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ABSTRACT
Within the actinide and lanthanide co-extraction strategy, three rigidified diglycolamides, 2,6-bis (N-dodecyl-carboxamide)-4-oxo-4H-pyran (1), 2,6-bis-[N-(4-tert-butylphenyl)carboxamide]-4-oxo-4H-pyran (2), 2,6-​bis[(N-docecyl-N-methyl)carboxamide]-​4-methoxy-​tetrahydro-pyran (3), were synthesized and the effect of structural rigidification on Am(III) and Eu(III) extraction under different conditions was investigated. 
The carboxamide extractant 3 resembles the extracting behavior of N,N,N′,N′‐tetraoctyl diglycolamide (TODGA) in terms of efficiency and affinity within the lanthanide family, together with a fast kinetics and a satisfactory cation back-extraction. The presence of 1-octanol in the diluent mixture strongly affects the ligand stability. Moreover, despite the low extraction efficiency showed by 1 and 2, all the three ligands exhibit a higher affinity for Am with respect to TODGA resulting in a lower lanthanide/Americium separation factor, of around 4 for ligand 3 and close to 1 for ligands 1 and 2. 
INTRODUCTION
[bookmark: _GoBack]The case of closing the nuclear fuel cycle is based on a better exploitation of natural resources and a significant reduction of the waste volume, decay heat and long-term radiotoxicity, as well as on all the issues related to the an economical and environmental-sustainable management and disposal of the final nuclear waste.[1,2] In the last decades great efforts have been devoted to these challenging issues and the strategy of the partitioning of long-lived radionuclides followed by Transmutation (P&T) is being explored by several countries worldwide.[3-9] To implement an efficient transmutation of actinides (An), these elements must be separated from the lanthanides (Ln), since the latter ones are characterized by high neutron capture cross section and by a high tendency to segregate in separate phase instead of producing a solid solutions with actinides in the target metal alloy.[7] However, An/Ln separation is the most demanding step of the partitioning processes due to the similar chemical behavior of An(III) and Ln(III) in solutions and the Ln unfavorable mass ratio.[10-11] During last decades, several separation scientists have been engaged in the design of new extractants as well as in the development of viable separation processes for An and/or Ln partitioning.[12-14] With co-extraction purposes several multi-cycle processes were proposed worldwide, such as the TRUEX (TRansUranic Extraction) in the USA, the TRPO (TRialkyl Phosphine Oxides) in China and the DIAMEX (DIAMide EXtraction) in Europe.[10] The use, for the first time, in the DIAMEX process of completely incinerable ligands (contain only C, H, O, N atoms) represented a break point in the partitioning strategy. Many bidentate malonamides extractants were synthesized and structural optimizations led to the DIAMEX reference molecule DMDOHEMA (N,N’-dimethyl-N,N’-dioctyl-2-(2-(hexyloxy)ethyl)-malonamide).[10,15] During the 1990s a new class of tridentate ligands, such as diglycolamides (DGA), was proposed: among them, N,N,N’,N’-tetraoctyl-diglycolamide (TODGA) showed the most promising extracting capability together with a good solubility and stability.[16,17] 
As already demonstrated for the malonamides, small changes in the ligand structure can positively influence the extracting capability.[18] Several literature works report about TODGA derivatives and substituted diglycolamides, demonstrating that the structural modifications enable to tune the basicity of the central oxygen atom and thus the extracting properties.[10,19,20] In the present work an attempt is described to rigidify the diglycolamide structure [21] by the introduction of a pyran and a tetrahydropyran rings, obtaining the three rigidified DGA ligands reported in Figure 1. While the radiochemical stability of ligand 3 was preliminary studied in a previous work[22], we present herein the synthesis and the results of a screening study aimed at characterizing the extracting behavior of ligands 1-3, in particular by identifying the key parameters affecting their properties and assessing their performances in conditions of interest for the TODGA-like process. 
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Figure 1. Molecular structures of ligands 1, 2 and 3.

EXPERIMENTAL 
[bookmark: _Toc446613831]General methods and chemicals
Melting points were determined on an Electrothermal apparatus in capillaries sealed under nitrogen. 1H and 13C NMR spectra were recorded on Bruker AV300 and AV400 spectrometers. J coupling constants are given in Hz. Partially deuterated solvents were used as internal standards. ESI-MS spectra were recorded on a Waters single quadrupole instrument SQ Detector. TLC was performed on Merck 60 F254 silica gel and flash column chromatography on 230-400 mesh Merck 60 silica gel. All commercially available reagents and chemicals used in this study were analytical reagent grade and used without further purification. Kerosene (reagent grade, low odor, aliphatic fraction > 95%) and 1-octanol (purity ≥99%), both from SIGMA-ALDRICH company, were used as diluents. TODGA extractant was purchased from Technocomm Ltd. and used after suitable purification (see Supplementary Material). The organic solutions were prepared by dissolving weighed amounts of extractants in mixtures of kerosene and 1-octanol in different proportions.
Nitric acid solutions were prepared by diluting concentrated nitric acid (from FLUKA, ≥65% w/w) with distilled water. The radioactive reference materials, 241Am(NO3)3 in 1 M HNO3 (carrier 20 μg/g Sm(NO3)3) and 152EuCl3 in 1 M HCl (carrier 10 μg/g EuCl3) solutions, were supplied by Eurostandard CZ (Czech Republic) and CERCA-LEA (France), respectively. Hexa-hydrated nitrates of La, Ce, Pr, Nd, Sm, Eu and Gd (purity from 99 to 99.99%) and YCl3·6H2O (99.8 %) were used to prepare a simplified synthetic feed stock solution in 3 M HNO3.
Synthesis
4-oxo-4H-pyran-2,6-dicarbonyl dichloride (5): To a suspension of chelidonic acid 4 (2.010 g, 10.92 mmol) in anhydrous dichloromethane (60 mL), oxalyl chloride (3.70 mL, 43.66 mmol) and few drops of anhydrous N,N-dimethylformamide were added under nitrogen atmosphere. The reaction mixture was stirred at room temperature (20 ± 2 °C) for 18 h, then the solvent was removed under reduced pressure. The resulting product 5 was immediately used without further purification. This compound showed the same physico-chemical properties as that reported in the literature.[23]
N,N’-didodecyl-4-oxo-4H-pyran-2,6-dicarboxamide (1): To a solution of 5 (2.282 g, 10.92 mmol) in anhydrous dichloromethane (60 mL), dodecylamine (4.25 g, 22.93 mmol) and N,N-diisopropylethylamine (5.70 mL, 32.76 mmol) were added under nitrogen atmosphere. The reaction mixture was stirred at room temperature for 20 h. After reaction completion (followed by TLC) the mixture was neutralized with 1 M HCl. The organic layer was washed with saturated NaHCO3 (2x70 mL), then with brine (70 mL) and finally with distilled water (80 mL). The organic layer was dried over anhydrous Na2SO4, filtered and concentrated under vacuum. The resulting crude residue was triturated in hexane and then filtered, yielding the desired compound 1 as a yellowish solid (3.089 g, 54%). 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.07 (s, 2H); 6.88 (t, J = 5.7 Hz, 2H); 3.46 (q, J = 7.0 Hz, 4H); 1.66-1.62 (m, 4H); 1.36-1.28 (m, 36H); 0.92-0.89 (m, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 179.1; 171.0; 166.5; 106.5; 40.8; 31.9; 29.7-29.5; 26.8; 22.6; 14.1. MS (ESI): m/z: 541.55 [M+Na]+.

N,N’-bis(4-(tert-butyl)phenyl)-4-oxo-4H-pyran-2,6-dicarboxamide (2): To a solution of compound 5 (1.135 g, 5.431 mmol) in anhydrous dichloromethane (30 mL), 4-tert-butylaniline (1.73 mL, 10.86 mmol) and DIPEA (2.84 mL, 16.29 mmol) were added under nitrogen atmosphere. The reaction mixture was stirred for 18 h at room temperature. After reaction completion (followed by TLC) the mixture was neutralized with 1 M HCl and the organic layer separated and washed with 1 M HCl and saturated NaHCO3. The organic layer was then dried over anhydrous Na2SO4 and the solvent removed under vacuum. The resulting crude residue was precipitated from MeOH and filtered to give the compound 2 (1.713 g, 71%). The compound showed the same physico-chemical properties as that reported in the literature.[24]
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.43 (d, J = 8.7 Hz, 4H); 7.25 (d, J = 6.1 Hz, 4H); 7.11 (s, 2H); 4.10 (s, 2H); 1.54 (s, 18H). 

N,N’-didodecyl-4-hydroxy-tetrahydro-4H-pyran-2,6-dicarboxamide (6): Compound 1 (0.502 g, 0.968 mmol) was added to a suspension of Pd/BaSO4 in a 4:1 mixture of ethyl acetate/ethanol (20 mL). The reaction mixture was shaken in a Parr hydrogenator for 48 h under 1.5 bar of H2. After the reaction completion (followed by TLC), the mixture was filtered and the solvent removed under reduced pressure, to give the desired product as a white solid (0.457 g, 90%).
1H NMR (300 MHz, CDCl3): δ (ppm) = 6.66 (t, J = 5.7 Hz, 1H); 6.53 (t, J = 5.6 Hz, 1H); 4.19 (dd, J = 12.0, 2.7 Hz, 1H); 3.88 (d, J = 11.0 Hz, 1H); 3.29-3.20 (m, 4H); 2.82 (dd, J = 15.4, 1.8 Hz, 1H); 2.52-2.43 (m, 3H); 2.32-2.26 (m, 2H); 1.51-1.49 (m, 4H); 1.27-1.23 (m, 36H); 0.85 (t, J = 6.3 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 170.1; 74.1; 59.5; 40.5; 39.6; 32.0; 29.7-29.5; 26.9; 22.6; 14.2. MS (ESI): m/z: 547.70 [M+Na]+, 1072.10 [2M+Na]+.

N,N’-didodecyl-N,N’-dimethyl-4-methoxy-tetrahydro-4H-pyran-2,6-dicarboxamide (3): Compound 6 (0.515 g, 0.981 mmol) was dissolved in anhydrous THF (100 mL) under nitrogen atmosphere. NaH 60% (0.236 g, 5.888 mmol), and, after 30 minutes, CH3I (0.50 mL, 9.813 mmol) were added, and the reaction mixture was heated at 65 °C for 2 days. After reaction completion (followed by TLC and ESI-MS) THF was concentrated. The residue was diluted in dichloromethane (50 mL) then washed with 1M HCl (2x50 mL). The organic layer was dried over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure, giving the product as a brownish oil (0.489 g, 88%).
1H NMR (400 MHz, CDCl3): δ (ppm) = 4.29-4.11 (br s, 2H); 3.38 (s, 6H); 3.32-3.20 (br s, 4H); 3.07 (s, 3H); 2.90 (s, 1H); 2.21-2.17 (br s, 2H); 1.70-1.52 (m, 6H); 1.31-1.13 (m, 36H); 0.85 (t, J = 6.0 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 168.2; 76.1; 75.8; 55.4; 49.6; 37.4; 35.6; 32.1;29.7-29.5; 27.2; 22.5; 14.2. MS (ESI): m/z: 567.79 [M+H]+, 589.75 [M+Na]+, 1156.41 [2M+Na]+.
Solubility and extraction experiments
The solubility of the extractants was evaluated by dissolving a weighted amount of compound in pure kerosene and its mixtures with 1-octanol and by the stepwise addition of a weighted amount of diluent until the solutions were clear. Sonication and heating were used when necessary. Mixtures with 50, 40, 30 and 5% of 1-octanol were considered.
Before performing the liquid-liquid extraction tests, the organic phases were pre-equilibrated with an equal volume of nitric acid, of suitable concentration, in order to be sure that the aqueous phase acidity did not change during the tests. The concentration of HNO3 was checked by titration with NaOH. After that, the tests were carried out following a standard protocol. The pre-equilibrated organic phases were contacted in closed single-use Eppendorf microtubes with an equal volume of aqueous phases which contain the cations to be extracted and vigorously shaken with a mixer for 1 hour at room temperature (22 ± 1 °C). An aliquot of 200 µL of each phase was extracted after centrifugation. The activity of the radiotracers in each phase was measured by -spectrometry (2ʺ × 2ʺ NaI(Tl), Silena SNIP N MCA) exploiting the -lines at 59.5 keV and 121.8 keV for 241Am and 152Eu respectively. Instead, the concentration of stable elements (Y and lanthanides) was measured by Inductively Coupled Plasma Mass Spectrometry (ThermoFisher X-SeriesII ICP-MS). The aqueous phases were measured directly after appropriate dilution, while the organic phases were mixed with the non-ionic surfactant TRITON-X-100 before being diluted to an appropriate concentration. The ICP-MS calibration solutions were purchased from INORGANIC VENTURES, Christiansburg, Virginia. 
Each test was repeated twice for every condition. Only extraction tests in which no third phase formation was observed and the activity balance was within 5% were considered reliable.
Distribution ratios, DM, were then calculated as the ratio between the activity of the radiotracers or the concentration of the stable elements in the organic phase and that in the aqueous phase. The error associated to distribution ratios between 0.01 and 100 is around ±5%, while it increases up to ±20% for smaller and larger values. The selectivity is expressed by the Separation Factor, SFLn/Am, which is the ratio of DLn over DAm, DLn/DAm. The series of batch experiments named “screening tests” were performed with aqueous phases at different nitric acid concentrations spiked with about 8000 Bq of 241Am and 152Eu. A second series of extraction tests was carried out with 3 M nitric acid aqueous phases simulating a simplified synthetic feed , thus containing 241Am, 152Eu, Y and the lanthanides as listed in Table 1. The composition of organic and aqueous phases and other test conditions were detailed from time to time.  

Table 1. Composition of the simplified synthetic feed solution used in the extraction experiments.
	Element
	Concentration [mM]
	Element
	Concentration [mM]

	241Am
	Traces
	Pr
	1.91

	152Eu
	Traces
	Nd
	6.27

	Y
	0.96
	Sm
	1.26

	La
	2.30
	Eu
	0.24

	Ce
	5.04
	Gd
	0.40

	HNO3
	3.1 mol/L
	
	



In addition, since industrially the advanced separation processes are carried out in centrifugal contactors, where the residence times are very short (few minutes), the ligand kinetics was evaluated by performing extraction tests varying the mixing time. A series of experiments with different amounts of extractant dissolved in the organic phase was performed in order to get information about stoichiometry. All these experiments were carried out according to the procedure described above. Furthermore, the cations back-extraction and the organic solvent recycling were evaluated by contacting the loaded organic phases coming from the extraction tests with diluted nitric acid solutions, according to the same extraction protocol. 
RESULTS AND DISCUSSION
Synthesis of the ligands
[image: C:\Documents and Settings\Michele\Desktop\Senzanome.tiff]
Scheme 1. a) (COCl)2, DMF, DCM, r.t., 18 h; b) dodecylamine, DIPEA, DCM, r.t., 20 h; c) H2 (1.5 bar), Pd/BaSO4, AcOEt/EtOH 4:1, 48 h; d) CH3I, NaH, THF, 65 °C, 48 h; e) 4-tert-butylaniline, DIPEA, DCM, r.t., 18 h.

The syntheses of compounds 1-3 were carried out according to the reactions reported in Scheme 1. The commercially available chelidonic acid 4 was transformed into the diacyl chloride 5 by reaction with oxalyl chloride in dichloromethane at room temperature. The subsequent reactions of the diacyl chloride 5 with 4-tert-butyl aniline or dodecylamine in dichloromethane at room temperature gave, after crystallization, the diamides CHELO 2 and CHELO 1 in 71 % and 54 % isolated yields, respectively. Since the endocyclic divinyl ether O atom of ligands 1 and 2 was predicted to be scarcely basic and low coordinating, we also decided to reduce the unsaturated pyran heterocycle to a saturated tetrahydropyran ring. Compound 1 was hydrogenated under 1.5 bar of H2 using Pd/BaSO4 as catalyst to obtain 6 in nearly quantitative yield (90%). Finally, to ensure a high solubility in the apolar diluents used for extraction, the hydrogen bonding donor groups (NH and OH) of 6 were methylated by reaction with NaH and methyl iodide in THF (88 % yield). All the synthesized compounds 1-3 and 6 show the proper 1H- and 13C NMR and mass spectra. Compounds 6 and 1 result as mixtures of stereoisomers due to the formation of three chiral centres and to the low stereoselectivity of the hydrogenation step. However all the attempts to separate the different stereoisomers, even through HPLC, failed and the extracting properties of ligand 3 were preliminary evaluated as the mixture of stereoisomers obtained from the hydrogenation reaction.
Solubility 
The solubility of ligands 1-3 was tested in mixtures of kerosene and 1-octanol. Kerosene was chosen as main diluent because already used in other separation processes with good results.[25] 1-octanol was added to prevent third phase formation in case of high Pu loading, as known from literature. Since 1-octanol is able to extract nitric acid into the organic phase thus changing the initial nitric acid concentration of the aqueous phase, its amount was kept as low as possible.[26] Compound 3 resulted to be soluble up to 0.1 M in pure kerosene and in mixtures with a 1-octanol percentage from 5 to 50 % v/v. Ligand 1 showed a quite good affinity in the diluents considered, being soluble at 0.025 M in mixtures with 1-octanol ≥ 20% v/v while its limit of solubility in the mixture kerosene/1-octanol 50/50 % v/v was found to be 0.2 M. Contrarily, ligand 2 resulted soluble at the maximum concentration of 0.015 M in a mixture with 90% of 1-octanol and in pure 1-octanol, while in the mixture kerosene/1-octanol 30/70 % v/v a clear solution was obtained only at a ligand concentration of 0.0062 M. 
The different solubility shown by these ligands can be explained considering their structure: the different lateral arms confer to them a different polar character. Indeed, ligand 2 is scarcely soluble probably because of the low compatibility of the aromatic aniline nuclei with the aliphatic diluent. Moreover, its high rigidity can originate stacking phenomena that favour molecular aggregation.  
Extracting properties
First indications concerning the extracting properties of the newly synthesized ligands were acquired by performing several liquid-liquid extraction tests with the pre-equilibrated organic phases under different experimental conditions. Ligand 1 was tested in mixtures containing 20-50% of 1-octanol. The data were collected according to the procedure described above and are reported in Table 2. Ligand 2 was tested (Table 3) only at high percentages of 1-octanol (≥70%), where the ligand is soluble

Table 2. Distribution ratios for ligand 1 as a function of the diluent mixture composition and of the ligand concentration in the organic phase; Aqueous phase: 241Am and 152Eu in 3.1 M HNO3 solutions.
	K/O %
	[L] (M)
	DAm
	DEu

	50/50
	0.025
	0.0002 ± 0.00004
	0.0001 ± 0.00001

	
	0.049
	0.0003 ± 0.00005
	0.0002 ± 0.00003

	
	0.196
	0.0012 ± 0.0002
	0.0008 ± 0.0001

	70/30
	0.025
	< 0.0001
	< 0.0001

	80/20
	0.025
	< 0.0001
	< 0.0001



Table 3. Distribution ratios for ligand 2 as a function of the diluent mixture composition and of the ligand concentration in the organic phase; Aqueous phase: 241Am and 152Eu in 3.1 M HNO3 solutions.
	K/O %
	[L] (M)
	DAm
	DEu

	0/100
	0.015
	0.0017 ± 0.0003
	0.0015 ± 0.0002

	10/90
	0.016
	0.0011 ± 0.0002
	0.0010 ± 0.0001

	30/70
	0.006
	0.0004 ± 0.00007
	0.0004 ± 0.00005



In all the conditions tested, both 1 and 2 showed very interesting separation factors, close to one, an ideal values for a co-extraction process, but very low extraction efficiency, even when their concentration was increased to the limit of solubility. Regarding ligand 3, several 0.025 M solutions were prepared in pure kerosene and in mixtures with a 1-octanol percentage ranging from 50 to 5%. The organic phases were contacted with 1-4 M HNO3 solutions spiked with 241Am and 152Eu. 
[image: ][image: ]
Figure 2. Distribution ratios as a function of the nitric acid concentration of the aqueous phase at equilibrium. Organic phase: 0.025 M of ligand 3; Aqueous phase: 1-4 M HNO3 solutions spiked with 241Am and 152Eu. Left: DAm in different mixtures (v/v %) of kerosene (K) and 1-octanol (O). Right: DEu in different mixtures (v/v %) of K and O.

Contrarily to ligands 1 and 2, extractant 3 exhibited a very high extraction efficiency, as shown in Figure 2. For example, considering the results obtained in 3 M HNO3 aqueous phases (reference condition in TODGA-like processes), all the ligand 3 solutions tested were able to extract about 92-98% of 241Am and 98-99.5% of 152Eu in a single stage of extraction. The separation factor of Eu(III) over Am(III) varied from 3.6 to 4.4 in all the conditions considered. Interestingly, the structural modifications introduced in the present study, that is the rigidification with pyran and tetrahydropyran rings, implied an improvement of the separation factor, conversely to what reported in literature for other substituted and rigidified DGAs.[10] The different extraction efficiency shown by the three ligands can be explained considering their molecular structures and, in particular, the different basicity of the central oxygen atom in the chelating site. The central oxygen atoms of both 1 and 2 donor set are consistently less basic than that of 3, since their non-bonding lone pairs are resonating with the double bonds of the pyran heterocycle which, in turn, are also conjugated with the electron withdrawing C=O group. For this reason the oxygen atoms in ligands 1 and 2 are less available for cation complexation resulting in much lower distribution ratios.
Moreover, Figure 2 shows that ligand 3 distribution ratios decrease with increasing the acidity of the aqueous phase and the amount of 1-octanol in the mixture, except for those tests performed in the kerosene/1-octanol 95/5 % v/v mixture or in pure kerosene. In these latter cases DM values exhibit an opposite trend with acidity (see Figure 2 for DAm in kerosene/1-octanol 95/5 % v/v mixture; data for DEu in kerosene/1-octanol 95/5 % v/v mixture and DM in pure kerosene, higher than 1000, are not shown). The decreasing trend observed for DM values with increasing the aqueous phase acidity (for solutions containing 1-octanol percentage > 5%) is opposed to those reported in the literature for TODGA and rigidified or substituted DGA derivatives in TPH.[10] In particular, the DGA derivatives studied by Iqbal et al. rigidified by the introduction of a furan or tetrahydrofuran ring show an increasing efficiency upon increasing the [HNO3]. Since the extraction data of TODGA reported in literature are not directly comparable with those here described, new extraction tests were performed with TODGA at the same ligand concentration and in same diluent mixtures herein used (1-octanol from 5 to 70% in kerosene and pure 1-octanol). The results (Figure 3) indicate that, apart from the K/O 95/5 mixture, in all the other mixtures TODGA solutions showed distribution ratios increasing with increasing aqueous acidity, thus evidencing an opposite trend of 3 compared to TODGA.  
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Figure 3. Distribution ratios as a function of the nitric acid concentration of the aqueous phase at equilibrium. Organic phase: 0.025 M TODGA pre-equilibrated with nitric acid of suitable concentration; Aqueous phase: 1-3 M HNO3 solutions spiked with 241Am and 152Eu. Left: DAm in different mixtures (v/v %) of kerosene (K) and 1-octanol (O). Right: DEu in different mixtures (v/v %) of K and O.
In order to try to explain the extraction data presented and the behaviour of the extractants under study, some considerations have to be taken into account. In general, the extracting behaviour of ligands towards metal ions at increasing HNO3 concentrations is usually the result of a compromise between an unfavourable competition of proton extraction and a beneficial effect of the increasing common NO3- anion concentration. Moreover, it is well known that both 1-octanol and diglycolamides are able to extract nitric acid into the organic phase. The extraction of nitric acid by 1-octanol in kerosene mixtures is mainly due to the formation of the trimeric species (HNO3)(ROH)2, as reported in literature.[27] Studies regarding the extraction of nitric acid by diglycolamides reveal that, thanks to the basic nature of the C=O groups, different HNO3 – diamide adducts might form, depending on the diluents and the DGA concentration. In particular, for TODGA it was found that 1:1 HNO3:TODGA complex is the dominant species, while (HNO3)2TODGA species are present above 3 M HNO3 since the total extracted nitric acid concentration exceeds that of TODGA.[28, 29, 30, 26] In this perspective, for both ligands 3 and TODGA, the extracted nitric acid should reduce the free ligand concentration causing a decrease of D values. Compared to TODGA data, the ligand 3 seems to be more sensitive to the competition with H+, possibly due to a higher basicity of the central oxygen, thus leading to the reverse D vs [HNO3] correlation observed. The higher sensitivity to nitric acid adduct formation of ligand 3 with respect to TODGA can be inferred also from the comparison of the results in the 95/5 v/v% kerosene/1-octanol mixture: while for TODGA the D values sharply increase with [HNO3], in the case of ligand 3 this increase is much less marked. Increasing the 1-octanol amount this effect becomes much more evident since in the 70/30 v/v% kerosene/1-octanol mixture the D increase for TODGA slows down, while for ligand 3 the trend even reverses.      
Interestingly, the comparison between ligand 3 and TODGA enabled also to highlight the higher extraction efficiency of the former under the same experimental conditions and even its lower Eu/Am selectivity (SFEu/Am in the range 3.6-4.4 and 4-9.9 for ligand 3 and TODGA, respectively).  

Further investigations on ligand 3

Concerning the ligand stability, recent studies revealed an important degradation of ligand 3 due to ageing upon dissolution in 1-octanol mixtures.[22] This degradation could be ascribable to solvolysis by 1-octanol catalyzed by the nitric acid extracted into the organic phase. 
To prove such hypothesis, HPLC-MS investigations of several 3 solutions (before and after pre-equilibration and after different ageing periods) were carried out. 
HPLC-MS analyses of a solution of ligand 3 in kerosene/1-octanol 70/30 % v/v, immediately after the pre-contact with 1 M and 3 M nitric acid solutions (not shown), highlighted a slight decrease of the % area of ligand 3 compared to the same solution not pre-equilibrated (see Figure 4a) and the appearance of new peaks corresponding to degradation products at m/z 520.5, 392.4 and 828.8, hereafter indicated as A, B and C, respectively. HPLC-MS analyses were repeated on the solutions of ligand 3 pre-equilibrated with 3 M nitric acid and aged for 5 days in the light at room temperature (see Figure 4b).
[image: ]
Figure 4. HPLC-MS chromatograms of solutions of ligand 3, fresh and not pre-equilibrated  (a), pre-equilibrated with 3 M HNO3 and aged for 5 (b) or  26 days (c). 

The HPLC profiles clearly show an important decrease (ca. 40%) of the area of the ligand signal and coherently the formation or growth of different degradation products. In particular, new species at m/z 697.6 (D) and 569.1 (E) appeared, while the species A, B and C showed a remarkable intensity increase. The MS2 fragmentation experiments allowed to get useful indications for the identification of most of the main degradation products. The sodiated mass peak at m/z 520.4 corresponds to the octyl ester (A), while the protonated peak m/z 697.6 (D) is originated by the cleavage of the tetrahydropyran ring with formation of an octyl ether, as shown in Figure 5. 
[image: ]
Figure 5. Possible molecular structures of the degradation products A and D at m/z 520.4 and 697.6.
Further details about the identification of the degradation products are reported in the Supplementary Material. The evolution of the new species observed in the pre-equilibrated and aged organic phases was assessed after exposure to light at room temperature for 26 days (see Figure 4c) up to several months (see Figure SI 2). It is worth noting that, with the ageing, a further decrease of the ligand signal % area, together with the increase of already observed signals as well as the appearance of new species, were detected. The formation of octyl ester and ether products, to the detriment of the ligand, modifies the extracting capability of the organic solution. In particular, with increasing the HNO3 concentration and 1-octanol percentage, the marked decrease of the distribution ratios could therefore be related to the decrease of the ligand concentration and to significantly lower extraction capabilities of the  degradation products. In fact, it is reasobable to assume that both the cleavage of the tetrahydropyran ring in product D and the conversion of highly coordinating amide to weakly donating ester groups in product A and F lead to a remarkable modification of the extracting properties of the organic phase.
The degradation observed is coherent with literature, according to which the formation of esters from DGA-like compounds in solvent formulations containing 1-octanol is favoured.[31] Moreover, coherently with the supposed degradation mechanism, HPLC-MS analyses of solutions of ligand 3 in pure kerosene, lacking of 1-octanol and not pre-equilibrated or pre-equilibrated with 3 M nitric acid solution, did not evidence the formation of degradation by-products (see Figure SI 5).   
In parallel, other important aspects of the extraction properties of ligand 3, such as intra-lanthanide selectivity, stoichiometry of the complexes, kinetics of extraction and efficiency of back-extraction, were studied with the aim to evaluate these issues that are vital for a separation process. The acquisition of this piece of information will be especially valuable in the case of a further development of this family of ligands or of extraction conditions able to avoid degradation issues. Being in any case aware that in the presence of 1-octanol degradation of the ligand might be an important drawback, the extraction experiments described below were carried out just after the organic phase preparation so as to minimize the effect of ageing.
Thus, the extracting capability of 3 was evaluated with a simplified synthetic feed containing Y and lanthanides (La-Gd) for a total concentration of 0.02 M, besides Am-241 and Eu-152 as radiotracers (see Table 1). Ligand 3 seems to show a greater preference for Sm, Eu, Gd and Y compared to the lightest lanthanides (La-Nd), similarly to TODGA.[32] However, the results obtained with 0.025 M of ligand 3 (see Table 4 and Figure SI 6) showed relevant differences with respect to those from spiked tests, in particular the distribution ratios relative to 241Am and 152Eu drop dramatically. 







Table 4. Comparison of distribution ratios and separation factors at different ligand concentration. Organic phase: ligand 3 in kerosene/1-octanol 70/30 %v/v; Aqueous phase: simplified synthetic feed in 3 M HNO3 solutions.
	[3]
	0.025 M
	0.042 M
	0.1 M

	Element
	D
	SF(M3+/Am)
	D
	SF(M3+/Am)
	D
	SF(M3+/Am)

	Am-241
	0.65
	-
	1.78
	-
	26.69
	-

	Eu-152
	2.40
	3.69
	6.81
	3.83
	106.76
	4.00

	Y
	3.79
	5.82
	10.56
	5.93
	190.00
	7.12

	La
	0.33
	0.51
	0.39
	0.22
	1.22
	0.05

	Ce
	0.38
	0.59
	0.56
	0.31
	4.01
	0.15

	Pr
	0.49
	0.75
	0.82
	0.46
	8.96
	0.34

	Nd
	0.64
	0.99
	1.30
	0.73
	18.21
	0.68

	Sm
	1.58
	2.43
	4.16
	2.34
	71.04
	2.66

	Eu
	2.33
	3.58
	6.35
	3.57
	110.90
	4.16

	Gd
	2.25
	3.47
	5.49
	3.08
	78.27
	2.93



Such efficiency decrease could be due to a deficit of ligand in the organic phase, which was not enough to complex all the cations present. To verify this hypothesis, the concentration of ligand 3 was increased up to 0.1 M  (Table 1 last columns) and consequently an increase of all the distribution ratios was obtained while the Eu/Am selectivity was preserved.   
Furthermore, a series of experiments was carried out to collect information on the stoichiometry of the cation-ligand (M3+:L) complexes. The distribution ratios obtained at different concentrations of ligand are reported in Figure 6. 

[image: ][image: ]
Figure 6. Distribution ratios of Am (♦) and Eu (■) as a function of the ligand concentration. Organic phase: ligand 3 in kerosene/1-octanol 70/30 % v/v; Aqueous phase: 241Am and 152Eu in 3 M HNO3 solutions (left) and Y, La-Gd, 241Am and 152Eu in 3 M HNO3 solutions (right).

The slopes of logDM3+ vs log[3] were found to be 2.67 and 2.72 for Am(III) and Eu(III), respectively, suggesting for both the metal ions the prevalent formation of 1:3 (M/L) complexes with minor amounts of 1:1 and 1:2 complexes. Nitrate anions are involved in the complex formation to give a neutral complex. The same logD vs. log[3] slopes were found by extraction tests with the simplified synthetic feed (Eu slope: 2.78, Am slope: 2.72), thus confirming the complexation stoichiometry. Moreover, as described in the Supplementary Material, the extraction kinetics was evaluated: the equilibrium was reached within 5 minutes of stirring (see Figure SI 7). Finally, several batch tests were carried out to acquire some preliminary information concerning the back-extraction of metal ions from loaded organic solutions of ligand 3. Thus, different solutions of 3 loaded with Am and Eu in previous extraction tests were contacted with 0.1 and 3 M nitric acid solutions. The results are reported in Table 5 and are in general coherent with the extraction data. An effective back-extraction from a loaded organic phase composed of a 0.025 M solution of 3 in pure kerosene could be achieved by diluted nitric acid solutions (0.1 M HNO3): in a single step the back-extraction enables the recovery of 80% of Am and 84% of Eu. In the same solvent (pure kerosene) and 3M HNO3 on the other hand, the back-extraction is substantially impaired due to the common anion effect. Differently, the metal recovery percentage (% Am or Eu in aq phase) from the loaded kerosene/1-octanol 70/30 % v/v mixture is much lower, as expected from the reverse trend of distribution ratios vs. [HNO3] observed in K/O mixtures with respect to pure kerosene. Contrarily to what was observed in pure kerosene, in which the degradation of the ligand is nearly absent, in the K/O mixture the expected metal recovery percentage is increased as a consequence of ligand degradation.    



Table 5. Back-extraction of Am(III) and Eu(III) from different loaded organic phases by nitric acid solutions. Organic phase: 0.025 M of ligand 3 in different diluents loaded with 241Am and 152Eu; Aqueous phase: 0.1 and 3 M HNO3 solutions.
	Diluent
	[HNO3]in (M)
	DAm
	DEu
	% Am in aq phase
	% Eu in aq phase

	kerosene/1-octanol 70/30 %v/v
	0.1
	1.49 ± 0.27
	3.83 ± 0.5
	40
	21

	kerosene
	0.1
	0.25 ± 0.045
	0.20 ± 0.03
	80
	84

	kerosene
	3
	> 1000
	> 1000
	< 0.1
	< 0.1



CONCLUSIONS
Three diglycolamides (1-3) rigidified by the introduction of a pyran and tetrahydropyran ring were studied for the An and Ln co-extraction from simplified synthetic feeds. In the case of ligands 1 and 2 the less basic character of the central oxygen atom in the aromatic pyran ring resulted in a very low extraction efficiency. Distribution ratios for compound 3 are higher than those obtained for TODGA under the same experimental conditions and, also than those of other substituted and rigidified (furan and tetrahydrofuran) DGAs reported in literature. However, decreasing D values were obtained for ligand 3 with increasing the nitric acid concentration due to a higher tendency to form nitric acid adducts. Moreover, for the substituted and rigidified DGAs no significant improvements in separation factors were reported in literature with respect to TODGA, while for the three carboxamide extractants under study lower SFEu/Am values were found, close to 1 for ligands 1 and 2 and around 4 for ligand 3. Similarly to TODGA, ligand 3 shows a fast kinetics, a lower affinity towards the lightest lanthanides and an easy metal cation recovery. In fact, an effective back-extraction could be easily achieved by means of diluted nitric acid solutions. Finally, HPLC-MS analyses enabled to investigate the ligand stability in the presence of 1-octanol and nitric acid. The formation of octyl esters and ethers by-products is coherent with what reported in literature and can reasonably lead to a loss of extraction efficiency. 
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