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ABSTRACT: The C2H2 separation from CO2 and C2H4 is of great importance
yet highly challenging in the petrochemical industry, owing to their similar
physical and chemical properties. Herein, the pore nanospace engineering of
cage-like mixed-ligand MFOF-1 has been accomplished via contracting the size of
the pyridine- and carboxylic acid-functionalized linkers and introducing a
fluoride- and sulfate-bridging cobalt cluster, based on a reticular chemistry
strategy. Compared with the prototypical MFOF-1, the constructed FJUT-1 with
the same topology presents significantly improved C2H2 adsorption capacity, and
selective C2H2 separation performance due to the reduced cage cavity size,
functionalized pore surface, and appropriate pore volume. The introduction of
fluoride- and sulfate-bridging cubane-type tetranuclear cobalt clusters bestows
FJUT-1 with exceptional chemical stability under harsh conditions while
providing multiple potential C2H2 binding sites, thus rendering the adequate
ability for practical C2H2 separation application as confirmed by the dynamic
breakthrough experiments under dry and humid conditions. Additionally, the distinct binding mechanism is suggested by theoretical
calculations in which the multiple supramolecular interactions involving C−H···O, C−H···F, and other van der Waals forces play a
critical role in the selective C2H2 separation.

■ INTRODUCTION
As two important chemical feedstocks, acetylene (C2H2) and
ethylene (C2H4) have been widely used to produce various
downstream chemical commodities, such as acrylic acid, vinyl
chloride, polyethylene, and ethynyl alcohols. In industry, C2H2 is
usually produced by the combustion of natural gas or thermal
cracking of hydrocarbons, accomplished with a substantial
amount of CO2 impurities,

1,2 while C2H4 is afforded through the
steam cracking of hydrocarbons, accompanied by a small
amount of C2H2 byproduct.3,4 In addition, C2H2 with high
reactivity, flammability, and explosiveness can cause some
undesired reactions or notorious industrial manufacturing
processes. For instance, trace C2H2 can poison the catalyst by
forming metal acetylides during ethylene polymerization.
Therefore, the selective C2H2 separation from CO2 and C2H4
is of great importance to obtain poly grade C2H2 and C2H4
feedstocks for highly safe and efficient production of chemicals.
The separation or purification of C2H2 from CO2 and C2H4 is
typically realized through cryogenic distillation or solvent
extraction in industry, involving intensive cost and energy
consumption owing to their similar boiling points (boiling
point: 189.3 K for C2H2, 194.7 K for CO2, and 169.5 K for
C2H4), which has spurred the development of more efficient
technology as alternatives to achieve this daunting challenge.5−7

At present, adsorptive separation technology based on porous
solid materials has been proven to be one of the most promising
approaches due to its energy efficiency and its being environ-
mentally friendly. However, the similar physicochemical proper-
ties of C2H2, CO2, and C2H4 (kinetic diameter: 3.3 Å for C2H2
and CO2, 4.2 Å for C2H4; quadrupole moment: 7.2 × 1026 e.s.u.
cm2 for C2H2, 4.3 × 1026 e.s.u. cm2 for CO2, 1.5 × 1026 e.s.u. cm2

for C2H4; polarizability: 33.3−39.3× 1025 cm3 for C2H2, 29.11×
1025 cm3 for CO2, 42.5 × 1025 cm3 for C2H4; Table S1) pose a
significant challenge to develop highly efficient adsorbents for
C2H2/CO2 and C2H2/C2H4 separations through physical
adsorption mechanism.8−12

In light of the tunable pore size/shape/volume,13−16 and
functionable pore surface,17−21 metal−organic frameworks
(MOFs), emerging as a new class of porous solid materials,
have attracted a lot of attention in the field of gas adsorption and
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separation.22−25 The pore system involving pore size/shape/
volume and pore space environment can be precisely regulated
by substituting the organic linkers with the same symmetry or
the inorganic metal nodes based on the isostructural principle
and building block strategy,26−32 which in turn endows MOFs
with enormous potentials for selective gas separation via the
integration of pore size/shapematching and preferential binding
interactions toward specific gas molecules.33−36 So far,
tremendous endeavors have been devoted to improving the
enrichment and separation performance for specific gas
molecules, in which the construction of cage-like mixed-ligands
MOFs without open metal sites (OMSs), featuring small pore
window size, functional pore space, and appropriate pore
volume, has represented one of the most effective ap-
proaches.37−43 For instance, the pore-space-partition-based
MOFs (PSP-MOFs), with cage-like cavities, have shown high
performance for gas adsorption and separation,32,44−51

attributed to the relocation of the pore system, stemming from
the introduction of the second spacers, involving compartmen-
talized small pore, functionalized pore space, and reserved
appropriate pore volume. The segmented small pore size and
functionalized pore surface impart enhanced gas separation
through providing dramatically increased adsorbent−adsorbate
binding sites toward specific gas molecules, while the preserved
appropriate pore volume bestows PSP-MOFs with high gas
adsorption performance, thereby making the PSP-MOFs a
prominent scaffold for gas adsorption and separation, including
C2H2 and CO2 capture,52,53 C2H2/CO2,

54−56 C2H2/C2H4/
C2H6,

57 and C3H6/C3H8 separation.56,58,59 Additionally, the
cage-like MOFs without OMSs usually exhibit relatively low
adsorption enthalpy compared with the MOFs with OMSs,
suggesting low energy demand for the regeneration of
adsorbents. Nevertheless, to achieve simultaneously high
capacity and separation selectivity for more challenging C2H2/
CO2 and C2H2/C2H4 separations, these cage-like MOFs usually
suffer from unsatisfactory separation performance for C2H2/
CO2 and C2H2/C2H4 gas mixtures due to their similar

physicochemical properties, despite showing good uptake
capacities for C2H2, CO2, and C2H4. Furthermore, it is still
very difficult to achieve the fine-tuning of the pore size/shape/
volume for cage-like MOFs via the isostructural principle
especially for MOFs involving multiple linkers and unusual
building blocks due to the significantly increased complexity for
MOFs self-assembly arising from the diversity of coordination
modes and unpredictable coordination directions of metal−
organic coordination bonds.
The significant feature to boost the adsorbents’ discrimination

ability to C2H2 in C2H2/CO2 and C2H2/C2H4 gas mixtures is to
introduce suitable binding sites that can preferentially interact
with C2H2 versus CO2 and C2H4. Recently, fluorinated MOFs
(fluorinated MOFs refer to MOFs containing fluorinated
linkers, or fluoride anions, or fluoride-functionalized metal-
clusters) have shown great potential for C2H2-separation-based
applications, where the fluoride anions (F−) can serve as
hydrogen bond acceptors strongly interacting with C2H2 via C−
H···F forces.19,60−67 In this regard, we developed a fluoride- and
sulfate-bridging Co4-cluster-based mixed-ligand MOF, MFOF-
1,68 constructed from the tripodal carboxylic acid and pyridines
ligands, as well as fluoride- and sulfate-bridged cubane-type
tetranuclear cobalt clusters, in which the fluoride anions and
sulfate (SO4

2−) anions provide multiple potential binding sites
for C2H2. Importantly, these two kinds of ligands are segregated
in the defined position for engineering the coordination
interspace involving pore size/shape/surface/volume, thereby
paving the way for the design and construction of cage-like
mixed-ligand MOFs for C2H2/CO2 and C2H2/C2H4 separation.
In this work, a fluoride- and sulfate-bridging Co4-cluster-

based mixed-ligand MOF, FJUT-1 (FJUT stands for Fujian
University of Technology) isostructural with MFOF-1 (Figure
1), featuring three types of polyhedral cages, has been
successfully constructed from the contracted tripodal carboxylic
acid and pyridine ligands [4,4′,4″-nitrilotribenzoic acid (NTB),
and tri(pyridin-4-yl)amine (TPA)] (Figure S1), with the same
cubane-type tetranuclear cobalt clusters ([Co4(μ3-F)3(μ3-

Figure 1. Schematic representation of the isoreticular contraction of MFOF-1 (left) and FJUT-1 (right) via decreasing the length of organic linkers.
Atom color scheme: Co, turquoise; C, gray; N, blue; O, red; F, bright green; S, yellow. H atoms are omitted for clarity.
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SO4)]3+), for C2H2 separation fromC2H2/CO2 and C2H2/C2H4
gas mixtures. FJUT-1 presents excellent chemical stability under
harsh conditions, arising from the introduction of hydrophobic
fluorinated [Co4(μ3-F)3(μ3-SO4)]3+ clusters. Remarkably,
compared with the prototypical MFOF-1, FJUT-1 exhibits
significantly increased C2H2 capture capacity, especially at low
pressure (10 kPa), with the uptake reaching 2.5 times that of
MFOF-1, together with enhanced selectivity for C2H2/CO2 (1.7
times) and C2H2/C2H4 (3.0 times) than that of MFOF-1 at 10
kPa (vide infra). These superior results are due to the reduced
cage cavity size, functionalized pore surface decorated with
fluoride anions and sulfate anions, and appropriate pore volume.
Furthermore, transient breakthrough experiments and theoreti-
cal calculations corroborate the result, in which the optimized
pore nanospace and functionalized pore surface of F, O, and H
atoms for C−H···F, C−H···O hydrogen bonds, and C�C···H
interactions play a critical collective role in this challenging
C2H2/CO2 and C2H2/C2H4 separation.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of MOFs. The proto-

typical MFOF-1 was synthesized through the solvothermal
reaction of 4,4′,4″-benzene-1,3,5-triyl-tribenzoate (BTB), 2,4,6-
tri(4-pyridinyl)-1,3,5-triazine (TPT) and CoSO4·7H2O with
tetrafluoroboric acid (HBF4, 40 wt % in water) as the modulator
in the mixed N,N-dimethylacetamide/methanol/1,4-dioxane
(DMA/MeOH/Diox) solution at 120 °C for 5 days according to
our reported method, featuring a cubane-type tetranuclear Co4
cluster ([Co4(μ3-F)3(μ3-SO4)]3+), and three kinds of polyhedral
cages, one octahedral cage (Oc), and two tetrahedral cages (Tc-A
and Tc-B), with the cavity diameters of 10.6, 11.0, and 7.0 Å,
respectively. The tetranuclear Co4 cluster bearing fluoride
anions and sulfate anions impart MFOF-1 with preferential
C2H2 adsorption through potential multiple adsorbent−
adsorbate binding interactions, while the polyhedral cages
with high pore volume endowMFOF-1 with high gas adsorption
capacity. By substitution of the organic BTB and TPT linkers
with the contracted NTB and TPA linkers, a novel fluorinated
MOF, FJUT-1, with the same pyr topology network, was
afforded through the solvothermal reaction. Single-crystal X-ray
diffraction reveals that FJUT-1 crystallizes in cubic space group
P213 (Table S2). There is one crystallographically independent
CoII ion, one-third of another independent CoII ion, one-third of
a deprotonated NTB3− ligand, one-third of two independent
TPA ligands, half of one sulfate anion, and one μ3-F− anion in
the asymmetric unit (Figure S3). Four CoII ions are connected
by three μ3-F− anions and one μ3-SO4

2− anion, forming the cubic
Co4 cluster with two types of CoII ions (Co1 and Co2). The CoII
ions adopt a distorted octahedral coordination geometry, where
Co1 is connected by three μ3-F− anions, and three carboxylic
oxygen atoms from different NTB ligands, while Co2 is
coordinated by one oxygen from one sulfate anion, one
carboxylic oxygen atom from NTB ligand, two nitrogen atoms
from two independent TPA ligands, and two μ3-F− anions
(Figure S4). The Co4 cluster is connected by three NTB ligands
and six TPA ligands, while NTB and TPA ligands are connected
by three Co4 clusters, thus forming a 3D pyr topology network.
Similarly, FJUT-1 contains three types of polyhedral cages
decorated with F− and SO4

2− anions, one octahedral cage (Oc),
and two tetrahedral cages (Tc-A andTc-B) (Figure 1). It is worth
noting that the cage cavity diameters in FJUT-1 are effectively
reduced from 10.6 to 7.6 Å for cage Oc, 11.0 to 8.4 Å for cage Tc-
A, and 7.0 to 5.2 Å for Tc-B, respectively, in comparison with the

prototypical MFOF-1, which presents the potential for
reinforcing the binding affinity toward C2H2 through multiple
supramolecular interactions, as confirmed by the experiments
and molecular modeling (vide infra) (Figure S6).

Phase Purity, Stability, and Porosity Description. The
scanning electronmicroscope (SEM) images were carried out to
demonstrate the octahedral morphology of FJUT-1 (Figure
S13). The energy-dispersive X-ray spectroscopy (EDS)
mapping images reveal that the C, N, O, S, F, and Co elements
are uniformly distributed throughout the samples of FJUT-1
(Figure S14). Powder X-ray diffraction (PXRD) patterns were
conducted to affirm the phase purity of bulky MFOF-1 and
FJUT-1 samples (Figures S19 and S20). The thermogravimetric
analysis (TGA) was performed to assess the thermal stability of
FJUT-1, manifesting that FJUT-1 can be stable up to 380 °C
(Figure S23). The permanent porosity of MFOF-1 and FJUT-1
have been confirmed by N2 adsorption isotherms at 77 K,
revealing both the typical type-I adsorption behavior of
microporous materials (Figure 2a). The saturated adsorption
capacity of FJUT-1 is 315.1 cm3 g−1, which is lower than that of
MFOF-1 (600 cm3 g−1) as a consequence of the contracted cage
sizes of FJUT-1. The BET surface areas for MFOF-1 and FJUT-
1 are 2287 and 1240 m2 g−1, respectively (Figures S25 and S26),
corresponding to total pore volumes of 0.93 and 0.49 cm3 g−1,
respectively (Table S3). The pore size distributions by using the
density functional theory (DFT) method are estimated to be
centered at 5.8 and 6.9 Å, smaller than those of MFOF-1 (7.2
and 10.3 Å, respectively), agreeing very well with the calculated
values from the crystal structures. In our previous work, the
introduction of fluoride- and sulfate-bridged Co4 clusters into
MFOF-1 has been verified to significantly improve the skeleton
structure resistant to harsh acid/base corrosion. Therefore, the
isostructural FJUT-1 with smaller cage cavity sizes might present
higher chemical stability. To verify the hypothesis, PXRD
patterns and SEM images were performed to reveal that FJUT-1
maintains good crystallinity and structure integrity after the
samples were soaked in an aqueous solution with different pH
values (pH = 1−13) (Figures 2b and S18), whereas the
prototypical MFOF-1 loses its crystallinity and intact structural
morphology in the aqueous solution with pH = 13 (Figures S17
and S21). In addition, the N2 adsorption isotherms of FJUT-1
samples treated with pH = 2 and 12 aqueous solutions further
prove the excellent chemical stability of FJUT-1 (Figure 2c).
Notably, the pore space of FJUT-1 has been finely tuned
through the reticular chemistry approach by comparison with
MFOF-1, in which the cage sizes are effectively reduced, the
pore surface is precisely modified, and the appropriate pore
volume is preserved, thus giving rise to great potential for
selective C2H2 separation from CO2 and C2H4 through a
significantly enhanced confinement effect.

Single-Component Adsorption Measurements. To
examine the gas adsorption and separation performance, the
optimum activation temperature of FJUT-1 was found to be 120
°C for 12 h, which was confirmed by TGA and the weight time
curves (Figures S23 and S24). Subsequently, C2H2, CO2, C2H4,
and CH4 adsorption experiments were conducted at 273, 298,
and 313 K (Figures 3a and S27−S44), respectively. As shown in
Figure 3a, bothMFOF-1 and FJUT-1 exhibit much higher C2H2
uptake (105.9 cm3 g−1 for MFOF-1, and 133.2 cm3 g−1 for
FJUT-1) than CO2 (51.5 cm3 g−1 for MFOF-1, and 108.4 cm3

g−1 for FJUT-1), C2H4 (77.7 cm3 g−1 for MFOF-1, and 106.5
cm3 g−1 for FJUT-1), and CH4 (11.3 cm3 g−1 for MFOF-1, and
23.0 cm3 g−1 for FJUT-1) at 298 K and 100 kPa, which suggest
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that both MOFs are capable of selectively adsorbing C2H2 over
CO2, C2H4, and CH4. However, in comparison with the
prototypical MFOF-1, FJUT-1 showed significantly improved
adsorption capacities for C2H2, CO2, C2H4, and CH4 at 298 K,
especially at partial low pressure (10 kPa) reaching more than a
2.5-fold excess of MFOF-1 (Figure 3b−d). Since the industrially
produced C2H2 and C2H4 usually contain a small amount of
CO2 and C2H2, the gas separation performance is closely related

to the gas adsorption behavior in the low-pressure range, and
thus the larger difference in the uptake capacity of either C2H2/
CO2 or C2H2/C2H4 in low partial pressure can give rise to more
superior separation performance.69,70 The difference in uptakes
of either C2H2/CO2 (30.72 cm3 g−1) or C2H2/C2H4 (24.70 cm3

g−1) on FJUT-1 at low pressure (10 kPa) is much higher than
those of MFOF-1 (17.71 cm3 g−1 for C2H2/CO2, and 15.08 cm3

g−1 for C2H2/C2H4), suggesting enhanced C2H2 separation
potential from C2H2/CO2 and C2H2/C2H4 gas mixture.
Noteworthily, the incorporation of OMSs into MOFs is an
efficient strategy for improving the C2H2 capture capacity via
C�C···M (M = metal ions) interactions. However, FJUT-1
(133.2 cm3 g−1) without OMSs possesses much better C2H2
adsorption performance than many reported MOFs with OMSs
at 298 K and 100 kPa (Tables S4 and S5), such as, NKMOF-1-
Ni (61.0 cm3 g−1),69 ZJU-74 (85.7 cm3 g−1),71 JNU-2 (103.0
cm3 g−1),72 UTSA-74 (108.05 cm3 g−1),73 ATC-Cu (112.2 cm3

g−1),74 Zn-MOF-74 (123.05 cm3 g−1),73 and LIFM-26 (Fe[II]/
Fe[III]) (131.0 cm3 g−1),75 especially at 10 kPa and 298 K,
presenting the C2H2 adsorption of 62.76 cm3 g−1, just lower than
the benchmark HKUST-1 (73.78 cm3 g−1),42 FeNi-M’MOF
(74.91 cm3 g−1),75 ATC-Cu (85.79 cm3 g−1),74 and ZJU-50
(86.34 cm3 g−1) (Table S5).42 Moreover, the repeated C2H2,
CO2, and C2H4 adsorption isotherms affirm the excellent
recyclability of FJUT-1 (Figures S53−S55). From the above
results, it can be concluded that the substitutions of BTB and
TPT linkers with the contractive NTB and TPA linkers
effectively reduce the cage size yet preserve suitable pore
volume, while the preserved functional Co4 clusters bearing F−

and SO4
2− anions endow the cage space with polar environ-

ments, collaboratively posing a significant enhancement in
C2H2/CO2 and C2H2/C2H4 separation processes.
The isosteric heat of adsorption (Qst) for C2H2, CO2, and

C2H4 on MFOF-1 and FJUT-1 was calculated using the
Clausius−Clapeyron equation on the basis of the adsorption
isotherms at 273, 298, and 313 K. As depicted in Figure 3e,f,
both MFOF-1 and FJUT-1 show much higher C2H2 Qst values
than CO2 and C2H4, which manifests that both MOFs possess
C2H2/CO2 andC2H2/C2H4 separation potential to some extent.
By comparison with the prototypical MFOF-1 (31.88 kJ mol−1
for C2H2, 25.97 kJ mol−1 for CO2, and 21.53 kJ mol−1 for C2H4,
respectively), FJUT-1 exhibits higher C2H2 (43.75 kJ mol−1),
CO2 (37.39 kJ mol−1), and C2H4 (31.01 kJ mol−1) Qst values at
near-zero coverage, suggesting the enhanced adsorbent−
adsorbate interactions ascribed to the contraction of the cage
cavity sizes. In addition, the difference in the Qst values (ΔQst)
represents the binding selectivity of adsorbents; the ΔQst of
C2H2/CO2 (6.36) and C2H2/C2H4 (12.74) on FJUT-1 is also
higher than those of MFOF-1 (5.91 for C2H2/CO2, and 10.35
for C2H2/C2H4) (Table S3), indicative of improved C2H2/CO2
and C2H2/C2H4 separation performance, further affirming the
effectiveness of the cage cavity sizes reduction. It is worth noting
that the C2H2 Qst value of FJUT-1 is much lower than many
reported MOFs with OMSs, such as NKMOF-1-Ni (60.3 kJ
mol−1),69 ZJU-74 (45−65 kJ mol−1),71 CuΙ@UiO-66-
(COOH)2 (74.5 kJ mol−1),

77 ATC-Cu (79.1 kJ mol−1),74 etc.,
indicative of sufficient adsorption−desorption reversibility of
FJUT-1 (Table S4).
In order to evaluate the adsorptive separation performance of

MFOF-1 and FJUT-1, the selectivity of C2H2/CO2 (50:50, v:v)
and C2H2/C2H4 (1:99, v:v) was calculated by using ideal
adsorbed solution theory (IAST). As depicted in Figure 3g,h,
both MOFs present good C2H2/CO2 (3.66 for MFOF-1, and

Figure 2. Stability and porosity of FJUT-1. (a) N2 adsorption isotherms
at 77 K and (inset) corresponding DFT pore size analyses of MFOF-1
(red line) and FJUT-1 (blue line). (b) PXRD patterns for FJUT-1 after
treatment under different conditions. (c) N2 adsorption isotherms at 77
K for FJUT-1 obtained under different conditions, suggesting its high
chemical stability.
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4.06 for FJUT-1) and C2H2/C2H4 (2.42 for MFOF-1, and 4.07
for FJUT-1) selectivity at 298 K and 100 kPa, indicating good
selective C2H2 separation fromCO2 and C2H4. However, FJUT-
1 presents higher selectivity for both C2H2/CO2 and C2H2/
C2H4 than MFOF-1 (4.53 and 3.54 at 298 K and 10 kPa),
especially in low-pressure coverage, with the values of 7.69 and
10.45 at 298 K and 10 kPa, implying improved C2H2/CO2 and
C2H2/C2H4 separation performance, which can be ascribed to
the stronger confinement effect toward C2H2 in FJUT-1 as a
consequence of the contracted cage cavity size. The C2H2/CO2
selectivity for FJUT-1 is comparable with some previously
reported MOFs, such as UiO-66-(COOH)2 (2.1),

77 SNNU-29-
Mn (2.9),55 UPC-200(Al)-F-BIM (3.15),38 and Cu-CPAH
(3.6) (Table S4).78

Breakthrough Experiment. To further examine the
practical separation potential of MFOF-1 and FJUT-1, the
dynamic breakthrough experiments were carried out through a
stainless-steel column at 298, 308, and 318 K, under 100 kPa,
where C2H2/CO2 (50:50, v:v) or C2H2/C2H4(1:99, v:v) gas

mixtures flowed over the fixed-bed filled with tightly packed
MOFs samples at a rate of 2, 5, and 10 mL min−1 (Figures 4 and
5). For C2H2/CO2 or C2H2/C2H4, both MOFs showcase
excellent C2H2 separation performance from C2H2/CO2 or
C2H2/C2H4 gas mixtures, in which CO2 or C2H4 first elutes out
from the packed column and quickly reaches saturation without
detectable C2H2, whereas C2H2 retains in the packed column
with a remarkable long time until it is saturated in the
frameworks. Remarkably, FJUT-1 presents much longer C2H2
breakthrough time than MFOF-1 for both C2H2/CO2 and
C2H2/C2H4 gas mixtures, implying the significantly improved
C2H2 separation performance attributed to the enhanced C2H2-
framework interactions and reserved appropriate pore volume in
FJUT-1.
For C2H2/CO2 (50:50, v:v), the breakthrough interval of

FJUT-1 between C2H2 and CO2 is 31.7 min g−1 and the C2H2
capture capacity is estimated to be 4.83 mmol g−1 based on a
single breakthrough curve with a flow rate of 2 mL min−1 at 298
K and 100 kPa (Figures 4a and S97), which is comparable with

Figure 3. Gas adsorption performance for MFOF-1 and FJUT-1. (a) Experimental adsorption isotherms of C2H2, C2H4, CO2, and CH4 for MFOF-1
and FJUT-1 at 298 K, respectively. Comparison of (b) C2H2 and CO2, (c) C2H2 and C2H4, and (d) C2H2 and CH4 adsorption isotherms of MFOF-1
and FJUT-1 in the region of 0−10 kPa at 298K. Comparison of isosteric heats (Qst) of (e) C2H2 andCO2, (f) C2H2 andC2H4 forMFOF-1 and FJUT-1.
(g) IAST selectivities of MFOF-1 and FJUT-1 for C2H2/CO2 (50:50, v:v) at 298 K. (h) IAST selectivities of MFOF-1 and FJUT-1 for C2H2/C2H4
(1:99, v:v) at 298 K. (i) Comparison of the C2H2/CO2 (50:50, v:v) separation factor and C2H2 uptake for the best-performing MOF materials at 10
kPa under ambient conditions.
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the benchmark MOFs like FJU-90 (22 min g−1, 1.87 mmol
g−1),54 JNU-1 (34 min g−1, 2.84 mmol g−1),79 ZJU-74 (36 min
g−1, 3.64 mmol g−1),71 and SNNU-98-Mn (39 min g−1, 4.9
mmol g−1).12 The productivity of C2H2 (≥99.5%) is calculated
to be 2.12 mmol g−1 based on desorption of the gas-saturated

FJUT-1 (Figure S95). It is worth mentioning that the separation
factor is another important criterion for evaluating the
separation potential of the MOFs. The C2H2/CO2 (50:50,
v:v) separation factor for FJUT-1 is calculated to be 5.17 based
on a single breakthrough experiment under a flow rate of 2 mL

Figure 4. Experimental breakthrough curves for C2H2/CO2 (50:50, v:v) gas mixtures of MFOF-1 and FJUT-1 at 100 kPa. Breakthrough curves for
MFOF-1 and FJUT-1 at 298 K with a total flow of (a) 2 mL min−1, (b) 5 mL min−1, and (c) 10 mL min−1, respectively. (d) Breakthrough curves for
MFOF-1 and FJUT-1 with a total flow of 2mLmin−1 at 298 K under 70% humidity. (e) Breakthrough curves of FJUT-1 with a total flow of 2mLmin−1

at various temperatures. (f) Recyclability of FJUT-1 under multiple breakthrough tests with a total flow of 2 mL min−1 at 298 K.

Figure 5. Experimental breakthrough curves for C2H2/C2H4 (1:99, v:v) gas mixtures of MFOF-1 and FJUT-1 at 100 kPa. Breakthrough curves for
MFOF-1 and FJUT-1 at 298 K with a total flow of (a) 2 mL min−1, (b) 5 mL min−1, and (c) 10 mL min−1, respectively. (d) Breakthrough curves for
MFOF-1 and FJUT-1 with a total flow of 2mLmin−1 at 298 K under 70% humidity. (e) Breakthrough curves of FJUT-1 with a total flow of 2mLmin−1

at various temperatures. (f) The recyclability of FJUT-1 under multiple breakthrough tests with a total flow of 2 mL min−1 at 298 K.
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min−1, which is much higher than many top-performing MOFs,
including SIFSIX-21-Cu (4.6),28 ZJU-74 (4.3),71 ZJU-50
(4.2),42 CAU-10-H (3.4),80 SNNU-45 (2.9),8 FJU-90 (2.1),54

SIFSIX-Cu-TPA (1.97),40 FeNi-M’MOF (1.7),76 and lower
than the benchmark NbOFFIVE-3-Cu (16.9)28 and UTSA-74
(20.1)73 (Figure 3i, Table S6). For C2H2/C2H4 (1:99, v:v),
C2H4 gas broke through the packed column at 57.1 min g−1,
while C2H2 gas was trapped and eluted until 217 min g−1,
corresponding to the breakthrough interval of 159.9 min g−1 on
the basis of a single breakthrough curve with a flow rate of 2 mL
min−1 at 298 K and 100 kPa (Figure 5a). The calculated C2H2
capture capacity is 0.41 mmol g−1 based on the single
breakthrough isotherm with a flow rate of 2 mL min−1 at 298
K and 100 kPa. The calculated C2H4 productivity with ≥99.9%
purity is estimated to be 13.94 mmol g−1 based on one
breakthrough adsorption curve (Figure S96).
To evaluate the C2H2 separation performance from C2H2/

CO2 and C2H2/C2H4 on MFOF-1 and FJUT-1 under humidity
conditions, dynamic breakthrough experiments under 70%
humidity were implemented, which shows that FJUT-1
possesses much better C2H2 separation performance than the
prototypicalMFOF-1 (Figures 4d,5d, S98, S99, S103 and S104).
The dynamic breakthrough experiments on FJUT-1 samples
after treatment by aqueous solutions with pH = 2, and 12, were
performed at a flow rate of 2 mL min−1 at 298 K and 100 kPa,
which presents good C2H2/CO2 and C2H2/C2H4 separation,
suggesting its robustness (Figures S98 and S102). Moreover, the
consecutive dynamic breakthrough experiments for C2H2/CO2
andC2H2/C2H4 on FJUT-1 were performed with a flow rate of 2
mL min−1 at 298 K and 100 kPa (Figures 4f, 5f, S101, S102,
S106, and S107), which demonstrates its outstanding
recyclability and durability, further confirmed by the PXRD
patterns (Figures S19 and S20).

DFT-D Modeling of Binding Sites. To probe the distinct
adsorption mechanism, dispersion-corrected DFT simulations

were implemented. As shown in Figures 6 and S109−S111, for
both MFOF-1 and FJUT-1, C2H2 and CO2 are preferentially
located in the tetrahedral Tc-B cage, whereas C2H4 and CH4 are
mainly situated in the Oc cage. For MFOF-1, C2H2 is located in
the Tc-B cage surrounded by one Co4 cluster, two TPT linkers,
and one BTB linker, in which the C−H···O (2.42 and 3.62 Å),
C−H···F (3.16 Å), and C�C···H (2.73, 3.25, and 3.38 Å)
interactions happen. For comparison, CO2 is fixed in the Tc-B
cage comprised of one Co4 cluster, two TPT linkers, and two
BTB linkers through C−O···H(2.57, 2.61, 2.84, and 3.52 Å) and
C�C···O (2.98 and 3.10 Å) interactions. C2H4 is banded in the
Oc cage composed of two BTB linkers and one Co4 cluster via
C−H···O (2.81, 3.46, and 3.48 Å), C−H···F (3.60 Å), and C−
H···π (3.00 Å) interactions. For FJUT-1, C2H2 is located in the
similar Tc-B cage as that in MFOF-1, yet with stronger C2H2-
binding interaction through forming a C2H2-nanotrap sur-
rounded by two Co4 clusters, one NTB linker, and three TPA
linkers, in which C2H2 interacts with the framework through C−
H···O (2.10, 2.80, 3.59, 3.87, and 3.89 Å), C−H···F (4.27 Å),
C�C···π (3.80 Å), and C�C···H (2.79, 3.41, 3.57, 3.61, 3.77,
and 3.85 Å). In comparison, CO2 interacts with the framework
mainly through C−O···H (2.55, 2.57, 2.68, 2.97, 3.21, 3.28, 3.37,
3.54, 3.61, and 3.61 Å) and C�C···O (2.94 Å) interactions.
C2H4 is located in the Oc cage surrounded by one Co4 cluster
and two NTB linkers, in which C−H···O (2.58, 2.71, 3.35, and
3.66 Å), C−H···F (2.83 Å), and C−H···π (3.13 Å) interactions
occur. The calculated C2H2, CO2, and C2H4 binding energies for
FJUT-1 are 39.33, 20.37, and 16.58 kJ mol−1, which are higher
than those of MFOF-1 (18.97, 12.55, and 12.78 kJ mol−1,
respectively), unveiling the enhanced gas-framework interac-
tions and optimized C2H2 separation in FJUT-1 due to the
contracted cage cavity size. Overall, the contraction of the cage
cavity size and the reservation of electronegative F− and SO4

2−

anions collaboratively lead to the significantly improved C2H2

Figure 6.DFT calculated preferential adsorption sites and binding energies of (a) C2H2, (b) CO2, and (c) C2H4 in MFOF-1 and (d) C2H2, (e) CO2,
and (f) C2H4 in FJUT-1, respectively.
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separation performance from C2H2/CO2 and C2H2/C2H4 gas
mixtures.

■ CONCLUSIONS
In summary, we have successfully synthesized a fluoride- and
sulfate-bridging Co4-cluster-based mixed-ligand MOF with
three kinds of polyhedral cages, FJUT-1, by substituting the
BTB and TPT ligands with the contracted NTB and TPA
ligands in the prototypical MFOF-1 based on the reticular
chemistry strategy. FJUT-1 presents excellent thermal and
chemical stability due to the incorporation of the hydrophobic
fluoride- and sulfate-bridging Co4 clusters. Significantly, FJUT-
1, isostructural with MFOF-1, shows greatly improved C2H2
capture capacity, and selective C2H2 separation performance
due to the reduced cage cavity size, polar pore surface decorated
with electronegative F− and SO4

2− anions, and appropriate pore
volume, which is well corroborated by the dynamic break-
through experiments under three different temperatures and
70% humidity. Molecular modeling studies reveal that FJUT-1
has enhanced binding affinity toward C2H2 thanMFOF-1 owing
to the enhanced confinement effect through stronger collective
interactions involving C−H···O, C−H···F, and other van der
Waals. This work may open up a new avenue for the future
rational design and construction of cage-like mixed-ligand
MOFs with customized pore nanospace for C2H2 separation-
related applications.
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