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Controllable inverse C2H2/CO2 separation in ultra-
stable Zn-organic frameworks for efficient removal
of trace CO2 from acetylene†

Jia Yu, Jing Zhang, Peng Zhang,* Ying Wang, Shu-Ni Li and Quan-Guo Zhai *

It is of great challenge to produce highly pure C2H2 from the CO2/C2H2 mixture because of their similar

physical properties. Metal–organic frameworks (MOFs) have shown great potential in purifying C2H2 by

virtue of their versatile pore environment with excellent tunability. However, the rational exploration of

ideal MOF adsorbents with CO2-preferred CO2/C2H2 separation performance (also called inverse C2H2/

CO2 separation) is extremely difficult. In this work, we demonstrate a new Zn-MOF family (SNNU-334–

336) with special CO2-preferred CO2/C2H2 separation performance, which can be rationally controlled

by functional groups as well as temperature. Notably, SNNU-334–336 MOFs show extremely high

stability, and SNNU-336 can maintain a stable structure even after 7 days in boiling water and 30 days in

air, which is unprecedented for all Zn-based MOF materials. Different to common MOF adsorbents, the

adsorption isotherms of SNNU-334–336 MOFs for C2H2 and CO2 under the same temperature all have

an intersection point (we called the inverse point), which gradually moves to the high-pressure region

with the increase of temperature and changes with the pore environment variation. So, SNNU-334–336

MOFs can be rationally controlled from C2H2-selective to CO2-selective CO2/C2H2 adsorption

separation adsorbents. IAST selectivity calculation indicates that a very high CO2 over C2H2 selectivity

(3595.4) can be achieved, which nearly surpasses those of all reported MOFs with CO2-preferred CO2/

C2H2 separation performance. Fixed-bed column breakthrough experiments further prove that SNNU-

334–336 MOFs all have controllable inverse CO2/C2H2 separation ability and can produce C2H2 with

extra-high purity (>99.9%) from the CO2/C2H2 (1/99) mixture.
5

6

30

35

40
Introduction

Acetylene, C2H2, as an important fuel gas and industrial
product, has been widely used in the production of various
basic petrochemical products, such as butanediol, acrylic acid
and acetylene alcohol.1,2 It is usually prepared by hydrocarbon
cracking or combustion of natural gas in industry, and thus the
CO2 impurity (ca. 3.2–3.5%) is introduced inevitably3–6 which
further limits its direct applications. At present, cryogenic
distillation or the solvent extraction technique is used to purify
acetylene. However, this leads to serious energy loss, environ-
mental pollution and other problems, and the purity cannot
still meet the requirement of applications.7 Therefore, it is
necessary to develop more promising CO2-selective adsorbent-
based separation techniques to obtain high-purity C2H2.
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Nevertheless, it is a difficult task to obtain CO2-selective
adsorbents as a result of the similar molecular sizes (C2H2: 3.3
× 3.3 × 5.7 Å3, CO2: 3.2 × 3.3 × 5.4 Å3)8–10 and physicochemical
properties of CO2 and C2H2.11,12

Metal–organic frameworks (MOFs) formed by self-assembly
of metal ions and organic ligands via coordination bonds13–16

are known for their highly adjustable pore sizes and surface
environment,17–20 and have shown great potential in CO2/C2H2

separation.21–23 In general, there are two kinds of C2H2 puri-
cation methods based on MOFs2 purication, i.e. purication
using C2H2-selective MOFs and purication using CO2-selective
MOFs.2 To date, most of the MOF-based purication methods
belong to the former category owing to the fact that the elec-
tronic structure of C2H2 molecules is more liable to interact
with MOF active sites compared with CO2.24–26 However, it
requires adsorption and subsequent desorption processes to
purify C2H2 using the former method, and thus it seems to have
low-efficiency. By contrast, high-purity C2H2 is expected to be
directly obtained using the latter method where CO2 is removed
via preferential adsorption by MOFs, that is, so-called inverse
C2H2/CO2 separation.27–29 Until now, limited MOFs with C2H2/
CO2 inverse separation properties have been reported such as
Mn(bdc)(dpe),30 CeIV-MIL-140-4F,31 MUF-16 family,32 CD-MOF-1,
J. Mater. Chem. A, 2022, xx, 1–9 | 1
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CD-MOF-2,33 Tm-MOF,34 and [Zn(atz)(BDC-Cl4)0.5]n.35 However,
the temperature or pressure dependent behaviour of reversal
C2H2/CO2 adsorption and separation processes has not been
explored in currently developed MOFs. Undoubtedly, it requires
elaborate design of the pore environment of MOF materials for
controllable C2H2/CO2 inverse adsorption performance.

In addition, the poor stability of MOFs especially in water or
air seriously limits their large-scale application in industry.36,37

It has been demonstrated that high stability could be achieved
by introducing mixed metal ions into MOF materials.30

However, it results in more difficulty in synthesis due to the
simultaneous introduction of two or more kinds of metal ions
and in predicting the structural motif. It is highly expected to
obtain stable MOF materials containing single metal ions. In
fact, few examples have shown satisfactory water stability, such
as ZIF-8 (ref. 38) and UiO-66.39 However, a high-valence metal
centre and high coordination number are necessary in those
MOFs, thus limiting the synthesis method to a few metal
elements in the periodic table. Therefore, developing new
universal synthesis methodologies is crucial for pushing them
to practical applications.

Here, we synthesized three new Zn-MOFs, SNNU-334–336,
which not only exhibit ultra-stable structures but achieve control-
lable C2H2/CO2 inverse separation via temperature change.
Specically, SNNU-336 maintains a stable structure even aer 7
days in boiling water and 30 days in air, which is unprecedented
for all Zn-based MOF materials and even comparable to that of
famous UiO-66 materials. By adjusting the ultra-microporous
environment with functional groups, these Zn-MOF adsorbents
can successfully remove trace CO2 impurities from CO2/C2H2

mixtures and directly produce high purity C2H2 (the purity can
reach more than 99.9%). The irregular cages with a pore size of
about 6 Å in these Zn-MOFs are the main contributor to CO2/C2H2

storage and separation. The change of reverse points from low to
high pressure proved that the inverse adsorption performance of
SNNU-334–336 could be rationally controlled by temperature.
Dynamic breakthrough experiments further support our specula-
tion about the properties of SNNU-334–336. Overall, the excellent
properties of the MOF materials, i.e., high moisture, acid, and
alkali stability and high CO2 selectivity indicate that SNNU-334–
336materials have great potential in industrial production of high-
purity C2H2.
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Experimental section
Materials

Zn(NO3)2$6H2O, 1,3,5-benzenetricarboxylic acid (BTC), 4-
amino-1,3,5-benzenetricarboxylic acid (NH2-BTC), 2,4,6-tri(4-
pyridinyl)-1-pyridine(TPP), 1,3,5-tris(4-pyridyl)benzene (TPB),
N,N-dimethylformide (DMF), and ethanol (EtOH) were
purchased from China National Pharmaceutical Group Corpo-
ration (Shanghai, China).
55
Synthesis of SNNU-334

Zn(NO3)2$6H2O (60 mg, 0.2 mmol), BTC (21 mg, 0.1 mmol), and
TPP (15mg, 0.05mmol) were added to 6ml of a mixed solvent of
2 | J. Mater. Chem. A, 2022, xx, 1–9
DMF/EtOH/H2O (V/V/V = 2/2/2) in a 20 mL glass vial, and
ultrasonication was performed for 3 h. Aer being sealed, the
solution was heated to 100 °C for 3 days to obtain light yellow
octahedral crystals. The crystals were washed with DMF and
dried under a nitrogen atmosphere. The yield was about 65% on
the basis of metal salts.

Synthesis of SNNU-335

Zn(NO3)2$6H2O (60 mg, 0.2 mmol), NH2-BTC (11 mg, 0.05
mmol), and TPB (15 mg, 0.05 mmol) were added to 6 mL of
a mixed solvent of DMF/EtOH/H2O (V/V/V = 2/2/2) in a 20 mL
glass vial, and ultrasonication was performed for 3 h. Aer
being sealed, the solution was heated to 100 °C for 3 days to
obtain colorless octahedral crystals. The crystals were washed
with DMF and dried under a nitrogen atmosphere. The yield
was about 68% on the basis of metal salts.

Synthesis of SNNU-336

Zn(NO3)2$6H2O (60 mg, 0.2 mmol), BTC (21 mg, 0.1 mmol), and
TPB (15 mg, 0.05 mmol) were added to 6 ml of a mixed solvent
of DMF/EtOH/H2O (V/V/V = 2/2/2) in a 20 mL glass vial, and
ultrasonication was performed for 3 h. Aer being sealed, the
solution was heated to 100 °C for 3 days to obtain yellow octa-
hedral crystals. The crystals were washed with DMF and dried in
a nitrogen atmosphere. The yield was about 68% on the basis of
metal salts.

Structural characterization

The powder X-ray diffraction (PXRD) tests were carried out on
a MiniFlex 600 X-ray diffractometer (Rigaku, Japan). Thermog-
ravimetric analyses (TGA) were carried out on a NETSCHZ STA-
449C thermal analyzer with a ramp rate of 5 °C min−1 in
a nitrogen atmosphere. Crystallographic data of SNNU-334–336
were obtained on a Bruker APEX II diffractometer with graphite-
monochromated Mo Karadiation and analyzed with SHELXTL
and Olex 2 soware.40–42 All non-hydrogen atoms were rened
isotropically. The detailed crystallographic data and the struc-
ture renement parameters of SNNU-334–336 are summarized
in Tables S1 and S2.†

Gas adsorption experiments

Gas adsorption isotherms were obtained on a Micromeritics
ASAP 2020 HD88 Surface-area and Pore-size Analyzer. All the
gases used in the adsorption experiments were of 99.99%
purity. Dynamic breakthrough experiments were carried out on
a home-made device with a temperature of 263 K to 298 K being
controlled by a circulating water bath. Aer the adsorption and
separation in the through-column unit adsorption bed, the gas
was then owed into the gas chromatographic detection system
for detection and analysis.

In order to evaluate the permanent porosities of SNNU-334–
336, CO2 adsorption measurements were conducted at 195 K.
Gas adsorption measurements of SNNU-334–336 for single-
component C2H2 and CO2 were performed at 263–308 K. The
MOF sample was soaked in methanol for 3 days and exchanged
This journal is © The Royal Society of Chemistry 2022
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every 8 h, and the solvent molecules in the pores were
completely removed at 60 °C in a vacuum for 24 h. The sepa-
ration ability of SNNU-334–336 for CO2/C2H2 was calculated by
ideal adsorbed solution theory (IAST). To further verify the
practical separation ability of these three MOFs for C2H2 puri-
cation, breakthrough column experiments were carried out.
Activated SNNU-334–336 crystalline powder samples (SNNU-
334: 730.5 mg; SNNU-335: 546.3 mg; SNNU-336: 780.0 mg)
were lled in a stainless-steel column as the adsorbent bed. The
samples were purged with helium gas for 12 h at room
temperature to be further activated. Subsequently, mixed gases
with different components (such as 50/50, 99/1) were intro-
duced into the column. Before any new testing, a helium ow of
20 mLmin−1 had to be maintained for at least 5 h to remove the
residual gas molecules in the column.
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Results and discussion
Crystal structures of SNNU-334–336

Since SNNU-334–336 MOFs are isostructural, only the crystal
structure of SNNU-334 is described in detail herein. The single-
crystal X-ray diffraction data reveal that SNNU-334 crystallizes in
the cubic Pa3�space group. The asymmetric coordination unit is
composed of one Zn atom ion, two BTC ligands and two TPP
ligands (Fig. 1). Each Zn ion is four-coordinated with two O
atoms from two BTC ligands and two N atoms from two TPP
ligands. Each TPP ligand connects three Zn atoms through
three pyridine N sites. Also, each BTC linker connects three Zn
atoms through three O sites from three carboxylate groups. The
extension of such a simple linkage between metal centers and
organic linkers generates a 3D metal–organic architecture
(Fig. 1 and S1†). Clearly, BTC, TPP and the Zn atom can be
Fig. 1 (a) The basic coordination environment and linkage for Zn atoms a
(c) four different metal–organic cages; (d–f) the whole 2-fold interpenetr

This journal is © The Royal Society of Chemistry 2022
viewed as 3-, 3- and 4-connected nodes, which were connected
to form a new (3,4)-connected topological net with a point
symbol of {83}4{8

6}3.
On the other hand, four types of trigonal prismatic metal–

organic cages are observed (Fig. 1c). Each cage contains six Zn
atoms located on the six vertices of the triangular prism.
Besides Zn ions, one BTC and four TPP, three BTC and two TPP,
two BTC and three TPP, and four BTC and one TPP exist in
Cages A–D with a diameter of about 6 Å, 4 Å, 5 Å and 4 Å,
respectively. With Cage A as the centre, the other three kinds of
smaller cages were connected by sharing TPP ligands and
stacked around each Cage A to form the nal cage–cage stacking
structure of SNNU-334 (Fig. 1b). The central pyridyl-N atoms of
TPP ligands located on the surface of cages act as Lewis basic
sites, which may enhance the affinity between gas molecules
and the MOF framework. The same structure is found in SNNU-
336 with the TPP ligands of SNNU-334 substituted by TPB
ligands. Different from SNNU-336, the BTC ligand in SNNU-335
is further functionalized by –NH2 groups.

Finally, SNNU-334–336 MOFs exhibit a typical double inter-
penetrating structure. With two parts interpenetrating each
other from opposite directions (Fig. 1d–f), four types of metal–
organic cages still exist aer the interpenetration. Such 2-fold
interpenetration effectively improves the stability of these three
MOFs, which is critical for the practical applications of gas
adsorbents.

MOF stability

The phase purity and stability of SNNU-334–336 were conrmed
by the powder X-ray diffraction (PXRD) and thermogravimetric
analysis (TGA). It can be observed from the TG curves (Fig. 2)
that the three MOFs all can remain stable in the range of 50–
nd organic ligands; (b) the 3D metal–organic coordination framework;
ated architectures with different functional groups for SNNU-334–336.
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Fig. 2 The PXRD patterns of (a) SNNU-334; (b) SNNU-335 and (c) SNNU-336 treated under different conditions; (d) the CO2 adsorption curves at
195 K and the pore size distributions; (e) the CO2 adsorption curves of the fresh SNNU-334 sample and after exposure to air for 30 days (inset
picture); (f) TGA curves of SNNU-334336.
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300 °C and the weight losses are about 20%, which could be
attributed to the loss of solvent molecules trapped in the skel-
eton. The chemical stability of MOF adsorbents plays an
important role in the gas adsorption and separation applica-
tions. It is noted that most of the Zn-MOFs are vulnerable to
structural damage in water and even in the atmospheric envi-
ronment due to the relatively weak coordination bonding
between Zn ions and donors. But the PXRD results showed that
the crystallinity of SNNU-336 did not change and its structure
remained intact (Fig. 2c) even aer being exposed in air for 30
days and soaking in water at 100 °C for 7 days. SNNU-336 was
further immersed in solutions of pH = 1–13 to investigate the
acid and alkaline resistance. Aer 24 h, the MOF skeleton
remained stable according to PXRD results. SNNU-334 and
SNNU-335 were subjected to the same experiments with similar
results (Fig. 2 and S2†). In addition, the CO2 adsorption
performance of SNNU-334 exposed to air for 30 days was tested,
which completely coincided with the adsorption curves of the
fresh MOF samples (Fig. 2e), further conrming the moisture
stability of the samples in air. To the best of our knowledge,
SNNU-334–336 MOFs are comparable to Zn-MOFs exhibiting
such an ultra-high physical and chemical stability. In our
opinion, the four-coordinated sphere of each Zn2+ ion is
completed by two carboxylate O atoms and two pyridine N
atoms, well balancing the stability requirements from the hard
and so acid and base rule. On the other hand, the ultra-
microporous cages and dual interpenetration of SNNU-334–
336 greatly improve their structural stability. Overall, such
a super thermal and chemical stability makes SNNU-334–336
MOFs promising gas adsorbents for possible industrial
applications.
4 | J. Mater. Chem. A, 2022, xx, 1–9
Gas uptake performance

Considering the accessible cage volume and high stability, the
porosity of SNNU-334–336 was investigated by CO2 adsorption
at 195 K. It was found that the saturated adsorption capacity of
SNNU-334–336 was 110 cm3 g−1, 110 cm3 g−1 and 120 cm3 g−1,
respectively (Fig. 2 and S3–S5†). The corresponding BET surface
area was calculated to be 443.4 m2 g−1, 454.9 m2 g−1 and 489.6
m2 g−1, which are consistent with the increasing porosity from
SNNU-334, SNNU-335 to SNNU-336 calculated by PLATON
soware (24.6%, 28.5% and 30.3%). The pore size distribution
derived from the Horvath–Kawazoe model (Fig. 2d) demon-
strates that the pore sizes of SNNU-334–336 are 0.34 nm,
0.34 nm, and 0.42 nm, indicating the existence of ultra-
micropores in these MOF materials. Notably, the experimental
pore sizes are slightly smaller than the diameters of cage A as
a result of their dual interpenetration structures. Signicantly,
the reduced pore size is well comparable to the molecular sizes
of C2H2 and CO2, which thus provides a critical opportunity to
purify C2H2.

Single component CO2 and C2H2 adsorption measurements
were performed at different temperatures. As shown in Fig. 3,
the CO2 uptake amounts of SNNU-334–336 at 273 K and 1 bar
are 85.1 cm3 g−1, 78.4 cm3 g−1 and 92.7 cm3 g−1, which are
better than those of many reported ultra-microporous MOFs
under the same conditions, such as Mn(bdc)(dpe) (45.9 cm3

g−1),30 Cd-NP (60.0 cm3 g−1),2 and PMOF-1 (53.3 cm3 g−1).43 The
C2H2 uptakes of SNNU-334–336 are 66.8 cm3 g−1, 63.0 cm3 g−1

and 65.3 cm3 g−1 at 273 K, respectively. It is worth noting that
the uptake values of SNNU-334–336 for CO2 are obviously higher
than that of C2H2, which conrms that these three MOFs have
inverse adsorption ability for C2H2/CO2 mixtures. In addition,
the uptake difference for CO2 and C2H2 is 18.3 cm

3 g−1, 15.4 cm3
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The CO2 (a, c and e) and C2H2 (b, d and f) adsorption isotherms of SNNU-334–336 at different temperatures.
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g−1, and 27.4 cm3 g−1 for SNNU-334–336, which may indicate
that SNNU-336 has the best inverse separation ability among
the three MOFs.

As shown in Fig. S3b,† the adsorption curve of SNNU-334 at
273 K exhibits a fast increase for C2H2 uptake in the low-
pressure region (<0.3 bar), while the increase for CO2 adsorp-
tion is obviously slow with increasing pressure, indicating
a stronger affinity of the MOF skeleton to C2H2 than CO2. When
the pressure is further increased, both C2H2 and CO2 gas
uptakes increase more and more slowly, but the CO2 adsorption
capacity is higher than that of C2H2 in the high pressure region
(Fig. S3b†), indicating an uncommon CO2/C2H2 inverse
adsorption behaviour. The intersection of the adsorption
isotherms of C2H2 and CO2 is named as the inverse pressure
point. Interestingly, the adsorption behaviours of SNNU-334
change with the increase of temperature. The inverse points
Fig. 4 The reversal points in C2H2 and CO2 uptake isotherms for
SNNU-334 (a), SNNU-335 (b) and SNNU-336 (c) at different temper-
atures, and a summary of the reverse pressure (d).
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gradually move to the high-pressure region from 263 K to 283 K
(Fig. 4a). When the temperature reaches 298 K, the adsorption
isotherms of C2H2 are always above that of CO2 within the
measured pressure region, but the trend is indicative of the
possible reverse pressure point higher than 1 atm.

SNNU-335-336 MOFs demonstrate similar adsorption
behaviours (Fig. 4b and c). Nevertheless, the adsorption
behavior of SNNU-336 under the low-pressure region appears
not as prominent as that for SNNU-334 and 335, as indicated by
the smaller difference in the gas uptake of CO2 and C2H2 in
SNNU-336. This reveals that functionalization in TPB and BTC
ligands has an important inuence on the gas adsorption. It is
noteworthy that the inverse adsorption can be regulated via the
temperature in SNNU-334–336, as indicated by the temperature-
dependent inverse pressure points (Fig. 4d). Such a phenom-
enon hasn't been observed for other reported MOF adsorbents
until now. In other words, we can control the transition of
SNNU-334–336 from CO2-selective MOFs to C2H2-selective
MOFs by adjusting the temperature.

The calculated Qst values of C2H2 (38.3 kJ mol−1 for SNNU-
334; 44.23 kJ mol−1 for SNNU-335) are much higher than
those of CO2 (20.2 kJ mol−1 for SNNU-334; 38.07 kJ mol−1 for
SNNU-335) at low pressure (Fig. 5a and S6†). However, for
SNNU-336 the Qst value for C2H2 (48.7 kJ mol−1) is similar to
that of CO2 (50.9 kJ mol−1). This is indicative of the critical
inuence of functional groups on the interactions between
active sites and different gas molecules. The largest Qst differ-
ence of SNNU-334 in the three MOFs suggests that the central
pyridyl group may have key effects on CO2 and C2H2 adsorption.

According to the CO2/C2H2 separation potential displayed by
the adsorption isotherms, the CO2/C2H2 separation perfor-
mances of SNNU-334–336 were evaluated by using the ideal
adsorption solution theory (IAST) (Fig. 5 and S7–S12†). The
calculated IAST selectivity value of SNNU-334 at 273 K aer the
reverse point was 3595.4 at 1 atm (CO2/C2H2= 50/50). Under the
J. Mater. Chem. A, 2022, xx, 1–9 | 5
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Fig. 5 (a) The calculated Qst values for SNNU-334–336; (b–d) the IAST selectivity data calculated with a CO2/C2H2 ratio of 50/50 after the
reverse points at 273 K; (e) summary of IAST selectivity values with different CO2/C2H2 ratios for SNNU-334–336 at 273 K (noted: CO2/C2H2 (1/
99) and CO2/C2H2 (50/50) selectivity for SNNU-335 and SNNU-336 are very close with a difference within 0.5); (f) comparison of CO2/C2H2

separation selectivity and C2H2 adsorption capacity of SNNU-334–336 with literature reported inverse C2H2/CO2 separation MOF adsorbent
materials (a-273 K, b-298 K, c-278 K, d-293 K and e-285 K).
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same conditions, this value surpasses those of nearly all MOF
materials with inverse C2H2/CO2 separation performance, such
as PMOF-1 (694),33 MUF-16 (510),25 Ce-MIL-140-4F (40),24 and
Mn(bdc)(dpe) (9.0).23 At present, the selectivity is only lower
than that of Cu-F-Pymo (>105), but the SNNU-334 material has
a much higher adsorption capacity for CO2 (Fig. 5f and Table
S3†). When the ratio of CO2/C2H2 becomes 1/99, the selectivity
values calculated by IAST increase to 10 186.4 (Fig. S7c†). The
calculated CO2 over C2H2 IAST selectivity values for SNNU-335-
Fig. 6 Experimental breakthrough curves: CO2/C2H2 = 50/50 for SN
different ratios of CO2/C2H2 for SNNU-334 at 263 K (d), CO2/C2H2 = 1/9
298 K of SNNU-334–336 (f).

6 | J. Mater. Chem. A, 2022, xx, 1–9
336 also well supports their adsorption results (Fig. S7–S12†)
but are remarkably lower than that of SNNU-334, indicating that
the decorated functional groups have a clear inuence on the
CO2/C2H2 separation performance.
Dynamic breakthrough experiments

The prominent IAST selectivity data suggest the great potential
of SNNU-334–336 for the practical separation of the CO2/C2H2
NU-334 (a), SNNU-335 (b), SNNU-336 (c) at different temperatures;
9 for SNNU-334 at different temperatures (e), and CO2/C2H2 = 1/99 at

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 GCMC simulation for density distributions of CO2 and C2H2 at 298 K for SNNU-334 (a and d), SNNU-335 (b and e) and SNNU-336 (c and f).
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mixture. Firstly, an equal molar CO2/C2H2 mixture was tested as
usual. The reverse separation of CO2/C2H2 was not achieved by
SNNU-334 and SNNU-335 at different temperatures, and the
separation performance of SNNU-334 was better than that of
SNNU-335 (Fig. 6 and S13–S17†). On the other hand, an inverse
separation phenomenon is observed for SNNU-336. C2H2

molecules were detected rst when equimolar CO2/C2H2

mixtures were used although the separation ability was not
outstanding. The completely different breakthrough results
further indicate that functional groups have important inu-
ence on the separation of CO2/C2H2 since their pore size is very
close. SNNU-334–336 MOFs all are ultra-microporous struc-
tures, and the functional groups on the cage surface will have
a great impact on the interactions between gas molecules and
the MOF skeleton. In our opinion, the cage surface of SNNU-336
without any functional groups is more positive than that of
SNNU-334 with pyridine or SNNU-335 with amino groups. Since
the quadrupole moment of C2H2 is positive but CO2 is negative,
the repulsive force for C2H2 and attractive force for CO2 both are
largest in SNNU-336 among the three isostructural MOFs, thus
resulting in an inverse separation process.

Furthermore, the separation of CO2/C2H2 with different
ratios was investigated. As shown in Fig. 6d, when the ratio of
C2H2 gradually increased, SNNU-334 changed from preferen-
tially detecting CO2 to C2H2. When the CO2/C2H2 ratio changed
to 1/99, C2H2 was rst detected at different temperatures, which
was achieved in one-step to obtain C2H2 with a purity of more
than 99.9% (Fig. 6e). Breakthrough experiments on SNNU-335
and SNNU-336 were also carried out under the same condi-
tions (Fig. 6f), and the results indicated that SNNU-335-336 also
performed well in directly obtaining high purity C2H2. Notably,
1.27 mmol g−1 of C2H2 for SNNU-334, 1.70 mmol g−1 of C2H2 for
SNNU-335 and 1.19 mmol g−1 of C2H2 for SNNU-336 with
a purity of more than 99.9% were obtained. Such remarkable
This journal is © The Royal Society of Chemistry 2022
productivity together with ultra-high purity indicates that
SNNU-334–336 MOFs are potential adsorbents to efficiently
remove trace CO2 from acetylene via a one-step separation
process.
GCMC simulation

To further understand the above CO2/C2H2 adsorption and
separation performance, GCMC simulations were performed to
obtain the adsorption sites and density distributions of C2H2

and CO2 molecules. The calculation results reveal that both
C2H2 and CO2 molecules are mainly distributed in cage A since
cages B, C and D are blocked aer the double interpenetration
(Fig. 7). The load density of CO2 in SNNU-335 was lowest
(Fig. 7b), which is due to the presence of –NH2 in SNNU-335
leading to the increasing steric hindrance effect which
hinders the entry of gas molecules to a certain extent. When just
one molecule of CO2 or C2H2 was loaded into the skeleton of
SNNU-336, as shown in Fig. S18e and f,† C2H2 molecules could
form a C–H.N hydrogen bond (3.604 Å) with pyridine N atoms
on the cage wall, and simultaneously interact with the benzene
ring in the carboxylic acid ligand via C–H.p. In SNNU-334, due
to the pyridine N in ligand TPP, the C–H.N hydrogen bond is
stronger than that in SNNU-336, resulting in steeper adsorption
curves for C2H2 in the low-pressure region (Fig. S18†). In SNNU-
335, the steric effect of –NH2 causes the C2H2 molecule to be no
longer in the middle of the cage, but closer to the pyridine N.
The C–H.N hydrogen bond is stronger than SNNU-336,
resulting in steeper adsorption curves for C2H2 in the low-
pressure region (Fig. S18†). On the other hand, CO2 under-
went CCO2

.O and OCO2
.C electrostatic interaction with unco-

ordinated carboxylic O and C (CCO2
.O = 3.743–3.749 Å and

OCO2
.C = 3.661 Å) and acid–base interaction or electrostatic

interaction. Multi-point contact may ultimately enhance the
J. Mater. Chem. A, 2022, xx, 1–9 | 7
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interactions between CO2 and the MOF skeleton, and thus lead
to the inverse C2H2/CO2 separation.

Conclusions

In summary, three new Zn-MOFs (SNNU-334–336) with different
functional groups were successfully synthesized and demon-
strated special inverse adsorption separation of CO2/C2H2. The
ultra-microporosity and dual interpenetrating structures enable
these Zn-MOFs with unprecedented physical and chemical
stability, which even can maintain their metal–organic skeleton
integrity in boiling water. All Zn-MOFs exhibit unique CO2 and
C2H2 adsorption behaviours with the uptake reverse pressure
points gradually moving towards high pressure with the
increase of temperature. Besides extra-high CO2 over C2H2 IAST
selectivity, 99.9% purity of C2H2 can be obtained directly from
the gas mixture containing CO2 impurities with an intake CO2/
C2H2 ratio of 1/99. Overall, taking the extra-high framework
stability, inverse adsorption separation ability, remarkable
productivity, and extra-high purity into account, SNNU-334–336
materials may provide an ideal adsorbent platform to efficiently
remove trace CO2 from acetylene to produce highly pure C2H2

for industrial applications.
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