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In this work, we report a multi-component MOF [CuCe L(Cl4-bdc)0.5(H2O)2·(H2O)6]n (L = 1H-pyrazole-

3,4,5-tricarboxylic acid, Cl4-bdc = 2,3,5,6-tetrachloroterephthalate) with a pillar-layered structure. In the

structure, the polydentate ligand (L) linked CuII and CeIII atoms constitute 3d–4f layers that serve as the

pedestal base and the chlorinated Cl4-bdc ligands acting as bolsters are installed between the layers

through CeIII. The moderate pore size and the unique chloride decorated surface of channels endow this

MOF with excellent separation ability for methane (CH4) and nitrogen (N2). According to the adsorption

tests, this MOF exhibits a high adsorption capacity for CH4 (28.41 cm3/cm3) at 298 K and 1 bar, while the

N2 adsorption capacity is only 3.43 cm3/cm3. The DFT calculations demonstrate that the adjacent Cl4-

bdc in the network can act as “gas pockets” or nano traps to immobilize the CH4 molecules effectively

through multiple interactions between Cl atoms and CH4. The high performance of this MOF in CH4/N2

separation has been verified by the outstanding IAST selectivity of 13.32 and breakthrough experiments.

This work provides a new perspective for capturing CH4 from coal-mine gas to recover fuel and reduce

greenhouse gas emissions.

Due to the rapid consumption of fossil fuels, energy and
environmental problems have to be solved urgently in this
century. Conventional natural gas (mainly composed of
methane) is considered to be an ideal alternative to petroleum
fuels because of its abundance and cleanliness.1

Unconventional natural gas (such as coal bed methane (CBM),
landfill gas, and shale gas) also produces a large amount of
methane, which is an excellent complement to conventional
natural gas.2 Currently, due to the lack of suitable purification
methods, a large amount of methane is introduced into air,
which not only brings about a serious greenhouse effect (21
times that from CO2) but also causes a waste of energy.3

Therefore, utilization of this low-quality natural gas is extre-
mely important. Generally, in unconventional natural gas, the
concentration of nitrogen (N2) is much higher than that of

methane (e.g. the methane concentration in CBM is less than
30%), which limits its direct utilization.2,3 So, the separation
of CH4/N2 mixtures to obtain high purity methane has impor-
tant industrial value. Currently, the prevalent industrial
approach to separate methane from CH4/N2 mixtures is cryo-
genic distillation (boiling point: 112 K for CH4 and 77 K for
N2) which is not only an energy-intensive process but also a
burden to the environment.4 Thus, a cost- and energy-efficient
CH4/N2 separation process is urgently desired.

Compared with traditional cryogenic distillation methods,
adsorbent-based gas adsorption using porous materials is an
economical and energy-efficient method.5 Many traditional
porous materials, such as zeolites and porous carbons, have
been extensively studied for CH4 purification.6–12 Although
these kinds of porous material adsorbents have been widely
reported and have exhibited prominent adsorption separation
performance toward CH4/N2 mixtures, their selectivity and
yields are still low. The main reason is the similar physical pro-
perties of CH4 and N2, including polarizability and kinetic dia-
meters (3.8 Å for CH4 and 3.64 Å for N2).

13–23 As a new class of
crystalline porous materials, metal–organic frameworks
(MOFs) featuring diverse structures, programmable topology,
and tailorable and modifiable porosity offer an ideal platform
for gas adsorption and separation.3,24–26 Besides, the crystal-
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line nature of MOFs also provides an opportunity to investigate
the gas adsorption mechanisms. Up to now, various methods
have been used to improve the separation performance of
CH4/N2 in MOF systems including the design and synthesis of
new structures, decorating with functional groups, composit-
ing with other materials etc. By using these methods, although
the interaction between CH4 and frameworks has been
improved, the adsorption and separation performances are
still unsatisfactory.18,20,27,28 Inspired by the vital effect of R–
H⋯X (X = heteroatoms in MOFs) interaction in hydrocarbon
(alkene and alkane, alkene and alkyne) separation,29–34 dec-
orating heteroatoms in the inner wall of channels or frame-
works might endow the frameworks with a stronger binding
effect for CH4. Besides, considering the non-polar nature of
CH4 molecules, anchoring heteroatoms to specific sites (e.g.
cages or nanopores) using the inherent confinement effect to
enhance the host framework–guest CH4 molecule interaction
might be a promising protocol (Scheme 1).

In this work, a novel pillar-layered MOF [CuCeL(Cl4-
bdc)0.5(H2O)2 (H2O)6]n (1) (L: 3,4,5-pyrazoletricarboxylate; Cl4-
bdc: 2,3,5,6-tetrachloroterephthalate) has been constructed
successfully. In this structure, L connected CeIII and CuII

atoms form 3d–4f layers, while the Cl4-bdc ligands which act
as pillars are installed between layers through CeIII to form the
3D-pillar-layered framework with obvious 1D channels (9.0 Å ×
9.5 Å) along the a-axis. On the sides of the channels, a large
number of small hallways constructed by the adjacent Cl4-bdc
ligands were formed (5.0 Å × 7.0 Å × 9.5 Å). According to the
result of DFT calculation, due to the synergistic effect between
the confinement effect and abundant C–H⋯Cl interactions in
these small hallways, the methane molecules can be trapped
in these confined spaces effectively. As a result, 1 presents a
high adsorption capacity for CH4 (28.41 cm3/cm3 at 298 K) and
a high IAST selectivity of 13.32 for CH4/N2 separation.

Single-crystal X-ray diffraction study on a suitable single
crystal of [CuCeL(Cl4-bdc)0.5(H2O)2·(H2O)6]n at 298 K revealed
that 1 crystallizes in the triclinic space group P1̄ (Table S1†)
with high densities of 2.145 g cm−3 and 1.700 g cm−3 for the
complex and the activated framework, respectively. The asym-
metric unit cell has one CeIII, one CuII, one L ligand, half Cl4-
bdc ligand, two coordinated water molecules and six free water
molecules (Fig. S1†). As shown in Fig. 1a, each Cu ion presents

a pyramidal coordination geometry: two Cu1 are chelated by
two L ligands to form a Cu2N4O4 coordination plane, in which
N1, O3, and N2iii, O8iii are assigned to two L ligands, respect-
ively. The axial positions of each Cu ion are occupied by one
water molecule (O10). In this manner, two Cu ions (Cu1 and
Cu1iii) are bridged by two L ligands forming a Cu2L2 plane
(Fig. 1a, Table S2†). The residual carboxyl oxygen atoms in L are
coordinated to six Ce ions in the chelating mode to form the
3d–4f Cu–Ce layer (Fig. 1b). In this layer structure, each CeIII ion
is coordinated with five oxygen atoms which can be assigned to
three L ligands (O4, O5, O6, O7) and a water molecule (O9),
respectively. However in the perpendicular direction of the layer,
each CeIII ion is coordinated with four oxygen atoms which
come from two Cl4-bdc ligands (O1 and O2) (Fig. 1c and S2†).
Consequently, the Cl4-bdc ligands serve as pillars to sustain the
neighbouring 3d–4f layers into a 3D framework with 1D open
channels along the a and c axes (Fig. 2a–c).

As shown in Fig. 2a, the framework of 1 has moderate 1D
channels with a rectangular cross-section in dimensions of 9.0
× 9.5 Å along the a-axis. The chlorinated Cl4-bdc ligands which
serve as pillars are located on either side of the channels and
provide a large number of chloride atoms on the inner wall of
channels. Besides, between the two neighbouring CuII–CeIII

layers, the adjacent Cl4-bdc ligands also form small cavities or
confined spaces in dimensions of 9.5 × 7.0 × 5.8 Å which are
vertically distributed on both sides of the one-dimensional
channel (Fig. 2c). Due to the narrow size of these cavities and
abundant chlorine binding sites, various gas molecules with a

Scheme 1 Schematic representation of the 1D channels and gas
pockets in this pillar-layered MOF.

Fig. 1 (a) Coordination modes and linkage of the Cu ions and L ligands.
(b) The 3d–4f Cu–Ce layer bridged by L ligands. (c) Coordination modes
of bridging Cl4-bdc ligands. Symmetry codes: i 2 − X, 1 − Y, 1 − Z; ii 1 +
X, +Y, +Z; iii 1 − X, 1 − Y, −Z; iv −1 + X, +Y, +Z; v 2 − X, 2 − Y, 1 − Z; vi+X, 1
+ Y, +Z; vii 3 − X, 1 − Y, 1 − Z; viii 2 + X, +Y, +Z; ix −1 + X, +Y, −1 + Z; x 2 −
X, 1 − Y, −Z.
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small size could access the cavity and be trapped within these
“gas pockets”. In addition, PLATON analysis shows that the
effective free volume of 1 can reach up to 43.3% of the crystal
volume after squeezing out free water molecules.35 To further
investigate the structure, the topological simplification of the
structure was carried out. As shown in Fig. 2d, the Cu2L2 units
which connected to six CeIII ions can be viewed as six con-
nected nodes, while the Cl4-bdc ligands which coordinated
with four CeIII ions can be viewed as four-connected nodes.
The CeIII ions could be viewed as five-connected nodes.
Finally, the whole framework can be simplified as a 4,5,6-con-
nected topological network using the Schläfli notation
{42;84}20{48;62}2{4

6;66;83}.36–38

Due to the moderate pore size, large porosity, and exposed
halogen atoms in specific cavities, this MOF may have a
special interaction with some gas molecules and is beneficial
in the field of adsorption and separation. Before the adsorp-
tion investigation, the purity of 1 and the rigidity of the frame-
work were verified by PXRD and IR under different conditions
(Fig. 3a and Fig. S3†). The PXRD data reveal that all diffraction

peaks in the experimental patterns match well with the simu-
lation, suggesting the high purity of the synthesized sample.
Furthermore, the PXRD patterns of the samples which were
immersed in H2O, acetonitrile, and DMF solutions for
24 hours are also consistent with those obtained by simu-
lation. Even for the sample activated at 146 °C for 8 h, both
the PXRD pattern and FT-IR spectra matched well with those
of the pristine sample which indicates that 1 could keep the
framework intact under these conditions (Fig. 3a and S3†).
The thermogravimetric analysis (TGA) of this MOF reveals an
obvious weight loss of 20% when the temperature was
increased to 152 °C, corresponding to the loss of coordinated
and free water molecules in channels (calculated to be 20.7%)
and the framework did not collapse until 320 °C, which
suggested the good thermal stability of the MOF. The TGA
curve of the activated sample showed that almost all water
molecules had been removed under the activation process.
And the slight mass loss at a low temperature indicated there
were still some residues in the channel, which may be attribu-
ted to the adsorption of water or VOCs in the air of the acti-
vated sample during the sample transfer process.39 Besides,
the framework remained intact until 320 °C, which further
proves the excellent stability and rigidity of the framework.

Due to the smaller molecular radius and the better packing
ability on the inner surface of Ar than those of diatomic N2

molecules, the 87 K Ar adsorption measurement was carried
out for investigating the permanent porosity of 1. As shown in
Fig. 4a, 1 exhibits a reversible type-I isotherm with the charac-
teristic of microporosity, and the Brunauer–Emmett–Teller
(BET) surface area was estimated to be 536.63 m2 g−1. The
experimental total pore volume was determined to be
0.214 cm3 g−1 (calculated by the single point method at P/P0 =
0.98). Using nonlocal density functional theory, the pore size
distribution was calculated to be 5.4 Å, which is consistent
with the value from SCXRD data. Owing to the microporous
nature and the unique chlorinated “gas pocket” structure, the

Fig. 2 (a and b) Three-dimensional structural diagram of 1 along the a
and c-axes. Note: in order to clearly express the pore structure, all free
solvent (water) molecules are deleted. (c) Internal structure of pores in 1
illustrated using the Connolly surface in yellow along the b-axis. (d) The
topological map of 1 along the c-axis.

Fig. 3 (a) Powder X-ray diffraction patterns of 1 under different con-
ditions. (b) TGA curves of 1 before and after activation.

Fig. 4 (a) Ar adsorption/desorption isotherms of 1 at 87 K, inset figure:
the pore size distribution of 1. (b) The CH4 and N2 volume adsorption
isotherms of 1 at 273 K and 298 K, respectively. (c) IAST selectivity for
CH4/N2 of the MOF. (d) Qst curves of 1 for CH4 and N2.
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adsorption capacity for CH4 gas of 1 was tested at 273 and
298 K, respectively. As shown in Fig. 4b and Fig. S4,† the CH4

absorption at 273 K and 298 K can reach up to 47.36 cm3/cm3

and 28.41 cm3/cm3, respectively. However under the same con-
ditions, the adsorption capacities for N2 are only 3.67 cm3/cm3

(273 K) and 3.43 cm3/cm3 (298 K). The isosteric enthalpies of
adsorption (Qst) of this MOF for CH4 were calculated from the
virial equation based on the isotherms collected at 273 and
298 K. As shown in Fig. 4d, the initial Qst value for CH4 of 1 is
13.2 kJ mol−1. Besides, with the increase of adsorption
capacity, the Qst values for CH4 exhibit a turnover behaviour.

For an industrial process the volume adsorption capacity is
more important than the mass adsorption capacity, and the
volume adsorption capacity for CH4 is a key metric for evaluat-
ing the separation effect. As shown in Fig. 5, the adsorption
capacity of 1 (28.41 cm3/cm3) exceeds that of Co3(C4O4)2(OH)2
(19.81 cm3/cm3), ROD-8 (21.89 cm3/cm3), and Ni (OAc)2L
(20.92 cm3/cm3) and is comparable to that of Cu(NIA)2,
MOF-890 and MOF-889 (Table S3†) but is smaller than that of
MOF-891, Al-CDC and ACT-Cu.14,40,41 In order to verify the sep-
aration ability of 1 for CH4/N2 separation, the ideal adsorption
solution theory (IAST) was used to investigate its CH4/N2

selectivity. After calculation and fitting, the IAST selectivity of
1 is shown in Fig. 4c, which indicates a gradually increasing
trend in the whole pressure range, and the maximum selecti-
vity at normal pressure is 13.32, which is rare in published
MOFs and higher than that of Co3(C4O4)2(OH)2 (12.5), STAM-1
(11.1) and Al-CDC (13.1) in the first echelon (detailed infor-
mation can be found in the ESI (Table S3†)).

In addition, DFT calculations were used to investigate the
interactions between the MOF and CH4 molecules. As shown
in Fig. 6, multiple interactions occurred between CH4 and
adjacent Cl4-bdc with a binding energy of CH4 of −13.95 kJ
mol−1, and the distances between the hydrogen atoms of CH4

and the Cl atoms in Cl4-bdc ranged from 3.154 to 4.359 Å,

which is in the range of the van der Waals’ (vdW) interaction.
Besides, the adjacent Cl4-bdc ligands can form confined
spaces which not only exhibit multipoint vdW interactions
between CH4 and the host framework but also enhance the
interaction by the confinement effect. DFT calculations show
that the surface C–Cl plays an important role in the enhance-
ment of the adsorption selectivity of the MOF toward CH4/N2

mixtures.
Static adsorption and selectivity calculation indicated that 1

has great advantages in the separation of CH4/N2. To further
confirm the separation performance of 1 for mixed gases in
practical applications, two consecutive cycles of breakthrough
experiments of 1 for a CH4/N2 (50/50, v/v) mixture were carried
out. As shown in Fig. 7, the adsorption time of CH4 was longer
than that of N2 during the process. N2 first broke through the
packed column, whereas CH4 was preferentially adsorbed by 1
and broke through the column after a longer time delay which
means that a clear separation between CH4 and N2 was
achieved. Besides, during these two consecutive cycles of
breakthrough experiments, the separation ability of 1 remains
almost unchanged which demonstrates the good circulation
stability of 1 in actual application. The above results indicate
that 1 possesses good thermal/chemical stability, high separ-

Fig. 5 Comparison of the IAST selectivity for a CH4/N2 mixture and
CH4 adsorption of 1 with those of previously reported CH4-selective
MOFs at 298 K and 1 bar. Red represents selectivity higher than 10, and
blue represents selectivity lower than 10.

Fig. 6 (a and b) Preferential adsorption sites and binding energies of
CH4 in the MOF obtained from the DFT-optimized structural model; BE
stands for binding energy in (b).

Fig. 7 Experimental breakthrough curves of N2/CH4 (v : v = 1 : 1) at
298 K during two consecutive cycles (red and blue for the 1st cycle;
green and yellow for the 2nd cycle).
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ation selectivity for CH4/N2 and good recyclability which make
this MOF have potential application in CH4 purification.

In conclusion, a pillar-layered multi-component metal–
organic framework [CuCeL(Cl4-bdc)0.5(H2O)2·(H2O)6]n was con-
structed. Through the coordination bonds between Cl4-bdc
ligands and adjacent 3d–4f layers, 1D open channels along the
a-axis and small confined cavities along the sides of channels
were constructed precisely. Due to the synergistic effect
between the abundant Cl atoms in Cl4-bdc which can form
multiple C–H⋯Cl interactions and the confinement effect
which enhances the interaction between guest molecules and
host framework, this MOF exhibits a strong binding effect for
CH4. More strikingly, this synergistic effect can enhance the
CH4 affinity and endow 1 with great separation ability for CH4/
N2. As a result, 1 presents a high CH4 adsorption capacity of
28.41 cm3/cm3 at 298 K and high IAST selectivity of 13.32 for
CH4/N2 separation. DFT calculations show that the confined
cavity which is decorated by chlorine atoms is crucial to
binding CH4 molecules and can be used as a molecular trap
for CH4. The breakthrough experiments revealed that the
MOF-based CH4 nano-trap is a new benchmark for CH4/N2

separation and this MOF can be a potential material for cap-
turing CH4 from coal-mine methane to recover fuel and reduce
greenhouse gas emissions.
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