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ABSTRACT

The separation of xenon/krypton (Xe/Kr) mixtures plays a vital role in the industrial process of manufacturing high-purity xenon.
Compared with energy-intensive cryogenic distillation, porous materials based on physical adsorption are very promising in the
low-cost and energy-saving separation processes. Herein, we show that a cationic metal-organic framework (named as FJU-55)
exhibits highly efficient Xe/Kr separation performance, which can be attributable to its uniform three-dimensional (3D)
interconnection channels and the electro-positive features as the host framework. Moreover, FJU-55 demonstrates good Xe
adsorption capacity of 1.41 mmol/g and excellent Xe/Kr selectivity of 10 (298 K and 100 kPa), together with a high Qg value of
39.4 kJ/mol at low coverage area. The superior Xe/Kr separation performance of FJU-55 was further confirmed by the dynamic
breakthrough experiments. Results obtained via molecular modeling studies have revealed that the suitable pore size and
abundant accessible aromatic ligands in FJU-55 could offer strong multiple C—H---Xe interactions, which play a collaborative role

in this challenging gas separation task.
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Xenon (Xe) and krypton (Kr) are commercially valuable
commodities, which are widely used in many fields such as
commercial lighting, spacecraft propellants, medical imaging, and
other basic researches [1-3]. Generally, xenon and krypton are
present in extremely low concentrations in the atmosphere (Xe:
0.087 ppmv, Kr: 1.14 ppmv) [4]. Nowadays, commercial Xe and
Kr were obtained as by-products from cryogenically distilled air,
in which the gas mixture of 20/80 (v/v) Xe/Kr was found in the
rare gas fractionation components [5]. Therefore, further
distillation steps are required to manufacture high purity Xe or Kr
by their difference in boiling point (Xe: —=108.1 °C, Kr: —153.2 °C)
[4]. Tt is well known that the cryogenic distillation is energy-
intensive and thus accounts for a large part of the global energy
consumption [6]. Recently, gas separation strategies based on
porous solid adsorbents received enormous attention due to their
low cost and energy-saving prospects [7,8]. In this regard,
traditional adsorbents like zeolites and activated carbon have been
extensively investigated for Xe/Kr separation, however, the low
adsorption capacity and/or poor selectivity have hindered their
practical application [9, 10]. These limitations have prompted us
to develop a new type of porous materials for effective Xe/Kr
separation.

Recently, the emerging metal-organic frameworks (MOFs) have
received widespread interest due to their large surface areas [11],

well-defined pore features [12, 13], abundant structural tunability
[14], and multifunctional potential applications (e.g., catalysis,
proton conduction, sensing, and gas separation) [15-23]. It is
known that noble gas shows similar single-atom spherical
structure, low chemical reactivity, and weak polarizability (Xe:
4044 x 10> cm’ Kr: 24.84 x 10 cm’) [5]. Besides, the subtle
difference in kinetic diameters (Xe vs. Kr: 4.047 vs. 3.655 A) makes
the separation of Xe/Kr a great challenge [5, 24]. In 2011, based on
high-throughput computational screening, Snurr and co-workers
proposed that porous MOF has tubular channel with uniform
small pore size (4-8 A) and/or high concentration of polar groups
decorated on the pore surface will promote Xe/Kr selectivity,
thereby achieving efficient separation [25, 26]. Later, Thallapally et
al. reported a Ca-based MOF (SBMOF-1) with the highest Xe
adsorption capacity and remarkable Xe/Kr selectivity under the
simulated nuclear fuel reprocessing conditions, which was
ascribed to its suitable pore size and dense pore wall [27].
Moreover, recent studies have indicated that creating open metal
sites or loading metal nanoparticles in porous MOF can polarize
rare gas atoms, thereby increasing the adsorption capacity of Xe
[28-34]. Therefore, by virtue of the concept of electric field across
the pore space, we speculate that the charged host framework
could enhance interactions between adsorbent and Xe molecule,
consequently improving the adsorption capacity as well as the
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selectivity. Until now, the related research work based on this
strategy has been sparse [35,36], owing to the fact that the
majority of the porous MOFs are electrically neutral framework.

In this work, we report a two-fold interpenetrated three-
dimensional (3D) Cu-based MOF (named as FJU-55, [Cug(ys-
OH),(CPT),]-2BrxG, HCPT = 4-(4H-1,2,4-triazol-4-yl)benzoic
acid; G = guest molecule) as a potential adsorbent for Xe/Kr
separation. FJU-55 features 3D interconnected channels with
uniform pore size as well as the electro-positive characteristic. As
expected, FJU-55 exhibits a moderate Xe adsorption capacity
(141 mmol/g) but high Xe/Kr selectivity (10) under ambient
conditions. In addition, it gives high heat of adsorption
(394 kJ/mol) at zero coverage. Furthermore, Grand Canonical
Monte Carlo (GCMC) calculations reveal that suitable pore size
and accessible aromatic ligands can facilitate strong multiple
C-H--Xe interactions in the confined channels. Meanwhile, the
superior Xe/Kr separation performance of FJU-55 was well
supported in the dynamic breakthrough experiments. This work
will suggest a new approach for the design and synthesis of porous
MOFs in this burgeoning field of research.

The blue block-shaped crystals of FJU-55 (Fig.S1 in the
Electronic Supplementary Material (ESM)) were prepared via
solvothermal method, during which HCPT and CuBr, reacting in
N,N-dimethylformamide (DMF)/MeOH/H,0O solvent mixture for
72 h at 85 °C. Single crystal X-ray diffraction reveals that FJU-55
crystallizes in monoclinic P2/c space group and forms a double
interpenetrated 3D open framework. The asymmetric unit of FJU-
55 contains six crystallographically independent Cu(II) ions, two
us-OH anions, eight CPT organic ligands, and two counter Br-
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anions. As shown in Fig. 1(a), each Cu atom exhibits a five-
coordinated mode with the square-pyramidal geometry. In this
coordination environment, Cul is coordinated with three N
atoms and two O atoms from four distinct organic ligands and
one u;-OH group, with Cu2, Cu4, and Cu6 adopting the similar
coordination mode as Cul. Whereas Cu3 is bonded with two O
and two N atoms from four individual CPT ligands, along with
one O atom from the p;-OH group; Cu5 shows the same
connection mode as Cu3. Three Cu atoms (Cul, Cu2, and Cu3)
around a p;-OH group are connected by four triazole and four
carboxylic groups with bridging and single mode from eight
independent CPT ligands to form an eight-connected trinuclear
[Cus(ps-OH)(COO,)4(tz),] secondary building unit (SBU).
Identically, Cu4, Cu5, and Cu6 also form the similar tri-nuclear
Cu SBUs. Notably, these two tri-nuclear Cu SBUs are slightly
different from each other in terms of the orientations of the
carboxylic group coordinating with Cu2 and Cu4. The [Cus(us-
OH)] units are linked to six neighboring SBUs by CPT ligands,
resulting in a triangle-tessellated two-dimensional (2D) layer
structure along the ab plane, with a triangular window (Fig. 1(b)).
After that, these layers are further connected by CPT ligands as
pillars to form a two-fold interpenetrated three-dimensional open
framework (Figs. 1(c)-1(e)). It is worth noting that the host
framework of FJU-55 exhibits a 3D interconnected channel with
uniform pore size (Fig. S2 in the ESM). If the [Cu;(u;-OH)] SBUs
were regard as 8-connected nodes, FJU-55 will form the hex
network having a point symbol of (3°4".5%.6) [37]. After removal
of the solvent molecules, the total accessible volume in FJU-55 is
31.3%, as calculated by PLATON software [38].

Figure1 Structure of FJU-55 showing (a) the two types of trinuclear Cu(II) SBUs. (b) The construction of 2D layer structure of Cus(y;-OH)(CPT); in FJU-55. (c) and
(d) The pillar CPT ligands connect the 2D layer to form 3D open framework along the a and c axis, respectively. (e) The two-fold interpenetrated 3D open framework
with one-dimensional (1D) channel viewed along the c-axis direction. (f) The host framework simplified to 2-fold interpenetrated hex network. Hydrogen atoms and

counter anions have been omitted for clarity.
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Powder X-ray diffraction (PXRD) measurement confirmed the higher than those of Sr,(TCPE), (1.1 mmol/g) [43] and FMOFCu
purity of the as-synthesized MOF, showing a good match between (0.46 mmol/g) [44]. Notably, the adsorption isotherm of Xe
the calculated and experimental patterns (Fig.S5 in the ESM). rapidly increases when compared with Kr in the low-pressure

From the thermo gravimetric analysis (TGA) curve, the as- region, which suggests that FJU-55 is a promising candidate for
synthesized sample exhibits a continuous weight loss from room Xe/Kr separation.
temperature to 250 °C, after which the host framework begins to To compare the binding affinities of Xe and Kr in FJU-55, the
decompose (Fig. S7 in the ESM). Meanwhile, the in-suit variable- isosteric heat of adsorption (Q,) was determined by using the well-
temperature PXRD patterns further demonstrated that the host defined Virial method based on their corresponding 273 and
framework remains intact until 250 °C (Fig. S6 in the ESM). 298 K adsorption isotherms. The zero coverage Qg was found to
To examine the permanent porosity features of FJU-55, the be of 39.4 and 14.4 kJ/mol for Xe and Kr, respectively, which
fresh prepared sample was exchanged with anhydrous methanol indicates stronger interactions between host framework and guest

and degassed overnight at 60 °C under high vacuum. As shown in Xe atoms. The Q value of Xe in FJU-55 is only slightly lower than
Fig. 2(a), the N, sorption isotherms at 77 K of FJU-55 displayed a the benchmark material Co;(C,0,),(OH), (43.6 kJ/mol) [42], and
fully reversible type-I behavior with the saturated uptake value of surpasses a majority of top performing porous materials, including
121 cm®/g. The corresponding pore volume was calculated to be CROFOUR-1-Ni (374 KkJ/mol) [41], MOF-Cu-H (33.4 kJ/mol)
0.19 cm’/g. The Brunauer-Emmett-Teller (BET) and Langmuir [45], and SBMOF-2 (264 kJ/mol) [46]. More importantly, the
surface areas were found to be 377 and 498 m’/g, respectively, difference of adsorption enthalpies (AQ,) between Xe and Kr in
based on the N, adsorption isotherms. In addition, FJU-55 shows FJU-55 is up to 25 kJ/mol, defined as AQ, = Qy (Xe) — Qy (K),
a narrow pore size distribution (PSD) with the centered at 5.6 and which is among the highest level and higher than the majority of
8.6 A, respectively, by employing the no-local density functional the reported porous materials (Fig. 2(c) and Table S2 in the ESM)
theory (NLDFT) model [39], which is close to the pore aperture [31,42,45,47-54].
size determined by the crystal structure (Fig. S2 in the ESM). It has further prompted us to investigate the Xe/Kr separation
The establishment of permanent porous structure and suitable selectivity by considering their remarkably different interactions
pore aperture sizes of FJU-55 prompted us to further investigate with host framework. The ideal adsorbed solution theory (IAST)
its Xe/Kr separation performance in detail. Single-component [55] was employed to calculate the adsorption selectivity of Xe/Kr
isotherms of Xe and Kr were performed on Micromeritics ASAP (20/80) mixture at 273 and 298 K under different pressures. In
2460 adsorption instrument. As show in Fig. 2(b), the uptake Fig. 2(d), it shows that the Xe/Kr selectivity ranges from 16 to 10
capacities of xenon and krypton are 1.41 mmol/g (1.96 mmol/g) at 298 K under pressure from 0 to 100 kPa. Although the Xe/Kr
and 0.62 mmol/g (0.94 mmol/g) at 298 K (273 K) and 100 kPa, selectivity of FJU-55 is lower than some benchmark materials
respectively. At ambient conditions, the Xe uptake value in FJU-55 [41, 42, 56, 57], it still higher than MOF-801 (8.3) [52], HKUST-1
is lower than those MOFs with larger surface areas and high- (6.5) [2], NKMOF-1-Ni (5.2) [58], and NU-403 (2.8) [59]
density open metal sites (e.g, 34 mmol/g for HKUST-1, (Fig. 2(e)). Similarly, at 273 K, the Xe/Kr selectivity range is also
50 mmol/g for Cu-ATC, and 42 mmol/g for Ni-MOF-74) found from 50 to 16, which is also high compared with most
[28,34,40], and comparable with some benchmark materials, benchmark materials. These results endue that the FJU-55 unfolds
such as CROFOUR-1-Ni (1.77 mmol/g) [41], Co,(C,0,),(OH), Xe/Kr separation proficiency.

(1.35 mmol/g) [42], and SBMOF-1 (1.38 mmol/g) [27], and even To further evaluate the separation ability of FJU-55 toward
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Figure2 (a) Nitrogen adsorption isotherms of FJU-55 at 77 K. Inset: the corresponding PSD. (b) Xenon and krypton adsorption isotherms of FJU-55 at 273 and
298 K, respectively. (c) Comparison of the Q of FJU-55 with some representative porous materials. (d) The IAST adsorption selectivity of FJU-55 for Xe/Kr (20/80) at
273 and 298 K, respectively. (e) Comparison of Xenon uptake and IAST selectivity for Xe/Kr (20/80, v/v) among the reported porous materials under ambient
condition. (f) Dynamic breakthrough curves of FJU-55 for Xe/Kr (20/80) gas mixture under 298 K and 1 bar.
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Xe/Kr mixtures in real applications, we performed a laboratory-
scale dynamic column breakthrough experiment. In doing so, the
gas mixtures of Xe/Kr (20/80, v/v) were flowed at a 1.6 mL/min
over a packed column under ambient conditions. As depicted in
Fig. 2(f), the gas mixtures passing through the packed column can
be effectively separated, as the signal of Kr was quickly detected
(~ 7 min), while the gas of Xe was not found until 42 min,
indicating the ultra-long retention time of FJU-55 (~ 35 min).
According to the breakthrough curve, the dynamic Xe capture
capacities (gx.) and separation factors (ayx,) were calculated to be
of 1.3 mol/kg and 5.6, respectively. Moreover, the productivity of
high-purity Kr (> 99.9%) of FJU-55 can reach up to 2.2 mol/kg
under a given cycle, which is comparable with SMOF-PFSIX-1
(1.7 mol/kg) [36] and even higher than that of Co;(C,0,),(OH),
(0.35 mol/kg) [42] under the similar conditions. To further
investigate the recyclability of MOF for Xe/Kr separation, we
carried out three cycles of mixed gas dynamic breakthrough
experiments. The results show that FJU-55 maintained the same
breakthrough time and dynamic capture amount of Xe as the
initial one (Figs. S16 and S17 in the ESM). Moreover, FJU-55 still
retains its intact structure after dynamic breakthrough
experiments, as confirmed by the PXRD patterns (Fig. S18 in the
ESM).

To gain insight into the adsorption and separation mechanism
of xenon and krypton in FJU-55, GCMC simulations were
performed to calculate the density distribution, binding site, and
energy of these gases in FJU-55 at the molecular level (details were
showed in the ESM). As illustrated in Fig. S19 in the ESM, xenon
and krypton were adsorbed in the similar positions, while the
density of Xe is obviously higher than the corresponding Kr. This
result is consistent with the adsorption isotherms in which the
absorption capacity of Xe is higher than that of Kr. After that, the
GCMC simulations were also used to investigate the host-guest
interactions between Xe or Kr and the host framework of FJU-55.
According to the calculation results, it was found that the Xe atom
was located in the midpoint of the channel along the b-axis
(Fig. 3(a)). In contrast, the binding site of Kr is slightly off from
the center of the channel while closer to one of the host
frameworks (Fig. 3(b)). Both of them interact with the channel
wall formed by the aromatic rings mainly through the van der
Waals interactions. The binding energy of Xe was found to be
7.1 kcal/mol, which is higher than the corresponding value of Kr
(5.2 keal/mol). This finding clearly established that the interaction
between Xe and the host framework is stronger than that of Kr,
owing to the fact that Xe has a larger atomic radius and stronger
polarizability. Moreover, this result is in a good agreement with
the low coverage isosteric heat of adsorption. Ultimately, the
difference in the interaction behavior between the gas molecule
and the host framework is likely to be the key factor in achieving
outstanding Xe/Kr separation performance.

In conclusion, a double interpenetrated cationic MOF with
uniform 3D interconnecting channels, which is formed by
trinuclear Cu nodes and CPT ligands, exhibits excellent separation

MOF-Kr

Figure3 GCMC simulation the primary absorption site of xenon (a) and
krypton (b) in FJU-55.
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performances towards Xe/Kr mixtures and even surpass some
benchmark porous materials. Moreover, the Xe/Kr separation
performances of FJU-55 were further supported by modeling
studies and dynamic breakthrough experiments. In future work,
we will focus on systematically evaluating the effect of pore size
and the host frameworks’ charge features on the Xe/Kr separation
performance of porous MOFs.
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