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A new hybrid-metallic complex containing mixed-valence
CuI/CuII units, [Cu4(ophen)4(Mo2O7)] (Hophen = 2-hydroxy-
1,10-phenanthroline), was hydrothermally synthesized and crys-
tallographically characterized.

In the past decades, the design and synthesis of inorganic–
organic hybrid materials have been increasingly developed.1–4

The diversity in synthetic systems is derived from the great pos-
sibility of the structural construction for both variables of inor-
ganic and organic parts. Thereinto, metal coordination chemistry
is a noticeably growing field. In this field, 1,10-phenanthroline
(phen) is a well-known motif to prepare a large range of strong
chelating ligands for various metal ions. Besides a great number
normalization complexes, a handful of so-called anomalies have
been reported in reactions of their metal complexes, such as
[M(phen)3

nþ]. Thereof the hydroxylation of phen is important
because it would be novel heterocyclic ligands capable of chelat-
ing and bridging ligation. On the other hand, owing to involving
long-distance electron transfer, the delocalized mixed-valence
Cu2 centers are important in metalloprotein systems, such as cy-
tochrome c oxidase and nitrous reductase.5–8 Thus, the discovery
of the spin-delocalized dicopper units has stimulated renewed in-
terest in mixed-valence copper chemistry. Up to now there have
been a few approaches to stablize model complexes containing
delocalized mixed-valence Cu2 centers. Recently, Chen group
reported their observation of hydroxylated phen and bpy ligands
in the two delocalized mixed-valence CuI/CuII complexes:
[Cu4(ophen)4(tp)] and [Cu4(obipy)4(tp)], and proposed a new
route to the stable mixed-valence dicopper complexes.9 But
these complexes so far reported are mostly onefold metal sys-
tem. Herein, we report the synthesis, structure and magnetic
property of a new hybrid-metallic complex [Cu4(ophen)4-
(Mo2O7)](1). To the best of our knowledge, this is the first hy-
brid-metal complex containing delocalized mixed-valence Cu2
units. The hydrothermal reaction of copper(II) nitrate, phen
and sodium molybdate led to the formation of deep brown 1 that
is air stable and insoluble in water and most organic solvents.
The IR spectrum exhibited a complex pattern of bands in the
range 700–900 cm�1, ascribed to �(Mo=O) and �(Mo–O–Mo).

The treatment of Cu(NO3)2�6H2O with Na2MoO4�2H2O
and phen in aqueous solution yields crystal suitable for X-ray
diffraction.10 Single-crystal X-ray analysis11 has revealed that
the complex 1 is centrosymmetric geometric configuration the
center of which is the oxygen atom from carboxyl group of the
molybdate dimer Mo2O7

2� (Figure 1). There are two Cu2
3þ

units that are bridged by the dimer Mo2O7
2�. It is interesting that

the two copper atoms of every unit adopt different coordination
surroundings, which are remarkably dissimilar to that found in
the mixed-valence compound [Cu4(ophen)4(tp)],

9 [Cu4(tp)3-
(4,4-bipy)2]

12 and other analogous complexes in which the two
copper adopt the same coordination geometry. A copper atom
adopts distorted quadrilateral coordination geometry and is coor-
dinated by two nitrogen atoms and an oxygen atom of a depro-
tonated hydroxy group from the ophen ligand, and by metal–
metal bond connected with another copper atom that adopts
square pyramidal coordination geometry. Alike, defined by
two nitrogen donors, an oxygen atom and a copper atom in the
basal plane, the copper atom is connected by an oxygen donor
of molybdate in the apical position. The unusually short Cu–
Cu bond length (2.4304(15) �A) with the necessity to balance
charge indicates that complex 1 is delocalized mixed-valence di-
copper(I,II) complex. The Cu(I)–Cu(II) distance in 1 is similar to
those in fully delocalized mixed-valence dicopper(I,II) com-
plexes.12–16 Through a �2-O bridge, two tetrahedral molybde-

Figure 1. ORTEP drawings of 1 with thermal ellipsoid plot
(30% probability). Selected bond lengths ( �A) and angles (�):
Cu1–O2 1.885(5), Cu1–O3 2.395(6), Cu1–N1 1.925(6), Cu1–
N2 2.064(6), Cu2–O1 1.884(5), Cu2–N3 1.903(6), Cu2–N4
2.048(6), Cu1–Cu2 2.4304(15), Mo1–O6 1.8524(8), C13–O2
1.314(8), C1–O1 1.308(9), O3–Cu1–Cu2 82.34(17), O2–Cu1–
Cu2, 92.24(15), N1–Cu2–O2 101.7(2), N1–Cu1–N2 83.0(2),
O2–Cu1–O3 86.8(2), N3–Cu2–Cu1 82.79(17), N4–Cu2–Cu1
166.31, O5–Mo1–O4 108.0(3), Mo1–O6–Mo2 180.0(17), C1–
O1–Cu2 118.5(4).
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num atoms form a dimer which play a role of �2-bridge ligand
combined a pair of the dinuclear cores to form a centrosymmet-
ric neutral tetranuclear copper complex. The bond distance be-
tween the sharing �2-O and Mo (Mo–O, 1.8524(8) �A) is obvi-
ously longer than the distance of other Mo–O (about 1.7 �A),
which indicate the two molybdenum adopting distort tetrahedral
configuration.

It should be noted that neighboring molecules are interlaced,
the Cu2

3þ dimer of a molecule inlays on the interspace of the two
Cu2

3þ dimer of another molecule (Figure 2). The closest contact
is observed between uncoordinated molybdate oxygen atoms
and the hydrogen atom belonging to the inlayed ophen. The
shortest intermolecular contact of O–H is 3.32 �A and such a con-
tact scheme has a 1-D character for the complex 1. Besides, the
adjacent aromatic rings of ophen stack in a face-to-face fashion
with a separation of about 3.54 �A, which indicates strong �–�
stacking interactions between the aromatic rings.

Other physical studies on 1 also support its mixed-valence
formulation. The diffuse reflectance UV–vis spectrum for 1
shows broad intense absorption (" ¼ 1750M�1cm�1) feature
with a maximum at �585 nm. Final and conclusive evidence
for the electronic structure of 1 comes from study of its temper-
ature-dependent magnetic susceptibility. Figure 3 shows the
temperature dependence of the �MT measured in a field of
1 T. The room-temperature �MT value of 0.33 cm3Kmol�1 is

a little lower than the spin-only value of 0.35 cm3Kmol�1 ex-
pected for one unpaired electron per dimer. As the temperature
is lowered, �MT increases gradually to a maximum 0.54
cm3Kmol�1 at 25K, This behavior of the �MT curve shows that
there exists ferromagnetic interaction in 1. However, the curve
drops abruptly below 25K, indicating that an antiferromagnetic
interaction exists in 1 at lower temperatures. The 1=�M values
obey the Curie–Weiss law between 5–260K with a Weiss con-
stant � ¼ þ0:42K, indicating that there exist predominantly fer-
romagnetic interaction in 1. According to crystal structure of 1, it
can be assumed that the magnetic behavior of 1 may be due to
the supraexchange interaction of two Cu2þ atoms through a long
pathway of Cu–O–Mo–O–Mo–O–Cu. So the magnetic couple is
weak.

In conclusion, we characterized a new hybrid-metallic com-
plex containing mixed-valence CuI/CuII units generated by hy-
drothermal metal/ligand redox reaction, which shows ferro-
mangnetic behavior. Further investigation of magnetic
properties is in progress.
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Figure 2. Packing of complex 1, along the b axis of the unit
cell. The interactions are shown by the broken lines.
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Figure 3. Plots of �MT and �M for 1 vs T measured in a field
of 1 T.
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