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ABSTRACT: The isostructural mixed-ligand metal—organic
frameworks (MOFs), LIFM-66, 66/67-mix, and 67, have been
constructed via organic-linker modification and variation to
introduce different portions of functional groups into the pore-
nanospaces with tunable surface areas. Adsorption measurements
of hydrofluorocarbon (HFC) and hydrochlorofluorocarbon
(HCFC) with these MOFs reveal a record high uptake of R134a
(1.09—1.14 g g™') and an ultrahigh uptake of R22 (0.85-0.96 g
g') under ordinary conditions of room temperature and
atmospheric pressure. Noteworthily, the adsorption performance
of greenhouse gases CO,, R134a, and R22 can be finely regulated
by introduced methyl groups, which has been elucidated by
molecular modeling and transient breakthrough simulations/

experiments, demonstrating an effective protocol of pore-nanospace engineering through rational design of mixed-ligand MOFs

for HFC and HCFC capture, sequestration, and reclamation.

B INTRODUCTION

The emission of greenhouse gases has given rise to irreversible
damage to the global climate, threatening human daily life and
health." Although carbon dioxide (CO,) is the arch-criminal at
this stage because of its high emission levels, some other
compounds present three or even four orders of magnitude
higher global warming potentials (GWPs) per unit of mass.”
Among them, the Freon gases like hydrofluorocarbons (HFCs)
and hydrochlorofluorocarbons (HCFCs), that is, hydrocarbon
derivatives in which one or more hydrogen atoms are
substituted by fluorine and/or chlorine atoms, are a class of
typical greenhouses species with an exceptionally high GWP.”*
Additionally, HFCs and HCFCs act as active ozone-depleting
species, leading to a destructive effect on the ozone layer.
Because of their significant environmental impact, the
manufacture of HFCs and HCFCs has been gradually banned
since the ratified Montreal Protocol. Nevertheless, the
production of HFCs and HCFCs has never been completely
phased out because of their practical and industrial relevance
to the fields including but not limited to refrigerants,
propellants, foams, fluoropolymers, solvents, cleaning agents,
and so on.’~® In fact, although the consumption and
production of HFCs and HCFCs have been strictly regulated,
the operation and maintenance of existing equipment that use
these refrigerants is going to last for a long time, and the
emission of HFCs or HCFCs from the fluorine chemical
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industry is inevitable. Therefore, their capture, sequestration,
and reclamation are of great significance for global environ-
mental concerns.” "> Moreover, the determination of HCFCs
and HFCs in air and seawater is important in environmental
and geochemical analyses; however, their low concentration
level in the atmosphere causes a difficulty in detection. An
implementable method is to gather HCFCs and HFCs from
the air or indoor environments through a column enrichment
approach for accuracy detection,”" which requires adequate
adsorbent materials to effectively capture and concentrate
HCFCs and HFCs under ordinary laboratory conditions.
Porous solids have been proved to be effective adsorbents
for capturing and removing hazardous gases because of their
porosity and high surface area.'”'®'” Nevertheless, traditional
porous materials like activated carbons, silica gels, and zeolites
often suffer from a lack of selectivity, tunability, functionaliza-
tion ability, and low porosity. Metal—organic frameworks
(MOFs), as a new class of porous crystalline materials, have
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Figure 1. Synthetic procedure and crystal structure of LIFM-66, 66/67-mix, and 67. (a) Zrg-node and H;BTB/H,CTTA linkers; (b) Zr-BTB/
CTTA intermediate; (c) structure of LIFM-66, 66/67-mix, and 67 showing layers and pillars; (d) packing mode; (e) straight hexagonal channels
along the a-axis; and (f) square and triangle channels along the b-axis. Color scheme: pink, BTB/CTTA linker; yellow, ETTC pillar; cyan, Zrs-
node; magenta, hexagonal channel; light cyan, square channel; purple, triangle channel.

presented great potential in gas adsorption owing to their
highly tunable nature referring to structural topology,
composition, porosity, and functionalization.'®™*' So far, a
lot of effort has been devoted to improving the enrichment and
separation of gases for recycling usage through diversified
crystal engineering strategies, such as incorporating unsatu-
rated metal sites,””>* tuning pore size/shape via pore
engineering,”> " and functioning organic-linkers via appro-
priate groups.”® ** Among them, the incorporation of open
metal centers and the increase of the pore volume/surface area
are the most used strategies for Freon gas adsorption.”” "' 73
However, the strong gas—framework interactions enforced by
the open metals usually impart strong affinities toward Freon
gases, but at the same time, adversely reduce the adsorption
selectivity, whereas the high pore volume can endow the
MOFs with better adsorption capacity under high pressure, but
might not under ordinary conditions with low pressure.
Functionalization of the organic-linkers presents another
alternative method to improve Freon gas adsorption; for
example, the fluorinated MOFs have been proven an appealin%
platform for the adsorption of HCFCs and HFCs.””’~*
Recently, organic variation and functionalization of MOFs
have been extensively applied since the pioneering studies from
Yaghi,41_43 Zhou,"** and other groups,%_52 demonstrating
that the pore-nanospace engineering via introducing functional
variates to adjust pore environments is an effective approach to
enhance gas adsorption properties. However, this strategy with
variation of functionalized organic-linkers is still rarely applied
in modulating the adsorption behavior of Freon gases, which
may provide an effective way to balance the gas affinity with a
high pore volume for low-pressure adsorption and separation
performance.

Herein, we report a mixed-ligand MOF series, LIFM-66, 66/
67-mix, and 67 (LIFM stands for Lehn Institute of Functional
Materials) as shown in Figure 1, which manifest the best
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capture ability of R134a (CH,FCF;) surpassing all other
known MOPFs and that of R22 (CHCIF,) comparable with the
record holder MOF at 298 K and 1 bar. Moreover, these
mixed-ligand MOFs show high adsorption selectivity of R22/
R134a over N, based on ideal adsorbed solution theory
(IAST) calculations and transient breakthrough simulation and
fast adsorption kinetics. Noteworthily, R22 and R134a
adsorption properties can be finely tuned by modification of
pore environments through variation of organic-linkers,
proving effectiveness of pore-nanospace functionalization for
HFC and HCFC capture and sequestration. Molecular
modeling demonstrates a distinct mechanism for HFC and
HCFEC uptake, in which the O--H, F--H, and Cl---H
interactions and other weak van der Waals forces on the
pore surface play a synergetic role in HFC and HCFC
adsorption.

B EXPERIMENTAL SECTION

Synthesis of LIFM-66. LIFM-66 was prepared from a modified
procedure reported previously.”> H;BTB (50 mg), ZrCl, (150 mg),
and DMF (10 mL) were charged in a vial. The mixture was sonicated
for 10 min and then heated in an 85 °C oven for 2 h. After cooling
down to room temperature, H,ETTC (50 mg) and benzoic acid (3.5
g) dissolved in DMF (S mL) were added to the vial. The mixture was
heated in a 120 °C oven for 5 days, and colorless hexagonal crystals
were harvested (48.6 mg, 35.2%). FTIR (cm™): 3368 (w), 3031 (w),
2989 (w), 2075 (w), 2014 (w), 1945 (w), 1705 (m), 1650 (m), 1589
(s), 1532 (s), 1403 (s), 1278 (m), 1179 (m), 1103 (m), 1005 (m),
969 (m), 867 (m), 969 (m), 834 (m), 782 (m), 752 (m), 714 (m),
635 (s), 564 (w).

Synthesis of LIFM-66/67-Mix. H,BTB (20 mg), H,CTTA (30
mg), ZrCl, (150 mg), and DMF (10 mL) were charged in a vial. The
mixture was sonicated for 10 min and then heated in an 85 °C oven
for 2 h. After cooling down to room temperature, H,ETTC (50 mg)
and benzoic acid (3.5 g) dissolved in DMF (S mL) were added to the
vial. The mixture was heated in a 120 °C oven for $ days, and
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Figure 2. (a) N, adsorption at 77 K with the inset showing distribution of pore sizes. (b—d) CO,, R22, and R134a adsorption isotherms at 273 and
298 K. (e) Comparison of the BET surface area and R22 uptake at 298 K and 1 bar between the top-performing MOFs and our cases. (f)
Comparison of the BET surface area and R134a uptake at 298 K and 1 bar between the top-performing MOFs and our cases.

colorless hexagonal crystals with different linker ratios were harvested
(57.3 mg, 44.1%). FTIR (cm™"): 3362 (w), 3038 (w), 2989 (w), 2009
(w), 1938 (w), 1701 (m), 1650 (m), 1590 (s), 1533 (s), 1402 (s),
1179 (m), 1146 (m), 1102 (m), 1005 (m), 855 (m), 836 (m), 781
(s), 752 (m), 712 (m), 631 (s).

Synthesis of LIFM-67. H;CTTA (50 mg), ZrCl, (150 mg), and
DMF (10 mL) were charged in a vial. The mixture was sonicated for
10 min and then heated in an 85 °C oven for 2 h. After cooling down
to room temperature, H,ETTC (50 mg) and benzoic acid (3.5 g)
dissolved in DMF (5 mL) were added to the vial. The mixture was
heated in a 120 °C oven for 3 days, and colorless hexagonal crystals
were harvested (53.8 mg, 39.0%). FTIR (cm™): 3368 (w), 3220 (w),
3070 (w), 2123 (w), 2014 (w), 194S (w), 1812 (w), 1692 (m), 1589
(s), 1532 (s), 1403 (s), 1179 (m), 1146 (m), 1107 (m), 1005 (m),
855 (s), 777 (s), 702 (m), 635 (s).

Computational Methods. The binding sites for CHCIF, and
CH,FCF; in LIFM-66 and LIFM-67 were determined through
classical molecular simulations (see details in Supporting Information
S16). The X-ray single-crystal crystallographic data were used to
perform the parametrizations and simulations.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. LIFM-66, 66/67-mix,
and 67 are constructed from a Zrgnode and three variant
organic linkers, 1,3,5-benzenetrisbenzoate (H;BTB), 5'-(4-
carboxyphenyl)-2/,4,6’-trimethyl-[1,1",3",1"-terphenyl]-4,4"-
dicarboxylic acid (H;CTTA), and 4',4”,4"'4""""" -(ethene-
1,1,2,2-tetrayl)tetrakis ([1,1’-biphenyl] -4-carboxylate)
(H,ETTC), as isostructures (Figure 1 and Scheme S1).
LIFM-66 is obtained through a slightly modified process
reported previously.”” The reaction of triangular linker H;BTB
and ZrCl, probably affords a two-dimensional (2D) Zr-BTB
intermediate first, and then tetrapodal linker HLETTC as the
pillar is added into the reaction system to produce three-
dimensional (3D) LIFM-66 (Figure 1), giving hexagonal
crystals as an isostructure of PCN-134.° The crystal structure
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contains a (3,6)-connected kgd 2D layer formed by BTB
linkers and Zrs-nodes, while ETTC linkers serve as crosslinking
pillars to extend the layers into a (3,4,10)-connected 3D net of
{4'% 6 8°}{4°},{4* 6’} point symbol. As the MOF is
constructed by strong Zr—O bonds via high 10-connectivities,
it possesses extraordinary stability to sustain growth of
imperfect and defective crystalline solids to a certain extent,
which is evident from the fact that, although a theoretical 1:2
ratio of ETTC: BTB is used in the synthesis, the "H NMR
determination of the digested sample reveals an actual 1:1.54
ratio (Figure S1 and Table S2), suggesting the existence of
defects due to the proportional lack of BTB linkers.
Considering the hydrophobic nature of HFCs and HCFCs,
methyl-functionalized CTTA linkers are chosen to partially or
completely replace the BTB linkers in the 2D layers of LIFM-
66. As a consequence, two new porous isostructural MOFs,
namely, LIFM-66/67-mix and LIFM-67, are obtained. In
LIFM-66/67-mix, the ratio of ETTC: (BTB + CTTA) is
determined by '"H NMR to be 1:1.63 (Figure S2 and Table
S2). The total replacement of BTB linkers by CTTA in LIFM-
67 is confirmed by the single-crystal X-ray diffraction analysis
(Table S1), and the '"H NMR experiment reveals an actual
ETTC: CTTA ratio of 1:1.73 (Figure S3 and Table S2),
slightly lower than the theoretical ratio of 1:2. The non-
stoichiometric organic components in these mixed-ligand
MOFs imply that some ETTC linkers are inserted between
2D layers with only one or two carboxylate groups attached to
the Zrgnodes. Noticeably, the ratios of ETTC: (BTB +
CTTA) get closer to the theoretical 1:2 ratio from LIFM-66 to
LIFM-66/67-mix and LIFM-67 as the methyl groups are
increased, suggesting that the crystal defect can be effectively
reduced by introducing more methyl groups (Figures S1—S3
and Table S2). In all three MOFs, there exist various channels
with different shapes and sizes along a- and b-axes (Figure
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le,f). The aperture of the hexagonal channel along the a-axis is
about 15.9 X 14.8 A* (Figure le), while those of square and
triangle channels along the b-axis are about 10.9 X 10.5 and 8.4
X 11.7 A?, respectively (Figure 1f).

Phase Purity and Porosity. Scanning electron microscopy
(SEM) discloses that these mixed-ligand MOFs have similar
hexagonal morphology (Figure S4). Powder X-ray diffraction
(PXRD) verifies their phase purity and identity (Figures SS—
S7). The thermogravimetric analyses are conducted to evaluate
their thermal stability, indicating that they are stable up to 450
°C (Figure S8). To evaluate the porosity, N, adsorption of
desolvated samples is measured for LIFM-66, 66/67-mix, and
67 at 77 K, all displaying type-I adsorption isotherms with
saturated uptakes of 916, 836, and 819 cm® g_l, indicative of
the Brunauer—Emmett—Teller (BET) surface areas of 3631,
3176, and 2904 m* g~', respectively (Figures 2a, S9—S11 and
Table S3). In addition, their total pore volumes are 1.42, 1.30,
and 1.27 cm® ¢! (Table S3), respectively, higher than those of
many known microporous MOFs with mixed organic link-
ers. O AATASS0S Their pore sizes calculated by the DFT
method are 16.2, 15.6, and 15.5 A, matching well with the
crystal structure analysis results (Figure 2a insert). Note-
worthily, the BET surface areas and pore volumes gradually
decrease from LIFM-66 to 66/67-mix and LIFM-67 owing to
the increase of the introduced methyl groups. Similar to LIFM-
66 described in our previous work,”” the chemical stability of
LIFM-66/67-mix and LIFM-67 is confirmed by immersing the
fresh samples in aqueous solutions at different pH values for 48
h, and the structural integrity and crystallinity are verified by
the PXRD patterns to confirm their high stability in harsh
chemical environments (Figures S12 and S13).

Greenhouse Gas Adsorption. Based on the high stability
and porosity of these mixed-ligand MOFs, CO, adsorption
measurements are first carried out to evaluate their perform-
ance in greenhouse gas capture and sequestration related to
global warming. The CO, adsorption was conducted at 273,
285, and 298 K (Figures S14—S16), revealing a noticeable
increase of CO, uptake with the increase of methyl-
functionalized groups from LIFM-66 to LIFM-66/67-mix
and LIFM-67. The CO, uptake of LIFM-66 reaches 36.5
cm® g7 (1.6 mmol g') at 298 K, which is further enhanced to
42.4 and 46.9 cm® ¢! (1.9 and 2.1 mmol g™") with LIFM-66/
67-mix and LIFM-67, respectively (Figure 2b). These
observations imply that the introduction of more methyl
groups onto the pore surface can effectively improve gas—
framework interactions, thus enhancing CO, sequestration. To
verify this assumption, the virial fitting method is employed to
fit the CO, adsorption data at different temperatures and the
Clausius—Clapeyron equation is used to calculate the isosteric
heat of adsorption (Q,,) (Figures S30—S32). For LIFM-66, Q,,
is estimated to be 20.4 k] mol ™, whereas the values for LIFM-
66/67-mix and LIFM-67 are calculated to be 36.3 and 31.6 kJ
mol™" (Figure $39), respectively, suggesting the enhancement
of gas—framework interactions in mixed-ligand MOFs by
virtue of methyl functionalization.

Noteworthily, this mixed-ligand MOF series display excep-
tionally high adsorption of Freon gases as represented by R22
and R134a (Figures 2¢,d and S17—S22). For R22, LIFM-66/
67-mix exhibits somewhat higher uptake at 273 K while LIFM-
67 shows better uptake at 298 K, suggesting enrichment of R22
in the methyl group-modified pore-nanospaces. The higher
adsorption of R22 by LIFM-67 at 298 K may be owing to the
finding that the adsorbate—framework interactions tend to be
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enhanced while the adsorbate—adsorbate interactions tend to
be weakened at a higher temperature.'’ Overall, extraordinary
R22 adsorption capacities of these mixed-ligand MOFs are
achieved, reaching 219.4 cm® g~' (9.8 mmol g™ or 0.85 g g™"),
216.1 cm® ¢! (9.6 mmol ¢! or 0.83 g g-'), and 249.8 cm® g™
(11.2 mmol ¢! or 0.96 g g™') at 298 K and 1 bar (Figure 2e
and Table S4), which outperform those of most reported
MOFs' 79! with LIFM-67 catching up with the benchmark
MAF-13 (0.97 g g').>" As for Rl34a, LIFM-67 exhibits
slightly higher uptake than the other two analogues (Figures 2d
and S20—S22). Excitingly, until now the best R134a capture
capability at 298 K and 1 bar has been observed by these
mixed-ligand MOFs, giving uptake values of 238.5 cm® g™
(10.6 mmol g or 1.09 g g™'), 241.5 cm® g™ (10.8 mmol g~
or 1.10 g g'), and 249.6 cm® ¢! (11.1 mmol g"' or 1.14 g
g™!), remarkably surpassing the record holder MCF-61°? and
other reported MOFs under the same conditions (Figure 2f
and Table $5).""**7%” The high-pressure R134a adsorption by
LIFM-66 and LIF-67 is measured at 298, 313, and 333 K
(Figures $26 and S27), revealing that LIFM-67 presents better
R134a uptake behavior than LIFM-66. LIFM-66 can take up
1.35 and 1.11 g ¢! of R134a at 298 and 333 K under 6 bar,
respectively, whereas the corresponding uptakes by LIFM-67
reach 1.48 and 1.23 g g_l. It should be noted that, at this high
pressure, the R134a adsorption of these mixed-ligand MOFs is
lower than those of the benchmark MOFs like Ni-TPM (1.4 g
g™1),** NU-1000(Zr) (170 wt %),*® and MIL-101(Cr) (140 wt
9%)>° with relatively smaller pore surface areas but larger pore
volumes (Table S5). This means that the R134a adsorption at
high pressure with a saturation capacity is more related to the
pore volume character rather than the pore surface area of
MOFs, probably because of the propensity of fluorocarbons to
be able to self-associate into the fluorous phase in the pores
around the saturation pressure.”> However, the capture
capability at room temperature and atmospheric pressure is
expected to more depend on the high pore surface area of
MOFs, which can provide more gas—framework interacting
places but not necessarily high condensation volume. Addi-
tionally, the repeating R134a adsorption experiments with
LIFM-66 and LIFM-67 are carefully performed at 298 K
(Figures S28 and S29), which confirm excellent durability of
these MOFs for R134a capture without any loss of adsorption
efficiency in three successive recycling tests. These results
manifest that these mixed-ligand MOF series are excellent
HFC and HCFC adsorption and sequestration candidates
under ordinary conditions, owing to organic variation and
functionalization beneficial for pore environment improve-
ment. We can see from Figure 2ef that the R22 and R134a
uptake capacities at 298 K and 1 bar are generally in line with
the BET surface areas of MOFs, but deviation to some extent
is obvious as the molecular nature of the pore surfaces is
varied, manifesting a synergistic effect from the pore-nanospace
engineering contributed by both the surface area and
functionalization.

We further employ the Clausius—Clapeyron equation to
calculate R22 and R134a isosteric heats of these mixed-ligand
MOFs on the basis of their adsorption isotherms measured at
273, 298, and 313 K (Figures S17—S22 and $33—S38). The
R22 isosteric heat of LIFM-66 is 27.9 kJ mol™' at zero
coverage, while those of LIFM-66/67-mix and LIFM-67 are
36.1 and 36.2 kJ mol™" (Figure S40), respectively, which are
comparable with those of MIL-101 (34.6 kJ mol™')"" and
some reported MOFs for R22 adsorption (Table
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§4)?1324048551 and much higher than that of activated carbon

(22.0-28.0 k] mol™").>* The R134a isosteric heats of these
MOFs are 35.7, 37.9, and 38.9 k] mol™' at zero coverage,
which are slightly higher than that of NU-1000 (32 kJ mol™*)*°
but lower than those of some reported MOFs for R134a
adsorption (Figure S41 and Table S5).** These observations
indicate that the methyl functionalization of the pore surface
can improve the gas—framework interactions, thereon able to
collaborate with the high pore surface area arisen from the
mixed-ligand modification to efficiently enhance the Freon gas
capture under ordinary conditions. The higher isosteric heats
of R134a than R22 can be explained by their different boiling
points, that is, the higher boiling point a gas has, the stronger
gas--gas interactions there are, which are also observed with
other gases like CO,, N,, and CH,."

To gain further insight into R22 and RI134a uptake
behaviors, molecular modeling has been implemented for
LIFM-66 and LIFM-67, which reveals distinct adsorption
mechanisms (Figure 3). In both MOFs, the R22 guest is

Figure 3. (a, b) Preferential R22 binding sites in LIFM-66 (left) and
LIFM-67 (right) observed in the modeling study. (c, d) Preferential
R134a binding sites in LIFM-66 (left) and LIFM-67 (right) observed
in the modeling study.

located in a similar pocket surrounded by one Zry-cluster and
two BTB/CTTA ligands (Figure 3a,b). Strong O---H—Cp¢ and
O—H:--Fc interactions (2.61, 2.72, and 3.16 A) and weak van
der Waals forces (C—H-+-Fgc and C—H--Clg ranging from
3.79 to 422 A) are observed between R22 and the LIFM-66
framework, while the R22 guest interacts with the LIFM-67
framework through strong O---H—Cp interactions (2.62, 2.71,
2.81, 3.11, and 3.19 A) and weak C—H--Fgc and C—H:--Clgc
van der Waals forces ranging from 3.47 to 3.72 A. The
calculated R22 binding energy in LIFM-66 is 35.5 kJ mol™,
while that in LIFM-67 is 42.8 k] mol™ (Table S8), indicative
of stronger R22-framework interactions in LIFM-67 than that
in LIFM-66. In contrast, the R134a guest is adsorbed by
LIFM-66 and LIFM-67 within different environments (Figure
3¢,d). In LIFM-66, R134a is located in a pocket composed of
one Zrg-cluster, two BTB ligands, and one ETTC linker, where
strong C—H-+-Fycp interactions (2.76, 2.88, and 3.10 A) and
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weak van der Waals forces (O--H—Cpcp and C—H-Fycr
ranging from 3.28 to 3.92 A) occur between R134a and the
LIFM-66 framework. In LIFM-67, R134a is located in a pocket
surrounded by one Zrg-cluster and two CTTA ligands, where
strong C—H--Fgcp interactions (2.52, 2.69, 2.77, 3.14, and
3.16 A) and weak O-+-H—Cgpcp and C—H--Fycp van der Waals
forces in the range of 3.31—3.49 A happen between R134a and
the LIFM-67 framework. The calculated R134a binding energy
in LIFM-66 is 45.1 kJ mol™', whereas that in LIFM-67 is 46.7
kJ mol™! (Table S8). These molecular modeling results suggest
that stronger gas—framework interactions take place through
introduction of methyl groups into the pore-nanospaces,
generally in agreement with the experimental evidence derived
from the gas adsorption calculations.

Greenhouse Gas Isolation and Concentration. The
capture of greenhouse gases from the air or indoor environ-
ments using MOFs, especially for HCFCs and HFCs with low
concentration, depends on the adsorption selectivity of these
gases from the main air component like N, which is also
frequently used as the carrier and purge gas in detection
analysis. Therefore, we simply evaluate the isolation and
concentration capability of these mixed-ligand MOFs for CO,,
R22, and Rl34a separation from N,. The N, adsorption
measurements disclose negligible uptakes of 5.2, 8.0, and 6.2
em?® 7' (0.23, 0.35, and 0.27 mmol g™') at 298 K and 1 bar by
LIFM-66, 66/67-mix, and 67 (Figures 4 and $23-S25),
respectively. The IAST***® model is used to estimate the
CO,/N, (15:85) separation property, offering selectivity values
of 9, 7, and 12 at 298 K and 1 bar, respectively (Figure S52),
suggesting that these mixed-ligand MOFs are good candidates
for N, isolation and CO, sequestration under ambient
conditions. Similarly, IAST calculations for R22/N, and
R134a/N, separation with mixing ratios of 1:99 and 10:90
are performed (Figures 4c,d, S53, and S54). At 298 K and 1
bar, the performance of LIFM-66, 66/67-mix, and 67 for R22/
N, and R134a/N, isolation in a 1:99 mixture is excellent with
the selectivities calculated to be 186, 89, and 154 for R22/N,
(Figure 4c) and 232, 100, and 154 for R134a/N, (Figure 4d)
respectively. Similarly, all three MOFs exhibit high R22/N,
and R134a/N, selectivities in 10:90 mixture (Figures SS3 and
S54). These separation selectivities for R22/N, and R134a/N,
are outstanding among known MOFs, 34851 suggesting
promising usage of this mixed-ligand MOF series in HFC
and HCFEC isolation. It is noteworthy that these MOFs display
superior isolation performance of R22/N, and R134a/N, in
the low concentration of HFCs and HCFCs, showing much
improved selectivities for the 1:99 mixture in comparison with
the 10:90 mixture, indicating that these mixed-ligand MOFs
have strong ability to capture and concentrate HFCs and
HCFECs from the main air to facilitate detection and
sequestration processes.

Inspired by the excellent R22 and R134a adsorption and the
high R22/N, and R134a/N, selectivities, we carry out the
simulated transient breakthrough experiments with 1:99 (v:v)
and 10:90 (v:v) mixtures of R22/N, and R134a/N, according
to the documented method.’”>° As seen from Figures 4e/f,
SS§5, and S56, N, elutes first in all cases, while R22 or R134a
breaks after a remarkably delayed time, demonstrating
adequate R22/N, or R134a/N, isolation and concentration
ability. On the basis of the simulated breakthrough curves, the
R22 capture capacity of LIFM-66 for 1:99 and 10:90 mixtures
of R22/N, is calculated to be 0.19 and 1.50 mol kg™,
respectively, whereas those values of LIFM-67 are 0.23 and
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Figure 4. (a) R22 and N, adsorption isotherms at 298 K. (b) R134a and N, adsorption isotherms at 298 K. (¢, d) IAST calculated selectivity of
R22/N, (1:99) and R134a/N, (1:99) at 298 K. (e, f) Transient breakthrough simulations for the separation of R22/N, (1:99) and R134a/N,
(1:99) mixtures using LIFM-66 and LIF-67 at 298 K with a total pressure of 101 kPa.

1.72 mol kg_l, suggesting that LIFM-67 has better R22/N,
isolation and concentration performance than LIFM-66. For
R134a/N, separation, LIFM-66 and LIFM-67 present
comparable performance with the calculated R134a capture
capacity for 1:99 and 10:90 mixtures of R134a/N, to be 0.24
and 1.78 mol kg™! by LIFM-66 and 0.23 and 1.74 mol kg™ by
LIFM-67. To evaluate the practical separation performance, we
conducted the dynamic breakthrough experiments under 10
and 50% humid conditions, in which R134a/N, (1:99) gas
mixtures flow over a fixed-bed column with a rate of 20 mL
min~!. As shown in Figures SS57and SS8, both LIFM-66/67
present excellent R134a separation potential with the R134a
capture capacity of 0.31 (LIFM-66) and 0.42 (LIFM-67) mol
kg™! under S0% humid conditions. In the breakthrough
process, N, elution appears immediately while R22 and R134a
elute several hundred seconds later, which suggests effective
isolation and concentration of R22 and R134a from the N,
atmosphere for a practical detection and sequestration purpose
under ordinary conditions, indicating potential to use these
mixed-ligand MOFs as filling absorbents to harvest the trace
Freon gases for analysis.

Because the kinetics of R22 and R134a adsorption play a
crucial role in evaluating their practical detection and industry
applications besides other performance characteristics includ-
ing stability, capacity, and selectivity, the adsorption kinetic
experiments are conducted at 298 K and 0.95 bar. As depicted
in Figure 5, these mixed-ligand MOFs exhibit rapid adsorption
kinetics for R22 and R134a. The complete adsorption
saturation can be achieved in just 26 (R22) or 36 (R134a)
minutes, justifying a fast uptake rate that facilitates a pressure-
swing adsorption process. Moreover, the fast adsorption
kinetics signify high diffusivity of adsorbates in MOF pores,
benefiting the response rate of detection analysis. Therefore,
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Figure 5. (a) R22 adsorption kinetic isotherms at 298 K and 0.95 bar.
(b) R134a adsorption kinetic isotherms at 298 K and 0.9 bar.

this mixed-ligand MOF series successfully realizes a combina-
tion of excellent stability, ultrahigh R22 and R134a capture
capacity, high R22/N, and R134a/N, selectivity, and fast
adsorption kinetics, which is beneficial for the application
processes such as capture, isolation, concentration, sequestra-
tion, and reclamation.

B CONCLUSIONS

In summary, we have successfully constructed a series of
microporous mixed-ligand MOFs, LIFM-66, 66/67-mix, and
67, by means of pore-nanospace engineering through
incorporating different linkers of H;BTB, H;CTTA, and
H,ETTC with distinct molecular characters and functional
groups. These mixed-ligand MOFs show a high BET surface
area and good thermal and chemical stability. Noteworthily,
they feature exceptional R22 and R134a adsorption capacity,
high R22/N, and R134a/N, selectivity, and fast uptake
kinetics, suggesting great potential for Freon gas capture,
isolation, concentration, and sequestration under ordinary
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conditions. Moreover, the pore environment can be finely
tuned by introducing methyl functionalized groups, which
results in improved adsorption performance of R22, R134a,
and CO, greenhouse gases. A synergistic effect contributed by
the appropriate gas affinity and high pore surface area is
elucidated for the low-pressure adsorption of Freon gases.
These findings may offer a guideline for future design and
fabrication of mixed-ligand MOFs by virtue of organic-linker
variation and modification for gas adsorption-based applica-
tions.
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S1. Experimental Methods

All the reagents and solvents were purchased from commercial sources and directly used
without further purification. H3BTB was obtained from ENERGY CHEMICAL. Solid-state IR
spectra were recorded using Nicolet/Nexus-670 FT-IR spectrometer in the region of 4000-400
cm ! using KBr pellets. Single crystal X-ray diffraction data were collected on an Agilent
Technologies SuperNova X-RAY diffractometer system equipped with a Cu sealed tube (A =
1.54178) at 50 kV and 0.80 mA. Powder X-ray diffraction (PXRD) was carried out with a Rigaku
SmartLab diffractometer (Bragg-Brentano geometry, Cu-Kol radiation, 4 = 1.54056 A).
Thermogravimetric analyses (TGA) were performed on a NETZSCH TG209 system in nitrogen
under 1 atm at a heating rate of 10 °C min™'. Nuclear magnetic resonance (NMR) data were
collected on a 400 MHz Nuclear Magnetic Resonance Spectrometer. Gas adsorption isotherms
with pressures in the range of 0-1.0 bar were obtained by a volumetric method using a
Quantachrome autosorb-iQ2-MP gas adsorption analyzer, using ultra-high purity N2, CO2, R22
and R134a gases. Adsorption kinetic isotherms with the pressure point of 0.95 bar were obtained
by a gravimetric method using a multi-station gravimetric gas/vapor adsorption instrument (BSD-

VVS), using high purity R22 and R134a gases.

S2. Ligand Synthesis
4', 4" 4" 4""-(ethene-1, 1, 2, 2-tetrayl)tetrakis(([1, 1'-biphenyl]-4-carboxylic acid))
(H4ETTC) and 5’-(4-carboxyphenyl)-2’,4’,6’-trimethyl-[1,1°:3”1"’-terphenyl]-4,4’-dicarboxylic

acid (H3CTTA) were synthesized according to a previously reported literature.!?

COOH

HOOC i g COOH

' : ® :
HOOC COOH HOOC COOH

Scheme S1. Molecular structure of HIETTC (left) and H3CTTA (right).



S3. Single Crystal X-Ray Crystallography

Single crystal of LIFM-67 was carefully picked and coated in paratone oil, attached to a glass
silk which was inserted in a stainless steel stick, then quickly transferred to the Agilent Gemini S
Ultra CCD Diffractometer with the Enhance X-ray Source of Cu radiation (A = 1.54178 A) using
the o-¢ scan technique. All of the structures were solved by direct methods and refined by full-
matrix least squares against F? using the SHELXL programs.[*] Hydrogen atoms were placed in
geometrically calculated positions and included in the refinement process using riding model with
isotropic thermal parameters: Uiso(H) = 1.2 Ueq(-CH). All the electrons of disordered solvent
molecules which cannot be determined, are removed by SQUEEZE routine of PLATON

program.®) Crystal and refinement parameters are listed in Table S1.

Table S1. Crystallographic data for LIFM-67.

Compound LIFM-67
CCDC 2114496
Formula C114H740327r16
Formula Weight 2502.85
Shape/Color Hexagonal/Colorless
Crystal System Hexagonal
Space Group P6/mmm
T (K) 230(2)
a(A) 20.2120(3)
b(A) 20.2120(3)
c(A) 21.9876(5)
a (°) 90.0
B(°) 90.0
7(°) 120.0
V (A3) 7779.1(3)
VA 2
D calc(g/Cl'l'l3) 0.534
w/mm ! 1.823
F(000) 1254.0
R; 0.0516
WR> 0.1955
Completeness to theta 99.5%
GOF 1.121




S4. 'TH NMR Spectrum

To digest the samples for '"H NMR measurements, ~10 mg of samples were dissolved in 530

uL of 1.8 % D2S0O4/DMSO-d.
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Figure S2. '"H NMR spectroscopy of digested LIFM-66/67-mix.
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Figure S3. "H NMR spectroscopy of digested LIFM-67.

Table S2. Comparison of linker ratios from single crystal structure and from 'H NMR of digested

samples.
Linker ratios from crystal )
MOF Linker ratios from 'H NMR of digested samples
structure
LIFM-66 BTB : ETTC = 2:1 BTB : ETTC = ((2.21+0.66)/15) : (1.00/8) = 1.54:1
LIFM- (BTB+CTTA) : ETTC = (BTB+CTTA) : ETTC = ((0.92+0.32)/15+0.73/6) : (1.00/8)
66/67-mix 2:1 =(0.66+0.97) : 1 =1.63:1
LIFM-67 CTTA : ETTC=2:1 CTTA : ETTC = (1.3/6) : (1.00/8) = 1.73:1

S5. Scanning electron microscope (SEM) analysis
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100 um 50 um



LIFM-66/67-mix

100 um 10 um

LIFM-67
Figure S4. The SEM images of LIFM-66, LIFM-66/67-mix and LIFM-67.

S6. Powder X-ray Diffraction (PXRD)
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Figure S5. The PXRD patterns of LIFM-66.
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Figure S6. The PXRD patterns of LIFM-66/67-mix.
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Figure S7. The PXRD patterns of LIFM-67.



S7. Thermogravimetric Analysis

1004 ——LIFM-66
—— LIFM-66/67-mix

——LIFM-67
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20

200 400 600 800
Temperature (°C)

Figure S8. The thermogravimetric analysis of LIFM-66, LIFM-66/67-mix and LIFM-67.

S8. Porosity and Gas Adsorption Properties
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Figure S9. Plot of the linear region on the N> isotherm of LIFM-66 for the BET equation.
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Figure S10. Plot of the linear region on the N> isotherm of LIFM-66/67-mix for the BET

equation.
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Table S3. The porosity parameters of LIFM-66, LIFM-66/67-MIX and LIFM-67.

Total Pore Pore Size by

Structure SgeT (M?/g) Volume (cc/g) SF (&)

LIFM-66 3631 1.42 16.2
LIFM-66/67-mix 3176 1.30 15.6

LIFM-67 2904 1.27 15.5

S9. Chemical Stability
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Figure S12. The PXRD patterns of LIFM-66/67-mix after immersing into aqueous solutions
with different pH values for 48 h.
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Figure S13. The PXRD patterns of LIFM-67 after immersing into aqueous solutions with different
pH values for 48 h.

S10. R22, R134a and CO: Sorption Properties
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Figure S14. The CO; adsorption isotherms of LIFM-66 at 273 K, 285 K and 298 K.
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Figure S15. The CO; adsorption isotherms of LIFM-66/67-mix at 273 K, 285 K and 298 K.
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Figure S16. The CO> adsorption isotherms of LIFM-67 at 273 K, 285 K and 298 K.
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Figure S17. The R22 adsorption isotherms of LIFM-66 at 273 K, 298 K and 313 K.
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Figure S18. The R22 adsorption isotherms of LIFM-66/67-mix at 273 K, 298 K and 313 K.
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Figure S19. The R22 adsorption isotherms of LIFM-67 at 273 K, 298 K and 313 K.
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Figure S20. The R134a adsorption isotherms of LIFM-66 at 273 K, 298 K and 313 K.
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Figure S21. The R134a adsorption isotherms of LIFM-66/67-mix at 273 K, 298 K and 313 K.
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Figure S22. The R134a adsorption isotherms of LIFM-67 at 273 K, 298 K and 313 K.
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Figure S23. The CO; and N adsorption isotherms of LIFM-66, 66/67-mix, and 67 at 298 K.
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Figure S24. The R22 and N> adsorption isotherms of LIFM-66, 66/67-mix, and 67 at 298 K.
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Figure S25. The R134a and N> adsorption isotherms of LIFM-66, 66/67-mix, and 67 at 298 K.

159 o 208K LIFM-66
]—— 313 K
—o—333K

-
N
1

R134a Uptake (mmol/g)

0 T T T T T T T T T T T T
1 2 3 4 5 6

Pressure (bar)

Figure S26. The R134a adsorption isotherms of LIFM-66 at 298, 313, and 333 K under high

pressure.
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Figure S27. The R134a adsorption isotherms of LIFM-67 at 298, 313, and 333 K under high

pressure.
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Figure S28. The continuous R134a adsorption isotherms of LIFM-66 at 298 K under high pressure.
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Figure S29. The continuous R134a adsorption isotherms of LIFM-67 at 298 K under high pressure.
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Table S4. Comparison of R22 uptake performance at 298 K in reported MOFs.

R22 Uptake at Qst
BET Surface | Pore Volume Pore Size
Structure 298 K, 1 bar (kJ/mol) Source
Area (m?/g) (cm’/g) (A)
(2/2)
LIFM-66 3631 1.42 16.2 0.85 27.9 This work
LIFM-66/67-
3060 1.17 15.6 0.83 36.1 This work
MIX

LIFM-67 2904 1.27 15.5 0.96 36.2 This work
MIL-101 3450 1.66 11.7,25,29 0.85 34.6 6
MAF-X10 2032 0.80 7.2 0.82 32.8 7
MAF-X12 1787 0.72 6.6 0.73 31.8 7
MAF-X13 2742 1.07 9.4 0.97 314 7
LIFM-26 1513 0.59 12.6 0.56 25.0 8
LIFM-29 1247 0.63 13.2 0.52 27.0 9
LIFM-30 1176 0.67 12.7 0.54 36.5 9
LIFM-31 1410 0.74 13.3 0.61 26.7 9
LIFM-32 1472 0.69 13.2 0.43 33.6 9
LIFM-33 1588 0.76 12.7 0.32 33.9 9
LIFM-82 1624 0.71 12.7 0.76 31.3 10
LIFM-86 1269 0.60 12.7 0.54 30.4 10
LIFM-90 2222 0.92 13.2 0.86 33.1 11

20




Table S5. Comparison of R134a uptake performance at 298 K in reported MOFs.

R134a Qst
BET Pore
Pore Size | Uptake at | (kJ/mol)
Structure Surface Volume Source
Area (m/g) (cmg) (A) 298 K, 1
rea (m?*/g cm’/g
bar (g/g)
LIFM-66 3631 1.42 16.2 1.09 35.6 This work
LIFM- 37.8
3060 1.17 15.6 1.10 This work
66/67-MIX
LIFM-67 2904 1.27 15.5 1.14 38.9 This work
Ni-MOF-74 1150 0.51 11 0.53 50.6 12
Ni-TPP 1980 1.14 23 0.47 40.6 12
Ni-BPP 2040 0.89 17 0.60 442 12
Ni-BPM 2340 1.01 19 0.57 48.0 13
Ni-TPM 2420 1.49 27 0.65 45.0 13
MCF-61 2096 1.20 20 0.86 30.0 14
MCF-62 2630 1.98 33 0.77 29.3 14
MCF-63 2749 2.38 37 0.76 28.8 14
29.0, ——
MOFF-5 2445 1.37 0.55 15
34.1
12.6, -
PCN-222 169 1.24 0.68 16
30.4
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11.7, 25,
MIL-101 2642 1.88 2 0.78 16
NU-901 1864 1.38 11 0.85 16
11.8, 32
NU-1000 2259 1.58 0.80 16
29.5
COP-2 1783 1.76 0.63 24 17
COP-3 1835 1.64 -— 0.67 24 17

S11. Calculations of Adsorption Isosteric Heats

The isosteric heats of CO2, R22 and R134a adsorption for LIFM-66, LIFM-66/67-MIX, and
LIFM-67 were calculated from the sorption data measured at 273, 285 and 298 K or at 273, 298
and 313 K by the virial fitting method, respectively. A virial-type expression (eq. 1) which is
composed of parameters aiand biis used. In eq. 1, P is the pressure in torr, N is the adsorbed amount
in mmol-g!, T is the temperature in Kelvin, a; and b; are the virial coefficients which are
independent of temperature, and m and n are the numbers of coefficients required to adequately

describe the isotherms.
InP=InN+—%%aN + XLob N  eq. 1

The values of the virial coefficients ao through am were then applied to calculate the isosteric
heat of adsorption (eq 2). In eq. 2, Qs is the coverage-dependent isosteric heat of adsorption, and

R is the universal gas constant.!®

Qst = —RXi1, 3 N eq. 2
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Figure S30. CO: fitting (lines) of the adsorption isotherms (points) of LIFM-66 measured at 273,
285 and 298 K.
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Figure S31. CO: fitting (lines) of the adsorption isotherms (points) of LIFM-66/67-mix measured
at 273, 285 and 298 K.

23



m 273K LIFM-67,CO,
e 285K
A 208K

Equation y=In(x)+1/T*(a0+a
4 — 1x+a2*xA2+a3 xh
3rad'xA4+a5*xn5+
o E 26*x"6+a7*X\7)+(
& bO+b1*x+b2 X2+
~ b3*x"3+b4*xA4)
- 3 - Adj. R-Square 099938
— Value Standard Error
E D a0 -3816.4097 95.38157
D at 347079825 84445598
2 - D a2 29169642 15064207
D a3 -588.18116 991.538
4 D a4 2187.96195 533.8495
D a5 11532349 26071553
1 . D a6 24611522 60.09687
D a7 -20.90791 545826
_ D b0 18.49391 03344
D b1 1431222 298198
0 D b2 186511 5.40768
i D b3 -10.4655 335302
D b4 2.00469 067145
T T T T T T

00 05 10 15 20 25 30 35

Adsorbed Amount (mmol/g)

Figure S32. CO:; fitting (lines) of the adsorption isotherms (points) of LIFM-67 measured at 273,
285 and 298 K.

» 273K R22
71 o 208K
1 a 313K

—_ Equation YEIn()+1/T*(@0+a
o 1*x+a2"xA2+a3" X"
~ E 3+a4*x\d+a5" X5+

Adj. R-Square 0.99925

= 3 . Value Standard Error

- D a0 -3375.2151 90.92053

] D at 489.85568  166.95569

D a2 -198.15061 7874248

D a3 31.35508 14.61465

2 1 D a4 -1.83694 1.43601

D a5 0.03331 011114

E D a6 0.76246E4 0.0053

D a7 1.13487E5  1.00231E-4

1 a D b0 14.75509 0.20903

D b1 -1.4081 054211

D b2 0.6307 0.24543

b D b3 -0.00682 0.03946

D b4 0.0047 0.00205

0 —71 - 1 - r - r -~ 1 1 1T 1T 1T
2 0 2 4 6 8 10 12 14 16
Adsorbed Amount (mmol/g)

Figure S33. R22 fitting (lines) of the adsorption isotherms (points) of LIFM-66 measured at 273,
298 and 313 K.
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Figure S34. R22 fitting (lines) of the adsorption isotherms (points) of LIFM-66/67-mix measured

at 273,298 and 313 K.
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Figure S35. R22 fitting (lines) of the adsorption isotherms (points) of LIFM-67 measured at 273,

298 and 313 K.
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Figure S36. R134a fitting (lines) of the adsorption isotherms (points) of LIFM-66 measured at
273,298 and 313 K.
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Figure S37. R134a fitting (lines) of the adsorption isotherms (points) of LIFM-66/67-mix
measured at 273, 298 and 313 K.
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heat of adsorption in LIFM-66, LIFM-66/67-mix and LIFM-67 as a

function of surface coverage.
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Figure S40. R22 isosteric heat of adsorption in LIFM-66, LIFM-66/67-mix and LIFM-67 as a
function of surface coverage.
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Figure S41. R134a isosteric heat of adsorption in LIFM-66, LIFM-66/67-mix and LIFM-67 as a

function of surface coverage.

S12. CO2/Nz, R22/N> and R134a/N; Selectivity Calculation via IAST

The experimental isotherm data for pure CO>, R22, R134a, and N> (measured at 298 K) were
fitted using a Langmuir Freundlich (LF) model:
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_ axbpl/y

q= - eq. 3

Where q and p are adsorbed amounts and pressure of component i, respectively.

The adsorption selectivities for binary mixtures of C2H¢/C2H4 defined by

X Vi
— X, Y

Si/j = X yi eq4

were calculated using the Ideal Adsorption Solution Theory (IAST) of Myers and Prausnitz.!®
Where x; is the mole fraction of component i in the adsorbed phase and y; is the mole fraction of

component in the bulk.
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Figure S42. CO; adsorption isotherms of LIFM-66 with fitting by LF model.
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Figure S44. CO; adsorption isotherms of LIFM-67 with fitting by LF model.
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Figure S45. R22 adsorption isotherms of LIFM-66 with fitting by LF model.
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Figure S46. R22 adsorption isotherms of LIFM-66/67-mix with fitting by LF model.
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Figure S47. R22 adsorption isotherms of LIFM-67 with fitting by LF model.
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Figure S48. R134a adsorption isotherms of LIFM-66 with fitting by LF model.
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Figure S49. R134a adsorption isotherms of LIFM-66/67-mix with fitting by LF model.
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Figure S50. R134a adsorption isotherms of LIFM-67 with fitting by LF model.
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Figure S51. N adsorption isotherms of LIFM-66, LIFM-66/67-mix and LIFM-67 with fitting by
LF model.
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Figure S52. IAST calculative selectivity of CO2/N2 (15:85) on LIFM-66, LIFM-66/67-mix and
LIFM-67 at 298 K.
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Figure S53. IAST calculative selectivity of R22/N> (10:90) on LIFM-66, LIFM-66/67-mix and

LIFM-67 at 298 K.
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Figure S54. IAST calculative selectivity of R134a/N2 (10:90) on LIFM-66, LIFM-66/67-mix and

LIFM-67 at 298 K.
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S13 Simulated transient breakthrough

13.1 Fitting of unary isotherm data

The unary isotherms at 298 K were fitted with good accuracy using the Langmuir-Freundlich

model.

_ 4u.bP"
1+ bp”

Table S6. Langmuir-Freundlich parameter fits for LIFM-66.

Adsorbate moqlsia;g'l P:‘V 1%
R22 38 1.685E-05 0.86
R134a 48 2.054E-05 0.83
N2 0.4 1.890E-08 1.56
Table S7. Langmuir-Freundlich parameter fits for LIFM-67.
Adsorbate Gsat b 1%
mol kg! Pa™”
R22 49 1.508E-05 0.86
R134a 50.5 1.620E-05 0.85
N2 0.56 5.204E-08 1.45

13.2 Transient breakthrough simulations

Transient breakthrough simulations of the adsorption were carried out for binary 1/99 and

10/90 R22/N> and R134a/N> mixtures at a total pressure of 100 kPa and 298 K, using the

methodology described in earlier publications.?*->* In these simulations, intra-crystalline diffusion

influences are ignored. Length of bed, L = 0.3 m; superficial gas velocity at the entrance to the bed,

u, =0.04 ms!; voidage of the packed bed, & = 0.4. The interstitial gas velocity v = Lo
£
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For presenting the breakthrough simulation results, we may use the dimensionless time,

. L . ... L ¢ .
T= . , obtained by dividing the actual time, #, by the characteristic time, — =——, where L is the

Le V.o U

length of adsorber, v is the interstitial gas velocity.

Notation

b: Langmuir-Freundlich constant, Pa™; g: component molar loading of species i, mol kg™!; gsat:
saturation loading, mol kg'; L: length of packed bed adsorber, m; t: time, s; T: absolute
temperature, K; u: superficial gas velocity in packed bed, m s’'; v: interstitial velocity in packed

bed, ms.
Greek letters

e: voidage of packed bed, dimensionless; v: Freundlich-exponent, dimensionless; t: time,

dimensionless.

1.2

T——LIFM-66  R22/N, = 10:90

CICy

0 100 200 300 400
Dimensionless time, 1

Figure S55. Transient breakthrough simulations for the separation of R22/N> (10:90) mixtures
using LIFM-66/67 at 298 K, with a total pressure of 101 kPa.
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Figure S56. Transient breakthrough simulations for the separation of R134a/N> (10:90) mixtures
using LIFM-66/67 at 298 K, with a total pressure of 101 kPa.

S14. Transient Breakthrough Experiments

The breakthrough experiments were carried out in a dynamic gas breakthrough set-up. All
experiments were conducted using a stainless-steel column. According to the different particle size
and density of the sample powder, the weight packed in the column was: 1.62 g for LIFM-66, 1.90
g for LIFM-67. Outlet gas from the column was monitored using a mass spectrometer (Pfeiffer
GSD320). The mixed gas flow rate during breakthrough process is 20 mL min!' for 1/99 (v/v)
R134a/N; under 10 or 50 % humid conditions. After the breakthrough experiment, the sample was

regenerated under N flow.
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Figure S57. Transient breakthrough experiments for the separation of R134a/N> (1:99) mixtures
using LIFM-66 and LIF-67 at 298 K under 10 % humid condition with a rate of 20 mL min™.
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Figure SS8. Transient breakthrough experiments for the separation of R134a/N; (1:99) mixtures
using LIFM-66 and LIF-67 at 298 K under 50 % humid condition with a rate of 20 mL min!.

S15. Adsorption Kinetic

The adsorption kinetic experiments were carried out using a multi-station gravimetric gas/vapor

adsorption instrument (BSD-VVS) through a gravimetric vacuum sorption method. In a typical

adsorption kinetic experiment,

the samples for LIFM-66, 66/67-mix, 67 were activated at 70 °C
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for 12 h under high vacuum, then setted the pressure to 0.95 bar and saved the settings. Afterwards,

the adsorptions were performed.
S16. Modeling Studies

The binding sites for CHCIF, and CH2FCF; in LIFM-66 and LIFM-67 were determined
through classical molecular simulations. The single X-ray crystallographic structures that were
published herein for the respective MOFs were used to perform the parametrizations and

simulations.

All atoms of LIFM-66 and LIFM-67 were treated with Lennard-Jones (LJ) parameters (¢ and
c),% point partial charges, and static point polarizabilities in order to model repulsion/dispersion,
stationary electrostatic, and many-body polarization interactions, respectively. The LJ parameters
for all aromatic C and H atoms were taken from the Optimized Potentials For Liquid Simulations
— All Atom (OPLS-AA) force field,?® while those for all other atoms were taken from the Universal
Force Field (UFF).2” The partial charges for the unique atoms in LIFM-66 and LIFM-67 were
determined through the extended charge equilibration (EQcq) method.?® The exponential damping-
type polarizability values for all C, H, and O atoms were taken from a carefully parametrized set
provided by the work of van Duijnen and Swart.?® For Zr*, the polarizability value that was

reported in the work of Shannon and Fischer®? was utilized.

In order to develop a model for CHCIF2 and CH2FCF3, the atomic positions of both adsorbates
were first optimized at the Hartree—Fock level of theory with the aug-cc-pVQZ basis set®! assigned
to all atoms using the NWChem ab initio software.3? Afterward, the electrostatic potential surface
of the molecules were calculated using the same level of theory and basis set that were employed
for the optimizations, and partial charges were subsequently fitted onto the atomic positions of the
respective adsorbates using the CHELPG method.3* These partial charges were utilized for the
atoms in both adsorbates for the classical simulations. All C, H, F, and Cl atoms in these optimized
molecules were assigned LJ parameters from the UFF?’ and the exponential damping-type

polarizability values from the work of van Duijnen and Swart.?°

Simulated annealing (SA) calculations®* were performed for a single molecule of each

adsorbate through a canonical Monte Carlo (CMC) process in a unit cell of LIFM-66 and LIFM-
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67. All MOF atoms were kept fixed at their crystallographic positions throughout the simulations.
A spherical cut-off distance corresponding to half the shortest unit cell dimension length was used
for the simulations in both MOFs. The total potential energy of the MOF-adsorbate system was
calculated through the sum of the repulsion/dispersion, stationary electrostatic, and many-body
polarization energies. These were calculated using the LJ potential,>> the Ewald summation
technique,®® and a Thole-Applequist type model,*® respectively. SA calculations for each adsorbate
utilized an initial temperature of 500 K, and this temperature was scaled by a factor of 0.99999
after every 103 Monte Carlo (MC) steps. The simulations continued until 10° MC steps were
reached; at this point, the temperature of the system is below 25 K and the adsorbate is already
localized in its energy minimum position in the MOF. All simulations were carried out using the

Massively Parallel Monte Carlo (MPMC) code.?’

Next, CMC simulations®® were performed for a single molecule of CHCIF, and CH,FCF3,
individually, positioned at their global minimum in LIFM-66 and LIFM-67. This was done in order
to evaluate the averaged classical potential energy for both adsorbates about their energy minimum
position in the material. The CMC simulations were performed at a temperature of 20 K and a
pressure of 1.0 atm. These simulations ran for a total of 10° MC steps to ensure reasonable
ensemble averages for the total potential energy of the system. The averaged classical potential
energies for CHCIF> and CH2FCF; localized about their energy minimum position in LIFM-66
and LIFM-67 are presented in Table S8.

Table S8. Calculated averaged total potential energies (in kJ mol™") for a single CHCIF, and
CH2FCF3 molecule, individually, positioned at their global minimum in LIFM-66 and LIFM-67

as determined from CMC simulations at 20 K/1.0 atm.

MOF-Adsorbate Energy

MOF Adsorbate
(kJ mol ™)
CHCIF; -35.5
LIFM-66
CH,FCF; —45.1
CHCIF; —42.8
LIFM-67
CH,FCF; —46.7
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