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A B S T R A C T   

Capturing trace krypton (Kr) from used nuclear fuel (UNF) off-gas remains a big challenge, because of low Kr 
uptake and poor Kr/N2 selectivity for current available adsorbents. Herein, we demonstrate a photochromic and 
radiation-resistant thorium-diarylethene-framework (DMOF-Th-1o). The pristine DMOF-Th-1o renders ultrahigh 
Kr uptake up to 7.5 cm3/g at 0.1 bar and record Kr/N2 selectivity (>100) at low pressure. This is mainly because 
of, as unveiled by theoretical calculation, the trap-type pore (3.8 Å) in DMOF-Th-1o that perfectly matches with 
the kinetic diameter (3.7 Å) of Kr to exactly fix one Kr atom, while forms a unique Kr2 dimer with short Kr-Kr 
contact (4.18 Å). More impressively, we further observed record Kr uptake (13 cm3/g) at 0.1 bar in the color- 
changed counterpart of DMOF-Th-1c, exceeding all reported adsorbents under the same condition. Corre-
spondingly, the Kr/N2 selectivity is further boosted by more than twofold. Moreover, breakthrough test from a 
simulated off-gas containing 40 ppm Kr was used to confirm the real Kr/N2 separation performance, indicative of 
benchmark Kr/N2 separation.   

1. Introduction 

Nuclear energy is deemed as one of the most important solutions for 
solving the energy crisis and double carbon problem, and now receiving 
intensive attentions [1–10]. However, this will inevitably produce a 
large number of nuclear waste, consequently causing a serious concern 
of efficient management for used nuclear fuel (UNF) [11–14]. Among 
them, elimination of UNF off-gas, owning to its highly diffusible feature 
and great radioactive harm to life, represents an urgent demand 
[15–18]. In general, the off-gas is majorly composed of iodine and noble 
gases in air, where the notable radioisotopes are 129I, 127Xe, and 85Kr, 
due to their high radioactivity. The difference in the chemical and 
physical properties also determines different treatment manners for 
them, for example, iodine can be effectively removed through strong 
host–guest interactions, or chemical reaction with Ag, or methylation 
reaction with organic nitrogen atom [19–28]. However, the inert 
spherical nature for Xe and Kr by and large excludes the storage by 
porous adsorbent or fixing by chemical reaction. Accordingly, storage of 

them in some special containers is the best alternative. Nevertheless, it is 
worth noting that both of them also display large difference in the half- 
life, for example, 127Xe owning a very short half-life of 36.4 days, while 
relatively long half-life up to 10.7 years for Kr [29]. Thus, the best 
economic solution is first separating Xe and Kr and then respectively 
storing them in different container. This could be also a promising 
avenue to generate Xe product. 

Such a separation of Xe and Kr from air can be in principle achieved 
by cryogenic distillation. But this often encounters some defects such as 
high energy-consumption, expensive equipment and complicated oper-
ating process. On the other hand, relatively economical adsorption and 
separation technique have been explored in the past years. Whatever 
traditional adsorbents or newly developed adsorbents of metal–organic 
frameworks (MOFs), covalent organic frameworks (COFs), and 
hydrogen-bonded organic frameworks (HOFs), they have been attested 
to be effective for selective adsorption of Xe [30–37], but often invalid 
for Kr. In the literature, we have noticed the great progress in the se-
lective adsorption of Xe from Xe/Kr mixture (20:80, v/v) or simulated 
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UNF off-gas, in light of some useful molecule-controlled technique such 
as pore size, polarity of pore wall, opening metal site on pore wall, size- 
matchable trap, and so on [34,38–51]. By contrast, the affinity from 
adsorbent for Kr is often largely reduced, relative to Xe; this is even 
comparable with N2, consequently leading to very low Kr uptake and 
weak Kr/N2 selectivity for almost all reported adsorbents [40,52,53]. 
Moreover, the highly similar kinetic diameter (Kr/3.7 Å vs N2/3.6 Å), 
extremely low concentration (40 ppm) of Kr, and the presence of very 
large competitive gas of N2 also make the separation of Kr from off-gas 
more difficult. 

Herein, we report a photochromic and radiation-resistant thorium- 
diarylethene-framework, showing highly rare steep adsorption for Kr 
but just linear adsorption for N2, thus resulting in the record Kr uptake 
and Kr/N2 selectivity at < 0.1 bar, making it be an ideal candidate for 
solving the common problem of low Kr uptake and poor Kr/N2 selec-
tivity at trace Kr concentration for all reported adsorbents. 

2. Experimental section 

2.1. Materials and characterization 

Caution! Th(NO3)4 used in this study emitts an α emitter, and the use of 
Th(NO3)4 was operated in an authorized laboratory designed for actinide 
element studies. Standard precautions for handling radioactive materials 
should be followed. Reagents and solvents were commercially available 
(Alfa) and were used without further purification. Diarylethene ligand of 
L was purchased from Yanshen Technology Co., ltd. X-ray powder 
diffraction were collected by a Bruker AXSD8 Discover powder diffrac-
tometer at 40 kV, 40 mA for Cu Kλ (λ = 1.5406 Å). The simulated 
powder patterns were calculated by Mercury 1.4. The gas adsorption 
isotherms were collected on a Belsorp-max. Ultrahigh-purity-grade 
(>99.99 %) N2, Xe, Kr, and CO2 gases were used during the adsorption 
measurement. To maintain the experimental temperatures, liquid ni-
trogen (77 K) and water/ice bath (298 K and 273 K) was used. 10 kGy 
radiation was used for the MOF samples from β-irradiation resistance. 

2.2. Synthesis of DMOF-Th-1o 

Th(NO3)4⋅4H2O (15 mg) and H2L(5 mg) were dissolved in a mixture 
solution of N, N΄-dimethylformamide (DMF, 3 mL), H2O (1 mL) and 
trifluoroacetic acid (0.15 mL). The solution was moved into a 25 mL 
Teflon-lined stainless steel vessel and heated at 115 ◦C for 3 days, then it 
was cooled down to room temperature. Yellow crystals were obtained 
and washed with 10 mL DMF for three times. Yield is 76 % based on Th. 

2.3. Powder samples of DMOF-Th-1o 

Appropriate amount of crystal samples were grinded for 1 h, then 
powder samples of DMOF-Th-1o were obtained. 

2.4. Activated DMOF-Th-1o 

100 mg powder samples were immerged in acetone (30 mL) for three 
days with changing acetone three times every day. Then the samples 
were transferred to Belsorp-max and 200 ◦C was used to activate the 
samples about 24 h. 

2.5. Preparation of DMOF-Th-1c 

It was prepared by UV (320 nm) irradiation on the activated powder 
samples of DMOF-Th-1o for 1 h. 

2.6. Regeneration of DMOF-Th-1o 

It was prepared by visible light (540 nm) irradiation on the powder 
samples of DMOF-Th-1c for 1 h. 

2.7. X-ray crystallography 

Single-crystal X-ray diffraction data of DMOF-Th-1o and DMOF-Th- 
1c was collected on a Bruker D8 VENTURE diffractometer at 296 K. 
Moreover, DMOF-Th-1o was also determined at low temperature at 100 
K and 150 K. The empirical absorption correction was applied by using 
the SADABS program. The structures were solved using direct methods, 
and refined on F2 by a full-matrix least-squares method. All calculations 
were carried out with the SHELXTL program. Disordered solvent mol-
ecules that could not be restrained properly were removed using the 
SQUEEZE routine in all data sets. Crystal data, data collection parame-
ters, and the results of the X-ray diffraction studies are listed in Table S1. 
The X-ray crystallographic data reported in this Article have been 
deposited at the Cambridge Crystallographic Data Centre (CCDC), under 
deposition number CCDC 2143612. Due to both DMOF-Th-1o and 
DMOF-Th-1c afford the same structure, thus only the data of DMOF-Th- 
1o was deposited on CCDC. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via https://www.cc 
dc.cam.ac.uk/data_ request/cif. 

2.8. GCMC and DFT calculation 

The single crystal structure of MOF was used as the initial geometric 
structure for calculation. The charges of the frame and gas molecules are 
calculated before the adsorption simulation. Using the Peng-Robinson 
equation of state to convert the fugacity in the simulation, the adsorp-
tion capacity of MOF for Kr at a 298 K temperature and 0–1 bar pressure 
and the adsorption isotherm simulation were studied. All GCMC simu-
lations were done with the Sorption module in MS. Using the Universal 
force field, the equilibration step and the production step were set to 5 ×
106 and 5 × 106, respectively, the cutoff radius was set to 15.5 Å, the 
buffer width was set to 0.5 Å, and the precision was 1 × 10− 4 k cal 
mol− 1. 

To obtain the adsorption binding energies of the two sites, we opti-
mized and relaxed the original structure and gas molecules by placing 
them in a unit cell of the same size as the cell body of the original crystal 
structure. All optimizations are done with the Focite module in MS. 
According to the adsorption density map, Kr gas molecules were intro-
duced into the corresponding pore positions, and then complete struc-
tural relaxation occurred. The binding energy formula is Eads = EMOF/gas 
− EMOF − Egas, where EMOF/gas is the total energy of the structure after 
the MOF adsorbs Kr, EMOF is the energy before the MOF adsorbs Kr, and 
EX is the structural energy of the structure containing only Kr molecule. 

2.9. Isosteric heat of adsorption 

The isosteric heat of Kr adsorption, Qst, defined as. 

Qst = RT2(eInP/ eInT)q 

were determined using the pure component isotherm fits using the 
Clausius-Clapeyron equation. where Qst (kJ/mol) is the isosteric heat of 
adsorption, T (K) is the temperature, P (bar) is the pressure, R is the gas 
constant, and q (mmol/g) is the adsorbed amount. 

2.10. IAST calculations 

The selectivity of the preferential adsorption of component 1 over 
component 2 in a mixture containing 1 and 2 can be formally defined as: 

S = (x1/y1)/(x2/y2)

In the above equation, x1 and y1 (x2 and y2) are the molar fractions of 
component 1 (component 2) in the adsorbed and bulk phases, respec-
tively. We calculated the values of x1 and x2 using the Ideal Adsorbed 
Solution Theory (IAST) of Myers and Prausnitz. 
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2.11. Breakthrough test 

In the dynamic breakthrough experiment, about 0.28 g samples (in 
the column Ø 46 mm × 150 mm) was used. The column is backfilled 
with argon and mounted in the set-up. Before starting each experiment, 

helium reference gas is flushed through the column and then the gas 
flow is switched to the desired gas mixture at the same flow rate of 3 mL/ 
min. The gas mixture downstream the column was monitored using a 
Hiden mass-spectrometer. The desorption was achieved through 5 mL/ 
min helium purge after the breakthrough experiment at 40 ◦C. 

Fig. 1. The structures of DMOF-Th-1o. (a) and (b) View of the building blocks of Th6O4(OH)4 cluster and diarylethene linkers. (c) View of two adjacent Th6O4(OH)4 
clusters connected by two L2- ligands. (d) View of Th6O4(OH)4 cluster connecting to twelve L2- ligands, where blue part is coordinated by DMF molecules. (e) View of 
the micropore composed of trap I with size of 0.38 nm. (f) View of another micropore of trap II with size of 0.45 nm, where DMF molecule located in the trap II is 
omitted to calculate pore size. Color code: Th/purple, S/yellow, C/green, O/red, N/blue, F/black, H/brown. 
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3. Results and discussion 

3.1. Synthesis and structure of DMOF-Th-1o 

DMOF-Th-1o was synthesized from solvothermal reaction of Th 
(NO3)4 and H2L at 110 ◦C for three days. The synthesis in detail is listed 
in supplemental information. The structure of DMOF-Th-1o was deter-
mined by single crystal X-ray diffraction, giving rhombohedral system 
with R-3 space group. Each Th(IV) ion is nine-coordinated by two O2– 

ions, two OH– ions, four carboxylate oxygen atoms from four L2- ligands, 
and one DMF (N,N-dimethylformamide) molecule, creating a mono-
capped square-antiprismatic geometry. Through four O2– ions and four 
OH– ions six Th(IV) ions are integrated together to generate a 
Th6O4(OH)4 cluster (Fig. 1a), which is very similar to the Zr6O4(OH)4 
cluster in UiO-66 [54,55]. The diarylethene unit displays the open-ring 
state with the distance of ca. 4.14 (3) Å between two photoactive carbon 
atoms, meeting the criterion to occur open-ring-to-closed-ring trans-
formation upon light irradiation (Fig. 1b) [56]. The L2- ligands is not a 
linear linker, but shows a V-shape, with the two carboxyl groups of L2- 

ligands taking a bidentate coordination mode. Twelve L2- ligands are 
found to bind on this Th6O4(OH)4 cluster, while a pair of Th6O4(OH)4 
clusters is bridged by two L2- linkers (Fig. 1c and 1d). This is very 
different from UiO-66 [57], where Zr6O4(OH)4 cluster is also enveloped 
by twelve organic linkers, but a pair of Zr6O4(OH)4 clusters is just 
bridged by one organic linker. Accordingly, DMOF-Th-1o affords a 
double-edged 6-connected α-Po net [58,59], by contrast, UiO-66 gives a 
12-connected net. Careful inspection into the structure discloses two 
distinct isolated micropores. One is formed between two adjacent 
Th6O4(OH)4 clusters, and composed of two identical traps (trap I) with 
size of 0.38 nm (Fig. 1e), very close to the kinetic diameter of Kr, while 
the other one is built by four adjacent Th6O4(OH)4 clusters, and contains 
two other traps (trap II) with size of 0.45 nm (Fig. 1f). DMF molecules 
locate at trap II, suggesting potential open metal site in DMOF-Th-1o 
after removal of DMF molecules. 

3.2. Photochromic properties of DMOF-Th-1o 

Diarylethene unit represents a typical smart light-responsive unit, 
which is in principle found to give intense reversible structure trans-
formation between open-ring to closed-ring under respectively UV and 
visible light [56]. Accordingly, it is often found in the literature that 
anchoring this unit in some porous scaffold such as MOFs could boost 
the adsorption and separation performance [60–69]. In this regard, we 
first investigated the photochromic properties in DMOF-Th-1o. As 
shown in Fig. 2a, the samples of DMOF-Th-1o enable clear photochromic 
properties with color change from yellow to red, if using UV irradiation, 
due to a structure transformation of diarylethene unit from open-ring to 
closed-ring (Fig. S1) [60–69]. Correspondingly, recovery for the samples 
from red to yellow can be finished by visible light irradiation, due to the 
reversible open-ring-to-closed-ring transformation of diarylethene unit 
[60–69]. Accordingly, to distinguish from the yellow samples of DMOF- 
Th-1o, we named the red samples as DMOF-Th-1c. To further disclose 
the structure transformation of diarylethene unit in DMOF-Th-1c, we 
then carried out a series of characterization involving in single crystal X- 
ray diffraction, powder X-ray diffraction (PXRD), IR, UV–vis, and solid 
13C MAS NMR. As evidenced by single crystal X-ray diffraction 
(Table S1), structure transformation of diarylethene unit in DMOF-Th-1c 
was not observed, mainly due to the low open-ring-to-closed-ring 
transformation efficiency; Similar trend has been often encountered in 
the literature [60–69]. To enhance the transformation efficiency, we 
previously have developed an effective method by reducing the size of 
particle through grinding crystal samples [60]. Thereby, next charac-
terizations without special instruction were based on the ground sam-
ples. A comparison in PXRD patterns between DMOF-Th-1o and DMOF- 
Th-1c reveals no obvious change, suggesting that the local structure 
change from diarylethene units does not affect the entire MOF 

framework (Fig. S2). New IR peaks at 1666 cm− 1 and 2930 cm− 1 were 
observed in DMOF-Th-1c, relative to DMOF-Th-1o, suggesting the for-
mation new C––C bond in DMOF-Th-1c (Fig. S3), resulted from open- 
ring-to-closed-ring transformation. In UV–vis spectra, DMOF-Th-1o 
just affords typical open-ring absorption peak at 322 nm, as shown in 
Fig. 2a; by contrast, DMOF-Th-1c affords not only the typical closed-ring 
absorption peaks at 546 nm, resulted from open-ring-to-closed-ring 
transformation, but also the typical open-ring absorption peaks at 322 
nm, indicative of incomplete transformation. The incomplete trans-
formation was further confirmed by solid 13C MAS NMR (Fig. 2b). The 
peak at 13.5 ppm belongs to the –CH3 carbon atoms in DMOF-Th-1o. But 
for DMOF-Th-1c, the –CH3 carbon atoms give not only the peak at 13.5 
ppm, but also new peaks at 30.8 ppm and 36.0 ppm, strongly suggesting 
incomplete transformation. In light of the diagnostic peak at 13.5 ppm 
for DMOF-Th-1o and 36.0 ppm for DMOF-Th-1c [64], the trans-
formation efficiency is estimated to be 43 %. 

3.3. Stability and porosity 

The thermal stability of DMOF-Th-1o was initially investigated by 
TGA test (Fig. S4). The loss of solvent molecules and coordinated DMF 
molecules is before 280 ◦C. The activated samples of DMOF-Th-1o can 
be obtained by first acetone exchange and then degassing at 200 ◦C for 
24 h. The thermal and radiation-resistant stability of activated samples 
was confirmed by PXRD and Kr adsorption isotherm tests (Fig. S5 and 
Fig. S6). N2 adsorption at 77 K is employed to confirm the porosity 
(Fig. 3a), giving microporous feature with BET of 402 cm2/g and pore 
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volume of 0.167 cm3/g. 

3.4. Kr/N2 separation in DMOF-Th-1o 

The perfect pore size in good agreement with the kinetic diameter of 
Kr, the excellent thermal and radiation-resistant stability, and the smart 
photochromic properties in DMOF-Th-1o arouses us to investigate Kr 
adsorption and Kr/N2 separation. The Kr adsorption isotherms of DMOF- 
Th-1o at 298 K is shown in Fig. 3b, showing an impressively and highly 
rare steep uptake of Kr at low pressure (<10 kPa), which is crucial 
important for Kr capture at trace Kr concentration [40,52,53]. In the 
literature, due to the weak affinity towards Kr for adsorbent, almost all 
reported adsorbent demonstrated linear Kr adsorption at low pressure 
(Table S2). The uptake value at 0.1 bar is as high as 7.6 cm3/g, ranking 
the top level in all reported Kr adsorbents (Fig. 3c), such as NiCo@C-700 
(1.6 cm3/g) [46], SIFSIX-3-Cu (2.5 cm3/g) [40], Ni(4-DPDS)2CrO4 (4.4 
cm3/g) [44], Cu-MOF-303 (4.5 cm3/g) [45], NU-200 (5.0 cm3/g) [43], 
squarate-based MOF (5.5 cm3/g) [34], SBMOF-1 (6.0 cm3/g) [31], 
HOFZJU-201a (6.0 cm3/g) [47], and just below ZJU-74-Ni (8.0 cm3/g) 
[42] and ATC-Cu (10 cm3/g) [48] under the same condition (Fig. 3c). By 
contrast, linear N2 adsorption isotherm at low pressure was observed, 
giving very low uptake of 0.35 cm3/g at 0.1 bar. The results suggest 
highly selective adsorption of Kr over N2 in DMOF-Th-1o at trace Kr 
concentration. 

In the literature, the uptake ratios of two gases were often employed 
as key index to evaluate the separation selectivity. Interestingly, DMOF- 
Th-1o renders ultrahigh Kr/N2 ratio up to 21.7 at 0.1 bar:0.1 bar, 
exceeding all reported adsorbents (Fig. 3c and Table S2), involving in 
SBMOF-1 (7.5) [31], SIFSIX-3-Cu (3.1) [40], ZJU-74-Ni (20) [42], 
squarate-based MOF (6.1) [34], ATC-Cu (2.5) [48], HOFZJU-201a (3) 
[47],48 and Ni(4-DPDS)2CrO4 (3.7) [46]. 

Even at lower pressure of 0.03 bar, the uptake in DMOF-Th-1o is also 
located at the top over all reported materials, just except for ATC-Cu 
(Table S2), while the Kr/N2 ratio at 0.03 bar is further enhanced up to 
35, strongly suggesting its big potential for trace Kr capture from UNF 

off-gas. 
To further evaluate the Kr/N2 separation potential, the ideal adsor-

bed solution theory (IAST) was utilized to calculate the Kr/N2 adsorp-
tion selectivity (S) [70–78], giving record Kr/N2 selectivity of S =
290.6–64.6 for a 1:99 v/v mixture (Fig. 3d). Generally speaking, high 
selective adsorption often means strong host–guest affinity. Thereby, we 
further calculated the isosteric heat of adsorption (Qst) [70–78], based 
on the Kr adsorption data at 298 K and 273 K (Fig. S7). More interest-
ingly, DMOF-Th-1o exhibits exceptionally high Qst value up to 57 kJ/ 
mol for Kr (Fig. 3e), mainly related to the perfect size of trap I, in good 
agreement with the kinetic diameter, far exceeding all reported Kr ad-
sorbents (Table S2). 

To confirm the actual Kr/N2 separation performance, we further 
performed breakthrough test upon DMOF-Th-1o column from a simu-
lated UNF off-gas containing 400 ppm Xe, 40 ppm Kr, 78 % N2, 21 % O2, 
an 0.03 % CO2. As shown in Fig. 3f, N2, O2, CO2 broke through the 
column immediately, but long retention time up to 28.9 min/g for Kr 
was observed, suggesting well Kr/N2 separation. This is very different 
from most reported adsorbents (Table S2), where no or poor Kr/N2 
separation was observed, due to poor Kr/N2 selectivity. Repeating this 
breakthrough tests twice does not affect the Kr/N2 separation perfor-
mance, confirming the good recycle use (Fig. S8). 

3.5. Adsorption mechanism of Kr in DMOF-Th-1o 

In order to disclose the Kr adsorption mechanism in DMOF-Th-1o, we 
further carried out theoretic calculation. First, we used Grand Canonical 
Monte Carlo (GCMC) simulation to simulate the Kr adsorption at 298 K. 
And the calculated Kr adsorption isotherm is well consistent with the 
experimental Kr adsorption isotherm (Fig. S9). In light of the GCMC 
results, two major Kr adsorption sites in DMOF-Th-1o are suggested, one 
located at trap I and the other one located at trap II (Fig. 4a-d). To 
disclose the exact Kr adsorption site, we further carried out the periodic 
dispersion-corrected DFT (DFT-D) calculation. Each trap accommodates 
one Kr atom (Fig. 4a-d). In trap I, Kr atom is tightly fixed by multiple van 
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der Waals (vdW) interactions from four –CH3 hydrogen atoms (Kr…H 
distance of 2.97 (3) Å, 3.21 (3) Å, 3.76 (3) Å, and 4.01 (4) Å) and two 
thiophene rings of L2- ligand (Kr-to-centroid distance of 3.43 (3) Å and 
3.63 (3) Å (Fig. 4b). More importantly, two adjacent Kr atoms trapped 
by two traps I will form a unique Kr2 dimer, showing very short contact 
of 4.18 (3) Å, indicative of strong Kr…Kr interaction (Fig. 4b). Due to the 
presence of both multiple van der Waals (vdW) interactions and unique 
Kr…Kr interaction, the calculated binding energy for this site in trap I is 
as large as − 40.67 kJ/mol, strongly suggesting big affinity between 
DMOF-Th-1o and Kr atom; and this is also the main contribution on the 
ultrahigh Kr uptake and record Kr/N2 selectivity. However, in trap II, the 
location of Kr is not so tightly fixed, as observed in trap I, due to the big 
size of trap II, showing relatively weaker multiple van der Waals (vdW) 
interactions with Kr…H distance of 3.35 (3) Å and 4.02 (3) Å, Kr…S 
distance of 3.75 (3) Å, and Kr…F distance of 3.95 (3) Å and 4.02 (3) Å 
(Fig. 4d). And adjacent Kr…Kr distance is as long as 6.40 (4) Å, 
excluding Kr…Kr interaction, as observed in trap I. In this regard, trap II 
could just give weak affinity towards Kr, which can be further reflected 
on the calculated binding energy of − 10.36 kJ/mol. Moreover, to 
further confirm formation of Kr2 dimer, we measured raman spectrum 
for Kr-loaded samples. The results are shown in Fig. S11, where a new 
peak at 1469 cm− 1 was observed, in contrast to pristine samples, which 
could be resulted from Kr2 dimer. 

3.6. Photo-boosting Kr/N2 separation 

Moreover, we further investigated the Kr adsorption and Kr/N2 
separation on the color-changed samples of DMOF-Th-1c, aiming at 
seeking out a simple method to boost Kr adsorption and Kr/N2 separa-
tion. First, we measured the N2 adsorption isotherm at 77 K for DMOF- 
Th-1c, and N2 uptake is enhanced by 20 % with BET and pore volume 
increasing to be 433 cm2/g and 0.196 cm3/g, equal to 7.7 % and 17.6 % 
enhancement, relative to DMOF-Th-1o (Fig. 3a). Note that more steep Kr 
uptake below 0.1 bar was observed, in contrast to DMOF-Th-1o, 
resulting in the record-high Kr uptake of 13 cm3/g, exceeding all re-
ported adsorbents (Fig. 3b-c, Table S2). Even at 0.03 bar the Kr uptake is 
also as high as 8.5 cm3/g, also representing the highest value (Table S2). 
In contrast to DMOF-Th-1o, Kr uptake in DMOF-Th-1c is largely 
enhanced by 1.7-fold at 0.1 bar and 2.4-fold at 0.03 bar. Interestingly, 
N2 adsorption was not effected. Thus, we observed impressively high Kr/ 
N2 ratio of 40.6 at 0.1 bar:0.1 bar and 65.4 at 0.03 bar:0.03 bar, which is 
bigger than that in DMOF-Th-1o by 1.9-fold. These results strongly 
suggest the open-ring-to-closed-ring structure transformation between 
DMOF-Th-1o and DMOF-Th-1c under UV irradiation to be a good so-
lution to boost Kr uptake and Kr/N2 separation. Correspondingly, the 
IAST Kr/N2 selectivity increased up to 754.2–147.4 (Fig. 3d), equal to 
2.6–2.3 fold enhancement, relative to DMOF-Th-1o. In addition, the Kr/ 
N2 separation time in DMOF-Th-1c is boosted up to 40 min/g (Fig. 3f), 

Fig. 4. View of the Kr adsorption sites in DMOF-Th-1o by DFT calculation. (a) View of the location of two Kr atoms in trap I, forming a unique Kr2 dimer. (b) View of 
multiple van der Waals (vdW) interactions and Kr…Kr interaction in trap I. (c) View of the location of two Kr atoms in trap II with long Kr…Kr distance of 6.40 (4) Å. 
(d) View of multiple van der Waals (vdW) interactions in trap II. 
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equal to 1.4-fold enhancement in Kr/N2 separation performance, rela-
tive to DMOF-Th-1o. Its recycle use was also confirmed by repeating the 
breakthrough tests twice (Fig. S10). All these evidences imply DMOF- 
Th-1c as an ideal material for Kr adsorption, Kr/N2 separation, and 
consequently superior application in treating UNF off-gas. 

Seen from the above Kr/N2 separation from simulated off-gas, it is 
clear that CO2 also broke out from column immediately, which also 
suggests Kr/CO2 selectivity. However, Kr/CO2 selectivity is still not 
observed in all established examples [30–49]. In this regard, we further 
measured CO2 adsorption isotherm at 298 K. As shown in Fig. S12, Kr 
uptake at low pressure is impressively bigger than CO2 uptake, strongly 
suggesting Kr/CO2 selectivity at low pressure. 

3.7. Xe/Kr separation 

Furthermore, we also explored Xe/Kr separation upon these MOFs 
(Fig. S13). First, Xe adsorption isotherms at 298 K were measured, 
giving 33.4 cm3/g and 42.3 cm3/g Xe uptake for DMOF-Th-1o and 
DMOF-Th-1c at 1 bar (Fig. S13a), suggesting a 27 % enhancement in Xe 
uptake after UV irradiation. The Xe uptake is bigger than corresponding 
Kr uptake, indicative of selective Xe uptake over Kr. The Xe/Kr selec-
tivity was calculated to be 2.3–3.8 for DMOF-Th-1o and 0.8–2.4 for 
DMOF-Th-1c (Fig. S13b), giving a 65 % decrease in the Xe/Kr selectivity 
at the onset of adsorption; this suggests big negative effect of UV irra-
diation on the Xe/Kr separation. In addition, we investigated the 
breakthrough test upon DMOF-Th-1o and DMOF-Th-1c (Fig. S13c). For 
DMOF-Th-1o, Kr broke out column about 6 min/g, while long retention 
time of Xe up to 30 min/g was observed, suggesting excellent Xe/Kr 
separation for a Xe/Kr (20:80 v/v) mixture. By contrast, for DMOF-Th- 
1c, relatively longer retention time for Kr about 10.4 min/g and just 
few Xe/Kr separation was observed, due to enhanced Kr uptake and 
largely reduced Xe/Kr selectivity in DMOF-Th-1c. 

4. Conclusions 

In summary, we reported a photochromic and radiation-resistant 
thorium- diarylethene-framework for capturing trace Kr from UNF off- 
gas. The unique trap structure (trap I) not only generates fine confine-
ment for Kr atom through multiple van der Waals (vdW) interactions, 
but also causes the formation of unique adsorption manner of Kr2 dimer, 
thus leading to ultrahigh Kr uptake, record Kr/N2 selectivity, and 
benchmark Kr/N2 separation time in the simulated UNF off-gas. 
Furthermore, photochromic approach in this MOF is found to be high-
ly effective to largely boost Kr capture, Kr/N2 selectivity, and Kr/N2 
separation time. The Kr adsorption capacity is thus the highest one 
among all reported adsorbents. This work not only reports the best 
materials for Kr capture and separation from UNF off-gas, but also de-
velops a simple and convenient avenue to boost the adsorption and 
separation performance of materials without the need of designing and 
generating new MOFs. 
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Fig. S1 The diarylethene ligand of H2L used in this work. The light response and photochromic 

properties are due to open-ring-to-closed-ring transformation under light irradiation. 
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Fig. S2 A comparison of PXRD patterns among the simulated data, the samples of DMOF-Th-1o 

and DMOF-Th-1c.  
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Fig. S3 A comparison of IR of DMOF-Th-1o and DMOF-Th-1c. 
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Fig. S4 The TG plot of DMOF-Th-1o. 
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Fig. S5 Above/a comparison of PXRD patterns among the simulated data, the samples of 

DMOF-Th-1o and acviated DMOF-Th-1o; below/a comparison of Kr adsorption isotherm for 

acviated DMOF-Th-1o and the samples after radiation. It is clear that radiation shows somewhat 

benefit for Kr uptake at low pressure.  

 

 

 

 

 

 

 



7 
 

10 20 30 40 50

2

Simulated

DMOF-Th-1c after 10 kGy

DMOF-Th-1o after 10 kGy

 

Fig. S6 A comparison of PXRD patterns among that simulated from single crystal data, 

DMOF-Th-1o after 10 kGy irradiation, and DMOF-Th-1c after 10 kGy irradiation. 
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Fig. S7 The adsorption isotherms of Kr at 273 K for DMOF-Th-1o and DMOF-Th-1c.  
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Fig. S8 The recycle use of DMOF-Th-1o for breakthrough test from a simulated UNF off-gas at 

298 K.   
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Fig. S9 A comparison of experimental and calculated Kr adsorption isotherms for DMOF-Th-1o. 
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Fig. S10 The recycle use of DMOF-Th-1c for breakthrough test from a simulated UNF off-gas at 

298 K.  
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Fig. S11 A comparison of raman shift of DMOF-Th-1o and Kr-loaded samples. 
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Fig. S12 The Kr and CO2 adsorption isotherms at 298 K for DMOF-Th-1o and DMOF-Th-1c. 
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Fig. S13 (a) The Xe, Kr adsorption isotherms at 298 K for DMOF-Th-1o and DMOF-Th-1c. (b) 

The Xe/Kr selectivity of DMOF-Th-1o and DMOF-Th-1c. (c) The breakthrough test of 

DMOF-Th-1o and DMOF-Th-1c for a Xe/Kr (20:80 v/v) mixture.  
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Table S1. Crystal data and structure refinement for DMOF-Th-1o and DMOF-Th-1c, as well as 

DMOF-Th-1o at various temperatures.  

Compounds          DMOF-Th-1o          DMOF-Th-1c         DMOF-Th-1o              DMOF-Th-1o 

Temperature           296 (2) K             296 (2) K            100 (2) K                  150 (2) K 

Wavelength            0.71073 Å            0.71073 Å            0.71073 Å                 0.71073 Å 

Crystal system          Rhombohedral        Rhombohedral        Rhombohedral              Rhombohedral 

Space group            R-3m                 R-3m                  R-3m                   R-3m 

Unit cell dimensions     a = 27.361(3)Å         a=27.038(4) Å        a= 26.921(3) Å             a= 26.953(3) Å 

b = 27.361(3)Å         b=27.038(4) Å         b= 26.921(3) Å            b= 26.953(3) Å 

c = 21.230(5) Å         c=21.243(3) Å         c=21.220(3) Å             c= 21.219(3) Å 

Volume (Å3)          13763(4)              13449(3)               13319(3)                 13350(3) 

Completeness          99.5 %               100%                  0.994%                   0.998% 

Goodness-of-fit on F2   1.096                1.101                   1.107                     1.125 

R indices (all data)      R1 = 0.0485         R1 = 0.0563              R1 = 0.0970                R1 = 0.1044 

wR2 = 0.1179        wR2 = 0.1193            wR2 = 0.1902              wR2 = 0.2039 

CCDC number         2143612 

aR1 = Σ||Fo| − |Fc|| (based on reflections with Fo2> 2σF2); wR2 = {Σ[ω(Fo2− Fc2)2]/Σ[ω(Fo2)2]}1/2; w = 1/[σ2F0
2 + (0.095P)2]; P = 

[max (Fo2, 0) + 2Fc2]/3 (also with Fo2> 2σF2). 
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Table S2. A comparison of several crucial parameters for capturing Kr from simulated UNF off-gas 

among some benchmark adsorbents and our cases.  

Adsorbents  Kr uptake (cm3/g) Kr/N2 ratio 
0.1:0.1 bar 

Adsorption 
isotherm at 
low pressure 

Qst of Kr 

kJ/mol 

Kr/N2 
separation 
time 

Reference 

0.1 bar 0.03 bar 

NiCo@C-700 1.6 - - linear type - No separation Angew. Chem. Int. Ed. 
133, 2461-2468 (2021) 

SIFSIX-3-Cu 2.5 0.8 3.1 linear type - 3 min/ga Nat. Commun. 2020, 11, 
3103 

Ni(4-DPDS)2CrO4 4.4 1.3 3.7 linear type 15.4 No separation Nat. Commun. 11, 1-8 
(2020). 

Cu-MOF-303 4.5 2.0 - linear type 16 - Angew. Chem. Int. Ed. 
60, 3417-3421 (2021). 

NU-200 5.0 1.0 - linear type 20.6 - J. Am. Chem. Soc.  144, 
3737-3745 (2022). 

squarate-based 
MOF 

5.5 2.5 6.1 linear type 35.9 No separation J. Am. Chem. Soc. 141, 
9358-9364 (2019). 

SBMOF-1 6.0 2.5 7.5 linear type  1.4 min/gb Nat. Commun. 7, 1-7 
(2016). 

HOFZJU-201a 6.0 3.0 3 linear type 21.7 –
25.2 

No separation Angew. Chem. Int. Ed. 
61, e202117609 (2022). 

ZJU-74-Ni 8.0 1.5 20 linear type 21.8 2 min/ga J. Am. Chem. Soc. 144, 
3200-3209 (2022). 

ATC-Cu 10.0 6.0 2.5 linear type - 3 mina Angew. Chem. Int. Ed. 
61, e202117807 (2022). 

DMOF-Th-1o 7.6 3.6 21.7 Steep type 57 28.9c Our work 

DMOF-Th-1c 13.0 8.5 40.6 Steep type - 40.0c Our work 

Note: ‘-’ represents the data that can not be obtained from the reported data. ‘a’is based on a flow 
rate of 5 mL/min. ‘b’is based on a flow rate of 20 mL/min. ‘c’is based on a flow rate of 3 mL/min. 

 


	1-s2.0-S1385894722044837-main
	Selective krypton uptake through trap confinement, formation of Kr2 dimer, and light response in a photochromic and radiati ...
	1 Introduction
	2 Experimental section
	2.1 Materials and characterization
	2.2 Synthesis of DMOF-Th-1o
	2.3 Powder samples of DMOF-Th-1o
	2.4 Activated DMOF-Th-1o
	2.5 Preparation of DMOF-Th-1c
	2.6 Regeneration of DMOF-Th-1o
	2.7 X-ray crystallography
	2.8 GCMC and DFT calculation
	2.9 Isosteric heat of adsorption
	2.10 IAST calculations
	2.11 Breakthrough test

	3 Results and discussion
	3.1 Synthesis and structure of DMOF-Th-1o
	3.2 Photochromic properties of DMOF-Th-1o
	3.3 Stability and porosity
	3.4 Kr/N2 separation in DMOF-Th-1o
	3.5 Adsorption mechanism of Kr in DMOF-Th-1o
	3.6 Photo-boosting Kr/N2 separation
	3.7 Xe/Kr separation

	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


	SI

