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ABSTRACT 

We report a two-step, hierarchical synthesis that assembles a trigonal prismatic organic cage 

into a more symmetrical, higher-order tetrahedral cage, or ‘cage of cages’. Both the pre-

formed [2+3] trigonal prismatic cage building blocks and the resultant tetrahedral 

[4[2+3]+6]cage molecule are constructed using ether bridges. This affords the 

[4[2+3]+6]cage molecule excellent hydrolytic stability that is not a feature of more common 

dynamic cage linkers, such as imines. Despite its relatively high molar mass (3001 g mol-1), 

[4[2+3]+6]cage exhibits good solubility and crystallises into a porous superstructure with a 

surface area of 1056 m2 g-1. By contrast, the [2+3] building block is not porous. The 

[4[2+3]+6]cage molecule shows high CO2 and SF6 uptakes due to its polar skeleton. The 

preference for the [4[2+3]+6]cage molecule over other possible cage products can be 

predicted by computational modelling, as can its porous crystal packing, suggesting a broader 

design strategy for the hierarchical assembly of organic cages with synthetically engineered 

functions.   
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INTRODUCTION 

The chemical synthesis of complex organic molecules is part of our toolkit to access materials 

with unique structures and functions1–5. Supramolecular self-assembly is a powerful strategy 

to synthesise molecules comprising a number of separate precursors6–8; these assemblies 

can also be nanometres in size9,10 or chemically interlocked11,12. However, obtaining the 

desired self-assembly outcomes for more complex molecules quickly becomes synthetically 

challenging, particularly when the bond-forming chemistry has low reversibility. This sets up a 

dichotomy: the more successful supramolecular reactions often lead to labile, unstable 

products, and this can limit the scope for applications. This can be tackled by careful tuning of 

precursor structure and functionality, such as molecular geometry, or by iterative optimization 

of the synthetic procedures, but the best reaction conditions are often not intuitively obvious.  

Some of the earliest supramolecular systems were synthesised by condensing simple 

bidentate building blocks, such as ethylenediamine and triethylene glycol, to form cryptands 

and crown ethers, respectively13. These molecules inspired the synthesis of larger and more 

complex architectures. For example, Fujita introduced the concept of emergent behaviour in 

the assembly of large self-assembled macrocyclic products using carefully designed 

precursors14. Such supramolecular design strategies have allowed us to synthesise more 

complex self-assembled structures and, hence, to unlock new applications2,15,16. However, 

high structural complexity is often accompanied by increased synthetic challenges and 

significant unpredictability because of sensitivity to parameters such as the precise bond 

angles in the precursors9,14,17.  

Post-synthetic modifications have been used previously to enhance the porosity of organic 

cages18,19, such as by hooping parts of the cage together20. More recently, we and others have 

used hierarchical assembly strategies to form topologically complex hydrogen-bonded organic 

frameworks (HOFs)21,22 and covalently bonded materials, such as covalent organic 

frameworks (COFs)23–26, using three-dimensional organic cages as the building blocks27. 

These studies have shown that cage-based building blocks can assemble into higher-order 

structures and increase the complexity of the resulting materials, for instance, by controlling 

network topology and interpenetration, while still offering a degree of structural predictability. 

In turn, this has afforded cage-based HOFs and 3-D cage-based COFs with properties such 

as guest-responsive structural flexibility23 and self-healing behaviour28. However, to our 

knowledge, this hierarchical structuring approach has not been extended to the preparation of 

porous organic cage molecules18,29: that is, to synthesise larger porous cages from smaller 

organic cage precursors. 
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The use of organic cages as precursors to synthesise higher-order porous structures is 

attractive because it embeds cage molecules, with their own chemical complexity, into larger, 

hierarchical cages with the potential to create new functions while retaining useful properties 

such as solution processability19,27,30. For example, this strategy might produce porous 

materials with more sophisticated hierarchical porosities. To tackle this goal, we considered 

three criteria: (i) geometry – the cage precursors need geometries that can be arranged into 

a higher-order structure in a useful yield; (ii) chemical stability – the chemical bonding in the 

cages must not be too labile, both to impart stability for applications and also to avoid the 

dynamic scrambling that might occur, for example, in trying to construct an imine cage from 

another imine cage31; (iii) rigidity – the precursors need sufficient rigidity to direct chemical 

reactivity to the desired product and to ensure that the resultant hierarchical cage is shape 

persistent and retains its porous structure after removal of solvent from the voids.  

To meet these three criteria, we chose a trigonal prismatic [2+3] ether-bridged cage molecule, 

Cage-3-Cl, as the polyhedral building block to construct a hierarchical ‘cage of cages’ 

(Scheme 1). The preconfigured rigid geometry and excellent chemical stability of Cage-3-Cl 

allowed this [2+3] cage to assemble with tetrafluorohydroquinone (TFHQ) into an organic cage 

compound, [4[2+3]+6]cage. To our knowledge, this is the first example of a hierarchically 

structured porous organic ‘cage of cages’. 

Scheme 1. Synthetic route for the [4[2+3]+6]cage molecule. The triangular prism 

and the yellow sticks in the lower scheme represent Cage-3-Cl and TFHQ, respectively.  
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RESULTS AND DISCUSSION 

Nucleophilic aromatic substitution (SNAr) reactions have been reported to undergo reversible 

covalent bond formation when using electron-poor aromatic compounds32–34, while still leading 

to stable molecular products. Reversible error-correction is important for the formation of 

complex molecules that must self-sort during the reaction from a variety of possible products. 

Although the SNAr reaction has been used in the synthesis of ether-bridged cages, most tend 

to be [2+3] or [2+4] cage products with small intrinsic cavities35–37, with the exception of a 

larger [4+6] ether-linked cage reported by Carrillo et al.32. One possible reason for the lack of 

larger cages synthesised via SNAr chemistry is the less predictable orientation of the ether 

bridges, as compared to the imines and boronate esters where larger cages are more 

commonplace10,38–42.  

Previous investigations by our group and others have demonstrated that Cage-3-Cl has a 

highly symmetrical and rigid triangular prism geometry both in solution and in the solid-

state21,36. This geometry makes Cage-3-Cl an ideal building block for forming higher-order 

cage molecules, such as molecular barrels20. The three residual Cl atoms exhibit high 

reactivity43,44, which is essential for forming ether bridges. We selected TFHQ as the linear 

bridge between Cage-3-Cl molecules because the fluorine atoms might afford extra barriers 

to restrict the rotation of the ether bridges, and might improve the solubility of the resulting 

cage-cage molecules36,45.   

To explore the available bond angles and the relative flexibility of the ether bridges in possible 

hierarchical cage products, we performed molecular dynamics (MD) and density functional 

theory (DFT) calculations. Models were constructed with the supramolecular toolkit (stk) 

software46 to predict the most likely reaction products. As shown in Figure 1, the [4[2+3]+6] 

stoichiometry is predicted to form a stable, shape-persistent cage structure that exhibits a 

much lower energy than alternative [2[2+3]+3] and [8[2+3]+12] topologies. The [2[2+3]+3] 

topology has by far the highest relative energy (660.8 kJ mol-1) due to its highly strained 

geometry. The [8[2+3]+12] topology has higher relative energy (24.04 kJ mol-1) than the 

[4[2+3]+6] cage, which suggests that the [4[2+3]+6] topology is the thermodynamically 

favoured product, although we stress that these calculations do not include any solvent effects. 

As such, the [8[2+3]+12] topology might also be accessible under other synthesis conditions, 

whereas we predict that the [2[2+3]+3] topology is not. The cis-trans configurations of the ether 

bridges in the hypothetical [8[2+3]+12]cage can result in various positional configurations; all 

of these structural conformers were predicted to have relative energies that were between 

24.0–229.1 kJ mol-1 higher than the [4[2+3]+6]cage, indicating a strong preference for the 

[4[2+3]+6] product (see Section 1, Figure S1-4).  
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Figure 1. Relative density functional theory (DFT) energies for minimum energy 

configurations for [x[2+3]+y] cages. x = number of Cage-3-Cl cages, y = number of TFHQ 

linkers. Atom colour: C: grey, N: blue, O: red, and F: green. H atoms are omitted for clarity. 

Note the break in the energy scale for the highly strained [2[2+3]+3]cage.  

These simulation results suggested that it might be possible to synthesise [4[2+3]+6]cage via 

the SNAr reaction between Cage-3-Cl and TFHQ (Scheme 1). We, therefore, attempted the 

reaction experimentally, and screened a range of conditions where we varied the reagent 

concentration, solvent, and base (Table S1). From these experiments, we found that the 

reaction in acetone in the presence of the acid scavenger, N,N-diisopropylethylamine (DIPEA), 

afforded a new product with the highest yield of 53% after purification. The 1H NMR spectrum 

for the purified reaction product from the acetone reaction with DIPEA showed two singlets at 

7.09 and 6.85 ppm, which we assigned to the two aromatic protons in the [3+2] cage (Ha and 

Hb, Figure 2a, S5). The presence of two singlets indicates different environments, which we 

attribute to one of the protons being more shielded. However, apart from this splitting of the 

aromatic proton singlet in Cage-3-Cl, the NMR indicated that the resulting product had high 

symmetry in solution. In the 13C NMR spectrum, we observed three signals in the 174.5–

173.1 ppm range (Figure 2b, S6), which we assigned to the triazine ring carbon atoms. We 

attribute the characteristic splitting, observed at 142.5 and 140.0 ppm with a coupling constant 

of 250 MHz, to the coupling between the carbon and fluorine atoms in the TFHQ linker (Figure 

2b, S6). We also confirmed the presence of these fluorinated aromatic rings by 19F NMR 

spectroscopy, observing a singlet at -155.62 ppm (Figure S7), indicating that the fluorine 

atoms were symmetrically equivalent in solution. We also used matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry to analyse the reaction 
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product. We found an ion with a mass (M+H) at 3002.0756 (Figure 2c, S8, S9), which matched 

well with the theoretical value of 3002.0871, indicating the formation of [4[2+3]+6]cage. 

Figure 2: NMR spectra and molecular structures of [4[2+3]+6]cage, Cage-3-Cl and 

TFHQ: (a) 1H NMR (400 MHz, acetone-d6) spectra: Cage-3-Cl (green, bottom) and 

[4[2+3]+6]cage (blue, top). (b) 13C NMR (100 MHz, dioxane-d8) spectra: TFHQ (yellow, 

bottom), Cage-3-Cl (green, middle) and [4[2+3]+6]cage (blue, top) Insets, zoom-ins of boxed 

regions. (c) High-resolution MALDI-TOF spectra of [4[2+3]+6]cage. Two internal calibrants 

(SphericalTM) with m/z’s = 2979 and 3423 that bracketed the ion of interest were used to limit 

the m/z error to ± 5 ppm. 
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We next grew crystals for single-crystal X-ray diffraction analysis to confirm the structure of 

the [4[2+3]+6]cage molecule. Slow evaporation of a mixture of acetone/ethanol afforded 

single crystals suitable for X-ray analysis using synchrotron radiation (Figure S10, Table S2). 

The synchrotron single crystal structure, which we refined in the monoclinic P21 space group, 

revealed that the [4[2+3]+6]cage molecule adopts a tetrahedral topology, where four Cage-

3-Cl cage molecules serve as the vertices and six TFHQ molecules are located as the edges 

(Figure 3a). The interior and the exterior aryl caps of the Cage-3-Cl cage molecules form a 

core-shell structure, defining an inner and outer truncated tetrahedron with edge lengths of 

6.4 and 13.7 Å, respectively (Figure 3b). We also calculated the electrostatic potentials for the 

[4[2+3]+6]cage molecule, which showed that the centre of the [4[2+3]+6]cage molecule is 

surrounded by aromatic rings, affording - interactions for any guest molecules within the 

cage (Figure 3c, see section 1 of the ESI). 

Figure 3: Crystal structure of [4[2+3]+6]cage: (a) Structure of an individual [4[2+3]+6]cage 

molecule. Atom colours: C: grey; H: white; N: blue; O: red; F: green. (b) Representation of the 

[4[2+3]+6]cage molecule using two truncated tetrahedra on the inner and outer aryl caps of 

the [2+3] Cage-3-Cl cage molecules. For clarity, all atoms here are coloured grey. 

(c) Electrostatic potential maps of the [4[2+3]+6]cage molecule. The red and blue surfaces 

represent negative and positive regions of potential, respectively. (d, e) Pore channels in the 

extended [4[2+3]+6]cage crystal structure as viewed along the a-axis and b-axis, respectively. 

For clarity, H atoms are omitted in Figures b, e, and f. The yellow surfaces in d and e represent 

the contact surface as measured using a 1.2 Å diameter probe. (f) Scheme explaining the 

window splitting in the [4[2+3]+6]cage crystal structure along the a-axis; the window of the 

lower blue cage is partially occluded by the aryl face of the upper, yellow cage. 
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The interior of the cage core exhibits electron-poor character because of the V-shaped 

electron-deficient clefts formed by the triazine rings of Cage-3-Cl and the fluorine-decorated 

aromatic rings. This environment might be useful for selective guest molecule separation47–49. 

In the extended crystal structure of this cage-of-cages, the asymmetric cell contains one 

[4[2+3]+6]cage molecule, which assembles into a porous supramolecular structure by 

interacting with 12 neighbouring [4[2+3]+6]cage molecules through van der Waals forces 

(Figure S11). Two of the windows in the [4[2+3]+6]cage molecule are narrowed into smaller 

channels by the Cage-3-Cl vertices from neighbouring cage molecules (Figure 3d, f, S12), 

yielding 3D interconnected pore channels (Figure 3d, e). Using Zeo++50, we calculated that 

the pore limiting diameter of the [4[2+3]+6]cage crystal structure was 6.4 Å and the largest 

cavity diameter was 8.9 Å (Table S3, Figure S13‒15), suggesting that the structure is 

microporous. From these calculations, we also determined that voids in the [4[2+3]+6]cage 

crystal structure that is accessible to a 1.65 Å CO2 probe occupy 32.0% of the unit cell volume 

(Table S3). 

There was strong agreement between the predicted structure for the [4[2+3]+6]cage molecule 

and the molecule observed in the crystal structure (Figure 4). This validates the theoretical 

predictions, and the close match between the CSP-predicted structure and experimental 

crystal structure adds confidence in the crystal structure refinement (Figure S17). The root 

mean squared displacement (RMSD) was calculated as 0.5 Å with a maximum distance 

between atoms of 1.4 Å. However, the experimental displacement parameters are large due 

to disorder in the crystal structure (Figure S11a). Further attempts to synthesise the larger 

[8[2+3]+12] product by varying the reaction conditions were unsuccessful, based on MALDI-

TOF analysis of the resulting products (Table S1, Figure S8), in line with the molecular stability 

predictions (Figure 1).   

 

Figure 4: Comparison between predicted [4[2+3]+6]cage model and experimental 

crystal structure. The predicted structure (red) overlaid with the single crystal X-ray 
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diffraction structure (blue) is shown as viewed along the (a) a, (b) b, and (c) c-crystallographic 

axes.  

In principle, catenation of this cage is possible, given its large intrinsic voids (>10 Å diameter), 

as observed for significantly smaller imine cages11. However, we saw no evidence for 

catenated cage side-products, either by NMR or by MALDI-TOF characterisation.  

 

Figure 5: Crystal structure prediction for [4[2+3]+6]cage. (a) Computational crystal energy 

landscape of [4[2+3]+6]cage with colour-coded categorisation based on catenation type: 

discrete, non-catenated cages (uncoloured circles), triply interlocked cage dimers (green 

circles), singly interlocked cage dimers (blue), and singly interlocked 1-D cage chains 

(orange). The yellow star and blue cross represent the predicted structures matching the 

experimentally observed [4[2+3]+6]cage crystal structure and [4[2+3]+6]cage·acetone 

solvated structure, respectively. (b) Energy landscape after removal of the catenated 

structures, with color-coding based on the diameter of the largest sphere capable of freely 

moving within the crystal structure’s channel(s). Channels are found based on their ability to 

accommodate a CO2 molecule. Df = 0 corresponds to no channel being found. Atomic 

structures depicted for examples of (c) a triply interlocked cage dimer, (d) a singly interlocked 

cage dimer, and (e) a singly interlocked 1-D cage chain. 

We next used crystal structure prediction (CSP) to explore the solid-state packing of these 

hierarchical cages. The lattice energy landscape was explored using quasi-random sampling 

of the crystal packing space with the Global Lattice Energy Explorer (GLEE)51. Initial trial 

structures were generated from rigid molecules and subjected to lattice energy minimisation 
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employing an empirically parametrized potential with atomic multipole electrostatics52 (see SI 

Section 4, Tables S4‒5, and Figures S16‒25 for full details). 

Surprisingly, the CSP landscape for [4[2+3]+6]cage (Figure 5) showed catenated structures, 

along with the non-catenated cage that was observed experimentally, even though the discrete 

[4[2+3]+6]cage molecule was used for the CSP calculations. Three distinct catenations were 

identified in the predicted crystal structures: triply interlocked cage dimers (Figure 5c), singly 

interlocked cage dimers (Figure 5d), and singly interlocked 1-D cage chains12,53 (Figure 5e). 

The details of the methods used for catenation detection are provided in SI Section 4 and 

Figures S18‒20. All sampled structures within a 197 kJ mol-1 energy window from the global 

energy minimum were found to be catenanes (Figures S21‒22), indicating a strong 

thermodynamic preference over the non-catenated cages observed by experiment. To verify 

the relative energies calculated using the rigid-molecule, force field approach, a selection of 

catenated and non-catenated predicted structures were re-evaluated using periodic DFT, 

which confirmed this greater thermodynamic stability (see SI Section 4 for full details).  

While the CSP study did not explicitly target catenated structures, the sampled catenated 

configurations suggest that triply interlocked catenanes (green points, Figure 5a), in particular, 

might be much more thermodynamically stable in the solid state. This echoes previous findings 

for [4+6] imine cages, where discrete cages were found to transform into triply interlocked 

catenanes upon exposure to acid, suggesting that the individual cages were the kinetic rather 

than the thermodynamic product11. The absence of catenanes in our experiments might be 

explained by the much lower reversibility of the ether bonding in the [4[2+3]+6]cage molecule, 

which is not accounted for in the CSP calculations. Prompted by these solid-state CSP results, 

we also explored the relative thermodynamic stability of catenanes at the molecular level. DFT 

calculations of catenane dimers showed that the energy difference between the molecular 

equivalent non-catenated [4[2+3]+6]cage dimer and trimer fragments retrieved from the 

global lowest energy CSP, and the corresponding triply interlocked catenane molecular 

fragment was 373.7 kJ mol-1 and 324.7 kJ mol-1 respectively, reaffirming strong 

thermodynamic favour towards the catenane structures. 

When we remove the catenated structures from the CSP plot (Figure 5b, Figure S23), this 

reveals the observed experimental structure positioned at the bottom of a low-density ‘spike’ 

in the energy landscape, approximately 13.6 kJ mol-1 higher than the global energy minimum 

for non-catenated cages. The predicted crystal structure reproduces the geometry of the 

experimentally-determined [4[2+3]+6] cage crystal structure accurately (Figure S17), 

confirming that the crystal structure determined by X-ray diffraction corresponds to a low-

energy local minimum in lattice energy. The colour-coding in this ‘non-catenated’ crystal 
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structure landscape represents the diameter of the largest sphere capable of unrestricted 

movement within the crystal structure channels. Channel dimensions are determined based 

on their capacity to accommodate a CO2 molecule with a kinetic radius of 1.65 Å (Figures 

S24‒25). In the landscape depicted in Figure 5b, void analysis has been restricted to 

structures within 20 kJ mol-1 of the low energy edge of the energy-density distribution of 

structures. Except for a very small number of predicted structures (the purple points, Figure 

5b), all investigated structures, including the synthesised structure, show potential for CO2 

uptake. That is, CSP suggests that [4[2+3]+6]cage has an intrinsic propensity to be porous in 

the majority of its potential crystalline packing modes. 

Molecular crystals exhibiting permanent porosity in the solid state are attractive for practical 

applications such as gas capture, separation, and catalysis18,54. One successful approach that 

we and others have developed is to form porous organic crystals by synthesizing cages with 

prefabricated shape-persistent cavities that are retained after solvents are removed during 

activation18,54,50. Our calculations revealed that the ether bridges in the [4[2+3]+6]cage 

skeleton appeared to be relatively rigid, suggesting shape persistence. We therefore 

investigated the porosity in the [4[2+3]+6]cage crystals using gas sorption analysis. We 

activated the [4[2+3]+6]cage crystals by first exchanging the ethanol and acetone 

crystallisation solvents with diethyl ether or n-pentane, which we chose because of their low 

surface tensions. Then, we removed any residual solvent from the crystals under a dynamic 

vacuum at room temperature. Subsequent powder X-ray diffraction (PXRD) analysis revealed 

that the [4[2+3]+6]cage crystals retained some crystallinity after being activated using these 

conditions (Figure S26). The [4[2+3]+6]cage crystals activated via the diethyl ether solvent 

exchange route appeared more crystalline, and this sample was used for the subsequent gas 

sorption experiments described here.  

Nitrogen sorption isotherms recorded at 77 K and found that the crystalline [4[2+3]+6]cage 

exhibits a Type-I N2 sorption isotherm with a relatively high Brunauer-Emmett-Teller (BET) 

surface of 1056 m2 g-1 (Figures 6a, S27‒29), consistent with a microporous solid and the pore 

size distribution plot calculated using Zeo++51 (Table S3, Figure S13). We found that crystalline 

[4[2+3]+6]cage has a CO2 uptake capacity of 3.98 mmol g-1 at 1 bar and 273 K (Figure 6b, 

S30). This CO2 uptake is high compared to other porous organic crystalline materials, such as 

COFs55, at comparable temperatures and pressures, and is one of the highest CO2 uptakes 

reported to date for a porous organic cage (Table S6)56,57. The calculated isosteric heat of 

adsorption of CO2 on crystalline [4[2+3]+6]cage ranges between 21.1 to 23.2 kJ mol-1 (Figure 

S31), which indicates a strong affinity between the adsorbed CO2 gas and polar 

[4[2+3]+6]cage crystal pores, rationalizing this high uptake capacity. In addition, we found 

that crystalline [4[2+3]+6]cage has a high SF6 capacity of 3.21 mmol g-1 at 1 bar and 273 K 
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(Figure S32). The calculated isosteric heat of adsorption of SF6 on crystalline [4[2+3]+6]cage 

ranges between 29.2 to 29.5 kJ mol-1, which again indicates a strong affinity between adsorbed 

SF6 gas molecules and the [4[2+3]+6]cage crystal pores (Figure S33). Analysis of the 

[4[2+3]+6]cage powder after the gas sorption isotherms by PXRD analysis indicated that the 

material remained crystalline during these measurements (Figure S34).  

We also uncovered a second crystal structure of the [4[2+3]+6]cage molecule during this 

study, referred to as [4[2+3]+6]cage·acetone, which crystallised from slow evaporation of an 

acetone-d6 solution (Figure S35). [4[2+3]+6]cage·acetone crystallised in the cubic space 

group I4̅ 3m (a = 23.2901(15) Å, V = 12633(2)Å3, Table S7) with the ether-bridged cage 

adopting a perfect tetrahedral geometry in the structure (Figure S36). The 

[4[2+3]+6]cage·acetone lost crystallinity rapidly after being removed from the acetone-d6 

solvent and cracked (Figure S35). We therefore performed single crystal analysis by sealing 

a solvated crystal in a borosilicate capillary containing residual acetone-d6 solvent. However, 

due to the poorer crystal stability of 4[2+3]+6]cage·acetone, we did not investigate its solid-

state properties further. The instability of this form was further investigated through 

computational geometry optimization of the crystal structure. Employing the FIT+DMA force 

field for rigid body geometry optimisation of the structure after solvent removal, the structure 

distorted significantly from its cubic lattice, adopting a monoclinic form, in keeping with the 

observed experimental instability. Details can be found in section S8 of ESI. The relaxed 

structure, denoted by a blue cross in the landscape of Figure 5a, is situated 103 kJ mol-1 above 

the global energy minimum on the landscape of non-catenated structures. This energy 

difference underscores the crucial role of solvent stabilisation in the synthesis of this solvated 

structure, and can also help to rationalise why this tetrahedral molecular structure was not 

predicted using gas phase (i.e., solvent-free) DFT calculations (Figure 4). 
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Figure 6: Gas sorption isotherms for [4[2+3]+6]cage. a) N2 at 77 K; b) CO2 at 273 K (cyan) 

and 298 K (orange). Closed and open symbols are adsorption and desorption isotherms, 

respectively.  

For practical applications, gas sorption capacity is not the only criterion. For example, most 

CO2 capture applications involve wet or humid gas streams, and hence water stability is 

important. Many porous organic cage materials are unstable to water, such as imine cages 

and (particularly) boronate ester cages. We, therefore, explored the hydrolytic stability of the 

[4[2+3]+6]cage molecule by immersing the synthesised crystals in water for 12 days. 

Subsequent analysis of the sample by 1H NMR spectroscopy revealed that [4[2+3]+6]cage 

remained chemically intact under these conditions (Figure S38). PXRD analysis of the same 

sample also revealed that the [4[2+3]+6]cage crystals retained their crystallinity under these 

conditions (Figure S39). Hence, both the chemical and crystal structure of [4[2+3]+6]cage 

molecule appear to have good hydrolytic stability. 

CONCLUSIONS 

In summary, we report the assembly of a new type of porous organic cage—a ‘cage of 

cages’—that was synthesised using a two-step hierarchical self-assembly strategy. As far as 

we know, this is the first example of using organic cages to synthesise more complex porous 

organic cages. In this first example, we demonstrate the strategy by assembling four trigonal 

cages into a larger tetrahedral cage. The resulting [4[2+3]+6]cage molecule exhibits excellent 

stability in water, and crystals of the [4[2+3]+6]cage shows permanent porosity and a high 

surface area of 1056 m2 g-1. The abundance of polar atoms in the cage cavity endows it with 

high CO2 and SF6 uptake capacity. The good solubility of [4[2+3]+6]cage in acetone indicates 

it has the potential to be used as a building block for even more complex structures, such as 

porous cage cocrystals. More broadly, this illustrates a strategy for hierarchical molecular 

assembly using computation as a guide to assess the most likely reaction products. For 

example, it might be possible in the future to design analogous systems where the [2+3] cages 

contribute discrete, prefabricated porosity into a higher-order, hierarchically porous crystal. 

This study also showcases the use of computational design in supramolecular synthesis, both 

at the molecular level (Figure 4) and in the solid state (Figure 5). It is notable that triply 

interlocked cage catenane dimers emerged as the most stable predicted crystal packings 

(Figure 5a). Such catenanes were not observed in experiments, most likely because they are 

kinetically disfavoured, but they are nonetheless synthetically plausible because analogous 

structures have been formed using more reversible [4+6] imine cage-forming reactions11. Less 

obviously, infinite 1-D catenated cage chains are also produced in these simulations (Figure 

5e), and in some cases these structures are predicted to have similar lattice energies than the 
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experimentally-observed non-catenated cage (Figure 5a). This highlights how a priori 

structure predictions have the power to suggest non-intuitive new materials, although it is 

unclear how one might design a kinetic pathway to these chain structures, even though 

analogous structures have been observed for less complex macrocycles53. 

METHODS 

Molecular simulations 

Both Cage-3-Cl and cage-of-cages models were constructed in Tri2Di3, Tri4Di6, Tri8Di12 

topologies using the stk software46. All cages were annealed with a molecular dynamics 

simulation at 700 K for 50 ns with a timestep of 0.5 fs after a 100 ps equilibration time with 

OPLS4 force field as implemented in the Macromodel Suite58. Five hundred random 

configurations from the total MD duration were sampled and energy minimised, with the lowest 

energy configuration selected for Density Functional Theory (DFT) calculations. DFT 

calculations were performed with CP2K 2023.159 version software using the Generalised 

Gradient Approximation (GGA) theory with the PBE functional60 and def2-TZVP basis sets61. 

A planewave cut-off value of 400 Ry and a relative cut-off value of 100 Ry were parameterised 

to obtain converged energy levels and dispersion interactions were accounted for with 

Grimme’s DFT-D3 approach62. 

The geometries of the [4[2+3]+6]cage were then fully optimised by means of the hybrid M06-

2X functional9 in Gaussian1663. The def2-SVP basis set64,65 was applied for all atoms. No 

symmetry or geometry constraint was imposed during optimisations. The optimised 

geometries were verified as local minima on the potential energy surface by frequency 

computations at the same theoretical level63. 

Synthesis of [4[2+3]+6]cage 

To synthesise [4[2+3]+6]cage, DIPEA (61 µL, 0.35 mmol) was dissolved in acetone (25 mL) 

and purged with N2 for 10 minutes. To the acetone solution, a mixture of Cage-3-Cl (58.7 mg, 

0.1 mmol) and tetrafluorohydroquinone (TFHQ, 27.3 mg, 0.15 mmol) in acetone (6 mL) was 

added dropwise over 3 hours under a N2 atmosphere. After the addition was complete, the 

reaction was stirred at room temperature for 36 hours. The solvent was then removed by rotary 

evaporation, and the crude product was purified by column chromatography using 

acetone/CH2Cl2 (10% vol/vol acetone) as eluent to afford [4[2+3]+6]cage as a white solid in 

53% isolated yield: 40 mg (0.013 mmol). 1H NMR (400 MHz, acetone-d6): δ 7.09 (s, 12H, Hb), 

6.85 (s, 12H, Ha); 19F NMR (376 MHz, acetone-d6): δ -155.62; 13C NMR (100 MHz, dioxane-

d8): δ 174.5, 173.5, 173.1, 153.2, 152.8, 142.5, 140.1, 140.0, 128.3, 115.2, 114.8. MALDI-TOF 

[M+H]+, [C120 H24 F24 N36 O36+H]+: Calc. 3002.0871, Found 3002.0756. 
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Crystal structure prediction 

CSP involves the following general steps: (i) molecular geometry optimisation; (ii) trial crystal 

structure generation; (iii) local lattice energy minimisation of trial structures; and (iv) duplicate 

removal.  

The geometry of the molecular cage was optimised at the B3LYP/6-311G(d,p) level using the 

Gaussian09 software66, and the resulting geometry was kept fixed throughout the subsequent 

steps. Trial crystal structures are generated using the Global Lattice Energy Explorer (GLEE) 

code51. Subsequently, these trial structures undergo lattice optimisation while preserving the 

rigidity of the molecular cage. For this task, we employ an empirically parametrised 

intermolecular atom-atom exp-6 potential coupled with atomic multipole electrostatics. The 

force field parameters are acquired from the FIT force field67,68. Atom-centred multipoles up to 

hexadecapole on each atom were derived from the electron density through distributed 

multipole analysis (DMA), and partial charges (used in early stages of optimisation) were fitted 

to the molecular electrostatic potential generated by these multipoles69,70. The overall model 

is denoted as FIT+DMA.  

The search for space groups involves sampling the 10 most common space groups for organic 

crystals along with four trigonal space groups (143, 144, 145, and 146), each with one 

molecule in the asymmetric unit. A quasi-random method is employed to search these selected 

space groups separately, and valid structures are lattice energy minimised using the 

DMACRYS software52 in a two-stage protocol. The first stage involves FIT+DMA with partial 

charges, followed by the second stage with multipole electrostatics. More details can be found 

in the supporting information. 
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