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Here, we report on a surfactant-thermal method to prepare four

new 3-D crystalline heterometal–organic frameworks (HMOFs).

The results indicate that our new strategy for growing crystalline

materials in surfactant media has great potential for the synthesis

of novel MOFs with various structures.

Due to their unique properties and ‘designable’ structures,
metal–organic frameworks (MOFs) have been receiving a lot of
attention in the past two decades. In fact, MOFs have already
been demonstrated to have a broad range of applications such
as gas storage and separation,1 catalysis,2 magnetism3 and
sensors.4 Generally, MOFs can be synthesized via hydrothermal
and solvothermal methods.5 However, the low boiling point and
high vapour pressure of common solvents have posed a limit-
ation on further exploring novel structures. Recently, ionic
liquids (ILs) have been considered to be greener solvents to
prepare MOF materials and other crystalline materials due to
their lower vapour pressure and higher thermal stability.6

Unfortunately, their high cost restricts their usage in large-
scale synthesis of MOFs. Thus, new synthetic strategies are
required for preparing crystalline MOFs with novel structures
and interesting properties.

Surfactants have been widely applied in controlling the
sizes and shapes of nanocrystals and the pore sizes and
phases of porous materials.7 Compared with organic solvents,
surfactants are more thermally stable and more environmen-
tally friendly. Meanwhile, the low or no vapour pressure of sur-
factants makes reactions under surfactant media available at

much higher temperatures.8 In addition, surfactants possess
more multifunctional properties than ILs, such as cationic,
anionic, neutral, zwitterionic, acidic, basic etc.9 More impor-
tantly, the low cost and industrial abundance of surfactants
make them ideal reaction media in the fabrication of func-
tional materials. Currently, most research groups employ sur-
factant media to prepare nano-materials, and it is noteworthy
that using surfactants as reaction media to grow crystalline
materials is unprecedented.10 Recently, our group has deve-
loped a new strategy for growing crystalline materials: growing
crystalline chalcogenide materials in surfactants (a surfactant-
thermal method).2c,11 Crystalline chalcogenides from zero-
dimensional (0D) clusters to three-dimensional (3D) frame-
works were successfully synthesized by using different surfac-
tants as the reaction media. Wang et al. also demonstrated
that surfactants could be used as templates in the synthesis of
crystalline zeolite frameworks with nanosized channels.12 The
Janus characteristics of surfactants that contain both hydro-
phobic groups and hydrophilic groups may efficiently increase
the solubility of metal ions and organic ligands,13 making
them perfect media for growing MOFs. To the best of our
knowledge, reports on the synthesis of crystalline MOFs by
using the surfactant-thermal method are still rare.

Heterometal–organic frameworks (HMOFs) that contain more
than one kind of metal in the frameworks are widely studied in
view of not only their impressive structural diversity but also their
versatile applications in catalysis, sensors, luminescence and mag-
netism.14 To date, only hydrothermal and solvothermal methods
have been applied to the synthesis of HMOFs. Here, we report on
the growth of crystalline HMOFs by using a surfactant-thermal
method for the first time. Four new 3D crystalline HMOFs are syn-
thesized and characterized. The magnetic properties of the
HMOFs are studied in detail. In planning the synthesis, polyethy-
lene glycol (PEG), which is widely applied in materials science
and medicine and has low toxicity, biodegradability and tunable
melting point, is used as the reaction solvent.15

M OAcð Þ2 þ BTCþ Cu NO3ð Þ2 þ py �!
160 °C

PEG400
MðBTCÞCuðpyÞ2

M¼Co;Mn;Ni; Zn
ð1Þ
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The reactions between metal acetate, copper nitrate, pyri-
dine (py) and trimesic acid (H3BTC) in PEG 400 produced four
3D structures with the formula M(BTC)Cu(py)2 (M = Co for
NTU-Z7a, Mn for NTU-Z7b, Ni for NTU-Z7c and Zn for
NTU-Z7d). It is noteworthy that when PEG 400 was replaced by
organic solvents such as methanol and N,N-dimethylform-
amide, no crystals were obtained for all the reaction systems.‡
Single crystal XRD analysis shows that NTU-Z7a crystallizes in
the orthorhombic C222(1) space group. All the cobalt atoms
displayed disordered octahedral coordinations with four car-
boxylate groups of BTC ligand as shown in Fig. 1a. The copper
atom is three-coordinated with one oxygen atom from the car-
boxylate group and two pyridine molecules. The charge of Cu
in NTU-Z7a is +1, which is derived from the charge balance of
the crystals and its T-shaped trigonal coordination mode, indi-
cating that an in situ reduction process occurred in the reac-
tion. The bond distances of Cu–N and Cu–O are 1.921 Å and
2.099 Å respectively, which are quite consistent with the
reported bond distances in the Cu(I) complex.16 There are two
crystalline independent BTC ligands in NTU-Z7a, one BTC is
coordinated with cobalt atoms via all three carboxylate groups
with μ2–η

1:η1 mode and chelating η
2 mode (Fig. 1c), while the

other BTC ligand is coordinated with cobalt atoms in μ2–η
2:η1

mode and connected with two Cu1+ atoms in μ2–η
1:η1 mode

(Fig. 1d). The BTC ligands link the Co2+ atoms to form a 3D
framework, where 1D channels with the dimensions of ca. 9.2
× 6.9 Å along the a-axis are observed (Fig. 1b). The py mole-
cules coordinated with Cu1+ atoms fill in the 1D channels. The
energy dispersive X-ray spectroscopy (EDX) analysis shows that
the molar ratio of Co and Cu is about 1 : 1, which is quite con-
sistent with the formula obtained from the crystal structure
(Fig. S3†). Details of the crystal structure and refinement data

are provided in ESI (Table S1†). The experimental powder XRD
pattern for NTU-Z7a matches very well with the simulated ones
that are generated on the basis of single crystal structure ana-
lysis, which confirmed the phase purity of the bulk materials
(Fig. 2). The HMOFs NTU-Z7b, NTU-Z7c and NTU-Z7d are iso-
structures of NTU-Z7a, which can be confirmed from the
similar single crystal unit cell parameters (Table 1) and the
match of powder XRD patterns with NTU-Z7a (Fig. 2). Due to
the similar crystal structures of the HMOFs as shown in
Table 1, only the crystal data of NTU-Z7a and NTU-Z7c were
collected and refined (Table S1†). The EDX spectra further con-
firmed that M (M = Mn for NTU-Z7b, Ni for NTU-Z7c and Zn
for NTU-Z7d) and Cu (Fig. S4–S6†) have the same ratio. TGA
analysis indicates that all of the HMOFs NTU-Z7(a,b,c,d) show
quite good thermal stability (up to 230 °C, Fig. S7†).

The magnetic susceptibilities (χM) of the HMOFs NTU-Z7a,
NTU-Z7b and NTU-Z7c were measured in the temperature
range of 2–300 K. As shown in Fig. 3, the χM of NTU-Z7a,
NTU-Z7b and NTU-Z7c obeys the Curie–Weiss law over the
whole temperature range. The calculated Curie constant (C)
and Weiss constant (θ) for NTU-Z7a, NTU-Z7b and NTU-Z7c

are 1.99 cm3 K mol−1 and −0.45 K, 1.81 cm3 K mol−1 and
−4.92 K, and 1.51 cm3 K mol−1 and −2.95 K, respectively. The
results indicate weak antiferromagnetic interactions between
the nearest magnetic Co2+ ions, Mn2+ ions and Ni2+ ions in the
HMOFs NTU-Z7a, NTU-Z7b and NTU-Z7c, respectively.

Fig. 2 The experimental powder XRD patterns for NTU-Z7a, NTU-Z7b,

NTU-Z7c and NTU-Z7d, and the simulated powder XRD patterns for NTU-Z7a.

Table 1 Cell parameters of the isostructures of the HMOF NTU-Z7

NTU-Z7a NTU-Z7b NTU-Z7c NTU-Z7d

a (Å) 12.39 12.38 12.42 12.39
b (Å) 15.74 15.79 15.58 15.83
c (Å) 19.53 19.47 19.68 19.50
V (Å3) 3810 3805 3808 3822
Data collection Yes No Yes No

Fig. 1 (a) The bi-metal cobalt cluster and its coordination with carboxylate

groups in NTU-Z7a. (b) The 1D channel formed in NTU-Z7a along the a-axis.

(c) The coordination of BTC ligand with cobalt atoms in NTU-Z7a. (d) The

coordination of BTC ligand with both cobalt and copper atoms in NTU-Z7a.

C, N, O, Co and Cu atoms are shown in gray, blue, red, purple and yellow,

respectively. H atoms were removed for clarity.
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Conclusions

In conclusion, four new 3D crystalline HMOFs have been suc-
cessfully synthesized and characterized via a surfactant-
thermal method. Magnetic studies of HMOFs show that there
are weak antiferromagnetic interactions between the nearest
magnetic Co2+ ions, Mn2+ ions and Ni2+ ions in NTU-Z7a,
NTU-Z7b and NTU-Z7c, respectively. The results indicated that
our new strategy for growing crystalline materials by using a
surfactant-thermal method has great potential for the syn-
thesis of novel MOFs with various structures.
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solved by direct methods and refined with the aid of a SHELXTL program

package. All hydrogen atoms were calculated and refined using a riding model.
The CCDC numbers for NTU-Z7a and NTU-Z7c are 932108 and 932109,
respectively.
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