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The separation of molecules with similar size and shape is an important technological 

challenge. For example, rare gases can pose either an economic opportunity or an 

environmental hazard and there is a need to separate these spherical molecules 

selectively at low concentrations in air. Likewise, chiral molecules are important building 

blocks for pharmaceuticals, but chiral enantiomers, by definition, have identical size and 

shape, and their separation can be challenging. Here we show that a porous organic cage 

molecule has unprecedented performance in the solid state for the separation of rare 

gases, such as krypton and xenon. The selectivity arises from a precise size match between 

the rare gas and the organic cage cavity, as predicted by molecular simulations. 

Breakthrough experiments demonstrate real practical potential for the separation of 

krypton, xenon, and radon from air at concentrations of only a few parts per million.  

We also demonstrate selective binding of chiral organic molecules such as 1-

phenylethanol, suggesting applications in enantioselective separation.  

 

With the exception of argon, which makes up almost 1 % of air, the rare or ‘noble’ gases are 

all commonly encountered in low concentrations: xenon (Xe) occurs naturally in the 

atmosphere at 0.087 parts per million by volume (ppmv); krypton (Kr) at 1.14 ppmv.1 

Cryogenic methods are used to extract commercially valuable rare gases such as xenon from 

air, but this is costly because of the low concentrations involved. Rare gases are therefore 

valuable: high purity xenon, for example, has uses including commercial lighting, medical 

imaging, anesthesia, and neuroprotection, and it sells for more than $5,000 per kilogram. 

 

Other rare gas isotopes can be harmful. Radon gas, which occurs naturally in a radioactive 

form (222Rn), can accumulate in buildings, and is a leading cause of lung cancer,2 accounting 

for around 21,000 deaths per year in the USA alone. Likewise, unstable, hazardous 

radioisotopes of krypton and xenon, such as 85Kr and 133Xe, are produced in nuclear fission 

and can enter the atmosphere during the reprocessing of spent nuclear fuel3 or via nuclear 

accidents, such as the Fukushima Daiichi Nuclear Power Plant catastrophe in Japan.4 

Cryogenic processes have been suggested for the removal of radioactive rare gases from off-

gas streams in future nuclear reprocessing plants, but again this is energy intensive and 

expensive because of the low rare gas concentrations. Alternative separation technologies 

therefore could save energy, protect the environment, and produce valuable resources: for 
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example, the reduction of 85Kr concentrations to permissible levels in xenon-rich nuclear 

reprocessing streams would create an entirely new source of xenon for industrial use.  

 

In principle, gas mixtures can be separated with greater energy efficiency by using porous 

solids that bind specific components in the mixture, as suggested by early experiments on 

the adsorption of “radium emanations” (radon) on charcoal by Rutherford.5 A wide range of 

task-specific porous materials now exists such as activated carbons,6,7 zeolites,8 metal–

organic frameworks (MOFs),9,10 porous molecular crystals,11 and polymers.12 It remains a 

major challenge, however, to efficiently separate gas molecules that are present in low 

concentrations (< 500 ppmv) from the principal components in the gas mixture. For rare 

gases, this is exacerbated by their lack of chemical reactivity and the small size difference 

between the higher-mass rare gases such as Kr (diameter = 3.69 Å),13 Xe (4.10 Å), Rn 

(4.17 Å), and the common constituents of air. The spherical nature of the rare gases 

precludes strategies based on shape selectivity,14 and hence precise tuning of the 

dimensions of the pores is required to achieve selective separations. Ideally, an adsorbent 

should exhibit both high adsorption selectivity and high adsorption capacity for the 

component of interest. The provision of a large physical surface area may not give good 

separation selectivity, but adequate adsorption capacity is nonetheless required to create 

economically viable separation methods.  

 

Porous MOFs show promise for Xe/Kr separations15-17 and computational screening studies 

suggest that better materials remain to be discovered.13,18 Few materials, however, provide 

effective separations of rare gases at low concentrations of just a few parts per million in air. 

The leading material is the nickel-based MOF, Ni/DOBDC, which was shown to separate 

400 ppm Xe from 40 ppm Kr in air containing O2, N2, and CO2 with a Xe/Kr selectivity of 

7.3.19  
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Figure 1.  The porous organic cage molecule and its extended crystal packing. a, Reaction 

scheme for the synthesis of CC3 by a one-pot [4+6] cycloimination reaction involving 4 

trialdehyde and 6 diamine molecules, catalysed by trifluoroacetic acid (TFA). b, The largest 

inclusion sphere inside the cage (dark purple mesh) is the perfect size to accommodate a 

single xenon atom (cyan sphere, c) or radon atom (not shown). d, Two pore cavities exist in 

the 3-dimensional pore structure: a cage cavity inside the molecule itself (dark purple) and a 

window cavity between adjacent cage windows (light purple).  

 

  



5 
 

 

 
Figure 2 Molecular simulations and adsorption measurements demonstrate dynamic gas 

permeability and high selectivity for xenon and radon. a, Molecular dynamics simulations 

(298 K, 1 atm) show a pore limiting envelope (coloured blue) between 3 Å and 4.5 Å in 

crystalline CC3 that encompasses the diameters of all rare gases, up to radon. b, For xenon 

and radon, the windows are dynamically ‘open’ for only a small fraction of the time.  

c, Predicted single-component log-log gas adsorption isotherms (Kr, Xe and Rn; open 

symbols) and experimental equivalents (Kr, Xe; filled symbols) at 298 K for CC3 (inset shows 

linear–linear plot). Simulated isotherms were obtained from grand-canonical Monte Carlo 

(GCMC) simulations. d, Calculated zero-coverage heats of adsorption plotted against 

calculated gas uptakes from a hypothetical equimolar, 11-component competitive 

adsorption simulations (blue triangles) and calculated Henry’s coefficients (red squares), all 

at 298 K. We predict highly selective Rn uptake for this equimolar mixture. At equilibrium, 

the guest occupancy in the CC3 pores (298 K, 1 bar total pressure) is calculated to be: Rn = 

91.66 %; Xe = 5.03 %; Kr = 0.32 %; CO2 = 0.30 %; CH4 = 0.20 %; Ar + He + N2 + O2 + H2 + H2O = 

0.10 %. These Henry’s coefficients, supported by binary GCMC simulations, suggest that CC3 

has potential for separating various gas mixtures, in addition to the rare gases 

(Supplementary Information, Section 1).   
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We reported previously an organic cage molecule, CC3,20 which we show here to have an 

internal cavity that is precisely the right size to accommodate a single xenon or radon atom. 

The largest inclusion sphere21 in this cavity (d = 4.4 Å) is very close to the diameters of xenon 

(4.10 Å; Fig. 1c) and radon (4.17 Å). The cage packs in the crystalline state to give a robust 3-

dimensional pore structure (Fig. 1d). In a static view, however, the narrowest point in the 

pore channels, the pore-limiting diameter,22 lies between the cage and the window cavities 

and has dimensions of just 3.6 Å (vertical solid line in Fig. 2a). This is slightly smaller than the 

diameter of Kr (3.69 Å), and in principle too narrow to permit the diffusion of either xenon 

or radon. However, molecular dynamics simulations allow for vibrational motion of the 

atoms in the cage molecules. This reveals a time-averaged, pore-limiting envelope (Fig. 2a) 

that is broad enough to permit diffusion of both xenon and radon. Calculations suggest that 

the pore windows are ‘open’ for only 7 % and 3 % of the simulation time for xenon and 

radon, respectively, but this is enough to allow opportunistic hopping of these gases 

through the pores.  

 
Both simulated and experimental gas adsorption isotherms demonstrate substantial uptake 

of both krypton and xenon in CC3 (Fig. 2c). We also simulated the radon adsorption 

isotherm, which we could not measure experimentally because, to our knowledge, no 

laboratory worldwide is equipped with a suitable gas sorption apparatus that is configured 

for such radioisotopes. The xenon isotherm and the simulated radon isotherm both 

approach saturation at 1 bar (298 K) at a gas uptake of around 2.69 mol kg-1, corresponding 

to three gas molecules per CC3 cage. This can be rationalized by one gas molecule occupying 

each cage cavity, plus four more gas molecules shared between two cages in the 

surrounding window cavities. The smaller rare gas, krypton, is less strongly adsorbed and is 

much further from saturation at 1 bar (Fig. 2c, linear inset plot). The strong preference for 

xenon and radon adsorption is further demonstrated by calculations (Fig. 2d) that show 

enhanced zero-coverage heats of adsorption for xenon (31.3 kJ mol-1) with respect to 

krypton (23.1 kJ mol-1) and the more common gases that are the main constituents of air 

(4.5–27.7 kJ mol-1). These calculations for krypton and xenon agree reasonably with 

measured heats of adsorption (Supplementary Information, Fig. S1). Radon is predicted to 

have an even higher heat of adsorption of 38.4 kJ mol-1. The computed Henry’s coefficients 

scale with both the heats of adsorption and with the gas uptakes calculated from an 
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equimolar 11-component competitive adsorption simulation (Fig. 2d). In this hypothetical 

11-component mixture, we predict that 91.7 % of the available sorption sites in the 

crystalline cage solid would be occupied by Rn at equilibrium, even though Rn constitutes 

just 9.1 mol. % of the gas mixture and has a diameter, 4.17 Å, which is only 0.07 Å larger 

than that of Xe. These simulation data suggest selectivity for xenon and radon adsorption in 

this concentration range that far exceeds other reported materials.19  

 

Powder X-ray diffraction data were used to determine the structure of CC3 under an excess 

pressure of xenon (10 bar, 295 K, Fig. 3a; Supplementary Information, Section 2).  

 

 

 
Figure 3.  Structural comparison between porous organic xenon clathrate, a, and xenon 

hydrate, b. The sizes of the organic cage cavities (dark purple) and the inter-window cavities 

(light purple) in the pre-structured, porous organic clathrate are analogous to the D- and T-

cages in the ice hydrate. In both cases, a single xenon atom occupies each cavity.  

 

Single xenon atoms were located in the cage cavities and in the window cavities. At this 

pressure, the cage cavity is fully occupied, while the window cavity is 88±1 % occupied, 

resulting in a total of 2.8 xenon atoms per cage (1.87 mol kg-1, 25 wt. %). A comparison can 

be made between this organic structure and the known xenon hydrate (Fig. 3b).23,24  
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At 40 K and 1.01 bar, xenon hydrate adopts a type I clathrate structure in which the 

polyhedral T-cages and D-cages are 82 % and 80 % occupied (overall 3.87 mol kg-1 Xe, 51 

wt. %) with average Xe–O distances of 4.26 Å and 3.86 Å, respectively. In Xe-loaded CC3, the 

closest atoms from the CC3 molecule form analogous, polyhedral organic cages around the 

xenon guest (Supplementary Information, Table S1). The shortest contact distances 

between the cage molecule and xenon guests are comparable with the xenon hydrate 

cages: the average Xe···phenyl ring centroid distance for the cage cavity is 4.22 Å, while 

short Xe···H contacts with a mean distance of 3.75 Å are present in the window cavity. The 

volumetric density of enclathrated xenon in CC3 close to saturation is 0.31 g cm-3. This is 

lower than in xenon hydrate (0.85 g cm-3) but CC3, unlike the hydrate, is stable to removal of 

the xenon guest, and retains a preorganised host structure that can capture xenon at low 

partial gas pressures. The structure of CC3-R Kr-loaded at 9.8 bar was determined by 

analogous in situ PXRD experiments (Supplementary Information, Section 2). This structure 

indicates that the krypton atoms are hosted in the cage cavity and cage window sites, with a 

decreased overall occupancy with respect to the xenon-loaded CC3 structure of 2.1±0.1 Kr 

atoms per cage (1.63 mol kg-1, 13 wt. %), reflecting the much lower simulated and measured 

affinity of Kr for CC3 (Fig. 2c,d).  

 

To evaluate CC3 for actual separations of rare gases at low concentrations in air, as would 

be encountered in the reprocessing of spent nuclear fuels, we carried out breakthrough 

measurements with an adsorption column packed with CC3 crystals. When a mixture of 

xenon (400 ppm) and krypton (40 ppm) balanced with the common components of air (N2, 

O2, and CO2) was passed through this column, the xenon component was retained for more 

than 15 minutes, even at a flow rate of 40 cm3 STP min-1, which is twice as fast as that used 

in previous studies for MOFs.19 By contrast, krypton and the other components broke 

through almost immediately (Fig. 4a).  
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Figure 4.  Separation of valuable or harmful rare gases at low concentrations using organic 

cages. a, Breakthrough measurements show clean separation of krypton (40 ppm) from 

xenon (400 ppm) when present as low-concentration impurities diluted in air, as might be 

encountered in nuclear reprocessing technologies (T = 298 K; C = concentration of 

component in column outlet; C0 = total concentration of all feed gases). b, The experimental 

xenon uptake (400 ppm Xe) is also reproduced by simulations; black diamond = 

experimental uptake. The volumetric density of the rare gas in the solid CC3 adsorbent 

divided by its volumetric density in the bulk gas phase, ρ(captured)/ρ(bulk) (left vertical 

axis), is plotted against its concentration in the gas mixture (red squares), together with the 

corresponding simulated rare gas uptake (blue circles, right vertical axis). c, Other 

simulations, also at 298 K, predict even higher selectivity for radon separation from air, or 

from pure nitrogen or helium (Supplementary Information, Fig. S2), as validated by gas 

adsorption experiments.  

 

Under these conditions, CC3 adsorbs twice as much xenon as the leading MOF, Ni/DOBDC:19 

around 11 mmol kg-1, in good agreement with simulations (Fig. 4b). In addition, the Xe/Kr 

selectivity for CC3 is almost three times higher than for Ni/DOBDC: 20.4 versus 7.3. 
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Selectivity and capacity are often seen as a trade-off. Here, CC3 shows significant 

improvements for both of these key parameters with respect to the leading MOF material.19  

 

These breakthrough measurements (Fig. 4a) also prove that the adsorption kinetics are fast 

enough to allow real separations. This is supported by detailed kinetic studies for pure Kr 

and for pure Xe (Supplementary Information, Section 3), which show that rare gas diffusion 

in CC3 is relatively fast (e.g., at 2.0 mbar, 195 K; Kr = 12.7 × 10-3 s-1 and Xe = 5.76 × 10-3 s-1). 

Comparison of activation energies, Ea, with the corresponding enthalpies of adsorption, Qst, 

for Kr and Xe show that Ea is lower than Qst; therefore, surface diffusion is the rate 

controlling step for adsorption of both gases on CC3.  

 

We ascribe the dramatic separation performance to the near-perfect fit between the 

cavities in CC3 and the xenon guests. Indeed, the pore structure in CC3 reflects the optimal, 

hypothetical structure for Xe/Kr separation suggested by computational studies:18 that is, 

uniform pore channels that are at points too narrow, but at other points just large enough, 

to accommodate a single xenon atom. There are no larger cavities in CC3 that are a poor fit 

for xenon, nor any smaller cavities that might competitively adsorb the smaller molecules, 

such as nitrogen or water, in the gas mixture. Other molecular host-guest complexes25,26 

and organic clathrates27 of the rare gases have been formed but in the presence of much 

higher rare gas concentrations, often in solution, under conditions that would be impractical 

for selective gas capture from dilute mixtures with air.  

 

The organic cage is also an excellent adsorbent for radon gas. Although metal–organic 

frameworks have been studied recently for radon separation by molecular modelling,28, 29 

they have not yet been subject to any experimental tests. The adsorption capacity for CC3 

was evaluated by a dynamic adsorption technique where the radioisotope is mixed at high 

dilution in a carrier gas, nitrogen. The radon concentration in the gas was 615±17 Bq m-3, or 

3.8±0.1 × 10-16 mol kg-1. The cage crystal adsorbs 222Rn from the gas phase and concentrates 

it in the solid state by a volumetric factor of between 5,000 and 1 × 106, depending on the 

adsorption temperature (Supplementary Information, Table S2). This high selectivity for 

radon with respect to nitrogen was also predicted at ambient temperature for 

multicomponent air (Fig. 4c), which includes potentially competing species such as CO2 and 
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water. Hence, CC3 might be useful for radon removal from air, or from water, or for 

improving the sensitivity and humidity tolerance of environmental monitoring technologies 

that use physical adsorption to concentrate the radon gas for detection. Currently, charcoal 

is used as an adsorbent for short-term radon testing in domestic homes, but its relatively 

poor selectivity against water vapour can lead to variation in test results with fluctuating 

humidity. In principle CC3, which has a single pore size that is tailored to adsorb radon, 

offers a solution to this problem.  

 

Experiments with radioisotopes are restricted to specialized laboratories, but radioisotope 

adsorption is readily studied in silico. For example, we also predict that CC3 could capture 
222Rn from helium at radon concentrations as low as 0.01 ppmv (Supplementary 

Information, Fig. S2) with extremely high selectivity (Rn/He = 5.4 × 108), as relevant in 

astroparticle physics experiments searching for rare, low-energy events.30 Our success in 

calculating the Xe and Kr behaviour relative to experimental results (Fig. 4b) gives us 

confidence in extrapolating these computational predictions to radon.  

 

This porous organic cage can also be used to separate molecules other than rare gases. 

Chiral molecules are important pharmaceutical feedstocks and there is a need for their 

effective separation.31 CC3 can be prepared in homochiral form by synthesizing the cage 

from either the (R, R) or (S, S) enantiomer of 1,2-cyclohexanediamine.32 We therefore 

explored homochiral CC3 for chiral separations that are important, for example, in the 

pharmaceutical industry.31 Homochiral crystals of CC3 were found to adsorb a chiral alcohol, 

1-phenylethanol, with selectivity for the enantiomer with opposite chirality to that of the 

cage (Fig. 5a; Supplementary Information, Section 4). This results from more favourable 

intermolecular interactions between the 1-phenylethanol guest and the CC3 cage of the 

opposite chirality. Neither the solid racemic cage crystal, rac-CC3, nor a chiral conglomerate 

of CC3, showed any enantioselectivity for this alcohol. However, rac-CC3 does show size 

selectivity for achiral guests, such as xenon and radon, much as found for the homochiral 

forms of CC3. Hence, rac-CC3 is size selective, whereas homochiral CC3 is both size selective 

and enantioselective.  
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Figure 5. Chiral separation using CC3: experimental and simulated enantiomeric excess 

(ee) for 1-phenylethanol. a, Measured enantiomeric excess of the S enantiomer (ee
S
) of 1-

phenylethanol adsorbed in CC3 over a range of guest:host ratios. Equal and opposite ee
S
 is 

observed for homochiral CC3-R (red) and CC3-S (blue) crystals because of preferential 

adsorption of the 1-phenylethanol enantiomer with opposite chirality. The racemic cage 

crystal, rac-CC3 (black), is not enantioselective. b, Simulated ee
S
 obtained from advanced 

configurational-bias Monte Carlo simulations for 1-phenylethanol in the CC3 host. All 

simulations were carried out at ambient temperature and pressure. Simulated maximum 

guest loadings and ee
S
 for 1-phenylethanol in the CC3 host correspond closely with 

experimental observations at a guest:host ratio of 2. Five independent simulations were 

performed in each case.  
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Figure 6. Simulated molecular configurations of (S)-1-phenylethanol in the pores of CC3-R. 

a, A frequently observed conformation where the hydroxyl oxygen atom of (S)-1-

phenylethanol (red) is in close proximity to the hydrogen atom (2.57 Å), bonded to an imine 

carbon atom, and to an aryl hydrogen atom (2.61 Å), both of CC3-R. b, Overlay of one 

hundred snapshots of (S)-1-phenylethanol in the CC3-R cage molecule. The alcohol groups 

(red: O; white: H) and the methyl groups (yellow) of (S)-1-phenylethanol occupy the cage 

windows, pointing toward neighboring cages; the phenyl ring (green) is located inside the 

cage cavity. The predicted disordered orientation of (S)-1-phenylethanol inside the CC3-R 

cage is consistent with experimental single crystal observations.  

 

As for the size selective binding of rare gases, molecular simulations can predict the 

observed enantioselectivity in CC3. A parallel mole-fraction grand-canonical Monte-Carlo 

simulation33 was used to predict the enantiomeric excess of 1-phenylethanol in CC3, and the 

results show close agreement with experiment (Fig. 5b). Single crystal X-ray diffraction 

shows that the 1-phenylethanol guests are disordered over several sites in the pores of CC3 

(Supplementary Information, Section 4). The electron density is too diffuse to be modelled 

accurately, but molecular simulations suggest that the chiral selectivity stems from a specific 

interaction between the hydroxyl group in the alcohol and the nitrogen atom in the imine of 

CC3 (Fig. 6a), supported by π–π interactions between aryl groups in the cage and in the 

alcohol. This conformation is predicted to be common for (S)-1-phenylethanol in CC3-R, but 

is much less apparent in CC3-S, as illustrated by radial distribution function plots 

(Supplementary Information, Figs. S3–S5). This leads to a predicted difference in host–guest 

a b
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binding energy for (S)-1-phenylethanol and (R)-1-phenylethanol in CC3-R of around 28.5±4.0 

kJ mol-1, which explains the observed enantioselectivity. As for the radon gas studies, above 

(Fig. 2c), molecular simulations provide details that are not readily obtained by 

experiment,34 in this case because of the disorder of the guest in the host pore channels.  

 

These results suggest that porous organic cage solids have potential for analytical chiral 

separations, or perhaps even preparative separations given the scalability and hydrothermal 

stability of CC335 and its derivatives.36 Chiral selectivity is known for porous MOFs,37-40 

metal–organic cages41 and, recently, hydrogen bonded organic frameworks.42 Porous organic 

cage materials, however, might have specific advantages. In particular, unlike extended 

frameworks, they can be highly soluble in organic solvents,43 and this could allow direct 

solution deposition in practical formats such as capillary columns, thus avoiding problems 

that can be encountered with slurries of insoluble porous frameworks.40 Indeed, solution 

processing of organic cages has already been used to produce hierarchically porous solids44 

and materials for molecular sensing.45  

 

In summary, porous organic cages have unprecedented selectivity for rare gas separations 

at low rare gas concentrations. These porous molecules also show promise for chiral 

separations. The underlying principles of size selective and enantioselective binding, 

supported by molecular simulations, could be extended to larger guests, such as 

biomolecules, by exploiting for example the larger, mesoporous cage molecules that have 

been discovered recently.46-49  
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