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The hydrothermal reaction of CuII salts with 1,2,4-triazole (Htrz) in aqueous ammonia yielded a novel metal−
organic framework {[Cu3(µ3-O)(µ3-trz)3(OH)(H2O)6]}n (1), which was characterized by single-crystal X-ray diffraction,
X-ray powder diffraction, thermogravimetric analysis, IR, and variable-temperature magnetic susceptibility. It crystallizes
in cubic, space group Fd3hc with a ) 24.644(3) Å, V ) 14967(3) Å3, and Z ) 96. Its framework is the first 3D
structure using coordinative interactions constructed via trinuclear triangular CuII secondary building units, in which
both CuII ions and trz ligands act as three-connected nodes to form a 6.82 net. An overall antiferromagnetic behavior
was found in the compound.

Introduction

Metal-organic framework (MOF) coordination polymers
have attracted tremendous attention because of their intrigu-
ing molecular topologies, their potential uses such as in ion
exchange and adsorption, and their catalytic, fluorescence,
and magnetic properties.1,2 One of the most effective ap-
proaches to synthesizing MOFs is hydrothermal assembly
by incorporating appropriate metal ions (connectors) with
multifunctional bridging ligands (linkers).3 The considerable
amount of interest in Cu atoms was mainly due to the fact
that Cu is an essential bioelement responsible for numerous
catalytic processes in living organisms, where it is often
present in polynuclear assemblies,4 and to exploration of
magnetostructural correlations resulting from the mutual

interaction among CuII centers.5 Recently, it had been shown
that Cu ions and N1,N2-bridged ligands [pyrazole, 1,2,4-
triazole (Htrz), and their derivatives] form a trinuclear
triangular Cu3X core (X) µ3-O, µ3-OH, µ3-Cl, µ3-Br), which
exhibited catalytic activity6a and interesting magnetic
properties.6b-f Though the MOFs based on trimeric secondary
building units (SBUs) were reported recently with ZnII,7a

CrIII ,7b FeIII ,7c and CdII,7d the arrangement of trinuclear
triangular CuII clusters as SBUs into multidimensional MOFs
is an interesting work, and up to now, only two papers have
been written concerning the use of coordination interactions
to form 1D6f,8 and 2D networks.8 Therefore, it remains a great
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challenge to prepare new trinuclear triangular CuII-based solid
materials with high-dimensional structures.9

On the other hand, Htrz has gained great attention as a
ligand to transition metals by the fact that it unites the
coordination geometry of both pyrazoles and imidazoles
and, in addition, exhibits a strong and typical property of
acting as a bridging ligand between two metal centers.10a

Using substituted Htrz’s as linkers, we explored a series
of triazolecadmium(II) coordination polymers at room
temperature.10b-d Herein we report the hydrothermal synthesis
and characterization of a novel 3D coordination polymer
{[Cu3(µ3-O)(µ3-trz)3(OH)(H2O)6]}n (1), whose framework is
constructed by trinuclear triangular CuII secondary building
units.

Experiment Section

Preparation. {[Cu3(µ3-O)(µ3-trz)3(OH)(H2O)6]}n (1).A mixture
of Htrz (5 mmol, 0.32 g), CuSO4‚5H2O (5 mmol, 1.25 g), and
aqueous ammonia (25%, 10.0 mL) was refluxed for 1 h and then
was put in a 15-mL acid digestion bomb and heated at 180°C for
3 days. A clear blue solution was obtained, and the crystal products
were collected after allowing the solution to reach room temperature
over several weeks, yielding 81% (based on CuII salts). Elem anal.
Calcd for 1: C, 13.44; H, 3.58; N, 23.51. Found: C, 13.11; H,
3.62; N, 23.78. ICP: Cu 34.88% (calcd 36.03%). IR (KBr):ν
3423s, 1637m, 1511m, 1400m, 1294w, 1172m, 1101m, 1001w,
668m cm-1.

Characterization. Elemental analyses (C, H, and N) were
performed on a Perkin-Elmer 240 CHN elemental analyzer. The
metal content of the complex was carried out using an inductively
coupled plasma (ICP) atomic emission spectroscopy (AES) spec-
trometer. IR spectra were recorded in the range 400-4000 cm-1

on a Bruker TENOR 27 spectrophotometer using a KBr pellet.
Thermogravimetric analysis (TGA) experiments were performed
on a NETZSCH TG 209 instrument with a heating rate of 10°C
min-1. Powder X-ray diffraction (PXRD) measurements were
recorded on a D/Max-2500 X-ray diffractometer using Cu KR
radiation. Variable-temperature magnetic susceptibilities were
measured on a Quantum Design MPMS-7 SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all
of the constituent atoms (-79.8× 10-6 emu mol-1).

Crystal Structure Determination. Diffraction intensities for1
were collected on a computer-controlled Bruker SMART 1000 CCD
diffractometer equipped with graphite-monochromated Mo KR
radiation with a radiation wavelength of 0.71071 Å by using the
ω-scan technique. Lorentz polarization and absorption corrections
were applied. The structures were solved by direct methods and
refined with a full-matrix least-squares technique using theSHELXS-
97 and SHELXL-97programs.11 Anisotropic thermal parameters
were assigned to all non-H atoms. The organic H atoms were

generated geometrically; the H atoms of the water molecules were
located from difference maps and refined with isotropic temperature
factors. Analytical expressions of neutral-atom scattering factors
were employed, and anomalous dispersion corrections were incor-
porated. The crystallographic data and bond lengths and angles for
1 are listed in Tables 1 and 2, respectively. The CCDC reference
number is 282738. The data can be obtained free of charge upon
application to CCDC, 12 Union Road, Cambridge CB21EZ, U.K.
[fax (+44) 1223-336-033; e-mail deposit@ccdc.cm.ac.uk].

Results and Discussion

It is noted that hydrothermal synthesis in aqueous ammonia
was rarely performed in previous research. In this contribu-
tion, a 3D MOF with high yield was obtained by employing
such conditions. The as-synthesized samples are blue cubic-
shaped crystals, which are stable in air and insoluble in
common solvents. The crystals exhibit large solubility in
aqueous ammonia (25%) and can recrystallize from the
resulting solution. The existence of the aqueous ammonia
during the synthesis of the 3D MOF played an important
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Table 1. Crystal Data and Structure Refinement Information for1

compound 1

formula C2H5.34CuN3O2.67

fw 177.64
temp (K) 293(2)
cryst size (mm3) 0.46× 0.34× 0.28
cryst syst cubic
space group Fd3hc
a (Å) 24.644(3)
b (Å) 24.644(3)
c (Å) 24.644(3)
R (deg) 90
â (deg) 90
γ (deg) 90
V (Å3) 14967(3)
Z 96
limiting indices -32 e h e 25

-32 e k e 30
-32 e l e 28

F(000) 8513
F (Mg/m3) 1.892
abs coeff (mm-1) 3.433
data/restraints/param 757/0/53
GOF 1.170
R1a [I ) 2σ(I)] 0.0388
wR2a (all data) 0.1144

a R1 ) ∑||Fo| - |Fc||/|Fo|; wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.

Table 2. Bond Lengths (Å) and Angles (deg) for1a

Cu(1)-O(1) 1.9564(5) Cu(1)-N(1) 1.970(3)
Cu(1)-N(1)A 1.970(3) Cu(1)-N(2)B 1.997(3)
O(1)-Cu(1)C 1.9563(5) O(1)-Cu(1)D 1.9563(5)
N(1)-C(1) 1.316(4) N(1)-N(1)E 1.364(5)
N(2)-C(1)E 1.346(4) N(2)-C(1) 1.344(4)
N(2)-Cu(1)F 1.997(3)
O(1)-Cu(1)-N(1) 89.00(7) O(1)-Cu(1)-N(1)A 89.00(7)
N(1)-Cu(1)-N(1)A 178.01(15) O(1)-Cu(1)-N(2)B 180.0
N(1)-Cu(1)-N(2)B 91.00(7) N(1)A-Cu(1)-N(2)B 91.00(7)
Cu(1)C-O(1)-Cu(1) 120.0 Cu(1)C-O(1)-Cu(1)D 120.0
Cu(1)-O(1)-Cu(1)D 120.0 C(1)-N(1)-N(1)E 106.56(17)
C(1)-N(1)-Cu(1) 132.8(2) N(1)E-N(1)-Cu(1) 120.45(8)
C(1)E-N(2)-C(1) 103.4(3) C(1)E-N(2)-Cu(1)F 128.20(17)
C(1)-N(2)-Cu(1)F 128.20(17) N(1)-C(1)-N(2) 111.7(3)

a Symmetry transformations used to generate equivalent atoms: A,z +
3/4, -y + 1, x - 3/4; B, -z + 1, x - 1/4, y - 1/4; C, -z + 3/4, -x + 5/4, y
- 1/2; D, -y + 5/4, z + 1/2, -x + 3/4; E, -x + 3/2, -z + 1/2, -y + 1/2; F,
y + 1/4, z + 1/4, -x + 1.
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role as the solvent for the compound, which allows for the
possibility of formation of single crystals. Considering the
structure, we suppose that hydrothermal synthesis helped with
the formation of trinuclear triangular CuII SBUs in solution.
The 3D crystals were formed via self-assembly of these
SBUs during slow evaporation of the solution.

Single-crystal analysis reveals that1 contains trinuclear
triangular CuII SBUs, which are further linked via triazolatos
to form a 3D MOF. As shown in Figure 1, the SBU of1
consists of a planar Cu3(µ3-O) core supported by bridging
N1,N2-triazolatos, while N4-triazolates complete the square-
planar coordination of the Cu atoms. The disordered water
molecules weakly coordinate to CuII ions with distances of
2.568 and 2.747 Å. The [Cu3(µ3-O)(µ3-trz)3] unit has 3-fold
symmetry. The Cu3(µ3-O) moiety is trigonal planar with a
Cu-O distance and a Cu-O-Cu angle of 1.9561(5) Å and
120.0°, respectively, providing the Cu‚‚‚Cu distance of 3.388
Å. The shortest Cu‚‚‚Cu distance between neighbor trinuclear
SBUs is 6.022 Å.

The arrangement of four trinuclear triangular CuII SBUs
generates a molecular cage (Figure 2), which can be
considered as tertiary building units (TBUs).7b The cage
consists of four six-membered rings (made of six N1,N4-
bridged triazolatos and six Cu atoms) and six four-membered
rings (made of four N1,N4-bridged triazolatos and four Cu
atoms). The overall 3D MOF of1 is built up by a series of
these TBUs (Figure 3). OH- anions are far away from CuII

centers, and the nearest distance between two neighbor OH-

anions is 2.952 Å.1 is the first report of a 3D structure using
coordinative interactions constructed via trinuclear triangular
CuII units and the first example in which the triply bridging
character of triazolato ligands leads to a 3D coordination
structure.

In the coordination network of1, both trz and CuII act as
three-connected nodes and the topology of the MOF can be
represented as a unique 6.82 net, as shown in Figure 4. A
number of topologies of special crystal networks were
illustrated, which are now known (or were shown by Wells)
to be displayed by real crystal structures.12 While the

trinuclear triangular CuII SBU can be considered as a node,
each node is six-connected and the topology of the MOF
for 1 can be represented as a (4,6) uniform net.

(12) (a) Wells, A. F.Three-dimensional Nets and Polyhedra; Wiley-
Interscience: New York, 1977. (b) Wells, A. F.Further Studies of
Three-dimensional Nets; ACA Monograph 8; American Crystal-
lographic Association: Buffalo, NY, 1979. (c) Hill, R. J.; Long, D.-
L.; Champness, N. R.; Hubberstey, P.; Schro¨der, M.Acc. Chem. Res.
2005, 38, 337.

Figure 1. ORTEP drawing of the coordination unit in1. H atoms were
omitted for clarity. Color code: red, O; cyan, Cu; gray, C; blue, N; white
dotted line, a weak Cu-O coordination bond.

Figure 2. (a) Perspective view of the molecular cage in1 (H atoms and
guest molecules are omitted for clarity). (b) Four-membered ring. (c) Six-
membered ring. Color code: cyan, Cu; blue, N; gray, C; red, O.

Figure 3. Perspective view of the 3D MOF of1 along thec direction.
Color code: cyan, Cu; blue, N; gray, C; red, O. H atoms are omitted for
clarity.
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TGA (Figure 5) showed 21.1% weight loss between room
temperature and 140°C for 1, in agreement with the
corresponding calculated values of 20.2%, due to the loss
of water molecules. The relatively low temperature for loss
of water molecules exhibits their weak coordination. Then
the continuous weight losses from 140 to 500°C correspond
to the continuous decomposition of trz ligands and anions.

The simulated and experimental PXRD patterns of1 are
shown in Figure 6. They are in good agreement with each
other, which proves the phase purity of the as-synthesized
product. To check the porosity, the as-synthesized crystalline
solid was placed in a high-vacuum oven at 120°C for 6 h
with a 21.32% weight loss to obtain the evacuated solid. In
the PXRD pattern of the evacuated solid, the main sharp
diffraction peaks slightly shift to higher 2θ values and the
noticeable diffraction intensity decreases compared with
those of the as-synthesized solid. This fact shows that a
certain structural change or distortion occurs after removal

of the water molecules. The conjecture was further justified
by the PXRD pattern of the evacuated solid after soaking in
water for 10 h, in which the peak positions and their
intensities are nearly coincident to those observed for the
as-synthesized solid. The whole cycle can be repeated several
times without a significant loss of crystallinity of the material.

The magnetic susceptibilities of1 were measured in the
temperature range from 2 to 300 K under an applied magnetic
field of 5 kOe (Figure 7). TheøMT value is 0.687 cm3 K
mol-1 at 300 K, which is much lower than the value expected
for three independent CuII ions. As theT is lowered,øMT
decreases, reaching values of 0.440 cm3 K mol-1 at 147 K,
which correspond to the spin-only value of 0.437 cm3 K
mol-1 for one unpaired electron withg ) 2.11. This behavior
indicates a quite strong antiferromagnetic interaction between

Figure 4. Perspective view of the topology of a 6.82 uniform net. Color
code: cyan, Cu; red, trz.

Figure 5. TGA curve of1.

Figure 6. PXRD patterns of simulated (a), 120°C (b), rehydrated (c),
and as-synthesized (d) samples of1.

Figure 7. Thermal dependence of theøMT (O) curves for compound1.
Continuous lines correspond to the best least-squares fit.
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the CuII ions, with an unpaired electron per Cu3 unit in the
ground state. The value oføMT keeps on decreasing as the
temperature is lowered, reaching the value of 0.024 cm3 K
mol-1 at 2 K. The magnetic behavior of1 must be dominated
by the presence of two magnetic exchange pathways, one
resulting from the Cu-N-N-Cu together with Cu-O-Cu
bridges in the trinuclear core and the other from the triazolate
bridges that link the two adjacent trinuclear cores. With
respect to the superexchange magnetic coupling through these
bridges, to date, the available magnetic data for complexes
based on this type of bridge indicate strong anitferromagnetic
coupling for the former6 and relatively weak coupling for
the latter.13

From a structural viewpoint, the title compound exhibits
a 3D framework, but keeping in mind the capacity of the
bridges to transmit magnetic interactions and the overall
appearance of theøMT curve, we tried to fit the experimental
magnetic data by using the equation for a trinuclear CuII

complex. In the trinuclear SBU, the three metal ions are
structurally equivalent, and so thatJ1 ) J2 ) J3 ) J, the
spin Hamiltonian in eq 1 will describe the interactions of
the spins.

From this Hamiltonian, a solution of the magnetic suscep-
tibility may be derived as follows:

whereN, g, â, k, andT have their usual meanings. Because
of further assembly of the SBUs into a 3D MOF, the

interaction between trinuclear units in1 was introduced as
eq 3,14 wherez is 6.

A relatively good fit could be achieved (solid lines in Figure
7) over the whole experimental curve with the parameters
J ) -112.5 cm-1, g ) 2.11, j′ ) -11.6 cm-1, and R )
0.011{R ) ∑[(øM)obs - (øM)calc]2/[(øM)obs]2}. The negative
coupling constantJ andj′ confirms the existence of a strong
antiferromagnetic exchange within1. For further research,
one needs to understand that the value of-112.5 cm-1 in 1
is considerably lower than theJ value reported for [PPN]2-
[Cu3(µ3-O)(µ-pz)3Cl3].6c Even if the fit is not completely
satisfactory, the calculatedJ andj′ value is in good agreement
with the structural characteristics, and it can be considered
as a relatively good approximation.

Conclusion

In conclusion, hydrothermal synthesis in aqueous ammonia
was performed, and the first example of a 3D MOF using
coordinative interactions constructed via trinuclear triangular
CuII SBUs was isolated. The MOF shows a three-connected
6.82 topology, while the SBUs as nodes provide a (4,6)
uniform net. Complex1 shows that 1,2,4-triazolato has a
strong tendency to bridge metal ions through its three N
atoms to have the capablility of providing a strong antifer-
romagnetic interaction between metal ions.
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H ) -J(S1‚S2 + S2‚S3 + S1‚S3) (1)

(øM)tri ) (Nâ2g2/4kT)[1 + 5 exp(3J/2kT)]/

[1 + exp(3J/2kT)] + NR (2)

øM ) (øM)tri/[1 - (2zj′/Nâ2g2)(øM)tri] (3)
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