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Abstract: Partitioning of americium from lanthanides (Ln) present in used nuclear 22 

fuel plays a key role in the sustainable development of nuclear energy. This task is 23 

challenging because of the chemical similarities between Am(III) and Ln(III). 24 

Oxidization of Am(III) to Am(VI) has the potential to facilitate separations in principle, 25 

but rapid reduction of Am(VI) back to Am(III) by radiolysis products and organic 26 

reagents required for the traditional solvent extraction/solid extraction processes 27 

hampers practical redox-based separations. Herein, we report a nanoscale 28 

polyoxometalate (POM) cluster with a vacancy site compatible with the selective 29 

coordination of hexavalent actinides (238U, 237Np, 242Pu, and 243Am) over trivalent 30 

lanthanides in nitric acid media. This cluster is the most stable Am(VI) species in 31 

aqueous media observed to date. Ultrafiltration-based separation of nanoscale Am(VI)-32 

POM clusters from hydrated lanthanide ions by commercially-available, fine-pored 33 

membranes enables the development of a once-through americium/lanthanide 34 

separation strategy that is highly efficient, rapid, environmentally benign, and requires 35 

minimal energy input. 36 

  37 
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Main 38 

Americium is a neutron-capture byproduct of nuclear power generation and a major 39 

contributor to the long-term radiotoxicity of high-level waste (HLW)1. The efficient 40 

recovery of americium followed by transmutation into short-lived or stable nuclides 41 

using fast reactors would significantly reduce the environmental impact of nuclear 42 

energy2. However, the coexistence of lanthanides (Ln) with high neutron capture cross 43 

sections (e.g. 157Gd) severely limits transmutation efficiency. Overcoming this 44 

impediment requires the development of efficient separations between americium and 45 

lanthanides and has remained a long-standing challenge in the nuclear industry for 46 

decades3. This difficulty originates primarily from their similar chemical behavior 47 

because both americium and lanthanides exist in solution as thermodynamically stable 48 

trivalent cations that possess nearly identical ionic radii and coordination chemistry. 49 

Traditional separations exploits the subtle bonding differences between Am(III) and 50 

Ln(III) ions where nitrogen- or sulfur donor-containing extractants enable preferential 51 

partitioning of Am(III) over Ln(III)4, 5. This separation strategy, however, is still 52 

hampered by limited discrimination between Am(III) and Ln(III), and, more 53 

importantly, by the generation of large amounts of secondary radioactive liquid waste. 54 

One proposed method for mitigating this separation challenge is the oxidation of 55 

Am(III) to the higher oxidation states of Am(V) and Am(VI). These cations possess 56 

coordination chemistry that parallels the linear dioxo early actinyl ions such as UO2
2+ 57 

and NpO2
+ with anisotropic coordination that contrasting sharply with relatively 58 

isotropic Ln(III) ions6. This, in principle, leads to better discrimination between 59 

americium and lanthanides and a subsequent increase in separation efficiency. 60 

Although various techniques have been explored following this route, including solvent 61 

extraction7, 8, precipitation9, and ion-exchange chromatography10, an unsolved issue is 62 

unavoidable reduction of high-valent Am back to Am(III) during the separation 63 

process. Am(VI) cations are strong oxidizing agents with reduction potentials of 1.6 V 64 

and 1.68 V for AmO2
2+/AmO2

+ and AmO2
2+/Am3+ couples, respectively (versus SHE)11. 65 

Therefore, Am(III) species can be produced in a few seconds once Am(VI) ions contact 66 

organic extractants/solvents or pass through a chromatographic column, making these 67 

separations impractical. In fact, both Am(VI) and Am(V) are traditionally thought to 68 

be unstable in aqueous solution because they can even be efficiently reduced by 69 

radiolysis products given that the two common americium isotopes related to the 70 

nuclear fuel cycle (241Am and 243Am) are both considerably radioactive. 71 

In this work, we address these challenges by selecting a polyoxometalate (POM) that 72 

is tailored for the coordination requirements of Am(VI) and discriminates against 73 

Ln(III) cations. POMs are a well-known class of nanoscale, inorganic, metal-oxo 74 

clusters assembled from MOx units (M = V, Mo, W, x = 4-6)12. This POM is equipped 75 

with a vacant equatorial donor site precisely matching the common pentagonal 76 

bipyramid coordination geometry of an actinyl ion and is unsuitable for binding Ln(III) 77 

ions. Such precise and strong coordination by a large cluster not only stabilizes Am(VI) 78 

to an unmatched level but also efficiently discriminates americium and lanthanides with 79 

a large size difference between their coexisting chemical species (Fig. 1). When 80 
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combined with an industrial ultrafiltration technique, these efforts give rise to a new 81 

separation method. 82 

The lacunary POM {Se6W46} was synthesized through self-assembly of the {Se6W39} 83 

precursor13, 14 in acid solution at room temperature (detailed synthetic procedures can 84 

be found in the supplementary information). The initial {Se6W39} possesses a 85 

macrocyclic structure with a cavity size of 8.7 × 8.7 Å. After self-assembly, one cap 86 

of the cavity is plugged by four WO6
6- groups, and the other side is capped by three 87 

WO6
6- groups, leaving a vacancy site with pre-organized coplanar oxo-donor structure 88 

for binding actinyl ions (Fig. 1 and Fig. S1), as demonstrated by single X-ray diffraction 89 

analysis. We observed that {Se6W46} is prone to form nanoscale clusters in nitric acid. 90 

As shown in Fig. S2, dynamic light scattering measurements indicate that the 91 

hydrodynamic diameter of {Se6W46} is ca. 2.6 nm, consistent with the crystallographic 92 

result in the dimension of 2.02 × 2.02 × 1.02 nm. Raman spectra recorded from 93 

solutions of {Se6W46} stored in 0.1 M nitric acid for one week revealed that it has the 94 

sufficient stability to be used in these harsh conditions (Fig. S3).  95 

Fig. 1 Graphical representation of the ultrafiltration separation of nanoscale 97 

Am(VI)-polyoxometalate clusters from lanthanides. 98 

 99 

To investigate the complexation properties of actinyl ions with the POM cluster in 100 

nitric acid, we monitored the change in the absorption spectra of AnO2
2+ ions (An = 101 

238U, 237Np, 242Pu, or 243Am) with the addition of the {Se6W46} POM. The absorption 102 

of UO2
2+-{Se6W46} displays the typical charge transfer of the uranyl cation as shown 103 

in Figure 2a. The characteristic absorption bands of NpO2
2+, PuO2

2+, AmO2
2+ 104 

experience notable bathochromic shifts upon POM addition (Np(VI) from 1224 to 1251 105 

nm, Pu(VI) from 831 to 841 nm, Am(VI) from 666 to 677 nm) (Figs. 2b-d), initially 106 

implying strong complexation between AnO2
2+ ions and the POM15. In particular, we 107 

performed a spectrophotometric titration of the 243Am(VI)- {Se6W46} system to gain 108 

quantitative insight into the complexation process. The characteristic f-f transition band 109 

of free AmO2
2+ ions at 666 nm gradually decreases, while a new band at 677 nm 110 

emerges concurrently during the titration (Fig. 2d). Fitting these titration data suggests 111 

the formation of a 1:1 AmO2
2+/{Se6W46} complex, and its formation constant (logβ) 112 
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was calculated as 6.0 (Fig. S4). This value confirms strong complexation between 113 

hexavalent actinyl ions and POM in 0.1 M nitric acid (Table S1). More importantly, the 114 

strong complexation stabilizes 243Am(VI), and only 0.67% of the Am(VI) was reduced 115 

in the presence of POM clusters over a period of 24 hours (Fig. 2e) by radiolysis 116 

products. In addition, the reduction kinetics rate of Am(VI) in the POM system is only 117 

-6.21×10-4 mM/h, which is at least two orders of magnitude slower than that of the free 118 

AmO2
2+ ion by self-reduction and/or by organic species-induced reduction (Fig. 2f). 119 

The solution chemistry investigation demonstrates that Am(VI) could persist to a 120 

previously unachievable level for separation applications with the aid of strong 121 

complexation by inorganic POM clusters. 122 

Fig. 2 Absorption spectra of An(VI)-POM in aqueous solution. a-d, 124 

Spectrophotometric titrations of POM complexing with hexavalent actinyl ions in 0.1 125 

M HNO3 aqueous solution, UO2
2+, PuO2

2+, NpO2
2+, and AmO2

2+. e, Change in the 126 

absorption spectra of the aqueous solution containing 0.25 mM Am in 0.1 M HNO3, 127 

which was oxidized with copper(III) periodate, in the presence of 2.0 eq. POM over a 128 

period of 24 h. f,  Autoreduction kinetics of Am(VI)-POM in 0.1 M HNO3. 129 

 130 

To directly visualize the interaction between AnO2
2+ ions and the POM cluster, we 131 

prepared a series of actinyl-POM crystals by reacting AnO2
2+ ions (An = 238U, 237Np, 132 

242Pu, or 243Am) with {Se6W46} in solution (Fig. 3a). Single crystal X-ray diffraction 133 

(SCXRD) analysis shows that actinyl-POMs from U to Am are isomorphous and 134 

crystallize in the monoclinic space group P21/m. The actinyl ions are fully encapsulated 135 

within the predesigned vacant site. The equatorial oxygen atoms of actinyl ions are 136 

provided by four distinct WO6
6- groups and one coordinated water, forming a 137 

pentagonal bipyramid coordination geometry (Figs. 3b and 3c). To demonstrate the 138 

oxidation state of actinyl ions in the POM cluster, solid-state UV–vis-NIR absorption 139 

spectra were recorded on these single crystals. Fig. 3e shows the typical electronic 140 

transitions associated with f-elements in the hexavalent state, including charge-transfer 141 
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transitions at 349 nm (UO2
2+) and Laporte-forbidden 5f→5f transitions at 841 nm 142 

(PuO2
2+), 1242 nm (NpO2

2+), 674 nm (AmO2
2+). In addition, crystallographic 143 

investigation confirms that the actinide contraction effect dominates the An=O axial 144 

bond distances and An-O equatorial bond distances. In the actinyl-POM cluster, the 145 

average An=O axial bond distances are 1.741(2), 1.732(6), 1.703(4), and 1.700(3) Å 146 

for UVI, NpVI, PuVI, and AmVI, respectively (Fig. 3d, Tables S2). Note that the An≡O 147 

axial bond distances in the POM are approximately 0.03 Å shorter than the bond 148 

distances in other oxoanion and organometallic compounds16. The different charge 149 

distributions in the interior and surface of POM tend to polarize the O≡An≡O axial 150 

bonds, thus leading to elongation of one bond and shortening of the other when the 151 

actinyl ion is vertically encapsulated within the vacancy site17-19. In sharp contrast, 152 

when Eu3+ ions, a representative Ln(III) ion, react with the POM under the same 153 

conditions, only pure {Se6W46} crystals are isolated without the presence of any 154 

lanthanide ions in the structure.  155 

A comparison of the binding energies for An(VI)-POM complexes (-508.26 to -156 

491.22 kcal/mol) probed by DFT calculations shows that they are significantly larger 157 

than the values for complex formation of lanthanides with the POM cluster (-37.50 158 

kcal/mol for Nd3+ and -37.74 kcal/mol for Eu3+) because of pronounced electrostatic 159 

attraction and orbital interactions of actinyl ions with POM clusters when compared to 160 

lanthanides (Table S3 and Figs. S5-S7). Overall, the combination of crystallographic 161 

results, spectroscopy data, and computation results corroborate that the vacancy site in 162 

{Se6W46} POM precisely matches the coordination geometry of actinyl(VI) ions and is 163 

unsuitable for binding Ln(III) ions. 164 

 165 
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Fig. 3 Graphical representation of the structures of An-POM and absorption 167 

spectra of their single crystals. a, Chemical equations of POM assembled reactions 168 

with actinides or lanthanides. b, Polyhedral and ball and stick representation of 169 

Am(VI)-POM, with the H atoms and counterions omitted for clarity, Color code: blue 170 

octahedra, WO6; orange ball, Am; red balls, O; green balls, Se. c, The pentagonal 171 

bipyramid coordination geometry of Am(VI). d, The table of average An≡O bond 172 

length. e, UV–Vis spectra of single crystal U(VI)-POM, Np(VI)-POM, Pu(VI)-POM, 173 

and Am(VI)-POM. Inset: the photograph of single crystals. 174 

 175 

Owing to size and charge differences for Am(VI)-POM clusters and hydrated 176 

lanthanide ions in nitric acid solution, we designed a separation protocol relying on a 177 

commercially available ultrafiltration technique. The whole separation procedure using 178 

the oxidization of the actinides, nanoscale cluster assembly, and ultrafiltration 179 

separation, can be accomplished homogeneously within minutes using the aqueous 180 

solution with no organic component involved (Fig. 4a). This significantly reduces the 181 

amount of secondary radioactive waste. The purified Am(VI)-POM can be further 182 

reduced to obtain Am(III) products, while the released POM clusters can be recyclable 183 

again by ultrafiltration for the next separation cycle (Fig. 4a). After the screening of 184 

condition parameters such as acidity, reaction time, as well as the type and 185 

concentration of counterions (Figs. S8-10), we tested the optimized recovery of AnO2
2+ 186 

ions (An = 238U, 237Np, 242Pu, or 243Am) after the ultrafiltration process. As shown in 187 

Fig. 4b, the rejection coefficients and one-step recovery rates of actinyl ions are higher 188 

than 96% for U, Np, and Pu, and 92% for Am. The rejection coefficient of Eu3+ is low 189 

at 1.3%. These results give rise to a Am(VI)/Eu(III) separation factor of 873 that is 190 

significantly higher than those of all other americium oxidation associated separation 191 

techniques 20-27 (Fig. 4c).  192 
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Fig. 4 Demonstration of Am separation through oxidation / complexing / 194 

ultrafiltration using POMs as complexants. a, Depiction of actinide group 195 

separation strategies. b, Ultrafiltration separation results of U(VI), Np(VI), Pu(VI), 196 

Am(VI), and Eu(III). The experimental condition: initial An(VI) or Eu(III) 197 

concentration is ~ 2.0 ×10-5 mol/L, POM concentration is ~ 4.0 ×10-5 mol/L, HNO3 198 

concentration is 0.1 mol/L, NH4NO3 concentration is 0.15 mol/L and reaction time is 199 

5 minutes. c, Comparisons with the representative Am(VI) based separation 200 

performances on the recovery rate of Am and separation factor. 201 

 202 

Conclusion 203 

The foregoing results demonstrate that control of the lacunary structure in POM 204 

cluster enables the unprecedented complexation and stabilization of Am(VI) in aqueous 205 

solution, leading to a new separation strategy with merits of high efficiency, 206 

environmental friendliness, low time-cost, and low energy input. This idea also opens 207 

a new opportunity for actinide group separation from fission products during the used 208 

nuclear fuel reprocessing. 209 

  210 
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Methods 282 

General considerations 283 

Cations! The isotopes of Np, Pu, and Am exhibit significant radio- and chemo-toxicity and 284 

represent serious health risks when inhaled or digested.  237Np (t1/2 = 2.14 × 106 years, 0.7 mCi/g) 285 

is a strong α emitter, and decays to the short-lived isotope 233Pa (t1/2 = 27.0 days), which is a potent 286 

β and γ emitter. 242Pu (t1/2 = 3.76 × 105 years, specific activity = 3.9 mCi/g) is a strong α emitter. 287 

243Am (t1/2 = 7,380 years; specific activity = 199 mCi/g) is a strong α emitter with γ emission, 288 

presenting internal and external radiotoxic hazards. All experimental studies were conducted in 289 

a licensed laboratory dedicated to transuranium elements study with approved safety operating 290 

procedures. All neptunium, plutonium, and americium materials have to be handled either in 291 

negative-pressure radiological fume hoods or glove boxes equipped with high efficiency 292 

particulate air (HEPA) filters while high-level precautions and procedures for handling 293 

radioactive materials must be followed.  294 

All reagents were purchased from chemical reagent suppliers and used without further 295 

purification. Millipore water was used in all experiments. The POM precursor of {Se6W39} was 296 

synthesized according to the previously reported procedure13. 237NpO2 powder was obtained from 297 

the China Institute of Atomic Energy (CIAE). 242PuO2 powder and 243AmO2 powder were purchased 298 

from the Shenzhen Isotope Industrial International Co., Ltd., which are originally produced in Los 299 

Alamos National Laboratory, U.S. (sample identification of No. Pu-242-237-A and Am-1-91-Prod). 300 

In the 242PuO2 sample, the weight ratio of 242Pu, 238Pu, 239Pu, 240Pu, 241Pu, 244Pu are 99.9628 %, 301 

0.0029 %, 0.0049 %, 0.0217 %, 0.0056 %, and 0.0020 %, respectively. In the 243AmO2 sample, the 302 

weight ratio of 243Am, 241Am, 242Am are 99.987 %, 0.012 %, and < 0.001 %, respectively. The 303 

oxidation of Am(III) to Am(VI) in aqueous solution was achieved by Cu(III) periodate oxidant 304 

according to the reported procedure28. 305 

Synthesis 306 

[(CH3)2NH2]16H16[Se6W46O166(H2O)3]·15H2O ({Se6W46}) 307 

150 mg {Se6W39} was dissolved in 2 mL water, and then 2 mL (CH3)2NH2Cl aqueous solution (75 308 

mg/mL), 1 mL water, and 0.2 mL HNO3 (8 mol/L) were added. Colorless crystals were obtained 309 

after 24 hours. Yield: 0.074 g. (46% based on W). Calcd for Se6W46C32N16O184 H384: Se, 3.74; C, 310 

3.03; N, 1.76; H 1.43. Found: Se, 3.72; C, 3.18; N, 1.68; H, 1.34. 311 

[(CH3)2NH2]14H16[(UVIO2)Se6W46O166(H2O)4]·xH2O (U(VI)-POM) 312 

170 mg of {Se6W46} was dissolved in 2 mL HNO3 solution (0.1 mol/L), and then 2.0 mL of HNO3 313 

solution (0.1 mol/L) containing 150 mg (CH3)2NH2Cl was added. After that, 1.0 mL of HNO3 314 

solution (0.1 mol/L) containing UO2(NO3)2∙6H2O (5.5 mg, 0.011 mmol) was added slowly to the 315 

prepared POM solution with stirring. Yellow rod-shaped crystals of U(VI)-POM were isolated at 316 

room temperature after 1 day.  317 

[(CH3)2NH2]14H16[(NpVIO2)Se6W46O166(H2O)4]·xH2O (Np(VI)-POM) 318 

35 mg of {Se6W46} was dissolved in 400 μL HNO3 solution (0.1 mol/L), and then 400 μL of HNO3 319 

solution (0.1 mol/L) containing 30 mg (CH3)2NH2Cl was added. After that, a stock solution of 320 

NpVIO2
2+  nitrate containing 1.0 mg Np(VI) was slowly added into the prepared POM solution. 321 

Light yellow rod-shaped crystals of Np(VI)-POM were isolated at room temperature after 1 day. 322 

[(CH3)2NH2]14H16[(PuVIO2)Se6W46O166(H2O)4]·xH2O (Pu(VI)-POM) 323 

35 mg of {Se6W46} was dissolved in 400 μL HNO3 solution (0.1 mol/L), and then 400 μL of HNO3 324 

solution (0.1 mol/L) containing 30 mg (CH3)2NH2Cl was added. After that, a stock solution of 325 
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PuVIO2
2+ nitrate containing 1.0 mg Pu(VI) was slowly loaded into the prepared POM solution. Light 326 

yellow rod-shaped crystals of Pu(VI)-POM were isolated at room temperature after 1 day. 327 

K14H16[(AmVIO2)Se6W46O166(H2O)4]·xH2O (Am(VI)-POM) 328 

Addition of 2.5 mg Cu(III) periodate into the 100 μL Am3+ solution (0.6 mg Am3+ in mass) generated 329 

the AmVIO2
2+ solution. Then, 3.5 mg of {Se6W46} dissolved in 40 μL HNO3 solution (0.1 mol/L) 330 

was added. After that, 3.0 mg KNO3 dissolved in 40 μL HNO3 solution (0.1 mol/L) was added to 331 

the solution. The mixed solution was stored in a freezer (4 °C) for reaction. Golden yellow block 332 

crystals were isolated after 6 hours. 333 

UV-Vis-NIR Spectrophotometric Titration 334 

The UV-vis-NIR spectra were collected with a Cary 5000 spectrophotometer (Agilent, USA) using 335 

quartz cuvettes with a 1 cm pathlength, with the configuration of bandwidth of 0.5 nm and an 336 

integration time of 0.10 seconds. Typically, 0.400 mL of Am(VI) (~ 0.2 mM) in a 1.0 cm quartz cell 337 

was titrated with the POM solution (0.8 mM, 10 μL per addition) through a 10 μL pipette. After 338 

each addition, the solutions were electromagnetically stirred for 5 minutes before recording the 339 

spectra. Preliminary kinetic experiments demonstrated that the reaction reaches equilibrium under 340 

5 minutes. The formation constants were then calculated by nonlinear regression using the program 341 

of HypSpec29 based on the obtained spectral data. The titration procedures for Pu(VI), Np(VI), and 342 

U(VI) were similar to that for Am(VI).  343 

Solid-state UV-vis-NIR spectroscopy 344 

Solid-state UV-vis-NIR spectra were recorded using a Craic Technologies microspectrophotometer. 345 

Crystals (except for Am(VI)-POM) were placed on a quartz slide under immersion oil and the data 346 

were collected from 400 to 1300 nm under room temperature. Because the americium(VI) in the 347 

crystal of Am(VI)-POM will be reduced by the oil, it is necessary to avoid immersing the crystal in 348 

the oil.  349 

Crystallographic studies 350 

Single crystal X-ray diffraction data were mounted on a loop for the X-ray measurement. Diffraction 351 

data were collected on Bruker D8-Venture diffractometer with a Turbo X-ray Source (Mo-Kα 352 

radiation, λ = 0.71073 Å) adopting the direct-drive rotating anode technique and a CMOS detector 353 

at room temperature. The data frames were collected using the program APEX3 and processed using 354 

the program SAINT routine in APEX3. Using Olex230, the structure was solved by the ShelXT31 355 

structure solution program using Intrinsic Phasing and refined with the ShelXL32 refinement 356 

package using Least Squares minimization. The solvate molecules and counterions of all data were 357 

treated as a diffuse contribution to the overall scattering without specific atom positions by 358 

SQUEEZE/PLATON33 due to their severe disorder in the lattices. 359 

Computational details 360 

All the theoretical calculations were carried out at the level of density functional theory (DFT) using 361 

the Amsterdam Density Functional program (ADF 2019.301)34. The theoretical results were 362 

performed within the generalized gradient approximation (GGA) with the PBE exchange-363 

correlation functional35. The zero-order-regular approximation (ZORA)36 was adopted to account 364 

for the scalar relativistic effects. And the TZ2P, TZP (containing valence triple zeta and two or one 365 

polarization function), and DZP (containing valence double zeta and one polarization function) basis 366 

sets were employed as TZ2P for U, Np, Pu, Am, Nd, Eu, and TZP for W and DZP for H, O and Se37. 367 

The frozen core approximation was used as [1s2-4f14] for U, Np, Pu, Am, W, [1s2-4d10] for Nd, Eu, 368 

[1s2-3d10] for Se and [1s2] for O. The conductor-like screening model (COSMO)38 was also used 369 
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with the water environment. Besides, the energy decomposition analysis with natural orbitals for 370 

chemical valence (EDA-NOCV)39, 40 was calculated to analyze the chemical bonding properties 371 

using the ADF 2019.301 program. 372 

Separation method and separation factor determination. 373 

The ultrafiltration separation of UVIO2
2+/Eu3+ was conducted at room temperature. The pH was 374 

adjusted by adding a small volume of concentrated HNO3. The solution of POM was added in the 375 

solution of UVIO2
2+/Eu3+, then the solution of NH4NO3 was added. The mixed solution was shaken 376 

several times on a shaker at room temperature and transferred to a centrifugal concentrator (Pall, 377 

modified polyethersulfone ultrafiltration membrane with 3kDa MWCO). They were centrifuged to 378 

separate the An-POM complexes from lanthanide ions. The concentrations of U and Eu in the initial 379 

solution and final filtrate were determined by ICP-AES and ICP-MS, respectively. The rejection 380 

coefficient (R) and the separation factor (SF) were calculated from the following equation:  381 𝑅𝑅 = (1− cpcf) ∗ 100%                                  (1)  382 

 383 𝑆𝑆𝑆𝑆𝑈𝑈/𝐸𝐸𝐸𝐸 = (
cf−cpcp )U/(

cf−cpcp )Eu                             (2)  384 

where cf and cp are the concentration of metal ion in the feed and permeate streams, respectively. 385 

The ultrafiltration separations of Pu(VI), Np(VI), and Am(VI) by POM {Se6W46} were conducted 386 

at room temperature. The solution of POM in 0.1 M HNO3 solution was added in the solution of 387 

Pu(VI), Np(VI), and Am(VI). Then, the solution of NH4NO3 was added. The mixed solution was 388 

shaken several times on a shaker at room temperature and transferred to a centrifugal concentrator 389 

(Pall, modified polyethersulfone ultrafiltration membrane with 3kDa MWCO). The systems were 390 

centrifuged to retain the An-POM complexes. The amount of An(VI) was determined by taking an 391 

aliquot of 0.100 mL sample of the initial solution and the filtrate and mixing it with 10 mL of a 392 

scintillation cocktail for liquid scintillation counting on an ultra-low background liquid-scintillation 393 

spectrometer (Quantulus 1220, Perkin Elmer, USA). The rejection coefficient (R) for a given 394 

radioisotope was calculated from the following equation: 395 𝑅𝑅 = (1− C𝑝𝑝C𝑓𝑓) ∗ 100%                                  (3)  396 

where Cf and Cp are the counting rates (CPM) of the radioactive nuclides per unit volume in the 397 

feed and permeate streams, respectively. 398 

To quantify the separation between An(VI) and Eu(III), the theoretical separation factor (SF) was 399 

calculated by the formula: 400 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴/𝐸𝐸𝐸𝐸 = (
R1−R)An/(

R1−R)Eu                             (4)  401 

where R is the rejection coefficient. 402 

Data availability 403 

The crystallographic data have been deposited at the Cambridge Crystallographic Data Center with 404 

reference number CCDC 2150690-2150694. This data can be obtained free of charge from The 405 

Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.  406 

 407 
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