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Ethylene is a pivotal feedstock for the chemical industry. Obtaining polymer-grade ethylene in a single step
from either binary ethane/ethylene or ternary acetylene/ethane/ethylene mixtures via porous adsorbents is
highly energy-efficient yet remains a formidable challenge. Face-transitive topologies, a particular class of
nets in reticular chemistry, possess only one window type and thus hold exceptional promise for
discriminating between closely related C, hydrocarbons. Guided by the nia-d topology, we synthesized
isoreticular, trinuclear-manganese-cluster-based, ternary metal-organic frameworks (MOFs),
namely nia-d-TZB and nia-d-FTZB, under solvothermal conditions using MnCly, the tritopic linker 2,4,6-
tri(4-pyridyl)-1,3,5-triazine (TPT), and the heterofunctional linear linkers 4-(1H-tetrazol-5-yl)benzoic acid
(H,TZB) or 2-fluoro-4-(1H-tetrazol-5-yl)benzoic acid (H,FTZB). Although the resultant trigonal-
bipyramidal cages remain dimensionally invariant, the introduction of fluorine in the latter linker subtly

two

reduces the size of the antiprismatic cages and the sole triangular window in nia-d-FTZB. Single-
component adsorption isotherms reveal that nia-d-TZB preferentially adsorbs ethane, whereas nia-d-
FTZB preferentially adsorbs both acetylene and ethane. Consequently, nia-d-TZB enables one-step
purification of ethylene from an ethane/ethylene mixture, while nia-d-FTZB achieves simultaneous

removal of acetylene and ethane from an acetylene/ethane/ethylene ternary stream, again delivering
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Accepted 6th October 2025 polymer-grade ethylene in a single pass. These findings are corroborated by ideal adsorbed solution

theory (IAST), breakthrough experiments with both binary and ternary gas mixtures, and detailed
theoretical simulations. This study furnishes compelling evidence for the rational design of face-transitive
MOFs to tackle complex gas-separation tasks.
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Introduction overlapping boiling points (184.6 K, 188.4 K, and 169.4 K for
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Ethylene (C,H,), a cornerstone of the modern petrochemical
industry with an annual global production exceeding 200
million tons, serves as the primary feedstock for polyethylene
and other commodity chemicals. Currently, industrial C,H,
production relies on the processes such as naphtha steam
cracking and ethane dehydrogenation, which inevitably
generate by-products like acetylene (C,H,) and ethane (C,Hg).
Achieving polymer-grade ethylene (purity > 99.9%) demands
complete removal of these impurities. Conventional purifica-
tion employs a multi-step approach: selective hydrogenation of
C,H, using noble-metal catalysts (e.g., Pd) followed by cryogenic
distillation to separate C,H,/C,Hs.'* However, this process
suffers from excessive energy consumption (distillation oper-
ates at high pressure and subzero temperatures) and environ-
mental burdens. The challenge is further exacerbated by the
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C,Hs, C,H,, and C,H,, respectively), rendering traditional
separation methods inefficient. Adsorptive separation employ-
ing porous materials offers a highly promising, energy-efficient
alternative to conventional methods.’

Metal-organic frameworks (MOFs), as a class of emerging
crystalline porous materials, have attracted intensive attention
from the scientific community to industry over the past two
decades.®™ These materials combine facile synthesis, well-
defined structures, tunable functionalities, and rich chemical
diversity, endowing them with broad potential across gas
storage,"'”'® separation,'*>* catalysis,**>* sensing,**** pharma-
ceutical delivery*”** and so on. In particular, MOFs have ach-
ieved notable progress in ethylene purification. Current reports
on ethylene purification primarily address binary gas separa-
tions, namely ethylene/acetylene and ethylene/ethane mixtures,
as well as trinary gas separations, i.e., ethylene/acetylene/ethane
mixtures.**** In binary ethylene/ethane separations, ethane-
selective adsorbents have garnered considerable interest in
recent years because they enable direct, single-step ethylene
purification with reduced energy expenditure by avoiding
secondary desorption steps.**® Given that the kinetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diameters, the quadrupole moment and polarizability of
ethylene (C,H,: 4.16 A, approximately 1.5 x 1072° esu cm? and
42.5 x 107>° em®, respectively) lie between those of acetylene
(C,H,: 3.33 A, 7.2 x 1072° esu ecm? and 39.3 x 1072° cm®,
respectively) and ethane (C,Hg: 4.44 A, 0.65 x 1072 esu cm?
and 44.7 x 10>° cm?, respectively), achieving simultaneous
removal of acetylene and ethane from a C, mixture to yield one-
step ethylene purification from the three-component ethylene/
acetylene/ethane feed remains exceptionally challenging.*” In
recent years, numerous MOF materials have been reported that
enable one-step purification of ethylene from both two-
component**>® and three-component C, mixtures.”””** Never-
theless, the design and synthesis of new MOFs that combine
high selectivity with large uptake remains highly anticipated
within the community.

Topology-guided reticular chemistry plays a crucial role in
the design and synthesis of MOFs.***® In particular, MOF
networks with a single window are referred to as face-transi-
tive.* The window serves as the sole gateway for gas molecules
to enter and exit the internal cavities. Consequently, structures
featuring only a single window are more readily tunable during
bottom-up assembly. As a result, the regulated synthesis of face-
transitive MOFs has emerged as an effective strategy to address
efficient gas separations. Among them, nia-d, also known as
pacs, is a (3,9)-c topology with a transitivity of 2212.7° This
notation indicates that the network contains two kinds of
vertices, two kinds of edges, one kind of face (window), and two
kinds of tiles (cavities), thereby constituting a face-transitive
network. In recent years, nia-d/pacs-type network has attrac-
ted considerable attention from numerous research groups for
its potential in guiding high-performance gas separation
MOFs. 77

Building on the above findings and the isoreticular chem-
istry strategy, we report the synthesis of two nia-d-type tri-
nuclear manganese-based MOFs using the same metal source
and a tridentate triazine ligand, as well as a hetero-functional
linear linker bearing carboxylic acid and tetrazole motifs. One
linker is fluorine-free, while the side arm of the carboxylate in
the other linker is fluorinated. Notably, these two materials
exhibit distinct adsorption behaviours toward C, hydrocarbons,
leading to different separation performances. The synthesis and
structure, as well as the adsorption and separation properties,
breakthrough measurements with mixed C, feeds, and mech-
anistic interpretations, are described in detail below.

Results and discussion
Synthesis and structure

Indeed, solvothermal reactions at 135 °C in DMF solvent
combining MnCl, with 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT)
and either 4-(1H-tetrazol-5-yl)benzoic acid (H,TZB) or 2-fluoro-
4-(1H-tetrazol-5-yl)benzoic acid (H,FTZB) with trifluoroacetic
acid as additive yielded yellow hexagonal-prismatic single
crystals. Single-crystal X-ray diffraction (SCXRD), together with
dye exchange experiments and X-ray photoelectron spectros-
copy (XPS) (Fig. S3-S6), established the molecular formulae as
[Mn"Mn}"(1;-0)(TZB);TPT]-x(solvent) for mnia-d-TZB and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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[Mn"Mn}"(115-O)(FTZB);TPT]- x(solvent) for nia-d-FTZB. SCXRD
reveals that nia-d-TZB and nia-d-FTZB are isoreticular (Tables
S4 and S5), both crystallizing in the hexagonal space group P63/
mmc. In both structures, linear linkers yield the well-known 6-c
acs network. The hexagonal channels are then sequentially
occupied by triangular TPT linkers that cap the exposed
[Mn;(pn3-0O)] clusters, leading to the intended (3,9)-c nia-d topo-
logical 3-periodic framework.

Two distinct cage motifs are present in both compounds, i.e.,
a triangular bipyramidal cage (cage-I) and an anti-prismatic
cage (cage-II). The dimensions of cage-I are 9.96 x 16.15 A% in
both structures. The presence of fluorine in the linear linker
slightly perturbs cage-II, changing its dimensions from 13.17 X
6.30 A% in nia-d-TZB to 12.62 x 6.23 A% in nia-d-FTZB (Fig. 1). At
the same time, the triangular windows, defined by portions of
the TPT linker and two linear linkers, serve as the sole
entrances/exits for the framework. The aperture size modestly
decreases from 5.16 A in nia-d-TZB to 5.0 A in nia-d-FTZB
(Fig. S2). Nevertheless, these window dimensions remain
sufficient to permit the passage of C, gas molecules.

Porosity, adsorption and separation

The solvent-accessible pore volumes for nia-d-TZB and nia-d-
FTZB are 57.9% and 54.2%, respectively. The excellent agree-
ment between bulk powder X-ray diffraction (PXRD) patterns
and single-crystal simulations confirms the phase purity of the
synthesized materials (Fig. S12 and S13). To assess porosity, the
two samples were subjected to three days of consecutive
exchanges with acetonitrile or acetone, followed by evacuation
at 120 °C under vacuum prior to adsorption measurements.
Nitrogen sorption isotherms measured at 77 K display Type-I
behaviour for both samples, consistent with their micropo-
rous character. At 1 bar, nia-d-TZB (546 cm® g~') exhibits
a higher nitrogen uptake than nia-d-FTZB (503 cm® g™ ') (Fig. 2
and S7). Correspondingly, the BET surface areas and pore
volumes are 2029 m* g~ ' and 0.85 cm® g, respectively, for nia-
d-TZB, and 1987 m* ¢ ' and 0.78 cm® g™, respectively, for nia-
d-FTZB, which are consistent with their respective theoretical
pore volumes of 0.85 cm® ¢ and 0.77 cm® g™ ', thereby con-
firming that the materials were fully activated. The pore size
distributions are centered at 11.5 A and 11.0 A, respectively
(Fig. S8). These results are in good agreement with the pore
architectures inferred from the single-crystal structures, indi-
cating that both materials were successfully activated and
preserved their structural integrity.

To probe the C, gas adsorption behaviour, we collected
a series of static sorption isotherms for nia-d-TZB and nia-d-
FTZB. As shown in Fig. 3a, both materials exhibit higher uptake
for ethane and acetylene than for ethylene. Specifically, at 298 K
and 1 bar, the uptakes are 143.72 cm® g~ for C,H,, 124.46 cm®
g~ for C,H,, and 107.42 cm® g~ ' for C,H, in nia-d-TZB. These
uptakes are consistent with the zero-coverage isosteric heats of
adsorption (Qs), ie., 29.85 k] mol™* (C,Hg), 27.88 kJ mol "
(C,H,), and 26.19 k] mol " (C,H,) (Fig. 3c and S16). Notably, the
ethane uptake for nia-d-TZB reaches 6.42 mmol g™, a value
higher than those of many benchmark ethane-selective
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nia-d-FTZB

Fig.1 Schematic representation of the two MOFs constructed from a trinuclear manganese cluster and respective mixed linkers associated with
corresponding cage sizes. C: gray, Mn: green, O: red, N: sky blue, and F: light blue. Hydrogen atoms are omitted for clarity.
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Fig. 2 The N, sorption isotherms at 77 K for nia-d-TZB and nia-d-
FTZB.

adsorbents, such as PCN-250 (5.21 mmol g '),”* Ni-MOF-2
(5.94 mmol g *),* MOF-303 (5.01 mmol g '), and UiO-67-
(NH,), (5.32 mmol g ') The C,H¢/C,H, and C,H,/C,H,
uptake ratios are 1.34 and 1.16, respectively. It is noteworthy
that the adsorption isotherms for C,H, and C,H, are very close
at low pressure, and the C,H,/C,H, uptake ratio is relatively low.
Collectively, nia-d-TZB demonstrates a pronounced ethane-

22350 | Chem. Sci., 2025, 16, 22348-22356

selective adsorption behaviour toward C, gas mixtures, which
is advantageous for the removal of ethane from binary C,Hs/
C,H, feeds and enables one-step purification of ethylene.

As for nia-d-FTZB, the introduction of fluorine markedly
alters its adsorption profile, yielding the highest uptake for
acetylene among the C, molecules studied. Specifically, at 298 K
and 1 bar, the uptakes are 162.98 cm® g~ for C,H,, 140.94 cm®
g~ ! for C,Hg, and 125.69 cm® g~ ! for C,H, (Fig. 3b). The cor-
responding zero-coverage Qs is 29.98 k] mol™ ' (C,H,),
29.53 kJ mol* (C,Hg), and 27.95 k] mol ™ * (C,H,) (Fig. 3c and
S17). The ethane uptake remains notably high, and although
the ethylene uptake also increases, the C,H, isotherm lies above
the C,H, isotherm within 0-1.0 bar. The C,H,/C,H, uptake ratio
increases to 1.30. These data indicate that nia-d-FTZB exhibits
concurrent selective adsorption of both acetylene and ethane,
suggesting its potential for simultaneous removal of C,H, and
C,H, from ternary C, feeds and enabling one-step purification
of ethylene.

To assess the gas separation performance of nia-d-TZB and
nia-d-FTZB, we calculated the selectivities for binary mixtures of
C,H,/C,H, and C,H¢/C,H, using ideal adsorbed solution theory
(IAST) (Fig. S20-S22). At 298 K and 1 bar, the selectivities for the
C,H,/C,H, (50/50, v/v) mixtures are 1.11 for nia-d-TZB and 1.45
for nia-d-FTZB (Fig. 3d). Under the same conditions, the selec-
tivities for the C,H¢/C,H, (50/50, 10/90, v/v) mixture are 1.58 for
nia-d-TZB and 1.41 for nia-d-FTZB (Fig. 3d). These values are
comparable to those of many benchmark ethane-selective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) CoHy, CoHg, and CoH, sorption isotherms of nia-d-TZB at 298 K; (b) C, sorption isotherms of nia-d-FTZB at 298 K; (c) Qg of CoHp, CoHg
and C,H4 for nia-d-TZB and nia-d-FTZB; (d) IAST selectivity of nia-d-TZB and nia-d-FTZB for C,H,/C,H,4 (50/50, v/v) and C,He/CoH4 (50/50, 10/

90, v/v) at 298 K and 1 bar.

MOFs, such as Azole-Th-1 (1.46),”” Zn-atz-oba (1.27),%" JNU-2
(1.6),®> and BF-108-Zn (1.37).** The results align with the
observation that nia-d-TZB favors ethane removal from binary
ethane/ethylene feeds, while nia-d-FTZB shows promise for
simultaneous removal of acetylene and ethane from ternary C,
mixtures, enabling one-step ethylene purification.

Breakthrough experiment

To evaluate the practical separation performance, fixed-bed
breakthrough experiments were performed with the samples
activated at 120 °C. For nia-d-TZB, we first tested the binary
C,H,/C,H, (50/50, v/v) and ternary C,H,/C,He/C,H, (1/1/1, V/v/V)
mixtures at 298 K and 1 bar with a total flow rate of 1.0
mL min~". In two configurations, both C,H, and C,H, were
observed at the outlet, indicating that no effective separation of
the two components could be achieved under these conditions
(Fig. 4a and S24). This result is consistent with the similar low-
pressure isotherms for C,H, and C,H, and the modest differ-
ence in their adsorption affinities. In contrast, when the binary
C,H¢/C,H, mixtures (50/50, v/v) at the total flow-rates of 1.0
mL min~' were introduced into the fixed-bed, nia-d-TZB
demonstrated a meaningful separation of C,Hs from C,H,
(Fig. 4b and S23). The breakthrough behaviour yielded a C,Hg/

© 2025 The Author(s). Published by the Royal Society of Chemistry

C,H, separation interval of about 6.4 min g~ '. Notably, with
a 10/90 (v/v) C,He/C,H, feed and a flow rate of 1.0 mL min ™,
C,H, began to emerge at the outlet around 78 min g *, followed
by a slower C,H, elution after ~19.1 min g~ * (Fig. 4c and S23).
The observed performance rivals several established ethane-
selective materials reported in the literature, e.g., JNU-2
(16 min g '),®> TKL-106 (15 min g '),* UPC-612 (11.5 min
g~ "),* Zn-BPZ-TATB (14 min g '),* NUM-9 (16 min g~ '),*” JNU-
74 (22 min g '),** and MOF-801 (20 min g ').** The material
demonstrated a C,H, production capacity of 17.19 L kg™ ". These
results demonstrate that nia-d-TZB can effectively separate
C,H, from C,H, in binary feeds, enabling practical single-step
ethylene purification from ethane-containing streams.

For nia-d-FTZB, breakthrough experiments were conducted
similarly. In the binary C,H,/C,H, (50/50, v/v) test with a 1.0
mL min~ " flow rate, C,H, eluted prior to C,H,, with C,H,
breakthrough occurring at ~42 min ¢~ and C,H, subsequently
reaching equilibrium after ~4.6 min g~ (Fig. 4d and S26). This
demonstrates effective separation of acetylene from ethylene in
this binary gas pair. We also tested the binary C,Hs/C,H, (50/50,
10/90, v/v) feeds at 1.0 and 2.0 mL min~'. nia-d-FTZB showed
a measurable separation performance for these two gases, with
a separation interval of roughly 7.9 min g~ and 13.2 min g~

Chem. Sci., 2025, 16, 22348-22356 | 22351
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Fig. 4 Experimental breakthrough curves for nia-d-TZB at a total gas flow rate of 1.0 mL min~! of (a) CoH,/CoH, (50/50, v/v) and CoHg/CoHal/
CoH, (1/1/1, viviv), (b) CaHe/CoH4 (50/50, v/v) and (c) CoHg/CoHy4 (10/90, v/v) at 298 K and 1 bar. Experimental breakthrough curves for nia-d-
FTZB at a total gas flow rate of 1.0 mL min~ of (d) CoH/CoH,4 (50/50, v/v), (€) CoHe/CoH4 (50/50, v/v) and (f) CoHe/CoHa/CoHop (17171, viv/v) at 298

Kand 1 bar.

observed. With a 10/90 (v/v) C,He/C,H, feed and a flow rate of
1.0 mL min~ ', the C,H, productivity reached 11.88 L kg,
confirming its ability to discriminate between C,Hgs and C,H,
under practical flow conditions (Fig. 4e, S25 and S26).

To probe the full potential for ternary gas mixture separa-
tion, fixed-bed breakthrough experiments were performed with
a C,H,/C,Hg/C,H, (1/1/1, v/v/v) feed at 298 K and 1.0 mL min ™.
In this mixed-gas test, C,H, was detected at the outlet first (i.e.,
61 min g~ '), followed by C,Hg (after 5.3 min g~ '), and finally
C,H,, validating the potential for one-step ethylene purification
in the presence of acetylene and ethane (Fig. 4f). The produc-
tivity of C,H, separation from the ternary mixture after the
elution of C,H, and C,Hg can be 1.77 L kg™ .

The materials demonstrate outstanding regenerability,
retaining high separation performance over multiple break-
through cycles. Regeneration does not require heating. It only
needs to be purged with 10.0 mL min " helium gas at 298 K for
30 minutes. Both nia-d-TZB and nia-d-FTZB exhibit exceptional
cycling stability without noticeable degradation in adsorption
capacity or selectivity across five times repeated runs (Fig. S26).

GCMC simulation

To gain a deeper understanding of the selective adsorption and
separation mechanism, modelling studies were conducted on
nia-d-TZB and nia-d-FTZB using grand canonical Monte Carlo
(GCMC) simulation. As illustrated in Fig. 5, the C, gases are
located at different positions within the framework of nia-d-
TZB. C,H, and C,H, molecules exhibit similar adsorption
positions and interaction features. Both gases are

22352 | Chem. Sci., 2025, 16, 22348-22356

predominantly distributed around the triangular windows,
where C,H, molecules form C-H---N interactions with nitrogen
atoms in the tetrazole rings or TPT, with distances ranging from
3.33 to 3.68 A. Additionally, these molecules engage in C-H---7t
interactions with pyridine rings on the TPT ligands, with an
average distance of 3.32 A (Fig. 5a). Similarly, C,H, molecules
occupy comparable binding sites, primarily interacting with
tetrazole nitrogen atoms, benzene ring and TPT via C-H---7 and
C-H---Ninteractions, with distances ranging from 3.43 to 3.50 A
and 3.60-3.98 A, respectively (Fig. 5b). In contrast, the distri-
bution of C,Hj is distinct. These molecules are mainly localized
at the metal cluster vertices, where they are surrounded by the
framework, leading to stronger interactions. The primary
binding sites for C,Hs involve interactions with carboxylate
oxygen atoms through C-H---O hydrogen bonds (distances of
3.01-3.70 A) and with benzene rings via C-H---7 interactions
(distances of 3.21-3.95 A) (Fig. 5¢). The computational results
indicate that nia-d-TZB exhibits stronger interactions with C,Hg
than with C,H, or C,H,, which aligns well with the experimental
adsorption isotherms and the dynamic breakthrough results.
In contrast, all C, molecules are located at the metal cluster
vertices of nia-d-FTZB. C,H, and C,H, display similar adsorp-
tion behaviours and binding sites. Specifically, C,H, molecules
form strong C-H:---F interactions with fluorine atoms on FTZB
(distance: 2.71 A), C-H---O interactions with carboxylate oxygen
(distance: 3.88 A), C-H--'N interactions with tetrazole nitrogen
atoms (distances: 2.94-3.85 A), and C-H---7 interactions with
the tetrazole ring (distance: 3.32 A) (Fig. 5d). C,Hs molecules
also form multiple hydrogen bonds with fluorine atoms and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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m(3):3.21-3.95A
-0 (7):3.01-3.70 A

C-H---1t (3): 3.40-3.62 A
C—H--N (3): 3.44-3.69 A

C-H--0 (3): 2.95-3.45 A

Fig.5 The calculated preferential adsorption sites of nia-d-TZB for (a) C,H,, (b) CoH4 and (c) CoHg. The calculated preferential adsorption sites of
nia-d-FTZB for (d) CoH,, (e) CoHg and (f) CoHe. C: gray, Mn: green, O: red, N: sky blue, and F: light blue. The interactions are shown as dashed

lines. For clarity, H atoms on frameworks are omitted.

carboxylate oxygen atoms, with interaction distances of C-H:---F
at 3.65 A and C-H---O at 2.95-3.45 A (Fig. 5f). The binding sites
for C,H, differ significantly. These molecules primarily interact
with the surrounding three tetrazole rings, forming relatively
weak C-H---7 interactions with the tetrazole (distances: 3.40-
3.62 A) and multiple C-H---N interactions with tetrazole
nitrogen atoms (distances: 3.44-3.69 A) (Fig. 5¢). The calculated
binding energies follow the order: C,H, (33.74 k] mol™") > C,H,
(27.58 k] mol ") > C,H, (21.52 k] mol ™). These results indicate
that nia-d-FTZB exhibits strong and comparable adsorption
capacities for C,H, and C,H,, with the strongest interaction
observed for C,H, and the weakest for C,H,, consistent with the
adsorption results.

Overall, computational findings confirm that both nia-d-TZB
and nia-d-FTZB possess the capability for reverse separation of
C,H¢/C,H,. The introduction of fluorine atoms on the linear
linkers modifies the chemical microenvironment as well as the
interaction sites, subsequently strengthening the interactions
between guest molecules and the framework. Therefore, nia-d-
FTZB demonstrates the potential not only for the reverse sepa-
ration of the binary C,He/C,H, mixture, but also the one-step
purification of C,H, from ternary C, hydrocarbon mixtures.

Conclusions

Leveraging reticular chemistry and a mixed-ligand strategy, two
isoreticular,  trinuclear-manganese-cluster-based,  ternary
MOFs, designated as nia-d-TZB and nia-d-FTZB, have been
successfully synthesized. Both frameworks adopt the nia-
d topology, a face-transitive net that endows the structures with
a single window type. The strategic installation of fluorine
atoms along the linear linker transforms TZB into FTZB, which

© 2025 The Author(s). Published by the Royal Society of Chemistry

in turn elicits markedly divergent C,-hydrocarbon sorption
behaviours. In nia-d-TZB, acetylene and ethylene are taken up in
comparable amounts, whereas ethane is adsorbed most
strongly, enabling one-step ethylene purification from an
ethane/ethylene binary mixture. In stark contrast, nia-d-FTZB
exhibits the highest uptake for acetylene, followed by ethane,
with ethylene being the least adsorbed. This hierarchy allows
simultaneous removal of both acetylene and ethane from an
acetylene/ethane/ethylene ternary stream, again delivering
polymer-grade ethylene in a single step. Collectively, this work
establishes a critical paradigm for the deliberate design of face-
transitive MOFs that achieve advanced gas-separation perfor-
mance, underscoring the potential of crystalline porous mate-
rials to contribute to energy savings and emission reductions.
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