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Abstract

Multiple impurities removal represents one of the most daunting challenges in gas
purification, but the attainment of efficient adsorptive separation is hindered by the
difficulty in designing adsorbents that could simultaneously capture different impuri-
ties. Herein, we revealed a molecular trap within Zn-trz-ox (trz = 1,2,4-triazole;
ox = oxalic acid) that featured positive H and negative O sites, and the suitable pore
size, which exhibited remarkable one-step C,H, purification performance directly
from quaternary C,H4/C,Ho/CoHg/CO, mixtures. The separation selectivities of
C,H4 with respect to CO,, CoH5, and CyHg are 9.8, 2.6, and 2.5, higher than the sole
adsorbent yet reported. Meanwhile, polymer grade CoH4 (299.95%) could be directly
obtained with record C,H, productivity of 1.5 mol kg™, over 10 times higher than
that of the previous benchmark material. The deep insight into the binding behavior
revealed by simulation studies offers important clues for the design of advanced

adsorbent for multiple impurities capture.

KEYWORDS
ethylene purification, gas separation, metal-organic frameworks, multiple impurities, one-step

developed ordered-assembly porous materials, like metal-organic

frameworks (MOFs),*8724 covalent organic frameworks (COFs),2>2¢

Ethylene (C,H,) is one of the largest basic chemicals and its produc-
tion® is expected to exceed 220 million tons in 2023. However, due
to complex impurities that exist in C,H, from cracking gas®®
(e.g., ~9% CyHg, ~1% C,H,, ~1% CO,), CoH,4 purification currently
is implemented by cascade procedures that consist of catalytic
hydrogenation, absorption using caustic soda and cryogenic distilla-
tion.* The cumbersome and energy-intensive nature of the process
creates the necessity to develop an energy-efficient purification
process.

The significant advance in porous materials®> 7 in the last decade
has aroused interests of researchers to seek adsorptive separations to

make the challenging separation processes more energy-efficient. The

etc, provide an excellent platform for tailor-made porous materials
that are adaptive for different guest molecules and have obtained
considerable achievements in C,H,4 purification. Porous materials dec-
orated with ordered anions,® and polar functional groups,27 like -OH,
open metal sites,?® have realized highly efficient capture of trace
C,H, from C,H4. As the above mixtures are mixed with CoHyg, the dif-
ficulty of C,H4 purification is apparently increased, which is not only
due to the more complex components but also the distinctly different
properties between C,H, and C,Hg. The introduction of aromatic-
based rings (e.g., heterocyclic rings, benzene rings, porphyrin rings) to
provide C-H binding sites within confined space is the common strat-

egy to afford higher C,H,, CoHg affinity than C,Hg4, certainly, the
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confined space with suitable pore size and shape is the prerequisite.
Except for the inert surface, the accessible N, and F sites as well as
the uncoordinated O atoms are also utilized to enhance C,H,, CoHg
adsorption, and Zn-ad-int,>* CuTiF,-TPPY,*® and PCP-FDCA>! have
exhibited attractive separation performance. It is rationally speculated
that the co-existence of CO, would cause the separation process to

1.32 reported the case to obtain high-

be more complex, and Chen et a
purity Co,H4 from mixtures with CO,, but the process was based on
the cascade utilization of three porous materials. Until 2021, the first
example of Zn-atz-oba®® was reported that realized one-step CoHg4
purification, however, the low separation selectivity resulted in its
unsatisfied separation performance. Overall, the one-step C,H, purifi-
cation from the quaternary mixtures still remains a daunting
challenge.

As revealed by the distribution of surface electrostatic potential
of molecules as well as the molecular sizes, the obvious properties dif-
ference could be observed between CO,, C,H,, and CyHg, as well as
the close properties between C,Hg and CoH,4 (Figure 1A; Figure S1).
In detail, C,H, and CO, had similar molecular sizes (~3.3 A), but
exhibted opposite surface electrostatic potential distribution, which
made the simultaneous removal of CO, and C,H, difficult. Mean-
while, the selective capture of Cy,Hg from CyH,; remains

34-37

challenging, and in general, a trap with matched pore size to

@ 8
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C,H¢ and high-density weak van der Waals or electronegative binding
sites was designed to realize the favorable adsorption toward C,Hg
than C,H,4. However, due to the weak affinity, such a tailor-made trap
was always not beneficial to the deep removal of trace C,H, and CO,
with small molecular sizes.>®"** The widely distributed kinetic sizes
(3.3-4.4 A) as well as their differential polarity required different bind-
ing space to afford enough affinity with multiple molecules (Table S1).

Herein, we revealed a molecular trap within a zinc MOF (Zn-trz-
ox) with a suitable cage size as well as the binding environment that
showed benchmark one-step C,H,4 purification performance from
CoH4/CyH,/CoHg/CO,  quaternary mixtures. Benefiting from the
assembly nature of multiple ligands, the trap was simultaneously
embedded with high-density negative O sites (from pillar ligands) and
positive H sites (from layer ligands), and the multiple binding space
(3.9-5.1 A) enabled the effective trap of CoHg, CoH,, CO, molecules
simultaneously. The calculated ideal adsorption solution theory (IAST)
selectivities of CO,/CyHg4, CoHy/CoHy, and CyHg/CoH4 mixtures were
9.8, 2.6, and 2.5, respectively, significantly surpassing the previous
benchmark materials (1.6, 1.8, and 1.3). Polymer grade C,H,4
(299.95%) could be directly obtained from CyH4/CyH2/CoHg/CO,
quaternary mixtures with record C,H,4 productivity of 1.5 mol kg™*.

The simulation studies further provided a molecular-level understand-

ing of the separation mechanism.

FIGURE 1 The gases properties, and pore structure of Zn-trz-ox. (A) Molecular dynamics size and the surface electrostatic potential of CoHy,
C,H,, CoHg, and CO». (B) Zn-trz-ox is based upon the assembly of oxalic acid ligands, 1,2,4-triazole ligands, and Zn?* ions. (Framework: Zn,

gold; O, dark red; N, light blue; C, gray-25%; H, gray-5%.) Views of the electrostatic potential and the pore structure of Zn-trz-ox when viewed
along the (C) x-axis and (D) z-axis, respectively. (E) Mapping of the multiple binding space within Zn-trz-ox.
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2 | EXPERIMENTAL

21 | Materials
All chemicals were commercially available and used as purchased
without further purification.

2.2 | Synthesis of Zn-trz-ox

Zn-trz-ox was prepared according to the reported method*? with some
modifications. A mixture of ZnC,04-2H,0 (7 mmol, 1.33 g), 1,2,4-triazole
(Htrz) (30 mmol, 2.07 g), MeOH (60 mL) was sealed in a 100 mL Teflon-
lined autoclave and stirred under room temperature for half an hour.
Then the solution was sonicated for 5 min. The autoclave was sealed and
placed in a homogeneous reactor with a rotation rate of 45 rpm, kept at
180°C for 2 days, then naturally cooled to room temperature. The as-
synthesized sample Zn-trz-ox was washed with fresh MeOH and H,0,
and then activated at 373 K in a vacuum for 12 h (Figure S2).

2.3 | Adsorption isotherms measurement

Single component adsorption isotherms of CoH,4, CoH,, CoHg, and CO,
(273, 298, and 313 K) were measured on ASAP 2460 (Micromeritics, USA)
instruments. Before each measurement, approximately 100 mg of Zn-trz-ox
material was loaded into a quartz analysis tube and heated at 373 K for 8 h
under a dynamic pressure below 35 mTorr. Subsequently, the activated

sample was purged with N, and then transferred to the analysis port.

2.4 | Breakthrough experiment and simulations

The breakthrough experiments were conducted on self-assembled
dynamic gas breakthrough equipment. In a typical procedure, a
stainless-steel column (® 4.6 x 150 mm) packed with 1.03 g of Zn-
trz-ox material was activated by purging with N, (10 mL min~%) at
373 K for 12 h. A CO,/C,H,/C,oHe/CoH4/He (0.7/1.5/9.1/76.3/12.4,
v/v/v/v/v) mixture was introduced to the column with a gas flow rate
of 1.8 mL min~! and C,H,/CoHe/CoH4 (1.2/9.3/89.5, v/v/v) mixture
at a rate of 1.7 mL min~* under 273 K. The concentration of the gas
eluted from the outlet was detected by chromatography (GC-490,
Agilent) with a thermal conductivity detector. After the breakthrough
experiment, the sample was regenerated with N, at 373 Kfor4 h at a
flow rate of 5 mL min~%. The corresponding breakthrough simulations
were also undertaken using the methodology described in the litera-

ture*®; further details are provided in the Supplementary Materials.

2.5 | Computational details

Dispersion-corrected density functional theory (DFT-D) calculations
were performed with the CASTEP module implemented in Materials

Studio version 2017R2. A semi-empirical addition (the Grimme
method) of dispersive forces to conventional DFT was included in the
calculation to account for van der Waals interactions. Calculations
were performed under the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) exchange-correlation. Cut-off
energy of 534 eV and a 3 x 2 x 2 k-point mesh were found to be
enough for the total energy to converge within 5 x 107¢ eV atom™1.
We first optimized the structure of Zn-trz-ox, which agreed well with
the reported Zn-trz-ox (guest-free) structure. CO,/CoH,/CoHg/CoHy
gas molecules were then introduced to various locations of the pore
channel, followed by a full structural relaxation. The static binding
energy (at T = 0 K) was then calculated: EB = E (MOF) + E (gas) — E
(MOF + gas).

The molecular electrostatic potential-based (ESP) charges were
calculated using the DMol3 modules in Materials Studio with GGA
with PBE exchange-correlation. The Grand Canonical Monte Carlo
(GCMC) simulations were performed using the Sorption module in
Material Studio version 2017R2. The non-bonded interactions
between atoms were calculated using the Lennard-Jones (LJ 6-12)
potential. The atoms of the framework and gas molecules were calcu-
lated using the Universal Force Field. The beneficial adsorption sites
were simulated by the locate task and Metropolis method. The cutoff
radius was set to be 12 A and the Ewald summation method was used
to calculate the electrostatic interactions between the guest mole-
cules and the MOFs. A crystallographic cell of 3 x 2 x 2 was used
during the GCMC simulation. For each state point, the system was
equilibrated for 5 x 10° Monte Carlo steps before collecting the final
data for 5 x 10° Monte Carlo steps.

3 | RESULTS AND DISCUSSION

3.1 | Porestructure and CO,/C5H>/CoHg/CoHa
adsorption property

Zn-trz-ox (trz = 1,2,4-triazole, ox = oxalate) exhibits a well-proportioned
three-dimensional (3D) pore cage (5.85 x 4.62 A; Figures S3 and 54),
constructed by stacking layers of zinc(ll) ions interconnected by
1,2,4-triazole ligands and pillars of oxalate ions ligands (Figure 1B).
Through the electrostatic potential map of the framework (Figure 1C,D),
we could clearly observe the co-existence of negative O sites from oxa-
late and the positive H sites from triazole, and the good distribution of
binding sites within the suitable confined space provides several poten-
tial binding space (Figure 1E), which is well matched to the size range of
series C2 and CO, molecules. Its permanent porosity is verified by N,
adsorption isotherm at 77 K with the Brunauer-Emmett-Teller surface
area of 561 m? g~ * and the pore size of about 0.5 nm (Figure S5). It is
speculated that Zn-trz-ox with suitable channel space and a judicious
combination of positive and negative sites is potential in complex impuri-
ties capture.

We collected the single-component adsorption and desorption
isotherms of C,H,4, C,H,, CoHg, and CO, at 273, 298, and 313 K
(Figure 2A; Figures S6-S8; Table S2). The measured capacities of
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FIGURE 2 The separation performance of Zn-trz-ox. (A) Adsorption and desorption isotherms of C,H,4, CoH,, CoHg, CO5 on Zn-trz-ox at
273 K. (B) A comparison for C,H,/CyHa4, CoHg/CoHy, and CO,/C,oH,4 (50/50, v/v) selectivities among Zn-atz-oba and Zn-trz-ox at 273 K and
298 K. (C) The separation potential for CO,/C,H4, CoH,/CoHy, and CoHg/CoHy (50/50, v/v) mixture with Zn-atz-oba and Zn-trz-ox at 273 K and
298 K. (D) A comparison for the CoHys/CoH,4 and CoH,/CoH, selectivities among representative porous materials. (E) The isosteric heat of
adsorption, Qst, for CoH4, CoH,, CoHg, and CO, on Zn-trz-ox. (F) Time-dependent gas uptake profiles of CoH4, CoHo, CoHg, and CO, at 40 kPa

and 273 K.

C,H,, CoHg, and CO, exceeded CoH4 throughout the whole pressure
(0-100 kPa) and wide temperature range (273-313 K), and the obvi-
ously steeper adsorption curve indicated the preferential binding
affinity of CoH,, CoHg, and CO, than C,H4. Specifically, the uptakes
of CO, and C,H, reached 66.9 and 52.8 cm® cm™2 at 1 kPa, respec-
tively, and the value of CoHg was up to 92.2 cm® ecm™2 at 9 kPa,
enabling the remarkable trace gas capture ability of the material. To
intuitively assess the separation ability of Zn-trz-ox toward the mix-
tures, the IAST was employed (Figure 2B; Figure S9). The calculated
IAST selectivities of Zn-trz-ox for CO,/CoH4, CoHo/CoHy, and CoHe/
C,H4 mixtures (50/50) reached 9.8, 2.6, and 2.5, respectively, higher
than the previous benchmark material Zn-atz-oba®® (1.6, 1.8, and 1.3)
at 273 K and 100 kPa (Table S3). Around ambient temperatures, Zn-
trz-ox still exhibited high separation selectivities, around 4.9 for CO,/
CoH4, 2.2 for CoH,/CoHg4, and 2.1 for CoHe/CoH, at 298 K.
The separation potential (Aq = q1y>/y1 — g») that represents the
combined selectivity-capacity metric was also calculated (Figure 2C;
Figure $10), and the high value for all CO,/CyH,4 (273 K: 122.9 cm® cm ™3,
298 K: 77.9 cm®cm™3), CHp/CoHs (273 K: 467 cm® em™3, 298 K:
375cmPem™3),  CHe/CH, (273K 415cm®em™® 298 K:
33.1 cm® cm~3) components under 273 and 298 K rendered Zn-trz-ox
to be a promising adsorbent for C,H, purification (Table S4). Moreover,
we also evaluated the separation performance of Zn-trz-ox for
CoH,/CoH4/CoHg mixtures, the balanced CoHg/CoHs and CoHo/CoHa

separation selectivities were higher than the most reported materials?”~
31:333744-46 (Figure 2D), such as Zn-ad-int (2.4, 1.6),%° UiO-67-(NH,),
(1.7, 2.1).%° The heat of adsorption (Qst), calculated by implementing the
Clausius-Clapeyron equation, was based on the isotherms of adsorption
at 273, 298, and 313 K for different gases. The Qst values of C,H, (36.8),
C,H, (38.7), and CO, (36.7) were higher than that of C,H,4 (32.7), demon-
strating the weak C,H, binding affinity of Zn-trz-ox (Figure 2E). In addi-
tion, we also measured the time-dependent adsorption profiles, and
though the different molecular sizes, C,H,4, CoH,, CoHg, and CO, show
quick adsorption kinetics with the calculated diffusion time constants (D./
r) of 0032, 0036, 0036, and 0016s%, respectively at 273 K
(Figure 2F; Figure S11). The calculated competing adsorption isotherms
of Zn-trz-ox for CO,/CoH,/CoHe/CoHa (1/1/1/1, v/v/v/v) mixture also
showed that the uptakes of Zn-trz-ox for C,H,, CoHg, and CO, were
much higher than that of C,H, (Figure S12).

3.2 | Computational simulation studies

To gain deep insight into the interactions between the guest mole-
cules and the framework, DFT-D calculations were performed to
determine the adsorption configuration and binding energies of C,H,,
C,oH¢, CO,, and C,H,4. It was observed that the O atoms of the
adsorbed CO, molecule formed two hydrogen bonds with H atoms
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D1C-H---02.67 A
D2 C-H---02.72 A
D3 C-H---02.48 A

D1,3C=0---H2.71 A
D2,40=C---03.26 A

D1C-H---02.55 A D1C-H---02.82 A
D2 C-H---02.83 A D2 C-H---02.62 A
D3 C-H---03.04 A D3 C-H---N2.65A
D4 C-H---02.78 A D4 C-H---02.73 A
D5 C-H- - -r 2.60 A D5C-H---02.79 A

FIGURE 3 The First-principles dispersion-corrected density functional theory calculations for Zn-trz-ox. Calculated binding sites of (A) CO,,
(B) CoH,, (C) CoHg, and (D) CoH4 on Zn-trz-ox; The closest contacts between framework atoms and the gas molecules are defined by the
distances (in A), and the distances include the van der Waals radius of atoms. (Framework: Zn, gold; O, dark red; N, light blue; C, gray-25%;

H, gray-5%.)

from the two triazoles (H---O = 2.71 A) (Figure 3A), and the C atom of
CO, was also bonded with O from the oxalate ring (O=C---O, 3.26 A).
The multiple interactions enhanced the affinity between CO, and the
framework for trace CO, capture. For C,H, (Figure 3B), the character-
istic linear molecular shape of C,H, allowed close access to the nar-
row corners of the pore cage. C,H, formed three C-H---O hydrogen
bonds with three O atoms of two oxalic acids with short H---O dis-
tances (2.48, 2.67, and 2.72 A, respectively). The adsorbed C,Hg mol-
ecules were observed to form multiple hydrogen bonding interactions
and C-H---C electrostatic interactions mainly with three oxalic acid
rings (Figure 3C). Moreover, the H atoms of C,Hg was in close contact
with many atoms from these rings, forming four hydrogen bonds with
O atoms from three oxalic acids (H--O =2.55A, H--O = 2.83 A,
H--O =3.04 A, H--O = 2.78 A, respectively). It also formed C-H---it
van der Waals (vdW) interactions with one triazole ring (C-
H--mt=2.60 A). The phenomenon indicated a high binding force
between C,H¢ and the main framework. The adsorbed C,H,4 formed
four relatively weak C-H--O hydrogen bonds (H---O = 2.62, 2.73,
2.79, and 2.82 A) and one C-H---N hydrogen bond (H---N = 2.65 A) by
interacting with O atoms of oxalic acid and an N atom of triazole
(Figure 3D). The Grand Canonical Monte Carlo (GCMC) simulations
are used to reveal the density distribution of C,H4, CoH5, CoHg, and
CO, within Zn-trz-ox, and the order of CO, > C,H, > CoHg > CoHy s
consistent with their sequence of adsorption capacities at 100 kPa
and 298 K (Figure S13). CO, molecules were evenly distributed across
the entire Zn-trz-ox framework, while C,Hs molecules predominantly
adhered to the center of the oxalate ionic pillars. For C,H, molecules,
their primary adsorption sites were within the center of the oxalate
ionic pillars and at the junction of the azole and oxalate ionic pillars,
while C,H4 molecules were loosely dispersed within the central region
of Zn-trz-ox framework. The interaction of the ethylene molecule
with the surrounding framework was weak because its planar shape

was less compatible with that framework structure. The calculated

binding energies of C,H,, CoHg, and CO, were 42.6, 43.6, and
40.7 kJ mol™?, respectively (Table S5). These values were higher than
that of C,H, (33.6 kJ mol™2). This observation is consistent with the
trend of experimental Qst. However, since DFT-D calculated binding
energies are determined at O K, its value is slightly higher than that of
Qst. Understanding the adsorption behavior of gases with different

properties was instructive for porous materials design.

3.3 | Breakthrough experiments and cycling tests

To evaluate the separation ability of Zn-trz-ox toward mixtures, we
firstly performed the simulated transient breakthrough curves of Zn-
trz-ox, Zn-atz-oba for CO,/CyH,/CoHe/CoHa/He (0.7/1.5/9.1/76.3/
12.4, v/v/v/v/v/v) mixtures at 273 K, and preferential adsorption
behavior of CO,/C,H»/CyHg than CoHy, is clearly observed, indicating
its potential separation ability (Figure 4A; Figures S14 and S15). Fur-
thermore, we also conducted the dynamic breakthrough performance
for the above-mentioned multiple mixtures at a flow rate of
1.8 mL min~! at 273, 298, and 313 K (Figure 4B; Figure $16). CoH,
was firstly eluted at 42.1 min, and after an interval of approximately
30 min, the residual components of C,H,, CoHg, and CO, were subse-
quently observed, demonstrating the superior capture ability of Zn-
trz-ox toward the above impurities. It is noted that the different CO,
capture performance in simulated and experimental breakthrough
curves was attributed to its really low content as well as the difficulty
in the accurate calculation of CO, working capacity (Table Sé). As
revealed by gas chromatography, C,H, with purity greater than
99.95% could be directly obtained via single adsorption (Figure S17),
and the C,H4; recovery was up to 33.6% at 298 K (Figure 4C;
Table S7). The recovery was improved to 39.0% when decreasing the
temperature to 273 K. It was noted that the C,H,4 productivity of Zn-
trz-ox was up to 1.5 mol kg1, which was almost over 10 times higher
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FIGURE 4 Simulated transient breakthrough curves, experimental dynamic breakthrough curves, and cycling tests. (A) The simulated

transient breakthrough curves of Zn-atz-oba and Zn-trz-ox and (B) experimental dynamic breakthrough curves of Zn-trz-ox for CO,/C,H»/CoH4/
CoHa/He (0.7/1.5/9.1/76.3/12.4, v/v/v/v/v) mixture with a gas flow rate of 1.8 mL min~* at 273 K. (C) Comparison of the captured C,H,4
recovery and C,H4 productivity from simulated and experimental breakthrough experiments of CO,/C,H,/C,H¢/CoH4/He
(0.7/1.5/9.1/76.3/12.4, v/v/v/v/v/v) using Zn-atz-oba and Zn-trz-ox. It is noted that the experimental recovery and productivity value of Zn-
atz-oba is derived from the reported data of CO,/C,yH,/CoHg/CoH4 (1/1/1/1, v/v/v/v). (D) The simulated transient breakthrough curves and

(E) experimental dynamic breakthrough curves of Zn-trz-ox for CoH,/CoHg/CoHy (1.2/9.3/89.5, v/v/v) mixture with a flow rate of 1.7 mL min™

1

at 273 K. (F) Five continuous breakthrough cycles of two different samples at a flow rate of 1.8 mL min~! on Zn-trz-ox at 273 K. (The sample was

regenerated with N, at 373 K for 4 h at a flow rate of 5 mL min~1.)

than the previous benchmark material (0.1 mol kg~ for Zn-atz-oba),
as indicated by both simulated and experimental results. Note that
the recovery and productivity of Zn-atz-oba were calculated from
a breakthrough experiment for C,H,/CoH4/CoHe/CO, (1:1:1:1)
mixture.3 In addition, the ternary mixture separation performance of
Zn-trz-ox was also evaluated (Table S8). The simulated transient
breakthrough curve with the three mixtures suggested that high-
purity C,H4 can be separated from the CoH,/CoH4/CoHg ternary mix-
ture with Zn-trz-ox in one-step way (Figure 4D). The practical separa-
tion ability of Zn-trz-ox was further validated again by dynamic
breakthrough experiments (Figure 4E). The elution time for CoH,
and CyHg (74.0 and 67.6 min) was also significantly later than for
CoH, (42.1min) at a flow rate of 1.7 mLmin~? at 273K, and
99.95% purity C,H4 could be obtained with the C,H,4 productivity
of 1.742 mol kg~1. The stability of adsorbents was essentially vital
to their practical use, and we found that the crystalline structure of
Zn-trz-ox was well maintained after exposure to air for 1 year, acid
treatment for 1 month, or cycling breakthrough experiments
(Figure S18). The C,H, uptakes of the samples after acid treatment
and cycling breakthrough experiments were close to that of the
pristine material (Figure S19). Meanwhile, Zn-trz-ox was thermally
stable until the temperature of 350°C (Figure S20). During the five
consecutive breakthrough cycles, the separation performance of

Zn-trz-ox from different batches was well kept (Figure 4F). To
demonstrate the repeatability of C,H4 purification performance,
another batch of Zn-trz-ox was synthesized and it showed almost
invariable uptake, as well as the separation selectivity. (Table S3;

Figures S8 and S9, as well as Figure 4F).

4 | CONCLUSIONS

In summary, we discovered a highly efficient molecular trap within the
zinc MOF, Zn-trz-ox. Based on the optimal cage size and multiple
binding environments, Zn-trz-ox demonstrated exceptional one-step
C,H4 purification performance from complex C,H4/C,H,/CyHg/CO,
quaternary mixtures along with the record CO,/CyH4, CoHo/CoHy,
and C,Hg/CoH,4 separation selectivity. 99.95% purity CoH4 could be
directly obtained with a high C,H,4 productivity. The remarkable sepa-
ration performance demonstrates the advance of the strategy for dif-
ferent kinds of impurities captures based on the multiple binding
space, which could be constructed by leveraging the distinct func-
tional groups carried by different ligands via reticular chemistry. The
study also deepens our understanding of the pore structure and
microenvironmental regulation of porous materials in dealing with the

separation of complex gas mixtures.
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