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A B S T R A C T   

The separation of xenon/krypton (Xe/Kr) mixture is of great significance in industry, yet challenging due to their 
close physical properties. Traditional porous materials typically fail to realize a balance between adsorption 
capacity and selectivity. Herein, we report a series of water stable fluorinated anion pillared metal-organic 
frameworks (TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA) with suitable cages for efficient cap-
ture/separation of Xe from Kr. The adsorption capacities of TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu- 
TPA for Xe at 298 K and 1.0 bar are 64.5, 61.2 and 59.0 STP cm3 g− 1, respectively, while those for Kr are only 
16.9, 15.8 and 14.9 STP cm3 g− 1. Correspondingly, the IAST selectivities for these MOFs are respectively 5.4, 5.3 
and 5.1 at 298 K and 1 bar for the Xe/Kr (20/80) mixtures, superior to those of most popular porous materials in 
the context of Xe/Kr separation. The adsorption heats for Xe are as modest as 22.3, 21.7 and 21.5 kJ/mol for 
TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA respectively, indicating the facile conditions for 
regeneration of the materials. The Xe/Kr binding sites were further studied by Grand Canonical Monte Carlo 
(GCMC) simulations and density functional theory (DFT) calculations, indicating the preferred binding with Xe 
over Kr in the large cages decorated with fluorine atoms, corroborating the experimental results. The practical 
performance of dynamic Xe/Kr separation is further demonstrated by transient breakthrough simulations and 
experiments.   

1. Introduction 

The noble gases xenon (Xe) and krypton (Kr) play an important role 
in various industrial fields and are dubbed as the “gold gases”. Xe and Kr 
were discovered in the 19th century, and were later widely used in 
medical imaging, commercial lighting, anesthesia, electronic chips and 
spacecraft propellants [1–4]. The concentrations of Xe and Kr in the air 
are only 0.09 and 1.14 ppm, respectively. Xe/Kr (20/80, v/v) mixture 
can be generally obtained as a byproduct in the separation of nitrogen 
and oxygen from air [5]. At present, pure Xe and Kr are usually produced 

by low temperature distillation, which is highly energy-intensive [6]. 
Therefore, it is urgently and highly demanded to develop alternative 
technologies to replace the energy-intensive cryogenic distillation 
process. 

In this context, physical adsorption separation based on porous solid 
adsorbents has attracted increasing attention due to its lower capital, 
reduced energy consumption and environmental friendliness. However, 
due to the fact that Xe and Kr exhibit similar physical properties such as 
the close kinetic diameters (4.05 Å for Xe and 3.65 Å for Kr) and neutral 
charges, the traditional solid porous materials such as porous carbon and 

* Corresponding author. 
** Corresponding author. 
*** Corresponding author. 
**** Corresponding author. 

E-mail addresses: lywang@zjnu.edu.cn (L. Wang), guzonglin@yzu.edu.cn (Z. Gu), bluan@us.ibm.com (B. Luan), ybzhang@zjnu.edu.cn (Y. Zhang).  

Contents lists available at ScienceDirect 

Microporous and Mesoporous Materials 

journal homepage: www.elsevier.com/locate/micromeso 

https://doi.org/10.1016/j.micromeso.2023.112631 
Received 24 March 2023; Received in revised form 28 April 2023; Accepted 2 May 2023   

mailto:lywang@zjnu.edu.cn
mailto:guzonglin@yzu.edu.cn
mailto:bluan@us.ibm.com
mailto:ybzhang@zjnu.edu.cn
www.sciencedirect.com/science/journal/13871811
https://www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2023.112631
https://doi.org/10.1016/j.micromeso.2023.112631
https://doi.org/10.1016/j.micromeso.2023.112631
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2023.112631&domain=pdf


Microporous and Mesoporous Materials 357 (2023) 112631

2

zeolite have low adsorption capacity and selectivity for Xe/Kr, limiting 
their practical applications [7]. 

As a new type of crystalline materials, metal-organic frameworks 
(MOFs) have emerged as promising adsorbents for gas separation due to 
their powerful predictability and tunability on pore environment (e.g. 
surface chemistry) and pore diameters [8–32]. These advanced features 
have allowed the pore size/shape in a customized MOF to match the 
target adsorbate molecules, enhancing the adsorption selectivity and 
capacity in the separation of CO2/N2 [33,34], C2H2/CO2 [35–42], 
C2H2/C2H4 [43–46], C2H6/C2H4 [47–50], C3H4/C3H6 [51,52], 
C3H6/C3H8 [53], SO2/CO2 [54,55], etc. When compared, the Xe/Kr 
separation is more challenging and less explored [56–65]. Anion pil-
lared MOFs (APMOFs) are a new class of MOFs with multi-nucleus 
inorganic anions (eg, SiF6

2− , TiF6
2− , B12H12

2− , CrO4
2− , etc) decorated in 

the pore surface [66]. The reasonable combination of anion pillars and 
organic linkers endows this kind of materials superior performance in 
gas separation. For example, pillared-layered SIFSIX-14-Cu-i can adsorb 
acetylene strongly through the hydrogen bonding interaction between F 
atoms and acetylene H atoms while nearly completely blocking ethylene 
[67]. For another example, pillar-caged TIFSIX-Cu-TPA can efficiently 
capture CO2 from flue gas with both extremely high CO2/N2 selectivity 
and high CO2 capacity [34]. To date, the Xe/Kr separation has only been 
studied in pillar-layered APMOFs with high selectivity [68]. However, 
many of pillar-layered APMOFs display poor chemical stability, limiting 
its practical applications. In contrast, the recently reported pillar-caged 
APMOF TIFSIX-Cu-TPA is tolerant in dilute acid and base. Thus, we are 
motivated to investigate the Xe/Kr separation performance in 
pillar-caged APMOFs. 

Herein, we reported the excellent Xe/Kr adsorption and separation 
performance in three isostructural fluorinated pillar-caged APMOFs, 
namely TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA (A-Cu- 
TPA). Single component gas adsorption isotherms showed that TIFSIX- 
Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA all exhibit much 
higher uptakes of Xe than Kr at 298 K and 100 kPa. The Xe capacities at 
298 K and 1.0 bar are 64.5, 61.2 and 59.0 STP cm3 g− 1respectively, 
while those for Kr are only 16.9, 15.8 and 14.9 STP cm3 g− 1. The IAST 
selectivities calculated by ideal adsorbed solution theory (IAST) are 5.4, 
5.3 and 5.1 for Xe/Kr (20/80) at 298 K. The Xe/Kr binding sites were 
studied by Grand Canonical Monte Carlo (GCMC) simulations and 
density functional theory (DFT) calculations, indicating the preferable 
binding with Xe over Kr in the cages decorated with fluorine atoms, 
consistent with the experimental results. The dynamic Xe/Kr separation 
performance is further demonstrated by transient breakthrough 
simulations. 

2. Experimental 

Tri(pyridin-4-yl)amine (TPA, 99%), Cu(NO3)2⋅3H2O (99%), 
(NH4)2GeF6 (99.99%) and CuO (99%) were purchased from Energy 
Chemical. (NH4)2TiF6 (98%) was purchased from Alab Chemical. Nb2O5 
was purchased from Macklin. HF (≥40%) was purchased from Greagent. 
Xe (99.99%), Kr (99.99%), N2 (99.9999%), He (99.9999%) and Ar 
(99.9999%) were purchased from Datong Co., Ltd. 

2.1. Preparation of TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu- 
TPA 

Preparation of CuNbOF5⋅4H2O: CuNbOF5⋅4H2O was prepared ac-
cording to the reported literature [52]. CuO (1.50 g, 18.9 mmol, 2 eq), 
Nb2O5 (2.51 g, 9.45 mmol, 1 eq) and 4.11 mL HF (aq, 40%, 10 eq) were 
added to a 50 mL Teflon lined stainless autoclave. The mixture was 
stirred under the room temperature for 2 h and then was heated at 60 ◦C 
for 24 h. After that the mixture was cooled to room temperature and a 
clear blue aqueous CuNbOF5 solution was obtained. After removing the 
solid by filtration, the blue aqueous solution was evaporated at 80 ◦C for 
more than 5 h in an oil bath, yielding the blue crystalline powder of 

CuNbOF5⋅4H2O (5.2 g, 81.0% based on CuO). 
TIFSIX-Cu-TPA was prepared according to our previous work [69]. 

To a 5 mL long thin tube was added with Cu(NO3)2⋅3H2O (~1.3 mg) and 
(NH4)2TiF6 (~1.0 mg) in aqueous solution (1 mL). MeOH/H2O mixture 
(v:v = 1:1, 2 mL) was slowly layered above the solution, followed by 
MeOH solution (1 mL) of TPA (~1.0 mg). The tube was sealed and left 
undisturbed at 298 K. After ~1 week, purple single crystals were 
obtained. 

GeFSIX-Cu-TPA was prepared according to our previous work [20]. 
To a 5 mL long thin tube was added with Cu(NO3)2⋅3H2O (~1.3 mg) and 
(NH4)2GeF6 (~1.0 mg) in aqueous solution (1 mL). MeOH/H2O mixture 
(v:v = 1:1, 2 mL) was slowly layered above the solution, followed by 
MeOH solution (1 mL) of TPA (~1.0 mg). The tube was sealed and left 
undisturbed at 298 K. After ~1 week, purple single crystals were 
obtained. 

NbOFFIVE-Cu-TPA was prepared according to the our previous work 
[34]. To a 5 mL long thin tube was added with CuNbOF5⋅4H2O (~1.8 
mg) in aqueous solution (1 mL). MeOH/H2O mixture (v:v = 1:1, 2 mL) 
was slowly layered above the solution, followed by MeOH solution (1 
mL) of TPA (~1.0 mg). The tube was sealed and left undisturbed at 298 
K. After ~1 week, purple single crystals were obtained. 

2.2. Gas adsorption isotherms measurements 

The gas adsorption isotherms measurements were performed on a 
Builder SSA 7000 (Beijing) instrument with two separated stations. 
Before gas adsorption measurements, the samples were evacuated at 
25 ◦C for 2 h firstly, and then at 120 ◦C for 10 h until the pressure 
dropped below 0.1 Pa. 

2.3. Fitting of pure component isotherms 

The adsorption isotherms in A-Cu-TPA (A = TIFSIX, GeFSIX and 
NbOFFIVE) were fitted using a single-site Langmuir model: 

q= qsat
bp

1 + bp
(1a) 

P is the pressure of the bulk gas at equilibrium with the adsorbed 
phase (kPa), q is the adsorbed amount per mass of adsorbent (mol kg− 1), 
b is the affinity coefficients (Pa− 1) and temperature dependent. 

b= bo eE/(RT) (1b) 

E is the energy parameter (kJ/mol). 
All the adsorption isotherms are fitted with excellent accuracy (R2 >

0.999). The single-site Langmuir parameter fits for gases in A-Cu-TPA 
are shown in Table 1. 

The isosteric heat of adsorption, Qst, is defined as 

Qst = − RT2
(

∂ln p
∂T

)

q
(2) 

The derivative in the right member of eq (2) is determined at con-
stant adsorbate loading, q (mol kg− 1). The calculations are based on the 
use of the Clausius-Clapeyron equation. 

Table 1 
Single-site Langmuir parameter fits.  

MOFs Gas Adsorbed 
amount qsat (mol 
kg− 1) 

Equilibrium 
constant b (Pa− 1) 

Energy 
parameter E 
(kJ/mol) 

TIFSIX-Cu- 
TPA 

Xe 8 6.639E-10 22.3 
Kr 8 8.521E-10 17.5 

GeFSIX-Cu- 
TPA 

Xe 8.2 7.593E-10 21.7 
Kr 8.2 6.649E-10 17.9 

NbOFFIVE- 
Cu-TPA 

Xe 9.2 6.498E-10 21.5 
Kr 6.2 9.112E-10 17.7  
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The IAST adsorption selectivity for two gases is defined as: 

Sads =
q1/q2

y10/y20
(3)  

Here, q1, and q2 are the loadings in the adsorbed phase in equilibrium. 
y10, y20 are the mole fractions of the bulk gas phase mixture. 

2.4. Transient breakthrough simulations 

Transient breakthrough simulations were carried out for binary 20/ 
80 Xe(1)/Kr(2) mixtures at three different temperatures 278 K, and 298 
K and 308 K in TIFSIX-Cu-TPA, GeFSIX-Cu-TPA, and NbOFFIVE-Cu-TPA 
under a total pressure of 100 kPa. In these simulations, intra-crystalline 
diffusion influences are ignored. These simulations were performed in a 
bed with the following parameters: adsorber length, L = 0.3 m; cross- 
sectional area, A = 1 m2; interstitial gas velocity in the bed, v = 0.1 
m s− 1; voidage of the packed bed, = 0.4; the superficial gas velocity at 
the inlet to the bed, u0 = 0.04 m s− 1. The volume of zeolite or MOF used 
in the simulations is Vads = LA(1 − ε) = 0.18 m3. Also, note that since 
the superficial gas velocity is specified, the specification of the cross- 
sectional area of the tube, A, is not relevant in the simulation results 
presented; essentially, we set A = 1 m2. The total volume of the bed is 
Vbed = LA. It is important to note that the volume of adsorbent, Vads, 
includes the pore volume of the adsorbent material. If ρ is the framework 
density, the mass of the adsorbent in the bed is mads = (1 − ε)× (L m)×

(Am2) × (ρkg m− 3) kg. In these breakthrough simulations we use the 
same volume of adsorbent in the breakthrough apparatus, i.e. (1 − ε)×
A× L = 0.18 m3 = 180 L. 

The breakthrough data are presented in terms of the dimensionless 
concentrations at the exit of the fixed bed, ci/ci0, as function of the 
modified time parameter (Q0=flow rate L s− 1)×(time in s)

(kg MOF packed in tube) = Q0t
mads

= L kg− 1. 

2.5. Breakthrough experiments 

The breakthrough experiments were carried out in the dynamic gas 
breakthrough equipment HP-MC41. The experiments were conducted 
using a stainless steel column (4.9 mm inner diameter × 50 mm length). 
The weight of TIFSIX-Cu-TPA packed in the columns was 0.51 g. The 
column packed with sample was first purged with a Ar flow (5 mL min 
− 1) for 18 h at ~120 ◦C. The mixed gas of Xe/Kr (v/v, 20:80) was then 
introduced. The working temperature is ~20 ◦C. Outlet gas from the 
column was monitored using gas chromatography (GC-9860-5CNJ) with 
the thermal conductivity detector TCD. 

2.6. Grand canonical Monte Carlo (GCMC) simulations 

Grand canonical Monte Carlo (GCMC) simulations were performed 
in RASPA package. The structure of TIFSIX-Cu-TPA was firstly optimized 
via DFT geometry optimization (see detailed protocol below). Because 
both Xe and Kr atoms are charge neutral, no Coulomb interaction was 
calculated. For the van der Waals interaction, Lennard-Jones parameters 
for all aromatic C, H, N were taken from OPLS-AA force field, while 
parameters for the rest atoms were taken from the universal force field 
(UFF). Krypton (Kr) and xenon (Xe) were modeled as single spheres. The 
framework was considered to be rigid during the simulation and the 
interaction energy between the adsorbed molecules and the framework 
were computed through the Lennard-Jones 6–12 (LJ) potentials. The 
cutoff radius was chosen 12.8 Å for the van der Walls interaction. For 
each applied pressure, we carried out 40,000 cycles of Monte Carlo 
moves including insertion, deletion, translation, rotation, and reinser-
tion. Because both Kr and Xe atoms are charge neutral, we did not assign 
charges to MOF atoms and thus only van der Waals interactions were 
calculated. 

2.7. DFT calculation 

All first-principle calculations were performed within the framework 
of the spin-polarized density functional theory (DFT) as implemented in 
the VASP package. The Perdew-Burke-Ernzerhof (PBE) of Generalized 
Gradient Approximation (GGA) functional and Projection Augmented 
Wave (PAW) method were used to describe the exchange-correlation 
interaction and electron-ion interaction, respectively. The PBE-D3 
method with Beck Johnson damping and Hubbard U correction was 
used for geometry optimization and U value was set to 4.0 eV. In all 
calculations, the plane wave cut-off energy was set to 520 eV, and the 
convergences of energy and force were 10− 5 eV and 0.05 eV/Å, 
respectively. For geometry optimization, the k-point grids sampled in 
Brillouin zones were 3 × 3 × 1. The binding energy (ΔE) can be obtained 
from the equation: ΔE = E (MOF + gas) – [E (MOF) + E (gas)]. 

3. Results and discussion 

Single crystals of A-Cu-TPA (A = TIFSIX, GeFSIX and NbOFFIVE) 
were all cultivated by layering a MeOH solution of TPA onto an aqueous 
solution of metal salts (CuTiF6, CuGeF6 or CuNbOF5) (Fig. 1a and b) 
[34]. Single-crystal X-ray diffraction analysis indicated that the three 
MOFs are isomorphic and crystallize under a highly symmetric 
three-dimensional space group framework. The structure comparison of 
A-Cu-TPA is presented in Table S1. The framework consists of large 
icosahedral cages (~8.5 Å, Fig. 1c) and small tetrahedral cages (~4 Å, 
Fig. 1d), which are connected to each other through contracted win-
dows. The large icosahedral cage contains six anions and the small 
tetrahedral cage contains two anions. Therefore, there are abundant of 
Lewis basic F functional sites in the pore surface for gas adsorption. 

The PXRD patterns for the as-synthesized samples matches well with 
those calculated from single crystal structures, indicating that A-Cu-TPA 
MOFs were successfully synthesized with high purity (Fig. 1e and S1, 2). 
Notably, all the three MOFs maintained their crystallinity after being 
heated at 120 ◦C and in dynamic vacuum for 24 h. TIFSIX-Cu-TPA re-
mains stable even after being soaked in water, DMF and dilute HCl (aq) 
solutions or exposed to a moist HCl vapor at 50 ◦C. The Thermogravi-
metric analyses (TGA) curves reveal that the three materials have good 
thermal stability. Particularly, NbOFFIVE-Cu-TPA and TIFSIX-Cu-TPA 
are stable over 300 ◦C (Fig. 1f). 

The permanent porosity of A-Cu-TPA (A = TIFSIX, GeFSIX and 
NbOFFIVE) were confirmed by N2 adsorption at 77 K. Before N2 
adsorption measurements, these samples were activated at 120 ◦C under 
vacuum for 12 h. All the N2 adsorption isotherms exhibited a typical 
type-I adsorption profile. The BET surface areas calculated from 77 K N2 
gas adsorption experiments (Figs. S3–5) were as follows: 1380 m2/g for 
TIFSIX-Cu-TPA, 1330 m2/g for GeFSIX-Cu-TPA, and 1281 m2/g for 
NbOFFIVE-Cu-TPA. 

Next, we investigated the potential of selective Xe/Kr adsorption in 
these three APMOFs. Xe and Kr adsorption isotherms at 278, 298 and 
308 K were all collected (Fig. 2a–c). As shown in Fig. 2a, Xe isotherms in 
the three APMOFs are similar while TIFSIX-Cu-TPA displays slightly 
higher adsorption capacity of 64.5 cm3 g− 1 at 298 K and 1 bar. Under the 
same conditions, the uptakes of Xe for GeFSIX-Cu-TPA and NbOFFIVE- 
Cu-TPA are 61.2 and 59.0 cm3 g− 1, respectively. At 278 K and 1 bar, 
the Xe uptakes of all three APMOFs are increased to 93.2, 87.8 and 87.3 
cm3 g− 1, respectively (Fig. 2b). The same order for capacity is also 
observed at 308 K (Fig. 2c). The adsorption capacity decreases along 
with the temperature increase, which is a typical feature of physical 
adsorption. When compared, the saturated adsorption capacities of Kr 
are significantly lower. For TIFSIX-Cu-TPA, the saturated adsorption 
capacities are 25.8, 16.9 and 13.5 cm3 g− 1 at 278, 298 and 308 K, 
respectively (Fig. 2d–f). For all three APMOFs, the adsorption capacities 
of Xe are nearly 4 folds of those of Kr at 298 K and 1 bar, which can be 
explained by the fact that Xe has higher polarizability and larger mo-
lecular size than Kr and can interact with the polar APMOF surface more 
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strongly. 
To further compare A-Cu-TPA (A = TIFSIX, GeFSIX and NbOFFIVE), 

the separation selectivities for Xe/Kr gas mixtures were calculated using 
ideal adsorbed solution theory (IAST) after fitting the adsorption iso-
therms to single-site Langmuir equations (Table 1). The ratio was 
selected according to the typical composition of real industrial Xe/Kr 
mixtures. The calculated IAST selectivities of Xe/Kr (20/80) are 5.4 
(TIFSIX-Cu-TPA), 5.3 (GeFSIX-Cu-TPA) and 5.1 (NbOFFIVE-Cu-TPA) at 

100 kPa and 298 K (Fig. 3a–c), respectively. The selectivities increase 
along with the pressure, which can be attributed to the stronger guest- 
guest interaction for Xe with larger atomic size. The Xe/Kr IAST selec-
tivity value of TIFSIX-Cu-TPA is higher than those of some reported 
MOFs including SIFSIX-3-Cu [68], MFU-4l [70], NU-403 [71], etc, but 
lower than those of UTSA-74 [72], CPM-6 [73], MOF-505 [74], etc 
(Fig. 3d). In addition, the selectivity of Xe/Kr (20/80) increases with the 
decrease of temperature. The IAST selectivities of Xe/Kr for 

Fig. 1. (a) Basic units to construct A-Cu-TPA (A = TIFSIX, GeFSIX and NbOFFIVE). (b) Overview of the porous structure of A-Cu-TPA; (c) The large cage of TIFSIX- 
Cu-TPA; (d) The small cage of TIFSIX-Cu-TPA; (e) PXRD of TIFSIX-Cu-TPA after different treatment; (f) TGA curves of TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and 
NbOFFIVE-Cu-TPA. 

Fig. 2. The adsorption equilibrium of Xe and Kr on A-Cu-TPA (A = TIFSIX, GeFSIX and NbOFFIVE) at 278–308 K.  
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TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA at 278 K are 
6.5, 6.3 and 6.1, respectively (Fig. 3a–c). Under all the temperatures, the 
IAST selectivities increase with the total pressure. This is probably due 
to the stronger guest-guest interaction for Xe in these APMOFs. 

The isosteric adsorption enthalpy (Qst) is another important param-
eter to evaluate the MOF’s affinity towards adsorbate. Higher Qst means 
stronger host-guest interaction and higher selectivity in most cases. 
However, it also indicates the increased energy footprint to regenerate 

Fig. 3. (a) IAST selectivity of Xe/Kr (20/80) in TIFSIX-Cu-TPA; (a) IAST selectivity of Xe/Kr (20/80) in GeFSIX-Cu-TPA; (c) IAST selectivity of Xe/Kr (20/80) in 
NbOFFIVE-Cu-TPA; (d) comparison of the IAST selectivity and Xe capacity at 1.0 bar among popular MOFs. 

Fig. 4. (a) Qst curve of Xe and Kr adsorption in TIFSIX-Cu-TPA; (b) Qst curve of Xe and Kr adsorption in GeFSIX-Cu-TPA; (c) Qst curve of Xe and Kr adsorption in 
NbOFFIVE-Cu-TPA; (d) comparison of the near-zero loading Qst of Xe and Xe capacity at 1.0 bar. 
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the material. Thus, modest high Qst is preferred considering both the 
adsorption and desorption process. As shown in Fig. 4a–c, Qst values at 
near-zero loading for Xe (Kr) calculated using the Clausius-Clapeyron 
equation were 22.3 kJ/mol for TIFSIX-Cu-TPA, 21.7 kJ/mol for 
GeFSIX-Cu-TPA, and 21.5 kJ/mol for NbOFFIVE-Cu-TPA, respectively, 
while those for Kr are 17.5, 17.9, and 17.7 kJ/mol. These results are in 
line with the relatively flat Xe and Kr adsorption isotherms as well as the 
higher Xe adsorption affinity. Notably, these Qst values for Xe adsorption 
are also much lower than those of many MOFs such as UiO-66 [75], 
Cu-MOF-303 [76], ZUL-C2 [77], MIL-120 [78], HIAM-401 [79], 
NKMOF-1-Ni [80], Al-CDC [65], etc (Fig. 4d and Table S3), indicating 
these three APMOFs can be regenerated under mild condition. 

To gain insights into the adsorption behaviors of Xe and Kr in TIFSIX- 
Cu-TPA, GCMC simulations were performed. First, the comparison of 
experimental and simulated adsorption isotherms (Fig. 5a) suggests that 
our GCMC results are close to the experimental results while the simu-
lated Xe isotherms show slight lower uptake, which is yet still reasonable 
and indicates that our GCMC simulation with calibrated force fields for 
TIFSIX-Cu-TPA can almost reflect the adsorption behavior of Xe and Kr 
in the TIFSIX-Cu-TPA. GCMC simulation shows that Xe only contains a 
binding site in the large cage (Fig. 5b), while Kr owns two different 
binding sites: one is located in the large cage, and the other is located in 
the small cage (Fig. 5c). Then, DFT calculations were performed to 
obtain the binding energies of Xe in TIFSIX-Cu-TPA. As shown in Fig. 5d, 
the Xe atom interacts with two F atoms at the edges of cages at distances 
of 3.98 Å and 3.99 Å, respectively. In addition, it also interacts with four 
hydrogen atoms of the pyridine ring at the distances of 3.68–3.86 Å. All 
of these interactions produce a modestly high binding energy of − 0.44 
eV (− 42.5 kJ/mol). For Kr in TIFSIX-Cu-TPA, the adsorption sites in 
large cages were formed between Kr and F atoms or H atoms from 
pyridine ring with distances of 2.30–3.27 Å (Fig. 5e). The resulting 
adsorption energy is − 0.40 eV (− 38.6 kJ/mol). In the small cages, the 
distances between Kr⋅⋅⋅H and Kr⋅⋅⋅F are 2.94–3.94 Å (Fig. 5f) and the 

binding energy is as low as − 0.15 eV (− 14.5 kJ/mol). This is quite 
different from CO2 or light hydrocarbon adsorption [20,34] where the 
small cages are the preferable binding sites. Besides, it is necessary to 
mention that the binding energy, instead of the interaction distance, 
should be the indicator of the strength of host-guest interactions. In this 
case, Xe-framework distance is longer than Kr-framework distance 
because Xe has larger atomic size. Similar phenomenon of longer 
interaction distance but stronger binding energy has ever been reported 
in our previous work for C3H4/C3H6 separation [52]. In brief, DFT 
calculation results show that Xe interacts with TIFSIX-Cu-TPA more 
strongly than Kr, consistent with the experimental findings. 

To evaluate the feasibility of A-Cu-TPA (A = TIFSIX, GeFSIX and 
NbOFFIVE) for practical dynamic Xe/Kr separation, transient break-
through simulations of Xe/Kr (20/80) mixture were conducted at 278, 
298 and 308 K. The methodology used in the simulations were well 
developed in the earlier works of Krishna [81,82] and has shown high 
consistency with the experimental breakthrough curves under the same 
conditions [14,69]. As shown in Fig. 6, for all the three materials under 
three different temperatures, the Kr breakthrough occurs first and sub-
sequently reaches a plateau while the Xe breakthrough time is signifi-
cantly longer, confirming the effective Xe/Kr separation performance. 
The calculated productivities of pure Kr are 75.1, 41.1 and 30.7 L/kg for 
TIFSIX-Cu-TPA at 278, 298 and 308 K, respectively. For GeFSIX-Cu-TPA 
and NbOFFIVE-Cu-TPA, the productivities of pure Kr are slightly 
decreased to 68.1/38.0/28.6 L/kg and 60.5/33.3/25.1 L/kg under the 
same conditions. These productivities are superior to those of many 
popular MOFs in the context of Xe/Kr separation [72]. 

To confirm the practical Xe/Kr separation performance of these 
pillar-caged MOFs, TIFSIX-Cu-TPA was selected as the candidate for the 
Xe/Kr breakthrough experiments. A mixture of Xe/Kr (20/80) was 
introduced into a column packed with 0.51 g of TIFSIX-Cu-TPA and the 
outlet concentration was monitored consistently. As expected, Kr broke 
out from the column fixed bed at the beginning while Xe stayed for a 

Fig. 5. (a) Comparison of the experimental and simulated adsorption isotherms of Xe and Kr in TIFSIX-Cu-TPA at 298 K; (b) A snapshot of Xe-loaded TIFSIX-Cu-TPA 
structure from GCMC simulation results; (c) A snapshot of Kr-loaded TIFSIX-Cu-TPA structure from GCMC simulation results; (d) DFT optimized Xe adsorption site in 
TIFSIX-Cu-TPA; (e, f) Two DFT optimized Kr adsorption sites in TIFSIX-Cu-TPA. 
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Fig. 6. (a–c) Simulated breakthrough curves for Xe/Kr (20/80) separation on TIFSIX-Cu-TPA at 278–308 K; (d–e) Simulated breakthrough curves for Xe/Kr (20/80) 
separation on GeFSIX-Cu-TPA at 278–308 K; (g–i) Simulated breakthrough curves for Xe/Kr (20/80) separation on NbOFFIVE-Cu-TPA at 278–308 K. 

Fig. 7. (a) Experimental breakthrough curves for Xe/Kr (20/80) separation on TIFSIX-Cu-TPA; (b–d) repetitive Xe adsorption isotherms at 298 K for TIFSIX-Cu-TPA, 
GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA under different treatment: generated at 120 ◦C for 0.5 h (blue); generated at 25 ◦C for 2 h (olive); in humid air for over 1 
month (violet); in water for over 1 month (red). 
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much longer period (Fig. 7a), which is quite similar to the simulation 
results. The experimental Kr productivity is 42.6 mL/g, consistent with 
the simulated results. To explore the recyclable stability and the 
regeneration conditions, repetitive Xe and Kr adsorption isotherms were 
collected for all the three APMOFs (Fig. 7b–d), which shows that these 
APMOFs can be readily regenerated at room temperature under dynamic 
vacuum and retain the same adsorption capacity. This is consistent with 
the low adsorption heats of Xe in these APMOFs. Moreover, the Xe ca-
pacity can be sustained after the samples are soaked in water for over 
one month, which is also confirmed by the repetitive N2 adsorption 
isotherms at 77 K (Figs. S12–14). 

4. Conclusion 

In conclusion, we reported three water stable APMOFs, TIFSIX-Cu- 
TPA, GeFSIX-Cu-TPA and NbOFFIVE-Cu-TPA, for the efficient Xe/Kr 
separation. Among them, TIFSIX-Cu-TPA shows the best separation 
performance of Xe/Kr, with its Xe adsorption capacity of 64.5 cm3 g− 1 at 
298 K and 1 bar, good Xe/Kr (20/80) IAST selectivity (5.4), moderate 
adsorption heat (22.3 kJ/mol). GCMC simulations yield similar results 
with experimental ones and reveal several adsorption sites for Xe/Kr. 
DFT calculations further demonstrate that Xe possesses a stronger 
binding to TIFSIX-Cu-TPA than Kr through multiple interactions with 
neighboring atoms such as Xe⋅⋅⋅F and Xe⋅⋅⋅H. Transient breakthrough 
simulations and experiments confirm the effective separation perfor-
mance of TIFSIX-Cu-TPA in separating Xe/Kr gas mixture. These fluo-
rinated pillared caged APMOFs can potentially overcome the difficulties 
of Xe/Kr separation in industrial processes, owing to their balanced 
capacity and selectivity, excellent chemical stability and low adsorption 
heats. 
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Powder X-ray diffraction (PXRD) data were collected on the SHIMADZU XRD-

6000 diffractometer (Cu Kαλ = 1.540598 Å) with an operating power of 40 KV, 30 mA 

and a scan speed of 4.0°/min. The range of 2θ was from 5° to 50°.  

  

Thermal gravimetric analysis was performed on the TGA STA449F5 instrument. 

Experiments were carried out using a platinum pan under nitrogen atmosphere which 

conducted by a flow rate of 60 mL/min nitrogen gas. First, the sample was heated at 

80 °C for 1 h to remove the water residue and equilibrated for 5 minutes, then cooled 

down to 50 °C. The data were collected at the temperature range of 50 °C to 600 °C 

with a ramp of 10 °C /min. 

  
  

Grand canonical Monte Carlo (GCMC) simulations were performed in RASPA 

package [Dubbeldam, D.; Calero, S.; Ellis, D. E.; Snurr, R. Q., Raspa: Molecular 

Simulation Software for Adsorption and Diffusion in Flexible Nanoporous Materials. 

Mol. Simulat. 2016, 42 (2), 81-101.]. The structure of TIFSIX-Cu-TPA was firstly 

optimized via DFT geometry optimization (see detailed protocol below). Because both 

Xe and Kr atoms are charge neutral, no Coulomb interaction was calculated. For the 

van der Waals interaction, Lenna-Jones parameters for all aromatic C, H, N were taken 

from OPLS-AA force field, while parameters for the rest atoms were taken from the 

universal force field (UFF). Krypton (Kr) and xenon (Xe) were modeled as single 

spheres, with their parameters taken from previous studies [Hirschfelder, J. O.; Curtiss, 

C. F.; Bird, R. B. The Molecular Theory of Gases and Liquids; Revised.; Wiley-

Interscience, 1964; Talu, O.; Myers, A. L. Colloid. Surface. A 2001, 187-188, 83-93]. 

The framework was considered to be rigid during the simulation and the interaction 

energy between the adsorbed molecules and the framework were computed through the 

Lennard-Jones 6-12 (LJ) potentials. The cutoff radius was chosen 12.8 Å for the van 

der Walls interaction.  

  



Table S1. Crystallographic parameters of the TIFSIX-Cu-TPA, GeFSIX-Cu-TPA and 

NbOFFIVE-Cu-TPA. 

Materials TIFSIX-Cu-TPA GeFSIX-Cu-TPA NbOFFIVE-Cu-TPA 

Cell 

 

a=17.5855(9) 17.5352(3) a=17.5990(5) 

b=17.5855(9) 17.5352(3) b=17.5990(5) 

c=17.5855(9) 17.5352(3) c=17.5990(5) 

U 

α=90 α=90 α=90 

β=90 α=90 β=90 

γ=90 γ=90 γ=90 

Temperature 173 K 298 K 184 K 

Volume (Å3) 5438.3(8) 5391.8(3) 5450.8(5) 

Space group Pm-3n Pm-3n Pm-3n 

Hall group -P 4n 2 3 -P 4n 2 3 -P 4n 2 3 

formula C20H16CuF6N5.33Ti C20H16CuF6GeN5.33 C60H48Cu3F15N16Nb3O3 

MW 556.49 581.21 1795.46 

density 1.020 1.074 1.094 

Z 6 6 2 

R 0.0586(989) 0.1146(728) 0.0487(797) 

wR2 0.1890(1137) 0.2588(878) 0.1458(924) 

S 1.148 0.988 1.101 

CCDC Nos. 2142633 2192744 2190367/2190959 

 
 
 
 



Figure S1. PXRD patterns of GeFSIX-Cu-TPA (A) and NbOFFIVE-Cu-TPA (B) after 
different treatments. 

 

Figure S2. Photographs of singles of TIFSIX-Cu-TPA (A) and  NbOFFIVE-Cu-TPA 
(B) after different treatments. 

 

  
   



  



  

Figure S3. (a) The adsorption and desorption isotherm of N2 on TIFSIX-Cu-TPA. (b) 
The calculated pore size distribution of TIFSIX-Cu-TPA. (c) Plot for the calculation of 
the BET surface area. 

  

The BET surface area calculated from the N2 adsorption isotherms under the pressure 

range of P/P0 = 0.01-0.05 (for micropores) is 1380 m2/g. 

  

The total pore volume calculated from the N2 adsorption isotherms is 0.575 cm3/g. 
  



  

  

Figure S4. (a) The adsorption and desorption isotherm of N2 on GeFSIX-Cu-TPA at 
77 K. (b) The calculated pore size distribution of GeFSIX-Cu-TPA. (c) Plot for the 
calculation of the BET surface area.  

  

The BET surface area calculated from the N2 adsorption isotherms under the pressure 

range of P/P0 = 0.01-0.05 (for micropores) is 1330 m2/g. 

  

The total pore volume calculated from the N2 adsorption isotherms is 0.554 cm3/g. 
  
  



  

  

Figure S5. (a) The adsorption and desorption isotherm of N2 on NbOFFIVE-Cu-TPA 
at 77 K. (b) The calculated pore size distribution of NbOFFIVE-Cu-TPA. (c) Plot for 
the calculation of the BET surface area. 

  

The BET surface area calculated from the N2 adsorption isotherms under the pressure 

range of P/P0 = 0.01-0.05 (for micropores) is 1281 m2/g. 

  

The total pore volume calculated from the N2 adsorption isotherms is 0.521 cm3/g. 

 

 

 

 

Table S2. Comparison of the BET surface and total pore volume of A-Cu-TPA. 

 BET surface The total pore volume  



 (m2/g) (cm3/g) 

TIFSIX-Cu-TPA 1380 0.575 

GeFSIX-Cu-TPA 1330 0.554 

NbOFFIVE-Cu-

TPA 
1281 0.521 

   



 

Figure S6. The adsorption and desorption isotherms of Xe on TIFSIX-Cu-TPA at 278 

K, 298 K and 308 K.  

 

 

 

Figure S7. The adsorption and desorption isotherms of Kr on TIFSIX-Cu-TPA at 278 

K, 298 K and 308 K.  

  



 

Figure S8. The adsorption and desorption isotherms of Xe on GeFSIX-Cu-TPA at 278 

K, 298 K and 308 K. 

 

 

 
Figure S9. The adsorption and desorption isotherms of Kr on GeFSIX-Cu-TPA at 278 

K, 298 K and 308 K. 

  



 

Figure S10. The adsorption and desorption isotherms of Xe on NbOFFIVE-Cu-TPA at 

278 K, 298 K and 308 K. 

 

 

 

Figure S11. The adsorption and desorption isotherms of Kr on NbOFFIVE-Cu-TPA at 

278 K, 298 K and 308 K. 



 

Figure S12. The adsorption isotherm of N2 at 77 K on as-synthesized TIFSIX-Cu-TPA, 

and TIFSIX-Cu-TPA after soaking in water for 2 months. 

 

 

Figure S13. The adsorption isotherm of N2 at 77 K on as-synthesized NbOFFIVE-Cu-

TPA, and NbOFFIVE-Cu-TPA after soaking in water for 2 months. 

 

 
Figure S14. The adsorption isotherm of N2 at 77 K on as-synthesized GeFSIX-Cu-TPA, 
and GeFSIX-Cu-TPA after soaking in water for 6 months. 



  



Table S3. Xe Adsorption Capacity and Xe/Kr Selectivity for Various Materials at 298 

K and 1 bar. 

Adsorbents 
Xe uptake  
(cm3 g-1) 

IAST 
S(Xe/Kr) 

Xe 
 Qst 

Ref 

TIFSIX-Cu-TPA 64.5 5.4 22 

This work GeFSIX-Cu-TPA 61.2 5.3 22.5 

NbOFFIVE-Cu-TPA 59 5.1 21.8 

Th-BPYDC-I 48.16 7.47 24 
Dalton Trans. 51 

(2022) 15233-15238 

HIAM-401 43.8 7 32.7 
Dalton Trans. 51 

(2022) 10856-10859 

Ni(IN)2 72.76 17.7 29.22 
J. Mater. Chem. A 10 
(2022) 24824-24830 

Ni(AIN)2 66.61 20.32 30.95 

NOTT-102 49.28 3.9 / 
J. Mater. Chem. A 3 
(2015) 10747-10752 

MOF-5 49.15 2.4 11.1 
Ind. Eng. Chem. Res., 
2009, 48, 3425-3431 

Co3(C4O4)2(OH)2 30 69.7 43.6 
J. Am. Chem. Soc. 141 

(2019) 9358-9364 

UiO-66 44.44 5.9 24.6 
Sep. Purif. Technol. 
239 (2020) 116514 

Sr4(TCPE)2 18.94 7 19.4 
J. Solid State Chem., 
288 (2020) 121337 

Zr-Fum-Me 42.77 11.7 30.9 
Sep. Purif. Technol., 
239 (2020) 116514 

SIFSIX-3-Cu 47.2 4.81 b / 
Nat. Commun. 11 

(2020) 3103. 

Y-csq-MOF-1 44.83 10.7 a 33.8 
ACS Appl. Mater. 
Interfaces 9 (2017) 

44560-44566 

FJU-55 31.58 10 39.4 
Nano Res. 15 (2022) 

7559-7564 

Co2+-CPM-6 67.8 9.3 25.9 
RSC Adv. 7 (2017) 

55012-55019 

CROFOUR-1Ni 40.17 22 37.4 
Angew. Chem. Int. Ed. 
55 (2016) 8285-8289 

NU-403-PSDH 50.7 6.36 26 
Chem. Mater.32 

(2020) 3776-3782. 

Ni(4-DPDS)2WO4 24.86 30.2 34.5 
Angew. Chem. Int. Ed. 
61 (2022) e202116686 

ECUT-50a 50.62 8 32 
Cryst. Growth Des.21 

(2021) 954-959 

UTSA-74 60.45 8.4 24.4 
Inorg. Chem. 59 

(2020) 11793-11800 



ZIF-69 54.62 / 24.9 
J. Radioanal. Nucl. 
Chem. 324 (2020) 

1275-1281. 

NKMOF-1-Ni 48.57 5.2 34.2 
Inorg. Chem. 59 

(2020) 4868-4873 

Co3(HCOO)6 43.96 12 a 28 
Chem. Sci. 5 (2014) 

620-624 

CaSDB 32.9 / 37 
J. Mater. Chem. A 6 
(2018) 11797-11803 

Ca-SINAP-1 64.46 10.04 29.2 
Inorg. Chem. 60 

(2021) 1506-1512 

SBMOF-2 63.87 10 26.4 
J. Am. Chem. Soc. 137 

(2015) 7007-7010 

Cu-MOF-303 71.65 8.2 24.4 
Angew. Chem. Int. Ed. 
60 (2021) 3417-3421. 

Ag-MOF-303 75 10.4 28.2 

MIL-120 44.59 9.6 31.5 
J. Chem. Eng. Data 65 

(2020) 4018-4023 

ZUL-C2 57.57 19.1 28 
J. Am.Chem. Soc. 144 
(2022) 14322-14329 

Zn(ox)0.5(trz) 61.01 10.2 29 
Inorg. Chem. 58 

(2019) 15025-15028 

Al-CDC 54.88 10.7 34.9 
Sep. Purif. Technol.  
274 (2021) 119132 

SIFSIX-3-Zn 69.18 9.2 30 
BMC Chem. Eng. 1 

(2019) 3 

NU-200 110 9.3 38 
J. Am. Chem. Soc. 144 

(2022) 3737-3745 

Al-Fum-Me 67.42 10 / 
Cryst. Growth Des. 20 

(2020) 8039-8046 

ZJU-74a-Pd 63 103.4 45.5 
J. Am. Chem. Soc.  

144 (2022) 3200-3209. 

CopzNi 73.92 14 38.5 
Ind. Eng. Chem. Res. 
61 (2022) 7361-7369 

MOF-Cu-H 71.65 16.7 33.3 
J. Mater. Chem. A 6 
(2018) 4752-4758. 

Ni2(m-dobdc) 124.79 10.1 28.3 
Isr. J. Chem. 58 (2018) 

1138-1143 
Co2(m-dobdc) 134.19 11.8 27.3 

ECUT-60 96.32 11.4 30 
Sci. Bull. 66 (2021) 

1073-1079 

MOF-505 49.49 8 / 
Microporous 

Mesoporous Mater. 
169 (2013) 176-179 

Ag@MOF-74-Ni 108.4 6.8 / 
Chem. Commun. 50 

(2014) 466-468 
a: at a ratio of 1:9 (v/v); b: calculated from the breakthrough results. 
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