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ABSTRACT 

Deciphering the solution chemistry and speciation of actinides is inherently difficult due to 

radioactivity, rarity, and cost constraints, especially for transplutonium elements. In this context, 

the development of new chelating platforms for actinides and associated spectroscopic techniques 

is particularly important. In this study, we investigate a relatively overlooked class of chelators for 

actinide binding, namely the polyoxometalates (POMs). We provide the first NMR measurements 

on americium-POM and curium-POM complexes, using 1D 31P NMR, variable temperature NMR, 

and spin-lattice relaxation time (T1) experiments. The proposed POM-NMR approach allows for 

the study of trivalent f-elements even when only microgram amounts are available and in 

phosphate-containing solutions where f-elements are typically insoluble. The solution-state 

speciation of trivalent americium, curium, plus multiple lanthanide ions (La3+, Nd3+, Sm3+, Eu3+, 

Yb3+, and Lu3+), in the presence of the model POM ligand PW11O39
7- was elucidated, and revealed 

the concurrent formation of two stable complexes, [MIII(PW11O39)(H2O)x]
4- and 

[MIII(PW11O39)2]
11-. Interconversion reaction constants, reaction enthalpies, and reaction entropies 



 2 

were derived from the NMR data. The NMR results also provide experimental evidence of the 

weakly paramagnetic nature of the Am3+ and Cm3+ ions in solution. Furthermore, the study reveals 

a previously unnoticed periodicity break along the f-element series with the reversal of T1 

relaxation times of the 1:1 and 1:2 complexes and the preferential formation of the long T1 species 

for the early lanthanides versus the short T1 species for the late lanthanides, americium, and 

curium. Given the broad variety of POM ligands that exist, with many of them containing NMR-

active nuclei, the combined POM-NMR approach reported here opens a new avenue to investigate 

difficult-to-study elements such as heavy actinides and other radionuclides. 
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INTRODUCTION 

Polyoxometalates (POMs), metal-oxo clusters of the group five and six metals (i.e., tungstates, 

molybdates, vanadates, niobates, and tantalates), present rich and diverse aqueous speciation at 

ambient conditions that is controlled predominantly by pH and counterions.1–3 The diversity in 

geometric structure, electronic structure, as well as primary and substituent metals within the POM 

family is vast, and POMs offer an inorganic alternative to organic ligands typically studied for 

metal binding. POMs range in molecular weight and size from the relatively small Lindqvist 

(M6O19
n-) and Keggin (XM12O40

n-, where X is a heteroatom and M a group V or VI element) ions 

to large cages and wheel-like structures4 (e.g. Mo100, Mo154, Mo200, and Mo368 wheels)5–8. 

Heteroatoms include P, B, Ge, Si, Se, As, Sb, Bi,9–12 and POMs can form mixed species13–16 (e.g., 

tungstate-molybdate, niobate-tantalate, tungstate-niobate, niobate-titanate...). Finally, open-shell 

transition metal substitution17 and lanthanide substitution18 provides nearly limitless opportunity 

for tailoring composition and structure in POM ligands. Studied applications relying on POMs 

include catalytic reactions19–21, luminescent or electrochemical sensors22, medicine23,24, 

electronics25, chemical warfare neutralizers26,27, novel memory devices28, qubits29, molecular 

magnets30, and model compounds for reactions that occur at mineral-water interfaces.31,32  

In detail, POMs such as polyoxotungstates are anionic species with multiple basic oxygens 

and represent potential chelators for lanthanide and actinide cations. Exploiting POM’s basic 

oxygens and open coordination sites to complex actinides (and lanthanide surrogates) is of 

particular interest for novel chemical immobilization and/or separation methods in the frame of 

the nuclear fuel cycle and nuclear waste management. From a fundamental point of view, studying 

actinide-POM complexes could also unravel speciation and structure trends that have not been 

observed before since POMs represent a versatile suite of molecules with properties that readily 
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differ from those of traditional organic chelators or small inorganic ligands. Previous studies have 

focused on lanthanide-POM complexes in solution and solid-state33–35, but the use of POMs in 

actinide sciences has remained largely unexplored. In particular, the interactions between lacunary 

POM chelators (‘lacun’ meaning open coordination sites for complexation) and the analogous 

trivalent actinides (i.e., Ac3+, Pu3+, Am3+, Cm3+, Bk3+...) are still mostly unknown, limiting our 

ability to understand periodic trends within f-element-POM families of complexes. Multiple 

studies have reported on POM chemistry with thorium, uranium, and neptunium, as summarized 

in a recent review36, but minimal information is available concerning POM complexes with the 

other actinides (e.g., Ac, Pu, Am, Cm, Bk…), mainly due to their radiotoxicity as well as scarcity 

and cost of their research isotopes. For example, beyond neptunium, only a handful of POM-

actinide complexes have been structurally characterized to date. Notably, until very recently, only 

three single crystal XRD structures for transneptunium-POM compounds were known, with one 

study published in 2009 by Copping et al.37 on the complex formed between PuO2
2+ and 

GeW9O34
10-, and another study by Sokolova et al.38, also in 2009, on the complexes of Pu4+ and 

Am4+ with P2W17O61
10-. In 2022, our group doubled the number of structurally characterized 

transneptunium-POM compounds by reporting39 the first three single crystal XRD structures of 

curium-POM complexes, namely CmIII(α-PW11O39)2
11-, CmIII(β-PW11O39)2

11-, and 

CmIII(BW11O39)2
15-. Information on transneptunium-POM complexes in solution has been limited 

to a handful of pioneering studies on Pu4+/3+, Am4+/3+, Cm3+, Bk4+/3+ in the presence P5W30O110
15-, 

PW11O39
7-, SiW11O39

8-, and P2W17O61
10-, using cyclic voltammetry40,41, fluorescence spectroscopy, 

or tracer-level experiments using liquid-liquid extraction.42–45 These prior studies aimed at 

determining the redox potentials of the actinide-POM complexes or at determining their formation 

constants. 
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To the best of our knowledge, nuclear magnetic resonance (NMR) spectroscopy has never been 

used to investigate the complexation of POMs to actinides other than Th and U. Being able to 

probe heavy actinide-POM complexes by solution-state NMR could reveal chemical information 

and complexation properties that cannot be observed by other techniques. For example, NMR 

spectroscopy probes specific elemental sites on a molecule and can inform the speciation as well 

as magnetic behavior of the complexes in solution. NMR is also a non-destructive analysis, a 

prerequisite for precious samples like heavy actinides, and is compatible with most f-element 

cations, including those that do not exhibit the properties typically used to study actinide 

compounds, such as luminescence or spectrophotometric absorbance. Moreover, NMR 

spectroscopy appears ideally suited to study the POM-actinide complexes since many of the 

heteroatoms that can be inserted in POMs are NMR active nuclei, including 31P, 10/11B, 75As, 77Se, 

and 29Si.  For instance, the tetrahedral PO4
3- site embedded in phosphotungstate Keggin anions has 

been shown to give sharp signals in 31P NMR spectra46 and can be used to decipher their 

complexes’ speciation in solution. In addition, variable temperature NMR (VT-NMR) experiments 

can yield solution thermodynamics and kinetics information.47 NMR spectroscopy has previously 

been used to determine the rates of chemical and isotopic exchange reactions in a range of 

uncomplexed POMs48–50, providing valuable information on assembly-disassembly processes. 

Finally, spin-lattice relaxation times can be measured to determine molecular size as a function of 

temperature and pressure51,52, adding an extra analytical dimension to probe metal:ligand 

complexes.  

Despite the rich chemical insight that NMR can offer, use of NMR spectroscopy with actinides, 

and particularly the transneptunium or transplutonium elements, is hampered by the limited 

availability of NMR laboratories with the ability to handle alpha emitters and long-lived 
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radionuclides, as well as the cost and low availability of the actinide research isotopes.53,54 A few 

recent solution-state studies have been performed using 1H, 13C, and/or 31P NMR with actinium55 

or americium55–59 complexes, exploiting organic chelators, but those experiments were limited to 

1D NMR at room temperature. In rare cases, 2D 1H/13C or 1H/15N NMR data have been reported 

on americium complexes with organic ligands.60–62 Pioneering magnetic susceptibility 

measurements have also been reported for solutions of actinides in inorganic acids or actinide-

organic ligand complexes.63–66 Rare attempts to collect 1H and/or 31P NMR data on curium or 

californium complexes with organic ligands have been reported to have failed due to the lack of 

signal attributable to the actinide species.55,60 

In the present work, we leverage NMR spectroscopy techniques combined with POMs to probe 

and contrast the solution-state behavior of trivalent lanthanides and actinides (Am3+ and Cm3+) in 

solution. We study the complexation of lanthanide and actinide ions with a model 

polyoxotungstate ligand, namely the mono-lacunary Keggin anion PW11O39
7-, via 31P solution-

state NMR, variable-temperature NMR, and relaxometry. The NMR experiments yield the 

identification of two water-soluble complexes that co-exist in solution, namely 

[MIII(PW11O39)(H2O)x]
4- and [MIII(PW11O39)2]

11-, with M = Cm3+, Am3+, Lu3+, Yb3+, Eu3+, Sm3+. 

Nd3+, or La3+. The equilibrium between the two complexes was studied as a function of 

temperature and the reaction enthalpies, entropies and free energies were determined. We present 

the first measurements of the nuclear spin-lattice relaxation time (T1) for transplutonium 

complexes and provide comparative results with multiple lanthanide-POM species. The results 

reveal a reversal of T1 times of the two POM complexes as the central cation becomes heavier, 

representing a previously unnoticed periodicity break within the f-element series. It is our hope 

that this combined POM-NMR approach will open the door to the broader use of, thus far, 
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relatively overlooked chelating agents and spectroscopic handles that can facilitate the study of 

actinides and advance our understanding of rare but important elements at the frontier of the 

periodic table. 

 

RESULTS AND DISCUSSIONS 

Coordination of Ln3+ and An3+ ions by POM ligands. Among the variety of POMs that exist, we 

have selected the water-soluble phosphotungstate anion PW11O39
7- for our actinide complexation 

study. The PW11O39
7- ion is a lacunary POM and is derived from removal of a W=O4+ moiety from 

the parent PW12O40
3- structure. The two complexes that form in solution and that are identified in 

this study are shown in Figure 1; i.e., actinide:POM species with 1:1 and 1:2 stoichiometries. The 

PW11O39
7- ion spontaneously forms1 upon dissolution of its precursor (the Na9PW9O39‧nH2O salt67 

– see methods section) in water at pH<7. The Keggin-type PW11O39
7- can have three rotational 

isomers – named α, β, γ, which only differ by the arrangement of a subset of their WO4
2- 

polyhedrons.68 However only the α isomer is expected to form in solution since it is the most stable 

Keggin structure.69,70 From a chelation perspective, the PW11O39
7- ion can be viewed as a 

tetradentate and fully inorganic ligand (made of a PO4
3- ion encapsulated by 11 tungstate 

octahedra), that binds metal ions through the four oxygen atoms exposed by removal of a W=O4+ 

moiety (relative to the parent PW12O40
3- structure). Since lanthanide and actinide cations exhibit 

high coordination numbers71 in solution, typically 8 to 10, two PW11O39
7- ions can satisfy the 

coordination environment of the f-element, or one PW11O39
7- ion plus multiple solvent molecules 

(in the present case, water). Not surprisingly, the 1:2 complex is more readily isolated in the solid-

state, and our team recently crystallized 1:2 complexes of PW11O39
7- with Am3+, Cm3+ and Ln3+ 

ions39, but the 1:1 complexes have remained elusive. As detailed hereafter, the 31P NMR, VT-

NMR and relaxometry measurements demonstrate that, under the studied conditions, the 1:1 and 
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1:2 complexes co-exist in solution, which affords an opportunity to study their equilibrium and 

identify periodic trends among these f-element complexes.  

 

 

Figure 1. Polyhedral representations of the cluster species studied in this work. a) Depiction of 

the 1:1 Ln3+:POM or An3+:POM complex. b) Structure of the 1:2 Ln3+:POM or An3+:POM 

complex. Gray octahedra contain W6+, blue tetrahedra contain P5+, the small red spheres are 

oxygen anions, and the large green spheres represent Ln3+ or An3+ cations. Notice in the 1:1 

complex that the geminal oxygens are coordinated water molecules. Ln = lanthanide. An = 

actinide. POM = PW11O39
7-. c) Photograph of the curium-POM sample used for NMR experiments. 

Under UV light, the sample exhibits intense pink-orange fluorescence once the POM and curium 

are mixed together (due to fluorescence sensitization of Cm3+ via the POM ligand and subsequent 

intramolecular energy transfer39). This confirmed the effective complexation of the Cm3+ ions by 

the POM ligand prior to NMR measurements. The sample is transparent and is not luminescent 

under normal light. Additional photographs are shown in Figure S1. 

Solution-state 31P NMR of Ln-POM and An-POM complexes. The 31P NMR spectra of solutions 

containing 2 eq. of PW11O39
7- and 1 eq. of Am3+ or Cm3+ are shown in Figure 2. Similar 

experiments were performed with multiple lanthanide ions (La3+, Nd3+, Sm3+, Eu3+, Yb3+, and 

Lu3+) for comparison and to benchmark the behavior of the actinide-POM complexes. The 

encapsulated PO4
3- ion inside the PW11O39

7- cluster (Figure 1) provides an excellent spectroscopic 

handle, enabling the use of minute quantities of the central metal ion, which is particularly 

advantageous for toxic, rare, and expensive elements like americium and curium. It should be 
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noted that trivalent actinides and lanthanides are insoluble in the presence of plain phosphate ions 

(pKs ≈ 25)72 which prevents the direct study of their phosphate complexes at concentration levels 

compatible with NMR techniques. Conversely, actinide and lanthanide ions are highly soluble in 

the presence of PW11O39
7-, allowing the use of 31P NMR. In order to minimize exposure to radiation 

and comply with the isotope availability, we optimized the NMR acquisition parameters, sample 

volumes, and sample concentrations, to perform the experiments with only ~70 micrograms of the 

actinide (i.e., 243Am3+ or 248/246Cm3+) per sample. The actinide samples were reused in subsequent 

experiments since NMR is a non-destructive technique. Experiments were performed at pH 4.5, 

which is compatible with the aqueous speciation of trivalent f-element ions and is within the 

predominance range of the PW11O39
7- structure1,35. Sodium phosphate was present in the buffer to 

serve as an internal chemical shift reference and to monitor solution pH and stability. In a recent 

study39 performed at slightly higher pH (5.5), spectroscopic results based on Cm3+-PW11 

fluorescence spectroscopy and UV-visible spectrophotometric absorbance measurements on 

Am3+-PW11 samples suggested that the 1:1 and 1:2 complexes were present in solution, which is 

in line with the NMR results obtained in the present study.  

Figure 2 shows the 31P NMR spectra at 25˚C for all metal:POM systems studied here. In the 

presence of the lanthanide or actinide, three significant 31P NMR signals are observed. The peak 

that consistently appears at +3.4 ppm (peak D in Figure 2), is assigned to unchelated phosphate 

ions present in the buffer. This assignment is confirmed by control experiments conducted with 

the buffer without POM nor the f-element (Figure S2). Solutions of the POM precursor (i.e., 

Na9PW9O39‧nH2O) dissolved in the same buffer but without lanthanide or actinide ions yield a 

second signal at -7.4 ppm (Peak C in Figure 2, Figure S2) that we assign to the unbound Keggin 

ion under the solution conditions selected for the present study. In addition, the spectra of Ln3+-
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POM and An3+-POM solutions show two new signals that vary both in position and in separation 

depending on the nature of the An3+ or Ln3+ ion (peaks A and B in Figure 2). Some of the 

lanthanide:POM samples also initially exhibited small additional NMR signals corresponding to 

transient minor constituents, which were eliminated by heating the solution or with solution aging 

(Figure S3). At equilibrium, the persistent observation of both peaks A and B across all chelated 

POM solutions suggests that two stable chelated species coexist under the solution conditions 

studied here. The presence of multiple f-element-POM species in solution is consistent with 31P 

NMR spectra previously reported by Zang and co-workers35 for aqueous samples of Eu3+-

PW11O39
7- measured under different conditions (~120× higher metal quantity, higher buffer 

concentration, different counter ion, and higher complex concentration). Furthermore, the dynamic 

behavior of peaks A and B (Figure 2) suggests that these two species are in equilibrium with one 

another. We assign the least shielded peak (labelled A) as the 1:1 complex 

([MIII(PW11O39)(H2O)x]
4-) and the most shielded peak (labelled B) as the 1:2 species 

([MIII(PW11O39)2]
11-). 

 

Figure 2. 31P NMR spectra of Ln- and An-POM solutions studied in this work. The panel on the 

left contains spectra of Ln-PW11 samples (Ln = La3+, Nd3+, Sm3+, Eu3+, Yb3+, or Lu3+), and the 

panel on the right contains spectra of Am3+- and Cm3+-PW11 samples. All spectra contain two 
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distinct NMR signals representing two separate POM species in solution. The peaks labelled A 

and B are assigned to the 1:1 and 1:2 metal-POM complexes, respectively. The peak labeled D is 

assigned to unbound phosphate ions from the buffer solution. The peak labeled C is the unchelated 

POM. The numerical values for the chemical shifts of the 1:1 and 1:2 metal-POM complexes are 

summarized in Table S1, along with their relaxometry properties (Table S2). pH = 4.5 (Buffer: 0.1 

M NaCH3COO + 2 mM Na2HPO4). 

 

Depending on the lanthanide, the chemical shifts of the POM complexes are either upfield or 

downfield of the free phosphate ion signal at 3.4 ppm. The 31P NMR signals corresponding to 

chelated POM species in paramagnetic solutions (Nd3+, Eu3+, Yb3+) are shifted by tens of ppm 

compared to the corresponding Ln3+-POM complexes in diamagnetic solutions (Figure 2). The 

paramagnetic lanthanides studied here result in significant paramagnetic chemical shifts, with the 

Yb3+-POM complexes having the largest shifts. Paramagnetic chemical shifts in NMR spectra have 

been discussed in numerous prior studies but are worth noting here considering our choice of 

ligand and central cations. The paramagnetic chemical shifts observed here are likely a 

combination of both the pseudo-contact shift and the Fermi-contact shift.73 The Fermi-contact shift 

is generally thought to be negligible for lanthanides that are four bonds away from the NMR 

nucleus.74 In our case, the 31P nucleus is roughly four bonds from the binding site of the lanthanide 

(e.g., Ln-O-W-O-P), and approximately 4.5 Å through open space from the lanthanide ion (based 

on reported crystal structures for M3+-PW11O39
7- complexes35,39). Considering that the Fermi-

contact shift is due to the delocalization of paramagnetic electrons from the lanthanide to the NMR 

nucleus through bonds, it is an unlikely contribution to the shift observed for paramagnetic Ln3+-

POM chemical shifts. The dipolar shift or pseudo-contact shift is likely responsible and employs 

the largest effect on chemical shifts in the complexes studied here. While it is theoretically possible 

to separate out the two contributions to the paramagnetic chemical shift, this type of evaluation is 

well-beyond the scope of this manuscript.  
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The spectra of the Am3+-POM and Cm3+-POM samples (Figure 2) exhibit similar features as their 

Ln3+-POM counterparts, with three NMR signals, one from the free phosphate ions at 3.4 ppm 

(peak D) and two upfield signals (peaks A and B) corresponding to the actinide-POM species. 

Despite their radioactive nature, the stability of the actinide-POM complexes in solution is quite 

robust. Long-term stability experiments showed that the NMR spectrum of the 243Am3+-POM 

complexes (the sample with highest specific activity, ~4 GBq/L, including α and γ emission from 

243Am3+ and β- emission from the short-lived daughter 239Np, in secular equilibrium) remains 

unchanged over a period of at least two months and even after prolonged warming-cooling cycles 

up to 65˚C (Figure S4). We hypothesize that the inorganic nature of the POMs and ability to 

assemble from smaller building blocks (e.g., WO4
2-) render them inherently more resistant to 

radiolytic damage than organic chelators (which are prone to oxidation and degradation in the 

presence of actinides75–77), since breaking of bonds in the PW11O39
7- structure would be followed 

by reassembly of the POM. Consistent with the behavior observed for the actinide-POM solutions, 

solutions of lanthanide-POM complexes or unbound POM are also stable for extended periods of 

time (i.e., at least several weeks. Figure S5). 

Further analysis of the chemical shift values of peaks A and B with respect to cation composition 

(Figure 3a) demonstrates that these peaks are highly correlated, supporting the hypothesis that 

these peaks represent two stable species in equilibrium with one another. Peaks A and B of the two 

POM complexes are further upfield in the case of curium compared to americium: -5.09 ppm and 

-6.05 ppm for [AmIII(PW11O39)(H2O)x]
4- and [AmIII(PW11O39)2]

11- versus -8.87 ppm, and -9.40 

ppm for [CmIII(PW11O39)(H2O)x]
4- and [CmIII(PW11O39)2]

11-, respectively. Interestingly, the NMR 

signals of the actinide-POM complexes exhibit greater chemical shift separation than those of the 

corresponding diamagnetic lanthanide complexes (La, Lu). However, the peak separation is 



 13 

smaller than those of paramagnetic Ln-POM complexes (Nd, Eu, Yb). This trend suggests that 

Am3+ and Cm3+ ions in solution are weakly paramagnetic (Figure 3b). This observation was also 

confirmed by the relaxation time measurements (vide infra).  

Interestingly, in prior NMR studies performed on 241Am3+ and 244Cm3+ in unchelating media (1 M 

HClO4 solutions)63,65, and that used the Evans method78, it was found that the 9-coordinated 

[Cm(H2O)9]
3+ ion is far more paramagnetic than the [Am(H2O)9]

3+ ion, with magnetic 

susceptibility of the curium samples being ~25× higher than that the americium samples. Such a 

strong difference is not manifested in the NMR properties of the POM complexes described in the 

present study, where the paramagnetism of the 248/246Cm3+ complexes with PW11O39
7- appear 

almost on par with their 243Am3+ counterparts. This apparent discrepancy is likely a result of the 

particular coordination mode of the actinide in the PW11O39
7- complexes, which are 8-coordinated 

(as supported by single crystal XRD structures39). The POM anions also induce a strong ligand 

field (when compared to water molecules or organic ligands) and likely affect the electronic 

ordering of the chelated actinide ion. These NMR observations are in line with our prior 

fluorescence measurements39 (which probes the electronic excited and ground states of the 

actinide) that showed that 8-coordinated Cm3+-POM complexes exhibit behaviors that depart from 

the previously characterized 9-coordinated complexes.  
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Figure 3. a) Observed correlation between the solution-state 31P NMR chemical shift of the 1:1 

and 1:2 complexes formed between the trivalent lanthanide (La, Nd, Sm, Yb, and Lu) or actinide 

(Am and Cm) ions and the POM ligand (PW11O39
7-). b) Difference in the chemical shifts of the 

two complexes, as a function of the central cation. 

Finally, it should be underlined that the characterization approach demonstrated here, that 

combines the POM chelating platform with NMR spectroscopy, enables both the direct 

observation of the chemical species present and the indirect observation of the magnetic properties 

of these transuranic elements. Efforts are on-going to extend our POM-NMR approach to other 

rare radioelements such as promethium, actinium, or transcurium actinides.54,79–81 

Variable Temperature 31P-NMR of Ln-POM and An-POM complexes. Variable temperature 

NMR experiments were performed in order to gain further insights into the interactions between 

POMs and f-block metal ions. VT-NMR experiments provide insight into the temperature 

dependence of nuclear shielding and can help elucidate chemical speciation. In this case, VT-NMR 

was conducted to calculate thermodynamic parameters for the equilibrium reaction between 1:1 

and 1:2 cation-POM complexes in solution. The series of VT-NMR spectra for all the actinide and 

lanthanide solutions studied here (Am3+, Cm3+, La3+, Nd3+, Sm3+, Eu3+, Yb3+, and Lu3+, complexed 

to PW11O39
7-) are compiled in the supporting information (Figure S6 to S10). Figure 4 contrasts 

the VT-NMR spectra of the Eu3+-POM and Am3+-POM systems. The europium and americium 
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systems are compared here as Eu3+ is often taken as a non-radioactive surrogate for Am3+, since 

both elements are in the same column of the periodic table and have relatively similar ionic radii.71 

However, the present NMR results show that the Eu3+-POM and Am3+-POM complexes have 

distinct solution chemistry. Among the trivalent f-element species studied here, the nuclear 

shielding of the 1:1 and 1:2 Eu-POM complexes have the greatest temperature-dependence, 

shifting by almost 3 ppm from 10˚C to 65˚C, and contrast with the Am-POM (and Cm-POM) 

counterparts. The left panel of Figure 4 shows the NMR signatures associated with the 

[EuIII(PW11O39)(H2O)x]
4- (peak A) and [EuIII(PW11O39)2]

11- (peak B) complexes in phosphate-

containing buffer as a function of temperature, from 10°C to 65°C. At 20°C, peaks B and D (free 

phosphate ions) look to coalesce but are more likely swapping positions, since they separate again 

at T > 20°C. Unlike the VT-NMR spectra of Eu-POMs, signals in spectra of Am-POMs (right 

panel of Figure 4) do not cross paths but do slightly shift downfield (by ~1 ppm) with increasing 

temperature. 

 
Figure 4. 31P VT-NMR spectra of the Eu3+-PW11O39

7- (left) and Am3+-PW11O39
7- (right) 

complexes in solution. The peaks, labeled D, A, and B, in the Eu3+-PW11O39
7- spectra on the left 

correspond to unchelated phosphate ions present in the buffer (D), the Eu(POM) complex (A), and 

Eu(POM)2 (B). Signals D and B cross paths at 20°C and change their relative positions in the 

spectrum above 20°C. The panel on the right displays the comparative results for the Am3+-

PW11O39
7- system. Results for the other lanthanides (La, Sm, Nd, Yb, and Lu) and Cm3+-PW11O39

7- 
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are shown in Figures S6 to S10. Chemical shift values and peak areas as a function of temperature 

for Eu3+-POM are provided in Figure S11. Peak areas for all M3+-POM complexes as a function 

of the temperature are provided in Table S3. Corresponding chemical shifts are given in Table S1. 

Based on the peak area distribution (Table S3), the apparent reaction constant (Kapp) corresponding 

to the conversion of the 1:1 complex to the 1:2 complex, for each metal, was estimated (See method 

section Equations 1-4). The repartition between the 1:1 and 1:2 complexes as a function of the 

temperature, as observed by 31P VT-NMR, can also be used to calculate the reaction enthalpy 

(ΔHrxn) and entropy (ΔSrxn) of the interconversion equilibrium. Table 1 summarizes the 

thermodynamic parameters derived from the NMR experiments on the lanthanide-POM and 

actinide-POM complexes.  

Interestingly, under the studied conditions and at 25˚C, all the studied lanthanides favor the 1:1 

complex, [LnIII(PW11O39)(H2O)x]
4-, with Ln Kapp <1. The early lanthanides (La, Nd, Sm) strongly 

favor the formation of the 1:1 complex, [LnIII(PW11O39)(H2O)x]
4-, whereas Eu3+ and Lu3+ form the 

1:2 complex [LnIII(PW11O39)2]
11- in concentration relatively similar to its 1:1 counterpart. For 

actinides, analysis of the NMR spectra indicates that both Am3+ and Cm3+ favor the 1:1 complex, 

albeit with Am3+ forming the 1:2 complex in slightly higher concentration than Cm3+. It should be 

noted that for all the metals studied here, relatively modest interconversion equilibrium constants 

were observed, and both complexes persist in solution in significant proportions (i.e., each 

complex representing ~10 to ~90% of the total metal speciation). This result would not be expected 

for the [MIII(PW11O39)(H2O)x]
4- species as half of the metal ion coordination sphere is exposed to 

solvent molecules or open to attack by other ligands. This means that the PW11O39
7- is a strong 

enough chelator to prevent the metal hydrolysis (and, under the conditions of this study, 

precipitation with free phosphate ions), even when forming complexes that do not completely fill 

the metal coordination sphere. This kind of speciation, where the different metal:POM species are 

in equilibrium with relatively similar apparent thermodynamic stability could be beneficial for 
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potential separation applications as subtle differences among the metals could lead to the formation 

of either the 1:1 or the 1:2 complex, giving leverages for distinct extraction or precipitation 

behaviors. 

The VT-NMR experiments also shed light on the effect of temperature on nuclear shielding. The 

nuclear shielding of signal D (free phosphate) shown in Figure 4 is not as temperature dependent 

as the POM species corresponding to signals A and B. This observation suggests that the extent of 

nuclear shielding of the phosphate ion encapsulated in the POM ligand is highly sensitive to the 

electronic structure of the Ln-POM complex, which is a function of the pseudo-contact shift.73 

Table 1. Thermodynamic parameters (apparent constant of reaction, Ln Kapp at 298 K, reaction 

enthalpy, ΔHrxn, and entropy, ΔSrxn) calculated based on the NMR peak areas and VT-NMR 

experiments. The reaction corresponds to the formation of the 1:2 metal:POM complex from the 

1:1 complex, i.e., M(POM) + POM = M(POM)2. Thermodynamic values were calculated using 

the Van’t Hoff equation. The Van’t Hoff plots for the individual metal:POM systems are given in 

Figure S12 to S17. pH = 4.5. I = 0.1 M. POM = PW11O39
7-. 

Ion Ln Kapp (298 K) ΔHrxn (kJ/mol) ΔSrxn (J/mol) 

La3+ -3.36 0.602 -25.9 

Nd3+ -2.91 -0.449 -25.7 

Sm3+ -3.16 0.558 -24.4 

Eu3+ 0.60 -1.26 0.79 

Lu3+ -0.387 -18.1 -63.9 

Am3+ -0.11 -5.85 -20.5 

Cm3+ -1.25 0.26 -9.53 

 

Among the metal:POM systems studied, Lu3+ is the most sensitive to temperature, as illustrated in 

Figure 5. Even within the relatively limited temperature range compatible with aqueous samples, 

we could observe an almost complete reversal of the distribution of the Lu:POM species, with the 

[LuIII(PW11O39)2]
11- complex being predominant at T ≤ 40˚C, while the [LuIII(PW11O39)(H2O)x]

4-  

complex becomes predominate at T ≥ 40˚C. Such a drastic sensitivity to temperature could be used 

for temperature-controlled isolation of the individual complexes. The corresponding Van’t Hoff 

plot (Figure 5) indicates an exothermic formation of [LuIII(PW11O39)2]
11- from 
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[LuIII(PW11O39)(H2O)x]
4- (peak A), with ΔHrxn = -18.1 kJ/mol. For the other metal:POMs tested, 

the reaction conversion between the 1:1 and 1:2 complexes have very low reaction enthalpies, and 

are close to athermicity, with ΔHrxn ≤ 3 kJ/mol, in the temperature range investigated. The ΔHrxn 

values for Am-POM and Cm-POM complexes fall within the range observed for the lanthanide 

complexes with the interconversion reaction of both actinides being slightly exothermic. 

 
Figure 5. Left: VT-NMR spectra corresponding to the Lu(PW11) and Lu(PW11)2 complexes. Right: 

Van’t Hoff plot used to determine the reaction enthalpy and entropy for the equilibrium reaction 

between the Lu(PW11) and Lu(PW11)2 complexes. Values of ln Kapp were determined from 

integrated peak areas of peaks A and B in the temperature range 25 to 50°C. See Table 1 for 

corresponding thermodynamic parameters of the other lanthanide-POM and actinide-POM 

systems studied. 

 

Relaxometry Measurements on Ln-POM and An-POM complexes. NMR spectroscopy was also 

used to measure the spin-lattice relaxation times (T1) of the POM complexes in solution. To the 

best of our knowledge, this technique has not been used before for americium or curium species, 

which gives another tool to study the solution chemistry and dynamics of these rare elements. T1 

values at 25˚C were determined for all actinide-POM and lanthanide-POM complexes studied 

herein, i.e., [M(PW11O39)(H2O)x]
4- and [M(PW11O39)2]

11- (M = 243Am3+, 248/246Cm3+, La3+, Nd3+, 
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Sm3+, Eu3+, Yb3+, Lu3+). The T1 results are summarized in Table 2 and the full T1 build-up curves, 

for the 1:1 and 1:2 complexes with each metal, are shown in Figures S18 to S25. 

Table 2. Spin-lattice relaxation times (T1) and chemical shifts for the 1:1 complex 

(MIII(PW11O39)(H2O)x]
4- ; identified as peak A in the NMR spectra shown in Figure 2.) and 1:2 

complex ([MIII(PW11O39)2]
11- ; identified as peak B in Figure 2.) as a function of lanthanide or 

actinide ion. The unchelated PW11 cluster has a T1 of 23.0 seconds and has a chemical shift of -

7.44 ppm. Free phosphate ions present in the same buffer and without f-elements exhibit a T1 value 

of ~9 seconds. T1 measurements were conducted at 25˚C. 

Metal ion T1 of  

1:2 metal-POM 

complex (in 

second) 

Chemical shift 

for the 1:2 

complex (ppm) 

T1 of  

1:1 metal-POM 

complex (s) 

Chemical shift 

for the 1:1 

complex (ppm) 

La3+ 14.00 -8.89 12.20 -8.62 

Nd3+ 0.15 -21.47 0.10 -19.74 

Sm3+ 3.40 -12.22 2.55 -11.84 

Eu3+ 0.18 3.01 0.27 7.91 

Yb3+ 0.04* 31.85 0.03* 37.40 

Lu3+ 12.10 -9.94 18.50 -9.46 

Am3+ 7.00 -6.05 10.31 -5.09 

Cm3+ 9.04 -9.40 12.22 -8.87 
*Given the short values of these two T1’s and subsequent sensitivity of fitting the T1 build up 

curves, we estimate these times at ±5 milliseconds. 

 

The measured T1 values for the Ln-POM complexes range from milliseconds to seconds, with the 

shortest corresponding to complexes with paramagnetic lanthanides. The longest T1 values are 

observed in the case of POM complexes of diamagnetic lanthanide ions (La3+ and Lu3+), with T1 

relaxation times of 14 to 19 seconds. This compares to a T1 of 23 seconds for the solutions of the 

POM without metal ions which further confirms the complexation of the POM to the f-block 

cations. T1 measurements for the phosphate ions present in the buffer solution (peak D at 3.4 ppm 

in 31P NMR spectra) revealed a T1 value of ~9 seconds, regardless of the presence of the f-element 

(Table S2), which further confirms that f-elements were prevented from interacting with phosphate 

ions due to complexation to the POM.  

In the case of paramagnetic solutions, the unpaired electrons of the paramagnetic lanthanides have 

very short relaxation times, which affects the relaxation time of the neighboring 31P nucleus 
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through space and bonds. This effect was observed for all paramagnetic lanthanide ions studied 

here, with T1 values of only ~3 seconds for the Sm3+-POM complexes, 100-300 milliseconds for 

both Nd3+-POM and Eu3+-POM, and just ~35 milliseconds for the Yb3+-POM species (Table 2).  

In the case of americium and curium species, the T1 values are intermediate to that of diamagnetic 

lanthanides and paramagnetic lanthanides, with 7.0 and 10.3 seconds for the Am3+-POM 

complexes and 9.0 and 12.2 seconds for their Cm3+-POM counterparts (Table 2). These 

relaxometry results confirm the trend observed for the chemical shifts (vide supra, Figure 3) where 

trivalent americium and curium behave as weakly paramagnetic ions, with a slightly more 

pronounced paramagnetic character for curium relative to americium. It is important to emphasize 

that the combined use of POMs and NMR spectroscopy facilitates the observation of this property 

of these transplutonium actinide ions. Performing similar 31P NMR measurements on simple 

phosphate solutions of actinides would be impractical due to the low solubility of f-

elements/phosphate complexes (pKs ≈ 25)72 and large excess of ligand needed to form them82,83, 

whereas the encapsulation of PO4
3- in PW11O39

7- allows for the formation of highly soluble and 

stable actinide and lanthanide complexes, including in the presence of phosphate ions in the buffer. 

Our POM-NMR approach could be extended to other NMR active nuclei that can be encapsulated 

in POMs similar to PW11O39
7- (e.g., 10/11B, 75As, 77Se, and 29Si). 
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Figure 6. a) Correlation between the T1 values of the two POM complexes, M(PW11) and 

M(PW11)2, with actinides and lanthanides. Note that the logarithmic scale is used in this plot since 

the T1 times span three orders of magnitude. b) Comparison of the T1 values measured for the two 

complexes for trivalent lanthanides and actinides. Notice the short T1 values for all the 

paramagnetic lanthanides studied here, which have T1 values on the order of milliseconds. Green 

bars correspond to the 1:1 complex and blue bars to the 1:2 complex. It is also worth noting the 

reversal of T1 values across the lanthanide series where, prior to Eu3+, T1 values of the 1:2 

complexes are longer than that of the 1:1 complex, while after Eu3+, T1’s are shorter for the 1:2 

complex, including Yb3+. For numerical T1 values the reader is directed to Table 1. T1 times 

corresponding to free phosphate ions in the buffer of the actinide-POM and lanthanide-POM 

samples are tabulated in Table S2. 

As highlighted in Figure 6a, the T1 values of the lanthanide-POM and actinide-POM complexes 

span ~3 orders of magnitude but, for each metal, the two T1 values are highly correlated, further 

suggesting that the two observed NMR peaks belong to relatively similar species in equilibrium. 

Figure 6b details the T1 values observed for the different 1:1 and 1:2 complexes with lanthanides 

and actinides. The longest T1 times observed correspond to solutions of Lu-POM, with a 1:1 
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complex T1 time of 18.5 seconds and a 1:2 complex T1 time of 12.1 seconds. The shortest T1 times 

correspond to solutions of Yb-POM, with a 1:1 cluster T1 time of 0.04 seconds and a 1:2 cluster 

T1 time of 0.03 seconds. The T1 times of Am-POMs and Cm-POMs are surprisingly similar, and 

of similar magnitude but shorter than the Lu-POMs. Interestingly, the order of the T1 times of the 

two types of metal-POM complexes (i.e., 1:1 and 1:2 species) reverses as we cross the lanthanide 

series, with an inflection near Eu. Indeed, the 1:1 complex has a shorter T1 than the 1:2 complex 

in the case of La3+, Nd3+ and Sm3+ but the opposite is observed for the heavier lanthanides. T1 

values of Am-POM and Cm-POM samples indicate that their 1:1 complexes exhibit longer T1 

values than their respective 1:2 complexes, similar to the late lanthanides.  

Interestingly, as shown in Figure 7, comparing the distribution of the two complexes for each 

metal:POM system reveals that species with longer T1 times predominate for the early lanthanides, 

while the species with shorter T1 times predominate for the late lanthanides, with an apparent break 

at Eu. To the best of our knowledge, such effect was not observed before for f-element complex 

series. It should be noted that such an observation was only possible due to a fortunate combination 

of factors, that include the formation of multiple complexes that co-exist in the f-element:POM 

systems, the presence of an NMR active nucleus (31P), and the use of multiple NMR techniques to 

identify the species and measure their nuclear spin-lattice relaxation times. The results for 

americium and curium also allude that there exists a similar trend, albeit specific to the actinide 

series. However, other actinide ions (i.e., Ac3+, Pu3+, Bk3+, Cf3+…) will need to be probed via our 

POM-NMR approach in order to confirm this observation. Future efforts will focus on expanding 

our approach to other actinide-POM and lanthanide-POM systems. 
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Figure 7. Comparison of the concentration ratio of the complexes (short T1 species / long T1 

species) along the trivalent lanthanide and actinide series. Concentrations were calculated based 

on peak areas and the stoichiometry of the complexes. T1 times and peak areas were measured at 

T = 25˚C. The red circles correspond to lanthanides and the green diamonds correspond to 

americium and curium. Ionic radius values were taken from the studies by Lundberg and co-

workers.84,71  

The combined analysis of signal ratios/positions and T1 times shows that it is possible to effectively 

speciate f-element samples without more complicated NMR investigations, such as diffusion 

ordered spectroscopy (DOSY)85, which maybe out of reach for radioactive and/or diluted samples. 

This method is potentially a new way of using NMR to understand the chemical behavior and 

speciation of POMs incorporating rare ions. In order to further decipher the bonding interactions 

into these heavy element-POM complexes, chemical shift calculations using ab initio methods are 

currently being performed and will be reported on in a later communication. 

CONCLUSION 

This study represents the first investigation of the solution-state chemistry of americium and 

curium POM complexes using NMR spectroscopy, including 1D 31P NMR, VT-NMR, and T1 

measurements. The intrinsic properties of the heteropolyoxotungstate POM ligands yield a 
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convenient platform to study complexes of actinide and lanthanide ions in solution using 31P NMR 

spectroscopy, even when using microgram amounts and in phosphate solutions where f-elements 

are typically insoluble. The concurrent formation of two complexes, [MIII(PW11O39)(H2O)x]
4- and 

[MIII(PW11O39)2]
11-, was observed for all trivalent lanthanides and actinides tested (M = La, Nd, 

Sm, Eu, Yb, Lu, Am, Cm). The observed chemical shifts and T1 measurements indicate a weakly 

paramagnetic behavior for Am3+ and Cm3+ in solution. The NMR results also reveal a reversal of 

the T1 values of the 1:1 and 1:2 complexes along the lanthanide series and the existence of a 

potentially similar trend for trivalent actinides. This work shows that the combination of tailored 

ligands such as POMs containing NMR-active nuclei can facilitate the study of rare, expensive, 

and/or toxic isotopes such as those of transplutonium elements. 

 

MATERIALS AND METHODS 

Caution! 243Am (Half-life = 7,388 years. Specific activity = 14.8 GBq/g, including the 239Np decay 

product in secular equilibrium) and 248/247/246Cm isotopes (248Cm half-life = 3.49x105 years. 

Specific activity =0.16GBq/g) constitute serious health hazards because of their radioactive and 

chemical properties. 243Am and 248Cm samples require special safety protocols, personal 

protective equipment, and facilities since these isotopes are alpha, gamma, neutron emitters and 

undergo spontaneous fissions. All experiments involving radionuclides were conducted at 

Lawrence Livermore National Laboratory, in facilities designed for the safe handling of long-lived 

and short-lived radioactive materials and associated waste. 

Materials. All solutions were prepared using deionized water purified by reverse osmosis cartridge 

system (≥ 18.2 MΩ.cm). Na2HPO4 (≥99%), NaCH3COO (≥99.9%), Na2WO4•2H2O (≥99%), 

phosphoric acid, lanthanide trichloride salts (>99.9%), and deuterated water (>99 atom %D) were 

purchased from chemical providers (VWR and MilliporeSigma) and used as received. The pH of 
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the solutions was adjusted via additions of micro-amounts of standard solutions of HCl or NaOH 

(VWR). The precursor for the PW11O39
7- ion, namely Na9PW9O39•7H2O, was synthesized 

according to a literature procedure.67 Briefly, the Na9PW9O39•7H2O salt was prepared by 

dissolving 12 g of Na2WO4•2H2O in 15 mL of H2O. A small volume of 85% H3PO4 was added 

dropwise (~400 µL) to form the POM and the pH was then adjusted to 7-7.5 with glacial acetic 

acid (2.25 mL). During the addition of acetic acid, a precipitate immediately forms. The solid-

solution slurry was left to stir for an hour, and the solid was then filtered under vacuum. The PW9 

POM is unstable in solution at a pH of 4.5 (studied conditions) and converts to PW11 upon binding 

to the trivalent lanthanide or actinide ions. The actinide samples were prepared by dilution of 

primary stock solutions made from primary sources of 243Am(III) or Cm(III) (97% 248Cm + 3% 

246Cm + 0.01% 247Cm) purchased from Oak Ridge National Laboratory (USA). 

NMR sample preparation. Metal:POM complexes were prepared in situ. The Na9PW9O39•7H2O 

precursor was dissolved in a 100 mM NaCH3COO buffer at pH 4.5, containing 2 mM of Na2HPO4. 

For each lanthanide or actinide, an aliquot of a metal(III) chloride stock solution was added to the 

POM solution in stoichiometric amount (ratio of 1:2 between the studied metal ion and the POM). 

An aliquot of D2O was then added so that the final NMR sample contained 25% D2O. The samples 

were equilibrated at room temperature for at least 2 hours before NMR measurements. Samples 

were prepared under ambient atmosphere. Metal concentrations in the samples were 4 mM for 

lanthanides and 1 mM for actinides. Control experiments with the lanthanide:POM samples at 

different concentrations showed no change in the NMR spectra in this concentration range. For 

actinides, due to safely precautions inherent to work with radioactive materials, the samples were 

transferred into a PTFE liner (volume of sample = 300 µL) to create doubly contained NMR 

samples. Sample preparation and NMR measurements were performed at LLNL in laboratories 
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specifically designed for work with liquid samples containing long-lived alpha emitters. The 

stability of the samples over time was monitored, as shown in Figures S4-S5. Following VT-NMR 

measurements (up to 65˚C), additional NMR spectra were measured after cooling down the 

samples back to 25˚C to verify the reversibility of the temperature-induced reactions. Following 

NMR data collection, the actinide materials were recovered and recycled for other studies. 

NMR Spectroscopy. All NMR spectroscopic experiments were conducted at the Center for 

National Security Applications of Magnetic Resonance at LLNL. Solution state 31P NMR 

spectroscopy was conducted using both 500 and 600 MHz on Bruker Avance III spectrometers at 

11.74 T and 14.10 T, respectively. The operating frequency for 31P is 202.457 and 242.938 MHz 

on 500 and 600 MHz instruments, respectively. An external standard of 85% phosphoric acid 

solution in 90% H2O with 10% D2O was referenced to 0 ppm. A 90° pulse width was calibrated 

before each experiment and varied between 11.8 and 12.5 microseconds. In general, 1D 31P NMR 

experiments were done using inverse gated proton decoupling to ensure quantitative results. Data 

collected on the 500 MHz instrument used a Bruker Prodigy cryoprobe for greater sensitivity and 

less background interference. Spin-lattice relaxation experiments to determine T1 times of the 

molecular species utilized the inversion recovery method. All 1D and T1 experiments were 

conducted at 25°C unless otherwise noted as in the variable-temperature experiments. 

VT-NMR experiments were conducted in the same manner as 1D experiments in the temperature 

range of 10 to 65°C for lanthanide samples and 25 to 65°C for samples with 248/246Cm3+ and 

243Am3+. In all cases, after the VT series were completed, the sample was returned to 25°C and a 

spectrum was collected. The series of VT-NMR spectra are included in the supporting information 

(Figures S6-S10) as well as Figure 4 and Figure 5. VT-NMR results were used to extract 

thermodynamic parameters for the equilibrium reaction between the 1:1 and 1:2 complexes studied 
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here. The NMR peak areas were used to determine the distribution of the two species. The 

following reaction equilibrium was considered: 

𝑀(𝑃𝑂𝑀) + 𝑃𝑂𝑀 = 𝑀(𝑃𝑂𝑀)2  (Equation 1) 

Where M is a trivalent actinide or lanthanide cation, and POM is the PW11O39
7- ligand. The 

associated apparent formation reaction constant under the studied conditions, Kapp, is: 

𝐾𝑎𝑝𝑝 =
[𝑀(𝑃𝑂𝑀)2]

[𝑀(𝑃𝑂𝑀)]×[𝑃𝑂𝑀]
   (Equation 2) 

Since the study was performed with stoichiometric samples (i.e., 1:2 ratio between the studied f-

element and the POM), no free metal is expected in solution. If the 1:2 complex dissociates, it 

forms an equal quantity of 1:1 complex and free POM. Therefore, the concentrations of free POM 

and 1:1 complex in solution are equal and the following equation is obtained.  

𝐾𝑎𝑝𝑝 =
[𝑀(𝑃𝑂𝑀)2]

[𝑀(𝑃𝑂𝑀)]2
    (Equation 3) 

As the NMR peak areas are proportional to the species concentration, one can therefore estimate 

Kapp, based on the 31P NMR spectra. Moreover, the VT-NMR spectra were used to calculate the 

reaction enthalpy (ΔHrxn) and entropy (ΔSrxn), using the Van’t Hoff equation, as written below.  

ln 𝐾 = −
∆𝐻𝑟𝑥𝑛

𝑅𝑇
+  

∆𝑆𝑟𝑥𝑛

𝑅
   (Equation 4). 

Van’t Hoff plots, where Ln Kapp is plotted against the inverse of the temperature, constructed for 

the metal:POM complexes studied here are shown in Figure S12-17.  
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