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ABSTRACT: In the design of new materials, those with rare and
exceptional compositional and structural features are often highly
valued and sought after. On the other hand, materials with
common and more accessible modes can often provide richer and
unsurpassed compositional and structural variety that makes them
a more suitable platform for systematically probing the
composition−structure−property correlation. We focus here on
one such class of materials, pillar-layered metal−organic frame-
works (MOFs), because different pore size and shape as well as
functionality can be controlled and adjusted by using pillars with
different geometrical and chemical features. Our approach takes
advantage of the readily accessible layered Zn-1,2,4-triazolate
motif and diverse dicarboxylate ligands with variable length and
functional groups, to prepare seven Zn-triazolate-dicarboxylate pillar-layered MOFs. Six different gases (N2, H2, CO2, C2H2,
C2H4, and CH4) were used to systematically examine the dependency of gas sorption properties on chemical and geometrical
properties of those MOFs as well as their potential applications in gas storage and separation. All of these pillar-layered MOFs
show not only remarkable CO2 uptake capacity, but also high CO2 over CH4 and C2 hydrocarbons over CH4 selectivity. An
interesting observation is that the BDC ligand (BDC = benzenedicarboxylate) led to a material with the CO2 uptake
outperforming all other metal-triazolate-dicarboxylate MOFs, even though most of them are decorated with amino groups,
generally believed to be a key factor for high CO2 uptake. Overall, the data show that the exploration of the synergistic effect
resulting from combined tuning of functional groups and pore size may be a promising strategy to develop materials with the
optimum integration of geometrical and chemical factors for the highest possible gas adsorption capacity and separation
performance.

■ INTRODUCTION

The separation of CO2 and C2 hydrocarbons from CH4 is an
important process in natural gas upgrading because the high
concentrations of CO2 and C2 hydrocarbons will not only
hinder the complete conversion of methane,1 but also generate
the corrosion of gas pipeline.2 However, up to now, such
separation remains a significant challenge,3 although extensive
efforts have been made worldwide to develop efficient and
economical separation technology.
In the past decade, porous coordination polymers (PCPs) or

metal−organic frameworks (MOFs) have shown promise as
cost-effective and efficient materials for adsorption and
separation because of their enormous structural variety and
controllable pore structures.4,5 Although a large number of
MOFs have been designed by taking advantage of the
assemblies of organic linkers and metal or cluster connectors,
only a small number of them show outstanding selectivity for
CO2 over CH4.

3 Furthermore, the separation of C2 hydro-

carbons from CH4 mixtures utilizing MOFs has been much less
studied6 due to their similar physical and chemical properties.
Thus, the exploration of MOFs for possible applications in
high-capability separation of CH4 is needed.
To achieve high CO2 adsorption capacity and separations of

CO2 or C2 hydrocarbons from CH4, various strategies have
been explored in the construction of MOFs, including
controlling the pore size/shape,7 introducing functional
groups,8 generating open metal sites,9 and forming charged
frameworks.10 Although the investigation on each individual
factor on CO2 uptake and adsorption selectivity of MOFs offers
insight into the role each factor plays, it is undoubtedly
important to study the synergistic effect of different factors such
as the pore size and functional groups because these factors
could function cooperatively to enhance the gas uptake and
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selectivity. In this light, pillar-layered MOFs are promising
because the layer structural motif is usually not affected by the
alteration of the pillars, and different pore size and shape as well
as functionality may be controlled and adjusted by utilization of
different pillars.
One rational method to construct pillared-layer MOF

structures is to apply rigid carboxylate ligands to bridge 2D
layers formed by metal ions and amines. The rigid carboxylate
ligands have a great ability to adopt different bonding modes
and satisfy various metal coordination preferences. Among
different 2D layer configurations, except the well-known
metal−pyridine system, metal-1,2,4-triazolate motifs have
attracted significant interest.11 A number of metal-triazolate-
dicarboxylate pillar-layered frameworks have been con-
structed;12 however, only a limited number of them exhibited
selective CO2 uptake. For example, Shimizu et al. reported a
microporous framework [Zn2(atz)2(ox)] showing high CO2
uptake and adsorption enthalpy.13 Zhang et al. synthesized
three Zn-triazolate-dicarboxylate MOFs with remarkable
adsorption capacity and selectivity for CO2.

14 Wang et al.
reported two isomeric MOFs, consisting of Co-triazolate layers
and positional isomeric dicarboxylate pillars. Both showed
distinct temperature-dependent CO2 sorption behaviors.15

However, the selective CO2 uptakes of above-mentioned
pillar-layered MOFs all were ascribed to amino groups in the
metal-triazolate layer. Further investigation on pore size and
functionality as well as their synergistic effect on CO2
adsorption and selectivity is undoubtedly significant for the
development of target MOFs materials.
Prior to this work, we discovered high CO2 uptake capacity

in a Zn carboxylate 1,2,4-triazolate framework consisting of
amino-decorated nanoscopic polyhedral cages,16 which dem-
onstrated the rich potential of this system in gas sorption
applications. In this work, we present a systematic design of
pore size and functionality in pillar-layered Zn-triazolate-
dicarboxylate MOFs. In our strategy, the (4,4)-layered Zn-
1,2,4-triazolate motif is selected to combine with seven rigid
ditopic carboxylate ligands with different length and functional
groups to form pillar-layered MOFs (Scheme 1). Seven pillar-
layered MOFs were successfully synthesized under solvother-
mal conditions, [Zn2(TRZ)2(L)] (TRZ = 1,2,4-triazole, L =
fumaric acid, FA for 1, 1,4-benzenedicarboxylic acid, BDC for 2,

2-amino-1,4-benzenedicarboxylic acid, NH2-BDC for 3, 2-nitro-
1,4-benzenedicarboxylic acid, NO2-BDC for 4, 2-bromo-1,4-
benzenedicarboxylic acid, Br-BDC for 5, naphthalene-2,6-
dicarboxylic acid, NDC for 6, and 4,4′-biphenyldicarboxylic
acid, BPDC for 7). All of these pillar-layered MOFs show not
only remarkable CO2 uptake capacity, but also high CO2 over
CH4 and C2 hydrocarbons over CH4 selectivity. Specially, the
CO2 uptake of compound 2 outperforms all metal-triazolate-
dicarboxylate pillar-layered MOFs, even though most of them
are decorated with amino groups.13−15

■ EXPERIMENTAL SECTION
Materials and Methods. Zn(NO3)2·6H2O, 1,2,4-triazole (TRZ),

fumaric acid (FA), 1,4-benzene-dicarboxylic acid (BDC), 2-amino-1,4-
benzenedicarboxylic acid (NH2-BDC), 2-nitro-1,4-benzenedicarbox-
ylic acid (NO2-BDC), 2-bromo-1,4-benzenedicarboxylic acid (Br-
BDC), naphthalene-2,6-dicarboxylic acid (NDC), 4,4′-biphenyldicar-
boxylic acid (BPDC), N,N-dimethylformide (DMF), N,N-dimethyla-
cetamide (DMA), 1,3-dimethyl-2-imidazolidinone (DMI),
CH3CH2OH, and CH3OH were purchased from TCI and used as
received without further purification. The FT-IR spectra (KBr pellets)
were recorded on a Nicolet Avatar 360 FT-IR spectrometer in the
range of 4000−400 cm−1. The powder X-ray diffraction patterns
(PXRD) were recorded on a Bruker D8 Advance (40 kV, 40 mA)
diffractometer (Cu radiation, λ = 1.54056 Å) with a scan speed of 0.5
s/deg at room temperature. Thermal stability studies were carried out
on a NETSCHZ STA-449C thermoanalyzer under nitrogen
atmosphere (40−1000 °C range) at a heating rate of 5 °C/min.

X-ray Structure Studies. Single-crystal X-ray analysis was
performed on a Bruker Smart APEX II CCD area diffractometer
with nitrogen-flow temperature controller using graphite-monochro-
mated Mo Kα radiation (λ = 0.71073 Å), operating in the ω and φ
scan mode. The SADABS program was used for absorption correction.
The structure was solved by direct methods, and the structure
refinements were based on |F|2 with anisotropic displacement using
SHELXTL.17 All non-hydrogen atoms in the framework were refined
with anisotropic displacement parameters. The large volume fractions
of solvents in the lattice pores could not be modeled in terms of
atomic sites and were treated using the SQUEEZE routine in the
PLATON software package.18 Crystal data as well as details of data
collection and refinements were summarized in Tables S1−S4. CCDC
1062753−1062759 for compounds 1−7 contain the supplementary
crystallographic data for this Article. These crystal data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
through www.ccdc.cam.ac.uk/data_request/cif.

Syntheses. [Zn2(TRZ)2(FA)] (1). In a 25 mL glass vial were
dissolved 59.5 mg of Zn(NO3)2·6H2O, 6.9 mg of TRZ, and 11.6 mg of
FA in a mixture of 2 mL of DMA, 1 mL of CH3OH, and 1 mL of H2O.
The vial was sealed and placed in a 90 °C oven for 3 days. Pure block
colorless crystals were obtained after cooling to room temperature.
The yield was about 82% based on Zn. Pure sample was obtained by
filtering and washing the raw product with DMA.

[Zn2(TRZ)2(BDC)] (2). In a 25 mL glass vial were dissolved 297.5 mg
of Zn(NO3)2·6H2O, 34.5 mg of TRZ, and 83.3 mg of BDC in a
mixture of 4 mL of DMF and 2 mL of H2O. The vial was sealed and
placed in a 90 °C oven for 5 days. Pure block colorless crystals were
obtained after cooling to room temperature. The yield was about 90%
based on Zn. Pure sample was obtained by filtering and washing the
raw product with DMF.

[Zn2(TRZ)2(NH2-BDC)] (3). In a 25 mL glass vial were dissolved
148.8 mg of Zn(NO3)2·6H2O, 34.5 mg of TRZ, and 45.3 mg of NH2-
BDC in a mixture of 4 mL of DMF and 1 mL of H2O. The vial was
sealed and placed in a 120 °C oven for 5 days. Pure block colorless
crystals were obtained after cooling to room temperature. The yield
was about 74% based on Zn. Pure sample was obtained by filtering and
washing the raw product with DMF.

[Zn2(TRZ)2(NO2-BDC)] (4). In a 25 mL glass vial were dissolved 74.4
mg of Zn(NO3)2·6H2O, 17.5 mg of TRZ, and 52.8 mg of NO2-BDC in

Scheme 1. Design of Zn-Triazolate-Dicarboxylate Pillar-
Layered Frameworks
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a mixture of 3 mL of DMA, 1 mL of DMI, and 1 mL of H2O. The vial
was sealed and placed in a 100 °C oven for 3 days. Pure block light
yellow crystals were obtained after cooling to room temperature. The
yield was about 65% based on Zn. Pure sample was obtained by
filtering and washing the raw product with DMA.
[Zn2(TRZ)2(Br-BDC)] (5). In a 25 mL glass vial were dissolved 59.5

mg of Zn(NO3)2·6H2O, 13.8 mg of TRZ, and 24.5 mg of Br-BDC in a
mixture of 2 mL of DMF and 1 mL of H2O. The vial was sealed and
placed in a 90 °C oven for 2 days. Pure block colorless crystals were
obtained after cooling to room temperature. The yield was about 75%
based on Zn. Pure sample was obtained by filtering and washing the
raw product with DMF.
[Zn2(TRZ)2(NDC)] (6). In a 25 mL glass vial were dissolved 89.3 mg

of Zn(NO3)2·6H2O, 20.7 mg of TRZ, and 64.9 mg of NDC in a
mixture of 2 mL of DMA, 2 mL of CH3OH, and 2 mL of H2O. The
vial was sealed and placed in a 90 °C oven for 4 days. Pure block
colorless crystals were obtained after cooling to room temperature.
The yield was about 58% based on Zn. Pure sample was obtained by
filtering and washing the raw product with DMF.
[Zn2(TRZ)2(BPDC)] (7). In a 25 mL glass vial were dissolved 89.3 mg

of Zn(NO3)2·6H2O, 20.7 mg of TRZ, and 73.3 mg of BPDC in a
mixture of 3 mL of DMA, 3 mL of CH3CH2OH, and 1.5 mL of H2O.
The vial was sealed and placed in a 90 °C oven for 3 days. Pure
colorless sheet crystals were obtained after cooling to room
temperature. The yield was about 72% based on Zn. Pure sample
was obtained by filtering and washing the raw product with DMA.
Gas Adsorption. Gas sorption isotherms were measured on a

Micromeritics ASAP 2020HD88 surface-area and pore-size analyzer up
to 1 atm of gas pressure by the static volumetric method. As-
synthesized samples were activated at 80 °C (1, 3, 6, and 7) or 120 °C
(2, 4, and 5) for 12 h. All gases used were of 99.99% purity, and the
impurity trace water was removed by passing the gases through the
molecular sieve column equipped in the gas line. The gas sorption
isotherms for N2 and H2 were measured at 77 K. The gas sorption
isotherms for CO2, CH4, C2H2, and C2H4 were measured at 273 or
298 K.
Selectivity Prediction for Binary Mixture Adsorption. Ideal

adsorbed solution theory (IAST)19,20 was used to predict binary
mixture adsorption from the experimental pure-gas isotherms. To
perform the integrations required by IAST, the single-component
isotherms should be fitted by a proper model. There is no restriction
on the choice of the model to fit the adsorption isotherms; however,
data over the pressure range under study should be fitted precisely.21,22

Several isotherm models were tested to fit the experimental pure
isotherms for CH4, C2H4, C2H2, and CO2, and the dual-site
Langmuir−Freundlich equation was found to be the best fit to the
experimental data:

= + + +q q b P b P q b P b P[ /(1 )] [ /(1 )]m
n n m n n

1 1
1/ 1

1
1/ 1 2

2
1/ 2

2
1/ 2

Here, P is the pressure of the bulk gas at equilibrium with the adsorbed
phase (kPa), q is the adsorbed amount per mass of adsorbent (mol/
kg), qm1 and qm2 are the saturation capacities of sites 1 and 2 (mol/kg),
b1 and b2 are the affinity coefficients of the sites (1/kPa), and n1 and n2
are measures of the deviations from an ideal homogeneous surface.
The R2 values for all of the fitted isotherms were over 0.99. Hence, the
fitted isotherm parameters were applied to perform the necessary
integrations in IAST.

■ RESULTS AND DISCUSSION
Synthesis. By varying reaction temperatures from 90 to 120

°C and compositions of binary and ternary solvents,
solvothermal reactions of Zn(NO3)·6H2O, TRZ, and carbox-
ylate ligands afforded pure crystals of compounds 1−7. All
exhibit isorecticular pillared-layer structures containing Zn-
triazolate layers and dicarboxylate pillars. The powder X-ray
diffraction patterns of compounds 1−7 are consistent with the
simulated ones from single-crystal structures, indicating the
phase purity of the as-synthesized samples (Figure S1). FT-IR

spectra display the characteristic absorption band for the main
functional groups of complexes 1−7 (Figure S2). The bands in
the 3000−3500 and 1100−1300 cm−1 regions are related to
ν(C−H) and ν(C−N) or ν(N−N) of the TRZ ligand. The
absorption bands in the range of 1350−1650 cm−1 are assigned
to the νas(C−O) and νsym(C−O) of carboxylate groups.

Crystal Structure. Single-crystal X-ray crystallography
study shows that MOFs 1−5 and 7 crystallize in the tetragonal
P4/ncc space group (Tables S1−S4) with the asymmetric unit
containing one Zn2+ ion, one TRZ, and half ditopic carboxylate
ligands. On the other hand, 6 is in the orthorhombic Pna21
space group (Table S3), and four unique Zn2+, four TRZ, and
two NDC ligands exist in the asymmetric unit. The Zn centers
are all 4-coordinated to one carboylate oxygen atom and three
nitrogen atoms from three separate triazolate ligands (Figure
S3). Each TRZ ligand binds to three Zn ions through typical
μ1,2,4-bridging fashion, which leads to a two-dimensional Zn-
triazolate layer showing 4.82 topology similar to that found in
copper(I) and silver(I) triazolates.23

Notably, the 2D Zn-TRZ layer is not planar but corrugated
due to the existence of tetrahedrally coordinated Zn centers.
These 2D layer motifs are further connected by linear
dicarboxylate pillars via the Zn−O coordinated bonds to
generate the 3D pillar-layered structures of 1−7 (Figures S4
and S5). The distances between two adjacent layers vary with
the length of pillars, ranging from about 8.8 Å for 1, 10.8 Å for
2−5, 12.9 Å for 6, to 15.1 Å for 7. Topologically, ditopic
carboxylate ligands can be viewed as linkers. The tetrahedrally
coordinated Zn(II) and tridentate TRZ ligand can be simplified
as 4- and 3-connected nodes, producing a (3,4)-connected self-
penetrated net with {4·6·8}{4·62·83} point symbol (Figure S6).
Alternatively, if Zn2(TRZ)2 dimers are regarded as nodes, these
pillar-layered MOFs can be represented by a 6-connected pcu
network consisting of the corresponding {[Zn2(TRZ)2]8(L)4}
super building blocks as shown in Figure 1.

Gas Adsorption. Pillar-layered Zn-triazolate-dicarboxylate
MOFs 1−7 possess intersecting channels viewed along the a-,
b-, or c-directions. PLATON calculations show that their guest-
accessible volumes are 50.8%, 49.1%, 44.4%, 42.5%, 41.76%,
47.6%, and 51.4%, respectively. Furthermore, the TGA results
show that these 3D pillar-layered frameworks are stable up to

Figure 1. {[Zn2(TRZ)2]8(dicarboxylate)4} building blocks in MOFs
1−7.
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about 300 °C for 1 and 380 °C for 2−7 (Figure S7). The
weight losses (ca. 20%) from room temperature to about 200
°C should be attributed to the decomposition of entrapped
solvent. Such high porosity and thermal stability render them
suitable candidates for gas sorption applications. The N2

sorption isotherms at 77 K (Figure 2a) indicate negligible
uptakes for MOFs 1-FA and 4-NO2-BDC, but a typical type I

sorption behavior for MOFs 2, 3, and 5−7, characteristic of
microporous materials with a saturated sorption amount of N2

of 3.98 mmol/g (2-BDC), 2.81 mmol/g (3-NH2-BDC), 1.05
mmol/g (5-Br-BDC), 6.20 mmol/g (6-NDC), and 7.34 mmol/
g (7-BPDC), respectively (Tables 1 and S5). The BET and
Langmuir surface areas are 226.7 and 356.3 cm3/g for 2, 162.6
and 254.5 cm3/g for 3, 59.6 and 95.3 cm3/g for 5, 365.1 and

Figure 2. Adsorption isotherms of N2 (a) and H2 (b) at 77 K, CO2 (c), C2H2 (d), C2H4 (e), and CH4 (f) at 273 K for MOFs 1−7.
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574.9 cm3/g for 6, and 470.8 and 730.3 cm3/g for 7 (Tables 1
and S5). Clearly, the surface areas gradually increase with the
elongation of pillars (1-FA → 2-BDC → 6-NDC → 7-BPDC),
and decrease with the group bulkiness from pillars (2-BDC →
3-NH2-BDC → 5-Br-BDC → 4-NO2-BDC). The presence of
the shortest FA pillar in 1 and the largest −NO2 groups in 4
both led to negligible surface areas. Overall, the porosity of
these pillar-layered structures is well tuned by the packing of
the pillaring dicarboxylates within the interlamellar spaces. The
H2 sorption isotherms further prove this point (Figures 2b and
S8). The similar pillar-layered MOF with oxalate bridges

showed no H2 uptakes at 77 K,
13 while compounds 1−7 exhibit

remarkable H2 adsorption. At 77 K and 1 atm, the H2 uptakes
reach 175.6 cm3 g−1 (1.6 wt %) for 1-FA, 145.2 cm3 g−1 (1.3 wt
%) for 2-BDC, 116.5 cm3 g−1 (1.1 wt %) for 3-NH2-BDC, 91.6
cm3 g−1 (0.82 wt %) for 4-NO2-BDC, 87.4 cm

3 g−1 (0.78 wt %)
for 5-Br-BDC, 98.1 cm3 g−1 (0.88 wt %) for 6-NDC, and 66.5
cm3 g−1 (0.59 wt %) for 7-BPDC (Tables 1 and S5).
Considering the low surface area of these pillar-layered
MOFs, their relatively high H2 uptakes are notable. Specially,
the H2 adsorption of compound 1 is comparable to many well-
known frameworks such as MOF-524 and ZIF-8,25 which

Table 1. Gas Adsorption Data for Pillar-Layered MOFs 1−7

N2
(mmol/g)

H2
(mmol/g) CO2 (mmol/g) C2H2 (mmol/g) C2H4 (mmol/g) CH4 (mmol/g) IAST selectivity (50−50)

MOFs
77 K, 1
atm

77 K, 1
atm

273 K, 1
atm

298 K, 1
atm

273 K, 1
atm

298 K, 1
atm

273 K, 1
atm

298 K, 1
atm

273 K, 1
atm

298 K, 1
atm

CO2/
CH4

C2H2/
CH4

C2H4/
CH4

1-FA 0.02 7.84 4.06 3.55 3.13 2.07 2.24 1.54 0.81 0.43 78 36 38
2-BDC 3.98 6.48 4.40 2.46 2.40 1.76 1.43 1.18 0.73 0.50 52 30 37
3-NH2-BDC 2.81 5.20 3.08 2.02 2.15 1.68 1.68 1.34 0.91 0.69 37 60 65
4-NO2-BDC 0.03 4.09 1.95 0.95 1.79 1.05 0.80 0.47 0.31 0.14 35 4 84
5-Br-BDC 1.05 3.90 3.48 1.28 1.83 1.25 1.34 0.95 0.62 0.45 26 5 45
6-NDC 6.20 4.38 2.40 1.50 2.14 1.67 1.79 1.46 0.87 0.47 24 39 25
7-BPDC 7.34 2.97 1.29 0.76 0.94 0.18 0.74 0.23 0.10 0.03 62 120 189

Figure 3. Adsorption selectivity predicted by IAST of MOFs 1−7 for CO2 (50%)/CH4 (50%) (a and b), C2H2 (50%)/CH4 (50%) (c), and C2H4
(50%)/CH4 (50%) (d) at 273 K.
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surpasses the values of all reported similar pillared-layer
frameworks under the same temperature and pressure.13−15

The permanent porosity for Zn-triazolate-dicarboxylate
frameworks encouraged us to examine their potential
application in separating CO2 from CH4. The low-pressure
CO2 adsorption−desorption isotherms were measured at 273
and 298 K. As shown in Figure 2c, the CO2 uptakes are 4.06
mmol/g (90.9 cm3 g−1) for 1-FA, 4.40 mmol/g (98.6 cm3 g−1)
for 2-BDC, 3.08 cm3 g−1 (69.0 cm3 g−1) for 3-NH2-BDC, 1.95
(43.7 cm3 g−1) for 4-NO2-BDC, 3.48 (78.0 cm3 g−1) for 5-Br-
BDC, 2.40 mmol/g (53.8 cm3 g−1) for 6-NDC, and 1.29
mmol/g (28.9 cm3 g−1) for 7-BPDC at 273 K (Tables 1 and
S5). The CO2 uptake of compound 2 outperforms all of the
values of similar metal-triazolate-dicarboxylate pillar-layered
MOFs, even though most of them are decorated with amino
groups.13−15 At 298 K, MOF 1 exhibits the highest CO2 uptake
of 3.55 mmol/g (79.5 cm3 g−1), and 7 shows the lowest value of
0.76 mmol/g (17.0 cm3 g−1). Also, the 2.46 mmol/g (55.1 cm3

g−1) CO2 uptake of compound 2 surpasses the value (39.4 cm3

g−1, 298 K and 1 atm) of iso-MOF [Zn(atz) (BDC)0.5] with the
same BDC pillars and 3-amino-1,2,4-triazole reported by Wang
et al.12g Clearly, the explanation of the enhanced CO2 uptakes
of these Zn-triazolate-dicarboxylate pillar-layered MOFs13−15

using the presence of amino groups is debatable. Other factors
such as the synergistic effect of pore size and functionality may
play a greater role.
It should be pointed out that our direct activation can greatly

enhance CO2 uptake (comparable to those made through
CH2Cl2 solvent exchange

12h) without simultaneously increasing
N2 uptake (in the literature,12h a concurrent increase in N2
uptake was also observed). Thus, our study led to a dramatic
increase in CO2/N2 selectivity (better than that activated
through CH2Cl2 exchange). To my knowledge, this is the first
demonstration that the sample activation can be employed to
dramatically improve CO2/N2 selectivity.
C2H2 and C2H4 gas are selected in this work to evaluate the

C2 hydrocarbons over CH4 separation ability of these pillar-
layered MOFs. At 273 K and 1 atm, the C2H2 and C2H4
uptakes (Figure 2d and e) are 3.13 and 2.24 mmol/g for 1-FA,
2.40 and 1.43 mmol/g for 2-BDC, 2.15 and 1.68 mmol/g for 3-
NH2BDC, 1.79 and 0.80 mmol/g for 4-NO2-BDC, 1.83 and
1.34 mmol/g for 5-Br-BDC, 2.14 and 1.46 mmol/g for 6-NDC,
and 0.94 and 0.74 mmol/g for 7-BPDC (Tables 1 and S5). At
298 K and 1 atm, compound 1 shows the highest C2H2 uptake
of 2.07 and 1.54 mmol/g (Figure S9). Although the C2H2 and
C2H4 gas adsorption capacities of these pillar-layered MOFs are
not very impressive, their accessible starting materials and easily
handled situations still make them promising for C2 hydro-
carbons over CH4 separation applications. The CH4 uptake
capacities (Figure 2f) of MOFs 1−7 are 0.81 mmol/g (18.1
cm3 g−1), 0.73 mmol/g (16.4 cm3 g−1), 0.91 mmol/g (20.4 cm3

g−1), 0.31 mmol/g (6.9 cm3 g−1), 0.62 mmol/g (13.9 cm3 g−1),
0.87 mmol/g (19.5 cm3 g−1), and 0.10 mmol/g (2.2 cm3 g−1) at
273 and 1 atm (Tables 1 and S5). The significantly lower CH4
uptake values should be due to the weak interaction between
CH4 molecules and the frameworks of these pillar-layered
MOFs with narrow cross pores.
CO2/CH4 and C2 Hydrocarbons/CH4 Selectivity. The

above-mentioned isothermal adsorption results indicate that
MOFs 1−7 can selectively adsorb CO2 and C2 hydrocarbons
(C2H2 and C2H4) over CH4. To predict CO2−CH4, C2H2−
CH4, and C2H4−CH4 binary mixture selectivity, an ideal
adsorbed solution theory (IAST) calculation based on a dual-

site Langmuir−Freundlich (DSLF) simulation was employed
on the basis of the single-component CO2, C2H2, C2H4, and
CH4 adsorption isotherms.26 Figure 3a and b shows the
adsorption selectivity of MOFs 1−7 for CO2 (50%) and CH4
(50%) at 273 K. The CO2/CH4 selectivity values are estimated
to be 78, 52, 37, 35, 26, 24, and 62 for 1−7, respectively, which
are significantly higher than the values of those reported for
other Zn-triazolate-dicarboxylate pillar-layered MOFs13−15 and
are comparable to those of MOFs with the highest selectivity
reported in the literature.3 Figure 3c and d shows the predicted
mixture adsorption selectivity of 1−7 for C2H2/CH4 (50:50)
and C2H4/CH4 (50:50) at 273 K. The C2H2/CH4 and C2H4/
CH4 selectivity values are estimated to be 36 and 38 for 1, 30
and 37 for 2, 60 and 65 for 3, 4 and 84 for 4, 5 and 45 for 5, 39
and 25 for 6, and 120 and 189 for 7 (Tables 1 and S5). These
values are considered of very high selectivity among the limited
MOFs investigated so far for separations of the C2 hydro-
carbons (C2H2, C2H4, or C2H6) over CH4.

6 Overall, the tunable
CO2 and C2 hydrocarbons selectivity over CH4 for MOFs 1−7
could be due to the synergistic effect of multiple functional
groups and their narrow cross pores. Moreover, the more
hydrophobic pore nature enforces the pillar-layered frame-
works’ stability under humid environments, which is favorable
for their potential application in the separation of CO2 and C2
hydrocarbons from CH4.

■ CONCLUSIONS
By employment of typical Zn-triazolate layer and linear ditopic
carboxylate ligands, we present a systematic design of pore size
and functionality in Zn-triazolate-dicarboxylate pillar-layered
MOFs. The substituent groups and longer pillars do not
promote CO2 adsorption capacity and CO2/CH4 separation
performance; however, longer pillars can increase the C2H2/
CH4 and C2H4/CH4 selectivity. Overall, the narrow intersect-
ing channels together with the functional groups effectively
tune the CO2 and C2 hydrocarbons uptakes and reduce the
affinity with CH4, which demonstrate the potential of these
pillar-layered MOFs as promising candidate materials for
separation from natural gas and fuel gases. The synergistic
effect demonstrated herein by tuning functional groups and
controlling the pore size simultaneously may be a promising
strategy to enhance gas adsorption capacity and separation
performance of MOFs.
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