(3), Gd-04 = 2.550(3) A, and Cu—
Gd = 3.433(1) A. The amido oxygen atom (O1) at the opposite
side of the Cu(i1) complex coordinates to another Gd ion as a
monodenate ligand with the distance of Gd—O1 = 2.274(3) and
Cu-Gd = 5.618(2) A. Including the coordination of the two
hfac ions as a bidentate chelate ligand (Gd-O =
2.347(4)-2.405(4) A), the Gd'" ion has an octacoordinate
geometry with the Og oxygen atoms. It should be noted that the
Gd-O bond distance with the amido oxygen is the shortest
among the eight Gd-O bonds. In a cyclic structure, there is no
bridging ligand between the two Cu'! ions or between the two
Gd'" ions. The Cu—Cu and Gd-Gd distances in the cyclic
structure are 4.952(2) and 7.885(3) A, respectively, indicating
that each metal ion pair is well separated

The magnetic susceptibilities were measured under a 1 T
applied magnetic field in the 2-300 K temperature range.13 The
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Fig. 1 ORTEP view of the cyclic Cu,Gd, tetranuclear complex with 30%
thermal probability ellipsoids and selected atom labeling scheme. The
hydrogen and fluorine atoms are omitted for clarity.
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Fig. 2 Plot of the effective magnetic moment (ues) per Cu,Gd, vs.
temperature. The inserted figure shows the field dependence of the
magnetization at 2 K. The solid line represents the theoretical curvefor g =
2.02 and S = 8 spin state produced by ferromagnetic coupling of the spin
system (1/2, 7/2, 1/2, 7/2). The dotted and broken lines represent the
theoretical curvesfor twoisolated S = 4 spin states and for an isolated spin
state of (1/2, 7/2, 1/2, 7/2).

magnetic behavior is shown in Fig. 2, as the ues vs. T plot,
where L is the effective magnetic moment per Cu,Gd,. The
Uerr @t 300 K is11.61 ug, which is slightly larger than the spin-
only value of 11.49 ug expected for independently existing two
Cu' (S = 1/2) and two Gd'"' (S = 7/2) ionsand g = 2.00. On
lowering the temperature, the ue+ increases gradually to reach a
maximum value, 13.98 ug, at 8.0 K and then decreases abruptly.
The increase at the higher temperature region indicates the
operation of ferromagnetic interaction between the Cu'' and
Gd'" ions. The maximum value of the ugs is larger than the
spin-only value, 12.65 ug, expected for twoisolated S = 4 spins
resulting from ferromagnetic coupling between the Cu'' and
Gd'"" ions of the binuclear complex, athough the value is
smaller than the spin-only value, 16.97 ug, expected for an S =
8 spin. The abrupt decrease in the p a the lower temperature
region can be ascribed to weak intermolecular antiferromag-
netic interaction.

To confirm the spin ground state of the cyclic tetranuclear
complex, the field dependence of the magnetization was
measured up to 5 T at several temperatures. The inserted plots
in Fig. 2 show the experimental values of M/NB vs. H at 2 K,
together with the theoretical curves for the sum of the Brillouin
functions of isolated two Cu'' (S = 1/2) and two Gd"! (S = 7/2)
ions, for sum of two S = 4 spins, and for an S = 8 spin derived
from the ferromagnetic coupling of the spin-system (1/2, 7/2,
1/2, 7/2), respectively. The magnetization data are larger than
those for two independent S = 4 spins and for a magnetically
isolated (1/2, 7/2, 1/2, 7/2) system. The magnetization data are
well reproduced by the Brillouin function with S = 8and g =
2.02. Thedlight difference is due to an incompl ete population of
the S = 8 state.

This study reveaed that a discrete molecule with alarge spin
could be easily synthesized even in a d-f transition metal
complex. The analogous synthetic approach should produce
single molecules with larger spin states and with magnetic
anisotropy. Magnets with an extended multidimensional struc-
ture can be obtained by substitution of the terminal ligand.
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