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ARTICLE INFO ABSTRACT

Keywords:

For Xe/Kr adsorption-based separation, the current process was focused on cryogenic distillation, which is energy

MOFs intensive. Metal-organic frameworks (MOFs), as an alternative solid state adsorbents, is highly interesting. Here,

Xe/Kr separation
UNF off-gas

we reported a new robust MOF (ECUT-51) with two different sizes of pores (pore A and pore B). The excellent
Xe/Kr separation ability was attested by dynamic breakthrough experiments. A deep insight into the separation

mechanism was further obtained via Grand Canonical Monte Carlo (GCMC) simulation and Density Functional
Theory (DFT) calculation. The theoretical calculations unveiled that both Xe and Kr can be accommodated in
pore A, while Kr was prohibitive in pore B.

1. Introduction

Xenon (Xe) and krypton (Kr), generated from the reprocessing of
used nuclear fuels (UNF), are typical radioactive gases [1-4]. Once
released into environment without being controlled, they would be
seriously harmful for human body. However, since highly purified Xe
and Kr have wide applications in medical imaging, lighting industry,
anaesthesia and scientific research [5,6], recycling the hazardous Xe and
Kr have aroused strong attention world-widely. As we know, extraction
and purification of Xe and Kr from noble gases is still a huge challenge
due to their chemical inertness and low concentrations (1.14 and 0.087
ppmv, respectively) in the air [7,8]. In industry, one of the typical
separation strategies for the noble gases is cryogenic distillation due to
the differences of the boiling points (Xe 165K and Kr 120K). However,
this method is considered to be excessively energy-intensive and
expensive since the cost for getting high purity Xe was high up to
$5000/kg [9,10]. Therefore, development of efficient separation
methods aimed to reduce the cost are urgently necessary.

As an alternative strategy, using selective solid-state adsorbents to
achieve the purpose of Xe/Kr separation at ambient temperature
received significant attention due to their low costs. Activated carbons
and zeolites (NaA and NaX) were investigated to separate Xe and Kr [11,
12]. The results showed that the adsorption of Xe by zeolites was in low
capacities which limited their further applications. Recently, the
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application of metal-organic frameworks (MOFs), covalent-organic
frameworks (COFs) and hydrogen-bonded organic frameworks (HOFs)
for gas storage and separation have been widely investigated due to the
advantage of mild synthetic conditions, tunable pore structure and so on
[13-22]. Among these, MOFs start to emerge as a new type of solid-state
adsorbents for Xe, since they possess microporous frameworks by the
links of metal ions and organic ligands [23-25]. For example,
Co-MOF-74 was proved to be useful for selective Xe over Kr [26].
UTSA-49 exhibits a breathing behaviour through Xe adsorption at 298 K
[27]. Hao Wang et al. reported that a new MOF Co3(HCOO)g possess
high Xe/Kr selectivity (around 12) [28].

Several strategies were used to design new MOFs to improve the
uptake capacity of Xe and increase the Xe/Kr selectivity. For example,
theoretical studies reported that porous materials which possess a pore
size around 4 A have the best Xe adsorption and separation due to the
fact that this size is similar with the kinetic diameter of Xe (4.1 f\) [29,
30]. Sikora et al. also pointed out that MOFs with uniform pore sizes that
just fit for single xenon atom are potential materials for adsorbents [31].
In addition, introducing polar functional groups into MOF to increase
Xe/Kr selectivity also become an effective method. Several UiO-66
materials constructed by different polar ligands were synthesized and
resulted in stronger interactions between Xe/Kr and framework than
pristine UiO-66 [32]. SBMOF-2 was reported for selective Xe over Kr due
to the existence of polar —OH groups, which provides adsorption sites for
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Scheme 1. The MOF including two distinct pores.

Xe [33]. Furthermore, MOFs including open metal sites also make
enormous contributions to increase Xe/Kr selectivity. For example,
M-MOF-74 materials (M = Co, Zn and Mg) possessing large number of
unsaturated metal sites were investigated, resulting the preferential
separation Xe from mixtures [26]. NKMOF-1-Ni was proved to be po-
tential separate material for Xe/Kr mixture benefitting from open metal
sites that enhance the interaction towards gas molecules [34].

However, increasing both uptake capacity and adsorption selectivity
in MOFs is still a huge challenge. For example, introducing polar groups
sometimes can strengthen not only Xe-framework interactions but also
Kr-framework interactions, leading to lower Xe/Kr selectivity. There-
fore, new type of MOFs possessing more than one pores have drawn
tremendous interest for gas separation. These MOFs normally have hi-
erarchical pores to enhance both gas uptake capacity and adsorption
selectivity [35].

Targeting increasing both Xe uptake capacity and Xe/Kr selectivity,
we designed a new robust 3D crystalline structure (ECUT-51) including
two district pores (pore A and pore B) as shown in Scheme 1. 1,3,6,8-tet-
rakis (P-benzoic acid) pyrene (H4sTBAPy) was chosen as the ligand. As

(a) (b)
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we know, the same ligand was previously used to construct several
networks based on different metals such as In, Zn, Zr, and so on [36-38].
However, none of them were investigated for Xe/Kr separation. In order
to explore the separation ability of ECUT-51 from UNF off-gas, gas
adsorption measurements including Xe, Kr, N3, Oz, CO5 were performed
at different temperatures. The results demonstrated that ECUT-51
showed a notably larger adsorption capacity for Xe than other gases. In
addition, column breakthrough experiments were performed to simulate
the practical application under real-world situations. As a result,
ECUT-51 showed an excellent separation ability for Xe capture. GCMC
simulation based on the adsorption data proved that pore A have strong
interaction between Xe and frameworks than Kr and frameworks, while
pore B can only accommodate Xe (Scheme 1).

2. Experimental

Synthesis of ECUT-51 and ECUT-51a. At room temperature, the
ligand H4TBAPy (0.025 mmol, 17 mg) and Sr (NO3), (0.05 mmol, 11
mg) were dissolved in 3 mL N, N-dimethylformamide (DMF) and 50 pl
HCI (0.6 mmol). The mixtures were sealed in a 20 mL screw-capped glass
vial. The vial was heated at 110 °C for 72 h and then cooled down to
25 °C at a rate of 0.1 °C/min. The resulting yellow rod-like crystals
(ECUT-51) were collected by filtration and washed with DMF. Bulk
ECUT-51 was synthesized using the same method and immersed into
methanol for three days. The methanol was refreshed three times every
day and finally the products were evacuated under dynamic vacuum at
100 °C (ECUT-51a). The instruments and characterization were shown
in supporting information.

Gas adsorption experiments. The gas sorption isotherms were
collected on a Belsorp-max. Roughly 100 mg of ECUT-51a were taken
for the nitrogen adsorption experiments at 77 K. The adsorption iso-
therms for Xe/Kr were obtained at temperature of 273 K and 298 K,
respectively. Liquid nitrogen and water bath were used to maintain the
experimental temperatures of 77 K, 273 K, and 298 K. The isosteric heats
of adsorption (Qs) were calculated based on Clausius-Clapeyron equa-
tion. The adsorption selectivity was established by the Ideal Adsorbed
Solution Theory (IAST) for Xe/Kr (20:80), Xe/CO3 (1:99), Xe/O- (1:99),

Fig. 1. Structure of ECUT-51: (a) The coor-
dination environment of the metal Sr. (b) the
coordination environment of TBAPy ligands.
(c) Three-dimensional view of ECUT-51. The
colored spheres represent two different pores
(pore A and pore B). (d) The apertures of
different pores. The polyhedral coordination
around Sr was denoted as purple, oxygen in
red, carbon in grey, hydrogen in pink and
only hydrogen from water molecules in
green. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. The adsorption and separation data of ECUT-51. (a) The N5 adsorption and desorption isotherms at 77 K with the inset of the distribution of pore seize. (b)
and (c) Experimental single-component adsorption isotherms of different gases at 298 K and 273 K, respectively. (d) The adsorption isotherms of Xe and Kr at 298 K,

including experiments and simulations.

and Xe/N5 (1:99) mixtures at 298 K.

Breakthrough experiments. The breakthrough experiments were
performed at 298 K. Bulk ECUT-51a (around 1.3g) were filled into
stainless steel column. First, the helium gas (100 mL/min) was intro-
duced into the column for 30 min. Then the Xe/Kr mixture (20/80) or
simulated UNF off-gas (400 ppm Xe, 40 ppm Kr, 78.1% N3, 20.9% Oa,
0.03% CO, and 0.9% Ar) passed through the column with 2 mL/min.
The eluted gas stream from the column is monitored by a gas chroma-
tography (TCD-Thermal Conductivity Detector, detection limit 0.1%).
Prior to each cycling experiment, the adsorption bed was regenerated by
He flow for 3h at 333K to ensure complete removal of adsorbed gas.

3. Results and discussion
3.1. Material synthesis and characterization

The single crystal structure of ECUT-51 revealed that it crystallized
in the orthorhombic space group Pbam. The detailed information for this
single crystal was shown in Table S1 and Table S2. Crystallographic data
for ECUT-51 have been deposited (CCDC 1974917).

The coordination environment of ECUT-51 for the metal and ligands
are shown in Fig. 1. Only one crystallographic site was found for Sr1.
The Srl was coordinated with six carboxylated-O from four TBAPy li-
gands and two water molecules, exhibiting distorted polyhedron with
the Sr-O bond lengths between 2.47 A and 2.73 A. Adjacent Sr atoms
were connected by oxygen from coordinated water molecules and
TBAPy ligands, generating an infinite 1 D metal chain parallel to the
crystallographic a axis. Each TBAPy ligand includes four benzoate
groups which were appended at 1-,3-,6- and 8- positions of the pyrene
core and was coordinated with Sr atom as shown in Fig. 1b. Two
diamond-shaped channels with the size of 7.8 x 3.9 A (pore A) and 8.0
x 3.6 A (pore B, considering the van der Waals radii of atoms) along the

crystallographic a axis were formed in ECUT-51 (Fig. 1c and d). It
should be noticed that the size of pore A were comparable with the
diameter of Xe (4.1 A) atom and slightly bigger than that of Kr (3.655 A),
suggesting that this pore might adsorb both Xe and Kr. As for pore B,
which had a pore-limiting diameter of 3.6 A, this size seemed too narrow
to accommodate both Xe and Kr. However, the polarizability of Xe was
notably higher than Kr, which is also an important factor for affecting
the adsorption behaviour [38-40]. As a result, Xe could be efficiently
adsorbed by pore B due to its high polarizability. This was also further
confirmed by theoretical calculation afterwards.

For further investigation, bulk materials were synthesized using
solvothermal method. PXRD patterns for the bulk materials of ECUT-51
and simulated curves from single crystal data were shown in Fig. S1. No
other extra peak was found in the bulk materials, confirming the phase
purity.

3.2. Thermalgravimetric analysis

To examine the thermal stability of ECUT-51, TG curves were ob-
tained between room temperature and 800 °C under Ny atmosphere
(Fig. S2). It can be seen that a slight weight loss occurred in the range of
25 °C-100 °C. This was corresponded to the loss of guest solvent mol-
ecules. ECUT-51 remained stable up to approximately 530 °C. Above
530 °C, more than 30% weight loss was observed, indicating decom-
position of the skeleton structure of ECUT-51. From Fig. S2, it can be
speculated that the evacuation temperature of ECUT-51 for removing
the solvent guests was as high as 350 °C. Fortunately, the guests can be
replaced by methanol. After being soaked in methanol, the evacuation
temperature of ECUT-51 can be decreased to a much lower temperature
(200 °C under vacuum) to obtain the activated samples ECUT-51a
(Fig. S2). The similar PXRD patterns of ECUT-51 after immersion in
methanol and activated ECUT-51 indicated that the framework was well
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Fig. 3. (a) The isosteric heats adsorption (Qy) for different gases. (b) IAST selectivity data for different gases.

maintained (Fig. S1).

3.3. Porosity measurement

Inspired by the crystal structure, the porosity of ECUT-51a was
explored through Nj adsorption (Fig. 2a). The resulted adsorption and
desorption isotherms for ECUT-51a exhibited a typical reversible
behaviour. Obviously, at relatively low pressures, ECUT-51a reached an
uptake capacity around 195 cm®/g. As the pressure increased, the up-
take capacity maintained constantly, exhibiting a typical type-I isotherm
and presenting the microporous nature. The BET surface area of ECUT-
51a was calculated to be 708 m?/g.

3.4. Gas adsorption

The permanent porosity of ECUT-51a, as well as the intriguing
structure with two district pores, encouraged us to examine its perfor-
mance for gas adsorption and separation. Different single-component
gases such as Xe, Kr, CO3, Og, Ny were chosen to measure the adsorp-
tion and desorption isotherms of ECUT-51a. Fig. 2b and c exhibited the
adsorption isotherms of Xe, Kr, CO5, O, N at different temperatures for
ECUT-51a. A typical type I behaviour was shown in the isotherms of Xe
at either 298 K or 273 K. At 298 K, the maximum uptake capacity of Xe,
Kr, CO3, Oy, and Nj reached to 2.7, 0.8, 2.0, 0.14, and 0.1 mmol/g,
respectively. At 273 K, the corresponding uptake capacity were elevated
to 3.4, 1.4, 3.05, 0.22, and 0.19 mmol/g, respectively. The maximal
adsorption capacity for these gases decreased from 273 K to 298 K,
indicating the property of physical adsorption. The uptake capacity of Xe
was larger than Kr. The possible reason was that Xe have higher polar-
izability than Kr, leading to a stronger affinity between Xe and the MOF.
At 298 K and 1 atm, it should be noticed that the Xe/Kr uptake ratio was

1.04(@)
Xe:Kr=20:80

0 10 20 30 40 50 60

Time/min

70

up to 3.4-fold, which was comparable with other reported MOFs
(Fig. S3) [39,41-43]. To our knowledge, only scarce reported MOFs
displayed an outstanding performance on both adsorption capacity and
uptake ratio. For example, the Xe uptake of HKUST-1 reached to 3.3
mmol/g, however the Xe/Kr uptake ratio was much lower than our
MOF. Co-MOF-74 possessed high Xe uptake capacity (~6.7 mmol/g),
but the uptake ratio is 3.6, which was similar to ours. In comparison, our
MOF displayed a balanced performance on either Xe capacity or Xe/Kr
uptake ratio due to the unique structure of pore A and pore B.

The Qg of Xe, Kr, CO5, O3, Ny on ECUT-51a were calculated based on
experimental adsorption isotherms (Fig. 3a). The Qg of Xe was calcu-
lated to be 32 kJ/mol, higher than that of Kr (21 kJ/mol), CO3 (25.2 kJ/
mol), Oy (11.89 kJ/mol), Ny (8.55 kJ/mol), indicating the higher
selectivity of ECUT-51 towards Xe atoms. As far as we know, the Qg
value of Xe was lower than other materials such as squarate-based MOF
(43.6 kJ/mol) [39], CROFOUR-1-Ni (37.4 kJ/mol) [41], and SBMOF-1
(35 kJ/mol) [24], but it was significantly higher than MOF-5 (15
kJ/mol) [19], Co3(HCOO)e (29 kJ/mol) [28], and CROFOUR-2-Ni (30.5
kJ/mol) [41], indicating that the suitable pore size was one of the
important factors for improving the adsorption efficiency of Xe.

Furthermore, the selectivity of Xe/other gases were calculated by the
ideal adsorbed solution theory (IAST). The adsorption selectivity of Xe
with respect to Kr was 5.6 at 100 kPa (Fig. 3b). This value was lower
than other representative MOFs such as SB-MOF-1 (~16) [24],
MOF-Cu-H(~16.7) [1], squarate-based MOF(~69.7) [39], but it was in
the medium level among the MOFs such as NU-403(~2) [44] and
Ni-MOF-74 (~6) [23]. The selectivity for Xe/CO,, Xe/O2, and Xe/Nj
were estimated to be around 2.0, 34, and 43, respectively, based on the
concentration of 1% Xe. In this regard, it can be predicted that separa-
tion of Xe from UNF off-gas was possible for ECUT-51. Additionally,
Henry’s coefficient was a useful measure to evaluate the affinity

(b)

Time/min

Fig. 4. Single column breakthrough experiments using ECUT-51a at 298K and 1 bar. (a) The gas mixture was Xe/Kr = 20:80. (b) The gas mixture was 400 ppm Xe,
40 ppm Kr, 78.1% Ny, 20.9% 05, 0.03% CO, and 0.9% Ar. The breakthrough curves of N, and O, overlapped and they are covered by Ar.
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Fig. 5. Density distribution of Xe (a) and Kr (b) molecules in ECUT-51a at 298 K and 100 kPa. (c) The interactions between Xe/Kr and ECUT-51a in pore A. (d)The
interactions between Xe and ECUT-51a in pore B. Color code: C/grey, O/red, Sr/blue, H/pink, Xe/purple, Kr/green. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

between adsorbents and adsorbates at low pressures. The Henry co-
efficients were calculated from single-component Xe and Kr adsorption
isotherms at 298 K (Fig. S4 and S5). It can be seen that ECUT-51
exhibited the Henry coefficient value of 8.22 mmol/g/bar for Xe and
Xe/Kr Henry'’s selectivity of 8.70. These values are comparable to other
reported MOFs such as Ni-MOF-74 (8.40 mmol/g/bar and 5.8),
SB-MOF-2 (10.45 mmol/g/bar and 8.6), [Co3(HCOO)s] (9.93
mmol/g/bar and 8.7) and MOF-505 (10.26 mmol/g/bar and 6.8).

3.5. Single column breakthrough experiments

To check the separation ability of ECUT-51a in real world, single
column breakthrough experiment with Xe/Kr mixture (20:80) was car-
ried out. After being initially purged with He, the mixed gas passed
through the column (12 mm in diameter) packed with ECUT-51a with
the flow rate of 2 mL/min. It can be seen that Kr eluted out of the column
after 10 min, while Xe was remained strongly inside the column and was
detected after 20 min (Fig. 4a). Under this condition, the adsorption
capacity of Xe was calculated to be 0.47 mmol/g, which matched well
with the adsorption capacity (0.50 mmol/g) at 0.06 bar. The result
suggested that ECUT-51a displayed a preferential adsorption and
selectivity towards Xe over Kr. Furthermore, cycling experiments on
ECUT-51 were carried out under the same condition to check the
regenerability (Fig. S6). Through another two-time cycling experiments,
the breakthrough time interval for Xe and Kr remained almost identical,
indicating the excellent regenerability of ECUT-51.

In addition, breakthrough experiment with simulated UNF off-gas

was also carried out to examine the separation ability of ECUT-51a
with Xe and Kr at lower concentration. As shown in Fig. 4b, CO, Na, Oy,
and Ar eluted firstly from the column. After about 6 min, Kr broke
through the column, while Xe was not detectable until around 18 min.
This result strongly suggested that ECUT-51 can effectively separate Xe
from UNF off-gas.

3.6. Theoretical calculation

To further figure out the adsorption and separation behaviour of
ECUT-51, GCMC simulations were employed to elucidate the nature
binding sites of these gases in ECUT-51a at molecular level. Since the
uptake capacity of Ny and O, are quite low, their simulations were not
discussed in this work. The simulated and experimental isotherms for
Xe, Kr, and CO;, were compared in Fig. 2d and Fig. S7. Regardless of the
adsorption trend or the adsorption capacity, only negligible discrep-
ancies could be found between simulated and experimental isotherms.

The density distribution of Xe, Kr, and CO, molecules in the structure
of ECUT-51a at 298 K were further studied. From Fig. 5 and Fig. S8, it
can be seen that Xe and CO; could fill in both pore A and pore B, while Kr
was preferentially loaded in pore A. This result was in agreement with
that of the single-component adsorption experiment which also showed
that Xe and CO2 had higher uptake capacity than Kr. In other words,
pore A contributed to the high adsorption capacity due to its tolerance to
all the gases. In comparison, Kr was prevented to be adsorbed in pore B.
The different binding sites for Xe and Kr may explain the resulted
selectivity for ECUT-51a. The calculated binding energies of Xe was
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—36.14 kJ/mol (in pore A) and —34.14 kJ/mol (in pore B), far exceeding
the corresponding Kr value (—24.66 kJ/mol in pore A), indicating the
strong Xe-framework interactions.

As shown in Fig. 5c, the distance between Xe and H atoms (2.92 ;\)
which was from phenyl ring, was significantly shorter than the average
distance between Xe and H atoms (3.71 10\) [9], indicating that Xe atoms
have strong network-gas interactions. In other words, Xe atoms can be
trapped firmly in pore A. The distance between Kr and H atoms was 2.96
A n pore B, the calculated distance (3.52 A) between Xe and H was
longer than that in pore A, indicating weaker interactions between Xe
and pore B. In addition, the Xe---O (from the ligand) distance was 3.60 10\,
which was shorter than the reported distances (3.86 A and 4.26 A) [9].
On the contrary, no appropriate adsorption sites were found for Kr in
pore B from the calculation. Based on the above results, we can conclude
that pore A can effectively promote the Xe uptake, while pore B can only
accommodate Xe atom, which resulted in the desired separation.

4. Conclusions

In summary, a new 3-D MOF (ECUT-51) with two different pores has
been designed. One pore can be filled with both Xe and Kr, while another
pore can only accommodate Xe. Dynamic breakthrough experiments at
room temperature further confirmed that ECUT-51 can effectively
separate Xe and Kr. In addition, separation of trace Xe/Kr from a
simulated UNF off-gas was also explored and the separation ability of
ECUT-51 was further verified. In all, the preferred adsorption of Xe over
Kr in ECUT-51 could be ascribed to the suitable pore size and high
polarizability of Xe.
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1. Experimental section
Materials and instrumentation

The H4sTBAPy was purchased from Jilin Chinese Academy of Sciences-Yanshen
Technology Co.,Ltd. All other reagents and solvents were purchased from commercial
sources without further purification.

The powder X-ray diffraction (PXRD) patterns were recorded on Bruker AXSD8
Discover powder diffractometer with Cu Ko, (A= 1.5406 A) at room temperature. The
voltage and current were set at 40 kV, 40 mA. The data was collected in the range of
5-50 degree (2 theta). Thermal gravimetric analysis (TGA) was carried on TGA Q500
thermal analysis system at the temperature range from 30 to 800 °C under N2
atmosphere. The heating rate was 10 °C/min. The data analysis was using the TA

Universal Analysis software package.
X-ray Crystallography

X-ray diffraction data of ECUT-51 was collected at 298 K on a Bruker-Appex (II)
diffractometer using graphite monochromated MoKo radiation (A=0.71073 A). The
data reduction included a correction for Lorentz and polarization effects, with an
applied multi-scan absorption correction (SADABS). The crystal structure was solved
and refined using the SHELXTL program suite. Direct methods yielded all
non-hydrogen atoms, which were refined with anisotropic thermal parameters. All
hydrogen atom positions were calculated geometrically and were riding on their
respective atoms. The data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_ request/cif.

Grand Canonical Monte Carlo (GCMC) Simulations.

The GCMC simulations, which were performed by Sorption code in Material



Studio (MS) software, were carried out to investigate on the adsorbed capacity of
MOF for Xe, Kr, and COz at 298 K. A simulation box of 1x1x1 crystallographic unit
cell was used. To guarantee the equilibration, 4x10° steps were performed. Rigid
framework assumption was used in all simulations.

Density Functional Theory Calculations.

DFT calculations were performed to provide the optimized structures and
energies of Xe, Kr, and CO: interaction with the framework of ECUT-51. The
Perdew-Burke-Ermzerhof (PBE) function wunder the generalized gradient
approximation (GGA) functional with the double-§ numerical polarization (DPN)
basis set was used by CASTEP program package in the Materiel Studio of Accelrys.
The dispersion correction (DFT-D) was considered into calculations of the single

point energy.

2. Gas adsorption calculations:
The isosteric heats of adsorption (Qst) were calculated based on
Clausius-Clapeyron  equation and were calculated from the dual-site

Langmuir-Freundlich model using

o2 0lnp
Qst_RT [ 8T jq (1)

Where p is the pressure, 7T is the temperature, R is the gas constant (8.314 J mol"! K™).
By drawing the InP vs 1/T plot of gas at various loading, Os:= -slopexR. To extract
the converage-dependent isosteric heat of adsorption, the data were mo with a
virial-type expression composed of parameters a; and b; that are independent of
temperature.

The adsorption selectivity was established by the Ideal Adsorbed Solution
Theory (IAST) for Xe/Kr (20:80), Xe/CO2 (1:99), Xe/O2 (1:99), and Xe/N2 (1:99)

mixtures at 298 K. The adsorption selectivity was calculated from



QA/QB
Sa S = 2
¢ yA/yB @)

where the ga, and gB represent the molar loadings in ECUT-51 that is in equilibrium
with a bulk fluid mixture with mole fractions ya, and ys = 1 - ya. The molar loadings,
also called gravimetric uptake capacities, are expressed in mol kg™!.
3. Density Functional Theory Calculations:

The binding energy AEbind for the adsorbed structures of the primitive cell with

Xe/Kr/CO2 was calculated by Eq. 3,

AE'bind =E dsorbed E - EMOF (3)

a gas

where, Eadsorbed, Egas, and Emor are the total energies of adsorbed structure, single Xe,

Kr or CO2, and a unit cell of MOF.



Table S1. crystal data and structure refinements for ECUT-51

Compound ECUT-51
Formula C22H 138105
Formula weight 444 .94
Color Light yellow
Crystal system orthorhombic
Space group Pbam
a(A) 7.3372(6)
b(A) 20.3580(16)
CA) 16.6199(12)
a 90.00

B 90.00

Y 90.00
Volume (A%) 2482.5

Z 4
Temperature for data collection (K) 296
Range for data collection 0(°) 2to25
No. of measured reflections 11989
No. of unique reflections 2274
No. of parameters 137

No. of restraints 14
Goodness-of-fit on F? 1.097

Final R indexes[I>26(1)] R,=0.0685, wR,=0.2023

Final R indexes [all data] R1=0.0811, wR»=0.2106

Ry = Z|Fol-|Fl/ZIFo|. PR, = [Sw (Fo—F2)2/Zw (F2) 12,



Table S2. Selected bond length (A) and angles (°) for ECUT-51

Bond length
Sr(1)-0(1)
Sr(1) #1-O(1)
Sr(1) #1-0(2)

2.473(4)
2.645(4)
2.595(4)

Sr(1) #1-0(3)
Sr(1)-0(1)#1

SymmetriSrl code: #1 -1/2+X,1/2-Y,-Z; #4 1/2+X,1/2-Y,-Z

Bond angles
O(1)#1-Sr(1)-O(1)
O(1)#1-Sr(1)-O(2)#2
O(1)-Sr(1)-O(2)#2
O(1)#1-Sr(1)-O(2)#3
O(1)-Sr(1)-O(2)#3
O(2)#2-Sr(1)-O(2)#3
O(1)#1-Sr(1)-O(1)#2
O(1)-Sr(1)-O(1)#2
O(2)#2-Sr(1)-O(1)#2
O(2)#3-Sr(1)-O(1)#2
O(1)#1-Sr(1)-O(1)#3
O(2)#2-Sr(1)-0(3)
O(2)#2-Sr(1)-0O(1)#3
O(1)#1-Sr(1)-0(3)

77.2(2)
154.11(16)
86.23(19)
86.23(19)
154.11(16)
101.4(3)
152.92(9)
99.36(17)
49.05(14)
104.29(18)
99.36(17)
83.41(14)
104.29(18)
72.81(15)

O(1)#2-Sr(1)-0(3)
O(1)#3-Sr(1)-0(3)#3
O(1)-Sr(1)-0(3)#3
O2)#2-Sr(1)-0(3)#3
0(2)#3-Sr(1)-0(3)#3
O(1)#2-Sr(1)-0(3)#3
O(1)#3-Sr(1)-0O(3)#3
0(3)-St(1)-0(3)#3
O(1)#3-Sr(1)-0(3)
0(Q2)#3-Sr(1)-0(3)
O(1)-Sr(1)-0(1)#3
O2)#3-Sr(1)-0(1)#3
O(1)#2-Sr(1)-0(1)#3
0(1)-Sr(1)-0(3)

2.729(6)
2.54037(6)

132.45(12)
84.02(16)
84.02(16)
114.20(14)
114.20(14)
68.90(14)
68.90(14)
150.1(2)
132.45(12)
83.41(14)
152.92(9)
49.05(14)
71.42)
72.81(15)

SymmetriSrl code: #1+X,+Y,-Z; #21/2+X,1/2-Y,+Z; #31/2+X,1/2-Y,-Z
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Fig. SI PXRD patterns for ECUT-51 after different treatments. The synthesized ECUT-51
immersed into methanol 3 times per day for three days and then the PXRD pattern was collected.
The immersed ECUT-51 was heated at 100°C under vacuum condition to obtain the dehydrated
ECUT-51.
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Fig. S2 The TGA curves of ECUT-51 before and after immered into methanol from 25°C to
800°C under N, atmosphere.
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Fig. S3 A comparison of Xe/Kr uptake ratio at 298 K and 1 atm among our work and selected
MOFs
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Fig. S4 The fitting of Xe adsorption isotherm in ECUT-51.
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Fig.S5 The fitting of Kr adsorption isotherm in ECUT-51.



1.0
0.8 1
o 061 Kr %
S e
<
O 0.4
Cycle 2
0.2+
0.0 1
T T T T
0 10 20 30 40 50 60 70 80
Time/min
1.0
0.8
0.6 Ko Xe
o
Q
<
© 0.4
Cycle 3
0.2
0.0
T T T
20 30 40 50 60 70

Time/min

Fig. S6 Single column breakthrough experiments with Xe/Kr (20:80) using ECUT-51a for another

2 cycles.
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Fig. S7 The experimental and simulated adsorption isotherms of ECUT-51 at 298K
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Fig. S8 Density distribution of CO> molecules in ECUT-51 at 298 K and 100 kPa
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