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Americium separation from high level nuclear waste can provide certain benefits such as reducing the
long-term heat generation or the possibility of re-use as fuel in innovative reactors. The separation is
carried out through solvent extraction. Among commonly used ligands, diglycolamide (DGA) derivatives
have shown high distribution ratios for trivalent lanthanides (Ln(m)) and actinides (An(i)). Recently,
different diastereomers of DGAs with substitutions in the backbone have shown an inverse selectivity for
Am over Cm, in comparison with commonly used DGAs. Hence, we synthesised, characterized, and
tested novel syn- and anti-diastereomers of tetra-n-octyl and tetra-n-decyl DGAs with two propyl and
ethyl-methyl substituents at the backbone methylene carbon atoms. The distribution ratios for An(in)
and Ln(m) were found to be generally lower than for the unsubstituted parent molecules due to steric
hindrance. On the other hand, 2*°Pu was much better extracted. All tested ligands showed the inverse
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selectivity for Am with an Am/Cm separation factor (SFamcm) around 1.5. Finally, slope analysis
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Introduction

Numerous processes (e.g., innovative-SANEX," AmSel,” GANEX,*
etc.*”) have been developed with the main purpose of minimizing
the radiotoxicity of High-Level Waste (HLW) obtained from
reprocessing of Spent Nuclear Fuel (SNF). A major focus is the
separation of the minor actinides Am(m) and Cm(m) from lantha-
nides and other fission products with the interest of reducing the
long-term heat generation of SNF.**° The separation of particular
metal ions is achieved by solvent extraction using selective
hydrophilic or lipophilic ligands in aqueous and/or organic solu-
tions, or a combination of ligands."* The main priority nowadays
is looking for different ligands which can effectively separate
actinides (An) from lanthanides (Ln) and Am from Cm.'?
Ideally, the ligands are composed of only C, H, O and N (the so-
called CHON principle) which allows incinerating the final
waste without generating additional solid waste. Diglycolamides

@ Forschungszentrum Jiilich GmbH, Institut fiir Energie und Klimaforschung,
Nukleare Entsorgung (IEK-6), 52428 Jiilich, Germany.
E-mail: a.wilden@fz-juelich.de
b Laboratory of Molecular Nanofabrication, Department for Molecules & Materials,
Mesa+ Institute for Nanotechnology, University of Twente, 7500 AE Enschede,
The Netherlands
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nj05663a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

confirmed a 1: 3 metal: ligand ratio for the DGA complexes.

(DGAs, e.g., see Fig. 1) are molecules which contain two amide
groups bound by an ether group. Since 2001, they have been
tested for their capability to complex actinides and lanthanides in
order to achieve the separation of minor An and Ln from HLW."?
However, DGAs usually do not provide the required selectivity for
An(m) over Ln(um). Therefore, they are often combined with other
ligands in a synergistic system to enable the envisioned selective
separation."*'>

A broad number of DGA derivatives with alkyl substituents
on the amide groups have been synthesised and tested to assess
their physical and chemical properties, specifically with
f-elements."*'*'® The alkyl chains on the amide groups have
a direct influence on the solubility of the ligand, e.g., long alkyl
chains (n-octyl and n-decyl) make the compounds lipophilic
and present high distribution ratios from process relevant
HNO; concentrations (1-6 mol L™') with An(m) and Ln(m).
However, longer alkyl chains cause reduced distribution ratios
due to steric hindrance."®'”** On the other hand, short alkyl
chains give hydrophilic DGAs. N,N,N’,N'-tetra-n-octyl diglycola-
mide (TODGA) and N,N,N’,N'-tetra-n-decyl diglycolamide
(TDDGA) have been shown to be potential ligands for solvent
extraction processes with high lipophilic solubility and high
An(m) distribution ratios."*'*'%?° Afterwards, substituents on
both methylene carbons in the backbone of the molecule with
alkyl groups have been introduced to find that these groups
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Fig. 1 Overview of the diglycolamide ligands used in this study with different alkyl side chain lengths (n-octyl and n-decyl), different substituents in the
ligand backbone (dipropyl and ethyl-methyl), as well as different stereochemical orientation (syn or anti).

partly reduce radiolysis.’®*'* Another approach with interesting
results concerns diastereomers of the doubly methylated TODGA
derivative with methyl substitutions in the backbone.>*?* Usually,
DGAs present higher affinity for Cm over Am. For the methyl-
substituted derivatives an inverse selectivity of Am over Cm by the
Me,-TODGA anti-diastereomer was observed, which was explained
by the orientation influencing the interaction between the nitrate
ions and the extracted metal complex.>® Generally, the influence
of the stereochemistry of extractants has yet only received little
attention in the field of spent nuclear fuel treatment, despite the
evidence on extraction differences caused by the orientation in
ligands.?**%' Based on these results, n-octyl and n-decyl DGAs
were synthesised with dipropyl and ethyl-methyl substituents
in the backbone of the molecules and their respective syn- and
anti-isomers were isolated (Fig. 1), and their extraction behaviour
and selectivity for An(m) and Ln(ur), and specifically for Am(ur) and
Cm(m) was studied. Fundamental chemistry studies are planned
on ligands with wider applicability. Here, the synthesis and first
extraction studies were covered.

Results and discussion

The diastereomeric ligands 4, 5 and 9, 10 were prepared in an
analogous way as described for Me,-TODGA.>® 2-Bromobutanoate
was reacted with ethyl (S)-lactate in the presence of NaH as a base
to give diastereomeric diesters 1 in a ratio of 3:1, which were
separated by flash chromatography. Analogously, 2-bromovalerate
was reacted with ethyl (+)-2-hydroxyvalerate to give diastereomeric
diesters 6 in a ratio of 5: 1. Saponification of the ester groups in 1
and 6 afforded the corresponding dicarboxylic acids 2 and 5 in
quantitative yields. Using Schotten-Baumann conditions,** 2 and
5 were converted into the target compounds 4,5 and 9,10, via the
in situ prepared dichlorides, in varying yields.

4620 | New J. Chem., 2023, 47, 4619-4627

In our previous study*® we assigned the stereochemistry of
the related Me,-TODGA based on the difference in the ‘H NMR
spectra upon complexation with lanthanum(m) triflate. In the
"H NMR spectrum of the starting diester, the anti-diastereomer
showed the C(O)OCH,-signal as a quartet, as expected. However,
in case of the syn-diastereomer the corresponding methylene
group resides as a complicated multiplet due to steric interaction
with the methyl group at the backbone. This characteristic feature
is used for the assignment of the stereochemistry of the diesters 1
and 6, showing the same characteristics, and consequently also
holds for the ligands 4,5 and 9, 10, respectively.

We expected low distribution ratios (D) associated with high
uncertainties due to steric hindrance produced by the long
alkyl side chains and the substitution of the methylene carbon
atoms in the backbone. However, we are interested in the
extraction behaviour and trends of each diastereomer and
their affinity for Am(ur) over Cm(m).>* Distribution ratios were
calculated as the ratio of activity or metal ion (M) concentration
in the organic phase vs. the activity or metal ion concentration
in the aqueous phase ([M]org/[M]5q) from single measurements.
Fig. 2 shows the Am(m) distribution ratios for all synthesized
ligands as a function of the nitric acid concentration. The first
results of the ligand screening confirmed our predictions
for the trivalent metal ions (e.g., Am(ur)). Distribution ratios
increased with increasing HNO; concentration.'® Generally,
ethyl-methyl substitution for both alkyl side chain lengths (C8
and C10) extracted more Am(u) than for dipropyl substitution
and regarding the orientation of the substituents in the back-
bone syn-diastereomers showed higher D values. The highest
Am(m) D value was 7.0 for syn-Et-Me-TDDGA 5A at 9.8 mol L™*
HNO;. The anti-Et-Me-TDDGA 5B diastereomer showed a distri-
bution ratio of 5.5 at the same HNO; concentration. At lower
HNO; concentrations the distribution ratios were approximately
one to two orders of magnitude lower than for the syn

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 2 Comparison of Am(m) distribution ratios for the different ligands
used in this study. Org.: [Ligands] = 0.1 mol L™ in n-dodecane; aq.:
107° mol L™ Ln(n) (without Pm) + Y, Sr, Zr, Mo, Pd, Fe, Ru, *?Eu, *°Py,
24Am, 244Cm; extraction time: 30 min, 22 °C.

diastereomer. Anti-Et-Me-TODGA 4B distribution ratios (Fig. 2,
black squares) were close to but slightly lower than the ones of
syn-Et-Me-TDDGA 5A (Fig. 2, yellow diamonds). Even higher
distribution ratios are expected for the syn-Et-Me-TODGA 4A
diastereomer as the syn-diastereomers of these diglycolamide
extractants usually give higher distribution ratios than the anti-
diastereomer.”*”° However, the syn-Et-Me-TODGA 4A diastereo-
mer was synthetically unavailable and could not be tested in the
current study. The differences in extraction by the different
diastereomers was explained by the steric hindrance and orienta-
tion created by the alkyl groups of the ligand backbone hindering
the nitrate ion complexation in the outer sphere of the complexes
influencing their selectivity for Am(m) over Cm(mr).>*>*°

The dipropyl substituted DGAs with the same orientation in
both analogues showed similar behaviour. Anti-Orientation
gave very low D values in a close range (0.005-0.009) slightly above
the lower detection limit, without major differences among the
HNO; concentration. Syn-Orientation gave only slightly higher D
values at 4 to 7 mol L™ " nitric acid concentration. Hence, dipropyl
substitutions present minimal differences on D ratios through the
HNO; concentrations studied here.

The separation factor (SF) between two metal ions was
calculated as the ratio of the corresponding distribution ratios
(SFama/m2 = Dmi/Duyz)- As the SF is calculated from two D values
with their individual uncertainties, best SF values are obtained
where the corresponding D values are close to one. The separation
factors reported here were determined accordingly. Concerning
Am/Cm selectivity, the studied ligands showed a slight preference
for Am(m) over Cm(m) with a separation factor of SFan/cm ~ 1.5
(Fig. S1, ESIY). This finding is different from the behaviour of the
two Me,-TODGA diastereomers.>® Our first hypothesis to explain
this phenomenon is, that the overall steric hindrance by the
longer alky chains of the ligands studied here compared to Me,-
TODGA might have a higher influence on Am(ur)/Cm(m) selectivity
compared to their orientation.

For all the ligands, process-relevant distribution ratios for
the trivalent actinides >1 could only be achieved at very high

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 2**Am distribution ratios of syn-p-TODGA 9A in two concentra-
tions (exp. conditions see Fig. 2).

HNO; concentrations of about 10 mol L™". Such high HNO;
concentrations can cause splitting of the solvent phase into a
light diluent rich phase with reduced extractant concentration,
and a heavy phase containing complexes of HNO; with the
extractant.>®** This 3™ phase formation phenomenon is unde-
sirable for process applications. In other processes using
diglycolamides (e.g., TODGA) and high HNO; concentrations, a
phase modifier like 1-octanol is used to mitigate 3™ phase
formation.**?* According to literature, DGAs can form inverse
micelles with polar molecules (e.g., HNO3) in long-chain alkane
diluents (e.g., n-dodecane or n-octane).*****” Massey et al. found
that the addition of n-octanol reduced the degree of aggregation
and hence reduced the degree of 3™ phase formation.>* In our
experiments, even at 10 mol L~! HNO;, no 3™ phase formation
was observed. The steric hindrance from the substitution in the
backbone seems to reduce the probability of increasing aggregate
and cluster formation in solution, hence reducing the possibility
of third-phase formation at high nitric acid concentrations.?*3%3”

Low distribution ratios are not necessarily a disadvantage, as
for a process application it must also be possible to back-extract the
desired metal ions from the loaded organic phase. Nevertheless,
the distribution ratios of the ligands considered here are quite low
at a ligand concentration of 0.1 mol L " for the trivalent metal ions
and associated with high uncertainties. Therefore, it is desirable to
increase the distribution ratios maintaining the HNO; concentra-
tions. Hence, the concentration of syn-p-TODGA 9A was increased
to 0.2 mol L™ for 1.9-9.8 mol L™! HNO,. Distribution values
indeed improved approx. 10-fold. Although, due to the dipropyl
substitution, those values are still low compared to the moderate
D values required (D > 1). Fig. 3 shows the comparison between
0.1 and 0.2 mol L™ syn-p-TODGA 9A.

Ethyl-methyl substitution in TODGA and TDDGA showed
higher extraction for the Ln series (except Pm) and some FP
compared to dipropyl substitution (see Fig. S2-S4, ESIt). For
the other metal ions, anti-p-TODGA 9B showed a higher extrac-
tion for Zr and Mo with values between 0.1 and 1 (Fig. S2-S3,
ESIY), in comparison with syn-p-TODGA 9A (D values below 0.1).
On the other hand, Ru was not well extracted for most ligands

New J. Chem., 2023, 47, 4619-4627 | 4621
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Fig. 4 Distribution ratios of Ln (w/o Pm, open symbols), Am and Cm
(filled symbols) as a function of the inverse ionic radius for extraction at
7.4 mol L™t HNO3 (exp. conditions see Fig. 2).

(Fig. S4, ESIt), which is a positive effect since Ru most of the
times is co-extracted complicating the system application."”>°
Dipropyl substitution for TODGA and TDDGA syn-diastereomers
showed poor extraction for Ln(m), independent of the HNOj;
concentration (Fig. 4). All metal ions were tested as radioactive
spikes or in low concentrations (1 x 10~> mol L™ ", each) to avoid
loading, precipitation or 3™ phase formation. For further pro-
cess development, these effects, and possible changes in the
metal ions speciation (e.g., Zr or Ru) would need to be studied.

Fig. 4 compares the distribution ratios of Ln(im) (except Pm)
as a function of the inverse ionic radius®*®?° between ethyl-
methyl and dipropyl substitutions. In this figure, the octad-
effect is visible for anti-Et-Me-TODGA 4B (Fig. 4, black squares)
and syn-Et-Me-TDDGA 5A (Fig. 4, yellow diamonds) contrary to
the dipropyl analogues. The octad (2 curves each of 8 elements,
including Gd in both) or tetrad-effects (four curves, each made
of 4 elements, Gd is include in the 2" and 3™ curve) observed
in solvent extraction processes are due to half-filled f shells
resulting in increased electronic stability."*""
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Fig. 5 Comparison of the Pu(v) distribution ratios for the different ligands
(exp. conditions see Fig. 2).
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Fig. 6 Slope analysis for the extraction of 2**Am(n), 2**Cm() and 2*°Pu(iv)
by anti-p-TDDGA 10B (left; aq. phase: 5.3 mol L™* HNO3) and syn-p-
TODGA 9A (right; ag. phase: 7.4 mol L™ HNOjz). Org. phase: ligand
concentrations 0.1-0.5 mol L™, Extraction time: 30 min, 22 °C.

Pu(wv) extraction was tested to study the complexing behaviour
of the newly synthesized DGAs with tetravalent actinide ions.
Interestingly, in all cases, Pu(wv) was extracted with high distribu-
tion ratios. Syn-Et-Me-TDDGA 5A (Fig. 5, yellow diamonds) and
anti-Et-Me-TODGA 4B Fig. 5, (black squares) gave the highest D
values (see Fig. 5). Comparison of the different stereochemical
orientation for the Et-Me or dipropyl substitutions gave different
results for trivalent and tetravalent metal ions. For ethyl-methyl
substitutions, the syn diastereomers showed better extraction, but
interestingly, anti-dipropyl substitutions showed higher D values
than their syn-analogues for Pu(w).

The metal:ligand ratio was studied using slope analysis,
assuming a solvation mechanism." The slope of the log(D) vs.
log(ligand concentration) plot then gives the number of ligand
molecules per metal ion. For anti-p-TDDGA 10B, we chose a nitric
acid concentration of 5.3 mol L™, for syn-p-TODGA 9A of 7.3 mol L™ *
and varied the ligand concentration between 0.1 to 0.5 mol L. Fig. 6
shows the logarithms of distribution ratios vs. ligand concentration at
the fixed nitric acid concentration, including the results from the first
extraction experiments at 0.1 mol L™". According with the linear
trend, the slopes suggest approximately three ligand molecules per
metal ion, which agrees well with the formation of 1:3 DGA
complexes in the literature,'>'”*>*

Conclusions

A series of syn- and anti-diastereomers of novel backbone alkyl-
substituted tetra-n-octyl and tetra-n-decyl diglycolamides was pre-
pared and evaluated. Ethyl-methyl substitution for both diglycola-
mide groups (octyl and decyl side chains) gave the highest D values
among the investigated molecules. However, these values were
much lower than for their non-substituted parent molecules or
for the methyl and dimethyl derivatives. Similarly, the dipropyl
substitution for both extractants even further reduced the extraction
of trivalent metal ions. Distribution ratios increased with increasing
ligand concentration (tested only for the dipropyl substitutions) and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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slope analysis confirmed a 1:3 metal:ligand ratio in accordance
with the literature. However, the dipropyl substituted extractants
give only low to moderate D values at high HNO; concentrations,
which limits their possible application. The best results in the first
screening were achieved with the ethyl-methyl substituted extrac-
tants, although still high HNO; concentrations were required. For
further investigations, both diastereomers of Et-Me-TODGA need to
be tested at a higher extractant concentration and reduced HNO;
concentration, including additional spectroscopic and analytical
techniques. All the studied diastereomers here showed a preference
for Am over Cm, which was only observed for one other diglycola-
mide before. Although the observed Am/Cm separation factor is
quite low here, understanding the fundamental effects causing the
different selectivity of diglycolamides is crucial for the development
of improved extractants and their application in solvent extraction
processes. On the other hand, the ligands showed positive results
for Pu(v) extraction, which opens the possibility to use these
ligands for separation of tetravalent ions from Ln(m) and other
MA or in group actinide extraction processes.

Experimental
Reagents and solvents

All commercially available chemicals (Sigma-Aldrich, TCI, Chem-
Pur, VWR) used in this study were analytical reagent grade and
were used without further purification. All air sensitive reactions
were carried out under nitrogen atmosphere using oven-dried
glassware. All dry solvents were prepared according to standard
procedures and stored over 3 or 4 A molecular sieves.

Instrumentation and techniques

"H NMR (Nuclear Magnetic Resonance) and **C NMR spectra
were recorded on a Bruker Ascende™ 400 MHz NMR spectro-
meter (observation of "H at 400 MHz and of '*C at 100 MHz).
Partially deuterated solvents were used as internal standards to
calculate the chemical shifts (d values in ppm). All *C NMR
spectra were performed with proton decoupling. The used
abbreviations in these spectra are singlet (s), doublet (d), triplet
(t), quadruplet (q), quintet (quint) and multiplet (m). IR spectra
were recorded on an FT-IR spectrometer (Thermo Scientific
Nicolet 6700) with a diamond ATR accessory (Thermo Optec
Smart Orbit). Electrospray ionization (ESI) mass analyses were
performed on a Waters micromass LCT mass spectrometer SQ
Detector in positive mode using MeOH or CH;CN as solvents.

To monitor the progress of reactions, aluminum sheets
covered with silica gel 60 F-254 provided by Merck were used.
All aluminum sheets were revealed under an ultraviolet lamp
(% = 254 nm) or using staining reagents.

The characterization data of the individual compounds from
"H and ’C NMR, as well as FT-IR and ESI-MS spectrometry are
given in the ESL¥

Procedures

Scheme 1 shows the corresponding structures and synthesis
pathway of the tetra n-octyl and n-decyl DGAs with ethyl, methyl
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Scheme 1 Synthesis of Et-Me-TODGA 4 and Et-Me-TDDGA 5.

substituents in the backbone. During the synthesis several times
there was treatment with acid (20% sulfuric acid and oxalyl
chloride, the latter one generating HCI). Never any racemization
was observed.

Ethyl (R)-2-(((S)-1-ethoxy-1-oxopropan-2-yl)oxy)butanoate (1A)
and ethyl (S)-2-(((S)-1-ethoxy-1-oxopropan-2-yl)oxy)butanoate (1B).
A suspension of sodium hydride (60% in oil; 2.2 g, 55 mmol) in
n-hexane (10 mL) was stirred for 15 min, whereupon the solvent
was removed using a pipette. Dry THF (20 mL) was added, and the
suspension was cooled to 0 °C using an ice bath. Then, a solution
of ethyl (S)-lactate (5.7 mL, 50 mmol) in dry THF and of racemic
ethyl 2-bromobutanoate (7.3 mL, 50 mmol) were added dropwise
and sequentially. The mixture was stirred at room temperature for
1 h and then refluxed for 3 h. After evaporation of the solvent
under reduced pressure the crude mixture was dissolved in water
(50 mL) and the aqueous phase extracted with Et,O (3 x 50 mL).
The combined organic phases were washed with brine (50 mL)
and dried over anhydrous MgSO,. The solvent was evaporated in
vacuum to obtain a yellowish liquid. Purification by flash column
chromatography using n-heptane/AcOEt 3:1 afforded diastereo-
mer 1A and diastereomer 1B in 53% and 17% yield, respectively.

(R)-2-((S)-1-Carboxyethoxy)butanoic acid (2A). A solution of
diester 1A (2.66 g, 11.45 mmol) and NaOH (2.6 g, 65 mmol) in
MeOH (50 mL) was stirred overnight. Then, the solvent was
evaporated under reduced pressure and the white solid obtained
was kept under high vacuum to completely remove the solvent.
The flask was cooled using an ice bath and cold 20% H,SO, were
added dropwise. The aqueous phase was extracted with Et,O
(3 x 50 mL) whereupon the combined organic phases were dried
over anhydrous MgSO,. The solvent was removed under vacuum
to obtain the product in quantitative yield.

(S)-2-((S)-1-Carboxyethoxy)butanoic acid (2B). It was pre-
pared following the same procedure as for 2A, starting from
diester 1B (0.76 g, 3.27 mmol) and NaOH (0.75 g, 18.7 mmol) in
MeOH (20 mL). The solvent was removed under vacuum to
obtain the product in quantitative yield.

General procedure for the in situ preparation of diacyl chlorides
3A,B and 8A,B

To a solution of a substituted dicarboxylic acid (1 mmol)
dissolved in pure oxalyl chloride (2 mL), DMF (some drops)
was added. The mixture was stirred under nitrogen for 4 hours,
whereupon the oxalyl chloride was removed under vacuum. The
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product was obtained in quantitative yield and immediately
dissolved in Et,O to be used for the synthesis of DGAs.

(5)-2-(((S)-1-(Di-n-octylamino)-1-oxopropan-2-yl)oxy)-N,N-di-
n-octylbutanamide (4B). A solution of diglycolyl chloride 3B
(0.5 g, 2.44 mmol) in Et,O (20 mL) was added dropwise to a
solution of di-n-octylamine (1.5 g, 6.1 mmol) in 0.8 mol L™"
NaOH (40 mL) at 0 °C over 30 min. The mixture was stirred at
0 °C for 2 h, then the phases were separated. The aqueous layer
was extracted with Et,O (3 x 20 mL). 10% HCI (20 mL) was
added to the combined organic layers and the solution was
shaken vigorously to form clumps of ammonium salts which
were filtered off. The organic layer was washed with 10% HCI
(2 x 30 mL) then filtered through a glass frit (G3) when
necessary. A poly(4-styrenesulfonic acid) solution in water (20
mL) was added to the organic layer. The mixture was shaken
vigorously to form polymeric salts as an amorphous material
floating between the layers. The organic layer was washed three
times with water and then separated from the polymeric salt. It
was dried over anhydrous MgSO, and the solvent was evapo-
rated under vacuum to afford a viscous oil. The crude mixture
was purified by flash column chromatography using n-heptane/
AcOEt 1:1 as eluent to give the product as a yellowish oil in
42% yield.

(R)-N,N-Di-n-decyl-2-(((S)-1-(N,N-di-n-decylamino)-1-oxopro-
pan-2-ylJoxy)butanamide (5A). A solution of diglycolyl chloride
3A (1.5 g, 7.04 mmol) in Et,0 (60 mL) was added dropwise to a
solution of di-n-decylamine (5.24 g, 17.6 mmol) in 0.8 mol L™"
NaOH (60 mL) at 0 °C over 30 min. The mixture was stirred at
0 °C for 2 h, then the phases were separated. The aqueous layer
was extracted with Et,O (3 x 30 mL). 10% HCI (20 mL) was
added to the combined organic phases and the solution was
shaken vigorously to form clumps of ammonium salts, which
were filtered off. The organic layer was washed with 10% HCI
(2 x 30 mL) and then filtered through a glass frit (G3) when
necessary. A poly(4-styrenesulfonic acid) solution in water
(10 mL) was added to the organic layer. The mixture was shaken
vigorously to form polymeric salts as an amorphous material
floating between the layers. The organic layer was washed three
times with water and then separated from the polymeric salt. It
was dried over anhydrous MgSO, and the solvent was evapo-
rated under vacuum to afford a viscous oil. The crude mixture
was purified by flash column chromatography using n-heptane/
AcOEt 1:1 as eluent. The product was obtained as a yellowish
oil in 30% yield.

(S)-N,N-Di-n-decyl-2-(((S)-1-(V,N-di-n-decylamino)-1-oxopropan-
2-yl)oxy)butanamide (5B). A solution of diglycolyl chloride 3B
(1.6 g, 7.5 mmol) in Et,0 (50 mL) was added dropwise to a
solution of di-n-decylamine (5.6 g, 18.8 mmol) in 0.8 mol L™*
NaOH (50 mL) at 0 °C over 30 min. Following the procedure as for
5A gave 5B as a yellowish oil in 23% yield.

Scheme 2 shows the corresponding structures and synthesis
pathway scheme of the tetra n-octyl and n-decyl DGAs with
n-propyl substituents in the backbone.

Diethyl 2,2’-oxydipentanoate (6A and 6B). A suspension of
sodium hydride (1.5 g, 37.6 mmol) in n-hexane (10 mL) was
stirred for 15 min, whereupon the solvent was removed using a
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Scheme 2 Synthesis of p-TODGA 9 and p-TDDGA 10.

pipette. Dry THF (20 mL) was added, and the suspension was
cooled to 0 °C using an ice bath. Then, a solution of ethyl (+)-2-
hydroxyvalerate (5.0 g, 34.2 mmol) in dry THF and of ethyl 2-
bromovalerate (7.15 g, 34.2 mmol) were added dropwise and
sequentially. The mixture was stirred at room temperature for
1 h and then refluxed for 3 h. The solvent was evaporated under
reduced pressure. The crude was dissolved in water (50 mL) and
the aqueous phase extracted with Et,O (3 x 50 mL). The
combined organic layers were washed with brine (50 mL) and
dried over anhydrous MgSO,. The solvent was evaporated in
vacuum to obtain a yellowish liquid. It was purified by flash
column chromatography using n-heptane/AcOEt 9:1 as eluent.
Diastereomer A was obtained in 59% yield and diastereomer B
in 11% yield.

2,2/-Oxydipentanoic acid (7A). A solution of diethyl 2,2'-
oxydipentanoate 6A (4.2 g, 15.3 mmol) and NaOH (3.4 g,
85.7 mmol) in MeOH (80 mL) was stirred overnight. Then, the
solvent was evaporated under reduced pressure and the white solid
obtained was kept under high vacuum to completely remove the
solvent. The flask was cooled using an ice bath and cold 20%
H,SO, (20 mL) were added dropwise. The aqueous phase was
extracted with Et,O (3 x 50 mL) then the combined organic phases
were dried over anhydrous MgSO,. The solvent was removed under
vacuum to obtain the product in quantitative yield.

2,2’-Oxydipentanoic acid (7B). It was prepared following the
same procedure as for 2,2’-oxydipentanoic acid 7A, starting
from diethyl 2,2’-oxydipentanoate 6B (0.76 g, 3.27 mmol) and
NaOH (0.75 g, 18.7 mmol) in MeOH (20 mL). The solvent was
removed under reduced pressure to afford the product in
quantitative yield.

2,2/-Oxybis(N,N-di-n-octylpentanamide) (9A). A solution of
diglycolyl chloride 8A (3.2 g, 12.5 mmol) in Et,O (90 mL) was
added dropwise to a solution of di-n-octylamine (76 g,
31.3 mmol) in 0.8 mol L™' NaOH (100 mL) at 0 °C over
30 min. The mixture was stirred at 0 °C for 2 h and then the
phases were separated. The aqueous layer was extracted with
Et,0 (3 x 50 mL). 10% HCI (40 mL) was added to the combined
organic layers and the solution was shaken vigorously to form
clumps of ammonium salts, which were filtered off. The
organic layer was washed with 10% HCI (2 x 30 mL) and
subsequently filtered through a glass frit (G3) when necessary.
A poly(4-styrenesulfonic acid) solution in water (20 mL) was
added to the organic layer. The mixture was shaken vigorously
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to form polymeric salts as an amorphous material floating
between the layers. The organic layer was washed three times
with water and then separated from the polymeric salt. It was
dried over anhydrous MgSO, and the solvent was evaporated
under vacuum to afford a viscous oil. It was purified by flash
column chromatography using n-heptane/AcOEt 8:2 as eluent.
The product was obtained as a yellowish oil in 54% yield.

2,2/-Oxybis(N,N-di-n-octylpentanamide) (9B). A solution of
diglycolyl chloride 8B (0.8 g, 3.13 mmol) in Et,O (25 mL) was
added dropwise to a solution of di-n-octylamine (1.9 g,
7.8 mmol) in 0.8 mol L' NaOH (25 mL) at 0 °C over 30 min.
The mixture was stirred at 0 °C for 2 h, whereupon the phases
were separated. The aqueous layer was extracted three times
(3 x 20 mL) with Et,O. 10% HCI (20 mL) was added to the
combined organic phases. The rest of the procedure is identical
to that of 9A, ultimately giving 9B as a yellowish oil in
24% yield.

2,2/-Oxybis(N,N-di-n-decylpentanamide) (10A). A solution of
diglycolyl chloride (1.1 g, 4.3 mmol) in Et,O (40 mL) was added
dropwise to a solution of di-n-decylamine (3.2 g, 10.7 mmol) in
0.8 mol L' NaOH (40 mL) at 0 °C over 30 min. The mixture was
stirred at 0 °C for 2 h then the phases were separated. The
aqueous layer was extracted three times (30 mL) with Et,0. 10%
HCI (20 mL) was added to the combined organic phases and the
solution was shaken vigorously to form clumps of ammonium
salts which were filtered off. The organic layer was washed with
10% HCI (2 x 20 mL) then filtered through a glass frit (G3)
when necessary. A poly(4-styrenesulfonic acid) solution in water
(20 mL) was added to the organic layer. The mixture was shaken
vigorously to form polymeric salts as an amorphous material
floating between the layers. The organic layer was washed three
times with water and then separated from the polymeric salt.
It was dried over anhydrous MgSO, and the solvent was
evaporated under vacuum to afford a viscous oil. It was purified
by flash column chromatography using n-heptane/AcOEt 9:1 as
eluent. The product was obtained as a yellowish oil in
45% yield.

2,2/-Oxybis(N,N-di-n-decylpentanamide) (10B). A solution of
diglycolyl chloride 8B (1.3 g, 5.3 mmol) in Et,O (40 mL) was
added dropwise to a solution of di-n-decylamine (3.9 g,
13.2 mmol) in 0.8 mol L ' NaOH (40 mL) at 0 °C over
30 min. Following the same procedure as for 10A afforded a
viscous oil. It was purified by flash column chromatography
using n-heptane/AcOEt 8:2 as eluent to give 10B as a yellowish
oil in 50% yield.

Solvent extraction

Nitric acid dilutions (HNO3, Merck AG, 0.82-9.78 mol L™ ) were
prepared using ultra-pure water (18.2 MQ cm) which was
obtained from an Elga Purelab Ultra water purification system.
The radiotracers **'Am, 2**Cm and '°*Eu were purchased
from Isotopendienst M. Blaseg GmbH, Waldburg, Germany,
Oak Ridge National Laboratory, Oak Ridge, USA, and Eckert &
Ziegler Nuclitec GmbH, Braunschweig, Germany, respectively.
239pu tracer was used from a laboratory stock solution. The Pu
oxidation state in the stock solution was Pu(v) as confirmed by
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UV/Vis spectroscopy with <5% Pu(vi). The oxidation state was
not checked during or after extraction, as the Pu concentration
in the extraction samples was too low. Nevertheless, under the
applied extraction conditions (high nitric acid concentrations
and short extraction time at 22 °C) the formation of other than
Pu(1v) oxidation states is highly unlikely.**"*” For the screening
experiments diluted metal ion solutions (Fe, Sr, Y, Zr, Mo, Ru, Pd,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in HNO;
were used with metal ion concentrations of 1 x 10~> mol L™},
each, to avoid loading, precipitation or 3" phase formation. Acid
concentration was measured by titration against 0.1 mol L™*
NaOH using a Titrando 907, purchased from Metrohm GmbH &
Co. KG (Filderstadt, Germany). All chemicals were used without
further purification. Organic solutions of 0.1 mol L' DGA were
prepared using a weighed quantity of ligand in n-dodecane (Sigma
Aldrich).

Procedures and analytics

Batch solvent extraction experiments were carried out using
equal volumes of 500 pL of each phase. The aqueous and
organic phases were pipetted into screw-cap glass vials and
contacted for a given time on an IKA VIBRAX VXR, IKA®-Werke
GmbH & Co. KG (Staufen, Germany) basic automatic shaker at
2,200 rpm and 22 °C. The temperature was controlled by a F25-
HE thermostat, JULABO GmbH (Seelbach, Germany). After
mixing, the samples were centrifuged with a Hettich EBA 8s
centrifuge, Andreas Hettich GmbH & Co. KG (Tuttlingen,
Germany), for 5 min. The phases were then separated manually
using a fine tipped transfer micropipette. 200 pL of each phase
were transferred into new glass vials for further measurements.
Gamma measurements of **’Am (60 keV) and '*’Eu
(122 keV) were carried out using an Eurisys EGC 35-195-R germa-
nium coaxial N-type detector and spectra were evaluated using the
GammaVision Software. Samples were measured directly without
further treatment of the samples. Alpha measurements were
carried out for *°Pu (5157 keV), **'Am (5486 keV) and **Cm
(5805 keV) using an Ortec/Ametek ALPHA-ENSEMBLE-8 eight
chamber alpha measurement system equipped with PIPS detectors
purchased from Ametek GmbH (Meerbusch, Germany). Sample
preparation for alpha measurement was done by homogenizing a
10 pL alpha-spectroscopy sample in 100 pL of a mixture of Zapon
varnish and acetone (1:100 v/v). This mixture was distributed over
a stainless-steel plate obtained from Berthold, Bad Wildbad,
Germany. The sample was dried under a heating lamp and
annealed into the stainless-steel plate by a gas-flame burner. For
stable elements, Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) was applied using a PerkinElmer NexION 2000C. Aqueous
samples were measured after dilution in 1% v/v nitric acid solution
without further treatment. Organic samples were measured directly
in a tenside matrix (Triton-X-100) in 1% v/v HNOj; after dilution.
Distribution ratios (D) were calculated as the ratio of activity
or metal ion (M) concentration in the organic phase vs. the
activity or metal ion concentration in the aqueous phase
(M]org/[M].g)- The separation factor (SF) between two metal
ions was calculated as the ratio of the corresponding distribu-
tion ratios (SFayimz = Dwmi/Dmz). Distribution ratios between
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0.01 and 100 exhibit an uncertainty of +5%, while lower/higher
values exhibit larger uncertainties, yet they represent the com-
plexing trend of the ligands. Mass balances were calculated as
the sum of aqueous and organic concentrations divided by the
initial concentration.
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