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A 3d–4f complex with the formula of {Na[(CuL)4Gd]}11
was prepared, where (CuL)� is a ‘‘ligand-complex,’’ [N-(4-
methyl-6-oxo-3-azahept-4-enyl)oxamato]copper(II). The struc-
ture consists of a pin-wheel-like Cu4Gd core and Naþ ion as a
connector to give a one-dimensional chain. The magnetic data
and their analyses demonstrated an intramolecular ferromagnetic
interaction within a Cu4Gd core and an intercore antiferromag-
netic interaction operating through Naþ ion with the coupling
parameters of J ¼ þ1:09 cm�1, zJ0 ¼ �0:07 cm�1; SCu ¼ 1=2,
SGd ¼ 7=2).

The discovery of single-molecule magnets (SMMs) in Mn12
cluster and the subsequent extensive development are ones of the
most important achievements of molecular magnetism, because
the slow relaxation of SMMs provides the properties such as mo-
lecular magnetic hysteresis and quantum tunneling of the mag-
netization.1 In principle, slow relaxation of the magnetization
can also be expected in one-dimensional (1D) materials, as sug-
gested by Glauber,2 and single-chain magnets (SCMs) have been
found in several 1D materials.3 Now SMMs and SCMs are ones
of the most important compounds in the field of molecule-based
magnetism. In recent years, molecular design of SMMs and
SCMs containing f-block elements has attracted much atten-
tion,4 because the molecular magnetic anisotropy, that is one
of the conditions required for SMMs and SCMs, is easily derived
from 4f ion such as TbIII and DyIII ion. In this study, in order to
look for a new 3d–4f molecular system adaptable for SMMs and
SCMs, a 1D complex {Na[(CuL)4Gd]}11 consisting of a pin-
wheel-like Cu4Gd core and Naþ ion as a connector has been
studied. We report here the synthesis, unique 1D structure, and
magnetic properties.

Complex {Na[(CuL)4Gd]}11 was prepared as purple crys-
tals by mixing Na[CuL].1.33H2O (H3L = N-(4-methyl-6-oxo-
3-azahept-4-enyl)oxamic acid)5 and Gd(hfac)3.2H2O with 1:4
molar ratio in methanol at ambient temperature.6 The FAB mass
spectrum exhibited relatively large peaks assignable to
{Na[(CuL)3Gd]}

þ, suggesting that Naþ ion bounds to the mole-
cule.

The crystal structure of Na[(CuL)4Gd] was determined by
single-crystal X-ray diffraction analyses.7 Figure 1 shows a pen-
tanuclear pin-wheel-like Cu4Gd core, where the central Gd

III ion
is coordinated by eight oxygen atoms of four ‘‘ligand-com-
plexes.’’ The eight Gd–O distances are Gd–O(1) = 2.408(4),
Gd–O(2) = 2.403(3), Gd–O(5) = 2.360(4), Gd–O(6) =
2.446(3), Gd–O(9) = 2.361(5), Gd–O(10) = 2.424(3), Gd–
O(13) = 2.408(4), and Gd–O(14) = 2.413(3) Å. Each CuII

complex assumes a square-planar N2O2 coordination geometry
and coordinates to GdIII ion by two oxygen atoms at the terminal

oximate site as an electrically mononegative bidentate ‘‘ligand-
complex.’’

Figure 2 shows a 1D structure of Na[(CuL)4Gd] running
along the b axis, where Naþ ion plays as a connector to form
a 1D structure with Gd–Gd distance of 7.493 Å and Naþ–Gd dis-
tances of 3.798 and 3.788 Å. Within the 1D chain, a Naþ ion is
bound by two oxygen atoms of two (CuL)2 of a [(CuL)4Gd] core
and two oxygen atoms of two (CuL)2 of the adjacent Cu4Gd
core, with the Naþ–O distances in the range of 2.407(4)–
2.473(4) Å. Further, the Naþ ion is bound by a water molecule
with Naþ–O = 2.347(7) Å.

The temperature dependence of the magnetic susceptibility
of Na[(CuL)4Gd] was measured in the temperature range of

Figure 1. Molecular structure of a pin-wheel-like
{(CuL)4Gd}

� core. Dihedral angle between adjacent Cu2þ coor-
dination planes: 61.2� (Cu1–Cu2), 106.1� (Cu2–Cu3), 70.2�

(Cu3–Cu4), and 119.9� (Cu4–Cu1).

Figure 2. 1D structure of Na[(CuL)4Gd] consisting of alter-
nately arrayed pin-wheel-like Cu4Gd core and Na

þ ion as a con-
nector along the chain.
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2.0–300.0K under the external magnetic field of 0.5 T. Figure 3
shows the plots of �MT vs. T and those of 1=�M vs. T in inset,
where �M is the molar magnetic susceptibility per Cu4Gd cor-
rected by diamgnetism and temperature-independent paramag-
netism of Cu2þ. The �MT value of 9.20 cm3 Kmol�1 at 300.0K
is compatible with the theoretical value of 9.375 cm3 Kmol�1

calculated for non-interacting four CuII (S ¼ 1=2) and one
GdIII (4f7, J ¼ 7=2, L ¼ 0, S ¼ 7=2, 8S7=2) non-interacting ions.

8

On lowering the temperature, the �MT value increases gradually
to reach a maximum value of 11.89 cm3 Kmol�1 at 6.0K and
then abruptly decreases to 7.80 cm3 Kmol�1 at 2.0K. The in-
crease in the higher-temperature region indicates the operation
of an intramolecular ferromagnetic interaction between CuII

and GdIII ions, while the decrease in the lower-temperature re-
gion can be ascribed to intermolecular antiferromagnetic inter-
action. As shown in inset of Figure 3, the reciprocal magnetic
susceptibility in the higher-temperature range of 50–300K fol-
lows the Curie–Weiss equation of 1=�M ¼ ðT � �Þ=C with Curie
constant of C ¼ 9:11 cm3 Kmol�1 and positive Weiss constant
of � ¼ þ3:7K. The reciprocal magnetic susceptibility in the
lower-temperature range below 5K follows the Curie–Weiss
equation of 1=�M ¼ ðT � �Þ=C with negative Weiss constant
of � ¼ �2:6K. The result from the 1=�M vs. T plots is consis-
tent with the coexistence of a ferromagnetic and an antiferro-
magnetic interaction. The magnetic susceptibility can be repro-
duced by the equation derived from the spin-only Hamiltonian
based on the pentanuclear pin-wheel-like Cu4Gd structure, H ¼
�H ð4gCuSCu þ gGdSGd Þ � 2JSGd ðSCu1 þ SCu2 þ SCu3 þ SCu4 Þ ,
since the ground state of the GdIII ion (8S7=2) has no contribution
from orbital angular momentum. The solid line in Figure 3
shows the calculated curve with the parameters of gGd ¼
2:00(fixed), gCu ¼ 2:11, J ¼ þ1:09 cm�1, zJ0 ¼ �0:07 cm�1,
and 0.4% of mononuclear CuII impurity, demonstrating that both
ferromagnetic intramolecular interaction within Cu4Gd core
and antiferromagnetic intermolecular interaction are essential
for the fitting.

The field dependence of the magnetization at 2.0K upto 5 T
was measured. The plots in the form of M=N� vs. H were com-
pared with the Brillouin functions calculated for possible spin
states for Cu4Gd (SCu ¼ 1=2, SGd ¼ 7=2). The experimental
curve is lower than the calculated curve of the possible highest
spin ground state S ¼ 11=2 resulting from the intramolecular

ferromagnetic coupling within the molecule of Cu4Gd and high-
er than the curve of magnetically independent four SCu ¼ 1=2
and one SGd ¼ 7=2. The temperature- and field-dependent mag-
netic data both suggest a intracore ferromagnetic interaction
and a relatively strong intermolecular antiferromagnetic inter-
action mainly operating through Naþ ion.

In conclusion, we have reported a 1D complex
{Na[(CuL)4Gd]}11 consisting of a pin-wheel-like Cu4Gd core
and Naþ ion as a connector and exhibiting intracore ferromag-
netic interaction and intercore antiferromagnetic interaction.
When the intercore magnetic interaction was tuned by the use
of a proper connector and the central GdIII ion was replaced
by anisotropic magnetic LnIII ion, the resulted compound can
be a good candidate for either a SMMs or SCMs. The study
along this line is now in progress.
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Figure 3. The temperature dependence of the magnetic suscep-
tibility of Na[(CuL)4Gd] as the plots of �MT vs. T and 1=�M vs.
T at the lower-temperature region in inset.
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