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ABSTRACT: Annular tetranuclear cluster based metal−organic
frameworks (MOFs) have displayed unique advantages in gas
adsorption and separation due to their highly connected robust
architectures. Herein, two novel heterometallic tetranuclear motifs,
[Y 2 Cd 2 (μ 3 -O) 2 (COO) 8 (H 2 O) 2 ] and [Y 2 In 2 (μ 3 -O) 2 (μ 2 -
O)2(COO)8(H2O)2], were successfully explored, which were further
extended by 1,3,5-tris(4-carboxyphenyl)benzene (H3BTB) tritopic
linker to give isostructural MOFs (SNNU-326 and -327). SNNU-326
and -327 both exhibit the abilities to remove impurities (C2-
hydrocarbons and CO2) in natural gas (NG) and excellent CH4
storage capacities at high pressures. SNNU-326 shows better CH4
purification and storage performance than SNNU-327 owing to
different framework charges, in which only one counter ion is needed
in SNNU-326 but two of them are necessary for SNNU-327, thus
resulting in an obvious decrease of surface area. Dynamic breakthrough experiments demonstrate that SNNU-326 can effectively
separate CH4 from equimolar C2H2/CH4, C2H4/CH4, C2H6/CH4, and CO2/CH4 mixtures with breakthrough interval times of
about 40.6, 35.1, 54.2, and 10.2 min g−1 (273 K, 1 bar, 2 mL min−1), respectively. At the same time, SNNU-326 exhibits excellent
CH4 storage capability with total and working uptakes of 154.3 cm3 (STP) cm−3 (80 bar) and 103.4 cm3 (STP) cm−3 (5−65 bar) at
273 K on account of the collaborative impacts of adequate apertures, high surface areas, and multiple open metal sites.
KEYWORDS: metal−organic framework, annular tetranuclear cluster, methane purification, methane storage, heterometallic cluster,
natural gas

■ INTRODUCTION
Methane (CH4), as the primary component of natural gas
(NG),1 is characterized by its (i) high H/C ratios,2 (ii) high
natural abundances,3 and (iii) high combustion calorific values
(55.7 MJ·kg−1), which are comparable to gasoline (46.4 MJ·
kg−1).4 And it has been one of the most important energy
sources. However, the utilization rates of CH4 were affected by
the presence of impurities in natural gas, such as CO2, C2-
hydrocarbons, C3-hydrocarbons, etc.5 In addition, it is not
economical to use heavy hydrocarbons as fuel directly, which are
high-value-added chemical raw materials.6,7 Therefore, it is
necessary to purify CH4 from NG to improve the combustion
efficiency and commercial value. On the other hand, the major
disadvantage of CH4 in transportation is its low energy density.8

Thus, development of efficient onboard CH4 storage strategies is
critical to make CH4 a new type of fuel for successful
transportation applications. Adsorbed natural gas (ANG) is
one of the most effective and feasible methods for storing NG

currently, which depends on the characteristics of the porous
adsorbents.9,10

Compared with traditional porous materials, such as zeolites,
activated carbons, etc., metal−organic frameworks (MOFs)
have become a potential material for CH4 storage and
purification attributed to their many advantages, such as
adjustable structure, high specific surface areas, and easy
functionalization.11−13 Among the large number of
MOFs,14−16 tetranuclear cluster based MOFs exhibit the
advantages of high stabilities, devisible structures, and abundant
open metal sites (OMSs)7,17,18 and show potentials in the fields
of gas adsorption and separation,19 catalysis,20 fluorescence,21
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etc. The common tetranuclears secondly building blocks
(SBUs) include the 6-c [Zn4O(COO)6] tetrahedral cluster in
the classical MOF-5,22,23 the 8-c [Co4(μ4-O)(COO)8] annular
cluster in PCN-9 (Co),24 the [M4(μ3-O)2(COO)8] cluster,25

the tetrahedral M4X4 (X = halogens) cluster,26,27 and the linear
4-c [In4O2(COO)4]28 cluster with each O atom bridging three

metal centers, etc. In addition, some rare tetranuclear clusters
are included, such as Hou et al. reported the [M4O-
(COO)3(NN)3]29 cluster, a variant of the 6-c [M4O(COO)6]
cluster, where three-coordinated carboxylic acid groups are
replaced by pyrazole groups. In addition, some tetranuclear
clusters with different numbers of pyrazole groups replacing the

Figure 1. (a) [Y2Cd2] tetranuclear cluster in SNNU-326; (b) the BTB ligand; (c) [Y2In2] tetranuclear cluster in SNNU-327; (d, e) the octahedral
cages of SNNU-326 and -327; (f, g) 3D structures of SNNU-326 and -327; (h, i) the double interpenetrated structures of SNNU-326 and -327.
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carboxyl group are reported, such as the [Zn4(μ4-O)-
(COO)2(pz)4]30 (pz: pyrazine) cluster and the [Co4(μ4-
O)(pz)6]31 cluster.

To synthesize the novel annular tetranuclear cluster,
heterometal strategies are useful because different metal ions
always show different coordination modes and may produce rare
connection styles. In addition, metal ions with different valence
charges will make the framework represent different charged
properties and then infect the gas adsorption and separation
performance of the frameworks. Based on the above situation,
two novel heterometallic annular tetranuclear cluster based
MOFs (SNNU-326 and -327) were synthesized based on the
heterometal strategy with the same organic ligand (H3BTB:
1,3,5-tris(4-carboxyphenyl)benzene). And two types of mixed
metal annular tetranuclear cluster are observed: [Y2Cd2(μ3-
O)2(COO)8(H2O)2] in SNNU-326 formed through Cd2+ and
Y3+ ions and [Y2In2(μ3-O)2(μ2-O)2(COO)8(H2O)2] in SNNU-
327 formed by In3+ and Y3+ ions. With the synergistic effect of
high surface area, suitable pore size, and multiple OMSs, SNNU-
326- and -327 not only show remarkable CH4 purification
property from CO2/CH4 and C2-hydrocarbons/CH4 mixtures
but also show CH4 storage capabilities at high pressure.

■ EXPERIMENTAL SECTION
Synthesis. [YCd(μ3-O)(BTB)4/3(H2O)(DMAM)] (SNNU-326). The

raw materials Y(NO3)3·6H2O (0.016 g, 0.04 mmol), Cd(NO3)2·4H2O
(0.040 g, 0.13 mmol), H3BTB (0.024 g, 0.055 mmol), 2-FBA (0.240 g,
1.70 mmol), 6 mL of DMF, and 0.9 mL of H2O were mixed in a 20 mL
glass vial. The sealed mixed solution was ultrasound to dissolution and
then transferred to a 90 °C oven for 4 days. The colorless block crystals
were gained upon cooling to room temperature. After washing with
methanol, the yield was about 63% based on H3BTB.

[YIn(μ3-O)(μ2-O)(BTB)4/3(H2O)(DMAM)2] (SNNU-327). The raw
materials Y(NO3)3·6H2O (0.016 g, 0.04 mmol), In(NO3)3·xH2O
(0.040 g, 0.13 mmol), H3BTB (0.024 g, 0.055 mmol), 2-FBA (0.173 g,
1.23 mmol), 6 mL of DMF, and 0.9 mL of H2O were mixed in a 20 mL
glass vial. The sealed mixed solution was ultrasound to dissolution and
then transferred to a 90 °C oven for 4 days. The colorless block crystals
were gained upon cooling to room temperature. After washing with
methanol, the yield was about 65% based on H3BTB.

Low Pressure Gas Adsorption. For the purpose of exploring the
permanent porosity of SNNU-326 and SNNU-327, N2 adsorption and
desorption isotherms at 77 K were collected by a Micromeritics 3Flex
analyzer. Before measurement, SNNU-326 and SNNU-327 were
activated through CH3OH exchange for 3 days and heated for 10 h at
100 °C. The adsorption and desorption isotherms with activated
samples of single component CO2, C2H2, C2H4, C2H6, and CH4 at 1
atm were conducted at 273, 283, and 298 K.

High-Pressure Methane Adsorption. The adsorption isotherms
for methane at high pressure were conducted at 273 and 298 K with an
activated sample to evaluate the CH4 storage performance. Ultrapure
CH4 and He (99.999% purity) gases were used for the high-pressure
adsorption experiments. The high-pressure CH4 adsorption was carried
out with a BSD high-pressure analyzer.

Dynamic Breakthrough Experiments. The breakthrough experi-
ments were conducted on a self-built instrument, which mainly
consisted of three units including a distribution unit, through column
element, and analytical detection unit. The activated MOF samples
(SNNU-326, 0.50 g; SNNU-327, 0.46 g) were packed into a stainless-
steel column with an internal diameter of about 4.0 mm and an outer
diameter of about 6.0 mm, respectively. Then, the packed column was
first swept with He gases at a rate of 30 mL min−1 for 30 min at room
temperature to further activate the sample before the measurements,
and the pressure of sweeping was often 2 bar. In addition, the testing
temperature was maintained by manipulating the water bath circulating
device.

After sweeping, the on-line gas mass spectrometry analyzer with an
HPR-20 R&D model to online testing was linked to the column, with
adjusting the flow of helium to the total test flow for stabilizing the gas
flow of gas line before being switched to the adsorbent column. The
flow of He was then turned off, while the 50:50 (v/v) gas mixture of
CO2/CH4, C2H2/CH4, C2H4/CH4, and C2H6/CH4 was allowed to
feed into the column.

■ RESULTS AND DISCUSSION
It is noted that the heterometallic strategy has been
demonstrated as a versatile route for the design of polynuclear
metal clusters in MOFs; however, it has rarely been reported for
annular tetranuclear motifs up to now. In this work, Y3+ together
with Cd2+ or In3+ ions were mixed to assemble with H3BTB
through a one-pot solvothermal reaction, and two novel
heterometallic MOFs (SNNU-326 and -327) with two types
of annular tetranuclear clusters were obtained. SNNU-326 and
SNNU-327 both crystallize in the cubic Im3̅ space group and
exhibit isostructuralism consisting of triangular tricarboxylate
ligand (H3BTB) and heterometallic annular tetranuclear
clusters [Y2Cd2(μ3-O)2(COO)8(H2O)2] and [Y2In2(μ3-
O)2(μ2-O)2(COO)8(H2O)2] for SNNU-326 and SNNU-327,
respectively. Both of them show 3,8-c three-dimensional
frameworks, in which the deprotonated H3BTB ligands are
conducted as the 3-c nodes to connect three SBUs, and the SBU
acts as 8-c nodes to connect eight BTB ligands. From the
topological point of view, the overall framework of SNNU-326
and -327 shows a completely 3,8-connected network with a
point symbol of {43}8{48·64·812·104}3.

The asymmetric unit of SNNU-326 consists of one Y3+, one
Cd2+, one μ3-O atom, 1/3 BTB ligand, and one terminal H2O
molecule (Figure S1a). It is worth noting that the SNNU-326
structure is highly disordered, in which both the BTB ligand and
the terminal H2O molecule are double disordered (Figure S1b).
Each Cd2+ is six-coordinated with one μ3-O atom, four carboxyl
O atoms from four BTB ligands, and one terminal H2O
molecule. Each Y3+ center is also in the six-coordination mode,
which coordinated with two μ3-O atoms and four carboxyl O
atoms from four BTB l igands . The [Y 2 Cd 2 (μ 3 -
O)2(COO)8(H2O)2] building blocks in SNNU-326 are shown
in Figure 1a, and each metal ion is connected by a μ3-O atom.
The asymmetric unit of SNNU-327 consists of one Y3+, one In3+,
1/3 BTB ligand, one μ3-O atom (O2), one μ2-O atom (O3), and
one terminal H2O molecule (O1) (Figure S3). Each Y3+ form a
novel eight-coordinated configuration with four carboxyl O
atoms from four BTB ligands, two μ3-O atoms, and two μ2-O
atoms. Each In3+ is a classical octahedral six-coordination
configuration, which coordinates with four carboxyl O atoms
from four ligands, one μ3-O atom, and one terminal H2O
molecule. The SBU [Y2In2(μ3-O)2(μ2-O)2(COO)8(H2O)2] of
SNNU-327 was shown in Figure 1c. And the major difference of
SBU from SNNU-326 is the coordination mode of Y3+, which is
eight-coordination modes in SNNU-327 and six-coordination
modes in SNNU-326. SNNU-327 also shows the 3,8-c structure
(Figure 1).

Detailed structural analysis shows that SNNU-326 and
SNNU-327 are both electronegative frameworks with one and
two DMAM+ ions to balance the charge, respectively. The 3D
frameworks of SNNU-326 and -327 are both 3,8-c modes
constructed by connection of each octahedral cage in vertex to
vertex mode, which is composed of six SBUs as the vertex and
eight BTB ligands as faces. Among them, the octahedral cage
diameters in SNNU-326 and SNNU-327 are 18.8 and 18.6 Å,
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and the four octahedral cages on the same plane are connected
to form one-dimensional irregular hexagonal channels with
diameters of about 21.4 × 14 and 19.6 × 11.6 Å2, respectively.
The small difference in the one-dimensional channel size is
caused by the difference in the size of the two metal clusters.
Owing to the large size of the BTB ligands, SNNU-326 and
SNNU-327 form large size octahedral cages and one-dimen-
sional channels and thus construct a double interpenetrated
structure along the [110] direction (Figure 1h,i). SNNU-326
and SNNU-327 have the same connection modes but
completely different inorganic SBUs, which demonstrates the
diversity of MOF structures.

As shown in Figure S5, the experimental powder X-ray
diffraction (PXRD) patterns of the synthesized sample, after
solvent exchange, and after the adsorption test of the
compounds SNNU-326 and -327 are consistent with the

simulation spectra of single crystal data, which proves the purity
and high crystallinity of SNNU-326 and -327, and the
frameworks remain stable after adsorption experiments. In
addition, the thermogravimetric analysis (TGA) curves shown
in Figure S6 exhibit that SNNU-326 can be stabilized to ca. 430
°C. When the temperature continues to rise, the weight
significantly decreases and the framework begins to collapse.
Compared with SNNU-326, the thermal stability of SNNU-327
is reduced. It can be stabilized to about 370 °C.

The porosities of SNNU-326 and -327 are calculated by
Platon according to the single crystal data. The results show that
the porosities of SNNU-326 and -327 are 53.4% (10596.3 Å3/
19859.6 Å3) and 59.5% (11459.6 Å3/19252.5 Å3), respectively.
As shown in Figure 2a, the N2 adsorption isotherms at 77 K of
SNNU-326 and -327 exhibit the obvious type I adsorption
behavior and the saturated adsorption capacities at 1 atm are

Figure 2. N2 adsorption and desorption isotherms (a) and pore width distributions (b) of SNNU-326 and -327. The adsorption and desorption
isotherms of C2H2, C2H4, C2H6, CO2, and CH4 at 273 K (c, d) and 298 K (e, f) for SNNU-326 and -327.
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341.3 and 146.7 cm3 g−1, respectively. The Brunauer−Emmet−
Teller (BET) and Langmuir specific surface areas of SNNU-326
and -327 are 1233 and 1362 m2 g−1 and 538 and 597 m2 g−1,
respectively, based on the N2 adsorptions. The apparent
reduction of surface areas of SNNU-327 can be attributed to
the further trapped counter ions in the framework. The distinct
pore size decrease compared with the single crystal data can be a
result of the double interpenetrating structures.

Considering the high porosities, suitable pore size, and
multiple OMSs of SNNU-326 and -327, the adsorption
properties of C2H2, C2H4, C2H6, CO2, and CH4 are further
tested at 273, 283, and 298 K (Figure 2 and Figure S7). For
SNNU-326, at 273 K and 1 atm, the adsorption capacities of
C2H2, C2H4, C2H6, CO2, and CH4 are 116.2, 89.9, 109.9, 62.3,
and 20.6 cm3 g−1, respectively (Figure 2c). As the temperature

increases to 283 and 298 K, the adsorption capacities decrease
because the adsorptions have endothermic behavior. For
SNNU-327, at 273 K and 1 atm, the adsorption capacities of
C2H2, C2H4, C2H6, CO2, and CH4 are 63.0, 54.1, 54.5, 48.6, and
13.2 cm3 g−1, respectively (Figure 2d). Similarly, as the
temperature increases, the adsorption capacities of C2H2,
C2H4, C2H6, CO2, and CH4 are decreased (Tables S2 and S3).

The adsorption capacities of SNNU-327 decrease signifi-
cantly compared with SNNU-326 although they are isostruc-
tural structures. The difference may be mainly caused by the
electronegativity of the framework. As mentioned above, the
framework of SNNU-327 has two units of negative charge, thus
requiring two DMAM+ ions to balance the charges. However,
SNNU-326 only needs one DMAM+ to balance the charges.
Thus, the pores of SNNU-327 are occupied by much more

Figure 3. Isosteric heats of adsorption (−Qst) (a, b) and IAST selectivities calculated at 273 K (c, d) and 298 K (e, f) for SNNU-326 and -327.
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DMAM+ and the interaction sites are decreased accordingly,
resulting in a significant decrease in adsorption capacity.

To further understand the interaction between the frame-
works and gas molecules, the adsorption heat (−Qst) of each
component gas was calculated by fitting the adsorption curves of
single component gas of SNNU-326 and -327 at 273, 283, and
298 K by virial model. The results show that the −Qst values at
zero loading of C2H2, C2H4, C2H6, CO2, and CH4 are 25.4, 21.2,
23.9, 20.3, and 19.7 kJ mol−1 for SNNU-326, and 30.8, 28.0,
31.1, 28.1, and 23.9 kJ mol−1 for SNNU-327, respectively
(Figure 3a,b). The lowest −Qst values for CH4 compared with
other gases of SNNU-326 and -327 prove that the interactions
between SNNU-326 and -327 frameworks and CH4 molecules
are weaker than those of other gases. Therefore, they exhibit the
potential in thermodynamics to purify CH4 from C2-hydro-
carbon/CH4 and CO2/CH4 mixtures.

The selectivities were calculated based on the ideal adsorbed
solution theory (IAST) by fitting the experimental gas
adsorption isotherms through the dual-site Langmuir−Freund-
lich (DSLF) equations. As shown in Figure 3 and Figure S8,
SNNU-326 and -327 both exhibit high IAST selectivities for C2-
hydrocarbon/CH4 and CO2/CH4 at 273, 283, and 298 K.
Specifically, the IAST selectivities for C2H2/CH4, C2H4/CH4,
C2H6/CH4, and CO2/CH4 (50/50) of SNNU-326 are 23.7−
9.6, 15.0−8.0, 21.7−12.0, and 3.7−3.5, respectively, at 273 K
and 0−1 bar. Under the same conditions, the values for SNNU-
327 are 30.1−16.5, 21.0−13.0, 24.7−16.6, and 8.4−6.4,
respectively (Table S4−S5). The IAST selectivities provide

theoretical support to purify CH4 from C2-hydrocarbon/CH4
and CO2/CH4 mixtures for SNNU-326 and -327. Besides, the
CO2/CH4 selectivity at 298 K (14.5−7.3) of SNNU-327 has
surpassed some famous MOF adsorbents, such as ZJU-16 (8−
3.6),32 ZIF-78 (∼11),33 [Cu(bpy-1)2(SiF6)] (∼9−10.5),34 and
HKUST-1 (∼4−7).35

Based on the above results of adsorption isotherms, −Qst
values and IAST selectivities, the practical CH4 purification
performances of SNNU-326 and -327 were further tested
through fixed bed breakthrough experiments at 273 and 298 K
(Figure 4, Tables S6 and S7). The activated SNNU-326 and
-327 were loaded into the steel sample tube and purged with 30
mL min−1 He gas for 30 min at ambient temperature and
pressure. After that, the equimolar mixed gases were injected
into the sample tube with a flow rate of 2 mL/min and detected
by a chromatograph. As shown in Figure 4, SNNU-326 and -327
can purify CH4 from the C2-hydrocarbon/CH4 and CO2/CH4
(v/v = 50/50) mixtures and CH4 outflows firstly. Among these,
the breakthrough interval times for C2H2/CH4, C2H4/CH4,
C2H6/CH4, and CO2/CH4 of SNNU-326 at 273 K are about
40.6, 35.1, 54.2, and 10.2 min g−1, respectively, which are
comparable with some well-known MOF adsorbent materials,
such as ZJNU-5936 (∼7.6 min for C2H2/CH4 = 50/50 (v/v) and
∼2.6 min for CO2/CH4 = 50/50 (v/v) at 298 K and 1 bar),
NbU-9-NH2

37 (26 min for C2H2/CH4 = 50/50 (v/v, 3 mL/min
flow rate) at 273 K and 1 bar), and InOF-138 (∼6 min for C2H6/
CH4 = 50/50 (v/v, 5 N mL/min flow rate) at 298 K and 100
kPa). Notably, SNNU-327 also shows excellent CH4 purifica-

Figure 4. Experimental breakthrough curves of SNNU-326 and -327 for C2H2/CH4, C2H4/CH4, C2H6/CH4, and CO2/CH4 (50/50, total flow rate 2
mL min−1) mixed gases at 273 K (a, c) and 298 K (b, d).
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tion performance and the breakthrough interval times at 273 K
for C2H2/CH4, C2H4/CH4, C2H6/CH4, and CO2/CH4 are
∼31.2, 22.7, 27.7, and 6.9 min g−1, respectively. The yield of CH4
is an important factor in evaluating an adsorbent. For SNNU-
326, the yields of CH4 (purity >99%) from C2H2/CH4, C2H4/
CH4, C2H6/CH4, and CO2/CH4 breakthrough experiments at
273 K are ∼1.81, 1.28, 2.12, and 0.15 mmol g−1, respectively.
These values are ∼1.39, 1.02, 1.23, and 0.16 mmol g−1 for
SNNU-327. Obviously, the purification performances for C2-
hydrocarbon/CH4 are better than CO2/CH4 because SNNU-
326 and -327 frameworks show more strongly interactions with
C2-hydrocarbons than CO2.

The high porosities and surface areas, together with the
suitable pore sizes make us evaluate the CH4 storage
performance at high pressure of SNNU-326 and -327. As
shown in Figure 5, the adsorption capacities of SNNU-326 at
273 and 298 K and 90 bar are 194 and 164 cm3 (STP) g−1. These
values are only 70 and 45 cm3 (STP) g−1 for SNNU-327 under
the same conditions. The CH4 adsorption capacities of SNNU-
327 decrease significantly compared with SNNU-326 which can
mainly be attributed to the large number of counterions in the
frameworks, which occupies the pore spaces.

In addition, the total volume adsorption capacities at 35, 65,
and 80 bar are calculated using the crystal density. At 273 K, the
total adsorption amounts of SNNU-326 at 35, 65, and 80 bar are

125.8, 150.6, and 154.3 cm3 (STP) cm−3, respectively. At 298 K,
the values decrease to 100.8, 123.5, and 130.5 cm3 (STP) cm−3.
In 1993, the U.S. Department of Energy proposed a key
indicator of 35 bar adsorption capacities in order to meet the
demand for CH4 extraction. Notably, the uptakes of SNNU-326
at 35 bar and 298 K are approximate to many well-known MOFs,
such as ST-2 (∼114 cm3 cm−3),2 Mo12(cdc)12 (111.5 cm3 cm−3

at 35 bar and 298 K),10 Cr12(cdc)12 (112.1 cm3 cm−3 at 35 bar
and 298 K),10 NU-1501-Al (∼105 cm3 cm−3),39 and MIL-
101(Cr) (∼103 cm3 cm−3 at 35 bar and 303 K)40 and are even
superior to some hopeful MOFs, such as Cu12(cdc)12 (69.4 cm3

cm−3 at 35 bar and 298 K),10 NOTT-119 (77.7 cm3 cm−3 of
excess uptake at 35 bar and 298 K),41 and MOF-210 (83 cm3

cm−3 at 35 bar and 298 K)42 (Figure 5c). The total volume
adsorption amounts of SNNU-327 are also lower than that of
SNNU-326, which is 27.1, 34.1, and 37.2 cm3 (STP) cm−3 at 298
K and 35, 65, and 80 bar, respectively.

Similarly, since SNNU-326 shows excellent CH4 adsorption
capacities at high pressure, its working capacities under different
pressures are calculated (Table S8). At 273 K, the working
capacities of SNNU-326 at 5−35, 5−65, and 5−80 bar are 78.6,
103.4, and 107.1 cm3 (STP) cm−3, respectively. When the
temperature increases to 298 K, their values decrease to 70.1,
92.8, and 99.8 cm3 (STP) cm−3. These values are comparable to
some famous MOFs, such as MOF-210 (69 cm3 cm−3 at 35 bar

Figure 5. High-pressure CH4 adsorption and desorption isotherms at 273 and 298 K for SNNU-326 (a) and SNNU-327 (b) and the comparison of
CH4 working capacity of SNNU-326 with the some top CH4 storage MOF candidates: ST-2 (∼114 cm3 cm−3),2 Mo12(cdc)12 (111.5 cm3 cm−3),
Cr12(cdc)12 (112.1 cm3 cm−3),10 NU-1501-Al (∼105 cm3 cm−3),38 MIL-101(Cr) (∼103 cm3 cm−3 at 303 K),39 Cu12(cdc)12 (69.4 cm3 cm−3),10

NOTT-119 (77.7 cm3 cm−3 of excess uptake),40 MOF-210 (83 cm3 cm−3),41 and at 35 bar (#, estimated; **, 296 K; *, 303 K) (c).
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and 298 K)40 and UiO-66_B (∼80 cm3 cm−3 at 35 bar and 298
K).5 In a word, SNNU-326 exhibits high CH4 storage
performance under high pressure owing to its suitable pore
size, high specific surface area, and multiple OMSs.

In order to further understand the purification and storage
mechanism of SNNU-326 and -327, the adsorption sites and
density distributions of CH4 molecules are determined by
GCMC simulation. The results show that CH4 molecules are
mainly located near the metal clusters and are adsorbed in the
pores through C−H···π interaction with neighboring BTB
ligands in SNNU-326 and SNNU-327. As shown in Figure S17a,
the CH4 molecule is adsorbed through two C−H···O hydrogen
bonds with the O atoms from carboxyl (the distances are 3.6452
and 3.8065 Å) and one C−H···π (3.0905 Å) with the central
benzene ring of the BTB ligand in SNNU-326. As for SNNU-
327, the adsorption sites are similar to SNNU-326, in which the
CH4 forms four C−H···O hydrogen bonds with O atoms from
carboxyl (3.3026, 3.5573, 3.2636, and 3.3235 Å, respectively)
and one C−H···π interaction with the central benzene ring of
the ligand with a distance of 3.0293 Å (Figure S17b). In
addition, the CH4 distribution densities at 5, 65, and 80 bar were
calculated to understand the storage performance of SNNU-326
and -327. The results show that the CH4 distribution density
shows significant increases with the pressure from 5 to 65 bar
and then exhibits a gradually increase from 65 to 80 bar, which
are consistent with the experimental results (Figure 6).

■ CONCLUSION
In summary, two isostructural MOFs (SNNU-326 and -327) are
successfully synthesized by the Y3+/Cd2+ and Y3+/In3+

heterometallic combinations, which contain novel [Y2Cd2(μ3-
O ) 2 ( C O O ) 8 ( H 2 O ) 2 ] a n d [ Y 2 I n 2 ( μ 3 - O ) 2 ( μ 2 -
O)2(COO)8(H2O)2] annular tetranuclear clusters, respectively.
Thanks to the suitable pore size and high surface areas and
porosities, together with multiple OMSs, SNNU-326 and -327
exhibit not only remarkable purification ability of CH4 from C2-
hydrocarbons/CH4 and CO2/CH4 mixtures but also excellent
CH4 storage capacity at high pressure. Regulated by the

framework charge, SNNU-326 shows better CH4 purification
and storage performance than SNNU-327. Dynamic break-
through experiments demonstrate that SNNU-326 can purify
CH4 from C2H2/CH4, C2H4/CH4, C2H6/CH4, and CO2/CH4
mixtures with breakthrough interval times of about 40.6, 35.1,
54.2, and 10.2 min g−1 (273 K and 1 bar, v/v = 50/50, 2 mL
min−1), respectively, which can be comparable with some
famous MOF adsorbents. In addition, SNNU-326 shows
superior CH4 storage properties with the total and working
uptakes of 154.3 cm3 (STP) cm−3 (80 bar) and 103.4 cm3 (STP)
cm−3 (65 bar) at 273 K. The utilization of the heterometallic
strategy to rationally design novel MOFs as ideal CH4
adsorbents with balanced purification and storage abilities is
ongoing in our lab.
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