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Acetylene (CH,) is one of the most important chemical raw
materials and is widely used as a feedstock for the production of
various fine chemicals and electronic materials [1]. In industry,
C,H, is mainly produced through partial methane combustion
and thermal hydrocarbon cracking [2], which is always accompa-
nied by a low concentration of carbon dioxide (CO,) impurity,
causing negative effects on follow-up utilization. Therefore, the
separation of C;H, and CO; is crucial for C;H, purification. Com-
pared to the traditional highly energy-intensive solvent extraction
and low-temperature distillation separation methods, the adsorp-
tive separation based on porous materials is a promising alterna-
tive technology [3,4]. However, the separation of CO,/C;H, is
scientifically challenging due to their similar physical and chemical
properties (Table S1 online) [5].

Molecular-sieving separation is considered as an ideal way for
adsorption separation since it can afford the theoretically infinite
selectivity and high separation efficiency. Metal-organic frame-
works (MOFs) are excellent porous mediums to achieve
molecular-sieving effects for specific gas mixtures, due to their
structural diversity, and adjustable structure [G]. Actually, a series
of molecular-sieving MOF adsorbents have been developed for
light hydrocarbon purification based on the differences in cross-
sectional areas of target molecules (Table S2 online), namely the
two-dimensional (2D) restricted mechanism. The complexity of
different gas separations can be classified by the molecular kinetic
diameter differences [7], as shown in Fig. 1a. However, for the CO,/
C,H, separation, due to the same kinetic diameter (3.3 A) and very
close cross-sectional areas (3.2 A x 3.3 A for CO, and 3.3 A x 3.3 A
for CoH,) (Fig. 1b and Table S1 online), molecular-sieving separa-
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tion of CO,/C,H, by the traditional 2D restricted mechanism is con-
sidered impractical [8-11]. In spite of this, the difference in their
three-dimensional (3D) sizes (CO», 3.2 A x 3.3 A x 5.4 A; C,H,, 3.
3 A x 3.3 A x 5.7 A) still provides a narrow window of opportunity
to achieve ideal molecular-sieving separation of CO, and C,H, via
3D restricted effect (Fig. 1b and c). Specifically speaking, linear
C,H, with longer molecular size will be significantly restricted in
the twisted pore aperture MOF compared with shorter CO, mole-
cule, and the 3D restricting effect can lead to a molecular-sieving
effect for target molecules with nearly identical cross-sectional
areas but different molecular lengths (Fig. 1d and e). However,
3D restricted sieving based on the length difference of linear mole-
cules with nearly identical cross-sectional areas has not been
reported. Therefore, we propose 3D restricted sieving strategy by
constructing twisted pore aperture in MOF for molecular-sieving
separation (Fig. 1e), which can provide a new routine for highly
efficient separation of some challenging separation systems.

As a proof-of-concept experiment, two cheap and robust
isostructural M-Trz (Trz = 1,2,4-triazole) MOFs with twisted pore
aperture, namely Ni-Trz and Cu-Trz, were employed for CO,/CoH,
separation. Ni-Trz with relatively wider aperture size undergoes
co-adsorption of CO, and C,H,, while Cu-Trz with slightly nar-
rower aperture size shows efficient CO, adsorption and selective
molecular exclusion for C,H,.

The two isostructural MOFs, Ni-Trz and Cu-Trz, were synthe-
sized by hydrothermal method [12,13]. Powder X-ray diffraction
(PXRD) patterns confirmed the phase purity of Ni-Trz and Cu-Trz
(Fig. S1 online). The trinuclear metal clusters are interlinked by
the Trz ligands, generating rigid narrow channels (Fig. 1f). It should
be noted that the narrow aperture of the M-Trz MOF contains six
hydrogen atoms, which are divided into two layers due to the dif-
ferent orientation of the C-H bond, and hydrogen atoms in the two
layers are arranged in the vertex of two twisted triangles, resulting
in a twisted pore aperture (Fig. 1g). In addition, the precise control
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Fig. 1. Twisted pore aperture of MOF induced 3D restricted molecular-sieving mechanism for CO,/C,H; separation. (a) The complexity of different gas separations classified
by the molecular kinetic diameter differences. (b) The molecular dimensions of CO, and C,H,. (c) The comparison of traditional 2D restricted molecular-sieving mechanism
and the proposed 3D restricted molecular-sieving mechanism (d, e) Schematic diagram of the 3D restricted molecular-sieving mechanism induced by the twisted pore
aperture for CO,/C,H, separation. (f, g) The Connolly surface structure of Cu-Trz MOF and its twisted pore aperture.

of aperture size at 0.1 A scale via a judicious choice of ligand alone
is challenging since traditional ligand expansion and functional
group modification can only change the pore size at nanometer
or angstrom scale with a large gap. Herein, the additional regula-
tion on the aperture size of the twisted pore in M-Trz MOFs was
achieved by modulating the coordination bond length of M-Trz
MOFs. The coordination bond length of the Cu-N bond in Cu-Trz
is 1.96 A while it is 1.98 A for Ni-N bond in Ni-Trz. As expected,
the size of the coplanar M30 based fragments in the isostructural
MOFs successfully inherits this subtle difference, which can result
in a regulation of twisted pore aperture (Fig. S2 online). Since M-
Trz has twisted pore aperture, the linear molecules with different
lengths will be subject to different restricting effects during the
mass transfer process, which we believe is promising for the 3D
restricting molecular-sieving separation of CO,/C,H, mixtures.
Motivated by the 3D restricting molecular-sieving effect, single-
component adsorption isotherms of CO, and C;H; in M-Trz were
measured at ambient conditions. Fig. 2a shows that both CO, and
C,H; can be well adsorbed by Ni-Trz. Interestingly, for the case
of Cu-Trz, a negligible uptake amount of C;H, was observed under
the same conditions, while CO, could still enter the channel freely
(Fig. 2b). Similar results were also observed even at 273 and 190 K

(Figs. S3, S4 online), which excludes the possible thermodynamic
separation based on the difference in gas affinity. This opposite
adsorption result shows that the width of the twisted pore aper-
ture is also important for the 3D restricted molecular-sieving sep-
aration, and too wide aperture size will lead to the co-adsorption
phenomenon. Notably, Cu-Trz only has a C;H, adsorption capacity
of 1.1 cm® g~ at 100 kPa and 298 K, which is a record lower than
previously reported benchmark MOFs (Fig. S5 and Table S3 online).
The negligible uptake amount of N,, CHy4, CoHy, and C;Hg as well as
the high H,O uptake further suggest that Cu-Trz can exclude larger
molecules than C,H,, while it can adsorb molecules smaller than
CO, (Figs. S6-S9 online). Besides, the results of in situ XRD tests
of Cu-Trz in the CO, adsorption show that the XRD patterns nearly
kept consistent from vacuum to low pressure and up to 100 kPa
(Fig. S10 online). This indicates that the Cu-Trz has excellent struc-
tural rigidity during CO, adsorption, which rules out the possible
framework flexible-induced sieving behavior [14].

To further verify the distinct adsorption behaviors of C;H, and
CO; on the two isostructural MOFs, the kinetic adsorption proper-
ties of Ni-Trz and Cu-Trz were investigated using the time-
dependent adsorption curves of CoH, and CO, (Fig. S11 online).
For Ni-Trz, both CO, and C;H, were quickly adsorbed and the
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Fig. 2. Gas adsorption properties of M-Trz and First-principle density functional theory (DFT) calculated CO, and C,H, diffusion and CO, adsorption in Cu-Trz. (a) Adsorption
isotherms of CO, and C,H, at 298 K for Ni-Trz. (b) Adsorption isotherms of CO, and C;H, at 298 K for Cu-Trz. (c) Time-dependent gas uptake profiles of CO, and C,H, for Cu-
Trz at 298 K. (d) Three cycles of dynamic column breakthrough curves of CO,/C;H; separation on Cu-Trz. (e) Schematic diagram of CO, and C;H, molecular diffusion through
the twisted pore aperture of Cu-Trz. (f) The DFT calculated gas diffusion energy barrier associated with the CO, and C,H, transport in twisted pore aperture. (g) Optimized
geometry for the CO, interactions in Cu-Trz MOF. (h) The independent gradient mode (IGM) analysis for CO, adsorption in Cu-Trz, where the green isosurface denotes the
weak vdW-type interactions (color codes for the contribution of individual atoms on intermolecular interactions: red atoms represent large contributions, green atoms

express moderate contributions, and blue atoms show the negligible contributions).

CO, possesses a faster adsorption rate than that of C;H, for its
small molecular length. For Cu-Trz, CO, was immediately adsorbed
until equilibrium, while the adsorption of C,H; remained negligi-
ble even after 130 min (Fig. 2¢). Moreover, the diffusional time con-
stants of Cu-Trz for C,H, and CO, were calculated to be
2374 x 1077 and 6.423 x 10> min~! based on the time-
dependent adsorption curves (Fig. S12 and Table S4 online),
respectively. This further indicates the molecular-sieving effect of
Cu-Trz in dynamic adsorption and rules out the possibility of slow
C,H, adsorption. Meanwhile, the heats of adsorption of M-Trz were
calculated by the adsorption isotherms of 298 and 323 K, and the
adsorption heat of CO, at zero coverage in Cu-Trz is 53 k] mol~!
(Figs. S13-S15 online), implying the strong CO, affinity of Cu-Trz.
As for Ni-Trz (Figs. S16-S19 online), the adsorption heat of C;H,
at zero coverage is 60 k] mol~!, which is higher than that of CO,
(40 k] mol™!, Fig. S20 online). To evaluate the actual CO, and
C,H, mixture separation performance of Cu-Trz MOFs, break-
through experiments of CO,/C,H, (50:50, v:v) gas mixture were
carried out at 298 K (Fig. S21 online). It can be found that the
CO,/C,H, gas mixture can be efficiently separated by Cu-Trz. In
addition, the prices of Trz ligand and metal salt of Cu-Trz are very

cheap among the reported CO,-selective MOF adsorbents (Fig. S22
and Tables S5, S6 online). Besides, the Cu-Trz MOF has excellent
chemical stability and recycling ability (Fig. 2d and Figs. S23-S25
online), demonstrating that it is a new benchmark material for
CO,/C;H; separation.

To further understand the molecular-sieving separation of CO,/
C,H; mixture in Cu-Trz MOF at the molecular level, the gas diffu-
sion energy barriers associated with the CO, and C;H, transport
via the narrow aperture were calculated by first-principle density
functional theory (DFT). The corresponding configurations of CO,
and C,H, gas molecules diffusion along the minimum energy path-
ways (MEP) in Cu-Trz (Fig. 2e and Figs. S26, S27 online) clearly
demonstrate how CO, and C,H, molecules diffuse in the narrow
channel via the twisted pore aperture. The calculated MEP profiles
(Fig. 2f) show that the CO, molecule can migrate through the
twisted pore aperture of Cu-Trz with an energy barrier of
34.8 k] mol~'. In sharp comparison, the diffusion energy barrier
for C,H, increases dramatically to 117.1 k] mol~!, implying it is
kinetically forbidden for C;H, molecule to transport via the narrow
aperture of Cu-Trz [15]. This suggests an ideal molecular-sieving
effect of Cu-Trz, which is in line with the excellent separation effi-
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ciency of CO,/CoH; observed in the experiment. The DFT calculated
configuration shows that CO, molecule in Cu-Trz MOF primarily
located at open metal sites of CusO cluster (Fig. 2g), in which the
Cu-0 distances between Cu site and CO, are 3.202 and 3.113 A
and the distance between C atom in CO, and pi3-O of the Cu30 clus-
ter is 3.136 A. This indicates that the linear CO, molecule can form
multiple-point interactions with the plane CusO cluster. The inde-
pendent gradient mode (IGM) analysis between CO, molecule and
Cu-Trz MOF framework further confirmed that the CO, molecule
can interact with the skeleton by vdW type interaction (green iso-
surface in Fig. 2h). Besides, the host-guest interactions mainly are
derived from the contributions of the plane CusO cluster in the
MOF framework. Interestingly, the central C atom of CO, makes a
large contribution to the host-guest interactions (red atom) while
the two O atoms of CO, render moderate contributions.

In summary, we proposed a 3D restricting molecular-sieving
strategy by constructing twisted pore aperture in MOF for
molecular-sieving separation of CO,/C,H,, although it was consid-
ered impractical by traditional 2D restricting molecular-sieving
mechanism due to their very similar cross-sectional areas. Owning
to the 3D restricting effect induced by the twisted pore aperture
structure, Cu-Trz MOF shows efficient CO, adsorption and size
exclusion for C,H, adsorption, achieving ideal molecular-sieving
CO,/C,H, separation. The DFT calculation reveals the molecular-
sieving mechanism that C;H, with longer molecular size under-
goes strong 3D restriction in the twisted pore aperture while the
shorter CO, molecule can pass through the pore aperture easily.
In addition, the Cu-Trz MOF has excellent chemical stability and
recycling ability, as well as low cost, demonstrating that it is a
new benchmark material for CO,/C,H, separation.
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