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ABSTRACT: The separation of xenon/krypton (Xe/Kr) mixtures is a challenging process. Many
porous materials allow the adsorption of both Xe and Kr, but only with low selectivity.
Anion-pillared MOFs, featuring the anion groups as structural pillars, show potential in gas
separations, but only a limited number of them have been synthesized. Here we describe a collection
of 936 anion-pillared MOFs based on 22 experimentally available structures. We performed DFT
optimization and then assigned DDEC charges for each MOF to make them well suited to many
molecular simulations. The structural properties of the MOFs vary more strongly with the choice of
the organic ligand than with other aspects like fluorine groups and metal centers. We then screened
the entire collection of MOFs in the context of Xe/Kr separation at room temperature. Compared
with previously reported MOFs, the interpenetrated MOF SIFSIX-6-Cd-i is predicted to perform
better for Xe/Kr separations, with a good balance between working capacity (1.62 mmol/g) and
separation selectivity (16.4) at 298 K and 100 kPa. We also found that the heterogeneity of fluorine
groups within a MOF can help to enhance Xe working capacity without reducing the Xe/Kr

selectivity, suggesting that synthesis of anion-pillared MOFs with mixed fluorine groups may lead to

1



improved Xe/Kr separations performance.
KEYWORDS: anion-pillared MOFs, high-throughput screening, molecular simulation, Xe/Kr

separation

B INTRODUCTION

Metal-organic frameworks (MOFs) are a class of porous materials assembled by inorganic clusters
and organic building blocks. Owing to their large internal surface area, adjustable pore size and
tunable surface environment, MOFs have shown potential in catalysis, separation, chemical sensing
and drug delivery.! Anion-pillared MOFs, as a subclass of MOF materials, use anion groups as pillars
in their structures. The anion groups can provide selective adsorption sites, and thus make
anion-pillared MOFs potential materials for gas separations including the selective capture of acid
gas (SOz2, CO2),>? and the separation of Xe/Kr* and light hydrocarbon mixtures®.

Xe/Kr separation is an important but challenging process in industry. High-purity Xe and Kr
widely used in electronics, semiconductors, medicine, electric light sources, gas laser and plasma
flow.% Cryogenic distillation is the most mature technology currently applied in Xe/Kr separations,
but is recognized as energy-intensive and high-cost. Adsorptive separations are an energy-effective
alternative technology to distillation.” In previous work, researchers have tested some solid porous
adsorbent materials such as activated carbons and zeolites for Xe/Kr separation but reported low
adsorption capacity and selectivity.®'° A number of studies have considered MOFs as adsorbents for
this separation. Generally, MOFs can realize selective adsorption of Xe over Kr, but their relatively
large pores allow the uptake of both Xe and Kr, thereby inhibiting the separation selectivity.

MOF-505 shows high Xe/Kr selectivities of 9 - 10 owing to its small pores and strong adsorption



sites.!! Recently, breakthrough experiments confirmed that ZU-62 has practical potential for
producing high-purity Kr and Xe from air-separation byproducts, showing record Kr productivity
(206 mL/g) and Xe productivity (42 mL/g) as well as good recyclability.!?

Over the past few years a limited number of anion-pillared MOFs have been synthesized and
studied for their separation performance.!* The structure of these materials suggests that a large
number of variants are possible, but it would require considerable resources to explore these variants
experimentally. This observation motivated us to use modeling to create a database of experimentally
plausible anion-pillared MOFs. Using this computation-ready database, detailed simulations and
screening work can be carried out to explore various subsequent possible applications of these
materials. This approach follows on the success of existing databases constructed to accelerate the
modeling of porous materials such as zeolites, polymer, amorphous materials, and MOFs.!'* The
Database of Zeolite Structures, managed by the International Zeolite Association (IZA), provides
structural information on all zeolite framework types approved by the structure commission.!> In
addition, a very large database of over 800,000 2D zeolite nanosheets has been created based on the
full range of known zeolite structures in the IZA database.'® Recently, Thyagarajan and Sholl
reported a database of 205 atomistic models of amorphous nanoporous materials drawn from earlier
literature.!” The Cambridge Structural Database (CSD) consists of more than one million organic and
metal-organic crystal structures derived from X-ray or neutron diffraction analyses.'® Based on the
CSD, Chung et al.' published the first version of the CoRE-MOF database containing 5,109
experimental MOF structures with pore-limiting diameter greater than 2.4 A. This database can be
directly used in molecular simulations. The recently updated CoRE-MOF database contains over

14,000 structures (CoRE-MOF 2019).2°



In this work, we constructed an anion-pillared MOF database based on the available structures
reported in previous experiments. All MOF structures were optimized with DFT calculations.
Although the partial charges are not required for simulating Xe/Kr adsorption, we still assigned the
DDEC charges for MOF atoms to facilitate future simulations of gas adsorption with polar molecules.
The reliability of models in this database was confirmed by structural comparisons between the
DFT-optimized and experimentally available structures. Then, we then performed high-throughput
screening to explore these 936 possible MOFs in the context of Xe/Kr separations. Three
approximate metrics of separation performance, namely the Henry coefficient ratio, working capacity
and regenerability, were combined to form the evaluation criteria for this screening. Based on the
screening results, we performed GCMC simulations on six promising MOFs and compared the
Xe/Kr selectivity with several MOFs reported previously. Finally, we explore whether allowing
heterogeneity in the metal centers or fluorine groups in anion-pillared MOFs offers an additional

means to improve Xe/Kr separation performance.

® MODELAND METHOD

Structures and Nomenclature. The networks of anion-pillared MOFs were formed by connecting
three secondary building units (SBUs): fluorine anion groups, metal centers and organic ligands. The
structures were named based on their SBUs. For example, SIFSIX-1-Cu, shown in Figure 1, is
comprised of SiFe*, 4,4’-bipyridyl (ligand no. 1) and Cu cations. Each Cu atom connects four N
atoms from organic ligands and two F atoms from SiFs>* groups, and the entire framework forms a

pcu topology.?! For interpenetrated structures, an additional letter “i” is given at the end of the name.

Given all the anion-pillared MOFs currently known from experiment have the pcu topology the



MOFs we considered were assumed to have the same pcu topologies. Examples certainly exist for
other classes of MOFs where structural polymorphs can exist,?? so we cannot exclude the possibility

that anion-pillared MOFs with non-pcu topologies might also exist.
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Figure 1: (a) Crystal structure and (b) representative fragment of SIFSIX-1-Cu.
DFT Geometry Optimizations. Geometry optimizations of MOFs were performed with periodic
DFT calculations using the Vienna Ab initio Simulation Package (VASP) with projected-augmented
wave (PAW) pseudo potentials>® and a plane-wave basis set.>* Nazarian et al.”> evaluated the
performance of six different DFT functionals for predicting lattice parameters, unit cell volume,
bonded parameters and pore descriptors of MOFs and reported that PBE-D2, PBE-D3, and vdW-DF2
give more accurate predictions on average than similar calculations without dispersion corrections.
Therefore, all geometry optimizations in this work used the Perdew-Burke-Emzerhof (PBE)
generalized gradient approximation (GGA) exchange-correlation functional®® with D3 dispersion
corrections (PBE-D3).2” Lattice parameters and atomic positions were relaxed using a plane-wave
cutoff energy of 600 eV. I'-point sampling method was used in reciprocal space. Geometry
optimizations were performed with a conjugate gradient algorithm until forces on each atom were
<0.05 eV/A. We used DFT+U to describe the strength of on-site Coulomb interactions for localized

electrons with Hubbard U corrections for Ti (3.0), Zr (4.0), V (3.1), Nb (1.5), Fe (4.0), Co (3.4), Ni



(6.0) and Cu (4.0).2%?° In our DFT+U calculations J was set as zero for all atoms. Spin polarization
was also considered by including initial ferromagnetic state for Fe, Co, Ni and Cu atoms.

For a limited number of examples, adsorption energies for Xe and Kr were computed with
periodic DFT calculations. These calculations used the PBE-D3 functional, which was the best
performing among the nine functionals with respect to DFT/CC according to Grajciar et al.’® The
binding energies of gas molecules (Xe and Kr) in MOFs were defined by
AE = Egas+M0F - Egas — Emor (D
where Egas+MoF, Egas and Emor represent the energy of entire gas-MOF interaction system, the energy
of gas molecule and the energy of empty MOF, respectively. Here, AE is negative when adsorption is
exothermic.

Molecular Simulations. The adsorption of pure gases and Xe/Kr mixtures were calculated with
grand canonical Monte Carlo (GCMC) simulations. MOF atoms were held rigid at their
DFT-optimized crystallographic positions in these simulations. A cutoff radius of 12 A was used for
van der Waals (vdW) interactions. Periodic boundary conditions were applied in three dimensions
and supercells were chose to ensure that the simulation volume was larger than twice the cutoff
radius for vdW interactions in each dimension. Each state point used 2.5x10° initialization cycles for
equilibration and 5x103 cycles for thermodynamic properties calculation. Preliminary tests indicated
these parameters gave well converged results. All GCMC simulations were carried out using
RASPA !

Gas-gas and gas-MOF interactions were modeled as purely van der Waals (vdW) interactions with
the Lennard-Jones (L-J) form

]
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where i, o3 and gj represents the interatomic distance, the repulsion distance and the potential well
depth between atom i and j, respectively. The L-J parameters for Xe and Kr were taken from
Hirschfelder et al.*?> and Talu and Myers,** respectively. For framework atoms, the L-J parameters
were taken from the Universal Forcefield (UFF)** for transition metal atoms and DREIDING?

forcefield for other atoms.

B RESULTS AND DISCUSSION

3.1 Construction of Structure Database

Establishment of Initial Model. We generated a large set of chemically plausible hypothetical
anion-pillared MOF structures. To do this, we first collected a set of 22 anion-pillared MOF
structures that have previously been reported experimentally, 4?1364 as shown in Table S2. These
structures included the 8 fluorine groups, 5 metal centers and 12 organic linkers as shown in Figure 2.
The name of each ligand is listed in Table S3. To broaden the range of materials under consideration,
we also include one additional metal center (Cd) and four additional fluorine groups (VOFs%, BFs>,
GaFs?, InFs*) because they are chemically analogous to examples from Figure 2. Predictions about
possible interpenetrations of the MOFs were made by comparison with the available experimental
data. The long ligands (ligands 4 - 6 and 13 - 16) have only been observed experimentally to form

36.38.41.43.45.47 5o we assumed this was the case for all combinations of

interpenetrated structures,
metals and fluorine groups with these ligands. Similarly, we assumed ligands 1, 3, 7 and 18 only
form non-interpenetrated structures. Ligand 2 has been found experimentally to give both

interpenetrated and non-interpenetrated structures,'33° so both cases were considered for all materials

with this ligand. The approach outlined above generated 936 different MOFs, as listed in Table S5.



To ensure accurate geometries for each material, plane wave DFT calculations were performed to
energy minimize each structure. We then calculated DDEC charges™ for each atom in the optimized
MOFs. Information on the full collection of optimized structures is available in the Supporting

Information.
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Figure 2: Collection of metal centers, fluorine groups and organic ligands in all of anion-pillared

MOF:s reported previously experimentally.

Figure 3(a) compares the DFT-optimized unit cell parameters for the anion-pillared MOFs in
Table S2 to the corresponding experimental structures. The mean absolute deviation (MAD) for the
relative unit cell volumes, Vprr/Vexp, for these 20 structures was 3.0%. The good agreement between
the DFT predictions and experimental data is similar to that observed by Nazarian et al. for a diverse
test-set of MOF structures.?> The structural differences of MOFs in our database can be mainly
attributed to variations in metal-fluorine bond lengths, as shown in Figure 3(b). The mean absolute

deviation (MAD) for the relative bond length (Lprr/Lexp) of the 20 structures was 3.4 %.
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Figure 3: Comparisons of (a) cell lengths and (b) bond lengths between DFT optimized results and
experimental data for 22 anion-pillared MOFs. A parity line is shown in each panel. Numerical data

is listed in Table S4.

Analyses of the Structural Parameters. Figure 4 shows physical descriptors for all MOFs from the
database in a pairwise fashion, including accessible surface area (ASA) vs. density, probe-accessible
vs. probe-occupiable volume fraction and pore limiting diameter (PLD) vs. its difference with LCD
(largest cavity diameter). The corresponding values are available in Table S5. All the physical
descriptors were computed using zeo++°! based on the DFT-optimized structures. A probe radius of
He (1.3 A) were applied when calculating ASA, probe-accessible and probe-occupiable volume
fraction.

In this database the materials have nonzero volumetric ASAs ranging from 217 to 2676 m?/cm?.
Some of these MOFs have the same molecular formula but different physical parameters. For
example, interpenetrated MOFs like SIFSIX-2-Cu and SIFSIX-2-Cu-i have the same elemental

stoichiometry, but differ strongly in density (0.632 and 1.240 cm’/g), He ASA (2250 and 1271



m?/cm?), probe-accessible volume fraction (0.392 and 0.033), probe-occupiable volume fraction
(0.655 and 0.235), PLD (10.37 and 3.59 A) and LCD (11.30 and 3.83 A). Some of the frameworks,
for example NbOFFIVE-14-Co-i, have zero or near-zero porosity owing to their very limited pore
sizes. The above phenomenon can also be observed in other MOFs!%?? and in a recent database of
porous amorphous materials.!” The probe-occupiable volume is the total pore volume occupied by
the entire probe molecule rather than the space just accessible to the center of probe molecule, which
leads to a higher volume fraction. The pore limiting diameter (PLD) is the maximum size for the
molecular diffusion without steric hindrance of structural atoms in MOFs or local deformation of the
MOFs. The largest cavity diameter (LCD) indicates the largest size of probe molecule that can be
inserted at any region inside the MOFs. By definition, the LCD is higher than the PLD in value, so
we plotted the PLD against the difference between the LCD and PLD in Figure 4(c).

In order to understand the effects of SBUs on MOF structures, we created four groups in which
materials differ only in the identity of fluorine groups, metal centers, or organic ligands or by the
presence/absence of interpenetration. These four groups are shown with colored symbols in Figure 4.
For example, group 1 contains 12 MOFs with different fluorine groups but the same metal center (Cu)
and organic ligand (ligand 7). The MOFs contained in each group are listed in Table S6. The results
in Figure 4 show that the structural properties vary more strongly with the choice of the organic
ligand than with other aspects of the MOFs. The accessible surface area can be varied from ~1000 to
2500 m?/cm? with a step size of ~200 m?*/cm?® by varying the organic ligand (see green symbols in
Figure 4(a)). Changing the fluorine groups (red symbols in Figure 4(a)) or metal centers (blue

symbols in Figure 4(a)) of MOFs, the accessible surface area can be varied by ~40 m?*/cm?.
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Figure 4: Physical parameters of all anion-pillared MOFs in the database shown as gray solid circles.
(a) He-probe accessible surface area (ASA) vs. density; (b) probe-accessible vs. probe-occupiable
volume fraction (He probe); (¢c) PLD vs. LCD - PLD. The colored symbols represent four groups

which differ only in their fluorine groups, metal centers, organic ligands and structural

interpenetrations, respectively.

3.2 Screening of MOFs for Xe/Kr Separation
Validation of Force Field. To assess the accuracy of the force field used to describe gas adsorption,
adsorption energies from molecular simulations and DFT calculations were compared for
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representative examples. The interaction energies of single Xe or Kr molecules in SIFSIX-6-Cd-i and
ALFFIVE-3-Cd were calculated by DFT (PBE-D3) and compared with the corresponding force
field-based adsorption energies as shown in Figure 5. Similar to previous work,’>* we generated
100 configurations randomly for each adsorbed molecule in each MOF through NVTMC (N=1,T=
298 K) simulations. The DFT calculations span interaction energy ranges of -25 ~ -17 kJ/mol for Kr
in ALFFIVE-3-Cd, -33 ~ -26 kJ/mol for Xe in ALFFIVE-3-Cd, -21 ~ -13 kJ/mol for Kr in
SIFSIX-6-Cd-i and -30 ~ -22 kJ/mol for Xe in SIFSIX-6-Cd-i. As might be expected, both MOFs
adsorb Xe more strongly than Kr. Figure 5(b) shows the deviations between force field and DFT
energies for all 400 snapshots. 393/400 (98.25%) of these deviations locate within 2.5 kJ/mol,

indicating the force field is well suited to describing adsorption of these rare gas atoms in these

MOFs.
@10 ®) 5
Kr @ ALFFIVE-3-Cd
e Xe @ ALFFIVE-3-Cd
IS+ Kr@ SIFSIX-6-Cd-i =
»  Xe @ SIFSIX-6-Cd-i E 2.5+
= 20F S
o
E <
2 o5l 200
= ‘
m .
=0r 2.5t
35 ¢
1 1 1 1 1 _5'0 1 1 1 1 1
-35 30 25 20 15 -10 35 30 25 20 -15  -10
Eppg.p3 (kJ/mol) Epge.p; (kJ/mol)

Figure 5: (a) Comparison of the interaction energies of Xe and Kr in ALFFIVE-3-Cd and
SIFSIX-6-Cd-i for force field and DFT (PBE-D3). (b) The interaction energy difference (Err —

EprBE-D3) as a function of EpBE-D3.

12



Screening Based on Henry Coefficient Ratio, Working Capacity and Regenerability. To
consider the large number of structures in our collection as potential materials for Xe/Kr separations,
it is useful to calculate several approximate metrics of separation performance.’>>® The ratio of
Henry’s coefficient of pure Xe and Kr, Ku(Xe)/Ku(Kr), was used to evaluate the adsorption
selectivity of our MOFs. In the limit of dilute loadings this ratio is, without approximation, the
adsorption selectivity.’® The Henry’s constant for each gas was computed in each material using
Widom insertion as implemented in RASPA. Working capacity and regenerability metrics were
calculated to give additional insight into the potential of each material practical application. The
working capacity is calculated by the loading difference of pure Xe at 10 and 100 kPa at 298 K. To
estimate the Xe loading at these two pressures, we followed the approach of Tang et al.,® which

assumes the adsorption isotherm has the Langmuir form

aP) =~ 3)

Asat

where the K and gsat represent the Henry’s coefficient and the saturation loading. Instead of
performing molecular simulations to establish the saturation loadings, gsat was estimated by
Qsat (1) = k(r)puqf (r). Here, py, is the critical density of Xe (1.10 g/cm®). k(r) is the scaling
factor with a probe radius of . The k(r) and r values of many molecules are available in previous
work by Tang et al.®* For Xe the values of k(r) and r are 1.26 and 0.61, respectively. f(r) is the
void fraction and was calculated by zeo++! with a probe radius of 7.

We also calculated the Xe saturation loadings of a selection of MOFs with GCMC simulations and
compared these results with the predictions of the approximate method described above. The Xe
saturation loadings were estimated by the Xe uptake at 298 K and 50 bar (see Figure S1 and Table

S7). This comparison indicates that the approximate method provides reasonable results.
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We used the approximate isotherms to calculate the regenerability, which is defined by the
percentage of extractable Xe at 10 kPa relative to the adsorbed Xe at 100 kPa: (q190 kpa —
G10 xpa)/ 9100 kpa X 100%. This parameter evaluates the percentage of the adsorption sites that are
regenerable during the desorption process.®' These metrics cannot give the same level of information
that can be obtained from detailed process-level models, but they are a useful initial way to consider
a large number of materials.>

The performance metrics for each of the 936 DFT-optimized MOFs in our collection are
summarized in Figure 6. Generally, the MOFs with higher Xe/Kr selectivity show lower working
capacity and regenerability (see Fig. 6(a) and (b)). For example, ALFFIVE-3-Fe (No. 52) has the
highest Xe/Kr Henry coefficient ratio (41.5) of any material but its working capacity and
regenerability are among the lowest range with values of 0.096 mmol/g and 3.7%, respectively,.
GaFFIVE-3-Fe (No. 286), SIFSIX-3-Cd (No. 595) and ALFFIVE-3-Cd (No. 49) have larger working
capacity (0.13 mmol/g, 0.19 mmol/g, 0.32 mmol/g) and regenerability (5.3%, 8.1%, 11.0%) but their
Xe/Kr Henry’s coefficient ratio (33.7, 32.5, 29.2) are lower. By contrast, SIFSIX-6-Cd-i (No. 613)
and NbOFFIVE-4-Zn-i (No. 528) have much higher working capacity (1.20 mmol/g, 1.47 mmol/g)
and regenerability (32.2%, 67.2%), but moderate selectivity (19.3, 15.6). These tradeoffs illustrate
why simply choosing a “winning” material based on a single performance metric is unlikely to be

satisfactory.
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Figure 6: Pairwise comparisons of three performance metrics for Xe/Kr separations in 936
DFT-optimized MOFs: (a) Xe/Kr Henry coefficient ratio as a function of working capacity, (b)
Xe/Kr Henry coefficient ratio as a function of regenerability, (c) regenerability as a function of

working capacity. Five representative examples, No. 52 ALFFIVE-3-Fe, No. 286 GaFFIVE-3-Fe, No.
595 SIFSIX-3-Cd, No. 49 ALFFIVE-3-Cd, No. 613 SIFSIX-6-Cd-i and No. 528 NbOFFIVE-4-Zn-i,

are highlighted. All numerical data in this figure is listed in Table S5.
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3.3 Molecular Simulations of Xe/Kr Separations in MOFs

GCMC Simulation of Xe/Kr Separations in the Six Typical MOFs. The working capacity and
regenerability metrics considered above relied on estimates of the single-component isotherms rather
than detailed molecular simulation data. It is therefore useful to look in more detail at a number of
examples to understand the prospects of these materials for Xe/Kr simulations. To this end, GCMC
simulations for adsorption of Xe/Kr mixtures were carried out to evaluate the Xe/Kr separation
performance at 0.1 — 100 kPa and 298 K of the six MOFs highlighted in Fig. 6. The results of these
mixture GCMC simulations are shown in Figure 7. Some but not all of the materials shown in Figure
7 have a maximum in selectivity as pressure is increased. In ALFFIVE-3-Fe, GaFFIVE-3-Fe and
SIFSIX-3-Cd the difference between the heat of adsorption for Xe and Kr in the adsorbed mixtures
increases as a function of pressure (see Figure S2). In these examples, the difference between heats
of adsorption dominates at low pressures but at sufficiently high pressures Kr adsorption becomes
more entropically favored, leading to a decrease in the overall selectivity.

The ordering of the materials by selectivity, ALFFIVE-3-Fe > GaFFIVE-3-Fe > SIFSIX-3-Cd >
ALFFIVE-3-Cd > SIFSIX-6-Cd-i > NbOFFIVE-4-Zn-i, is the same as given by the Henry’s
coefficient ratios in Figure 6. Because of the wvariation in the selectivities with pressure,
SIFSIX-6-Cd-i and NbOFFIVE-4-Zn-i show higher selectivities than SIFSIX-3-Cd and
ALFFIVE-3-Cd at 100 kPa. The Xe loadings from Xe/Kr mixtures are shown as red lines in Figure 7.
The Xe loading reaches saturation in ALFFIVE-3-Fe at very low pressure. That means there is no
obvious change in Xe loading for ALFFIVE-3-Fe with pressure between 10 kPa and 100 kPa,
consistent with the low working capacity and regenerability estimates in Fig. 6. In contrast, the Xe
isotherm for NbOFFIVE-4-Zn-i is much less flat, giving a higher working capacity and
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regenerability. The Xe isotherms decline in steepness in the order of ALFFIVE-3-Fe >
GaFFIVE-3-Fe > SIFSIX-3-Cd > ALFFIVE-3-Cd > SIFSIX-6-Cd-i > NbOFFIVE-4-Zn-i, which is
the same as the sequence predicted by the results in Fig. 6.

We also compared the selectivities, Henry coefficient ratios and working capacities of these six
MOFs with those reported in previous work, as shown in Table 1. The selectivities of the six anion
pillared MOFs we considered are higher than that of some very well-known MOFs like Cu-BTC and
Ni-MOF-74. As emphasized by Figure 6 and 7, however, selectivity alone is likely to be insufficient
for determining which materials will perform the best in realistic applications where considerations
of working capacity and other factors are also important. In Table 1, [C03(C404)2(OH)2] has the
highest Xe/Kr selectivity (69.7) but its working capacity is very low (only 0.25 mmol/g).

Comparatively, our SIFSIX-6-Cd-i1 have moderate selectivity (16.4) but high working capacity (1.62

mmol/g)
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Figure 7: The separation selectivity of Xe/Kr (50/50) mixtures with total pressure from 0.1 to 100
kPa at 298 K for six MOFs from mixture GCMC simulations (a) ALFFIVE-3-Fe, (b) GaFFIVE-3-Fe,
(c) SIFSIX-3-Cd, (d) ALFFIVE-3-Cd, (e) SIFSIX-6-Cd-i and (f) NbOFFIVE-4-Zn-i. The red line

indicates the Xe uptake from Xe/Kr mixture. Numerical data is listed in Table S8.

Table 1. Xe/Kr selectivity for various porous materials at 298 K and 100 kPa.

Working
Selectivity Henry coefficient
Name capacity Reference
Sxe/kr ratio
(mmol/g)
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[Cos(HCOO)d] 122 8.7 118 &2
Ni-MOF-74 5-6° 5.8 3.28 63
SB-MOF-1 162 16.2 0.31 64
SB-MOF-2 102 8.6 1.95 65

Cu-BTC 2.62 8.5 1.47 1
FMOF-Cu 2b 1.4 0.40 66
MOF-505 9-10° 6.8 5.04 67

PAF-45S 24.14 16.7 1.21 68

MOF-Cu-H 16.7% 15.8 0.37 69
CROFOUR-1-Ni 228 24.3 0.98 70
CROFOUR-2-Ni 15.52 18.5 0.90 70
NbOFFIVE-2-Cu-i 9.7¢ - 3.21 12
[Co3(C404)2(OH )] 69.7° 514 0.25 g
ALFFIVE-3-Fe 35.8f 41.5 0.12 This work
GaFFIVE-3-Fe 21.4f 33.7 0.16 This work
SIFSIX-3-Cd 14.2f 32.5 0.29 This work
ALFFIVE-3-Cd 9.3f 29.2 0.76 This work
SIFSIX-6-Cd-i 16.4f 19.3 1.62 This work
NbOFFIVE-4-Zn-i 12.3f 15.6 0.62 This work

Calculated by IAST. PFrom breakthrough experiment (Xe/Kr 50/50). °From breakthrough
experiment with the Xe/Kr (20/80, v/v) mixture. From breakthrough experiment (Xe 500 ppm, Kr

50 ppm). °Estimated by uptake ratio, Xe/Kr 0.2/0.8 bar, at 273 K. ‘Calculated by GCMC.
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Simple Correlations of Xe and Kr Uptakes between Multivariate and Univariate MOFs. All of
the MOFs considered above are univariate in the sense that each material only has a single kind of
metal center and anion. In principle, these materials could also be made in a multivariate form where
a single material includes a mixture of metal centers and/or anions. There are limited examples where
this approach has been used to boost gas storage or separations, although there is no guarantee that a
mixed material is superior to both of the “parent” single metal materials.”> Motivated by these
observations, we examined a limited number of examples of mixing metal centers and fluorine
groups to probe the effects on Xe and Kr adsorption. Specifically, we performed calculations for
Ino.125Alo0.87sFFIVE-3-Fe, InosAlosFFIVE-3-Fe, Ino.s75Alo.12sFFIVE-3-Fe, ALFFIVE-3-Feo.125Cdo.87s,
ALFFIVE-3-FeosCdos and ALFFIVE-3-Feog75Cdoi2s based on the parent univariate materials
InFFIVE-3-Fe, ALFFIVE-3-Fe and ALFFIVE-3-Cd. Each material was structurally optimized using
DFT with the same methods described above for a single ordering of the multivariate SBUs.
Structural properties of the resulting MOFs are listed in Table 2. The heterogeneity of metal centers
or fluorine groups can lead to the change of physical parameters like density, pore size, volume
fraction and surface area of the parent MOFs. In some cases, for example, Ino.125Alo.s7sFFIVE-3-Fe,
Ino.sAlosFFIVE-3-Fe and Inos7sAlo.12sFFIVE-3-Fe have higher PLD and volumetric surface area than
both of the parent materials (InFFIVE-3-Fe and ALFFIVE-3-Fe).

GCMC simulations of single-component Xe and Kr adsorption at 298 K were then performed. The
results for Ino.125Alo.87sFFIVE-3-Fe, InosAlosFFIVE-3-Fe, Ino.s75Alo.12sFFIVE-3-Fe, InFFIVE-3-Fe
and ALFFIVE-3-Fe are shown in Figure S3(a)-(b) and S4(a)-(b) to evaluate the effects of mixing

fluorine groups. Similarly, the isotherms for ALFFIVE-3-Feo.125Cdos7s, ALFFIVE-3-Feo.sCdo.s,
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ALFFIVE-3-Feo.875Cdo.12s, ALFFIVE-3-Fe and ALFFIVE-3-Cd shown in Figure S3(c)-(d) and
S4(c)-(d) indicate the impact of mixing metal centers.

The heterogeneity of metal centers or fluorine groups in MOFs can help to improve the Xe and Kr
uptakes at medium pressure (30 — 100 kPa), as shown in Figure S3. This can be mainly attributed to
the higher surface area of multivariate MOFs than that of the corresponding univariate one, as shown
in Table 2. In addition, we also plotted the loading ratio of pure Xe/Kr at 10/10 kPa as a function of
Xe working capacity at 10 - 100 kPa and 298 K for MOFs with mixed metal centers and mixed
fluorine groups in Figure 8. The values of working capacity and Xe/Kr loading ratio for MOFs with
mixed metal centers lie in the range of their corresponding parent materials. In the case of
InFFIVE-3-Fe and ALFFIVE-3-Fe, the mixed form Ino.12sAlos7sFFIVE-3-Fe shows higher working
capacity without a reduction in the Xe/Kr loading ratio. That means, heterogeneity of fluorine groups
offers a potential route to improve practical Xe/Kr separation performance of these anion-pillared
materials. The order of working capacity for parent MOFs in Figure 8 is AIFFIVE-3-Cd (0.89) >
InFFIVE-3-Fe (0.18) > AIFFIVE-3-Fe (0.06), which is the same as order estimated above
(AIFFIVE-3-Cd (0.32) > InFFIVE-3-Fe (0.16) > AIFFIVE-3-Fe (0.10)). This further validates the
reliability of working capacity predictions made above with approximate isotherms. Previous work
on adsorption in functionalized UiO-66 gives examples of how varying the chemical identity of
substituents can influence adsorption properties.”> This suggests that is may be possible to further
adjust the Xe/Kr separations in anion-pillared MOFs by replacing fluorine with chlorine or with

similar substitutions.
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Figure 8: Plot of Xe/Kr loading ratio at 10/10 kPa as a function of Xe working capacity at 10 - 100

kPa and 298 K for MOFs with mixed metal centers and mixed fluorine groups. Numerical data is

listed in Table S9.

Table 2. Physical parameters of multivariate and the corresponding univariate MOFs

Density | PLD | LCD Volume fraction Surface area
e gem® | A A Accessible | Occupiable | m*/cm? | m%/g | A2
Ino.125Al0.87sFFIVE-3-Fe 1.41 | 3.70 | 4.97 0.061 0.285 1422 | 1008 | 3740
Ino.sAlosFFIVE-3-Fe 1.51 | 3.49 | 4.83 0.060 0.283 1411 | 936 | 3797
Ino.s75Alo.12sFFIVE-3-Fe 1.60 | 3.62 | 4.75 0.060 0.280 1430 | 894 | 3943
ALFFIVE-3-Feo.12sCdos7s | 1.45 | 3.95 | 5.24 0.077 0.314 1574 | 1086 | 4473
ALFFIVE-3-Feo.sCdos 1.48 | 3.65 | 4.87 0.059 0.286 1423 | 962 | 3745
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ALFFIVE-3-Feog75Cdo.i2s | 1.38 | 3.76 | 4.99 0.064 0.293 1447 | 1045 | 3831

InFFIVE-3-Fe 1.63 | 3.46 | 4.83 0.060 0.293 1408 | 865 | 2936
ALFFIVE-3-Fe 1.38 | 3.38 | 4.95 0.060 0.284 1377 | 996 | 3578
ALFFIVE-3-Cd 144 392|529 0.081 0.332 1603 | 1113 | 3499

B CONCLUSION

This article reports a database of 936 anion-pillared MOFs derived from the available
experimental structures. We optimized each structure with DFT and calculated various physical
properties including density, ASA, PLD, LCD, probe-accessible and probe-occupiable volume
fraction for each MOF. The structural properties vary more strongly with the choice of the organic
ligand than with other aspects like fluorine groups and metal centers for MOFs. For example, the
accessible surface area can be varied with increments of ~200 m?/cm? by varying the organic ligand,
but only increments of ~40 m?/cm?® by varying the fluorine groups or metal centers. We performed
high-throughput screening on these 936 MOFs for Xe/Kr separation with three approximate metrics
including the Henry coefficient ratio, working capacity and regenerability. Generally, the MOFs with
higher Xe/Kr selectivity show lower working capacity and regenerability. GCMC simulations were
carried out to evaluate the Xe/Kr separation performance of six promising MOFs suggested by the
screening results. We compared the separation performance of these six anion-pillared MOFs with
several previously reported MOFs. The SIFSIX-6-Cd-i material in our work strikes a good balance
between working capacity and separation selectivity. Finally, we showed that the heterogeneity of
fluorine groups can help to enhance Xe working capacity without reducing Xe/Kr selectivity in at
least one example. This indicates that heterogeneity of fluorine groups can be a possible method to
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improve Xe/Kr separation performance of anion-pillared MOFs. The potential of these materials for

Xe/Kr separations suggests that they may also be interesting for a range of other gas separations.
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