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The global demand for poly-grade ethylene (C,H,) is increasing annually. However, the energy-saving
purification of this gas remains a major challenge due to the similarity in molecular properties among the
ternary C2 hydrocarbons. To address this challenge, we report an approach of systematic tuning of the
pore environment with organic sites (from —COOH to —CFs, then to —CHs) in porous coordination
polymers (PCPs), of which NTU-73-CHz shows remarkable capability for the direct production of poly-
grade C,H4 from ternary C2 hydrocarbons under ambient conditions. In comparison, the precursor
structure of NTU-73-COOH is unable to purify CoH,4, while NTU-73-CF5 shows minimal ability to harvest

C,oH4. This is because the changed binding sites in the NTU-73-series not only eliminate the channel

Received 22nd April 2024 . ) . . .
Accepted 10th May 2024 obstruction caused by the formation of gas clusters, but also enhance the interaction with acetylene
(CaH,) and ethane (CoHg), as validated by in situ crystallographic and Raman analysis. Our findings, in

DOI 10.1035/d45c02659d particular the systematic tuning of the pore environment and the efficient C,H,4 purification by NTU-73-
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Introduction

Ethylene (C,H,) is used as an important building block in
industry for the production of value-added organics."”
Currently, C,H, is mainly obtained by separating the down-
stream of cracking of naphtha, C2 hydrocarbon gas mixtures
during the steam cracking process.** Typically, acetylene (C,H,)
is removed by solvent extraction or catalytic hydrogenation,
which requires large equipment, as well as large amounts of
solvents or higher temperature.”® Subsequently, ethane (C,Hsg)
is removed through cryogenic distillation, a type of huge energy-
consuming process.’

The energy-intensive and cost-effective processes have
spurred research into the development of energy-efficient
approaches.' Adsorptive separation, with a significant char-
acter of energy efficiency, has been considered as a kind of
alternative or transition technology.'* Porous coordination
polymers (PCPs),">*® covalent organic frameworks (COFs),"”*®
zeolites,"' and carbon materials** have been explored for gas
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CHs, provide a blueprint for the creation of advanced porous families that can handle desired tasks.

separation. Thanks to the rational pore tuning and straight-
forward pore functionalization, PCPs have shown good perfor-
mance as adsorbents for various gas separations, but only a few
examples can purify C,H, from binary mixtures containing
C,H, or C,Hs. However, from an energy point of view, it is
crucial to remove both by-products in one-step with an adsor-
bent, but the challenge is enormous.>>*

In general, the preferential adsorption of C,H, over C,H,
requires the pore to contain highly polar sites (such as inorganic
anionic pillars and open metal sites) due to the larger quadru-
pole moment (7.2 x 10 2° vs. 1.5 x 10~ 2° esu cm?) and higher
acidity (pK,: 45 vs. 26) of C,H,, resulting in strong host-C,H,
electrostatic interactions.** Conversely, the greater polariz-
ability of C,Hy (44.7 x 10 >® vs. 42.5 x 10~ %>° cm?) contributes to
the relatively weak van der Waals interactions with the struc-
tural framework modified low polarity sites.*”*° To address this
conflict, very few studies have been reported, primarily by
exploiting the supramolecular interactions. The early frame-
work of TJT-100 demonstrates the simultaneous capture of
C,H, and C,H, through a hierarchy of interactions between the
electronegative carboxylate O atoms and the gases." A similar
interaction has also been observed in NPU-1.*' By incorporating
the -NH, group or exposing the N site, UiO-67-NH, and Al-PyDC
also show preferential adsorption of C,H, and C,H**** Addi-
tionally, the cyclopentadiene-cobalt functional group in the
UPC-series allows for efficient separation of C2 hydrocarbon
mixtures. More promisingly, the synergistic sorbent separation
technology (also called Lego-brick strategy) enables the
production of high-purity C,H, from a quaternary mixture of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Systemic tuning of the functional sites in PCPs for efficient
C,H4 purification.

C,H¢/C,H,/C,H,/CO, by utilizing tandem packing of carefully
selected PCPs, with each PCP acting as a separator for binary
mixtures.”** Although these individual materials exhibit the
desired functions, further systematic exploration is urgently
needed due to the abundance and facile tunability of the
supramolecular sites.

We are interested in the separation of light hydrocarbons
using finely designed PCPs.>*° Recently, we have reported
a new family of PCPs with crab-like carboxylic pincers, which
allows for high C,H,/C,H, selectivity and an unprecedented
ability to obtain high-purity forms of both gases.*® However, the
strong binding interaction allows the absorbed C,H, to form
a tetrameric gas cluster at the channel neck, which strongly
blocks the accessibility of the adjacent large cavity. Inspired by
the unique porous nature of NTU-73 and also by the function of
supramolecular sites, we report here a systematic tuning of
functional sites in this porous platform, where the carboxylic
pincers on the pore wall (corresponding L1: 3,5-di(1H-imidazol-
1-yl)benzoic acid) were replaced with —~CF; (corresponding L2:
1,1'-(5-(trifluoromethyl)-1,3-phenylene)bis(1H-imidazole)) or -
CH; (corresponding L3: 1,1’-(5-methyl-1,3-phenylene)bis(1H-
imidazole)) (Scheme 1). The highly stable NTU-73-CH; exhibits
a remarkable ability to directly produce poly-grade C,H, from
ternary C2 hydrocarbons, while, NTU-73-CF; and NTU-73-
COOH can only exhibit minimal capacity or are unable to ach-
ieve C,H, purification at all. These results reflect the positive
effect of changing functional sites on strengthening the host-
guest interactions and the stability of the framework.

Experimental section

General procedures of the experiments and simulation are
available in the ESL{

Synthesis of NTU-73-series

Synthesis of NTU-73-COOH. NTU-73-COOH was synthesized
according to our previous work.*

Synthesis of NTU-73-CF;. Cu(BF,),-6H,O (10 mg, 0.039
mmol), L2 (5 mg, 0.018 mmol) and H,ZrFe (50 pL, 45%) were
mixed in N,N-dimethylacetamide (DMA)/H,O/ethanol (EtOH)
(0.5/0.25/0.75, v/v/v, 1.5 mL) and reacted at 90 °C for 2 days to
obtain blue block crystals. After cooling down, the crystals were
washed three times with fresh DMA (yield: ~52%, based on L2).

Synthesis of NTU-73-CH;. Cu(BF,),-6H,O (10 mg, 0.039
mmol), L3 (5 mg, 0.022 mmol) and H,ZrFe (50 pL, 45%) were
added to the DMA/H,O/EtOH (0.5/0.25/0.75, 1.5 mL) mixed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solvent and reacted at 90 °C for 2 days to give blue block crys-
tals. After cooling down, the crystals were washed three times
with fresh DMA (yield: ~60%, based on L3).

Results and discussion
Crystal structures and characterization

Solvent-thermal reactions of copper(un) hexafluorozirconium
with corresponding ligands yielded polyhedron-shaped crystals
(NTU-73-series). These crystals all crystallized in a tetragonal
14,22 space group with the formula of [Cu(L),ZrFs]-xGuest
(Table S17). Two of our newly synthesized crystals (NTU-73-CF3
and NTU-73-CH;) have the same coordination mode as that of
NTU-73-COOH. The asymmetric unit of all three PCPs consists
of one ligand, half a Cu®* ion and half a ZrF¢>~ anion. Each Cu
node is coordinated by two F atoms from the two ZrFs>~ anions
and four imidazole N atoms from four ligands (Fig. S3-S57).
Additionally, two helical chains linked by ZrFs>~ anions are
present in the frameworks (Fig. S61). Differently, the carboxylic-
modified channel wall observed from two different directions in
NTU-73-COOH has been replaced by a couple of -CF; or -CH;
groups in NTU-73-CF; and NTU-73-CH; (Fig. S7-S127), respec-
tively. Furthermore, there is an overall trend of increasing pore
size (NTU-73-COOH: 4.5 x 5.2 A* and 3.9 x 5.6 A% NTU-73-CF3:
3.7 x 5.2 A2 and 4.2 x 7.8 A%, NTU-73-CH,: 4.4 x 5.4 A% and 6.2
x 9.2 A% as the functional group size gradually decreases
(Fig. 1). Considering the unique ability of NTU-73-COOH to
separate C,H,/C,H, and the systematic changes in the pore
environment, including binding sites and pore size, we ex-
pected this platform to be highly efficient for the C2 ternary
mixture separation. The phase purity of the crystals was
confirmed by powder X-ray diffraction (PXRD) as the diffraction
peaks of the synthesized and activated NTU-73-series were in
good agreement with the simulated patterns (Fig. S13-S157).

Pore evaluation

The permanent porosity of the NTU-73-series was investigated
through N, (77 K) and CO, (195 K) adsorption measurements
(Fig. 2a and S227). Although NTU-73-COOH exhibits negligible
N, uptake, the two newly prepared PCPs show improved N,
adsorption, with maximum uptakes of 193 and 295 ecm® g™,
respectively. Interestingly, all three PCPs show type-I and
significant CO, adsorption isotherms. The maximum uptake
increases from 63 (NTU-73-COOH) to 250 cm® g~ ' (NTU-73-
CH;). For consistency, the Brunauer-Emmett-Teller surface
areas of the NTU-73-series were calculated based on CO,
isotherms. The BET surface areas of the NTU-73-series were
calculated to be 228, 889 and 1078 m”> g~ ', respectively, with
corresponding pore volumes of 0.039, 0.153 and 0.185 m® g~ *
(Table S21). Additionally, the pore size distribution is consistent
with the crystal structures, verifying the impact of the functional
groups on pore size tuning (Fig. S237).

Single-component adsorption and selectivity

Single-component adsorption isotherms of C,H,, C,H, and
C,Hg were collected for the three PCPs (Fig. 2b-d and S24-
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Fig.1 Structure of the NTU-73-series: local views of the nanospace of
f) in different directions.

S357), respectively. With the carboxylate pincers, exposed in the
nanochannel, NTU-73-COOH shows the lowest gas uptake
(CH,:32.3cm’ g7, C,H,: 12.9 em® ¢ ' and C,Hg: 11.8 cm® g7 )
among the three PCPs. Not only that, the adsorption capacity of
C,H, is slightly higher than that of C,Hs, indicating an
impossible harvesting of pure C,H, in one-step from the ternary
C2 mixtures, although it shows promising ability in binary
C,H,/C,H, separation. After replacing the -COOH groups with —
CF; groups, NTU-73-CF; shows a significantly increased gas
uptake at 100 kPa (C,H,: 77.7 cm® g~ ', C,H,: 62.0 cm® g7 *, and
C,Hg: 62.7 cm® g™ 1), in which the C,Hg uptake is slightly higher

NTU-
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73-CF, NTU-73-CH,

(c)

Pore | : 4.4%5.4 A2
Pore Il : 6.2x9.2 A?

3.7x5.2 A2
Pore Il: 4.2x7.8 A?

NTU-73-COOH (a and d), NTU-73-CF3 (b and e) and NTU-73-CH3 (c and

than that of C,H,. Comparing the structural nature of the above
two, the decrease in the polarity of the pore surface could alter
the sequence of host-C,H, and -C,H, interactions. As expected,
the adsorption capacities of C2 gases show a further increase in
NTU-73-CHj; (C,H,: 98.0 cm® g~ '; C,H,: 77.8 em® g ' C,Ho: 89.9
em?® g7, particularly, the C,H, uptake is higher than that of
C,H, (12.1 em® g7', 100 kPa, 298 K). Notably, this uptake
difference is much higher than that of the benchmark materials
of MOF-303 (—0.5 cm® g~ !),*t NPU-1 (6.7 cm® g~ 1), TJT-100 (5.8
em® g¢7'),"* and is approaching that of Al-PyDC (17.0 cm® g™,
296 K)** and UPC-612 (17.5 cm® g~ ') (Table S3t). In addition,
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Fig.2 CO,-adsorptionisotherms of the NTU-73-series at 195 K (a). C,H4 and C,Hg adsorption isotherms of NTU-73-COOH (b), NTU-73-CF3 (c),
and NTU-73-CHs (d) at 298 K. Uptake difference (e) and isosteric heats (f) of the three PCPs.
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despite the gradual decrease in pore channel polarity, C,H,
uptake is always higher than that of C,H,, about 20.0 cm® g™,
in the NTU-73-series (Fig. 2e and S36t). In other words,
systematically tuned organic sites endow significant functional
changes, where NTU-73-CH; is expected to achieve efficient
C,H, purification from C2 ternary mixtures.

Static adsorption selectivity and isosteric heats

To further evaluate the gas separation performance, the
adsorption selectivities of C,Hs/C,H, and C,H,/C,H, at 298 K
were calculated via the ideal adsorbed solution theory (IAST)
after fitting the single-component adsorption isotherms to the
Langmuir-Freundlich equation (Fig. S37-S49t%). For the equi-
molar C,He¢/C,H, mixtures, the adsorption selectivity values
were found to be 0.66 for NTU-73-COOH, 1.18 for NTU-73-CF;
and 1.33 for NTU-73-CH;. Importantly, the selectivity of NTU-73-
CH; is higher than that of TJT-100 (1.2) and NPU-1 (1.32), and
close to that of UPC-612 (1.4), MOF-303 (1.7), Al-PyDC (1.9, 296
K) under almost the same conditions (Table S37). Additionally,
among the top-tier (C,H¢s-C,H, uptake difference larger than 10
cm® g 1) C,H,-C,Hg-selective adsorbents, the C,H,/C,H, (1/99,
v/v) selectivity (3.2 at 298 K, 100 kPa) of NTU-73-CH; is only
lower than that of Al-PyDC (4.3 at 296 K, 100 kPa) (Table S47).
Therefore, the high C,Hs—C,H, uptake difference and the good
selectivities make NTU-73-CH; a promising candidate for C,H,
purification from C2 ternary mixtures.

To evaluate the interaction strength of C,H,, C,H, and C,Hg
in the NTU-73-series, the isosteric heat (Qy) was calculated after
fitting the adsorption isotherms by the virial equation at 273,
283 and 298 K, respectively (Fig. 2f and S50-S597). The Qg value
of C,H, (NTU-73-COOH: 41.00 kJ mol~!, NTU-73-CFj:
39.83 k] mol !, NTU-73-CH3: 37.06 k] mol ') is higher than that
of C,H, (NTU-73-COOH: 35.78 k] mol™!, NTU-73-CFj:
32.12 k] mol ", NTU-73-CHj: 29.90 k] mol ') and C,H (NTU-73-
COOH: 26.10 k] mol™!, NTU-73-CF5: 32.39 k] mol ', NTU-73-
CH3: 35.43 k] mol ') in the NTU-73-series at low coverage, while
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an inversion of the host-C,H, and host-C,H, interactions was
observed: a higher Qg of C,H, over C,Hys in NTU-73-COOH
changes to a higher Q of C,H¢ over C,H, in NTU-73-CHj;. These
observations are consistent with the adsorption isotherms. In
addition, these relatively low adsorption enthalpy values indi-
cate a relatively low energy consumption for regeneration of the
PCPs.

Gas-loaded crystallographic and Raman analysis

The isosteric heat is a kind of statistical result, making it diffi-
cult to accurately describe the role of functional sites. Therefore,
to better explore the reversal phenomenon of C,H, and C,Hg
adsorption and Qg values, gas-loaded crystallographic analysis
was performed at 298 K (Fig. 3 and Table S51).*> Despite the
disordered nature, the trapped gases can be clearly found in
these three PCPs. For NTU-73-COOH D C,H,, two C,H, mole-
cules form three hydrogen bonds with the Ocoon Of the free
carboxylic pincers, of which, the shortest distance is 1.8973 A.
Meanwhile, intermolecular interactions (dCgy,~H'*Ccp,:
2.3748 to 2.8025 A) have been found between these two mole-
cules (Fig. 3a). For NTU-73-COOHDC,Hs, two groups of
hydrogen bonds (dCc u,~H:-Ocoon: 2.3338 t0 2.9779 A and g
Cc,u,~H'*"Nimidazole) With relatively longer distances were
observed. In addition, the slightly larger distance leads to the
disappearance of the intermolecular interactions (Fig. 3b). This
clear change can therefore explain the fact that NTU-73-COOH
binds C,H, more strongly than C,Hs. However, in contrast to
our expectation, the distance between the gases and the -CF;
group is relatively far. So as that, both molecules are located
around the coordinated ZrF¢>~ ions. This is due to the relatively
weak degree of electronegativity of Fcp, compared to that of
Fz.5,. However, the presence of the —-CF; group influences the
configuration of the adsorbed gas molecules. As can be seen,
the two F atoms of ZrFs>~ form two hydrogen bonds with C,H,
and C,Hs, respectively. The shortest distances of the hydrogen
bonds (dCc,u,H:-Fze: 2.6094 A and dCg,—H--Fpup,: 2.6647

(a) NTUJ/X;COOH (c) NTU-ZS-CF3 (e) NTU- 73 -CH,
\7 C-H..0: o j
s ) \ 1.8973 A —~ = A <
2.2894 A oy C-H..F: Y C-H..F:
}1 .)i ) \% . 25814A | VC C " . 2.6094 A o ) \‘H - 23352%
. ves - 2.9775
C,H,...CoH,: XS - 7 il 3.9628 A f 1l
»R'\;)\ 7 2.3748 A ~ \\\ /7 ¢ '\\ /7 ¢
< AT 2.7413A 75 \‘/\
L . v 2.8025A \f 5
(d) Z (f) J
. L
CH..0: (/] J¥ N
2.33384 P, /
2.4153A " [t L1t GH.E 1 1‘)3 } \\ CH..F:
< 2.9779A ol eq Ner .. 26647A “ —XT - :;ﬁgé
C-H..N: AN T e | % A
217714 D -~

M

b Yoo

Fig. 3 C,H4- and C,yHg-loaded crystallographic analysis of NTU-73-COOH (a and b), NTU-73-CF5s (c and d) and NTU-73-CHs (e and f).
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Fig. 4 Raman spectra of gas-loaded NTU-73-CHs (the peaks marked
with * derived from the framework).

A) are very close to each other, indicating similar host-guest
interactions (Fig. 3c and d). In NTU-73-CH3, both gases are also
observed around the coordinated ZrF>~ ions. Without the
withdrawal effect of the organic F sites from —-CF;, the config-
uration of the adsorbed C,H, shows a slight change, wherein
the distance of the two hydrogen bonds (Cc,u,~H: Fzr,)
becomes close to each other (2.9352 A and 2.9775 A) (Fig. 3e).
Additionally, the end-on mode of C¢ gy ~H:+-Fz5, in NTU-73-CF3
changes to a chelate connection in NTU-73-CHj; particularly,
the distance of the two C¢ yy.—H""-Fz5, (2.1757 Aand 2.3150A) is
shorter than that of Ccy,-H- Fzg, in NTU-73-CF; (Fig. 3f).
Therefore, these results not only explain the phenomenon of the
adsorption trend of C,H, and C,H¢ in NTU-73-series, but also
can strengthen the molecular insights of fine-tuning the pore
environment by functional organic groups.

Given the promising nature of NTU-73-CHj3, the stabilizing
effect of the pore environment towards C,H, and C,Hs was
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further evaluated by Raman spectra. After dosing a highly pure
gas (He, C,H, or C,Hg, 1 bar, 298 K) into the glass tube with fully
activated NTU-73-CHj, respectively, the corresponding spectra
were recorded in the range of 1000 to 4000 cm ' (Fig. 4 and
S607). As can be seen, the peaks at 2887 cm ™" and 2942 cm ™"
belonging to the stretching vibration of C,Hg have been iden-
tified,** but no additional peaks other than those belonging to
NTU-73-CH; were observed under the C,H, atmosphere (theo-
retical position: 1689 cm ™). Therefore, it is clear that NTU-73-
CH; not only has a relatively stronger host-C,H, interaction,
but also can stabilize a certain number of C,Hs molecules in
a periodic arrangement, which is consistent with the results of
the crystallographic analysis.

Breakthrough experiments

To validate the separation performance under dynamic condi-
tions, breakthrough experiments were conducted on the NTU-
73-series (Fig. 5 and S61-S6971). All initially activated samples
were loaded into the column and further activation was ach-
ieved by He sweeping until no signals were detected. Break-
through experiments were then carried out using a binary
mixture of C,H,/C,H, (1:99, v/v) at first, a typical industrial
composition. Compared to NTU-73-COOH, both NTU-73-CF;
and NTU-73-CH; showed a certain loss of breakthrough time
interval, but still demonstrated the separation ability towards
C,H,/C,H,. Further experiments were conducted on C,Hs/C,H,
mixtures. At a volume ratio of 1:15, C,Hg breaks through
slightly earlier than C,H, for the NTU-73-COOH sample bed.
Interestingly, high purity C,H, can be obtained directly at the
outlet of the NTU-73-CF; and NTU-73-CH; columns, of which,
NTU-73-CH; has a longer C,Hs-C,H, breakthrough interval
than NTU-73-CF; (4.8 min g ' vs. 4.0 min g~ "). To further

15 15 c) 15
(a) —eCH, e CH, (b) e CH, —ep,| —eCH, —e—CH,
12 1.2 1.2
09 09 CH, v .09 CH,
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Fig. 5 Experimental breakthrough curves of NTU-73-COOH (a and d), NTU-73-CF3 (b and e), and NTU-73-CHs (c and f) for CoHe/CoH4 (1/9, Vv,
2 mL min~Y) and C,Ho/CaHe/CaHa (1/9/90, v/v/v, 2 mL min~1) mixtures, respectively at 298 K. The gas pressure is 1.4 bar for all experiments.
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investigate the influence of ratio on this separation, a feed gas
with a ratio of 1:9, the most common ratio found in the
cracking process, was introduced into the column. NTU-73-
COOH was unable to separate this mixture, while NTU-73-CF;
and NTU-73-CH; retained their separation abilities. Among
them, NTU-73-CH; showed the longest breakthrough time
interval (4.6 min g " vs. 2.7 min g~ " vs. 0 min g~ '), owing to its
higher selectivity for C,Hs/C,H, and its greater uptake capacity
for C,H, (Fig. 5a—c). This trend was also observed in experi-
ments using equimolar C,Hs/C,H, mixtures.

Encouraged by the successful separation of the binary mixtures,
C,H,/C,H, and C,Hs/C,H,, the separation ability of the NTU-73-
series towards ternary mixtures C,H,/C,Hg¢/C,H, (1/9/90, v/v/v)
was further investigated, respectively. As expected, both C,Hs
and C,H, elute out simultaneously from the NTU-73-COOH bed
(Fig. 5d). Despite the separation potential, high-yield C,H, cannot
be produced by NTU-73-CF; (Fig. 5e). Only NTU-73-CH; allows
significant production of high purity (>99.9%) C,H, (0.52 mmol
g~ ' (STP)) (Fig. 5f and S707). This value is higher than that of CAU-
23 (0.18 mmol g™"), TJT-100 (0.41 mmol g '), and UPC-612
(0.47 mmol g "), but lower than that of MOF-303 (1.35 mmol
g ") and Azole-Th-1 (1.34 mmol g ') (Tables S3 and S4+).

Stability and recyclability

Stability is another crucial factor in measuring the performance
of adsorbents.** The crystals of NTU-73-COOH, NTU-73-CF; and
NTU-73-CH; were immersed in chemical solutions (pH = 2, pH
= 7 and pH = 12) for 3 days or exposed to air for 7 days,
respectively. The PXRD patterns of the samples were then
collected and compared with the simulated patterns (Fig. S71-
S737). The results reveal that some of the characteristic peaks of
NTU-73-COOH and NTU-73-CF; were weakened or disappeared
after immersion in certain solutions, in particular, the diffrac-
tion peaks almost completely disappeared in the alkaline
solution (pH = 12), suggesting the structural instability.
However, the crystals of NTU-73-CHj; retained almost the same
diffraction peaks after treatment under these harsh conditions.
Additionally, the C,H¢ uptakes of these treated samples are
nearly the same (Fig. S747), indicating that the introduction of
the hydrophobic -CHj; group plays a crucial role in protecting
the coordination bonds and then stabilizing the framework.
Thanks to this good stability, NTU-73-CH; demonstrates no loss
of performance during the cycling breakthrough experiments

(Fig. S751).

Conclusions

In response to the demand for C,H, purification, we herein
report an approach of systematic tuning of the porous envi-
ronment with organic sites (from -COOH to -CF; and then to -
CH3;) in PCPs, wherein the highly stable NTU-73-CH; exhibits
remarkable capability for direct production of poly-grade C,H,
from ternary C2 hydrocarbons under ambient conditions. In
addition, the molecular insights derived from in situ crystallo-
graphic and Raman analysis confirm the positive effect of the -
CH; group in tuning the configuration and strength of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorbed C,H, and C,H,. This study not only highlights the
importance of systemic regulation, but also illustrates how
changes in functional groups within PCPs can profoundly affect
the host-guest interaction and separation performance. More-
over, the strategy of systematic organic functionalization can be
extended to other porous families, offering a powerful tool for
tailoring high-performance PCPs for desired applications.
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