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Inspired by the unique properties of fluorous compounds, the deliberate replacement of H atoms with F atoms in
organic linkers of metal-organic frameworks (MOFs) could be of highly interesting. Herein we rationally
developed a fluorinated MOF of JXNU-12(F) derived from the parent MOF of JXNU-12 in the presence of the pore
partition agent. Remarkably, H/F substitution maintains the crystal structures of MOFs but dramatically en-
hances the CoHy/CO; separation properties. The CoHy uptake of JXNU-12(F) (298 K and 1 bar) is 1.48 times
higher than that of JXNU-12 even though the pore volume of JXNU-12(F) is 84% of JXNU-12. Whereas both
MOFs exhibit the same CO, uptakes under the same conditions. The CoHy/CO3 adsorption selectivity of JXNU-12
(F) at 1 bar and 298 K is 2 times that of JXNU-12, emphasizing the importance of fluorine substitution. An
excellent C,Hy/CO,, separation with a large CoH, captured amount of 4.7 mmol g™+ was achieved with JXNU-12
(F), ranking among the best-performing MOFs. The significant performance enhancement in JXNU-12(F) is
rationalized by the large electronegativity and polarizability of fluorine groups exposed on the pore surfaces and
the well-matched pore spaces generated by pore partition for trapping CoHs, which collaboratively enhance
framework-CyH> interactions as revealed by computional simulations.

porous materials for gas separation through physisorptive separation
[8-13]. However, CoHy and CO, with linear molecular shapes and

1. Introduction

Acetylene (CpHj), which is the simplest and important alkyne, is
widely utilized for welding and as the raw material for a great number of
fine chemicals including synthetic rubber, acetylenic alcohols, and vinyl
derivatives [1]. It has been reported that the global acetylene gas market
is expected to be 11.42 billion US$ in 2023 [2]. Acetylene can be pro-
duced by a oxidative coupling of methane or steam cracking of oil in
petrochemical industry [3], leading to a major impurity of carbon di-
oxide (CO3) in products. Current technology for purification of CoHy
from the gas products is solvent extraction. The utilization of a large
amount of organic solvent in the extraction processe generates serious
problems of environmental pollution and huge energy consumption.
Metal-organic frameworks (MOFs) have emerged as a kind of novel
porous solid materials featuring crystalline structures and tunable pore
environment [4-7]. MOFs have been shown to be highly promising
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similar molecular sizes (CoHo, 3.32 x 3.34 x 5.7 A3; COy, 3.18 x 3.33 x
5.36 10\3) as well as the same kinetic diameter of 3.3 A (Table S1, sup-
porting information) [14,15] make CyH,/CO, separation to be an
extreme challenge.

The interplay among gas uptake, selectivity and pore volume for an
adsorbent is very important for gas separation. A balanced gas uptake,
selectivity and pore volume will lead to MOFs for high-performance gas
separation. The partition of the channel spaces into suitable pore cages
via pore-space-partition strategy not only improves the framework sta-
bility but also affords better pore spaces for trapping specific gas mol-
ecules [16-18]. The insertion of pore partition agents in MOFs decreases
the pore sizes and porosities, but improves gas adsorption through
efficient host-guest interactions. Such a strategy is a powerful route for
balancing the gas uptake, selectivity and pore volume for MOFs [19,20].
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On the other hand, the modifying organic ligand with Lewis base sites
such as oxygen and nitrogen in MOFs or incorporating inorganic MFg2~
(M = Si and Ti etc.) groups into MOFs is a feasible approach to improve
the binding affinity toward CyHgy possessing the acidic alkynyl hydrogen
atoms [21-24]. However, such Lewis base sites are generally the un-
desirable binding sites for CO, with two electronegative O atoms.
Therefore, such a chemical modification approach has resulted in the
high-efficient CoHy/CO4 separation [25-27].

Fluorine substituent effects on the organic molecules are well
demonstrated [28-32]. The fluorination of organic molecules leads to
dramatic changes in physico-chemical properties, imparting to the
resultant fluorinated compounds with improvements in hydrophobicity,
thermal/chemical stability, lipophobicity, and biological activity
[33-35]. The replacing H atoms with F atoms in organic ligands of MOFs
is expected to be of great interest. Due to the entirely different electro-
negativity and polarizability between H and F atoms, fluorine substi-
tution in MOFs may trigger impactful changes in physico-chemical
properties of MOFs. A few of fluorinated MOFs have been demonstrated
with interesting gas adsorption properties including Hy, CO2 and fluo-
rocarbons adsorption [36-41]. Unfortunately, the lack of corresponding
nonfluorinated MOFs or the F group as an innocent group during the
adsorption process hinders the direct comparison of gas adsorption
properties between fluorinated and nonfluorinated MOFs [42-46]. Thus
the systematic and in-depth comparative studies of gas adsorption/
separation properties for the pair of fluorinated and nonfluorinated
MOFs are urgently needed.

Here we report a pair of MOFs with the pore partition agent of 2,4,6-
tri(4-pyridinyl)-1,3,5-triazine (tpt), {[(CH3)2NH2]2[Niz(us-O)
(BPDC)3(tpt)]1} (named JXNU-12) based on biphenyl-4,4'-dicarboxylic
(BPDC*") ligand and {[(CH3)2NH]2[Nis(u3-O)(TFBPDC)3(tpt)]}n
(coined JXNU-12(F)) based on 3,3',5,5'-tetrakis(fluoro)biphenyl-4,4'-
dicarboxylic (TFBPDC2") ligand. Thanks to great tunability of the
structural modules of MOFs [47,48], JXNU-12(F) was readily obtained
using the Hy-TFBPDC ligand derived from partial fluorination of Hy-
BPDC ligand. Benefitting from the most similar van der Waal’s radii and
the closest steric sizes between H and F atoms, fluorination achieves the
isomorphic JXNU-12 and JXNU-12(F), which provide the elegant ex-
amples for in-depth comparative studies of CoHy/CO4 separation per-
formance for the pair of fluorinated and nonfluorinated MOFs.
Remarkably, the fluorination dramatically increases the CoHy sorption
capacity whereas the CO, uptake capacities for both MOFs are almost
unchanged, considerably enhancing CoHy/CO- separation performance
for JXNU-12(F). Thus the pore partition and the installation of fluorine
groups on the pore surfaces fine-tune the pore microenvironments
elaborately, which collaboratively endow JXNU-12(F) with the opti-
mized pore spaces for accommodating CoHs.

2. Experimental section
2.1. Synthesis of JXNU-12

A mixture of Ni(NO3)2-6H20 (11.6 mg, 0.04 mmol), biphenyl-4,4'-
dicarboxylate acid (12.6 mg, 0.04 mmol), 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (4.8 mg, 0.015 mmol), DMF (2 mL), and HBF4 (0.03 mL) was
sealed in a 20 mL vial and heated at 110 °C for 2 days, After cooling to
room temperature, the greenish hexagonal prisms-shaped crystals were
obtained after washed with DMF (yield 62%, based on Ni(NO3),-6H50.

2.2. Synthesis of JXNU-12(F)

A mixture of Ni(NO3)2-6H20 (11.6 mg, 0.04 mmol), 3,3',5,5'"-tetrakis
(fluoro)biphenyl-4,4'-dicarboxylate acid (12.6 mg, 0.04 mmol), 2,4,6-tri
(4-pyridyl)-1,3,5-triazine (4.8 mg, 0.015 mmol), DMF (2 mL), and HBF,4
(0.12 mL) was sealed in a 20 mL vial and heated at 110 °C for 2 days,
After cooling to room temperature, the pale greenish strip-shaped
crystals were obtained after washed with DMF (yield 69 %, based on
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Ni(NO3)2-6H20.
2.3. Characterizations

The powder X-ray diffraction patterns (PXRD) were recorded on a
Rigaku DMAX 2500 powder diffractometer using Cu-Ka (4 = 1.54056
A). single-crystal X-ray diffraction experiments were carried out with a
Rigaku Oxford SuperNova diffractometer (Mo-Ka radiation, 4 =
0.71073 f\). The detailed crystal refinement information is provided in
supporting information.

Gas sorption—-desorption isotherms were measured on a Micro-
meritics ASAP 2020 HD88 surface-area analyzer. Transient break-
through simulations were carried out with 50/50 CoH,/CO mixtures in
adsorption columns using the methodology described previously [45].
The detailed breakthrough experiments for separation of CyH/CO,
mixtures are provided in supporting information.

3. Results and discussion
3.1. Crystal structure

Initially, the parent MOF of JXNU-12 was synthesized from Ni
(NO3)2-6H20, H2-BPDC and tpt in DMF solvent in the presence of HBF,.
Based on the molecular design approach, the utilization of partly fluo-
rinated Hp-TFBPDC analogue in the similar reaction afforded the fluo-
rinated JXNU-12(F). Single-crystal X-ray diffraction revealed that
JXNU-12 and JXNU-12(F) are isomorphic (Table S2 and Fig. S1). The
anionic [Nig(us-O)(BPDC)3(tpt)1?~ or [Nis(us-O)(TFBPDC)5(tpt)]1?~
framework is charge-balanced by the extraframework (CH3);NH," ions
derived from decomposition of DMF solvents. The present three-
dimensional (3D) frameworks constructed from trimeric [Nig(us-O)]
culsters can be described as the variants of the MIL-88 type framework
installed with the pore partition agent of tpt (Fig. 1a) [49,50]. As
depicted in Fig. 1b and 1c, each planar [Ni3(u3-O)] unit is linked by six
dicarboxylate ligands and three tpt ligands to give a 3D framework
(Fig. S2). The use of the pore partition agent of tpt has resulted in the
cylindrical cages and trigonal bipyramidal cages. Each cylindrical cage
is formed from six [Ni3g(u3-O)] units, six dicarboxylate ligands and two
tpt ligands (Fig. 1d and 1e). Each trigonal bipyramidal cage is built from
five [Nig(us-O)] units, six dicarboxylate ligands and three tpt ligands
(Fig. 1f and 1 g). Owing to the electrostatic repulsion between F atoms
and carboxylate O atoms in the TFBPDC2~ ligand, the large torsion
angles between benzene planes and their attached carboxylate planes
(56.4° and 57.8°) are generated (Fig. S1b). In contrast, the benzene
planes with their attached carboxylate planes are nearly coplanar in
BPDC%™ ligand. As a result, some F atoms of TFBPDC?~ in JXNU-12(F)
point toward the interior of trigonal bipyramidal cages, which nar-
rows down the pore sizes (from 14 A to 10.6 A) and provides the highly
polarized and fluorophilic pore cage environments (Fig. 1g). Since the F
atoms are located on the shell of the cylindrical cage in JXNU-12(F), the
reduced window sizes for the cylindrical cage are observed (Fig. 1e).
Such an arrangment of the F groups in the cylindrical cage makes
fluorine functionalization of the pore walls. Calculation by PLATON
software revealed that the solvent accessible voids for JXNU-12 and
JXNU-12(F) are 65.7% and 60.3% of the unit cell volumes, respectively.
The guest solvents in JXNU-12 and JXNU-12(F) can be exchanged with
acetonitrile, which was easy removed from the 3D frameworks by
heating and vacuum (Fig. S3). The phase purity of the compounds was
evidenced by the powder X-ray diffraction patterns (PXRD) (Fig. S4).
After exposure to air under ambient conditions for a month or soaked in
water for 10 h, JXNU-12(F) maintains the framework integrity and
crystallinity (Fig. S4), while JXNU-12 lost its crystallinity. Such phe-
nomena indicate the chemical stability of the fluorinated JXNU-12(F) is
greatly improved in comparison with JXNU-12, suggesting the substi-
tution of H atoms with F atoms in the organic ligands improves the
chemical stability of the fluorinated MOF. Furthermore, the water
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Fluorination

Fig. 1. (a) One-dimensional channel in MIL-88 type framework is divided into small cages by insertion of the pore partition agent of tpt. (b) and (c) [Niz(p3-O)
(COO0)e] units, (d) and (e) cylindrical cages, (f) and (g) trigonal bipyramidal cages in JXNU-12 and JXNU-12(F).

contact angle for JXNU-12 (26.4°) is much smaller than that of JXNU-12
(F) (41.5°) (Fig. S5), suggesting that the introduction of fluorine atoms
into the organic linkers significantly enhances the hydrophobicity of the
MOF material.

3.2. Gas adsorption and separation performance

Nitrogen sorption isotherms at 77 K were performed on JXNU-12 and
JXNU-12(F) to experimentally examine their permanent porosities. Both
MOFs showed typically reversible type-I isotherms, indicating their

microporous structures. The maximum N adsorption capacities are 667
and 565 cm® g’l for JXNU-12 and JXNU-12(F), respectively (Fig. 2a).
The Brunauer-Emmett-Teller (BET) and Langmuir surface areas were
2544 and 2882 m? g~! for JXNU-12 and 2154 and 2431 m? g~ for
JXNU-12(F), respectively (Fig. S6 and Table 1). The total pore volumes
estimated from the Ny uptakes for JXNU-12 and JXNU-12(F) are 1.03
and 0.86 cm® g™, in agreement with the theoretical value of 1.02 and
0.81 cm® gL, The experimental pore volumes for both MOFs are slightly
higher than their theoretical values, which could be resulted from the
crystal defects induced by the acid modulator in the reactions [51]. The
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Fig. 2. (a) 77 K N, adsorption isotherms and pore size distribution for JXNU-12 and JXNU-12(F) (Inset). (b and c¢) CoH, and CO, adsorption isotherms of JXNU-12
and JXNU-12(F). (d) Comparison of MOFs with top-high C>H, uptake and C;H,/CO, uptake ratio at 298 K and 1 bar. (e) The Qg and (f) IAST selectivity for JXNU-12

and JXNU-12(F).
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Table 1
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Comparison of surface area, total pore volume, gas uptake (298 K and 1 bar), IAST selectivity (C;H,/CO, 50:50, at 1 bar and 298 K), and CO,/C,H, (50/50)

breakthrough performance with a gas flow rate of 2.0 mL min ' at 298 K.

SBET total pore C,H, uptake CO, uptake Saas  CoHj breakthrough time Interval time between C,H, and The CyHa-capture
(m? volumes (em® g’l) (em® g’l) (min g’l) CO;, breakthrough amount
g™h (em®g ™) (min g1 (mmol g~ 1)
JXNU-12 2544 1.03 77.9 37.3 2.0 78 30 3.1
JXNU-12 2154 0.86 115.5 33.4 4.1 117 70 4.7

(6]

main pore size distribution reduces from 10.9 A for JXNU-12 to 10.0 A
for JXNU-12(F) (Fig. 2a (inset)). The results indicate the incorporation
of fluorine atoms into the organic linkers led to an obvious decrease on
the porosity, surface area and pore volume, and a slight decrease of pore
aperture, in consistent with the results of crystal structures. Compared to
those of JXNU-12, the decrease in porosity, surface area and pore vol-
ume for JXNU-12(F) mainly arise from increase of the relatively larger
inherent steric hindrance of F atoms and its molecular weight.

To explore the possibility of tuning the C;Hy and CO; sorption per-
formance via fluorine substitution. The single-component isotherms of
CoHz and CO; for JXNU-12 and JXNU-12(F) were collected. The results
showed the CoH; uptakes for both MOFs are obviously higher than CO,
uptakes under the same conditions (Fig. 2b, 2¢ and Fig. S7). JXNU-12
takes up 77.9 cm® g_1 of C,Hj and 37.3 cm® g_1 of CO, under 298 K
and 1 bar (Fig. 2b). JXNU-12 shows distinct CoHp and CO sorption
amounts with the uptake ratios of 2.08 at 298 K and 1 bar, which is
higher than those of noted MOFs including FJU-90a (1.75) [19], SIFSIX-
Cu-TPA (1.7) [21], BSF-3 (1.7) [52], SNNU-45 (1.38) [53], and NKMOF-
1-Ni (1.19) [54]. Remarkably, JXNU-12(F) adsorbs much more CyH;
than that of JXNU-12 under the same conditions in the full pressure
region (Fig. 2b, 2c and Fig. S7). The CoHj uptake (115.5 cm® g_l) for
JXNU-12(F) is considerably higher by 1.48 times than that of JXNU-12
at 298 K and 1 bar, contradictory to the order of surface areas. Such
marked difference on CoHj sorption between JXNU-12 and JXNU-12(F)
indicates a significantly enhanced CyH» uptake was achieved by fluorine
substitution. The incorporation of the F groups into JXNU-12(F) leads to
the reduced pore sizes and pore apertures, but facilitates more closer
contacts betwen CyHy and pore walls. Thus the shrunken and highly
fluorophilic pore spaces induced by pore partition and fluorination in
JXNU-12(F) are well-matched for trapping CoHy. Moreover, no loss of
the CyHy uptake for JXNU-12(F) was observed in the recycling mea-
surements (Fig. S8), suggesting an excellent sorption recyclability for
JXNU-12(F). Even more surprising is that JXNU-12 and JXNU-12(F)
exhibit almost the same CO; sorption amounts under same conditions,
as evidenced by the overlapped sorption isotherms (Fig. 2b, 2c and
Fig. S7). It is noteworthy that JXNU-12 has the larger surface area than
that of JXNU-12(F). As a result, the CO, uptake per unit surface area for
JXNU-12(F) is much lower than that of JXNU-12 under same conditions,
suggesting the highly fluorophilic pore environments are adverse for
capturing CO.. Fluorination thus can remarkably increase CoHy sorption
capacity. The substantial increase of the CoHy/CO2 uptake ratios are
achieved for JXNU-12(F) with the Co;H/CO3 uptake ratio of 3.46 at 298
K and 1 bar, which is higher than that of 2.08 for JXNU-12 and ranks
among the benchmark MOFs including UPC-200(Al)-F-BIM (2.6) [55],
JNU-1 (1.23) [56], and ATC-Cu (1.2) [57] (Fig. 2d). The fluorination
achieved JXNU-12(F) shows the strong binding sites for CoHy and
weaker binding affinity to CO;, which enables JXNU-12(F) highly
promising potential for discriminating CoH; and CO, gases.

A notable increase of CoHy adsorption enthalpy (Qs) was indeed
observed from 21.3 kJ mol ! for JXNU-12 to 28.0 kJ mol ! for JXNU-12
(F) at zero-loading (Fig. 2e and Fig. S9), reflecting stronger affinity to-
ward CoHjy of JXNU-12(F) than that of JXNU-12. The much different Qg
values mean the displacement of H with F is feasible for tuning the in-
teractions between CoH, and framework. The Qs of CO4 for JXNU-12(F)
(19.7 kJ mol ™) and JXNU-12 (19.9 kJ mol ™) are almost the same. The

Qs values of CoHy are much larger than those of CO, further enable
JXNU-12(F) with the ability for discriminating CoHy and CO4 gases,
facilitating an excellent Co;Hp/COy separation performance. Further-
more, the ideal adsorbed solution theory (IAST) calculation was utilized
to estimate the adsorptive selectivity (S,gs) of CoHa/CO2 (50/50) mix-
tures. As shown in Fig. 2f, JXNU-12 shows the CaHy/CO> selectivity of
2.0 at 298 K, while JXNU-12(F) exhibits a notably enhanced CyH2/CO>
selectivity of 4.1. Although the selectivity value of CoHy/CO5 for JXNU-
12(F) is lower than the recorded IAST selectivity of UTSA-300a (74 3)
[23] and CPL-1-NHj (1 19) [58] having the molecular sieve effect, but is
comparable to those of benchmark MOFs of FJU-90 (4.3) [19], UPC-200
(Fe)-F-H,0 (2.25) [55] and FJU-6-TATB (3.1) [59]. The CyH/COo
selectivity of JXNU-12(F) at 1 bar is 2 times that of JXNU-12, empha-
sizing the importance of fluorine substitution. Therefore, the introduc-
tion of the F groups into MOF exerts a pronounced impact on CoHj
uptake and CyHy/CO; selectivity. As a result, the large CyoHy uptake,
large pore volume and moderate selectivity render JXUN-12(F) highly
promising for CoHy/CO; separation.

3.3. Breakthrough performance

Transient breakthrough simulations were performed with the CoHy/
CO5 (50/50) mixtures under 298 K and 1 bar [60,61]. As shown in
Fig. 3a, the dimensionless 7preak Value of CoHy for JXNU-12(F) is much
larger than that of JXNU-12. The 7peqk interval between CoHy and CO,
for JXNU-12(F) is significantly larger than that of JXNU-12, further
emphasizing the importance of fluorine substitution. The separation
potential (AQ) [61] calculated from breakthrough simulation curves for
JXNU-12(F) is notably larger than that of JXNU-12 and those of leading
MOFs such as CuI@UiO-66-(COOH)2 [4], CPL-1-NH; [58], and MUF-17
[62] (Fig. 3b). Furthermore, the practical breakthrough experiments for
CoH,/CO4 (50/50) mixtures were flowed over packed columns of JXNU-
12(F) and JXNU-12 for evaluating their actual dynamic separation
performance. As shown in Fig. 3¢, CoH2/CO2 mixtures were effectively
separated through the fixed bed. As predicted, CO, was first detected at
the outlet gas, whereas Co;Hg was preferentially adsorbed by JXNU-12(F)
and JXNU-12. For JXNU-12(F), CoHs gas broke through the column after
117 min g~! with a gas flow rate of 2.0 mL min~! at 298 K. The
breakthrough time for CyHy surpasses those of some top-performing
MOFs, such as SUNN-45 (113 min g’l) [53] and ZJU-74a (81 min
g_l) [63]. The breakthrough interval between CoH; and CO, reaches 70
min g~ !, which is comparable to those of benchmark MOFs of SIFSIX-Cu-
TPA (69 min g’l) [21], and SNNU-45 (79 min g’l) [53], but superior to
those of prominent MOFs including JNU-1 (34 min g’l) [56], FeNi-
M’MOF (29 min g~ ') [64], and CPL-1-NH, (29 min g~!) [58]. The
captured amount for CoHy during the 0 ~ 7preqx time under the dynamic
conditions is 4.7 mmol g~! at 298 K, which outperforms all other top-
performing MOFs including ZJU-74a (3.64 mmol g’l) [63], SNNU-45
(3.5 mmol g~!) [53], JCM-1(2.2 mmol g~!) [65], and UTSA-74a
(2.46 mmol g’l) [66] (Fig. S10). As shown in Fig. 3c, COy break-
through times for JXNU-12(F) and JXNU-12 are similar, in line with the
results of single-component CO, sorption. In contrast, much different in
CoHj breakthrough times for JXNU-12(F) and JXNU-12 were obtained.
The breakthrough interval between CoHy and CO5 for JXNU-12 (30 min
g ) is fewer than half of JXNU-12(F), consolidating the higher
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Fig. 3. (a) Breakthrough simulations curves of JXNU-12(F) and JXNU-12 for CoH,/CO, at 298 K and 1 bar. (b) Comparison of the separation potential and CoHy
uptake at 298 K and 1 bar for top-performing MOFs. (c) Experimental breakthrough curves of JXNU-12(F) and JXNU-12 at 298 K and 1 bar. (d) Breakthrough curves

of JXNU-12(F) at different temperatures under 1 bar.

separation performace for JXNU-12(F). In addition, both MOFs display
the roll-up phenomenon of CO, gas, which means the CO, molecules
adsorbed in the bed can be replaced with the newly entered CoHs mol-
ecules. In comparison with JXNU-12, more evident roll-up phenomenon
of CO, for JXNU-12(F) further indicates JXNU-12(F) has lower binding
affinity to CO,. Finally, we performed dynamic column breakthrough
experiments at different temperatures and gas flow rates for JXNU-12
(®).
It is noted that the breakthrough times of CyH, reach 150 min g ! at
283 K and even 181 min g~ ! at 273 K with a total flow of 2 mL min~!

(Fig. 3d). When the gas flow rate was 8 mL min~! at 298 K, JXNU-12(F)
still displays a good separation performance with CoHy breakthrough
time reach 36 min g~! (Fig. S11). Benefitting from the relatively low
CoH; adsorption enthalpy, JXNU-12(F) was readily regenerated under
ambeint pressure by simply flushing the adsorption column with helium
gas at 298 K. As shown in the desorption curves (Fig. S12), most of
adsorbed CO, were removed within 5 min under the continuing purge of
He flow. By contrast, the desorption of CoHy was much slower. Finally,
almost the same retention times for CoHy and CO, were obtained after
five column breakthrough cycles (Fig. S13), indicating good

Fig. 4. The preferential C,H, adsorption site calculated from GCMC simulation for JXNU-12(F). Element key: Ni (dark yellow), C (gray), F (bright green), O (red) and
H (bright orange) in JXNU-12(F); C (blue gray) and H (bright orange) in C;H,. The labeled distance is measured in A. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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recyclability for JXNU-12(F). Overall, the dynamic experiments
demonstrated JXNU-12(F) is capable of separating CoHy and CO4 gases
effificently and ranks among the best-performing MOFs.

3.4. Separation mechanism

To in-depth gain the microscopic insights into C;H3/CO5 separation
mechanism induced by fluorine substitution, we performed grand
ganonical Monte Carlo (GCMC) simulations on JXNU-12(F). As shown in
Fig. 4, the preferential binding site for C;Hz molecule was found to be
located in the top of a trigonal bipyramidal cage. CoHy trapped in a
trigonal bipyramidal cage is closely surrounded by three TFBPDC2 li-
gands with three F atoms pointing toward the interior wall of cage. CoHs
is found to be interacted with the strong electronegative F atoms. Three
F atoms of three TFBPDC?™ ligands simultaneously interact with a CoHy
molecule, resulting in strong C — H---F hydrogen bonds with close H:--F
of 2.46, 2.51, and 2.52 A, which are much shorter than the van der Waals
contact distance (2.65 f\) between H and F atoms, generating the sub-
stantial contacts between them. Furthermore, six C-H (benzene)---x in-
teractions with the C=C group of CoHs with H---n distances from 2.9 to
3.5 A were observed. The multiple interactions synergistically bind a
CoHy molecule, facilitating the strong CoHa-framework interactions.
Thus the encapsulation of the pore partition agent and F groups into
MOFs affords the highly suitable micropore environments to match
CoHy. The large electronegative F atoms of the organic linkers dominate
the host-guest interactions between the adsorbent and adsorbate,
boosting the sorption of CoHy over CO».

4. Conclusion

In conclusion, we have discovered a fluorinated MOF of JXNU-12(F)
derived from the parent MOF of JXNU-12 with the pore partition agent.
The fluorination successfully achieves the isomorphous JXNU-12 and
JXNU-12(F), accompanied by the significant changes in CoHj sorption
amount and CyHy/CO5 separation properties. The foregoing results
showed that JXNU-12(F) exhibits considerably higher C;H, uptake and
CoHy/CO4 adsorption selectivity than those of JXNU-12. JXNU-12(F)
displays strong binding affinity toward CoH, but weaker binding sites for
CO; as induced by fluorine substitution and pore partition collabora-
tively. The significant performance improvement in JXNU-12(F) is
ascribed to the well-matched pore spaces induced by pore partition and
florination of pore surfaces for trapping CoH; and the enhanced CoHo-
framework interactions via the formation of strong C — H---F hydrogen
bonds, as evidenced by GCMC simulations. The highly efficient CoHy/
CO4 separation ability for JXNU-12(F) was clearly demonstrated by
breakthrough experiments. In light of the conceptual strategy of fluorine
substitution, one can foresee that a continuous succession of gas
adsorption/separation properties of MOFs can be elaborately modulated
by the H/F substitution.
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Table S1. Physical parameters for C;H; and CO..

. ) Kinetic diameter  Polarizability =~ Quadruple moment Dipole
. Boiling point
Molecular size /A3 K /A x10% /em? x10%° esu/cm? moment /esu
cm
C:H, 332x%x3.34x%x57 189.3 33 33.3-39.3 3.0 0
CO, 3.18x333x536 194.7 33 29.11 4.30 0

General Methods and Materials

All chemicals were obtained from commercial sources and used without further purification except
3,3',5,5'-tetrakis(fluoro)biphenyl-4,4'-dicarboxylate acid (H,-TFBPDC), which was prepared according to our reported
method.®"1 The powder X-ray diffraction patterns (PXRD) were recorded on a Rigaku DMAX 2500 powder
diffractometer at 40 kV and 100 mA using Cu-Ka (1=1.54056 A). FT-IR spectrum was recorded from KBr disc on a
Perkin-Elmer Spectrum One FT-IR spectrometer ranging from 400 to 4000 cm™'. The C, H and N analyses for
compounds were performed on Elementar Perkin-Elmer 2400CHN microanalyzer. Thermogravimetric analyses were

performed under a nitrogen atmosphere with a heating rate of 10 °C min™!

using a PE Diamond thermogravimetric
analyser. Water contact angles were measured on compressed powders with a Dataphysics contact angle meter

(OCAI5EC).

X-Ray Single Crystal Structure Determinations

Single-crystal X-ray diffraction experiments were carried out with a Rigaku Oxford SuperNova diffractometer equipped
with an EOS detector (Mo-Ka radiation, 2 = 0.71073 A). Absorption correction and data reduction were handled with a
CrysAlisPro package.|S?) The SHELXT-2015 531 and SHELXL-2018 341 were applied to structure solution and refinement.
Non-H atoms were refined anisotropically. Hydrogen atoms except for the hydrogen atoms of carboxylic ligands were
modelled geometrically and refined with a riding model. The biphenyl-4,4’-dicarboxylic in JXNU-12 and
3,3',5,5'-tetrakis(fluoro)biphenyl-4,4'-dicarboxylic in JXNU-12(F) are symmetrically disordered with two positions.
Hydrogen attached to the disordered carboxylic ligands were not added but included into the formulas. The guest solvent
molecules and dimethyl amine cations are highly disordered and treated by SQUEEZE of PLATON.'> Thus the dimethyl

amine cations are not included into the formulas. The crystallographic data are provided in Table S2.
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Table S2. Crystal structure refinement data.

JXNU-12 JXNU-12(F)
Empirical formula CeoH36NsO13Ni3 CeoH24F 12N6O13Ni3
Formula weight 1225.08 1440.98
Temperature 2932)K 293(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system hexagonal hexagonal
space group P63/mmc P63/mmc
a(A) 16.7094(2) 16.7401(5)
b(A) 16.7094(2) 16.7401(5)
c(A) 25.8026(4) 25.8912(11)
a (°) 90 90
L) 90 90
7(®) 120 120
Volume(A?) 6239.16(18) 6283.5(3)
VA 2 2
Calculated density(mg/m™) 0.652 0.762
F (000) 1252.0 1444.0
Limiting indices 18 <=h<=17,-13 <=k <=20,-32 -10<=h<=19, -20 <= k <= 20, -32

<=[<=32 <=[<=28
Reflections collected 16137 17657
Independent reflections 2404 [Rin = 0.0276] 2423 [Rin = 0.1256]
Goodness-of-fit on F? 1.131 1.040
Final R, [I>2sigma(])] 0.0713 0.0724
WR; (all data) 0.1971 0.2275
CCDC number 2104433 2104434

Gas Adsorption

Gas sorption-desorption isotherms were measured on a Micromeritics ASAP 2020 HD88 surface-area and pore-size
analyzer up to 1 atm of gas pressure by the static volumetric method. N; (99.99%), C>H: (99.95%), and CO,(99.99%)
were purchased and directly used. The Brunauer-Emmett-Teller (BET) surface area and the pore size distribution data
was calculated from N, adsorption isotherms at 77 K. Before adsorption measurements, the as-synthesized JXNU-12 and
JXNU-12(F) were washed with DMF several times, followed by solvent exchange with acetonitrile for 4 days at 50 °C.
Then, the JXNU-12 and JXNU-12(F) were activated under a dynamic vacuum at 110 °C and 125 °C for 24 h,

respectively.
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Isosteric Analysis of the Heat of Adsorption
The gas adsorption isotherms measured at 273, 283, and 298 K were first fitted to a virial equation (eqn (1)). Then the Qg

values for C;H, and CO, were calculated based on the fitting parameters using eqn (2).150

InP:lnN+%Za‘.N" + BN eqn (1)

i=0 i=0

0,=-R> aN eqn (2)
i=0

where P is pressure(mmHg), N is the adsorbed quantity (mmol g), T is the temperature (K), a; and b; are virial
cofficients, R is the universal gas constant (8.314 J K™! mol™), and m and n determine the number of coefficients required

to adequately describe the isotherm.

Ideal adsorbed solution theory (IAST) calculations of adsorption selectivity and uptake capacities
The Ideal adsorbed solution theory (IAST)S"! was used to predict mixed gas behavior from experimentally measured
single-component isotherms. The experimentally measured loadings for C;H, and CO; of JXNU-12(F) and JXNU-12(F)

at 273, 283, and 298 K were fitted with the single-site Langmuir isotherm model (eqn(3)).

9=4u eqn (3)

_br
1+bp
Where p (unit: kPa) is the pressure of the bulk gas at equilibrium with the adsorbed phase. ¢ (unit: mol kg™') is the

adsorbed amount per mass of adsorbent. gy, (unit: mmol g) is the saturation capacity. The Langmuir parameter b is

temperature-dependent (eqn(4)).

b=b,exp (ij
T ean (4)

where E is the energy parameter, with units of J mol™'.

The fitted Langmuir parameters are provided in
and Error! Reference source not found..

Table S3. 1-site Langmuir parameter fits for C:Hz, and CO: in JXNU-12(F).

Gsat bo E

mol kg™! Pa’! kJ mol™!
CyH; 40 4.71642E-11 24.4
CO, 18 4.08216E-10 19.3
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Table S4. 1-site Langmuir parameter fits for C:Hz, and CO: in JXNU-12.

Gsat bo E

mol kg™! Pa’! kJ mol!
CH» 30.5 2.40911E-10 22.3
CO, 22 1.06144E-10 21.7

Finally, the adsorption selectivity is calculated with eqn(4) using the Langmuir fitting parameters.

_4 /4 eqn (5)
ads
Y1/YZ

where the ¢, and ¢» represent the molar loadings, expressed in mol kg™!, within the MOF that is in equilibrium with a
bulk fluid mixture with mole fractions y, and y, = 1 — ;. The molar loadings are usually expressed with the unit of mol
kg™!. The IAST calculations of 50/50 mixture adsorption taking the mole fractions y; = 0.5 and y» =1 —y; = 0.5 for a

range of pressures up to 100 kPa and 298 K were performed.

C;H,/CO; Breakthrough Simulations

Transient breakthrough simulations were carried out for 50/50 C,H»/CO, mixtures in beds packed with JXNU-12(F) and
JXNU-12(F) operating at a total pressure of 1 bar and 298 K, using the methodology described in earlier
publications.[53-5121 For the breakthrough simulations, the following parameter values were used: length of packed bed, L
= 0.3 m; voidage of packed bed, & = 0.4; superficial gas velocity at inlet, = 0.04 m/s.

The y-axis is the dimensionless concentrations of each component at the exit of the fixed bed, normalized with respect

to the inlet feed concentrations. The x-axis is the dimensionless time, _ M defined by dividing the actual time, 7, by
Le
the characteristic time, L€ .
u

The separation potential is defined by Krishnals®$) as follows

80=0% -0,
b eqn (6)
0> and O represent the gravimetric uptake capacity (mmol g') within the MOF that is in equilibrium with a bulk fluid

mixture with mole fractions yi, and y» = 1 — y1. For 50/50 C,H»/CO; mixtures, pi =p> and y> = y1, AQ = Q1 — O».

C;H,/CO; Breakthrough Experiments
The breakthrough experiments for the separation of C;H,/CO, (v/v, 50/50) were carried out in fixed beds. Activated
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crystalline samples JXNU-12(F) (1.1g) or JXNU-12 (0.71 g) were packed into a stainless steel column (inner diameter:
5.0 mm, length: 200 mm) with silica wool filling void space of the steel column. Before breakthrough experiments, the
samples were firstly washed with DMF several times, followed by solvent exchange with acetonitrile for 4 days at 50 °C,
then the samples were activated in situ in the column at 383 K for JXNU-12 and 398 K for JXNU-12(F) for 24 h under
vacuum condition. After that, the columns were first purged with a flow of He (15 mL min™') for 1 h at 298 K. The flow
of He gas was turned off while the mixture of C,H,/CO; (v/v, 50/50) was then fed into the column. The outlet gases of
the breakthrough column were monitored in real time by the gas chromatograph detection system (TCD-Thermal
Conductivity Detector). After the first breakthrough experiment, the sample was regenerated by flushing the adsorption
bed with a He flow (15 mL min™') for 1 hour at 298 K. Subsequently, the column was allowed to equilibrate at the

measurement rate before we switched the gas flow.

Grand canonical Monte Carlo (GCMC) simulation.

All the grand canonical Monte Carlo (GCMC) simulations were performed by the Materials Studio package. The
adsorption sites of CoHz and CO» at 273 K were obtained from GCMC simulations through the fixed loading task in the
Sorption module. The host framework and the guest molecules were both regarded as rigid. The simulation box consisted
of one unit cell and the Metropolis method based on the universal forcefield (UFF) was used. The cutoff radius was

chosen as 15.5 A for the Lennard-Jones potential, and the equilibration steps and production steps were both set as 5 x

j;&% . %},@%\S @

Figure S1 Coordination environments for Ni?" atoms in (a) JXNU-12 and (b) JXNU-12(F) showing the [Ni3(u3-O)] unit.
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Figure S2 The 3D frameworks for (a) JXNU-12 and (b) JXNU-12(F).
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Figure S3 TGA curves for JXNU-12 and JXNU-12(F).
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Figure S5 Photographs for water contact angle measurements for (a) JXNU-12 and (b) JXNU-12(F).
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Figure S6 (a) and (c) BET surface area plots, and (b) and (d) Langmuir surface area plots.
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Figure S7 C2Hz and COz adsorption isotherms of JXNU-12 and JXNU-12(F) at 283 and 298 K.
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Figure S11 The experimental breakthrough curves of JXNU-12(F) for C2H2/COz (v:v=50:50) at different total flow rates (298 K and 1
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Figure S12 The breakthrough curves and desorption curves for JXNU-12(F) at 298 K and 1 bar.
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Figure S13 The cycling breakthrough curves for JXNU-12(F) with a total flow rate of 2 ml min™! at 298 K and 1 bar.
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