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Two three-dimensional (3D) malonate bridged networks, [Cu(mal)-
(DMF)]n (1) and {[Cu(mal)(0.5pyz)]‚H2O}n (2), have been synthe-
sized in H2O−DMF solution. Compound 1 exhibits ferromagnetic
ordering below 2.6 K (Tc), and 2 displays a metamagnetic behavior
below 3.2 K (TN).

The construction of multidimensional magnetic materials
with magnetic ordering is one of the major challenges in
magnetochemistry.1 Malonate (dianion of malonic acid,
hereafter noted mal), a flexible bridging ligand, is widely
used for designing polynuclear metal complexes with
interesting magnetic properties;2-12 among them, mal bridged
copper(II) complexes show a wide variety of molecular
architectures.7-12 However, no long-range magnetic ordering
has been observed in any mal bridged coordination polymer,

which may arise from the lack of strong three-dimensional
magnetic coupling. Here we report two three-dimensional
(3D) mal bridged copper(II) compounds, [Cu(mal)(DMF)]n

(1) (DMF ) N,N-dimethylformamide) and{[Cu(mal)-
(0.5pyz)]‚H2O}n (2) (pyz) pyrazine); they represent the first
two examples of magnetic ordering in mal-bridged com-
plexes.

Compounds1 and 2 were synthesized in H2O-DMF
solution (see Supporting Information). The X-ray single
crystal structure analysis of1 reveals a chiral 3D open
framework.13 As shown in Figure 1a, Cu1 exhibits a distorted
CuO5 square pyramidal geometry. The basal plane is well
defined by O1, O3, O5, and O4b with Cu-O distances
ranging from 1.927(3) to 1.972(3) Å; the apical position is
occupied by O2a with Cu1-O2a ) 2.243(3) Å. Cu1 is
connected to Cu1b and Cu1d through carboxylate bridges
in syn-anti configurations with Cu‚‚‚Cu distances of 4.861
Å; the dihedral angle between the basal planes of adjacent
copper atoms is 97.38°. Cu1 is also connected to other two
Cu atoms (Cu1a and Cu1c) by carboxylate inanti-anti
conformations with Cu‚‚‚Cu separations of 6.099 Å; the
dihedral angle between the basal planes of adjacent copper

* To whom correspondence should be addressed. E-mail: gaosong@
pku.edu.cn (S.G.); bhtclau@cityu.edu.hk (T.-C.L).

† Peking University.
‡ City University of Hong Kong.

(1) Kahn, O.Molecular Magnetism; VCH: Weinheim, 1993.
(2) Muro, I. G.; Insausti, M.; Lezama, L.; Urtiaga, M. K.; Arriortua, M.

I.; Rojo, T. J. Chem. Soc., Dalton Trans. 2000, 3360.
(3) Muro, I. G.; Insausti, M.; Lezama, L.; Pizarro, J. L.; Arriortua, M. I.

Rojo, T. Eur. J. Inorg. Chem.1999, 935.
(4) Maji, T. K.; Sain, S.; Mostafa, G.; Lu, T.; Ribas, J.; Monfort, M.;

Chaudhuri, N. R.Inorg. Chem.2003, 42, 709.
(5) Hernández-Molina, M.; Lorenzo-Luis, P.; Ruiz-Pe´rez, C.; López, T.;
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atoms is 97.38°. Thus, each Cu atom is bridged to four other
Cu atoms by mal, forming a 3D diamond-like network as
shown in Figure 1b.

The crystal structure of2 is the same as the one that was
very recently reported while we were preparing this paper13,14

(Figure S1). Nevertheless, its unique 3D topological archi-
tecture, shown in Chart 1, is worth mentioning. Each Cu
atom is five-connected with four mal bridged Cu atoms and
one pyz bridged Cu atom. If the pyz bridges are omitted,
the four-connected network can be viewed as a metal-apex
3D honeycomb-like structure froma or b axis, which is quite
rare compared with other 3D four-connected diamond or
NbO coordination polymers,15 and is reminiscent of the five-
connected Cu net in ref 16. In each nonplanar honeycomb

layer, each Cu atom is connected with one Cu in asyn-anti
mode (a), and to two other Cu atoms in asyn-anti mode
(b), with Cu‚‚‚Cu distances of 4.847 and 5.279 Å, respec-
tively. Half Cu atoms of adjacent two honeycomb layers are
connected by mal insyn-anti mode (a), forming nonplanar
quadrangles with each edge of 4.847 Å. The dihedral angles
between the basal planes of adjacent copper atoms are
100.27° and 110.78°, for syn-anti mode (a) andsyn-anti
mode (b) connections, respectively. The Cu‚‚‚Cu separation
spaced by pyrazine bridge between the layers is 6.846 Å.

Temperature dependence of the magnetic susceptibilityøM

of 1 was measured in a magnetic field of 10 kOe (Figure
S2). TheøMT value at room temperature is 0.407 cm3 mol-1

K, which increases smoothly upon cooling to ca. 20 K and
then sharply reaches a maximum value of 1.2 cm3 mol-1 K
at ca. 2.4 K. The magnetic susceptibility in the range 20-
300 K obeys the Curie-Weiss law with Curie constantC )
0.389(7) cm3 mol-1 K, and a positive Weiss constantθ of
7.9(1) K, which indicates the presence of ferromagnetic
coupling between Cu ions. The temperature dependence of
the magnetization measured in a low field of 200 Oe shows
an abrupt increase inM at ca. 2.4 K (Figure 2a), suggesting
an onset of long-range ferromagnetic ordering. The ac
magnetic susceptibility (inset of Figure 2a) confirms the
appearance of magnetic ordering, and the critical temperature
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Figure 1. (a) ORTEP drawing of1 (a ) -1 + y, 1 - x, -0.25+ z; b )
1 - y, x, 0.25+ z; c ) 1 - y, 1 + x, 0.25+ z; d ) y, 1 - x, -0.25+ z);
hydrogen atoms are omitted for clarity. (b) Projection of1 showing the
diamond-like structure based on the topology of Cu-Cu connections.

Chart 1

Figure 2. (a) Temperature dependence of magnetization of1 measured
at 200 Oe. Inset: real (øM′) and imaginary (øM′′) ac magnetic susceptibilities
in zero applied dc field and an ac field of 2 Oe at different frequencies
(199, 355, 633, 1111 Hz) for1. (b) Field dependence of magnetization for
1 at 1.83 K (inset: magnetic hysteresis loop at 1.82 K for1).
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Tc ) 2.6 K is determined by the peak of d(øM′T)/dT or the
appearance of nonzeroøM′′. The weak frequency dependence
of øM′′ suggests a degree of glassy behavior. The magnetiza-
tion at 1.83 K (Figure 2b) increases very rapidly in low field,
as expected for a magnet, and reaches 1.0 Nâ/mol at 70 kOe,
which corresponds to the theoretical saturation value forS
) 1/2, g ) 2.0. Furthermore, a characteristic hysteresis loop
is observed at 1.82 K with a remanent magnetization (Mr)
of 0.18 Nâ/mol and a coercive field (Hc) around 28 Oe (inset
of Figure 2b). These results are all indicative of an ordered
ferromagnetic state.

The magnetic susceptibility of2 in the range 70-200 K
obeys the Curie-Weiss law with Curie constantC )
0.372(1) cm3 mol-1 K (Figure S3), the positive Weiss
constant θ of 12 K suggests an overall ferromagnetic
interaction between Cu ions, which is consistent with the
reported data (5-300 K) in ref 14. However, theøM-T plot
(Figure 3) shows a cusp around 3.3 K at a field lower than
30 kOe, which disappears at high field. This indicates an
antiferromagnetic (AF) ground state, and a transition from

AF to ferromagnetic state occurs when the applied field is
large enough below 3.3 K. The temperature dependence of
the ac magnetic susceptibility verifies the AF transition at
ca. 3.2 K (TN) and the absence of frequency dependence
(Figure S4). The field dependence of magnetization at 1.80
K shown in Figure 3b shows a sigmoidal shape, characteristic
of a metamagnetic behavior. The critical field for such a
metamagnetic transition is approximately 30 kOe at 1.80 K
(Figure S5).

In general, carboxylate bridges insyn-anti configuration
promote ferromagnetic coupling, while those inanti-anti
conformation favor antiferromagnetic coupling.2-12 In the
case of1, the Cu‚‚‚Cu distance throughsyn-anti mal is
shorter than that throughanti-anti mal, suggesting that
ferromagnetic interaction dominates over AF in1. When the
malonate bridges extend to all three directions of space, long-
range ferromagnetic ordering occurs. In the case of2, the
overall magnetic behavior is ferromagnetic above 5 K as
stated in ref 14 and is verified in this work. On the basis of
the Cu‚‚‚Cu distances and the dihedral angles between the
basal planes of adjacent copper atoms through different
bridges (syn-anti-a,syn-anti-b, pyz), the magnetic coupling
through shortsyn-anti-a OCO should be ferromagnetic, and
the strongest one, the coupling via longsyn-anti-b OCO,
might be weak ferro- or antiferromagnetic, while the
magnetic interaction mediated by pyrazine bridges should
be weak AF in character. At very low temperatures, the AF
interactions must be considered. It is the weak AF coupling
that yields a weak three-dimensional AF ordering state below
3.2 K. This weak AF interaction can be overcome by a large
applied field to give a ferromagnetic state.
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Figure 3. (a) Temperature dependence ofø measured in applied field at
1 kOe (0), 10 kOe (O) and 30 kOe (4) of 2. (b) Magnetization versusH
measured at 1.80 K (0) and 3.10 K (O) for 2.
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