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Abstract: Tailored design of organic linkers or metal nodes can implant desirable binding 

sites in metal-organic cages (MOCs) and greatly expand the type of guest they can encapsulate. 

In this work, we propose a feasible method of engineering acyl-type metal nodes to endow 

MOCs with selective recognition ability towards metal ions without compromising structural 

robustness of MOCs. A novel MOC with a uranyl-sealed calix[4]resorcinarene (C[4]R)-based 

multisite cavity, namely UOC, is synthesized as a prototype compound. In UOC, peroxide-

bridged dimeric uranyl units on both sides of the coordination cage offer abundant 

coordination-available oxygen sites, creating a cryptand-like cavity that enables high-efficient 

recognition and encapsulation of Sr2+ ion due to precise size-matching effect. Bonding analysis 

of the resultant Sr@UOC suggest that, although electrostatic interaction predominates in host-

guest interactions between UOC and Sr2+, there is significant degree of overlapping between 

Sr 4d and O 2p orbitals, thus conforming the origin of high binding strength of UOC for Sr2+. 

Meanwhile, hydrophobic binding cavities at both ends of UOC allow it to further encapsulate 

organic guests, thus facilitating co-inclusion of two different kinds of guest species in UOC for 

the first time. Inspired by the strong binding affinity of UOC to Sr2+, it is employed as 

absorbents to capture Sr2+ ion of low concentrations in aqueous solution. A removal efficiency 

of 99.9% could be achieved for Sr2+ ions at the initial concentration as low as 0.01 mM, with a 

record distribution coefficient (Kd) as high as 1.36×107 mL/g, demonstrating its huge potential 

for deep purification of trace amount of radioactive 90Sr2+. 
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INTRODUCTION 

Biological proteins, that consist of a group of domains gathered together through 

supramolecular interactions are often involved in massive molecular recognition events to 

underpin important processes essential for life.1-3 Inspired by nature, exploration of artificial 

supramolecular architectures with the capability to bind guest molecules have garnered much 

attention for several decades. Among typical supramolecular systems, metal-organic cages 

(MOCs) are a class of discrete metal-containing architectures that are constructed by 

coordination-driven self-assembly between metal nodes and organic structs.4-11 The modularity 

of metal-ligand coordination, in combination of the availability of customizing organic ligand 

as desired,4, 8, 9, 12, 13 renders the successful establishment of a portfolio of metallo-

supramolecular architectures with tailored well-defined cavities that can accommodate 

different kinds of guest molecules.14-18 Since the cavities of MOCs might be tailored to meet 

stringent requirements on the guests’ geometry and binding preferences, high selectivity in 

guest binding are expected in such cavities, thereby enabling the achievement of specific 

separation of the target guests.14, 19-21 However, there is still enormous synthetic challenge in 

the rational design and regulation of MOCs on demand, particularly for those with increased 

dimensions and complexity designed for efficient recognition of specific kinds of guest species 

in applications. 

Benefitting from the inherent large-size cavities in MOCs, excellent encapsulation ability 

for organic molecules of different sizes is achieved through weak interactions of varying 

strengths (such as hydrogen bonding, halogen bonds, pi-pi stacking, ionic dipole interactions 

or hydrophobic interactions) between host cages and encapsulated species.22 Besides, inorganic 

anions are another kind of important guests for MOCs, which can be selectively trapped in the 

cavities of MOCs mainly through electrostatic interactions and hydrogen bonds.16, 21, 23-26 Since 

the fact that a majority of MOCs are assembled from neutral ligands and cationic metal centers, 

counter anions are inherently associated with the resultant positively charged supramolecular 

skeletons, and even serve as synthetic templates for MOCs in many case. In contrast, few 

research is devoted to the in-cage recognition of metal cations by MOCs. Recently, endeavors 
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by supramolecular chemists to modify the charged properties of coordination cages facilitate 

the in-situ encapsulation of hydrated cations under specific solvents and temperatures.27, 28 

Nevertheless, the predominant mechanisms for the hydrated metal ion encapsulation still rely 

on weak hydrogen bonding and electrostatic interactions resembling the case observed for 

anion recognition. These weak interactions result in poor encapsulation yield (only ~70% in 

pure water) to targeted metal ions, and solvent environments for binding of hydrated metal ions 

are quite distinctive from actual conditions of wastewater treatment,29, 30 hindering the practical 

application of this method for metal ion capture in contaminated wastewater. Therefore, it is 

highly desirable to develop applicable MOCs for selective recognition of target metal ions by 

metal-ligand coordination. 

The most critical issue for selective binding of metal ions by MOCs is to impart additional 

coordination sites into MOCs, either on organic linkers or on metal centers, without affecting 

the stability of well-defined MOCs themselves. Learning from post-synthetic modification of 

MOF materials based on a multifunctional ligand-based method,31 functionalization of organic 

linkers with two or more orthogonal coordination sites for recognize different kinds of metal 

centers are required, so that coordination sites for second metal ion capture is preserved during 

coordination assembly process of MOCs (Figure 1a). However, it is difficult to achieve such 

a modification of MOCs due to high susceptibility of MOCs’ synthesis to varying molecular 

sizes, configuration and functionality of organic ligands,32 with only limited success in a very 

small number of robust MOCs.33, 34 Alternatively, metal nodes in MOCs have great potential to 

provide efficient binding sites for guest species. For example, guest molecules or anions can 

be trapped on MOCs through occupation of unsaturated coordination sites of metal nodes by 

their functional groups, enabling effective implantation of these guest species (Figure 1a).24-26, 

35-38 Inspired by these MOCs with additional functionality in metal nodes, it can be envisioned 

that, by introducing metal ions with additional binding sites (such as metal acyl, e.g. uranyl or 

vanadyl) as the nodes of MOCs, the axial oxygen atoms on the metal acyl nodes, probably 

together with other adjacent functional groups, can be further utilized for capture second metal 

ions by metal-ligand coordination (Figure 1b). In fact, the coordination ability of axial oxygen 

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2 ORCID: https://orcid.org/0000-0002-2926-7265 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2
https://orcid.org/0000-0002-2926-7265
https://creativecommons.org/licenses/by-nc-nd/4.0/


atoms of uranyl ion has been intensively demonstrated in the numerous uranyl compounds with 

typical cation-cation interactions (CCIs).39-43 Therefore, the incorporation of uranyl nodes can 

be taken as a feasible method to introduce recognition sites for second metal ions into MOCs, 

and efficient recognition of targeted metal ions by MOCs is expected based on metal node 

engineering.  

 

Figure 1. Design and preparation of multisite metal-organic cages through metal node engineering: (a) 

a traditional metal-organic cage functionalized with coordination unsaturated metal nodes and organic 

linkers for recognition of organic molecules and secondary metal ions, respectively; (b) a metal acyl-

based metal-organic cage using residual coordination capacity of the axial oxygen atoms on the metal 

nodes as recognition sites for second metal ions; (c) coordination driven assembly of UOC from 

calix[4]resorcinarene tetracarboxylate linkers and in-situ formed peroxide-bridged dimeric uranyl 

nodes (d) with three possible recognition sites for both metal ions and organic guests. Color codes: 

purple balls labelled as ‘M’ refer to a metal ion, and light green hexagons with tails labelled as ‘OG’ 

refer to organic molecules. 

Herein, by employing uranyl as a functional module for assembling with 

calix[4]resorcinarene tetracarboxylate ligand (abbreviated as C[4]R), a novel uranyl-based 

MOC compound with peroxo-bridged dimeric uranyl nodes, [(UO2)4(O2)2(C[4]R)2·2DMF] 

(namely UOC), was synthesized solvothermally (Figure 1c). As expected, an oxygen-rich 

coordination site featured with a precisely defined cryptand-like cavity size is present in UOC, 

which is created by two sets of  dimeric uranyl nodes at both sides of UOC that are forced to 

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2 ORCID: https://orcid.org/0000-0002-2926-7265 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2
https://orcid.org/0000-0002-2926-7265
https://creativecommons.org/licenses/by-nc-nd/4.0/


be spatially close to each other by C[4]R macrocycle with inherent constraints in molecular 

configuration (Figure 1d). Sr2+ ions are well encapsulated within this cryptand-like cavity of 

UOC, which was confirmed through a combination of characterization techniques including 

nuclear magnetic resonance spectroscopy (1H-NMR), mass spectrometer (HR-FTMS), infrared 

spectroscopy (FT-IR), energy dispersive X-ray spectroscopy (EDX) and single-crystal X-ray 

diffraction analysis (SCXRD). Meanwhile, the electron-rich cavity of C[4]R, acting as two 

additional interior hydrophobic recognition sites located at both ends of UOC, enables further 

encapsulation of organic guests, allowing for multi-guest encapsulation of both organic and 

inorganic subcomponents within a single cage. Benefiting from this coordination-based affinity 

to Sr2+, UOC can achieve highly selective removal of ultra-low concentrations of radioactive 

Sr2+ ions, even in competitive natural water systems, which is favorable to deep purification of 

trace levels of radioactive contaminants. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of UOC.  

Yellow prism crystals of UOC (Figure S4) were obtained by heating a mixture of C[4]R and 

UO2(NO3)2·6H2O dissolved in a DMF/H2O (3:1 v/v) mixed solvent at 100°C for 72 hours. X-

ray crystallographic analysis revealed that UOC crystallizes in the orthorhombic space group 

Cmc21 (Table S1). Beside a pair of DMF solvent molecules, each cage unit in UOC contains 

two C[4]R ligands and two sets of peroxo-bridging dimeric uranyl units that both serve as 

tetrapodal metallo-constructs to form a twisted anionic capsule [(UO2)4(O2)2(C[4]R)2]4- 

(Figure 1c and Figure S5). The O-O distance of peroxo group is 1.537(9) Å, which is 

consistent with those reported in other uranyl peroxide compounds and rule out the possibility 

of misidentification of hydroxyl groups.44, 45 Although photoinduced reduction of oxygen in air 

in the presence of uranyl ion to generate peroxide has been previously reported in several 

studies,46-49 what is found here should be a type of thermally-induced oxygen reduction,50 

where the reductive capability of organic ligand C[4]R towards oxygen atmosphere at elevated 

temperatures and its coordination stabilization effect on dimeric uranyl units bridged by in-situ 

formed peroxide groups (Figure 2a) is crucial to final formation of UOC. In addition to (μ2-
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η2, η2)-coordinated peroxo group, each eight-fold coordinated uranyl is also coordinated to 

another two η2-carboxyl groups (Figure 2b) with slightly longer U-O(carboxyl) bonds (2.404(7) 

Å-2.539(7) Å) than those of U-O(peroxo) bonds (2.317(6) Å-2.370(6) Å) (Table S2), thus 

taking a hexagonal bipyramid geometry. Since the two uranyl centers are bridged by peroxo 

group to give dimeric unit with a U1-[O2]-U2 dihedral angle is 140.8°, the equatorial planes of 

two uranyl-based hexagonal bipyramids are not is coplanar (Figure 2c). Correspondingly, the 

tetratopic C[4]R ligand adopts a mirror-symmetrical geometric conformation with two 

equivalent pairs of carboxylate groups, each of which coordinates to a dimeric uranyl-peroxo 

unit through different uranyl centers from both sides.  

The most intriguing feature of UOC is its capsule-shape topologic structure with an 

elongated cavity. A similar uranyl-peroxo based MOC structure was also established from 

ditopic macrocyclic calix[4]pyrrole by Sessler et al (Figure S6a-b, referred to as cage-2 named 

by the authors).49 Although the internal oxygen atoms oriented towards the center of the cavity 

in both uranyl-organic capsules are highly pre-organized, the two sets of peroxo-bridging 

dimeric uranyl units in UOCis much closer compared to that found in cage-2 (the distance 

between peroxo groups: 5.28(1) Å in UOC vs 6.40(1) Å in cage-2, see Figure S6c-f). The 

difference between UOC and cage-2 should be attributed to the utilization of a tetrapodal C[4]R 

ligand with relatively high rigidity, which ‘pull’ the two peroxo-bridging dimeric uranyl units 

to be spatially close to each other. Meanwhile, the U-[O2]-U dihedral angle (140.8° in UOC vs 

158.0° in cage-2) and U-U distances for each dimeric uranyl unit (4.168(1) Å in UOC vs 

4.309(1) Å in cage-2) is also affected due to the restriction effect from macrocyclic C[4]R.51 

Consequently, axial oxygen atoms from uranyl centers, together with both the O-O bonds on 

the sides closer to the center of the cavity form a potential spherical recognition site for second 

metal ions. In contrast, cage-2 exhibits a longer U-U distance and a larger dihedral angle, with 

the oxygen atoms in its rectangular space far removed from the center of the cavity. Compared 

to cage-2, each macrocyclic C[4]R ligand at both ends of UOC also provide another 

hydrophobic cavity within the interior space of C[4]R itself. Consequently, the capsule 

structure in UOC comprises two kinds of potential recognition sites (Figure 2d): the first kind 
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is an oxygen-rich cryptand-like cavity in the middle of UOC in sizes of 5.28(1) Å and 5.25(1) 

Å (defined by the distance between two peroxide groups and that between two uranium centers 

along another direction), formed by the uranyl peroxide units, and the other kind is two open 

hydrophobic cavities surrounded by organic aromatic rings at both ends of UOC with the open 

sizes of 8.07(1) Å and 9.36(2) Å (defined by a pair of opposite bridging methylene groups), 

provided by C[4]R ligands. 

The lattice stacking pattern of UOC in three-dimension crystal lattice shows the capsule 

units are all arranged in a staggered way (Figure S7), which helps to maintain the 

supramolecular framework unchanged in the ambient atmosphere (Figure S8). After dispersed 

in DMF solvents, Fourier transform high resolution mass spectrometry (FT-MS) of UOC 

reveals that UOC retains the integrity of the capsule structure in solution as dimers of C[4]R, 

with a triply charged negative ion peak observed at m/z = 1174.2551 (Figure S9), 

corresponding to the chemical composition [C136H105O52U4]3- of UOC after binding with a 

hydrogen proton. NMR spectroscopy (see the discussion in the following section) and other 

characterization results (Figure S10-S12) also prove the presence of uranyl and its 

coordination with C[4]R ligand in MOC. For instance, UOC dissolved in DMF exhibits several 

broad absorption peaks within the range of 420~460 nm in UV-visible region corresponding to 

the absorption band of uranyl center coordinated to carboxylate groups from C[4]R (Figure 

S11). 
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Figure 2. Crystal structure of  UOC and potential supramolecular recognition sites in its internal cavity: 

(a) coordination of tetratopic C[4]R with dimeric uranyl units bridged by in-situ formed peroxide groups 

through two equivalent pairs of carboxylate groups, of which each binds to dimeric uranyl through 

different uranyl centers from both sides; (b, c) uranyl coordination spheres of the peroxo-bridged 

dimeric uranyl unit with a U-[O2]-U dihedral angle of 140.8°; (d) two kinds of recognition sites found 

in capsule-shape UOC that include an oxygen-rich cryptand-like cavity in the middle of UOC in sizes 

of 5.28(1) Å and 5.25(1) Å and two open hydrophobic cavities surrounded by organic aromatic rings at 

both ends of UOC with the open sizes of 8.07(1) Å and 9.36(2) Å.  

 

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2 ORCID: https://orcid.org/0000-0002-2926-7265 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0xr1z-v2
https://orcid.org/0000-0002-2926-7265
https://creativecommons.org/licenses/by-nc-nd/4.0/


Sr2+ Ion Recognition and In-cage Encapsulation. 

The well-defined pocket in UOC, which is formed by a pair of peroxo-bridging dimeric uranyl 

units that are spatially close to each other, is like a cryptand or crown ether in shape. Inspired 

by the selective recognition capabilities of traditional macrocyclic crown ethers towards 

various metal ions, i.e. strontium(II),52-54 indium(III),55-57 plutonium(V),58 and et al, the internal 

functional groups may render UOC to behave as a metal receptor for the recognition of metal 

ions by providing an appropriate coordination environment. 

Considering the cavity size of the cryptand-like pocket, Sr2+ ion, a typical alkaline earth 

metal ion was chosen as a representative to preliminarily verify the encapsulation capabilities 

of UOC for metal cations. The interaction between UOC and Sr2+ ion was first investigated by 

1H-NMR spectroscopy conducted in N, N'-dimethylformamide-d7 (DMF-d7) (Figure 3a). It 

can be seen that, protons adjacent to the carboxylate groups in UOC are deshielded due to 

uranyl coordination, leading to downfield shifts in proton signals at various positions (Ha, Hb, 

Hc, Hd) on the benzoic acid units. Splitting and downfield shifts were also observed in the 

methylene (Hf) signals of the benzoic acid side chains and the methylene (Hg) signals of the 

C[4]R skeleton. These shifts are attributed to the distorted molecular conformation following 

coordination assembly, resulting in the magnetic inequivalence of hydrogens on each 

methylene group. Upon loading Sr2+ ions in UOC, a noticeable high-field shift of 0.10 ppm is 

observed in the methylene proton signals on the terminal rings of the Sr@UOC skeleton. 

Furthermore, the signals of the methylene protons on the flexible side chains of Sr@UOC 

exhibit a change from a quartet mode to a doublet one. This reduction in peak splitting indicates 

there might be an increase in the cage's symmetry.59 After immersing UOC crystals in a Sr2+ 

ion aqueous solution for 12 hours and subsequent separation, the solid phase was dissolved in 

DMF-d7 for NMR spectroscopic analysis. The observed changes align with those in the liquid-

phase Sr@UOC, providing crucial insights into the subsequent Sr2+ separation process. 
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Figure 3. Characterization and comparison of UOC and Sr2+-encapsulated UOC (Sr@UOC): (a) 1H-

NMR spectra of C[4]R, UOC, and Sr@UOC (DMF-d7, 298 K); (b) high-resolution FT-MS spectra of 

UOC (c) and Sr@UOC; (d) a comparison in crystal structure of UOC and Sr@UOC with a dimension 

change of the metal-binding pocket before and after Sr2+ ion encapsulation. 

The diffusion-ordered spectroscopy (DOSY) NMR spectroscopy confirms that, the 1H peaks 

assigned to UOC exhibit identical diffusion rates, indicating the formation of a single discrete 

structure with a diffusion coefficient of 6.31×10−10 m2·s-1 in the solution of DMF-d7 (Figure 
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S13a), which is ca.2.6 times that of single macrocyclic ligand C[4]R (Figure S3). Similarly, 

the DOSY spectrum of Sr2+-loaded UOC also indicates the formation of a new single product, 

with a diffusion coefficient in DMF-d7 of 7.41×10−10 m2·s-1 (Figure S13b). The disparity in 

diffusion coefficients as revealed by DOSY, together with 1H-NMR, suggest the remarkable 

interaction of Sr2+ ions with UOC, and even possible Sr2+ encapsulation by UOC. Further 

evidence for the successful encapsulation of Sr2+ ions is provided by FT-MS analysis of Sr2+-

loaded UOC that is isolated after being soaked in a 0.5 M aqueous solution of Sr2+ ions for 12 

hours. In contrast to the signal of Sr-free UOC (Figure 3b), triply charged negative ion peaks 

at m/z = 1214.5726 and m/z = 1222.6251 corresponding to the chemical compositions 

[C136H103O52U4Sr(OH2)2]3- and [C136H103O52U4Sr(OH2)3]3-, respectively, can be observed 

(Figure 3c and Figure S14). These characteristic peaks are attributed to the inclusion of 

strontium ion in UOC together with additional two or three water molecules that coordinate to 

strontium to form metal complexes with favorable saturated coordination numbers.  

The encapsulation of Sr2+ by UOC is further demonstrated by single crystal structure 

analysis of Sr-loaded UOC (namely Sr@UOC, Figure 3d), which helps to unveil the 

molecular mechanism of Sr2+ encapsulation. As revealed by the crystal structure of Sr@UOC, 

a single Sr2+ ion is encapsulated within the cryptand-like pocket of UOC, situated in a tricapped 

trigonal prismatic coordination sphere (each peroxo is taken as a distorted capped vertex, 

Figure S16), which is eleven-fold coordinated by four peroxide oxygen atoms, four uranyl 

axial oxygen atoms, and three aquo oxygen donors, with Sr-O distances ranging from 2.55(7) 

to 3.21(2) Å (Table S3). The restricted flexibility of side chains of C[4]R, coupled with the 

constraints of its rigid skeleton, allow the unclosed cryptand-like cavity to have a high degree 

of coordination flexibility within a certain spatial range to accommodate the coordination needs 

of strontium ions. Specifically, upon coordination with Sr2+ at the central site, the minimum 

diameter of the cryptand-like cavity is adaptably contracted from 5.28 Å to 5.18 Å (Figure 3d), 

and the geometric conformation of flexible arms at each end relative to the uranium center 

tends to be uniform after Sr binding, improving the overall symmetry of the capsule. This 

corresponds to the observed reduction in splitting of the side chain methylene in NMR 
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discussed above. Analysis of the PXRD patterns of the encapsulated powder samples indicated 

recognizable changes in diffraction peak positions after loading with Sr2+ (Figure S17). This 

shift is attributed to strontium adsorption at the internal cryptand-like binding site in Sr@UOC, 

occupying the central positions within the cavity, resulting in a minor structural transformation 

and subsequent crystal packing compared to the pristine UOC (Figure S18). 

The precise size-matching effect enables the incorporation of Sr2+ into specially arranged 

internal oxygen binding sites in UOC to form endo-spherical complexes with high coordination 

numbers up to 11. Density functional theory (DFT) calculation shows there is overlapping 

between Sr 4d and O 2p orbitals, conferring the origin of high binding strength of UOC for 

Sr2+ (Figure 4a). Besides size-matching effects and the synergistic action of metal coordination 

bonds, electrostatic potential (ESP) diagram (Figure S19b) indicated that host-guest binding 

is also driven by Coulomb interactions, with the charge of the anionic capsule being 

compensated by the entry of Sr2+. This conclusion is further supported by the result of the 

energy decomposition analysis (EDA) analysis, which indicates that electrostatic interaction 

(Coulomb interactions) predominates in host-guest interactions including partial orbital 

interaction and very few dispersion interaction (Figure 4b). 

 

Figure 4. Orbital interaction (a) and EDA calculation (b) of two host-guest complexes of UOC with 

Sr2+ Ion and organic guest 1-ethylpyridinium cation (G1), Sr@UOC and (G1)2@UOC.  

Organic Guest Recognition and Co-encapsulation of Sr2+ Ion and Organic Species 
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Molecular recognition, as a key concept in host-guest chemistry, has significantly advanced the 

development of coordination cages for guest encapsulation,14, 60-62 but the challenge of 

encapsulating different kinds of guest species persists due to the necessity for multiple, specific 

guest binding sites within a single host structure.18 Herein, the intriguing multiple-site feature 

of UOC within its capsule cavity, one cryptand-like metal ion site in the middle and two interior 

hydrophobic sites at both ends, offers distinct binding environments for possible simultaneous 

encapsulation of both metal ions and organic guests. Therefore, we evaluated further the 

potential of UOC for supramolecular encapsulation of organic guests. 

The recognition of organic guests by UOC in solution was firstly explored through 1H NMR 

spectroscopy. Given the cavity's size and total charge distribution (Figure S19a), a relatively 

small, positively charged nitrogen heterocyclic compound, 1-ethylpyridinium bromide (namely 

as [G1]Br), was selected as a representative guest molecule. In the presence of UOC, the 

spectrum of [G1]+ exhibits noticeable upfield shifts in the proton signals (Hj, Hm, Hn), 

indicative of significant chemical environment changes when compared to the spectrum of G1 

in its free state. These evidences indicate that [G1]+ is encapsulated within the cavity of UOC 

and undergoes a shielding effect as a result of encapsulation. Furthermore, the complexation 

kinetics results in broadening effects on the proton Hn signals of [G1]+, while the methylene 

protons of UOC experience downfield shifts (Figure 5a). Additionally, as demonstrated by the 

2D ROESY spectra, the interaction between UOC and [G1]+ provides further evidence for 

encapsulation, with distinct cross-peaks observed between the protons (Hj, Hm) of [G1]+ and 

UOC’s methylene protons (Hg), along with the inward-facing protons (Hd) of the side-chain 

phenyl rings  (Figure 5b). The FT-MS analysis shows a set of main peaks centered at m/z = 

1868.9608 that are assignable to [(G1)2@UOC]2- species, thus confirming the (G1)2@UOC 

composition with a molecular weight of 3737.92 Da (Figure 5c and Figure S20). This 

speculation is further supported by fluorescence titration analysis (Figure 5d), which 

demonstrates a progressive weakening of fluorescence emission of [G1]+ with the addition of 

UOC. 
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Figure 5. Encapsulation of organic guest species [G1]+ in the cavity of UOC: (a) 1H NMR spectra of 

[G1]+, UOC, and (G1)2@UOC (DMF-d7, 298 K); (b) 2D ROESY spectra of (G1)2@UOC (DMF-d7, 

298 K); (c) High-resolution FT-MS spectra of (G1)2@UOC; (d) The changes in fluorescence intensity 

of [G1]+ (4.0 mM, λex = 315 nm) upon gradual addition of UOC in DMF.  
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Structural elucidation carried out through single-crystal analysis further unveiled the 

molecular encapsulation mechanism, revealing that [G1]+ is positioned between two closely 

spaced side-chain phenyl rings of the UOC skeleton, with an average distance of approximately 

3.8 Å (Figure S21). The distance between the inward-facing proton Hd on the side-chain phenyl 

rings and Hj of [G1]+ was determined to be 3.0 Å, consistent with the cross-peaks observed in 

the ROESY spectra. These findings indicate that UOC’s hydrophobic cavity engages with G1 

through aromatic π-π stacking and van der Waals forces (Figure 4b). 

Following the validation of UOC’s selective recognition capabilities for metal ions and 

organic species, we further investigated the co-encapsulation of these two different kinds of 

guest species. 1H NMR spectroscopy of UOC that is subject to soaking in a mixed aqueous 

solution of [G1]Br and strontium ions for 12 hours shows significant changes compared to that 

of Sr@UOC or (G1)2@UOC with a single kind of guest species (Figure 6a), indicating 

possible co-encapsulation of both species. FT-MS spectrum of UOC after the above treatment 

affords further evidence to co-encapsulation, where a distinct peak at m/z = 968.23 should be 

assigned to be  the signal of [(Sr/(G1)2)@UOC-4H]4- (Figure 6b). Titration experiments of 

UOC (treated by aqueous solution of Sr2+ and [G1]+ in turn) recorded by 1H NMR illustrate 

clearly the detailed encapsulation process: (1) Similar to the trend observed in the previous 

section, with the addition of Sr2+, deshielding effects on UOC’s peripheral hydrogen atoms He 

and Hc with shifts of 0.18 and 0.10 ppm respectively, and a shielding effect on methylene Hg 

up to 0.14 ppm (Figure 6c, Parts B and C) are observed, suggesting occupation of the cryptand-

like recognition site by the Sr2+ ion enhances the cavity's electron density and alters the 

surrounding electron density distribution. Meanwhile, the change of UOC’s side-chain 

methylene Hf from quartets to doublets after Sr2+ addition is consistent with the observation 

mentioned above when comparing the NMR spectra of Sr@UOC and UOC. When the ratio of 

Sr: UOC exceeds 1:1, there is no more change in 1H NMR, indicating the formation of 1:1 

complex of UOC and Sr2+, i.e. Sr@UOC. (2) With further addition of [G1]+ into the solution 

of as-formed Sr@UOC, an upfield shift of 0.10 ppm for Hi and a downfield shift of 0.10 ppm 

for methyl Hn in [G1]+ are observed (Figure 6c, Parts A and D), indicating the impact of 
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aromatic stacking near nitrogen on electron distribution similar to the case after Sr2+ 

encapsulation discussed above. This leads to a pronounced shielding effect in the vicinity of 

nitrogen atoms, whilst regions distant from nitrogen experience deshielding. This trend aligns 

with observations made during the titration of [G1]+ directly into Sr@UOC (Figure S24). 

Although there are difficulties in cultivating crystal samples suitable for single-crystal 

diffraction analysis were obtained, the optimized structure of (Sr/(G1)2)@UOC (Figure 6d) 

that encapsulates simultaneously two different kinds of guests, i.e. metal ions and organic 

cations, in the cavity of UOC is obtained by DFT calculation based on the principle of lowest 

energy. Notably, different from the encapsulation of heterogeneous organic guests reported 

previously, this is the first time that the co-encapsulation of two different kinds of guest species, 

metal ions and organic aromatic cations, has been achieved in a multi-site MOC host. 

Apparently, given the inherent recognition ability of traditional MOC for organic guest, the 

introduction of metal acyl nodes in MOC that enables the effective recognition of second metal 

ions by MOC is crucial to this co-encapsulation strategy, which fulfills the encapsulation 

requirements of distinct kinds of guests by designing various coordination environments.63, 64
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Figure 6. Encapsulation of both Sr2+ ions and organic species [G1]+ within the cavity of UOC. (a) 1H 

NMR spectra of Sr@UOC, (G1)2@UOC, and (Sr/(G1)2)@UOC (DMF-d7, 298 K). (b) High-resolution 

FT-MS spectra of (Sr/(G1)2)@UOC. (c) 1H NMR spectra of UOC (1.2 mM, DMF-d7, 298 K) titrated 

by Sr2+ ions and [G1]+(dissolved in D2O) in turn. From bottom to top, the equivalents of Sr2+ ions or 

[G1]+ gradually increase. (d) The DFT-optimized structure of heterogeneous guest co-encapsulated 

complex (Sr/(G1)2)@UOC with a comparison with crystal structures of UOC and Sr@UOC. 
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High-efficiency Removal and Deep Purification of 90Sr2+ by UOC 

The capability of UOC to form high-coordination-number inner-sphere complexes with Sr2+ 

ion motivates further investigation into its capacity to remove Sr2+ in more competitive 

contaminated water environments. Prior to the Sr2+ adsorption experiments, the chemical 

stability of UOC solid samples were first evaluated. Thermogravimetric analysis (TGA) 

conducted under a nitrogen atmosphere showed that UOC remains stable up to 300 °C, with a 

slight weight loss observed between 100-250°C due to the dehydration process within the 

hollow cavity (Figure S10). Water stability that is crucial for the application of adsorbents in 

aqueous environments is also evaluated. The PXRD patterns of solid samples of UOC 

remained unchanged after immersion in water with pH ranging from 3.0 to 10.0 for 24 hours 

(Figure S26). Notably, no leaching of uranyl was detected in the soaking solution when 

subjected to analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES). 

These findings suggest that UOC exhibits high water stability across a pH range of 3.0 to 10.0. 

Sr2+ adsorption performance of UOC was investigated by mixing 4 mg of UOC with 10 mL 

of Sr2+ solution (10 mg/L, i.e. 10 ppm) at pH 9.0. Adsorption kinetics analysis revealed that 

Sr2+ adsorption by UOC reached equilibrium within 6 hours, fitting well with a pseudo-second-

order model, indicating Sr2+ adsorption to a chemisorption mechanism (Figure S27). Isotherm 

studies on Sr2+ adsorption at pH 9, as shown in the Figure S28, were well described by the 

Langmuir model, yielding a maximum adsorption capacity of 23.4 mg/g (0.27 mmol/g) for 

UOC. The calculated maximum adsorption capacity of 24.88 mg/g closely matches the 

theoretical value based on the inclusion model of 1:1 complex as revealed in Sr@UOC. The 

maximum distribution coefficient (Kd) measured after reaching equilibrium reached to 

1.36×107 mL/g at the initial Sr2+ concentration of 0.35 ppm, which is much larger than that 

observed in Sr-absorbents based on ion-exchange mechanism65-67 and is indicative of a strong 

interaction of UOC with Sr2+ even at very low concentrations. Consistent with expectations, a 

removal efficiency of 99.9% could be achieved for Sr2+ ions at concentrations as low as 0.01 

mM (Figure 7a). The excellent removal efficiency at ultra-low Sr2+ concentration underscores 
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the depth of Sr2+ decontamination, enabling profound remediation of Sr2+ radioisotopes, such 

as 90Sr, present at trace concentrations.  

Given the varied pH levels of contaminated natural water systems, the effect of pH on the 

adsorption of Sr2+ ion by UOC was further investigated with pH ranging from 3.0 to 10.0 

(Figure S29). The results reveal that UOC exhibited good Sr2+ adsorption capabilities within 

a wide pH range of 5.0 to 10.0, reaching its highest adsorption capacity at pH 10.0, close to the 

theoretical maximum adsorption capacity. As shown by zeta potential measurements of UOC 

at various pH levels, an increase in pH leads to an increase in surface charge (Figure S30), 

which might enhance the electrostatic attraction to Sr2+ ions, thus improving adsorption 

capacity with pH rising from 3.0 to 10.0. Specifically, a sharp increase in UOC’s surface 

negative charge is observed as pH increasing from 3.0 to 4.0. When pH is increased to above 

5.0, UOC exhibits a relatively stable surface negative charge, explaining its consistently strong 

adsorption capabilities for Sr2+ ions within the broad pH range of 5.0-10.0.  
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Figure 7. Sr2+ ion adsorption and deep purification by UOC. (a) Effect of initial Sr2+ concentration on 

Sr2+ removal by UOC. (b) Influence of coexisting alkali and alkali-earth metal ions on the removal of 

Sr2+ ions. (c) SEM image and EDS mapping of UOC before and after Sr2+ ion adsorption. (d) XPS 

spectra of UOC and Sr@UOC. (e) High-resolution O 1s XPS spectra of UOC before and after Sr2+ ion 

adsorption. 

Considering the competition of coexisting metal ions to adsorption sites and trace 

concentrations of Sr2+, we evaluated the interference of Na+, K+, Mg2+, Ca2+, Cs+ and a multi-

ion mixture of all these five ions on adsorbing 0.01 mM of Sr2+ ions in competitive adsorption 

experiments (Figure 7b). The results show that, in the presence of each individual interfering 

metal ion of equal molar concentration, UOC’s removal capacity for Sr2+ ion still exceeds 97%, 

showing no significant drop compared to the nearly perfect removal efficiency without 
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interfering metal ions. Even when molar concentration of each kind of competitive metal ion 

is ten times that of Sr2+ ion, Sr2+ ion removal efficiency remains close to 80%, except for the 

case of Ca2+ as the competitive ion (only 50% removal) which shows high similarity to 

strontium ions in ionic radius and coordination behavior. A similar removal rate for strontium 

is achieved in a multi-ion mixture including equal molar concentrations of competitive ions, 

Na+, K+, Mg2+, Ca2+, Cs+, demonstrating a robust selective binding capability at low ion 

concentrations. This separation selectivity is in sharp contrast with those adsorbents that 

remove Sr2+ ion based on an ion exchange mechanism through forming outer-sphere 

complexes68, 69. 

The corresponding elemental mapping analysis of energy dispersive X-ray spectroscopy 

(EDS) indicates that strontium ions are uniformly distributed within the strontium-loaded UOC, 

with a U:Sr molar ratio of 4:1 (Figure 7c). This is also consistent with that observed in single 

crystal structure of Sr@UOC, demonstrating the efficient utilization of UOC’s cryptand-like 

recognition sites. A comparison of XPS spectra before and after Sr2+ ion also confirms the 

successful adsorption of Sr2+ (Figure 7d and Figure S31). Correspondingly, the binding energy 

of oxygen atoms in Sr@UOC is also different from the pristine sample of UOC (Figure 7e). 

This disparity arises from the establishment of a new electronic environment resulting from the 

interaction between the oxygen atom and the loaded Sr2+ ion. a new peak at 533.39 eV emerges, 

corresponding to the formation of the Sr-O bonds. 

CONCLUSION 

In summary, we have proposed a method that incorporates peroxo-bridging dimeric uranyl unit 

as the functional module of MOC for customizing metal ion binding sites within MOC cavities. 

The as-synthesized uranyl-based MOC, i.e. UOC, provides abundant internal cryptand-like 

binding sites for metal ion anchoring, facilitating inner-sphere recognition of metal ions. Such 

chelation-based metal binding significantly enhances the recognition ability of UOC to Sr2+ion, 

enabling selective removal and deep purification of trace-level 90Sr across a wide pH range. 

Furthermore, besides the Sr2+-binding site, there is a second kind of hydrophobic pocket within 

UOC’s cavity, allowing for the co-encapsulation of both metal ion and aromatic organic guests 
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within a single host structure. This work demonstrates a feasible approach through exquisite 

structural design to accommodate tailored cavity microenvironments of MOC for efficient 

recognition of guests. It is believed that, more customized metallo-supramolecular 

architectures for host-guest recognition of multiple targets will be inspired, thus opening up 

greater possibilities for the co-recognition, co-transportation, and multimodal catalysis of 

various kinds of guests that require distinct recognition sites within the same host skeleton.  
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Graphical Abstract: 

 

Engineering metal-organic cages (MOCs) with metal acyl nodes leverages axial oxygen atoms 

of acyl nodes as complementary internal binding groups for supramolecular recognition of 

metal ions. The resultant uranyl-based MOC (UOC) enables efficient encapsulation of Sr²⁺ 

within the cryptand-like cavity by metal-ligand coordination, facilitating selective removal and 

deep purification of trace-level Sr²⁺. Additionally, the other kind of hydrophobic cavities at both 

ends of the coordination cage in UOC allow for recognition of organic guests and facilitate 

multiple guest co-recognition. 
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