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ABSTRACT: Considering the important application foundation
of propylene (C3H6) and ethylene (C2H4) production, as well as
methane (CH4), in petrochemical industries, this report
comprehensively investigated an innovative MOF material (Zn-
BPZ-SA) that was synthesized by 3,3′,5,5′-tetramethyl-4,4′-
bipyrazole (H2BPZ) and squaric acid (H2SA) for separating
methanol-to-olefins (MTO) products (C3H6/C2H4 mixtures) and
natural gas (C3H8/C2H6/CH4 mixtures). Zn-BPZ-SA with great
resistance toward water and exceptional thermal stability (520
°C), can preferentially adsorb C3H8 and C3H6 rather than C2H6
and C2H4, and in particular, reveals high C3H6 and C3H8 uptakes
of 46.6 and 48.0 cm3 g−1 under the crucial low pressure (10 kPa,
298 K). The experimental and simulated transient breakthroughs
for C3H6/C2H4 binary mixtures and C3H8/C2H6/CH4 ternary
mixtures demonstrated that the MOF can separate these mixtures with long breakthrough time differences, yielding high-
purity (>99.95%) products with high productivities: C2H4 (21.9−142.8 L kg−1) and CH4 (34.9−73.0 L kg−1). The excellent
separation abilities can be attributed to the rich accessbile O/N and methyl binding sites scattered at the pore surfaces in
framework.

Propylene (C3H6) and ethylene (C2H4) are crucial energy
resources and also vitally important feedstocks in the
chemical process industry.1−3 The total global produc-

tion of C2H4 and C3H6 ranks as the most chemical raw materials
in the world.4,5 The methanol-to-olefins (MTO) reaction is an
important and advanced method for preparing C2H4 from coal
and natural gas, where the products contain∼21 wt % C3H6 and
∼51 wt % C2H4.

6,7 Therefore, separating C3H6 and C2H4 of
MTO products is essential for downstream applications. The
common separation process of C3H6 and C2H4 mixtures is
mainly dependent upon the cryogenic distillation at high
pressure, requiring large energy consumption accounting for
more than 0.3% of the global energy needs.8−10 Besides olefins, a
second critical separation object is natural gas, predominantly
composed of methane (CH4, 85%), ethane (C2H6, 9%), and
propane (C3H8, 3%).

11 Natural gas is considered as an
important clean energy due to the main component of CH4
with high hydrogen-to-carbon ratio and low carbon dioxide
emissions.12 However, the coexisting C2H6 and C3H8 not only
reduces the efficiency of CH4 combustion but also raises the risk
of equipment fouling and pipeline clogging.13−15 So C2H6 and

C3H8 impurities have to be removed from CH4 prior to
transportation process, through the highly energy-intensive
cryogenic distillation technology in industry. It is widely
believed that transition to adsorbent-based separation strategy
with much low energy consumption and safe operation would be
of great importance for gas purification.16−19 Consequently,
there is an urgent demand to develop adsorbents for
hydrocarbon separation goal under mild conditions.
Metal−organic frameworks (MOFs) with the variety of

topologies meet the task-specific application requirements.20−27

The prominent advantages of MOFs over the zeolites and
carbon adsorbents are their precisely controllable pores and easy
modifications, which display unparalleled performance for gases
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and obtain remarkable progress in gas separation application,
including Xe/Kr, C2H6/C2H4, C2H2/CO2, C3H6/C3H8, and so
on.28−35 However, the less commonly reportedMOFs displayed
the separation for C3/C2 hydrocarbons, especially for C3H6/
C2H4.

7,36 In addition, water vapor often coexists with the feed
gases in separation process, which will greatly degrade the
separation performance of adsorbents, thus the stability of
MOFs is a prerequisite for utilization from an industrial point of
view. Many efforts have been devoted improving the thermal
and chemical stability of MOFs, including adopting high-
oxidation-state metal ions or clusters.37 On the other hand, from
the aspect of organic building units, using pyrazole linkers with

high pKa and introducing hydrophobic organic groups are also
effective to form porous networks with great stability.38

For separation goal of MTO products and natural gas, a new
pillared-layer MOF, [Zn(HBPZ)(SA)0.5]·3H2O·0.25DMF (Zn-
BPZ-SA) was herein created by employing 3,3′,5,5′-tetramethyl-
4,4′-bipyrazole (H2BPZ) and squaric acid (H2SA) linkers. The
utilization of pyrazole coordinated units and the incoporation of
methyl groups in ligands endow Zn-BPZ-SA with great
resistance toward water and exceptional thermal stability
beyond 500 °C. The static gas adsorptions and experimental
breakthroughs indicate that Zn-BPZ-SA can preferentially
adsorb and separate C3H6 from C3H6/C2H4 mixtures, as well

Figure 1. (a) Coordination environment of Zn2+ ions, (b) 2D layer, (c) 3D framework viewed along the c axis, and (d) cage in Zn-BPZ-SA (N,
blue; O, red; C, gray; Zn, turquiose).

Figure 2. Gas sorption isotherms of Zn-BPZ-SA at (a) 273 K and (b) 298 K. (c) Comparisons of C3H6 uptakes in different porous materials at
298 K under 10 kPa; (d) Qst of Zn-BPZ-SA for different gases; and IAST selectivities of Zn-BPZ-SA for (e) C3H6/C2H4 and (f) C2H6/CH4 and
C3H8/CH4.
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as C2H6 and C3H8 from C3H8/C2H6/CH4 mixtures, respec-
tively. Grand Canonical Monte Carlo (GCMC) simulations
revealed that the accessbile O/N and methyl binding sites are
responsible for separation.
Zn-BPZ-SA crystallizes in tetragonal I4/m space group and

contains one Zn2+ ion, one HBPZ ligand, and a half of SA linker
in the asymmetric unit. The Zn2+ ion has a N3O tetrahedral
coordinated geometry surrounded by three HBPZ ligands and
one SA ligand (Figure 1a). Two pyrazolyl (pz) rings in two
HPBZ bridge two Zn2+ ions to form a [Zn2(pz)2] dimer.
Adjacent dimers are interconnected byHBPZ to form grid layers
(Figure 1b), and which are further jointed by SA pillars to
produce a three-dimensional (3D) open layer-pillared frame-
work (Figures 1c and S2). The framework contains cubelike
cages composed of eight [Zn2(pz)2] dimers, eight HBPZ, and
four SA with the dimensions of 9.0× 10.7× 10.7 Å3 (Figure 1d),
which was determined by measuring the distances between the
centers of dimers. Two pyrazolyls of HBPZ are tilted with an
angle of 69.8°, leading to all methyl groups of HBPZ direct
inward in cages, giving rise to a reduced window size. The
linkage among the cages produces a 3D intersected pore with the
accessible void of 45.6% calculated by the 1.2 Å probe based on
the PLATON program (Figure S3). The pore wall is mainly
decorated by methyl groups, and uncoordinated O and N atoms
from ligands, which would play a decisive role in gas adsorption
and separation process.
The purity of bulk Zn-BPZ-SA was confirmed by measuring

powder X-ray diffraction (PXRD) pattern that matches well with
the simulated from crystal structure (Figure S4). At 77 K, N2
sorption experiment of the desolvated Zn-BPZ-SA that was
prepared by activation at 393 K exhibited reversible a type-I
sorption isotherm (Figure S5), and the Langmuir and
Brunauer−Emmett−Teller (BET) surface areas were 1013
and 925 m2 g−1, respectively (Figure S6). The pore volume of
0.46 cm3 g−1 is consistent with the value (0.47 cm3 g−1)
calculated from crystal structure. The pore size distribution

localizes in 6.4−8.4 Å range based on density functional theory
method (Figure S5).
Due to the existence of rich methyl groups and accessible O/

N atoms in the pore wall of Zn-BPZ-SA, the sorption isotherms
at 273 and 298 K for C2H4, C2H6, C3H6, C3H8, and CH4 were
measured to estimate separation performance. The adsorption
curves of C3H6 and C3H8 exhibit steep rise at low pressure of 1−
10 kPa, affording the ultrahigh C3H6 and C3H8 uptakes of 46.6/
48.0 cm3 g−1 at 298 K under 10 kPa (Figure 2a and 2b). This
means that the interaction strengths of the framework to gases
deferred to the order of C3 > C2 > CH4, which is a crucial
prerequisite for separating C3H6/C2H4 and C3H8/C2H6/CH4.
Zn-BPZ-SA maintains the high C3H6 uptake (46.6 cm3 g−1) at
298 K under 10 kPa, surpassing the most reported outstanding
materials, such as HOF-16a (38 cm3 g−1),39 ZU-36-Co (34.7
cm3 g−1),40 NKMOF-11 (33 cm3 g−1),41 and UiO-66-CF3 (38
cm3 g−1),5 but slightly lower than some top-performance MOFs
such as NUM-7a (50 cm3 g−1)42 and Ni-NP (52 cm3 g−1)43

(Figure 2c). At 298 and 273 K under 100 kPa, the loadings in
Zn-BPZ-SA reach 63.9/87.2 cm3 g−1 for C2H4, 66.6/84.6 cm3

g−1 for C2H6, 68.3/83.8 cm3 g−1 for C3H6, 61.2/70.5 cm3 g−1 for
C3H8, and 14.4/22.6 cm3 g−1 for CH4, respectively. The relative
low loadings for C3 hydrocarbons compared to C2 hydrocarbons
are not uncommon considering the larger bulks of C3 molecules.
Isosteric enthalpies of adsorption (Qst) were calculated using the
virial equation based on the adsorption data at 273 and 298 K to
evaluate the affinity of Zn-BPZ-SA for gases (Figure S7−S11).
As shown in Figure 2d, the Qst values followed the hierarchy of
C3 > C2 > CH4, conferring the potential of separating C1/C2/C3
alkanes and C2/C3 alkenes. TheQst values gradually increase for
C3H6 and C3H8 at higher coverage, differing from the cases of
C2H6, C2H6, and CH4, implying the C3 adsorption benefits from
the intermolecular interactions among the adsorbates.44−46

Further, continuous C2H4 adsorption/desorption tests confirm
easy recyclability of Zn-BPZ-SA with no capacity loss (Figure
S12).

Figure 3. Preferential binding sites for (a) C2H4; (b) C2H6; (c) C3H6; and (d) C3H8 (N, blue; O, red; C, gray; Zn, turquoise; H, green).
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The selectivities of Zn-BPZ-SA for C3H6/C2H4, C2H6/CH4,
and C3H8/CH4 mixtures at 273 and 298 K were calculated by
ideal adsorbed solution theory (IAST) on the basis of
adsorption isotherms (Figure S13−S17, Tables S3 and S4). As
illustrated in Figure 2e, the predicted C3H6/C2H4 selectivities
for the 50/50, 20/50, and 10/90 C3H6/C2H4 mixtures are 4.8/
5.3, 5.3/5.8, and 6.1/6.8 at 298/273 K under 100 kPa,
respectively, which are considerably high in MOFs and are
comparable to the reported excellent MOFs, such as
{[Co4(TC4A)Cl](L)2][(CH3CH2)4N]}n (50/50 C3H6/C2H4
mixtures: 3.6 at 298 K and 4.6 at 273 K),47 Ni-MOF-74 (50/
50 C3H6/C2H4 mixtures: 3.3 at 298 K),

48 NEM-7-Cu (50/50
C3H6/C2H4 mixtures: 8.6 at 298 K; 10/90 C3H6/C2H4
mixtures: 8.5 at 298 K),10 and UPC-33 (50/50 C3H6/C2H4
mixtures: 5.7 at 298 K; 10/90 C3H6/C2H4 mixtures: 5.84 at 298
K).49 The selectivities of Zn-BPZ-SA for C3H8/CH4 and C2H6/
CH4 mixtures that are related to the natural gas purification
demand in industry were also calculated. Under 100 kPa, the
IAST selectivities for various ratios of C2H6/CH4 (50/50 and
10/85) and C3H8/CH4 (50/50 and 5/85) mixtures were
determined to be 10.5, 10.9, 40.6, and 65.7 at 298 K,
respectively, and which are 12.1, 12.9, 45.2, and 88.1 at 273 K
(Figure 2f). The high selectivities for both C3H6 over C2H4 and
C2H6/C3H8 over CH4 suggest the promising potential of Zn-
BPZ-SA for the separation and purification ofMTO products, as
well as natural gas.
Single-crystal diffraction is one of the most effective methods

to understand the adsorption/separation mechanism. However,
we were not able to obtain single-crystal data of activated Zn-
BPZ-SA with absorbed gas molecules even after extensive
attempts. To gain deep insights into the interactions between
the framework and adsorbates, GCMC simulations were
adopted to ascertain the preferential binding sites in Zn-BPZ-
SA. It shows that the sites for C2H4, C2H6, C3H6, and C3H8
molecules are located at the corners of channels near the SA
pillars. As given in Figure 3a, for C2H4, there are C−H···π and
π···π interactions with the cyclobutenyl rings of SA as well as the
methyl groups and pyrazolyl rings of HBPZ. The sites for C2H6
derive from the free O atoms of SA and pyrazolyl rings of HBPZ

(Figure 3b). Compared to C2H4 and C2H6, C3 hydrocarbons
with a larger molecular size enhances the interactions with the
framework. As shown in Figure 3c, C3H6 molecule interacts with
one pyrazolyl, one cyclobutenyl, and uncoordinated one
pyrazolyl N atom and one O atom of ligands to form stronger
contacts including C−H···O/N/π and π···π interactions with
distances of 2.786−3.408 Å. C3H8 also formed the multiple C−
H···O/N/π interactions with the organic units in SA and HPBZ
ligands (Figure 3d). For CH4, although the CH4 molecule can
form two weak C−H···π contacts with the cyclobutenyl ring of
SA (H···πcentroid = 3.141 and 3.146 Å), but the long separations of
H···O = 3.30 Å and H···N = 3.59 Å between CH4 and the O/N
sites in the framework basically exclude the hydrogen bond
interactions (Figure S19). Zn-BPZ-SA revealed the obviously
higher binding energies for C3H8 (38.6 kJ mol−1) and C3H6
(33.6 kJ mol−1) than C2H6 (29.0 kJ mol−1), C2H4 (22.6 kJ
mol−1), and CH4 (18.2 kJ mol−1), which reflects the stronger
affinity toward C3H8 and C3H6, agreeing with the selective
uptakes for C3H8 and C3H6. These simulation results are
consistent with the differences in the polarizability of CH4
(25.93 × 10−25 cm3) < C2H4 (42.52 × 10−25 cm3) < C2H6
(44.3−44.7 × 10−25 cm3) < C3H6 (62.6 × 10−25 cm3) < C3H8
(62.9−63.7 × 10−25 cm3), as well as the same order of molecule
sizes. The interactions are stronger for molecules which have
larger size and polarizability, as reported in the literatures.11,50

The different binding sites in Zn-BPZ-SA for C3H6, C2H4,
C2H6, and C3H8 at 298 K under 100 kPa were further
investigated by simulations. As shown in Figure 4a−d, the
MOF exhibits important three sites for C3H6 and C3H8 and two
sites for C2H4 and C2H6. C3H8 and C3H6 molecules are involved
in more contacts with the accessible sites of O/N atoms and π
centers from ligands in pore wall, forming rich C−H···O/N/C
hydrogen bonds and C−H···π or π···π interactions (Figure 4a,
d). Notably, the methyl groups in HBPZ are also useful sites for
C3H8 (C3H8−III) and C3H6 (C3H6−III) molecules through C−
H···C interactions. By contrast, the interactions of the
framework with both C2H6 and C2H4 are weak due to less
contact fashions (Figure 4b,c). These findings are consistent

Figure 4. Adsorption sites for (a) C3H6; (b) C2H4; (c) C2H6; and (d) C3H8 in Zn-BPZ-SA simulated at 298 K under 100 kPa (N, blue; O, red; C,
gray; Zn, turquiose; H, green).
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with the experimental selectivity of Zn-BPZ-SA for C3
hydrocarbons over C2 hydrocarbons.
To validate the feasibility using Zn-BPZ-SA to separate MTO

products in a packed column, transient breakthrough simu-
lations for C3H6/C2H4 (50/50, 20/50, and 10/90, v/v)mixtures
were done at 273/298 K under 100 kPa using the methodology
described by Krishna (see also Supporting Information).51,52

The simulated curves in Figure 5a−c show that the mixtures
were completely separated by Zn-BPZ-SA, whereby C2H4
breakthrough occurs first to yield the pure C2H4 but C3H6
passes through the column after longer times. Next, the actual
separation performance was assessed by breakthrough experi-
ments conducted on Zn-BPZ-SA at 298/273 K under 100 kPa,
in which the ratios of 50/50, 20/50, and 10/90 C3H6/C2H4
mixtures with Ar as the carrier gas were respectively purged into
a packed column (flow rate = 5.0 mLmin−1). Figure 5d−f shows

that the measured curves excellently agree with the simulated
results, in which C3H6 was preferentially adsorbed in the
column, and C2H4 was first eluted with a high-purity >99.95%
utill C3H6 broke through after substantial delay times of 143/
222, 170/371, and 157/401 min g−1 for 50/50, 20/50, and 10/
90 mixtures at 298/273 K, respectively. The corresponding
breakthrough time differences (Δt) between C3H6 and C2H4
were 124/185, 153/333, and 143/365 min g−1 for three
mixtures, far exceeding some benchmark materials, including
spe-MOF,36 iso-MOF-4,7 CR-COF-1,6 and CR-COF-2 (Figure
S20).6 The long Δt at both 298 and 273 K shows that the wide
composite range of C3H6/C2H4 mixtures can be separated by
Zn-BPZ-SA without precisely controlling temperature. During
Δt, the collected high-grade C2H4 productivities (>99.95%),
which were calculated on the basis of simulating experimental
breakthrough were determined to be 21.9/39.3, 27.7/67.0, and

Figure 5. Simulated breakthrough curves of Zn-BPZ-SA for C3H6/C2H4 mixtures: (a) 50/50, (b) 20/50, and (c) 10/90; experimental
breakthrough curves of Zn-BPZ-SA for C3H6/C2H4 mixtures: (d) 50/50, (e) 20/50, and (f) 10/90.

Figure 6. Simulated breakthrough curves of Zn-BPZ-SA for C3H8/C2H6/CH4 mixtures (5/10/85) at 273 K (a) and 298 K (b); experimental
breakthrough curves of Zn-BPZ-SA for C3H8/C2H6/CH4 mixtures (5/10/85) at 273 K (c) and 298 K (d).
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51.5/142.8 L kg−1 for 50/50, 20/50, and 10/90 C3H6/C2H4
mixtures at 298/273 K, respectively. The productivities would
be higher in industrial practice without the inert carrier gas. The
identical breakthrough times for the multiple breakthrough
experiments of C3H6/C2H4 mixtures confirmed great recycla-
bility of material (Figure S21). Apparently, the desirable high-
purity C2H4 can be directly obtained by separating MTO
products through utilizing C3H6-selective MOFs, greatly
increasing the separation efficiency.
The breakthrough curves of binary (C2H6/CH4 and C3H8/

CH4) alkane mixtures with Ar as the carrier gas were also tested
to evaluate the natural gas separation performance of Zn-BPZ-
SA. As indicated in Figure S22a, b, when the C2H6/CH4 (50/50
and 10/85, v/v) mixtures were fed into the packed column, CH4
was eluted rapidly from the column, but C2H6 were detected
until at 25.4/54.3 and 19.3/30.9 min g−1 for 50/50 and 10/85
mixtures at 298/273 K, respectively. Similar results were also
observed in the breakthrough results of C3H8/CH4 (50/50 and
5/85, v/v) mixtures, in which C3H8 was gauged at 147.5/299.1
and 180.4/524.4 min g−1 for 50/50 and 5/85 mixtures at 298/
273 K, respectively (Figure S22c, d).
For natural gas purification, transient breakthrough simu-

lations on Zn-BPZ-SA for C3H8/C2H6/CH4 mixtures showed
that CH4 first flows out of the column since the weakest
adsorption strength, which could thereby produce high-purity
CH4 before the C2H6 and C3H8 breakthrough occurred (Figure
6a, b). Experimental breakthrough curves of ternary 5/10/85
C3H8/C2H6/CH4 (which roughly simulates the composition of
natural gas) mixtures were also collected at 273 and 298 K
(Figure 6c,d), which revealed remarkably similar results with the
simulations. It shows that Zn-BPZ-SA can separate CH4 from
the ternary mixtures with significantly different breakthrough
times. CH4 was first eluted from the column to offer high-purity
CH4 (>99.95%) in the outlet until C2H6 broke through at 16.2/
34.5 min g−1, whereas C3H8 was retained with long times of
118.1/271.1 min g−1 in the column at 298/273 K. The
productivities of ≥99.95% CH4 purity calculated on the basis of

breakthrough curves were determined to be 34.9 and 73.0 L kg−1

at 298 and 273 K, respectively, which are higher than that of
LIFM-W2 and comparable to the reports in BSF-1, BSF-2, MIL-
142A, andNi(HBTC)(bipy),15 suggesting the potential for CH4
purification from natural gas. In addition, the cycling experi-
ments of ternary mixtures further demonstrated the superior
recyclability and stability of the material (Figure S23).
Zn-BPZ-SA also shows very high thermal stability, as

measured by thermogravimetric analysis (TGA) that displays
a wide thermostable flat in the range of 200−520 °C under N2
atmosphere (Figure S24). The high thermostable temperature
of the framework can be confirmed by the temperature-
dependent PXRD tests (Figure 7a). The C2H4 adsorption
isotherms of the sample after heating treatments agree well with
those of the pristine material, further demonstrating remarkable
thermal stability (Figure 7b). The thermal stability of Zn-BPZ-
SA exceeds the reported major MOFs with high stable
temperatures, including Zn3(BTP)2 (510 °C),53 MIL-140c
(500 °C),54 ZIF-8 (500 °C),55 and NJU-Bai62 (450 °C)56
(Figure 7c, Table S5).
Considering the real environments of material in application,

the resistance of Zn-BPZ-SA toward air and water humidity was
evaluated. As shown in Figure 7d and 7e, after exposing Zn-BPZ-
SA to the air for 40 days and relative humidity (65%) for 10 days,
PXRD and C2H4 adsorption demonstrated excellent stability of
the material. The water vapor sorption isotherm of Zn-BPZ-SA
at 298 K exhibits a type-III curve (Figure 7f), in which the water
uptake increases slowly before the pressure of P/P0 = 0.8, and
then rapidly, showing the hydrophobic feature of pores.57,58

Most MOFs decreased or lost the water adsorption capacities
after multiple cycles of water adsorption, however, Zn-BPZ-SA
reveals repeated water sorption curves, which are very excellent
compared to some representative MOFs, such as MOF-199 that
lost 68% maximum uptake after five adsorption cycles.59 The
excellent thermal and water stability of Zn-BPZ-SA can be
attributed to the utilization of methyl-functionalized dipyr-
azolate linkers, on one hand, the pyrazole junction with a large

Figure 7. (a) PXRD patterns of Zn-BPZ-SA treated under different temperatures; (b) C2H4 sorption isotherms at 298 K of Zn-BPZ-SA treated
under different temperatures; (c) comparison of the thermal stability among different MOFs; (d) PXRD patterns of Zn-BPZ-SA exposed to
different environments; (e) C2H4 sorption isotherms at 298 K of Zn-BPZ-SA exposed to different environments; (f) water sorption isotherm
cycles of Zn-BPZ-SA at 298 K.
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pKa value leads to robust M-N bonds, on the other hand,
according to the coordinated environment of Zn2+ centers, one
Zn2+ center is shielded by three methyl groups, which prevent
the attack on the metal centers from water.38,60

Summarizing, we have synthesized a new MOF, Zn-BPZ-SA,
with the multiple separation functions for MTO products and
natural gas. The MOF with a layer-pillared network was
constructed from judiciously selected methyl-functionalized
pyrazole linkers and squaric acid pillars, possessing excellent
resistance toward water, as well as exceptional thermal stability
(520 °C). Zn-BPZ-SA reveals the high uptakes of 46.6 cm3 g−1

for C3H6 and 48.0 cm3 g−1 for C3H8 at the crucial low pressure of
10 kPa and preferential adsorption for C3H6 from C3H6/C2H4
mixtures, as well as selective captures for C2H6 and C3H8 from
C3H8/C2H6/CH4 mixtures, respectively. As a result, the MOF
displayed efficient separation for MTO products of C3H6/C2H4
mixtures and also showed great separation performances for
natural gas of C3H8/C2H6/CH4 mixtures, affording the high-
purity (>99.95%) C2H4 (21.9−142.8 L kg−1) and CH4 (34.9−
73.0 L kg−1) gases by one step, respectively. Molecular
simulations highlighted the crucial roles of methyl groups and
accessible active O/N sites in the pores of framework for
separations. This presentation may contribute to the future
development of advanced materials for achieving gas separation
of light hydrocarbons.
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Synthesis of Zn-BPZ-SA 

The mixture containing 0.0297 g Zn(NO3)2·6H2O (0.1 mmol), 0.019 g H2BPZ (0.1 mmol), 

0.0114 g H2SA (0.1 mmol), and 3 mL DMF was sealed in a vessel (25 mL). The vessel was 

heated at 130 °C for 72 h, and then cooled to RT at a rate of 10 °C h-1 to give colorless bulk 

crystals (yield: 51%, based on Zn(NO3)2·6H2O). The sample morphology was characterized 

by SEM (Figure S1). Anal. Calcd for C12.75H20.75ZnN4.25O5.25: C, 39.98; H, 5.46; N, 15.54%. 

Found: C, 40.12; H, 5.13; N, 15.31%.

Materials and General Methods 

The reagents were purchased commercially. Elemental analyses were determined with a 

Perkin-Elmer 2400C elemental analyzer. Thermalgravimetric analyses (TGA) were tested in 

a nitrogen stream using a Netzsch TG209F3 equipment (10 °C min-1). Powder X-ray 

diffraction (PXRD) data were recorded on a Bruker D8 ADVANCE X-ray powder 

diffractometer (Cu Kα, λ = 1.5418 Å). Single crystal diffraction data were collected on a 

Bruker SMART APEX II CCD diffractometer. The product morphology was tested by a field 

emission scanning electron microscope (FESEM S-8010 Hitachi) with an acceleration 

voltage of 20 kV. Sorption measurements were performed with an automatic volumetric 

sorption apparatus (Micrometrics ASAP 2020M and TriStar II 3020), in which the sample 

was activated by immersing in CH2Cl2 for 72 hours and then heating at 393 K under vacuum 

for 4 hours. Breakthrough experiments were performed on a Quantachrome dynaSorb BT 

equipment.

X-Ray Crystallography 

A Bruker Smart Apex II CCD detector was used to collect the single crystal data at 150(2) 

K using graphite-monochromated Ga Kα (λ = 1.34139 Å). The structure was solved by direct 

methods and refined by full-matrix least-squares refinement based F2 with the SHELXTL 

program. The non-hydrogen atoms were refined anisotropically with the hydrogen atoms 

added at their geometrically ideal positions and refined isotropically. As the disordered 

solvent molecules in the structure cannot be located, the SQUEEZE routine of Platon 

program was applied in refining. The formula of complex was get by the single crystal 

analysis together with elemental microanalyses and TGA data. Relevant crystallographic 
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results are listed in Table S1. Selected bond lengths and angles are provided in Table S2.

Transient Breakthrough Simulations 

Transient breakthrough simulations were carried out for the same set of operating 

conditions as in the experimental data sets, using the methodology described in earlier 

publications.1-5 In these simulations, intra-crystalline diffusion influences are ignored. For 

Zn-BPZ-SA, there is excellent match between the experiments and simulations. From the 

simulations on the experimental breakthrough curves, the productivities of 99.95% pure C2H4 

and 99.95% pure CH4 were determined; these are expressed in the units of L per kg of MOF.

Breakthrough Experiments

The breakthrough experiment was performed on the Quantachrome dynaSorb BT 

equipments at 298 K and 1 bar with Ar as the carrier gas. The activated Zn-BPZ-SA (about 

0.8 g) was filled into a packed column of ϕ 4.2 mm × 80 mm, and then the packed column 

was washed with Ar at a rate of 7 mL min-1 at 343 K for 30 minutes to further activate the 

samples. Between two breakthrough experiments, the adsorbent was regenerated by Ar flow 

of 7 mL min-1 for 35 min at 343 K to guarantee a complete removal of the adsorbed gas.

GCMC Simulations

Grand canonical Monte Carlo (GCMC) simulations were performed for the gas adsorption 

in the framework by the Sorption module of Material Studio (Accelrys. Materials Studio 

Getting Started). The framework was considered to be rigid, and the optimized gas molecules 

were used. The atom charges and bond lengths for the gas molecules are shown in Figure 

S18. The partial charges for atoms of the framework were derived from QEq method and 

QEq neutral 1.0 parameter. One unit cell was used during the simulations. The interaction 

energies between the gas molecules and framework were computed through the Coulomb and 

Lennard-Jones 6-12 (LJ) potentials. All parameters for the atoms were modeled with the 

universal force field (UFF) embedded in the MS modeling package. A cutoff distance of 12.5 

Å was used for LJ interactions, and the Coulombic interactions were calculated by using 

Ewald summation. For each run, the 3 × 106 maximum loading steps, 3 × 106 production 

steps were employed.

The binding energy was calculated by Castep software. The exchange-correlation 
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functional used in calculations was in the framework of the generalized gradient 

approximation (GGA) proposed by Perdew, Burke and Ernzerhof (PBE). DNP basis set was 

used to describe the atomic orbital. The binding energy is evaluated by the following 

equation: Ebind = Eframework+gas – Eframework – Egas, in which Eframework+gas is the total energy of 

the framework and the adsorbed gas molecule, Eframework and Egas are the energies of the 

framework and gas molecule.

Fitting Adsorption Heat of Pure Component Isotherms

           
0 0

ln ln  + 1/ +
m n

i i
i i

i i
P N T a N b N

 

   st
0

m
i

i
i

Q R a N


  

The virial equation was used to fit the combined isotherm data for Zn-BPZ-SA at 273 and 

298 K, where P is the pressure, N is the adsorbed amount, T is the temperature, ai and bi are 

virial coefficients, and m and N are the number of coefficients used to describe the isotherms. 

Qst is the coverage-dependent heat of adsorption and R is the universal gas constant.

Gas Selectivity Prediction via IAST

The experimental isotherm data for pure gas were fitted using a dual Langmuir-Freundlich 

(L-F) model:

𝑞 =
𝑎1 ∗ 𝑏1 ∗ 𝑃𝑐1

1 + 𝑏1 ∗ 𝑃𝑐1 +
𝑎2 ∗ 𝑏2 ∗ 𝑃𝑐2

1 + 𝑏2 ∗ 𝑃𝑐2

Where q and p are adsorbed amounts and the pressure of component i, respectively.

The adsorption selectivities for binary mixtures defined by

Si/j
xi*yj

xj*yi

were respectively calculated using the Ideal Adsorption Solution Theory (IAST). Where xi is 

the mole fraction of component i in the adsorbed phase and yi is the mole fraction of 

component i in the bulk.
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Figure S1. SEM image of Zn-BPZ-SA (a), and the image of the single crystal with the 
particle sizes of 71 μm × 64 μm × 41 μm (b).

Figure S2. a) 3D framework of Zn-BPZ-SA viewed along the a axis; b) 3D framework of 
Zn-BPZ-SA viewed along the b axis. 

Figure S3. Accessible surface representation of pores in Zn-BPZ-SA viewed along the c axis.

Figure S4. PXRD patterns of Zn-BPZ-SA.
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Figure S5. Adorption isotherm of Zn-BPZ-SA for N2 at 77 K, and the insert shows the pore 
size distribution based on the density functional theory method.
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Figure S7. Fitted C3H6 isotherms of Zn-BPZ-SA, and the isosteric heats of adsorption (Qst). 
Fitting results, a0 = -4063.42187, a1 = 49.96209, a2 = -1.69184, a3 = 0.01419, a4 = -0.00008, 
b0 = 11.25522, b1 = -0.13915, b2 = 0.0038, Chi^2 = 0.00194, R^2 = 0.99965.
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Figure S8. Fitted C2H4 isotherms of Zn-BPZ-SA, and the isosteric heats of adsorption (Qst). 
Fitting results, a0 = -2783.04858, a1 = 0.00812, a2 = 0.0793, a3 = -0.00189, a4 = 0.00001, b0 
= 9.21546, b1 = -0.00536, b2 = 0.00021, Chi^2 = 0.00021, R^2 = 0.99994.

   
0 15 30 45 60

-4

-3

-2

-1

0

1

2

3

4

5

ln
P

 (k
P

a)

V
abs

(STP) (cm3 g-1)

273 K
298 K

0 10 20 30 40 50 60
10

20

30

40

50

Q
st

(k
J 

m
o

l-1
)

V
abs

(STP) (cm3 g-1)

C
3
H

8

Figure S9. Fitted C3H8 isotherms of Zn-BPZ-SA, and the isosteric heats of adsorption (Qst). 
Fitting results, a0 = -3974.76559, a1 = 66.87671, a2 = -1.99892, a3 = 0.00425, a4 = 0.00006, 
b0 = 10.70141, b1 = -0.19747, b2 = 0.00549, Chi^2 = 0.02023, R^2 = 0.99632.
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Figure S10. Fitted C2H6 isotherms of Zn-BPZ-SA, and the isosteric heats of adsorption (Qst). 
Fitting results, a0 = -3175.95175, a1 = 29.29987, a2 = -0.29547, b0 = 10.21795, b1 = 
-0.10058, b2 = 0.00122, Chi^2 = 0.00328, R^2 = 0.99911. 
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Figure S11. Fitted CH4 isotherms of Zn-BPZ-SA, and the isosteric heats of adsorption (Qst). 
Fitting results, a0 = -2202.9535, a1 = 59.45118, a2 = 4.21913, a3 = -0.51122, a4 = 0.01046, 
b0 = 9.67103, b1 = -0.38804, b2 = 0.01478, Chi^2 = 0.00845, R^2 = 0.99674.
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Figure S12. Adsorption cycles of Zn-BPZ-SA for C2H4 at 298 K.
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Figure S13. C3H6 adsorption isotherms of Zn-BPZ-SA with fitted by dual L-F model, 273 K: 
a1 = 3.29277, b1 = 0.55231, c1 = 0.94239, a2 = 0.79349, b2 = 0.0009, c2 = 1.71069, Chi^2 = 
0.00346, R^2 = 0.99793; 298 K: a1 = 2.8572, b1 = 0.17641, c1 = 1.16641, a2 = 0.97179, b2 
= 0.00001, c2 = 2.19626, Chi^2 = 0.00012, R^2 = 0.99991.
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Figure S14. C2H4 adsorption isotherms of Zn-BPZ-SA with fitted by dual L-F model, 273 K: 
a1 = 3.71794, b1 = 0.0203, c1 = 1.16382, a2 = 2.59893, b2 = 0.01853, c2 = 0.71236, Chi^2 = 
4.9459E-6, R^2 = 1; 298 K: a1 = 0.97457, b1 = 0.00025, c1 = 1.78347, a2 = 3.74181, b2 = 
0.01395, c2 = 1.04771, Chi^2 = 2.0337E-6, R^2 = 1.
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Figure S15. C3H8 adsorption isotherms of Zn-BPZ-SA with fitted by dual L-F model, 273 K: 
a1 = 2.69472, b1 = 1.06089, c1 = 1.30206, a2 = 2.89518, b2 = 0.00103, c2 = 1.11115, Chi^2 
= 0.003, R^2 = 0.99971; 298 K: a1 = 0.43584, b1 = 0.02107, c1 = 2.66945, a2 = 2.27646, b2 
= 0.29933, c2 = 1.04854, Chi^2 = 0.00033, R^2 = 0.9997.
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Figure S16. C3H8 adsorption isotherms of Zn-BPZ-SA with fitted by dual L-F model, 273 K: 
a1 = 2.69472, b1 = 1.06089, c1 = 1.30206, a2 = 2.89518, b2 = 0.00103, c2 = 1.11115, Chi^2 
= 0.003, R^2 = 0.99971; 298 K: a1 = 0.43584, b1 = 0.02107, c1 = 2.66945, a2 = 2.27646, b2 
= 0.29933, c2 = 1.04854, Chi^2 = 0.00033, R^2 = 0.9997.
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Figure S17. CH4 adsorption isotherms of Zn-BPZ-SA with fitted by dual L-F model, 273 K: 
a1 = 6.53427, b1 = 0.00143, c1 = 1.04154, a2 = 0.03131, b2 = 0.03227, c2 = 1.50639, Chi^2 
= 3.2368E-7, R^2 = 1; 298 K: a1 = 5.57644, b1 = 0.00095, c1 = 1.06026, a2 = 0.01458, b2 = 
0.00079, c2 = 3.23975, Chi^2 = 1.4542E-6, R^2 = 0.99997.

Figure S18. Bond lengths and atom charges in gas molecules in simulations, a) C2H6; b) 
C2H4; c) CH4; d) C3H8; e) C3H6.

Figure S19. Preferential bingding sites for CH4 in Zn-BPZ-SA, forming C-H···π interactions.
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Figure S20. Comparison of breakthrough time differences for C3H6/C2H4 mixtures in porous 
materials.

&  Cycle 1
& Cycle 2
& Cycle 3
& Cycle 4

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
3
H

6
C

2
H

4

C
/C

0

t (min g-1)

Figure S21. Breakthrough cycles of Zn-BPZ-SA for C3H6/C2H4 mixtures at 298 K.

Figure S22. Breakthrough curves of Zn-BPZ-SA for C2H6/CH4 mixtures: a) 50/50, b) 10/85; 
breakthrough curves of Zn-BPZ-SA for C3H8/CH4 mixtures: c) 50/50, d) 5/85.
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Figure S23. Breakthrough cycles of Zn-BPZ-SA for C3H8/C3H6/CH4 mixtures at 298 K.
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Figure S24. TGA curves of Zn-BPZ-SA. 

Table S1. Crystal Data and Structure Refinements for Zn-BPZ-SA.

Chemical formula C12H13ZnN4O2

Formula weight 310.63

T (K) 150(2)

Crystal system, space group Tetragonal, I4/m

a, b, c (Å) 21.4100(10), 21.4100(10), 17.9644(16)

α, β, γ (°) 90, 90, 90

V (Å3), Z 8234.7(11), 16

Dcalcd. (g·cm-3), μ (mm-1) 1.002, 1.109

Reflns collected/unique, Rint 28375/3899, 0.0395

Goof 1.033

R1
a, wR2

b [I > 2σ] R1 = 0.0801, wR2 = 0.2202

R1
a, wR2

b (all data) R1 = 0.0833, wR2 = 0.2244
aR1 = Σ(|Fo|−|Fc|)/Σ|Fo|. bR2 = [Σw(Fo

2 − Fc
2)2/Σw(Fo

2)2]1/2.

Table S2. Selected bond lengths (Å) and bond angles (deg) for Zn-BPZ-SA.

Zn(1)-O(1) 1.933(4) O(1)-Zn(1)-N(2)#1 111.6(2)

Zn(1)-N(1) 1.958(4) O(1)-Zn(1)-N(3)#2 103.63(17)

Zn(1)-N(2)#1 1.962(5) N(1)-Zn(1)-N(2)#1 114.92(17)

Zn(1)-N(3)#2 2.017(4) N(1)-Zn(1)-N(3)#2 109.2(2)

O(1)-Zn(1)-N(1) 110.7(2) N(2)#1-Zn(1)-N(3)#2 106.0(2)

Symmetry codes: #1 -x+1/2, -y+1/2, -z+1/2; #2 -y+1/2, x-1/2, -z+1/2.
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Table S3. Summary of adsorption capacity and Qst value of C3H6 and C2H4 and C3H6/C2H4 

and selectivity for different MOFs at 298 K under 100 kPa.  

qpropylene

(cm3 g-1)

qethylene

(cm3 g-1)
Selectivity (v/v)

MOF
Qst, propylene

(kJ mmol-1)

Qst, ethylene

(kJ mmol-1)
10 kPa 100 kPa 100 kPa 1:1 2:5 1:9

Ref.

Zn-BPZ-SA 33.65 23.13 46.6 68.3 63.9 4.8 5.3 6.1 This work

NEM-7-Cu 36.9 22.5 25 75.5 29 8.6 NA NA 6

UPC-33 48.93 10.31 24 94.3 31.1 5.7 NA 5.84 7

CR-COF-1 29.8 26 35.6 84 38 NA NA NA 8

iso-MOF-4 30.9 25.4 NA 254.5 73 5.08 NA 5.36 9

spe-MOF 29.6 22.5 30 236.9 48.9 7.7 7.0 6.7 10

LIFM-38 27.3 28.1 15.5 58 20 6.4 NA NA 11

PCP 1' 14.8 24.7 38.1 70.67 55.67 3.6 NA NA 12

[Cd2(AzDC)2

(TPT)2](DMF)3
42.1 30.6 35.2 59.84 44.95 1.2 NA NA 13

*NA = not available

Table S4. Summary of adsorption capacity and Qst value of C3H8 and C2H6 and C3H8/C2H6 

selectivity for different MOFs at 298 K under 100 kPa.  

q propane (cm3 g-1) qethane (cm3 g-1)
MOF

Qst, propane

(kJ mmol-1)

Qst, ethane

(kJ mmol-1) 100 kPa 100 kPa

Selectivity

(v/v, 1:1)
Ref.

Zn-BPZ-SA 32.7 26.4 61.2 66.6 4.3 This work

Ni(4-DPDS)2CrO4 65.2 41.6 34.6 33.4 5.88 14

UPC-33 18.39 13.86 93.6 35 4.88 7

LIFM-38 28.3 28.5 55 24 5.1 11

PCP 1' 21.8 27.3 64.6 64.0 4.5 12

[Cd2(AzDC)2(TPT)2] 40.8 34.2 60.65 45.74 0.43 13

Cu-MOF 40.7 15.6 134.0 72.2 NA 15

PAN-2(CF3) 41.7 35.6 102.6 79.1 6.5 16

PAN-5H 35.7 28.7 81.3 52.6 8.4 16

PAN-5F 33.0 26.7 43.9 29.1 9.4 16

PAN-2F 41.1 36.7 103.5 81.5 7.2 16

SNNU-Bai68 38.6 33.6 71.8 65 3.4 17

*NA = not available
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Table S5. Summary of the thermal stability for different MOFs.

MOF Ligand SBU
BET surface area

(m2 g-1)
Thermal stability Ref.

MFU-4l H2-BTDD [Zn5Cl4] 2750 550 °C 18

Zn-BPZ-SA H2BPZ, H2SA [Zn2(Pz)2] 925 520 °C This work

Zn3(BTP)2 H3BTP [Zn4(PZ)8] 930 510 °C 19

ZIF-8 mIM [ZnN4] 1974 500 °C 20

MIL-140C H2BPDC [ZrO(COO)2]n 670 500 °C 21

MIL-53(Al) H2BDC [Al(OH)(COO)2]n 1590a 500 °C 22

ZnBAIm H2BAIm [ZnN4] 701 480 °C 23

MIL-140A H2BDC [ZrO(COO)2]n 415 450 °C 21

UiO-66-Br H2BDC-Br Zr6O4(OH)4(COO)12 899a 450 °C 24

Ni3(BTP)2  H3BTP [Ni4(PZ)8] 1650 450 °C 19

CAU-10-H H2IPA [Al(OH)(COO)2]n 627 430 °C 25

CAU-23 H2TDC [Al(OH)(COO)2]n 1320 430 °C 26

BUT-85 H2PBA [Ni2(OH)(H2O)2Pz3]n 730 400 °C 27

Al-soc-MOF-1 H4TCPT [V(OH)(COO)2]n 5585 400 °C 28
aLangmuir surface area
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