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ABSTRACT: The separation of actinides has a vital place in nuclear fuel reprocessing, recovery of radionuclides and 
remediation of environmental contamination. Here we propose a new paradigm of nanocluster-based actinide separation, 
namely nano-extraction, that can achieve efficient sequestration of uranium in an unprecedented form of giant coordination 
nanocages using a cone-shaped macrocyclic pyrogallol[4]arene as the extractant. The U24-based hexameric 
pyrogallol[4]arene nanocages with distinctive [U2PG2] binuclear units (PG = pyrogallol), that rapidly assembled in situ in 
monophasic solvent, were identified by single-crystal XRD, MALDI-TOF-MS, NMR, and SAXS/SANS. Comprehensive biphasic 
extraction studies show that this novel separation strategy has enticing advantages such as fast kinetics, high efficiency, and 
good selectivity over lanthanides, and thus demonstrate its potential for efficient separation of actinide ions.

As a central component of nuclear fuel processing, actinide 
separation is crucial for recovery and recycling of key 
radionuclides.1-2 Other applications that require efficient 
radionuclide capture include remediation of 
environmental contamination,3 emergency response to 
nuclear accidents,4-5 and uranium extraction from 
seawater.6-9 Two established approaches to actinide 
separation are solvent extraction and solid adsorption, 
with the former dominant due to its adaptability to 
complex real-world systems and applicability to large-
scale operations.10 

Traditional actinide extraction is achieved through 
selective complexation of actinide cations from mixtures 
containing multiple metal ions by exquisitely designed 
organic extractants.2, 11-12 Nevertheless, the use of large 
cluster compounds for actinide separations has been 
rarely pursued, despite extensive studies of well-defined 
actinide assemblies that remain intact in solution, 

including inorganic-organic hybrid polyhedra13-15 and 
inorganic nanoclusters bridged by oxide, peroxide, or 
hydroxide groups.16-19 In contrast to simple complexes, 
such assemblies, especially metal-organic coordination 
assemblies with nanometer-scale dimensions, impose 
strict requirements on both molecular geometries of the 
constituent ligands and their coordination preference for 
targeted metal ions (Figure 1a), an effect termed 
“multivalent cooperativity”.20-23 Only metal-ligand couples 
that meet both geometry and coordination criteria are 
candidates for effective multi-component nano-assembly. 
Such cooperativity could lead to highly selective formation 
of exquisite multinuclear assemblies by efficiently 
excluding undesired ions. Another attribute of this 
approach is that multivalent interactions can result in 
remarkable enhancement in stability of the produced 
supramolecular architectures, which facilitates both 
extraction and sequestration. 
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Figure 1. Actinide sequestration based on self-assembled nanoclusters via multivalent cooperativity: (a) coordination and 
capture of actinide ions via simple complexation, or as a well-defined nanocluster; (b) molecular structure of PgCn (n = 3, 5 
or 9); (c) model of cone-shaped backbone of PgCn; (d) giant uranyl-polyphenolic coordination cage.

Motivated by characteristics of such cooperativity, a 
novel strategy for efficient separation of actinides by 
multivalent assembly of well-defined metal-organic 
nanoclusters is proposed herein. As a proof of this new 
concept, we demonstrate sequestration of uranyl ion 
(UO2

2+) by macrocyclic polyphenolic ligands, C-
alkylpyrogallol[4]arenes (abbreviated as PgCn, where n is 
the number of carbon atoms in the alkyl chain, Figure 1b). 
The cone-shaped PgCn, which is the tetramer of the natural 
phenolic mimic pyrogallol (PG) with variable length side-
chain groups (Figure 1c), has been demonstrated as a 
versatile precursor for construction of metal-organic 
nanocapsules.24-34 Based on coordination assemblies of 

PgCn (n = 3, 5 or 9) with actinides ions, we have achieved 
high-performance uranyl capture via uranyl-PgCn 
nanocages (Figure 1d) assembled in situ in monophasic or 
biphasic solvent systems. This type of extraction as 
nanoscale species is unprecedented for actinide ions and it 
leads to a novel paradigm for hybrid nanocluster-based 
actinide sequestration, which may be considered as “nano-
extraction”.

Coordination of small-molecule polyphenolic ligand PG 
with uranyl was considered first. We reported the crystal 
structure of the resulting complex, U_PG (Table S1), which 
represent the first crystal structure assessment of uranyl 
coordination by polyphenol ligands.35-36 In U_PG, doubly-
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deprotonated PG molecules chelate a pair of uranyl ions to 
form a [U2(PG)2] moiety (Figure S1). Density functional 
theory (DFT) calculations indicate that the residual 
phenolic proton in U_PG likely occupies a protonated μ1-
OH site, which orients far away from the corresponding μ1-
OH site on the opposing PG ligand (type A in Figure S2 and 
Table S2). This configuration leads to relatively lower 
affinity of the protonated μ1-OH site towards uranium ( 
bonding character, Figure S3 and Table S3-S4).

Based on the distinctive coordination of PG towards 
uranyl, complexation and assembly of pyrogallol[4]arene 
and uranyl was pursued. Starting with the PgC3 ligand 
(Figure S4), the UV-vis absorbance spectra of the solution 
after reaction between a pink solution of PgC3 and uranyl 
in DMF (Figure S5). It is attributed to strong ligand-to-
metal charge transfer (LMCT) from pyrogallol anion to 
uranyl,37-38 and thus indicates effective complexation of 
uranyl in monophasic solvent. The UV-vis spectra of crystal 
samples resulting from reactions of PgC3 with uranyl 
similarly exhibit strong LMCT absorbance from 600 nm to 
350 nm (Figure S6). Molecular structures were 
subsequently pursued for the products of reactions 
between uranyl and PgCn. The crystal structures of U_PgC3 
and U_PgC5 show that both have as primary building 
blocks isolated uranyl-pyrogallol[4]arene coordination 
cages, [(UO2)24(H2O)24(PgCn)6] (n = 3 or 5; Figure 2a-c and 
Figure S7), with differences in the side chain length n 
resulting in different lattice packing modes (Figure S8). 
Although several pyrogallol[4]arene-based metal-organic 
nanocapsules (MONCs) have been reported24-28, 30, 32, 34, 39-40, 
the [U24(PgCn)6] motif is the first metal-pyrogallol[4]arene 
coordination cages based on actinide nodes. Crystals of 
U_PgC9 suitable for single crystal X-ray diffraction were 
hard to be obtained (Figure S9), presumably due to the 
long nonyl side chains hindering close packing of the 
nanocages. As an alternative, evidences for U_PgC9 with a 
nanocage structure (Figure S10-S12) as well as the 
presence of nanocage species upon dissolution (see below) 
are provided as compared to those for U_PgC3 and U_PgC5. 
For instance, there is weakening of the hydroxyl vibration 
modes, and emerging of [O=U=O] stretching modes around 
900 cm-1 after the transformation of PgC9 to U_PgC9 
(Figure S10). U_PgC9, like other two nanocage compounds, 
shows fluorescence quenching (Figure S11), which is 
contrast to small complex U_PG and might be closely 
related to the interference between adjacent groups within 
the cage. TGA results also demonstrate the similarity of 
these three nanocage compounds (Figure S12).

Closer consideration of the U_PgCn structures shows 
that the [U24(PgCn)6] nanocages are constructed from 
[U2PG2] binuclear nodes like U_PG (Figure 2d). Notably, the 

[U2PG2] motif is quite disparate from trinuclear [M3PG3] 
moiety that is ubiquitous in other metal-seamed hexameric 
pyrogallol[4]arene nanocapsules.24-25, 28, 30, 32, 34, 39-40 This 
difference might reflect the larger effective radius and 
distinct coordination behavior of the uranyl moiety versus 
bare transition metals, main group and alkaline earth 
metals. Different coordination linkages furthermore lead to 
intriguing characteristics of the topological structures of 
uranyl-polyphenolic nanocages. Considering vanadium-
based hexameric pyrogallol[4]arene compounds for 
comparison,28 there is a direct correspondence between 
the 24 metal atoms that form truncated cubes in 
[U24(PgC3)6] and [V24(PgC3)6] (Figure S13), though the 
cone-shaped pyrogallol[4]arene ligands that cover the six 
faces of the cube adopt different orientations. Specifically, 
four arms of the pyrogallol[4]arene in [U24(PgC3)6] define 
four regular sides of a truncated cube (Figure S13b-d), 
while those in [V24(PgC3)6] define four inclined sides of an 
octagonal face (Figure S13f-h). The topological difference 
between [V24(PgC3)6] and [U24(PgC3)6] can be considered 
as a reorganization of tetratopic cone-shaped 
pyrogallol[4]arenes through an in-plane rotation 
accompanied by slight reorganization (Figure S13i).

Crystals of U_PgCn (n = 3, 5 or 9) were dispersed in 
organic solvents for solution characterization. All three 
complexes in DMF show wide absorbance in the UV-visible 
region, with a maximum absorption at ~394 nm (Figure 
S14). Cyclic voltammetry shows that the uranium centers 
in all three complexes exhibit the +6 oxidation state 
characteristic of uranyl (Figure S15). Tyndall scattering 
phenomenon (Figure S16) is consistent with nanoscale 
features of [U24(PgCn)6]. Small angle X-ray scattering (SAXS) 
and neutron scattering (SANS) were employed to probe 
nanocage aggregation, in lieu of dynamic light scattering 
that is inapplicable to light-absorbing nano-systems. From 
the SAXS results, U_PgC3 dispersed in solution can be 
modeled as a sphere (Figure 2e) with dimensions close to 
those for the nanocage obtained from crystal data (Figure 
S17-18). The SANS results further demonstrate the 
structural integrity of the nanocages dispersed in solution 
(Figure 2f), and provide information on the side chains, 
and thus the full extended nanocage radius (Figure S19), 
due to higher neutron sensitivity to light elements C, H and 
O. MALDI-TOF mass spectra show broad peaks with m/z
values consistent with the theoretical molecular weights
(Figure S20), thus providing additional evidence for intact
nanocages in solution. Hexameric assembly of PgCn as
[U24(PgCn)6] nanocages in solution is also indicated by
aggregation-induced downfield shifts of 1H-NMR peaks
assigned to aryl and alkyl groups (Figure S21). In contrast,
there is essentially no difference between the chemical
shifts for simple PG versus U_PG under these conditions.
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Figure 2. Crystal structure and solution properties of U_PgC3. (a) structural representations of hexameric 
pyrogallol[4]arene nanocage; (b) a truncated cube formed by all 24 U centers; (c) an octagonal side of the cube with cone-
shaped pyrogallol[4]arenes highlighted; (d) construction of U24-based nanocage with the model [U2PG2] binuclear motif as 
the building unit. Turquoise balls or polyhedral are metal nodes; orange balls are oxygen donors; (e) SAXS results for 
U_PgC3 in DMF, with experimental data as yellow hexagons and the fit using a monodispersed sphere model as black 
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Figure 3. Biphasic nano-extraction of uranium from aqueous phase using PgC9 in water-immiscible DCE or chloroform: (a) 
extraction kinetics in DCE; (b) effect of concentration of PgC3 extractant on distribution ratio D; (c) effect of concentration 
of NaOAc on D; (d) effect of aqueous solution pH on D; (e) uranyl extraction in NaHCO3 aqueous solution simulating weakly 
alkaline seawater; (f) selectivity towards uranyl over lanthanide ions at different pH.
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 dashed line. Insert: pair-distance distribution function p(r), suggests a sphere-like model for U_PgC3 (fitting Rg = 8.6 
Å corresponds to diameter 22.2 Å); (f) SANS curves for U_PgC3, U_PgC5 and U_PgC9 in solution at two concentrations.1
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Inspired by uranyl capture in monophasic solution, we 
pursued this approach for uranyl sequestration in a 
biphasic system using the PgC9 ligand with long side 
chains, that shows enhanced solubility in less polar water-
immiscible solvents such as 1, 2-dichloroethane (DCE) and 
chloroform. PgC9 retains coordination activity in these 
halogenated alkane solvents as it does in DMF (Figure S22). 
Kinetics in DCE show fast extraction, with equilibrium 
attained within 30 min (Figure 3a). The distribution ratio 
(D) increases gradually with the amount of ligand (Figure
3b). Extraction by PgC9 in chloroform is slightly better
than in DCE (Figure S23). Adding weak base (NaOAc), or
adjusting the solution pH with a buffer (NaOAc-HOAc),
significantly affects extraction efficiency (Figure 3c and 3d).
More efficient uranyl extraction at lower acidity or higher
concentration of NaOAc reflects the necessity to
deprotonate the polyphenolic ligand to allow metal ion
coordination. Separation in the presence of sodium
bicarbonate (NaHCO3) was also demonstrated as
comparable to that for the NaOAc system (Figure 3e).
Notably, the extraction efficiency towards uranyl is two
orders of magnitude higher than for most trivalent
lanthanide ions except Yb3+ ion with the smallest radius
among these lanthanides studied (Figure 3f and Table S5),
indicating good selectivity as revealed by moderate

separation factors (SF) (Table S6). Back-extraction of 
uranyl by 1.5 M-2.5 HNO3 affords 44.7%-40.6% recovery 
once (Figure S24), can reach over 95% after three times.

Extraction of UO2
2+ by PgC9 monitored by UV-vis 

spectroscopy of the aqueous component reveals a dramatic 
decrease of the uranyl absorbance (Figure 4). A linear 
fitting of the distribution ratios to the ligand concentration 
yields a slope of ~0.21, which is close to the ideal value of 
0.25 from the PgC9/U ratio of 6/24 for the model 
[U24(PgC9)6] nanocage (Figure S25). The extracted species 
in the organic component was identified by comparison of 
the organic phase after extraction with a standard U_PgC9 
crystal sample dissolved in the same solvent, using UV-Vis 
spectroscopy (Figure 4d), mass spectrometry (Figure 4e)
and 1H NMR (Figure S26). The results show that the 
extracted species is a giant uranyl-containing nanocluster 
that is at least very similar, possibly identical, to U_PgC9. 
Compared to a similar biphasic extraction for selectively 
extraction of pre-synthesized water-soluble uranyl 
peroxide capsules into organic media by ion exchange,41 
the key merit of the method reported here is in situ 
multivalent assembly to selectively fabricate the uranyl-
polyphenolic clusters to achieve the separation without the 
necessity of pre-assembly of clusters.
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Figure 4. Identification of the extraction product: (a) schematic diagram of the biphasic uranyl extraction process; (b-c) UV-
vis spectroscopy of the aqueous phase before and after extraction, for uranyl/extractant (U/L) ratios 1/1 and 2/1, showing 
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In summary, uranyl-pyrogallol[4]arene coordination 
nanocages assembled in situ in solution are identified as 
new nanocluster-based extraction species for efficient 
uranium sequestration using monophasic and biphasic 
solvent systems. Advantages of this extraction strategy 
include fast kinetics, and good separation efficiency and 
selectivity. The method furthermore presents a new 
strategy for extraction of other actinide ions, and a 
representative paradigm for nanocluster-based actinide 
separations. Future efforts in this realm should optimize 
ligand design for improved efficiency and better 
adaptability, as well as utility in real-world separations 
such as the separation of U from other actinides such as Np 
and Pu.

ASSOCIATED CONTENT 
Details for synthesis and characterization methods, 
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computational methods are given in the Supporting 
Information. The X-ray crystallographic coordinates for 
reported structures have been deposited in the Cambridge 
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