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Pequeñísima 
estrella, 
parecías 
para siempre 
enterrada 
en el metal: oculto, 
tu diabólico 
fuego. 
Un día 
golpearon 
en la puerta 
minúscula: 
era el hombre. 
Con una 
descarga 
te desencadenaron, 
viste el mundo, 
saliste 
por el día, 
recorriste 
ciudades, 
tu gran fulgor llegaba 
a iluminar las vidas, 
eras 
una fruta terrible, 
de eléctrica hermosura, 
venías 
a apresurar las llamas 
del estío, 
y entonces 
llegó 
armado 
con anteojos de tigre 

y armadura, 
con camisa cuadrada, 
sulfúricos bigotes, 
cola de puerco espín, 
llegó el guerrero 
y te sedujo: 
duerme, 
te dijo, 
enróllate, 
átomo, te pareces 
a un dios griego, 
a una primaveral 
modista de París, 
acuéstate 
en mi uña, 
entra en esta cajita, 
y entonces 
el guerrero 
te guardó en su chaleco 
como si fueras sólo 
píldora 
norteamericana, 
y viajó por el mundo 
dejándote caer 
en Hiroshima. 

Despertamos. 

[…] 

Pablo Neruda – Oda al átomo



Infinitesimal 
star, 
you seemed 
forever 
buried 
in metal, hidden, 
your diabolic 
fire. 
One day 
someone knocked 
at your tiny 
door: 
it was a man. 
With one 
explosion 
he unchained you, 
you saw the world, 
you came out 
into the daylight, 
you traveled through 
cities, 
your great brilliance 
illuminated lives, 
you were a 
terrible fruit 
of electric beauty, 
you came to 
hasten the flames 
of summer, 
and then 
wearing 
a predator’s eyeglasses, 
armor, 

and checked shirt, 
sporting sulfuric mustaches 
and a prehensile tail, 
came 
the warrior 
and seduced you: 
sleep, 
he told you, 
curl up, 
atom, you resemble 
a Greek god, 
a Parisian modiste 
in springtime, 
lie down here 
on my fingernail, 
climb into this little box, 
and then 
the warrior 
put you in his jacket 
as if you were nothing but 
a North American 
pill, 
and he traveled through the world 
and dropped you 
on Hiroshima. 

We awakened. 

[…] 

Pablo Neruda – Ode to the atom
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1

 Nuclear energy and nuclear waste 
disposal

1.1 Introduction
At the end of 2015, nuclear power plants contributed to 11.2% of the world’s electricity 
production.1 According to the latest International Atomic Energy Agency (IAEA) report, 
there are 448 active nuclear reactors around the world, while 61 are under construction, 
80 new reactors have been planned and 162 are (being) decommissioned.2

Spent nuclear fuel is a mixture of uranium (~94%), fission products (FPs, ~5%), 
plutonium (~1%) and other transuranic elements (~0.1%), that requires 130 000 years to 
decay to naturally occurring uranium radiotoxicity levels if left untreated.3 However, if 
all the actinides (An) are removed from the mixture, this amount of time would decrease 
to only 270 years, since Pu and the other An are the main sources of the long-term 
radiotoxicity of spent nuclear fuel.4

The main strategy for the long-term management of nuclear waste is encasing the 
waste in vitreous matrices and disposal in geological repositories, with increasingly 
demanding technical requirements of such facilities as the half-life of the radioisotopes 
or the activity content of the waste increases.5,6 The proposed solutions for high-level 
waste (HLW) are deep boreholes and mined repositories, however, the technologies 
required for the implementation of these disposal sites are still in early development and 
strongly depend on the geology of the countries involved.3

An approach developed for the reduction of risk and amount of HLW is Partitioning 
and Transmutation (P&T), a process that aims at the separation of the radionuclides 
contained in the spent fuel (partitioning) and their transformation into less hazardous 
isotopes by irradiation with fast neutrons (transmutation).4,7-9 U and Pu can be separated 
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from the spent nuclear fuel, converted into mixed metal oxides (MOX) and recycled as 
fuel.1 Am, Np, Cm can then be transmutated in new generation reactors (generation IV 
fast reactors), which are also able to use more 238U than the previous generations 
reactors.10  

The presence of lanthanides (Ln) as a mixture with An, however, causes neutron 
poisoning and hampers transmutation, thus, it is important to separate these classes of 
metals. This separation is complicated by the very similar physical and chemical 
properties of transuranic An and Ln.11 These metals have the same electronic 
configuration of the outer shell, and similar ionic radii and coordination numbers; they 
exist predominantly in a trivalent oxidation state and are considered hard acids according 
to Pearson’s HSAB classification12 (Hard and Soft Acids and Bases). Nevertheless, the 
interaction of the 5f orbitals of An with soft donor atoms (N, S) is slightly stronger than 
that of the 4f orbitals of Ln and this offers a possibility for the discrimination between 
the two groups.13  

1.2 Separation of actinides and lanthanides 
After dissolution of the spent nuclear fuel in highly acidic media (> 3 M HNO3), the 
general approach for P&T consists of three parts: extraction of U and Pu, removal of 
FPs, and separation of An and Ln (Fig. 1.1). 

The recovery of U and Pu is obtained using tributyl phosphate (TBP) or N,N-
dihexyloctanamide (DHOA)14 within the PUREX (Plutonium Uranium Recovery by 
EXtraction) process,15 leaving a mixture of An, Ln and FPs. Acetohydroxamic acid 
(AHA) can be used to scrub Pu back to the aqueous phase (UREX process16), providing 
a more proliferation-resistant process than PUREX.  

Group extraction of An and Ln (leaving behind FPs) can be achieved with a series of 
processes. The TRUEX (TRansUranium EXtraction) process15 utilizes n-octylphenyl-
N,N-diisobutylcarbamoylmethylphosphine oxide (OPhD(iBu)CMPO) together with 
TBP, obtaining a mixed-solvent system able to efficiently extract An and Ln. The UNEX 
(UNiversal EXtraction) process17 uses a combination of chlorinated cobalt dicarbollide 
(CCD), poly(ethylene glycol) (PEG) and CMPO for the simultaneous extraction of Sr, 
Cs, An and Ln.  The Cyanex process18 employs dithiophosphinic acids that are selective 
only for Am, but decompose under the highly acidic conditions used for the extraction. 
The TRPO process is based on trialkylphosphine oxide to obtain total actinide 
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recovery.15 Diisodecylphosphoric acid (DIDPA) requires a reduction of the waste acidity 
to 0.5 M HNO3 and is used with TBP to extract An and Ln, that can later be separated 
using different stripping agents.15 However, TRPO and DIDPA need higher dilution and 
denitration than required in other processes, increasing the amount of waste to be
processed.15

Ligands prepared following the “CHON principle” (ligands containing only the 
elements carbon, hydrogen, oxygen and nitrogen), such as malonamides and 
diglycolamides (DGAs) used in the DIAMEX (DIAMide EXtraction) process,15 allow 
the complete incineration of the separation materials at the end of their use, reducing the 
overall volume of generated waste. These ligands, however, tend to form a third phase 
upon metal complexation, requiring the introduction of phase modifiers. 

The TALSPEAK (Trivalent Actinide-Lanthanide Separation by Phosphorus reagent 
Extraction from Aqueous Komplexes) and reverse TALSPEAK processes,19 have been
proposed for the separation of An and Ln by competitive complexation. The introduction 
of a holdback ligand allows the extraction of Ln, while An are retained in the aqueous 
phase. In the SANEX (Selective ActiNide EXtraction) process,20 soft N-heterocyclic 
ligands show a very high selectivity for An, but they suffer from radiolytic degradation 
and slow kinetics. The combination of these ligands with TBP, is at the base of the 
GANEX (Group ActiNide EXtraction) process,21 which is designed to separate 
simultaneously all the An from Ln and the FPs.

Fig. 1.1 Schematic representation of the partitioning of An and Ln.
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Liquid-liquid extraction raises environmental concerns because most of the organic 
solvents used belong to the class of pollutants called volatile organic compounds 
(VOCs).22 Ionic liquids23 (ILs) are very promising alternatives to conventional solvent 
systems for nuclear waste treatment, but they require more in depth studies to be 
effectively used in extraction processes.24 ILs can have both beneficial and detrimental 
effects25 on the extraction properties of ligands and have some inherent drawbacks, such 
as poor resistance to radiolytic degradation and production of fluorine upon 
degradation.26 They are considered “green” solvents because of their negligible vapour 
pressure, but degradation, fluorine release, toxicity, high viscosity and leaching into the 
aqueous phase are disadvantages that can possibly outweigh the advantages.25 The 
extraction of actinides using room-temperature ILs and functionalized ILs has been 
recently reviewed.24

1.3 Outline
The main objective of the research outlined in this thesis is the development of new 
ligands for the extraction and potential separation of An(III) and Ln(III) ions from spent 
nuclear fuel. In Chapter 2, an account of the main classes of ligands employed for P&T 
(organophosphorus ligands, diamides, N-heterocycles, and related ligands) is given, 
including a description of the recent developments in ligand design. 

Chapter 3 describes two new simple methods developed for the synthesis of DGAs, 
based on the Schotten-Baumann reaction and the Al(III)-catalysed direct amidation of 
esters. These reactions were also employed for the synthesis of some of the ligands 
studied in Chapter 4. This chapter deals with small modifications of the backbone of 
TODGA (tetraoctyldiglycolamide) and its influence on the extraction and degradation 
behaviour of the ligands.

In Chapters 5 through 7, the synthesis of pre-organised DGA ligands and their 
extraction behaviour in molecular solvents and imidazolium-based ILs is reported. 
Tripodal ligands based on the flexible tris(N-alkylaminoethyl)amine platforms are 
described in Chapter 5, whereas generation-0 through generation-2 poly(propylene 
imine) dendritic platforms are used in Chapter 6. Finally, Chapter 7 deals with the 
synthesis and study of the extraction properties of tripodal DGA ligands based on a more 
rigid 1,3,5-trifunctionalised benzene platform.
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Ligands for f-element extraction used in 
the nuclear fuel cycle*

Liquid-liquid extraction is the major technique being applied for the partitioning of f-
elements from nuclear waste. In this review, the recent developments in ligand design, 
optimization and extraction properties are summarised for the main classes of extractants 
(organophosphorus ligands, diamides and N-heterocycles), with a focus on the separation 
of actinides and lanthanides. Structural modifications, pre-organisation and different 
solvent systems, as key factors for the fine-tuning of the extraction properties, are 
discussed. From this review, it appears that small modifications of the structure of the 
ligand, the pre-organising platform or the solvent can have significant impact on the 
extraction (and separation) of metal ions. Interest in the combinations of ligands for the 
extraction processes is growing, since they provide improvements over individual ligands.
Similarly, unconventional approaches are being pursued to develop more efficient and 
greener processes. 

* This chapter is largely based on A. Leoncini, J. Huskens and W. Verboom, Chem. Soc. Rev., 2017, DOI:
10.1039/C7CS00574A.
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2.1 Introduction 
A drawback of energy production using nuclear power plants is the disposal of spent 
nuclear fuel, due to the long-term and high radiotoxicity generated by the minor actinides 
(An) and plutonium. Partitioning and Transmutation (P&T)1-3 is an approach aimed at 
the separation (partitioning) of the spent nuclear fuel into its components, followed by 
transmutation of An into less hazardous isotopes. 

However, due to their high neutron-poisoning capacity, the lanthanides (Ln) need to 
be separated before the transmutation of An, because they prevent the process;4 this 
would provide a source of metals of technological interest.5 Due to their similar physical 
and chemical properties, the partitioning of An and Ln is the most challenging 
hydrometallurgical separation known.6  

Solvent extraction is a common technique for the separation of An and Ln, and a series 
of partitioning approaches has been developed.7-9 These separation processes rely on the 
use of complexing ligands, organic solvents, ionic liquids (ILs), or a combination 
thereof, ideally allowing for several parameters to be changed to improve the separation 
efficiency. The use of room temperature ionic liquids (RTILs) is gaining increasing 
attention because these potentially “green”10,11 solvents can have beneficial effects on 
the extraction properties of the ligands. On the other hand, their inherent disadvantages 
(i.e. high viscosity and poor resistance to radiolytic degradation) need careful 
consideration.12 

The classes of ligands on which research efforts have been mostly focused on in recent 
years are neutral and acidic organophosphorus compounds (developed initially for the 
PUREX, TRUEX and TALSPEAK processes),7 diamides, such as diglycolamides 
(DGAs)13 and malonamides (for the DIAMEX process), and N-heterocyclic ligands (for 
the SANEX process).14 Several reviews dealing with specific subjects within the nuclear 
waste remediation have been published in recent years. Heterogeneous materials for the 
support of ligands15-17 as well as ionic liquid systems12,18,19 have received particular 
attention. To the best of our knowledge, however, an overview comprising the most 
important classes of ligands of interest, and their recent development, is not available. 

In the present review, we focus on the latest advances made in the area of 
development, modification and application of suitable ligands for liquid-liquid extraction 
of An and Ln. The discussion is divided into three parts and follows the chronological 
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order of the development of the main classes of ligands (organophosphorus ligands, 
diamides and N-heterocycles). For each of them, the effect of structural modifications, 
the platforms for pre-organisation and the effect of different solvent systems, including 
ionic liquids, are discussed.  

Reports regarding analytical techniques, physico-chemical data, computational 
studies, and extraction chromatography and solid phase extraction20 have been included 
only when they contribute to clarity or context. 

2.2 Organophosphorus ligands 

2.2.1 Background and synthetic approach 

Organophosphorus compounds are among the first classes of compounds that were 
employed for the reprocessing of spent nuclear fuel, and generally favour the 
complexation of An over that of Ln(III). Tributyl phosphate (TBP) has been the ligand 
of choice for the reprocessing industry for a long time, but its relatively high solubility 
in water/HNO3 solutions and tendency towards third phase formation have supported the 
search for alternatives that are able to overcome these limitations.21 

In addition to the steric hindrance around the phosphorus atom, the extraction 
properties of organophosphorus compounds heavily depend on two factors: the presence 
of OH groups on the phosphorus atom, and the number of OR groups compared to that 
of the R groups; thus, they can be distinguished in ionophores (organophosphorus 
organic acids) and non-ionophores (organophosphorus neutral ligands). 

The complexation of acidic ligands relies on their deprotonated form. Therefore, the 
pH window in which the ligands display the desired extraction behaviour can, 
theoretically, be modulated by functionalisation of the phosphoric/phosphonic/ 
phosphinic acid with electron-withdrawing groups of different strengths. 

Neutral ligands preferably complex An, rather than Ln, and their coordinating ability 
depends on the basicity of the phosphoryl oxygen. In this regard, alkyl groups are more 
electron-donating than alkoxy groups, and hence the basicity of the oxygen atom 
increases in the order: phosphates < phosphonates < phosphinates < phosphine oxides.22 

Several reviews dealing with different aspects of organophosphorus compounds have 
been published, including fundamental coordination chemistry,8 combination of acidic 
and neutral ligands in the same phase,23 and separation methods and techniques.9 Most 
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of the published reviews, however, provide a general overview of the most common 
ligands and focus on their use in the proposed processes.7,24,25

The most common synthetic pathways for the preparation of organophosphorus 
compounds, summarised in a review,26 are the Michaelis-Arbuzov and Michaelis-Bekker 
reactions, the use of organometallic compounds, and phosphoryl halides (Scheme 2.1). 
In the Michaelis-Arbuzov reaction, a trialkyl phosphite reacts with an (activated) alkyl 
halide to yield the corresponding phosphonic ester. Substituting one or two of the alkoxy 
groups of the starting phosphite with alkyl groups, yields the corresponding phosphinic 
ester and phosphine oxide. The Michaelis-Bekker reaction, starts with the deprotonation 
of a hydrogen phosphonate, followed by a nucleophilic substitution on an (activated) 
alkyl halide. This reaction is also used for the first step of the preparation of 
carbamoylmethylphosphine oxides (CMPOs, vide infra), using formaldehyde instead of 
the alkyl halide. Recently, popular methods include the reaction of phosphoryl mono-,
di- and trihalides with alcohols to give the corresponding esters, or with Grignard 
reagents to form a P-C bond.27 Conversely, P-C bonds can be formed when phosphoryl 
esters react with Grignard reagents.28 Alternatively, magnesium halide 
dialkylphosphinites can be used as nucleophiles with (activated) alkyl halides.

The following section deals with the developments in the design of neutral and acidic 
organophosphorus ligands, CMPOs, and hybrid organophosphorus/heterocycle ligands 
since the publication of recent reviews (vide supra).

2.2.2 Neutral organophosphorus ligands

Tributyl phosphate (TBP, Chart 2.1) has been used for decades in the PUREX process, 
but tends to form a third phase upon complexation of metal ions. Therefore, several 
alternative ligands have been studied, trying to improve the hydrodynamic and phase 

Scheme 2.1
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separation properties. A series of isomers of tripentyl phosphate (Chart 2.1) showed that 
the D values (distribution ratio, defined as the ratio between the concentration of metal 
in the organic phase and in the aqueous phase, D = [M]org/[M]aq) for the extraction of 
U(VI) and Pu(IV) are comparable to those of TBP, but their aqueous solubility is lower. 
The alkyl chain, however, affected the radiolytic stability of the compounds. Triamyl
phosphate (TAP) was more susceptible than TBP, whereas the radiation stability of 
tris(isoamyl) phosphate (TiAP) was comparable to that of TBP.29

More interesting results were obtained with diamyl amylphosphonate (DAAP, Chart
2.1). Compared to TBP, the density, viscosity and phase disengagement times of DAAP 
were lower and the D values for U(VI), Th(IV) and Pu(IV) were higher (DM = 65, 35 
and 120 for DAAP and 20, 5 and 20 for TBP, for U(VI), Th(IV) and Pu(IV), respectively, 
at 4 M HNO3).30 A variation in the length of the alkyl chain from n-butyl to n-octyl did 
not affect the extraction of An, whereas it caused a decrease in the density and aqueous 
solubility (from 692 to 0.11 mg/L for DBBP and DBOP, respectively, Chart 2.1), and an 
increase in the viscosity of DBBP, DBHP and DBOP.21 On the other hand, the length of 
the alkoxy chains affected the D values for the extraction of U(IV) and Th(IV) (DU =
105 and DTh = 55 for DBHP, DU = 80 and DTh = 35 for DAHP at 4 M HNO3, Chart 2.1).29

This suggested that the basicity of the phosphoryl group is more influenced by the length 
of the alkoxy chains than that of the alkyl chains.

In the case of dialkylphosphine oxides (DAPOs, Chart 2.1), ligands bearing longer 
alkyl chains showed higher DU values (at 0.01 M HNO3, 39.4 DHePO < 41.8 DHpPO < 
47.4 DOPO < 84.6 DDPO, Chart 2.1). However, the D values were higher at lower 
acidity (i.e. 0.01 M HNO3), as opposed to trialkyl phosphates and phosphonates that 
exhibited higher extraction at higher HNO3 concentrations. With DAPOs two different 
extraction mechanisms took place depending on the acidity: a cation exchange 
mechanism at lower acidity, and a solvation mechanism at higher acidity. DAPOs 
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established a tautomeric equilibrium in solution (Scheme 2.2) and the acidity of the 
medium controlled which form was more abundant, with the P-OH form behaving like 
an acidic ligand.28

A change in extraction mechanism was also observed in the case of phosphoryl task-
specific ionic liquids (TSILs) dissolved in 3-alkyl-1-methylimidazolium bis(trifluoro-
methanesulfonyl)imide ([Cnmim][NTf2]). In the case of [CnimPA][NTf2]/
[Cnmim][NTf2] (Chart 2.2), the extraction of Pu(IV) at low acidity occurred through a 
solvation mechanism, and above 4 M HNO3 an anion exchange mechanism was in 
operation. Moreover, an increase in chain length (either on the [CnimPA]+ ion or 
[Cnmim]+ ion) caused an increase in D values (at 4 M HNO3, DPu = 15, 28 and 32 for 
[CnimPA][NTf2]/[C4mim][NTf2] with n = 1, 3 and 4, respectively) and resulted in a high 
selectivity (defined by the separation factor S.F., the ratio between the D values of two 
metal ions, S.F.M1/M2 = D1/D2) with respect to U(VI) and Am(III) (S.F.Pu/U = 10, S.F.Pu/Am

= 1750 with [C4imPA][NTf2]/[C4mim][NTf2] at 4 M HNO3).31 [C1imPO][NTf2] (Chart 
2.2) showed different extraction mechanisms with different metal ions. It extracted 
U(VI) via a cation exchange mechanism and Pu(IV) via a solvation mechanism. The 
ligand showed preference for Pu(IV) over U(VI) (DPu = 30, DU = 6 at 2 M HNO3 using 
[C8mim][NTf2]) and negligible extraction of other metal ions. In addition, in this case, 
an increase in lipophilicity of the RTIL ([C8mim]+ instead of [C4mim]+) caused an 
increase of the D values.32

Scheme 2.2

Chart 2.2
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To exploit the chelate effect and to improve the extraction of the metal ion, bidentate 
organophosphorus compounds were prepared and compared to known ligands such as 
OPhD(iBu)CMPO and DMDHMA. It was found that the D values followed the order 
BisPO-1 > BisPO-2 > OPhD(iBu)CMPO > DMDHMA (Chart 2.3) for several An and
that the extraction of U(VI) was preferred, in this order, over Th(IV), Am(III) and Np(V). 
These results highlighted that phosphoryl oxygens are stronger donors than the carbonyl 
ones and that a conjugated planar structure (BisPO-2) decreases the extraction of An.33

A review discussed the synthetic methods used to obtain bisphosphine oxides and their 
fundamental extraction and complexing properties.26

BisPO-1 also exhibited good extraction properties for Ln(III) with preference for the 
lighter Ln over the heavier ones (DLa ≈ 500, DLu ≈ 25). Modifications of the methylene 
bridge (Chart 2.3) led to an inversion of the preference trend, with heavy Ln(III) being 
extracted better than the lighter ones. Extension of the methylene linker lowered the D
values (for BisPO-3, DLa ≈ 0.025, DLu ≈ 8). The inclusion of an etheric oxygen (BisPO-
4) had little effect on the extraction, while the incorporation of a phenyl ring raised the

Chart 2.3



CHAPTER 2

14

extraction to D values comparable to those of BisPO-1 (BisPO-5 and BisPO-6).34 A
decrease in D values was also observed with diphosphine sulphides (Chart 2.3). Ligands 
with a longer spacer and an etheric oxygen did not show any extraction of Am(III) and 
Eu(III). In this case, however, due to the presence of a sulfur atom, the 
diphosphonothioate exhibited D values up to three orders of magnitude higher than that 
of the diphosphine sulphide (DAm > 100 for BisPS-2 and DAm ≈ 0.1 for BisPS-1 in 0.1-1
M HNO3), even though there was no discrimination between Am(III) and Eu(III).27

The addition of picrolonic acid (HP, Chart 2.3) as a synergist, allowed for the 
extraction of Ln ions from hydrochloric acid solutions. This type of extraction is difficult 
due to the low solubility of Cl- in organic solvents. For this purpose, HP showed a higher 
synergic effect than PHMBP or picric acid (HPiC). The combination of BisPO-1 with 
HP achieved the extraction of Ln(III) up to three orders of magnitude higher than TOPO
+ HP in the same conditions (D values for La-Lu were in the range of 0.003-0.1 for 
TOPO + HP and 10-300 for BisPO-1 + HP).35

Extension of the linker between phosphoryl units in bidentate ligands was also 
detrimental for the extraction using supercritical CO2 (sCO2). Phosphoric esters 
separated by various numbers of ethylene glycol units (Chart 2.4) showed that the 
extraction efficiency increased in the order BisPhos n = 3 < n = 2 < n = 1 with a range 
from 55% to 79% and a preference for heavier Ln(III).36

Neutral organophosphorus ligands on platforms

Trivalent f-elements have high coordination numbers (≥ 6), requiring the binding to the 
same metal ion of several ligands at the same time.8 Pre-organisation of ligating sites 
resulted in better extractants (more favourable entropic changes) with higher metal 
selectivities. The structure of the platform on which the donor groups are tethered 
strongly influences the performance of these ligands.37 In particular, calix[4]arenes have 
extensively been studied because this platform can be prepared in good yields and large 
amounts,38 and both rims can be functionalised.37 In an overview about the use of 
multicoordinate ligands in the extraction of An and Ln(III), several phosphoryl-
functionalised calix[4]arenes have been discussed.37 Higher homologous calix[n]arenes 

Chart 2.4
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have also been studied for the extraction of other metal ions relevant to nuclear waste 
processing, like Cs(I) (n = 8)39 and U(VI) (n = 4-6, 8).40

Phosphoryl calix[4]arenes have shown great capability in the extraction of Th(IV). 
Phosphonate calix[4]arene CalixP-1 (Chart 2.5) exhibited very high selectivity towards 
Th(IV) over Ln(III) (La, Gd, Yb) in highly acidic solutions (> 2 M HNO3).41 Similarly, 
phosphine oxide calix[4]arene CalixP-2 (Chart 2.5) could selectively extract Th(IV) with 
negligible extraction of La, Eu and Y.42 In the case of the corresponding tert-octyl 
derivative CalixP-3 (Chart 2.5), higher concentrations of actinide salts (> 9 × 10-3 M) 
and ligand (> 10-3 M) could be used without the risk of third phase formation; moreover, 
it showed selectivity towards U(VI) and Th(IV) (58% and 56% of extraction, 
respectively) over Ln ions that were not extracted. The addition of TBP to CalixP-3 in 
chloroform resulted in a strong synergic effect in the extraction of U(VI): individual 
solutions of CalixP-3 and TBP could extract 58% and 11% of U(VI), respectively, but 
their mixture recovered 96% of the metal ions.43

Good separations between U(VI), Th(IV) and the Ln(III) were obtained with 
diphenylphosphine oxide groups pre-organised on a pillar[5]arene platform (Chart 2.5). 
Even though the ligand could host more than one metal ion, the complexes with Th(IV) 
and U(VI) were formed in a 1 : 1 M : L stoichiometry. The extraction of An and Ln(III) 
increased with increasing HNO3 concentration. An increase in NaNO3 concentration also 
induced a clear preference for the extraction of U(VI) over Th(IV) (up to S.F.U/Th = 12 
at 4 M NaNO3). In the presence of the synergist hexabrominated cobalt bis(dicarbollide) 
anion (Br6-CCD), the PillarP ligands showed a preference for Eu(III) over Am(III) (up 
to S.F.Eu/Am = 5 in m-nitrobenzotrifluoride (m-NBTF) at 1 M HNO3).44

Chart 2.5
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The arrangement of two methanediphosphonate groups on calix[4]arenes (CalixP-4-
6, Chart 2.6) resulted in ligands able to extract Eu(III) and Am(III) from both alkaline 
and acidic solutions. Bearing a mixture of phosphonate and phosphine oxide groups, 
CalixP-4 showed the highest DAm values among the ligands investigated (DAm = 2 at pH 
12.6). Bisphosphonate hydroxycalix[4]arenes CalixP-5 and CalixP-6, on the other hand, 
were able to extract Am(III) and Eu(III) from HNO3 solutions with higher extraction 
efficiency (for CalixP-5, DAm = 30 at 1 M HNO3 and DAm = 0.9 at pH 12.4), whereas the 
selectivity was higher from alkaline solutions (S.F.Am/Eu = 2.5 and 1.1 at pH 12.4 and 1 
M HNO3, respectively).45

Thiacalix[4]arenes have the same structure as calix[4]arenes, but the methylene bridge 
between the phenol rings is substituted by a sulfur atom. tert-Butylthiacalix[4]arene 
(SCalixP-1, Chart 2.6) showed very high extraction and selectivity for Am(III) from 
alkaline solutions (DAm > 150, S.F.Am/Eu = 18 at pH 12). While appropriate 
functionalisation of calix[4]arenes increased the extraction efficiency and S.F. values, 
the opposite occurred in the case of thiacalix[4]arenes.46,47 Among several 
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thiacalix[4]arenes (Chart 2.6), only bromo-substituted SCalixP-2 showed an 
improvement in S.F.Am/Eu value with respect to SCalixP-1 (DAm = 30, S.F.Am/Eu = 30 at 
pH 12). In particular, ligands SCalixP-5, SCalixP-6 and SCalixP-9 were poorly soluble 
in m-NBTF, and ligands SCalixP-4 and SCalixP-7 formed a precipitate upon contact 
with an alkaline solution. Ligand SCalixP-3, on the other hand, exhibited increased 
solubility in m-NBTF and a good extraction performance (DAm = 10, S.F.Am/Eu = 20 at 
pH 11.5), though not as good as ligands SCalixP-1 and SCalixP-2. In general, 
thiacalix[4]arenes showed a narrow pH window in which they are able to extract metal 
ions (ΔpH < 1 in the range pH 11-13).48 

Another modification on the calix[4]arene platform involves the functionalisation of 
one of the methylene bridges with an alkyl chain. Tetraphosphoryl calix[4]arenes 
CalixP-8 (Chart 2.6) were compared to the corresponding non-alkylated calix[4]arene 
(CalixP-2, Chart 2.5) and only showed a small decrease in the extraction of Eu(III) (65, 
55 and 50% extraction of Eu with ligands t-BuCalix, CalixP-8 n = 5 and 6, respectively). 
These experiments demonstrated that the presence of an alkyl chain on the methylene 
bridge of calix[4]arenes did not significantly affect their extraction properties. Therefore, 
these functionalised calix[4]arenes were proposed as precursors for heterogeneously 
supported ligands.49 

An alternative approach to improving the extraction of metal ions was the use of 
water-soluble phosphoryl calix[4]arenes. Calix[4]arenes CalixP-10 and CalixP-11 
(Chart 2.6) were successfully applied in a micelle-mediated extraction (MME) for the 
recovery of Am(III) and Eu(III). In this process, the addition of an aqueous solution of 
ligand CalixP-10 or CalixP-11 to an acidic aqueous solution of metal ions triggered the 
formation of micelles (due to the high acidity and ionic strength), followed by a second 
phase that was separated upon centrifugation. Compared to liquid-liquid extraction 
(LLE) with m-NBTF, this method afforded an average increase of the D values of two 
orders of magnitude (DEu = 0.01-2 in LLE and 10-30 in MME for CalixP-10 at 0.1-10 M 
HNO3; DEu = 0.05-10 in LLE and 10-1000 in MME for CalixP-11 at 0.1-10 M HNO3). 
However, ultrasonic treatment or electrochemical deposition were needed to recover the 
ligand after the extraction.50 

2.2.3 Acidic organophosphorus ligands 

Dialkyl organophosphorus acids, such as HEH[EHP] and Cyanex 272 (Chart 2.7), are 
being widely used in industrial extractions and separations of rare earths (REs). 
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However, HEH[EHP] shows poor selectivity for heavy Ln(III), high stripping acidity 
and low S.F. values for several couples of rare earths (Gd/Eu, Er/Y, Lu/Yb). Cyanex 
272, despite the lower stripping acidity, exhibits low extraction capacity, easy formation 
of emulsions and low separation of some rare earth couples.51 Acidity and steric 
hindrance are two of the major factors determining the extraction properties of acidic
organophosphorus ligands. Looking for valid alternatives to HEH[EHP] and Cyanex 
272, various modifications of the alkyl chains have been investigated. However, a 
compromise between good extraction ability and low stripping acidity proved to be 
challenging. For example, PA-1 showed high selectivity for heavy Ln(III), good 
extraction and separation along the entire Ln series (DEr-Lu = 103-104, DLa-Ho = 20-200, 
S.F. values among Ln(III) in the range of 1.1-360, 3 M HNO3), but quantitative stripping 
of the metal ions only occurred at 7 M H2SO4.52 The introduction of lactic acid (HLact) 
and citric acid (H3cit) as masking agents in the aqueous phase proved to be an additional 
parameter able to improve the extraction and S.F. values for HEH[EHP]. The extraction 
of a 3 : 1 Ce : Pr mixture at pH 3.5 increased from < 35% (S.F.Pr/Ce < 2) to > 90% (S.F.Pr/Ce

= 10.5) upon addition of a 1 : 10 HLact : H3cit mixture.53

Branching of the alkyl chains of dialkylphosphinic acids (Chart 2.7) caused a decrease 
in extraction ability, which was more pronounced the closer the branching was to the 
phosphorus atom. Acids without branched chains on the α-C or β-C showed extraction 
abilities as strong as those of HEH[EHP], whereas acids with branching on those 
positions (or with cycloalkyl groups) exhibited poor extraction, like Cyanex 272. 
Diarylphosphinic acids were poorly soluble in apolar solvents.51 Only ligand PA-2
showed a higher extraction ability than Cyanex 272 and a lower stripping acidity than 
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HEH[EHP]. The separation among Ln(III) also improved, compared to Cyanex 272 
(S.F.Gd/Eu = 1.46 and S.F.Er/Y = 1.47 for PA-2, compared to S.F.Gd/Eu = 1.16 and S.F.Er/Y 
= 1.20 for Cyanex 272).54 

Comparison of methyl- and ethyl-branched dialkylphosphinic acids (Chart 2.7) 
showed that the steric hindrance at the α-C was greater than that at the β-C and that an 
ethyl group had a stronger effect than a methyl group. The cyclohexyl group in PA-3, 
despite its bulkier size compared to the methyl group of PA-4, resulted in higher 
extraction. The restricted rotation of the cyclohexyl group was supposed to lead to a 
lower steric hindrance. These effects were stronger for the extraction of heavier Ln(III) 
than for lighter ones.55 

HEH[EHP], in combination with HEDTA (Chart 2.8), was studied as part of the 
Advanced TALSPEAK concept. The An(III) ions were preferentially bound by HEDTA 
in a citrate-buffered aqueous solution, whereas the Ln(III) ions were extracted by 
HEH[EHP] in the organic phase (n-dodecane). As opposed to traditional TALSPEAK, 
this process showed little dependence upon the pH or the HEH[EHP], HEDTA, and 
citrate concentrations over the ranges that might be expected in a nuclear fuel recycling 
plant, and faster extraction kinetics. In flow extraction experiments, DLn values in the 
range of 0.6-17 were observed, with a minimum S.F.Eu/Am = 3.24.56 Changing the buffer 
system to a malonate buffer improved the extraction kinetics at higher acidity and a low 
pH dependence when the extraction was performed at pH 2.5-4.0.57 Gamma irradiation 
studies showed a decrease of the S.F. values due to degradation of HEDTA and 
consequent increase of the D values.58 Process optimization and a flowsheet test 
demonstrated that An(III) was separated from Ln(III) with a decontamination factor > 
1000.59,60 

Due to the lower acidity required to strip the metal ions from Cyanex 272 solutions, a 
mixture of it with HEH[EHP] was used to study whether it would result in improved 
extraction behaviour. However, the mixed phosphonic/phosphinic acid extractants 
appeared to have an antagonistic effect. In contrast the acid consumption in the stripping 
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process would be reduced, and the size of the required equipment would double, due to 
the lower overall metal loading.61 On the other hand, a synergic effect was observed 
between Cyanex 272 and HDEHP (Chart 2.7). In the separation of Ln(III), Gd(III), 
Nd(III) and Dy(III), a 4 : 1 Cyanex 272 : HDEHP mixture showed an increase in S.F.
values, compared to similar mixtures including only one of the organophosphorus acids 
and 8-hydroxyquinoline (HQ). The most favourable results were obtained for the 
separation of Dy(III) from La(III), Nd(III) and Gd(III) (for example, S.F.Dy/La > 3000 
with Cyanex 272 + HDEHP and S.F.Dy/La ≈ 1000 with HQ + HDEHP).62

The use of HEH[EHP] together with Cyanex 923 (a mixture of R1R2R3P=O, in which 
R1, R2 and R3 are any combination of n-C6H13 and n-C8H17) for the co-extraction of 
An(III) and Ln(III), and an aqueous solution of polyaminopolycarboxylate ligands for 
the selective stripping of An(III) was proposed as an alternative to traditional 
TALSPEAK. The extractants employed showed very high solubility limits and relatively 
low molar mass, allowing for higher loadings of the organic solution. S.F.Eu/Am values 
up to 60 could be obtained.63

Synergic effects were also observed in binary mixtures. For example, comparing 
mixtures based on carboxylates and dialkyl phosphates of secondary and tertiary amines, 
the effect largely depended on the type of ammonium ion used. The R2NH2EH[EHP]-
R2NH2Capr systems showed a synergistic effect, whereas the R3NHEH[EHP]-
R3NHCapr (R = C8H17, CaprH = caprylic acid) systems had an antagonistic effect.64

Binary extractants, such as those depicted in Chart 2.9, were shown to extract metal 
ions by a solvation mechanism and that their extraction profile was independent of the 
aqueous phase acidity. Moreover, the extraction capacity of the binary extractants 
increased in the series of methyltrioctylammonium salts in the order 
dialkylmonothiophosphinate < dialkyl phosphate < dialkylphosphinate and exhibited 
higher D values than Cyanex 272 (DGd ≈ 1 vs. DGd ≈ 1000 for Cyanex 272 and its 
methyltrioctylammonium salt, respectively).65

Chart 2.9
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Bidentate S-donor dithiophosphinic acids were the first type of ligands to show 
extremely high separation between An and Ln(III). This class of ligands and their 
extraction behaviour have been described in a review dealing with the literature up until 
2011.66 Purified ligands PSA-1 and PSA-4 (Chart 2.10) reached S.F.Am/Eu values > 
4000,67 and in the presence of synergists, their performance increased considerably 
(S.F.Am/Eu > 40 000 with ligand PSA-1 in the presence of 2,2’-bipyridine and 1,10-
phenanthroline).68 Ligand PSA-1, however, was found to undergo hydrolysis at pH < 2.5 
and was susceptible to radiolysis.69

Smaller analogues of the dialkylthiophosphinic acids (ligands PSA-2 and PSA-3, 
Chart 2.10) were investigated, because, due to their lower molecular weight (compared 
to ligand PSA-1), they could afford higher gravimetric loading of An by 53 and 35%, 
respectively. Ligand PSA-2, however, exhibited low D values, probably because the 
short chains reduced its hydrophobicity to a great extent. Ligand PSA-3 was more stable 
under radiolytic and hydrolytic degradation conditions than ligand PSA-2 and had very 
good extraction properties. DAm values increased from 0.5 to > 1000 in the pH range of 
2.4-4.1, whereas the DEu values remained < 0.7 in the same pH range. The S.F.Am/Eu

values of ligand PSA-3 were lower than those of PSA-1, but selective extraction of 
Am(III) could still be achieved, accompanied by a 35% increase in An loading.70

Diaryl dithiophosphinic acids PSA-5 and PSA-6 showed lower extraction ability, but 
were more resistant to degradation. The presence of a synergist (TBP or a 
trialkylphosphine oxide) significantly improved the extraction.71 On the other hand, 
ligand PSA-6 exhibited preference for tetravalent An giving a good separation of Np and 
Pu at high HNO3 concentration (at 4 M HNO3, DNp(IV) ≈ 3000, DPu(IV) ≈ 30, DNp(V) ≈ 0.3 
DPu(III) ≈ 0.01).72

Ligand PSA-7 reached an extremely high selectivity for Am(III) over Eu(III) 
(S.F.Am/Eu > 105) in trifluoromethylphenyl sulfone (FS-13) without the need for a 
synergist.73 Recently, it was observed that ligand PSA-7 (Chart 2.10) also selectively 
extracted Am(III) from toluene solutions, with S.F.Am/Eu values > 600 (at pH 4.2) that 
increase up to > 105 at pH 2. The extraction of Am(III) is lower at lower acidity, but 
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remains around DAm = 100 at pH > 2.5.74 Moreover, the addition of TOPO as a synergist 
increased the overall extraction of metal ions, improving the D values also at lower 
acidity. At 0.1 M HNO3 (pH 1), addition of 4-100 mM TOPO to the extraction mixture 
caused an increase of DAm from ≈ 0.5 to ≈ 60, albeit with a decrease of the S.F.Am/Eu

value from 201 to 10. Low extraction was observed for all the Ln(III) (D values < 0.3), 
while other An were extracted better than Am(III). The extraction from simulated UREX 
raffinate using 0.5 M ligand PSA-7, 0.1 M TOPO in toluene at 1 M HNO3, showed a 
preference for Np (DNp = 732), followed by U (DU = 51), Pu (DPu = 31), Am (DAm = 6) 
and the Ln(III) (DLn > 0.2).75

Similarly, water-soluble bis-thiophosphonic acid PSA-8 (Chart 2.10) exhibited a
strong complexation ability for Eu(III) and Am(III) in the back-extraction from a 
TODGA-loaded solution. At 0.1 M ligand concentration, both metal ions were strongly 
complexed and extraction occurred with no selectivity. Decreasing the concentration of 
the ligand, the D values could be adjusted to higher values, but the selectivity was lower 
than in the case of water-soluble diamide ligands.76

Efficient separation among U(VI), Th(IV) and Ln(III) has been achieved with the use
of bis-phosphoryl ligands (Chart 2.11). The influence of different linkers between the 
two arylphosphoryl units was studied (ligands BisPA-1,2), and the most promising one
appeared to be the diethylene glycol chain; ligand BisPA-2 (n = 1) showed a high 
selectivity for Th(IV) towards U(IV) (DTh ≈ 60, DU ≈ 1.4 at 3 M HNO3).77 Modification 
of the substituents on the phenyl rings and on the phosphonic acid (ligands BisPA-3-8) 
revealed that selective extraction of U(VI) in the presence of Ln(III) from weakly acidic 
solutions was possible with all the ligands (0.04 M HNO3, DU > 40). However, a slight 
increase in the HNO3 concentration caused a drop in the D values (down to 0.3-0.9 at 4 
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M HNO3). The extraction of Th(IV), on the other hand, was extremely efficient only 
with ligands BisPA-6-8 (DTh > 450 at 0.04 M HNO3). An increase in acidity caused the 
D values to drop, but reasonable extraction was achieved also at higher HNO3

concentrations (DTh > 20 at 0.74 M HNO3, DTh > 2, for BisPA-5,7).78

Acidic organophosphorus ligands on platforms

Pre-organisation of phosphonic acids on a calix[4]arene platform resulted in a very high 
extraction efficiency at low acidity, with a general preference for heavy Ln(III). 
Tetraphosphonic acid CalixPA-1 (Chart 2.12) showed an extraction behaviour and S.F.
values similar to those of HEH[EHP] (Chart 2.7), that is commonly used in industrial 
applications. However, the acidity required for quantitative stripping was too high (> 6 
M HNO3).79

More encouraging results have been obtained combining different complexing groups 
at alternate positions on the narrow rim of the calix[4]arene platform (Chart 2.12). 
Ligand CalixPA-4 gave higher extraction than calix[4]arenes CalixPA-2 and CalixPA-
3, with a separation efficiency comparable to that of CalixPA-3. This highlighted the 
importance of the phosphoryl groups for the selectivity and the narrow rim 
functionalisation for higher extraction.80 Calix[4]arene CalixPA-5 exhibited the highest 
extraction ability among this series of ligands. Using phosphonic acids PA-5 and PA-6
as model compounds, it was demonstrated that the phenoxy oxygen atom participates in 
the formation of the complex, increasing the D values and decreasing the selectivity.81

The performance of ligand CalixPA-6 was somewhat lower, showing a moderate 
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extraction ability and a poor separation efficiency, due to the synergic effect of 
phosphonic acids and carboxylic acids.82 Calix[4]arene CalixPA-7, thanks to the 
different length of the spacer groups, resulted to be the best ligand among this series, 
with performances comparable to HEH[EHP] (Chart 2.7). Ligand CalixPA-7 exhibited 
an extraction ability similar to that of ligand CalixPA-4 and a selectivity comparable 
with that of HEH[EHP]. The extraction ability of these ligands followed the general trend 
CalixPA-5 >> CalixPA-7 ≥ CalixPA-4 > CalixPA-6 > CalixPA-3 > CalixPA-2 ≈ 
HEH[EHP], whereas for the selectivity it was HEH[EHP] > CalixPA-7 ≥ CalixPA-4 > 
CalixPA-3 > CalixPA-2 > CalixPA-5 >> CalixPA-6.80

More elaborate approaches have been developed using polymer-based ligands. 
Carbon nanotubes (CNTs) were dispersed in a copolymer composed of PAEMA, N-
isopropylacrylamide (NIPAM) and PyMMA (PAEMA/NIPAM/PyMMA, Chart 2.13). 
Upon photo-irradiation, the CNTs heated up the copolymer, induced a phase transition 
and increased the extraction of Ln ions, compared to the non-irradiated system. 
Moreover, this photo-swing mechanism resulted in an increase in S.F. values for the 
different couples of metal ions. The photo-swing process could be repeated without loss 
of extraction capacity or selectivity.83 Another strategy employed coordination polymer 
materials based on the complexation of Zr(IV) by 1-hydroxy-2-(1H-imidazol-1-
yl)ethane-1,1-diyl bisphosphonate (zoledronate, Chart 2.13). Materials with higher 
phosphorus mole fraction showed a very high selectivity for the extraction of Ln(III) and 
Th(IV) with respect to fission product elements. Materials with lower phosphorus mole 
fraction, instead, were selective only for Th(IV). This suggested a separation method in 
which sorbent materials containing different quantities of phosphorus mole fractions are 
used in sequence to selectively extract Ln(III) after removal of Th(IV). These Th-
saturated materials could be directly transformed into sodium zirconium phosphate 
(NZP), one of the most stable phosphate ceramic materials.84

Chart 2.13
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2.2.4 CMPOs

Initially, organophosphorus compounds, such as TBP, were used for the extraction of U 
and Pu from spent nuclear fuel, via the PUREX process. Among a series of bidentate 
ligands developed by Siddall in the early 1960s (BPM, CP and CMP, Chart 2.14), 
carbamoylmethylphosphonates (CMPs), combining a phosphonate ester with an amide 
showed good extraction properties for Ce, Pm and Am.85,86 The presence of the carbonyl 
group reduced the competition between HNO3 and the desired metal ion for the 
phosphoryl group, thus improving the extraction of Am(III) and Ln(III). However, CMPs 
are susceptible to radiolytic and hydrolytic degradation, have a tendency for third phase 
formation, show a low efficiency during the stripping of Pu and U and result in an 
increased volume of waste due to the need of salting out agents.25

A series of modifications of the structure of CMPs (Chart 2.14), including alkyl and 
aryl substituents on the amide and phosphoryl groups, alkylation of the methylene bridge 
and extension of the linker, revealed that the most efficient and selective ligand for 
Am(III) extraction was n-octylphenyl-N,N-diisobutylcarbamoylmethylphosphine oxide 
OPhD(iBu)CMPO (Chart 2.14). Alkyl chains at the phosphoryl atom reduced the 
tendency for third phase formation, whereas phenyl rings increased the selectivity.87-89

The alkyl chains on the amide mostly contributed to the solubility of the ligand; however, 
the highest selectivity was observed with long or branched chains (S.F.Pu(IV)/Am(III) and 
S.F.U(VI)/Am(III) with CMPOs with long/branched alkyl chains were an order of magnitude 
higher than those of other CMPOs, S.F.Am/Ln > 2).90 Conversion of phosphine oxide into 
the corresponding phosphine sulfide (CMPS, Chart 2.14) caused a drop in the extraction 
and selectivity for An over Ln(III).91 Extension or removal of the methylene bridge 
caused a decrease in D values, whereas its alkylation increased the solubility and 
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selectivity, albeit reducing the extraction capacity.87-89 The alkyl chains hindered the 
formation of the chelate complex by limiting the conformational mobility around the 
central carbon atom.92 

A mixture of TBP and OPhD(iBu)CMPO was employed in the TRUEX process.93,94 
Addition of TBP to the extracting mixture improved the DAm values, reduced the 
tendency for third phase formation and decreased the susceptibility to radiolytic and 
hydrolytic degradation.25 A summary about actinide partitioning using CMPOs, with 
particular focus on the process, was published by Ansari et al.25  

The tendency to third phase formation was exploited for the design of a solvent-less 
system using DPhDBCMPO (Chart 2.14). The ligand is solid at room temperature, but 
becomes liquid (“liquid reagent”, LR) upon contact with solutions of mineral acids, due 
to the formation of DPhDBCMPO·HNO3·nH2O (n = 2-3) adducts. In the extraction of 
several An, DPhDBCMPO showed an increase in the D values by one order of 
magnitude, compared to the ligand dissolved in dichloroethane (DCE), with DPr(LR) = 
1.6, DPr(DCE) = 0.1, DNp(IV)(LR) = 242, DNp(IV)(DCE) = 20. Interestingly, the mixture of ligand 
and HNO3 had redox properties, the metal ions Pu(III) and Np(V) were oxidised to 
Pu(IV) and Np(VI), while Am(VI) was reduced to Am(III).95 

Mixtures of acidic and neutral ligands, aimed at the design of a single process able to 
perform the separation of An and Ln(III) (rather than a sequence of processes, each 
devoted at a specific separation), were discussed in a review by Lumetta et al.23 These 
mixtures have the possibility to tune their properties by adjusting the pH. In the proposed 
TRUSPEAK process, based on a combination of OPhD(iBu)CMPO and HDEHP (Chart 
2.7), the extraction behaviour of CMPO prevailed at high HNO3 concentration and that 
of HDEHP at a high pH.96 The extraction of Eu(III) and Am(III) (at 1 M HNO3) was 
comparable to that obtained in the TRUEX process (CMPO + TBP) and higher than that 
of HDEHP alone. S.F.Eu/Am values up to 18 were obtained in the stripping step with 
DTPA (Chart 2.66). However, an increase in the concentration of HNO3 during the 
extraction step caused a decrease in the D values. In a highly acidic solution, HDEHP 
dimers are cleaved and the phosphoric acid interacts with CMPO. The formation of a 
HDEHP-CMPO adduct at [HDEHP] > [CMPO] significantly lowered the number of 
CMPO molecules available for complexation with the metal (0.1 M CMPO + 1.0 M 
HDEHP in n-dodecane: DAm ≈ 200 at 0.1 M HNO3, DAm ≈ 0.5 at 5 M HNO3).97 Upon 
substitution of HDEHP with phosphonic acid HEH[EHP] (Chart 2.7), the extraction and 
stripping of metal ions were less sensitive to the HNO3 concentration (extraction: in the 
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range 0.1-5 M HNO3, DAm = 3-5; stripping: in the pH range 1.5-3.5, DAm = 0.3-3, 
S.F.Ln/Am = 5-22), indicating more favourable process conditions.98

In the proposed ALSEP concept,99 the CMPO ligand was replaced by a DGA ligand 
(vide infra). As opposed to the couple HDEHP-DGA, the mixture HEH[EHP]-DGA had 
a less steep pH profile for the stripping of Am(III)99 and a higher selectivity in the An/Ln 
separation.100 The neutral ligand, on the other hand, affected the recovery of Ln(III) ions, 
as TEHDGA did not extract light Ln as efficiently as TODGA (Chart 2.33).99 In this 
process An(III) and Ln(III) ions were co-extracted in the organic phase (n-dodecane) by 
TODGA at high HNO3 concentration (> 3 M HNO3). Subsequently, the An(III) ions 
were selectively stripped using a citrate-buffered DTPA solution at pH 3-4, while 
HEH[EHP] retained the Ln(III) in the organic phase, reaching S.F.Ln/Am values >20.101

Substitution of the amide group with a methylketone (Chart 2.15) gave ligands with 
better extraction properties than DPhDBCMPO, TBP and TOPO. Phosphorylketones 
BPO-1,2 showed good D values for U(IV) (DU = 10-17 at 4 M HNO3 for ligands BPO-
1) and preference for heavier Ln(III) (DHo and DYb = 3-7) over lighter ones (DLa and DNd

= 0.7-2). There was no clear distinction between the effects of the linear alkyl chains on 
the extraction, whereas ligand BPO-2 (with phenyl substituents) always showed lower 
D values.102

Changing the linear alkyl chains to branched and cyclic ones (Chart 2.15), however, 
caused a decrease in the extraction performances of the ligands and a higher dependency 
of the D values on the nature of the substituents. Ligands BPO-2-5 were unable to extract 
Th(IV), and the extraction of U(VI) dropped by an order of magnitude (DU = 0.2-1.2 at 
4 M HNO3). The steric hindrance due to the phenyl ring on the linker overwhelmed the 
influence of the other substituents, so that the extraction efficiency was independent of 
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the structure of the groups on the phosphorus atom (DHo ≈ 0.7 at 4 M HNO3). On the 
other hand, the selectivity of ligands BPO-2 and BPO-3 for Yb(III) towards the other 
metal was good (DYb ≈ 4, DLa and DNd = 0.4-1 for BPO-2 and BPO-3, respectively, at 4 
M HNO3).103

The reduction of the ketone to an alcohol led to a reversal of the selectivity, compared 
to phosphorylketones. Ligands BPO-6-8 (Chart 2.15) showed a preference for light 
Ln(III) over heavier ones, followed by U(VI). The presence of the hydroxy group caused 
a decrease in the D values for U(VI) (DU ≈ 0.4 at 4 M HNO3 for BPO-6) and an increase 
in the D values for light Ln(III), following the order TOPO < TBP < BPO-9 < BPO-8 < 
BPO-7 < BPO-6 (DLa = 2.3 and 1 for BPO-6 and TOPO, respectively, at 4 M HNO3).104

Substitution of the central methylene bridge by a nitrogen atom (Chart 2.15) slightly 
changed the extraction properties with respect to DPhDBCMPO. The D values for 
phosphorylureas BPO-10,11 increased with increasing HNO3 concentration and were in 
the same range as DPhDBCMPO (Chart 2.14). Only BPO-11 showed an improved 
selectivity. The D values for heavier Ln(III) (DHo = 1.07, DYb = 0.88 at 3.75 M HNO3)
were higher than those of lighter Ln(III) (DLa = 0.46, DNd = 0.48), allowing for group 
separation.105

In the case of BPO-14 (Chart 2.16), the combined presence of a nitrogen atom and an 
extended bridge caused a decrease in the extraction as the HNO3 concentration increased, 
without distinction between phosphonate and phosphine oxide groups (DAm ≈ 0.01, DEu

≈ 0.1 at 4 M HNO3). Substitution of the nitrogen by an oxygen atom (BPO-12,13) or 
addition of a third O-donor group (TPO-1,2) improved the extraction behaviour. The 
behaviour of BPO-12,13 depended on the nature of the substituents at the phosphorus 
atom, but in both cases Eu(III) was preferred over Am(III). Phosphonyl ligand BPO-12 
showed a lower extraction, but a better selectivity than OPhD(iBu)CMPO (DAm ≈ 0.7, 
DEu ≈ 4, S.F.Eu/Am = 5.5 at 4 M HNO3), whereas the phosphine oxide ligand BPO-13 
exhibited extraction as high as OPhD(iBu)CMPO at low HNO3 concentration (DAm ≈ 1, 
DEu ≈ 0.1 at 0.1 M HNO3) and intermediate response (between OPhD(iBu)CMPO and 

Chart 2.16



Ligands for f-element extraction used in the nuclear fuel cycle

29

BPO-12) at higher acidity (DAm ≈ 4, DEu ≈ 10, S.F.Eu/Am = 2.5 at 4 M HNO3). Ligands 
TPO-1,2 preferentially extracted Am(III) over Eu(III), as other CMPOs, but the D values 
were low (0.01 < D < 0.5 in the range 0.01-4 M HNO3). However, in the presence of two 
phosphonate groups (TPO-2), Am(III) was extracted somewhat better than Eu(III), and 
maximum selectivity was reached at 1 M HNO3 (DAm ≈ 0.5, DEu ≈ 0.1, S.F.Eu/Am ≈ 5).27

Using a phenyl ring to introduce an additional phosphine oxide group (Chart 2.17)
caused an increase in the extraction efficiency, as compared to the tripodant amine (TPO-
1-2). The ligands containing a meta-substituted phenyl ring showed higher D values than 
the corresponding ortho-substituted ones (CMPO-4 vs. CMPO-2), and better results were 
obtained when the additional phosphine oxide was separated from the phenyl ring by a 
methylene group. CMPO-5 showed the highest D values among these ligands and 
showed a strong preference for Th(IV) over U(VI) and for lighter Ln(III) over heavier 
ones (at 3 M HNO3, DTh ≈ 150, DU ≈ 13, DEu ≈ 2.5, DLu ≈ 0.1). Interestingly, at higher 
HNO3 concentration, the D values for the Ln ions converged to ≈ 0.3, whereas those for 
Th(IV) and U(VI) increased.106 This behaviour was observed for several neutral 
organophosphorus compounds and has been explained as a combination of the salting 
out effect of HNO3 and the competition between HNO3 and the metal ions for the binding 
sites of the molecule.107

Alkylation of the CMPO central methylene group with amino- and triazolyl-
containing chains had different effects, depending on the metal ion extracted. The 
presence of the amine (CMPO-7) caused a decrease in the extraction of U(VI), Th(IV) 
and Ln(III) and an increase in the extraction of Pd(II), a fission product that can interfere 
with the extraction of An and Ln(III).108 The selectivity for Pd(II) was more pronounced 
with a triazolyl chain (DPd = 21 with CMPO-6 and DPd = 0.05 with DPhDBCMPO), 
whereas the extraction of U(VI) and Ln(III) was only slightly affected, but the ligand 
was unable to extract Th(IV).109
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Pre-organisation of two triazolylCMPO units on a benzene platform (Chart 2.18)
increased the selectivity for Pd(II) even more, with DPd values up to 62 at 3 M HNO3.
On the other hand, all the ligands, except BisCMPO-2, also showed an increase in the 
extraction of U(VI), Th(IV) and the Ln(III) (for BisCMPO-3 and CMPO-6, DU = 165 
and 18, DTh = 10 and 1, DEu = 0.11 and 0.01, respectively, at 3 M HNO3).110,111 An 
account about the improvement of the extraction performances upon pre-organisation of 
the ligands on molecular platforms was reported in a review including CMPOs, as well 
as diamides and N-heterocyclic donors.37

A comparison of several CMPOs and β-aminophosphine oxide (bAPO) derivatives 
(Chart 2.19) demonstrated the positive effect of preorganisation on the extraction of 

Chart 2.18
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metal ions. Increasing the number of CMPO units increased the D values in the extraction 
of Ln(III) from acidic medium (the DEu values for DPhDBCMPO, BisCMPO-4 (with R2

= H, Me and n-C6H13), BisCMPO-5 and TrisCMPO-1 were 0.03, 1, 1, 1.6, 4 and 10, 
respectively, from 3 M HNO3). A similar trend was also observed for bAPO 
derivatives.112 However, the extraction properties of the ligand were highly influenced 
by the platform used for preorganisation and not only by the number of CMPO units.

Connecting two CMPO units with a pentyl spacer via the methylene groups 
(BisCMPO-8, Chart 2.19) did not affect the extraction of Ln(III), but increased the 
extraction of U(VI) and lowered that of Th(IV), leading to an improved U/Th separation, 
compared to DPhDBCMPO (DU = 10, DTh = 0.4, S.F.Th/U = 0.04 for BisCMPO-8, DU =
2, DTh = 50, S.F.Th/U = 25 for DPhDBCMPO, at 3 M HNO3).113 In contrast, bisCMPOs 
with an alkyl linker connecting the amidic nitrogens (BisCMPO-6n) showed an increase 
in the extraction of Ln(III) compared to BisCMPO-8. BisCMPO-65, with a pentyl linker,
gave a better extraction than BisCMPO-68, followed by CMPO-8 and BisCMPO-63,
indicating that a certain distance and flexibility between the two CMPO units is required 
to achieve good extraction. Compared to BisCMPO-7, a structural analogue with a 
diethylene glycol spacer, BisCMPO-65 showed higher D values, apparently due to an 
increased hydrophobicity.114

Increasing the length of the spacer to a triethylene glycol (BisCMPO-9, Chart 2.20)
had almost no effect on the extraction ability of the ligand, whereas a further increase to 
tetraethylene glycol (BisCMPO-10) caused an increase in the extraction of Ln(III) by an 
order of magnitude (for BisCMPO-7, BisCMPO-9 and BisCMPO-10, respectively, DEu

= 1, 2, 50, at 3 M HNO3), with good separation among the Ln (DLa = 100, DLu = 10 for 
BisCMPO-10). The results were also better than those of BisCMPO-8 (DEu = 0.3), the 
monoCMPO analogue CMPO-8 (DEu = 0.5) and tripodal CMPO TrisCMPO-1 (DEu =
25) and TrisCMPO-4 (DEu = 0.26). The extraction of U(VI) and Th(IV) benefitted as
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well from the tetraethylene glycol spacer, with higher D values than BisCMPO-8 and 
DPhDBCMPO (DU = 25, DTh = 794, S.F.U/Th = 32 for BisCMPO-10, at 3 M HNO3).115 
Even lower extraction for Ln(III), Th(IV) and U(VI) was obtained with TrisCMPO-3 
and TrisCMPO-2 (DEu = 0.09 for both ligands, DU = DTh = 0.08 for TrisCMPO-3, DU = 
DTh = 0.8 for TrisCMPO-2 at 1 M HNO3), whereas at 5 M HNO3 TrisCMPO-2 showed 
a good extraction efficiency for the An (99 and 98%, corresponding to DU ~ 100, DTh ~ 
50, respectively). The lower performance of TrisCMPO-3 could be attributed to the 
phosphonate groups that are weaker donors than the phosphine oxides used in 
TrisCMPO-1. The behaviour of TrisCMPO-2 was attributed to the capping phosphine 
oxide group and the shorter linker, that forced the ligating sites to spread and form a 
larger pocket, resulting in a preference for U(VI) and Th(IV) over the Ln(III).116,117 

CMPOs on platforms 

The extraction properties of appropriately functionalised calix[4]arenes depend on the 
interplay between various elements (substituents on the complexing units, linkers with 
the calix[4]arene platform, substituents on the opposite rim, presence of other 
heteroatoms, steric hindrance, hydrophobicity, etc.). Hence, it is difficult to make 
predictions of the outcome that structural changes may have on the performance of the 
ligand.37 The extraction behaviour of wide-rim CMPO-calix[4]arenes, (Chart 2.21) 
having adamantyl groups as linkers between the CMPO units and the platform, 
resembles that of the narrow-rim derivative CalixCMPO-2. The best results were 
obtained with CalixCMPO-51, as it seemed that without spacer (CalixCMPO-50), steric 
hindrance among adamantyl groups obstructed the formation of the complexes, whereas 
the ethylene linkers (CalixCMPO-52) loosened the pre-organisation of the CMPO units 
(DEu = 0.25, 1.17 and 0.18 for CalixCMPO-5m with m = 0, 1, 2, respectively, at 1 M 
HNO3). Wide-rim adamantylcalix[4]arene CalixCMPO-51 exhibited good extraction for 
Am(III) and Eu(III), but low selectivity (S.F.Am/Eu = 1.2 at 3 M HNO3), while wide-rim 
calix[4]arene CalixCMPO-1 showed lower D values and higher selectivity (S.F.Am/Eu = 
4.9 at 3 M HNO3). Conversely, CalixCMPO-51 behaved similar to narrow-rim derivative 
CalixCMPO-2 (S.F.Am/Eu = 1.3 at 3 M HNO3).118 

Functionalising p-adamantylcalix[4]arene with CMPOs at the narrow rim resulted in 
an increase in the extraction performance, compared to p-alkylcalix[4]arenes (Chart 
2.21). In the extraction of Ln, ligands CalixCMPO-7,8 showed higher D values than the 
corresponding p-H, p-tert-Bu and p-tert-octyl derivatives CalixCMPO-2-4, following 
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the order DLn(CalixCMPO-74) > DLn(CalixCMPO-73) > DLn(CalixCMPO-72), whereas 
the extraction of Th(IV) was lower. Among the calix[4]arenes bearing CMPOs with 
linkers of different lengths, CalixCMPO-834 exhibited D values comparable with those 
of CalixCMPO-74. All the ligands (CalixCMPO-2-8) extracted Th(IV) very well, but 
high selectivity was obtained with ligands bearing short alkyl linkers, namely
CalixCMPO-2-4 (S.F.Th/Ln(CalixCMPO-4) > 34, S.F.Th/Ln(CalixCMPO-3) > 30, 
S.F.Th/Ln(CalixCMPO-2) > 28, S.F.Th/Ln(CalixCMPO-73) > 19). There is generally a
preference for lighter Ln over heavier ones (with the highest value being 
S.F.La/Yb(CalixCMPO-834) = 10.4), but the S.F. values are negligible if compared to 
CalixCMPO-1, which reached S.F.La/Yb > 1600.119

The effect of the rigidity of the spacer was also investigated, comparing spacers able 
to form one or two intramolecular H-bonds. Ligands CalixCMPO-10,11 (Chart 2.21), 
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with a spacer containing one hydrogen bond, extracted La(III) better than CalixCMPO-
9 that has two such bonds (DLa = 0.27, 3.39, 2.28 for CalixCMPO-9-11, respectively, at 
1 M HNO3). Despite ligands CalixCMPO-9-11 exhibiting poor extraction for Ln(III) and 
a preference for Th(IV) (DTh in the range of 5.4-20 at 1 M HNO3), they highlighted the 
importance of spacer rigidity for the tuning of the extraction properties.120

Pillar[5]arene is a molecular platform based on a macrocycle composed of five 
benzene rings resembling a cylinder more than a cone (as the calix[4]arenes). Up to five 
complexing units can be attached to each side of the molecule.121 Functionalisation of a 
pillar[5]arene with CMPOs on both sides (PillarCMPO, Chart 2.22) revealed that the 
DAm and DEu values were somewhat lower than those of CMPO-calix[4]arenes studied 
previously (CalixCMPO-1, CalixCMPO-12-15),122,123 but the dependence of the 
extraction on the concentration of HNO3 was different. Upon increasing the acidity, the 
extraction increased; however, at > 1 M HNO3, a sudden drop in the extraction occurred. 
Due to the relatively large number of CMPO units on the molecule, the competition 
between H+ and metal ions was stronger than with other ligands. Only PillarCMPO (n =
3) showed selectivity for Am(III) over Eu(III) (DAm = 171, DEu = 13, S.F.Am/Eu = 13, at 1
M HNO3), whereas PillarCMPO (n = 1, 2) extracted the two metal ions to the same 
extent; on the other hand it could form 2 : 1 M : L complexes in a stepwise manner to 
form a bimetallic complex.124

Extremely high D values with pre-organised CMPOs were obtained with ionic 
calix[4]arenes bearing cobalt bis(dicarbollide) anions (CCD, A in Chart 2.23). CMPO 
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and CCD were arranged on the narrow rim of calix[4]arenes in different combinations 
(1 : 3, 2 : 2 and 3 : 1 ratios) and configurations (1,2- or 1,3-positions) and were tested in 
the extraction of Ln(III) and An. The extraction efficiency decreased with increasing 
HNO3 concentration and followed the order CCDCMPO-4 > CCDCMPO-1 > 
CCDCMPO-3 >> CCDCMPO-2. Due to the presence of three CCD anions, ligand 
CCDCMPO-2 (DAm, DEu < 0.01 at 2 M HNO3) could provide charge neutralisation, but 
the single CMPO unit was not able to fully saturate the coordination sites of the metal. 
Conversely, CCDCMPO-1 (DAm = 41, DEu = 27, S.F.Am/Eu = 1.55, at 2 M HNO3) with 
three CMPO groups, could complete the coordination of the metal. CCDCMPO-4 (DAm,
DEu > 100, at 2 M HNO3) provided higher D values due to the balance between charge 
neutralisation and complete coordination. The vicinal positioning of the CMPO units of 
CCDCMPO-3 (DAm = 27, DEu = 16, S.F.Am/Eu = 1.7, at 2 M HNO3) resulted in lower D
values compared to CCDCMPO-4, suggesting that the alternate disposition offered 
stronger complexation. Pre-organisation of the CMPO moieties at the wide rim 
(CCDCMPO-6) resulted in D values lower than those of the related compounds 
CCDCMPO-4 and CCDCMPO-5, probably because of the poor flexibility of the CMPO 
units that were connected directly at the ipso-positions. However, the extraction 
efficiency was generally so high that it prevented the stripping of metal ions, unless it 
was performed at high acidity in the presence of strong complexing agents (like 
DTPA).125
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CCD-functionalised ionic CMPO ligands (Chart 2.24) showed very high extraction 
efficiencies from highly acidic solutions. In the extraction of Eu(III) and Am(III), 
CCDCMPO-7a showed D values (DEu = 66 at 3 M HNO3 in nitrophenyl hexyl ether 
(NPHE)) up to four orders of magnitude higher compared to conventional CMPO ligands 
(DEu = 0.1 at 3 M HNO3 in NPHE with OPhD(iBu)CMPO). The ionic ligand also 
exhibited better extraction than a synergic mixture of CMPO and CCD (DEu = 7 at 3 M 
HNO3 in NPHE with OPhD(iBu)CMPO + Br6CCD). Due to the low separation between 
An and Ln(III) (S.F.Am/Eu ≈ 1), these compounds were proposed for the removal of the 
whole group of M(III) ions from highly acidic waste.126 Alkyl chains on the nitrogen 
atom increased the extraction properties, probably because they increased the 
hydrophobicity of the ligand, whereas the presence of an n-octyl chain on the phosphine 
oxide improved the solubility in less polar solvent mixtures, without too much effect on 
the extraction. Eu(III) could be back-extracted from the organic phase by dilution of the 
extraction mixture with n-propanol, or using complexing agents (DTPA).127

Halogenation of the CCD anion (CCDCMPO-8) improved the hydrolytic stability of the 
ligands in apolar solvents. After 30 days, there was no sign of hydrolysis for the 
halogenated compounds, whereas control CCDCMPO-7b had already showed 
decomposition after 10 days.128

Attachment of a 3-alkylimidazolium-1-yl unit to the CMPO skeleton led to TSILs as 
depicted in Chart 2.25 that could be used without any diluent, or within a RTIL. In these 
systems, the extraction of metal ions depends on the metal ion extracted and on the 
contraposing effects of the alkyl chain on the imidazolium and the RTIL anions. For 
ligands [C6imCMPO][X] (X = Cl, Br, PF6), with a short n-hexyl chain, the D values were 
higher with the hydrophobic hexafluorophosphate anion than with halides. In the case of 
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ligands with an n-octyl chain ([C8imCMPO][X], X = Cl, Br, PF6), the efficiency 
followed the reverse order (Cl > Br > PF6), whereas for ligands with a long hexadecyl 
chain ([C16imCMPO][X], X = Cl, Br, PF6) the extraction was not affected by the nature 
of the anion.129 Substituting the hexafluorophosphate anion for a bis(triflimide) anion 
([CnimCMPO][NTf2], n = 12, 14), increased the extraction performance, which,
however, remained lower than that of CMPO diluted in the same RTIL (DAm = 0.16 for 
[C12imCMPO][PF6] in [C8mim][PF6], DAm = 16 for [C12imCMPO][NTf2] in 
[C8mim][NTf2] at 3 M HNO3).130,131Although in the extraction of U(VI) the D values 
decreased in the order [C4mim][NTf2] > [C6mim][NTf2] > [C8mim][NTf2] (DAm = 42, 
26, 17 for [C12imCMPO][NTf2] in [Cnmim][NTf2] with n = 4, 6, 8, respectively, from 3 
M HNO3), there was little change upon an increase in HNO3 concentration. Ligand 
[C12imCMPO][NTf2] showed a remarkable increase in the extraction of Pu(IV) when 
[C4mim][NTf2] was used as a diluent (DAm = 3550 for [C12imCMPO][NTf2] in 
[C4mim][NTf2], DAm = 1384 for OPhD(iBu)CMPO in [C4mim][NTf2]), whereas the 
other two TSILs caused a decrease in the D values (DAm = 2217 and 852 for 
[C12imCMPO][NTf2] in [Cnmim][NTf2] with n = 6, 8; DAm = 2834 and 2827 for 
OPhD(iBu)CMPO in [Cnmim][NTf2] with n = 6, 8).130 In the extraction of Np ions by 
[C12imCMPO][PF6], very high D values were obtained, with a difference between 
Np(IV) and Np(VI) of almost an order of magnitude.132

2.2.5 Hybrid organophosphorus/heterocycle ligands

Hybrid organophosphorus/heterocycle ligands aim at the modulation of the extraction 
behaviour of the phosphoryl group, by coupling it with “soft” heterocyclic N-, O- and S-
donors, to achieve better selectivity. 

Naphthyridine

Phosphoryl naphthyridines are potentially tridentate ligands. Extraction of metal ions 
from alkaline carbonate solutions is expected to be more efficient, because the 
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extractable neutral complexes contain twice as many lanthanide ions than from nitrate 
solutions.133 Naphthyridine NaphP-1 (Chart 2.26) showed rather poor extraction of 
Ln(III), but there was selectivity between light and heavy Ln(III), and the D values were 
virtually independent of the pH (DLa, DNd ≈ 0.22, DHo, DYb ≈ 0.10 at 0.355 M Na2CO3). 
In the case of NaphP-8 (Chart 2.26) the D values were two orders of magnitude higher 
than those of NaphP-1, showing good selectivity for light Ln (III) (S.F.La/Ho ≈ 12 at 0.355 
M Na2CO3). Interestingly, the extraction of Nd(III) was very high at low Na2CO3

concentration (similar to Ln(III), DNd = 18 at 0.078 M Na2CO3) and lower upon an 
increase in the basicity (similar to Ho(III) and Yb(III), DNd = 5 at 0.355 M Na2CO3). 
Moreover, the ligands did not extract any Na(I), and back-extraction of the metal ions 
could be achieved with 0.05 M HNO3.133

Naphthyridines with a C2 alkyl spacer between the heterocycle and the phosphine 
oxide group (Chart 2.26) gave good results in the extraction of U(VI), with high 
selectivity with respect to Ln(III) and D values up to 436 (S.F.U/Eu = 242, from 1 M 
NH4ClO4). The presence of a double bond in the linker or a 1,6-naphthyridine group 
prevented the formation of a tridentate ligand. Introduction of a substituent at the α-
position of the phosphoryl group had a substantial influence on the extraction properties. 
Electron-withdrawing groups reduced the basicity of the phosphoryl group, whereas 
electron-donating substituents improved the extraction of metal ions because of the 
increased basicity of the oxygen atom, strengthening the O-M bond. Phenyl or thienyl 
groups caused a decrease in the D values (NaphP-1, DU = 125, NaphP-2,3, DU = 5.8 and 
1.5, respectively), whereas an n-pentyl chain increased the extraction of U(VI) (NaphP-
5, DU = 186). Likewise, replacement of the phenyl substituents at the phosphorus atom 
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with the more electron-donating isopropyl groups induced better D values (NaphP-6, DU

= 436).134

Pyrazine

The nitrogen atoms on pyrazines are less basic (pKb = 13.8) than those on pyridines (pKb

= 8.8); hence pyrazine-based ligands are expected to perform better at higher acidity than 
pyridine-based ones. In addition, the introduction of phosphonates and phosphine oxides 
would further decrease the nucleophilicity of the nitrogen atom, hence further increasing 
the affinity towards An over Ln(III). However, these combined effects resulted in very 
poor extraction of metal ions in the case of ligands Pyraz-1,2 and Pyraz-4,5 (Chart 2.27). 
Only Pyraz-1, bearing two phosphine oxide groups, was able to recover Am(III) and 
Eu(III), but the D values were < 1 in the range 0.01-4 M HNO3.135

On the other hand, hydrophilic Pyraz-3 and Pyraz-6 (Chart 2.27) exhibited interesting 
properties for the back-extraction of An and Ln(III). At a concentration of 0.1 M, nearly 
100% of the metal ions were extracted in the aqueous phase. Upon reduction of the ligand 
concentration, the D values of Am(III) and Eu(III) increased, and those of Eu(III) were
even faster (DEu = 0.002 and 0.6 at 0.1 and 0.01 M ligands, respectively at pH 1), leading 
to an increase of S.F.Eu/Am values (S.F.Eu/Am = 4.6 and 40 at 0.1 and 0.01 M ligands, 
respectively, at pH 1). However, a further decrease in the ligand concentration was 
sensitive to the loading of the metal. Pyraz-6 showed a behaviour similar to that of Pyraz-
3, but a good separation between Eu(III) and Am(III) was achieved at a ligand 
concentration of 0.1 M and higher pH values (DEu = 1.84, DAm = 0.15 at pH 3). Although 
the S.F.Eu/Am values were lower (S.F.Eu/Am ~ 10-14), higher pH values and higher 
concentrations are more favourable conditions for the back-extraction process (lower 
amount of acid needed, less sensitive to metal loading).135

Hydrophobic pyrazine ligands pre-organised on a calix[4]arene platform136 (Chart 
2.28) showed an increase in extraction performance of 104 to 105 times compared to the 
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monovalent ligands. CalixPyr-6, with four pyrazines, each bearing an amide and a 
phosphine oxide group, exhibited higher D values (DAm = 13.5, DEu = 14.0 at 3 M HNO3)
than other ligands with fewer pyrazine units, or substituted with moieties other than the 
phosphine oxide (D < 0.19 for all other ligands at 3 M HNO3). Addition of 1 mM CCD-

anion as a synergist caused an increase in the extraction of Am(III) and Eu(III), but the 
effect was dependent on the pH and the ligand employed. At both 0.01 and 3 M HNO3,
there was a levelling of the extraction performance among ligands CalixPyr-4-6 and 
Pyraz-7: high extraction at low acidity (DAm = 280-450 at 0.01 M HNO3) and low 
extraction at high acidity (DAm ~ 10-3 at 3 M HNO3), except for CalixPyr-6 (DAm = 40). 
At pH 1 (0.1 M HNO3), there was differentiation in the D values of ligands CalixPyr-4-
6 (DAm = 0.5, 173, 794, respectively) and their behaviour with increasing the 
concentration of synergist from 1 mM to 5 mM. Ligands CalixPyr-5,6 exhibited an 
increase in the D values by an order of magnitude and stable or decreasing S.F.Am/Eu

values (between 1 and 3 for both ligands). Increasing the CCD- concentration, CalixPyr-
4 spanned a wider range of D values (DAm = 0.5 and ~ 500 at 1 and 5 mM CCD-,
respectively) and the separation between the two metal ions improved (up to S.F.Am/Eu ≈ 
7).137 In this case, pyrazine diamide CalixPyr-4 benefitted the most from the addition of 
the synergist, because the D values remained lower. On the other hand, the extraction of 
metal ions by CalixPyr-6 was so high that the selectivity was lost. 

A strong enhancement in the extraction of Am(III) and Eu(III) was also observed 
when the calix[4]arene pyrazines CalixPyr-5,6 were used in RTILs (DAm = 62 and 850, 
respectively, at 3 M HNO3), whereas the extraction with diamide ligands CalixPyr-1 and 
CalixPyr-4 and bipodal ligands CalixPyr-2,3 remained unaffected. Increasing the chain 
length of [Cnmim][NTf2] (n = 4, 6 and 8) resulted in a decrease in the D values (DAm =
850, 395, 241 for CalixPyr-6 and n = 4, 6 and 8, respectively, at 3 M HNO3) and a change 
in the extraction mechanism (ion-exchange for n = 4 and 6, solvation extraction for n =
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8). Interestingly, ligands CalixPyr-5,6 showed lower extraction for U(VI), Pu(IV) and 
fission products than Am(III), suggesting that this extraction system could be used for
the extraction of trivalent An from bulk uranium.138

NOPO/CMPO

Pyridine N-oxide is being studied as a mono- and bifunctional platform for the 
complexation of f-metal ions. The studies mainly focused on the preparation of 
phosphorylated derivatives that could act as bi- or tridentate ligands (Chart 2.29). 
According to crystallographic data, the compounds with a methylene bridge between the 
phosphine oxide groups and the carbon atoms at the 2- and 6- positions of the pyridine 
N-oxide were best suited for the complexation of Ln. Moreover, in the crystalline state,
NOPOPO derivatives (NOPO-6-8) act as tridentate ligands for Ln(III), Am(III), Pu(IV) 
and Th(IV). Crystal structures of the tetraphenyl derivative NOPO-6 (Chart 2.29) have 
been extensively studied, but due to the poor solubility of the ligand in solvents suited 
for large-scale operations (tends to be soluble only in polar, volatile solvents like 
chloroform), extraction experiments were limited.139,140

For this reason, derivatives bearing long alkyl chains were studied for the liquid-liquid 
extraction of Am(III) and Eu(III) from apolar solvents. Bis-2-ethylhexyl derivative 
NOPO-3 (Chart 2.29) is soluble in toluene but not in n-dodecane, and it showed weak 
extraction of Am(III) and Eu(III) (DAm and DEu values between 0.0003 and 0.02 at 0.01-
2 M HNO3). The related tetraalkyl derivative NOPO-7 (Chart 2.29), is soluble in both 
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toluene and n-dodecane, exhibiting better results in the latter. The D values increased 
with increasing HNO3 concentration (DAm ~ 0.07 at 0.01 M HNO3) reaching a maximum 
at 0.8 M HNO3 (DAm ~ 50) and lowering upon further increase in acidity (DAm ~ 8 at 3 
M HNO3). The extraction of Eu(III) followed a similar pattern, but the selectivity for 
Am(III) increased at higher acidity (S.F.Am/Eu ≈ 10 at 3 M HNO3).139 Tetraoctyl ligand 
NOPO-8 (Chart 2.29) showed good extraction for tri-, tetra-, penta- and hexavalent An,
with results comparable to those of OPhD(iBu)CMPO and NOPO-7. The stripping of 
the metal ions was possible at lower acidities, but An(IV) and An(VI) required the use 
of an additional complexant (oxalic acid or sodium carbonate) in the aqueous phase.141

Investigation of the effect of structural modification on the extraction properties 
revealed that the presence of additional pyridine N-oxide functionalities (NOPO-5, Chart 
2.29) was detrimental, yielding DAm and DEu values one to four orders of magnitude 
lower than those of the parent NOPO-4 ligand. The attachment of a third pyridine ring 
(NOPO-2, Chart 2.29) only slightly affected the extraction of metal ions and also 
prevented the complete oxidation of the pyridine rings during the synthesis of the 
ligand.140 Pre-organisation of the meNOPO moieties on a cyclic diamine (NOPO-9, 
Chart 2.29) caused a decrease in the D values for the extraction of Am(III) and Eu(III), 
compared to the parent meNOPO ligand (NOPO-4). However, the dependence of the 
extraction on the acidity of the aqueous phase changed. At > 2 M HNO3, the D values 
for Am(III) and Eu(III) with NOPO-9 were higher than those of NOPO-4, encouraging 
additional research on more organophilic derivatives.142

CMPO-functionalised pyridine N-oxides (Chart 2.30), despite their low solubility in 
n-dodecane, showed good results in 1,2-dichloroethane. Crystal structures revealed that 
NOPO-10 formed tridentate complexes with a single Ln(III) ion, whereas NOPO-11
formed a one-dimensional polymer with the CMPO unit complexing one metal ion in a 
bidentate fashion and the N-oxide complexing a different metal ion. Ligands NOPO-13 
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and NOPO-14, showed a mixture of tri-, tetra- and pentadentate binding. In the extraction 
of Am(III) and Eu(III), these ligands exhibited better performances than 
OPhD(iBu)CMPO and NOPO-8. The presence of the N-oxide group in NOPO-10,
resulted in increased extraction and selectivity for Am(III) over most of the HNO3

concentration range tested (0.01-4 M HNO3), reaching a maximum at 1 M HNO3 (DAm

≈ 0.1, S.F.Am/Eu ≈ 7 for NOPO-10; DAm ≈ 0.02, S.F.Am/Eu ≈ 1 for OPhD(iBu)CMPO). 
NOPO-13 and NOPO-14, showed a continuous increase in the D values, as opposed to 
OPhD(iBu)CMPO and NOPO-8, which at > 1 M HNO3 displayed a decreasing trend. 
Moreover, NOPO-13 exhibited higher extraction and separation (S.F.Am/Eu ≈ 10 over the 
entire range of acidity) of Am(III) and Eu(III) than the reference ligands already at 1 M 
HNO3 (DAm ≈ 0.2, 100 and 1000 for NOPO-13 at 0.01, 1 and 4 M HNO3, respectively).143

Attaching CMPO units via the nitrogen atom of the amide, on the other hand, resulted 
in lower extraction of metal ions (DAm and DEu for NOPO-12 were between 10-5 and 
10-4), or low solubility (NOPO-14). NOPO-15 gave results similar to NOPO-4 (Chart 
2.29).144

Dibenzothiophene

Bisphosphorylated dibenzofuran (DBF) derivatives (Chart 2.31) have been proposed as 
an alternative platform to pyridine N-oxide, due to the similar relative position and 
distance of the donor atoms. Crystallographic data showed that the DBF oxygen is not a 
sufficiently strong donor to offset the structural strain and to form a tridentate ligand. 
However, DBT-1 showed D values comparable to those of OPhD(iBu)CMPO, whereas 
the extraction with DBT-3 was one order of magnitude lower. Nevertheless, DBF ligands 
preferentially extracted Eu(III) over Am(III), as opposed to CMPOs and related 
ligands.145

Substitution of the DBF oxygen atom with sulfur, followed by oxidation to 
dibenzothiofene sulfone (DBT, Chart 2.31), drastically changed the extraction behaviour 

Chart 2.31



CHAPTER 2 

44 

of the ligands. DBT-4 displayed poor stability in acidic solution, and its oxidised form 
DBT-5 showed poor extraction of Am(III) and Eu(III), with D values similar to those of 
DBT-3 (Chart 2.31). On the other hand, DBT-2 exhibited stronger extraction than 
OPhD(iBu)CMPO at < 1 M HNO3. Moreover, the DAm values were higher at lower 
acidity, decreasing as the HNO3 concentration increased (DAm ≈ 0.3 and 0.001 at 0.01 
and 5 M HNO3, respectively).146 

Functionalisation of the dibenzothiophene platform with CMPO units (DBT-6 and 
DBT-7, Chart 2.31) did not cause an improvement in the extraction of metal ions, but 
changed the extraction profile back to resemble that of other CMPOs and NOPO-14 (low 
D values at low acidity, maximum values close to 1 M HNO3, decreasing values at higher 
acidity).147 DBT-6 and DBT-7 showed D values comparable to those of DBT-2 (Chart 
2.30). Interestingly, DBT-6 was stable towards air oxidation, but underwent partial 
oxidation once coordinated with Ln(III) ions.148 

2.2.6 Conclusions 

The effect that the substituents attached to the phosphorus atom of neutral and acidic 
organophosphorus ligands and of CMPOs have on the extraction properties can be as 
strong as that of a pre-organising platform. The presence of a P-H bond in phosphine 
oxides caused two distinct extraction mechanisms (solvation and ion-exchange 
mechanism) to take place, dependent on the pH. The length of the spacer between the 
bonding sites in bidentate ligands determined the metal ions to be preferentially 
extracted, in the same way as the functionalisation of the narrow- or wide-rim of 
calix[4]arenes. Using binary mixtures of acidic ligands, it was possible to increase the D 
values, maintaining a low stripping acidity. Acidic ligands have also been used as anionic 
components of TSILs and they showed promising results when combined with 
ammonium cations to form non-fluorinated ILs. Modification of the CMPO skeleton 
generally had adverse effects on the extraction properties of metal ions, whereas pre-
organisation of the CMPO moieties was successful to give improved D and S.F. values. 
Hybrid organophosphorus/heterocycle ligands, on the other hand, showed better 
extraction than CMPOs. 
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2.3 Diamides
2.3.1 Malonamides

One of the reasons for the introduction of the DIAMEX process (based on malonamides) 
was that phosphorus-based systems produced large volumes of secondary waste upon 
incineration of the used solvent.25 Pentalkyl malonamides, on the other hand, give less 
waste upon incineration and are relatively simple to prepare. The simplest route involves 
the amidation of a malonic ester or malonyl chloride, followed by alkylation of the 
central methylene (Scheme 2.3).149 The D values obtained in the extraction of An(III) 
and Ln(III) are generally lower than those of other ligands like CMP(O), DGAs and 
trialkyl phosphine oxide (TRPO), but these diamides do not need the addition of phase 
modifiers to avoid third phase formation in most of the solvents, and the stripping of 
metal ions from malonamide solutions is easier than with other ligands.150

A comparison of a series of related pentalkyl malonamides showed that the 
introduction of an oxygen atom into the central alkyl chain decreased the tendency for 
third phase formation at high HNO3 concentration and slightly increased the extraction 
of An, but this was countered by steric hindrance (1 M ligand in n-dodecane, 3 M HNO3;
DMDBTDMA: DAm = 9; DMDOHEMA: DAm = 9; DMDCDDEMA: DAm = 9). 
However, in the extraction of the An Pu(IV), Pu(VI), Np(IV), Np(V), Np(VI) and U(VI), 
the D values were comparable. On the other hand, the steric hindrance provided by the 
cyclohexyl groups only allowed the formation of 1 : 2 M : L complexes, whereas for the 
other ligands the stoichiometry was either 1 : 2 or 1 : 3, depending on the metal and the 
oxidation state. Though this property decreased the performance in the extraction 
studies, it proved advantageous in a supported liquid membrane (SLM) system, since it 
reduced the aggregation of malonamides in the pores of the membrane.149,151

Scheme 2.3
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The removal of the central alkyl chain from DMDCDDEMA simplified the synthesis, 
since the product could be purified by crystallisation, but proved to be detrimental to the 
extraction properties. DMDCMA (Scheme 2.3) was not soluble in n-dodecane, showed 
poor extraction in paraffinic alcohols and third phase formation at low acidity, even in 
PTMS.152

The functionalisation of malonamides with additional amide groups (Chart 2.32)
decreased the solubility in apolar solvents, like kerosene, and increased the tendency for
third phase formation. More polar solvents (nitrobenzene and 1,2-dichloroethane) were 
necessary to achieve good solubility and prevent third phase formation. However, only 
the ligand bearing two malonamide units (TMA-1) could extract Ln(III) from HNO3

solutions (DEu = 15, 0.5 M HNO3).153

The use of RTILs as solvents for the extraction with malonamides changed their 
extraction behaviour in a way similar to that of DGAs (vide infra). The D values were 
significantly enhanced compared to those observed in less polar solvents, such as n-
dodecane, and a lower ligand concentration was required. However, DMDBTDMA 
showed higher D values than DMDOHEMA in RTIL medium. The D values decreased 
as the HNO3 concentration increased for Am(III), U(VI) and Np(IV), but the effect on 
Pu depended on the oxidation state of the metal ion. However, in the case of 
malonamides, only [C4mim][NTf2] showed good D values, while those in 
[C6mim][NTf2] and [C8mim][NTf2] were very low.154

Better results were obtained when tetra(2-ethylhexyl)malonamide was used to prepare 
the TSIL [P66614][MA] (Chart 2.32). A [P66614][MA] concentration of 0.05 M in 
[P66614][NO3] was sufficient to achieve good separation of Ln from RE (DLn 30-1000, 
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DRE < 3). The TSIL showed preference for heavier Ln, and stripping and regeneration of 
the extractant could be achieved just by washing with a 0.5 M NaOH solution.155

Substituting the central methylene bridge of a malonamide with a nitrogen atom 
completely changed the selectivity of the molecule (Biuret(C8), Chart 2.32). In this case, 
several transition metals (Au, Pd, Pt, Hg, Re, Zr) could be extracted at low HNO3

concentration. Pu and U were extracted with D values of 100 or higher, while Am(III) 
was not extracted at all.156

2.3.2 Diglycolamides

Diglycolamides13 constitute an important class of ligands for actinide partitioning first 
introduced in the early 1990s as a substitute for malonamides.157 They form weaker 
complexes with acids158 and are tridentate ligands, rather than the bidentate 
malonamides, which effectively reduce the amount of ligand required for extraction.25

DGA ligands are commonly prepared by reaction of diglycolic anhydride or diglycolic 
acid with two equivalents of amine in the presence of dicyclohexylcarbodiimide (DCC). 
Alternatively, a simpler method involving diglycolyl chloride and an amine have been
used.13 The preparation of asymmetrical DGAs was performed in two steps reacting 
diglycolic anhydride with two different amines, promoted by DCC. The use of p-
nitrophenyl-activated DGA gave better results than DCC coupling in the synthesis of 
multipodal DGAs.159

DGA ligands extract Ln better than An and show a preference for trivalent An over 
tetra- and hexavalent An. In general, their extraction behaviour is highly influenced by 
the alkyl chains on the amide groups. Complexation constants increase upon going from 
methyl to n-pentyl substituted DGAs (Chart 2.33). They decrease significantly for DGAs 
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containing alkyl substituents beyond the n-pentyl group. This reduction becomes even 
more prominent in the case of the branched alkyl (2-ethylhexyl) substituted DGA (e.g., 
for Nd(III) log β2(TMDGA) = 6.66, log β2(TPDGA) = 9.59, log β2(TEHDGA) = 7.04).160 DGA 
derivatives with short alkyl chains (Me, Et) are very soluble in water, while derivatives 
with long alkyl chains (n-octyl, n-dodecyl, 2-ethylhexyl) are moderately soluble in n-
dodecane. The presence of aryl substituents decreases the solubility in both aqueous and 
organic solvents;161 therefore, a decrease in the extraction of Ln(III) was observed when 
the linear alkyl chains increased form n-butyl (DEu = 3.01) to n-dodecyl (DEu = 2.26). At 
the same time, substituting an alkyl chain (n-octyl) with an aryl substituent gave an 
increase in D value (DEu from 1.92 for DMDODGA to 2.13 for DMDPhDGA). In 
general, steric hindrance caused by bulky substituents is considered the main reason for 
the decrease in complexing ability.162 

In the extraction of hexavalent An, TPDGA, THDGA, TODGA and TDDGA did not 
show any regular trend, but the extractability of the metal ions could be modified by 
adjusting their oxidation states.163 The presence of a methyl and a n-dodecyl group on 
each amide gave D3DMDGA (Chart 2.33) a high extraction ability for uranium nitrate 
(DU > 25 at 4.5 M HNO3). The methyl substituents in D3DMDGA markedly reduced the 
steric hindrance around the metal ion, and the extraction capacity significantly increased 
compared to that of other DGAs. The two n-dodecyl chains of D3DMDGA improved the 
organic solubility of extracted species and prevented third phase formation.164 

The preparation of asymmetrical DGAs showed that even the increase in length of 
only one side of the ligand causes a decrease in D values (DEu = 165, 158 and 23 for 
DHDODGA, D2DODGA and D3DODGA, respectively, at 0.1 M DGA and 1 M 
HNO3).165 On the other hand, different combinations of amines allowed for an increase 
in the loading of metals in aqueous and organic phases (D3DEHDGA)166 and improved 
separation from other rare earth elements (REEs) (D2DHDGA).167  

A problem often encountered with DGAs in n-dodecane is the formation of a third 
phase upon complexation of the metal ions. Branching alkyl groups increased the third 
phase formation tendency, as well as an increase in aqueous phase acidity, irrespective 
of the nature of the DGA and the diluent used.168 On the other hand, increasing the chain 
length of the alkyl groups reduced the third phase formation, but only the presence of n-
dodecyl chains decreased the tendency of third phase formation to a significant extent so 
that no phase modifier was required.169 In particular, D3DODGA (Chart 2.33) was found 
to be a good compromise, having a high distribution ratio of trivalent Ln(III) and An(III) 
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(DEu > 100, DAm > 10 at 2 M HNO3)169 from HNO3 medium and low DSr values, and 
performed well, from the hydrodynamic point of view, under severe radioactive 
environment conditions up to 1000 kGy, while not requiring a phase modifier.170

A series of modifications of the backbone of TODGA revealed that rigidification 
increased the D values for the extraction of Am(III) and Eu(III), but provided no 
differentiation between the two metal ions (D values between 5 and 10 at 2 M HNO3).171

A different arrangement of the structural elements of DGAs (two tertiary amides and an 
ether group) on a conformationally constrained structure led to the synthesis of 7-
oxabicyclo[2.2.1]heptane-2,3-dicarboxamides (OBDA, Chart 2.34). These ligands 
showed a strong preference for Am(III) over Pu(IV), followed by Eu(III), with DPu

values up to 10 times higher than those for TEHDGA. Beyond 3 M HNO3, the ligand 
underwent hydrolysis and the D values dropped rapidly.172 A modification of the 
backbone structure that reduced the electron density on the etheric oxygen atom, 
managed to prevent the hydrolysis and provided a DPu up to 60 at 6 M HNO3. However, 
the synthesis of this ligand was quite laborious.173

The inclusion of an additional carbon atom between the etheric oxygen and the 
carbonyls drastically reduced the extraction of Am(III) and Eu(III) ions,171 but allowed 
for a good separation in n-octane between U(VI) and Th(IV) ions (DU = 3, DTh = 0.12 at 
2 M HNO3), which are usually poorly extracted by DGAs. In this case, the ligand 
probably acted as a planar tridentate ligand, fitting better than other DGAs around the 
metal ion.174
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The addition of one or two methyl groups to the central methylene carbon atoms of 
TODGA induced a reduction of the extraction efficiency for An(III) and Ln(III) and to 
overall reduced D values, including those for Sr(II) (DEu = 20 and 5, DAm = 0.1 and 0.05 
at 2 M HNO3 for DGA-1 and DGA-2, respectively, Chart 2.34). On the other hand, this 
might be beneficial, as the stripping behaviour could be improved, even at moderate 
HNO3 concentrations.175  

The extraction behaviour of DGA ligands also depends on the nature of solvent used. 
A comparison of the performance of some DGAs dissolved in several solvents showed 
that non-chlorinated organic solvents (nitrobenzene, 1-octanol, n-dodecane) give rise to 
higher D values than chlorinated ones and toluene, following the general order: 
nitrobenzene > 1-octanol > n-dodecane ≈ 1,2-dichloroethane > chloroform ≈ toluene.161 
n-Dodecane is among the preferred solvents for solvent extraction studies, because more 
polar solvents are either more viscous, more toxic, more volatile and/or have significant 
aqueous solubility. Recently, the interest in room temperature ionic liquids (RTILs) has 
been growing because of their properties (i.e. they are virtually non-volatile and non-
flammable solvents) and because the extraction behaviour of DGAs changed when 
RTILs were used as solvents or additives.19 For example, in the case of TEHDGA, a 3-
10 times increase in the DAm value was observed when the ionic liquid [N1888][DEHP] 
(Chart 2.7 and Chart 2.10) was added to n-dodecane.176 

The extraction of An with TODGA dissolved in RTILs of general formula 
[Cnmim][NTf2] (n = 4, 6, 8) followed a cation exchange mechanism: extraction was 
higher at low HNO3 concentration and decreased at higher acidity. An increase in the 
length of the carbon chain attached to the RTIL increased the hydrophobicity of the 
imidazolium cation, hampering the cation exchange and further decreasing the D values. 
It should be noted, though, that for quantitative extraction of Am(III) from 1 M HNO3, 
0.1 M TODGA in n-dodecane was required, while 0.01 M TODGA was enough in 
[C8mim][NTf2].177 Even though [C4mim][NTf2] showed higher extraction of An and Ln 
ions than [C8mim][NTf2], the aqueous solubility of the former led to the degradation of 
the RTIL system by slow leaching of the cation, thus favouring the use of the latter. In 
[C8mim][NTf2], the general trend in the extraction behaviour with DGAs was similar to 
that observed in n-dodecane, where longer chains on the DGA induced lower D values, 
but the kinetics of the process was considerably slowed down.178 The extraction kinetics 
was also affected by the metal ion involved; for example, Am(III) required only 10 min 
to reach equilibrium extraction, while Pu(IV) and U(VI) needed 30 min (1 M TODGA 
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in [C8mim][NTf2], 1 M HNO3).177 [C4mim][NTf2] has also been used to support DGAs 
(Chart 2.33; with R1 = R2 = (CH2)nH, n = 1-12) on diatomaceous silica for 
chromatography extraction by impregnation, obtaining DAm values up to 3000, but low 
S.F. values (S.F.Am/Cm = 1.0-2.5 at 0.1-6 M HNO3).179

Changing the ions constituting a RTIL also affected the formed complex and the 
extraction mechanism. Th(IV) formed 1 : 2 complexes with TBDGA in [C4mim][PF6]
and [C6mim][PF6], but the stoichiometry changed to 1 : 1 in [C8mim][PF6]. At the same 
time, TBDGA in the former two RTILs extracted Th(IV) via a cation exchange 
mechanism, while in the less hydrophilic [C8mim][PF6], the extraction proceeded by 
solvation of neutral complexes.180 Similarly, the extraction of metal ions with TEHDGA 
in methyltrioctylammonium nitrate ([N1888][NO3]) followed the solvation mechanism 
due to the very high hydrophobicity of the [N1888]+ cation.181

An alternative approach to reducing the dissolution of the cation of the RTIL in the 
aqueous phase is the preparation of functionalised ionic liquids (or task-specific ionic 
liquids, TSILs). In the case of a DGA-containing TSIL (Chart 2.35), it was found that in 
this system also the extraction of Eu(III) was higher than that of Am(III) and that An(III) 
were extracted better than An(IV), while An(VI) ions were extracted to a lower extent.
However, the D values decreased at higher aqueous phase acidity (DAm from 400 to 5 
between 0.1 M and 6 M HNO3).182 Dilution of the DGA-TSIL in [C4mim][NTf2]
increased the mass transfer, the efficiency of the stripping and the radiolytic stability of 
the system. Using [PF6]- as IL counterion provided better separation factors, but reduced 
the radiolytic stability, while with [NTf2]-, a better decontamination of 137Cs and 90Sr 
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was achieved.183 Although these properties made DGA-TSIL a very promising ligand 
for nuclear remediation, the D values decreased for all the metals tested when a simulated 
high level waste (SHLW) was used. In addition, the ligand showed a high extraction 
ability for many other metal ions present in the SHLW besides An and Ln, thus reducing 
its effectiveness.184

The functionalisation of one DGA unit with two alkylimidazolium groups (Chart
2.35) proved to be detrimental for the extraction of Ln. No extraction was observed at 
any acidity because this TSIL forms water-soluble complexes with Ln. On the other 
hand, it exhibited very good stripping properties from a TODGA-containing aqueous 
phase.185

Water-soluble DGAs, aimed at selective stripping of An(III) and Ln(III), were 
prepared by tethering carboxylate salts or varying lengths of ethylene glycol chains to 
the DGA backbone. While the structure of DGA-4 (Chart 2.35) resembles that of EDTA, 
its solubility was poor and the complexes were not strong enough to strip metal ions from 
TODGA solutions. Among the other ligands, only DGA-3 (n = 0) showed very strong 
stripping abilities for Eu(III) and Am(III), which increased with increasing pH and ligand 
concentration (DAm 10-1 at 0.01 M DGA and 0.1-0.001 at 0.1 M DGA and 1-4 M 
HNO3).76

DGA-analogues and DGA acid

The search for an acidic ligand with a DGA backbone to be used for lanthanide extraction 
instead of commercial organophosphorus compounds led to the use of suitable 
diglycolamic acids.186 While DGAs usually exhibit increasing D values with an increase 
in aqueous phase acidity, diglycolamic acids show an opposite trend, with higher D
values at high pH. DODGAA (Chart 2.36) quantitatively extracted all the Ln, but had a 
higher selectivity for heavier Ln187 independent of the molecular solvent used.188

C12DGAA (Chart 2.36) clearly highlighted that the basicity of the amide oxygen has 
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great influence on the extraction performance and separation ability for RE cations: these 
values were more than ten times lower than those of DODGAA.189 

In the case of the DODGAA-TSIL [N1888][DODGAA], it was shown that the 
deprotonation of the ligand also has a crucial role in the complexation of metal ions. The 
DNd values for [N1888][DODGAA] in [N1888][NO3] were higher than those for HDGA in 
[N1888][NO3] (DNd = 22 in the former case, DNd = 6 in the latter, 4 M HNO3).190 The same 
trend was also observed for the 2-hydroxyacids Hhmo and Hhfo (Chart 2.36). For the 
extraction of Am(III) and Eu(III), the D values for Hhfo were higher than those for Hhmo 
at the same pH, because of the electron-withdrawing effect of the trifluoromethyl group, 
which increases the fraction of deprotonated species.191 

The non-fluorinated [N1888][DODGAA] TSIL is fully miscible with paraffinic 
solvents and extracts Eu(III) and Am(III) as neutral metal nitrate complexes. The 
extraction of the metal ions decreased as the length of the paraffinic solvent increased 
and the two metal ions could be separated just after the addition of DTPA (between 10-5 
and 10-3 M) to the aqueous phase. The main drawback was that after extraction, the ionic 
liquid was converted into its precursor [N1888][NO3] and needed treatment prior to 
recycling.192 

The substitution of the etheric oxygen with a nitrogen atom changed the size 
recognition of the ligand, making DGA-5 (Chart 2.36) very selective for the mutual 
separation of Sc(III), Co(II), Ni(II) and Mn(II) at pH 2-6, while DODGAA showed very 
little selectivity against RE metal ions.193,194 

The same substitution performed on DGAs made the ligands unable to extract Am(III) 
and Eu(III), unless a third amide group was also introduced, as in NTA-amide ligands. 
DGA-6 and DGA-7 exhibited reverse extraction properties compared to TODGA: they 
both extracted Am(III) better than Eu(III) and the efficiency was higher at low HNO3 
concentration.171 In the case of NTA-amide(C8) (Chart 2.37), the S.F.An/Ln values were 
> 23, using 0.5 M NTAamide/n-dodecane and 0.2 M HNO3. The addition of TEDGA to 
the aqueous solution as masking agent also allowed for the separation of Am(III) from 
Cm(III).195 On the other hand, NTA-amide(C8) exhibited a very high selectivity for 
Th(IV) over the other An, with S.F.Th/M values between 102 and 104 in the entire range 
of HNO3 concentrations tested. This was due to the backbone of the ligand being an 
almost perfect match to Th(IV).196 

The water-soluble versions of NTA-amide, DGA-8 and DGA-9 (Chart 2.37), proved 
to be good stripping agents from TODGA solutions. The first one showed a good 
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selectivity for Am(III) (S.F.Am/Eu = 11.1) and the second was more efficient in the 
extraction of both Eu(III) and Am(III), but less selective.76 The difference in selectivity 
between TODGA and DGA-8 was supported by DFT calculations.197

DGAs on platforms

To mimic the formation of DGA reverse micelles in solution and the organisation of the 
ligands around the metal centres, DGA moieties have been pre-organised on chemical 
platforms, bearing different numbers of DGA units, with the expectation to form 
assemblies having a better affinity towards f-elements than the single ligands.

A simple way to prepare pre-organised DGAs is to link them by a bridge (Chart 2.38).
Comparison of a more flexible bridge, BisDGA-1, and a more rigid one, BisDGA-2, 
showed that both have a strong preference for Eu(III) rather than Am(III) (DEu = 83.9 
and 280.0, DAm = 12.1 and 35.2 for BisDGA-1 and BisDGA-2, respectively, in n-octanol 
at 3 M HNO3). Compared to TODGA, both ligands had six times higher S.F.Eu/Am values.
However, when the extractions were performed in toluene, the selectivity of BisDGA-1
for Eu over Am increased (S.F.Eu/Am = 7 and 76 in n-octanol and toluene, respectively).198

The flexible bridge structure was also used to prepare the water-soluble ligand BisDGA-
3, which was used as masking agent in the extraction of Am(III) and Eu(III) from acidic 

Chart 2.37
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solutions using NTA-amide(C8). It allowed for S.F. values that could be better 
modulated than in the case of TEDGA, providing a better masking efficiency (S.F.Am/Eu

= 26 with 0.01 M BisDGA-3).199

The pre-organisation of the DGA moieties on a tripodal structure provides an 
arrangement that closely resembles that of the ligands in the metal complex, and it was 
shown that alkylation of the amidic nitrogens for tripodal DGAs gave rise to a 1000 times 
increase in the D values compared to those of the non-alkylated ligand.200

Tripodal diglycolamide T-DGA (Chart 2.38) exhibited high D values for Am(III)
(215), Pu(IV) (145) and Np(IV) (77), while the extraction of UO22+ was negligible. 
Supported liquid membrane (SLM) studies showed that quantitative transport of Am(III)
could be achieved, while TODGA could only afford 15% Am transport.201 T-DGA had 
a clear advantage over TODGA, also in ionic liquid [C4mim][NTf2] at low HNO3

concentrations.159

The following step is the pre-organisation of the ligand on calix[4]arenes, which gave 
increased D values in the case of CMPO and malonamides (vide supra).37 The support
of DGAs on calix[4]arenes gave insights on how the arrangement of the DGA units on 
the platform affects the extraction behaviour. Tetra-DGA-substituted calix[4]arenes, as 
CalixDGA-1 (Chart 2.39), formed 1 : 1 M : L complexes and showed higher D values 
than TODGA and 1,3-di-DGA-substituted calix[4]arenes. The latter both formed 1 : 2
M : L complexes. The presence of alkoxy groups, such as in CalixDGA-3, made the 
ligand more organophilic, but reduced the extraction ability, compared to those without 
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alkoxy groups (CalixDGA-2), because of steric hindrance during the formation of the 
complex.202 The stoichiometry of the complex was influenced by the polarity of the 
solvent, as demonstrated by CalixDGA-1 that forms 1 : 2 M : L complexes in 
nitrobenzene.203

Narrow rim DGA-functionalised derivatives showed high extraction efficiency, while 
wide rim DGA-functionalised derivatives exhibited almost no extraction, probably 
because of the wider pocket and the lower flexibility of the pendant arm. 
Functionalisation of the calix[4]arene platform using spacers of different length pointed 
out that a certain degree of movement is required to properly complex the metal ion. N-
Alkylation has a strong influence on the extraction, increasing the D values but reducing 
the selectivity.204

The use of [C8mim][PF6] as solvent allowed CalixDGA-3 to extract Am(III) 
selectively from a mixture containing U(VI), Pu(IV) and Pu(VI).205 The ionic liquid was 
also used to test the behaviour of the calix[4]arenes with SHLW, showing promising 
results.206 Further study of the ionic liquid system revealed that better extractions were 
obtained at low HNO3 concentrations, reverting the usual trend observed in apolar 
solvents,207 and the Am(III) extraction profile of both-side DGA-functionalised
calixarene CalixDGA-5 was independent of the acidity of the aqueous phase.208

Resorcinarenes (also called cavitands) are platforms related to calix[4]arenes, but with 
a more rigid skeleton due to the additional bridges. In this context, ResorDGA-1209 and 
ResorDGA-2210 (Chart 2.40) were prepared and they both showed a higher affinity for 
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heavy Ln (Yb(III)) over lighter Ln (La(III) and Eu(III)). However, in both cases the 
extractions were poor (D values < 10), and the selectivities were similar (S.F.Yb/La and 
S.F.Yb/Eu had values around 100 and 10, respectively).

A higher number of DGA moieties on a cyclic polyaromatic platform can be 
positioned on pillar[5]arenes. The pre-organisation of five neighbouring DGAs gave D
values 10-1000 times higher than those of TiPrDGA (Chart 2.33), that was used as a 
reference, and good S.F. values were obtained at low acidity. As opposed to the general 
behaviour of DGAs, after reaching a maximum at 1 M HNO3, the increase in acidity 
caused a decrease in D values, probably due to a high competition between H+ ions and 
metal ions.211 When [C8mim][NTf2] was used, a competitive ion-mediated displacement 
mechanism took place, resulting in 121-485 times higher DAm and DEu values than those 
with n-octanol. At low acidity in ionic liquid, this PillarDGA (Chart 2.40) exhibited DAm

values 50% higher than that of the both-side functionalised calix[4]arene CalixDGA-5
(Chart 2.39) and three orders of magnitude higher than that of T-DGA (Chart 2.38). This, 
however, resulted in very low S.F. values. Moreover, these ligands allowed for the 
separation of PuO22+ from fission products and other An. 212

Finally, a strategy to pre-organise as many DGA moieties as possible is by the 
synthesis of a DGA-containing polymer. DGA-bearing methacrylic monomer (Chart
2.41) and the corresponding polymer showed higher D values than TODGA for the 
extraction of Am(III), Eu(III), Pu(IV) and U(VI). Am(III) had a 96% recovery from 
solutions containing methacryloyl-DGA or from DGA-coated nanoparticles, while 
recovery from poly(methacryloyl-DGA) was less efficient.213 Pre-organisation of DGA 
units due to HNO3 induced a drastic change in the behaviour and structure of DGA 
assemblies by promoting the formation of hydrogen bonds among secondary amides.214

2.3.3 Other carbonyls

While diamides such as DGAs and malonamides preferentially extract trivalent An and 
Ln, long-chain alkyl amides have high solubility and low third phase formation in n-
dodecane. They also show very good extraction properties for U(VI) and Pu(IV) and are 
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proposed as a substitute for TBP in PUREX processes. A review was published 
discussing their properties in the Pu/U/Th separation.158

Monoamides with similar structures, however, are also produced as degradation 
products of other ligands; it is therefore very worthwhile to study their extraction 
properties. For example, N,N-dioctyl-2-hydroxyacetamide (DOHyA, Chart 2.42) is a 
degradation product of TODGA and related DGAs, which shows very high D values for 
An and Ln (DPu(IV) ≈ 1000 > DAm > DEu ≈ 200, DU(VI) ≈ 20 at > 5 M HNO3), but poor 
extraction of Sr(II), Ru(III) and other fission products.215 In addition, a synergic effect 
in the extraction of Am(III) and Eu(III) was observed for the binary mixture composed 
of DOHyA and HDEHP (Chart 2.7) in n-dodecane, allowing for S.F.Am/Eu = 10.216 The
selectivity for Pu(IV) over U(VI) and Am(III) reached values between 40 and 3400 
(depending on the acidity of the aqueous phase), when a TSIL solution of 
[DOAIm][NTf2] in [C4mim][NTf2] was used. This increase, however, was observed only 
upon functionalisation of the TSIL and not by just dissolving a closely related amide 
(N,N-dioctylbutyramide) in the RTIL.217

A reversal in Pu/U selectivity was observed in tetraalkyl ureas, as DRU-2 (Chart 2.42), 
which exhibited a S.F.U/Pu value up to 14 (DU(VI) = 1.4 and DPu(IV) = 0.1 at 5 M HNO3),
and ligand DRU-1, which upon addition to an aqueous solution containing U(VI), a large 
excess of Th(IV) and other Ln, caused the selective precipitation of [UO2(NO3)2·2(DRU-
1)] crystals.218 Selectivity for Th(IV) over Ln was exhibited by a polyaramide with 
intramolecular hydrogen bonds (Chart 2.42). The selectivity increased in the presence of 
salting-out agents.219

Another group of carbonyl ligands that is of interest for nuclear waste partitioning is
1,3-diketones, like thenoyltrifluoroacetone (HTTA, Chart 2.43), the extraction ability of 
which is dependent on their deprotonated form: higher D values are expected for more 
acidic ligands and at higher pH.220 Attempts to improve their performance include the 
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use of fluorous solvents and the use of ionic liquids. Fluorous solvents are nontoxic, non-
flammable, chemically stable, and immiscible with water. On the other hand, they 
dissolve only fluorine-tagged compounds.221 HTHA (Chart 2.43) was dissolved in (n-
C4F9)OC2H5 and exhibited higher D and S.F. values than conventional non-fluorinated 
systems (HTTA in CHCl3) and a preference for heavier Ln ions (Lu, Yb, Tm, Er and 
Ho). However, lighter Ln were hardly extracted.222 The electron-withdrawing effect of 
the two trifluoromethyl groups of hexafluoroacetylacetone (Chart 2.43) was exploited 
for the preparation of a diketonate TSIL, that showed low S.F. values but very high D
values (DEu and DAm > 100 at 3 M HNO3). With the addition of very small amounts of 
DTPA, good S.F. values could be achieved (from S.F.Eu/Am = 0.52 to 25 with 10-6 M
DTPA).223

The main advantage provided by HTTA in metal ion extractions was obtained in 
RTILs. In [C4mim][NTf2], the extraction proceeded by an anionic exchange mechanism, 
in which Ln(TTA) ions were exchanged for [NTf2]- ions from the ionic liquid. Despite
the degradation of the ionic liquid via the loss of the [NTf2]- anion, the steep acid 
dependence of the Ln(TTA) partitioning made the recovery of the metal ion very
simple.224

Pyrazolone-based 1,3-diketones derivatives (Chart 2.43), as PHMBP (Chart 2.3), have 
been prepared as alternatives to HTTA because of their lower pKa. The extraction of An
and Ln using PHMBP in [C8mim][NTf2] showed very high D values (DM > 500), but 
with no distinction between Am(III) and Eu(III).225

More interesting results have been obtained in the presence of binary mixtures, due to 
synergism between the pyrazolone and the other component of the mixture. When 
PHMAP (Chart 2.43) was mixed with TOPO, the D values for Am(III) and Eu(III) 
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increased by three orders of magnitude in xylene (from DM < 0.01 to ~7) and five in 
[C8mim][NTf2] (up to DEu = 214).226 

The importance of a phosphine oxide moiety in the synergist molecule was 
highlighted when the amide groups of a series of DGAs and malonamides were 
subsequently substituted with this group. Each successive substitution led to an increase 
in the extraction efficiency of Ln(III).227  

The effect of synergism in the extraction of An and Ln using pyrazolone derivatives 
was studied more in depth with phosphorylcalix[4]arenes (CalixP-13, Chart 2.43). The 
synergism was stronger in RTILs than in molecular solvents, but its effect did not vary 
significantly along the lanthanide series.228 The use of a RTIL increased the D values, 
but it also levelled off the selectivity. On the other hand, the addition of a 
phosphorylcalix[4]arene increased the D values and a more hydrophobic calix[4]arene 
had a stronger effect.229 In general the substituent on the benzoyl ring in pyrazolone 
derivatives had low influence on the extraction efficiency (only 4-trifluoromethyl had a 
noticeable impact on the D values, Chart 2.43).230 This topic has also been discussed in 
a recent review.231 

2.3.4 Conclusions 

The length of the alkyl chains of DGAs could be used to balance between the strength 
of the metal complex (short chains) and the solubility in apolar solvents (long chains). 
Two n-dodecyl chains, despite showing lower D values than DGAs with shorter groups, 
were necessary to prevent the formation of a third phase. Moreover, the remaining chains 
could be changed to tune the extraction properties of the ligand. Diglycolamic acids 
exhibited preference for heavier Ln and good extraction properties, particularly when 
used as constituents of IL systems. Pre-organisation of the DGA units on flexible tripodal 
platforms or macrocyclic polyarenes gave rise to increased D and S.F. values and showed 
that functionalisation of the platform has great influence on the extraction properties. 
RTILs used as diluents and synergic mixtures proved to be effective methods to increase 
the extraction of metal ions from acidic solutions. 
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2.4 N-Heterocyclic ligands
2.4.1 Background and synthetic approach

The initial approach developed for actinide partitioning consisted of a two-step 
procedure, starting with the co-extraction of An and Ln from PUREX waste solutions, 
using diamides as extractants (DIAMEX process). In a second step, called SANEX, the 
selective extraction of An would be performed in 1-4 M HNO3 solutions using soft N-
donor ligands.232 These were expected to form complexes with more covalent bond 
character with An rather than with Ln (because the external d and f orbitals of An are 
more diffuse than those of Ln),233 as supported by computational studies.234 Recent 
reviews have described the structural evolution of N-donor ligands from TPTZ (Chart
2.44) to BTPhen (Chart 2.45), of which a brief summary is given here.14,66

The first class of ligands developed for the SANEX process was derivatives of 2,4,6-
tri(2-pyridyl)-1,3,5-triazine (TPTZ, Chart 2.44). No extraction of Am(III) or Eu(III) was 
observed below pH 1 with these ligands, due to the strong competition between H+ and 
metal ions.235 Similar results were obtained with 2,2’:6’,2”-terpyridines (TERPYs, Chart
2.44),235 2,6-bis(benzoxazol-2-yl)-4-dodecyloxypyridine (BODO, Chart 2.44), and its 
benzimidazole and benzothiazole counterparts.236

Subsequent improvements were made by the group of Harwood,66 using 2,6-bis(1,2,4-
triazin-3-yl)pyridine (BTP, Chart 2.45) derivatives that were able to extract Am(III) and 
Eu(III) from concentrated (1-4 M) HNO3 with good selectivity without the need of a 
synergist (S.F.Am/Eu > 100); however stripping of the metal ion was not possible.237,238 In 
particular, CyMe4-BTP (Chart 2.45) had good solubility, resistance to radiolysis and 
hydrolysis, and exceptional extraction properties (DAm up to 500, S.F.Am/Eu up to
5000).239 The extension of the aromatic system to the tetradentate ligand CyMe4-BTBP 
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(Chart 2.45) allowed for good stripping properties at the cost of very slow extraction 
kinetics, without losing selectivity.240

The rates of extraction were significantly faster when the 2,2’-bipyridine system was 
locked in the cis-conformation by the development of 2,9-bis(1,2,4-triazin-3-yl)-1,10-
phenanthroline (BTPhen) derivatives. Extraction of Am(III) and Eu(III) with CyMe4-
BTPhen (Chart 2.45) was higher than with CyMe4-BTBP (DAm ≤ 1000), with similar 
selectivity (S.F.Am/Eu ≤ 400) and equilibrium could be reached within 15 min of phase 
mixing (compared to ca. 1 h for CyMe4-BTBP).241

The synthesis of bis-triazinyl ligands is based on the preparation of dinitrile 
compounds (DN-1-3, Scheme 2.4) of the corresponding core structure. A specific 
dinitrile was treated with hydrazine in ethanol, to form the corresponding diamide 
dihydrazide, and then condensed with a diketone in refluxing THF or ethanol to form the 
final 1,2,4-triazinyl ring. Bipyridine dinitrile was prepared by oxidation of 2,2’-
bipyridine with hydrogen peroxide in acetic acid, followed by a Reissert–Henze 
cyanation reaction with trimethylsilyl cyanide and benzoyl chloride. Furthermore, 2,9-
dimethyl-9,10-phenanthroline was oxidised using selenium dioxide to form the 
corresponding dialdehyde, which was converted into the dinitrile, by a one-pot 
transformation into the dioxime, followed by dehydration in situ using tosyl chloride and 
DBU. The synthesis of “CyMe4-diketone” (Scheme 2.4) was carried out by alkylation of 
the enolate of ethyl isobutyrate with ethylene glycol disulfonate, cyclisation via an 
intramolecular acyloin reaction in the presence of trimethylchlorosilane and final 
oxidation with bromine.233

Even though the improved extraction properties of CyMe4-BTPhen over CyMe4-
BTBP and CyMe4-BTP clearly indicate the main structural elements favouring high 
extraction and selectivity, stability, good stripping, and fast rates of extraction, further 
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studies have been performed to fully understand the relationship between their structure 
and their properties. This is particularly true if the studies involve new extraction systems 
(e.g. different solvent, ionic liquids, hydrophilic ligands), or if the results have an impact 
on the economy of the extraction process.233 These recent developments are described in 
this review.

2.4.2 Bis-triazinyl and related ligands

The generally high affinity of BTPs for An was combined with the hydrophilicity of the 
ligands BTP-1 and BTP-2 (Chart 2.46), that were tested for the back extraction of An(III) 
and Ln(III) from TODGA solutions. It was observed that the O-alkyl group lowers the 
selectivity towards Am(III) and that 0.1 M BTP-1 could selectively strip An.242 BTP-2
showed selectivity for Am(III) also when supported on titania particles or hierarchically 
porous beads.243

Scheme 2.4
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Furthermore 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)-pyridine (BTP-3, Chart 2.46), 
which is easier to synthesise than CyMe4-BTP, was used to perform extraction studies 
with the entire series of Ln and several An. The D values increased along the lanthanide 
series and slowly decreased past Ho(III) (from DLa < 10-4 to DHo ≈ 1). For the An tested 
(Np, Pu, Am, Cm, Cf), the effect of the decreasing ionic radius was less pronounced 
(from DNp ≈ 5 to DCm ≈ 20).244

The relatively easy synthesis of BTPs (Scheme 2.4) is also beneficial when aimed at 
screening new diketones to be used in the last step of the synthesis of these ligands.
(±)-Camphorquinone, a commercially available diketone, was used as a cheaper 
alternative to “CyMe4-ketone” to prepare BTP-4 (Chart 2.46), resulting in faster kinetics, 
good stability (> 100 days in 1 M HNO3) and selectivity. In THP/1-octanol (7 : 3 vol), 
equilibrium was reached in ~10 min and S.F.Am/Eu values ≤ 100 (0.5 M HNO3) were 
obtained.245 On changing the solvent system to PTMS, the solubility as well as the 
resistance to third phase formation increased (the highest HNO3 concentration usable 
increased from 1 M to 2 M). Moreover, since camphorquinone exists in two enantiomers, 
BTP-4 can be prepared in different diastereomeric forms. When pure R- or S-
camphorquinone was used, a slight increase in the D values was observed over those for 
the racemic camphorquinone.246

The use of PTMS with CyMe4-BTBP and TBP (Chart 2.1) resulted in a behaviour not 
previously observed for BTBPs. CyMe4-BTBP was dissolved in four mixtures 
containing different ratios of PTMS and TBP and tested for the extraction of several 
metal ions (U, Np, Pu, Am, Cm, Eu). When both CyMe4-BTBP and TBP were present, 
all An were separated from the Ln. However, in the case of the individual ligands, mainly 
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U and Pu were extracted. Since CyMe4-BTBP preferentially extracts trivalent An, the 
extraction of tetra- and hexavalent An was due to an interaction with the diluent.247

The solvent used for the extraction with CyMe4-BTBP also affected the selectivity 
towards transition metals. For example, with CyMe4-BTBP in TBP and cyclohexanone,
several fission products (Pd, Ag, Cd) were co-extracted together with the An. However,
CyMe4-BTBP in cyclohexanone formed Pd complexes that were soluble both in the 
organic and the aqueous phase, effectively reducing the selectivity of the extraction and 
causing loss of ligand; however higher HNO3 concentrations limited this effect.248

The choice of the diluent used in extractions with BTBP not only had an influence on 
the preference of metal ions that were extracted and their D values, but also the rates of 
extraction. The extraction of Am(III) with BTBP-1 (Chart 2.46) showed that higher D
values are obtained in alcohols with shorter chains, such as hexanol (DAm ≈ 1) and 
heptanol as opposed to nonanol and decanol (DAm ≈ 0.04).249 In addition, longer chain 
alcohols also required longer time to reach equilibrium.250

The use of RTILs, [Cnmim][NTf2] (n = 2, 4, 8), changed the extraction mechanism of 
Eu(III) by CyMe4BTPhen (Chart 2.45) depending on the HNO3 concentration. The 
BTPhen/[C2mim][NTf2] system extracted Eu(III) by a cation exchange mechanism with 
good D values at 0.1 M HNO3 (DEu ≈ 40), which decreased at higher acidity (DEu ≈ 0.5 
at 3 M HNO3). An increase of the length of the alkyl chain on the RTIL also led to a 
decrease in the D values. Both the longer alkyl chain and the higher acidity induced a 
change in the solvation mechanism.251

Another aspect having great impact on the extraction properties of this type of ligands 
is immobilisation on silica gel. BTBP and BTPhen were immobilised on SiO2 (Chart
2.47) and tested for the separation of An, Ln and fission products in a column-based 
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process. BTPhen-1, as it occurs in solution, extracted both minor An and Ln at low HNO3

concentrations, but displayed a high selectivity (S.F.Am/Eu = 140) at 4 M HNO3. BTBP-
2, on the other hand, could extract corrosion and fission products that are found in the 
PUREX raffinate.252

Even though different diluents, or combinations with co-solvents, were able to modify 
the extraction behaviour of these ligands, only modifications of their structures could 
allow more opportunities for fine-tuning the extraction properties. Introduction of 
substituents on the phenanthroline backbone affected the complexation mostly by 
modulation of the electronic properties of the ligand. The presence of bromine at the 5-
and 5,6-positions of the 1,10-phenanthroline core of the ligand (BTPhen-3 and BTPhen-
4, Chart 2.48) increased the selectivity for Am(III) over Eu(III) with respect to BTPhen-
2 (Chart 2.48). The DAm values were ~100 for all three ligands, but the subsequent 
introduction of bromine decreased the extraction of Eu(III) at 4 M HNO3 (from DEu ≈ 1 
for BTPhen-2 to DEu ≈ 0.1 for BTPhen-4).253 Similarly, BTPhen-5 (Chart 2.48) exhibited 
selectivity for Am(III) over Cm(III) (S.F.Am/Cm = 7 at 0.1 M HNO3, S.F.Am/Cm = 5 and 
S.F.Am/Eu = 100 at 1 M HNO3). On the other hand, 5-(4-hydroxyphenyl)-CyMe4-BTPhen 
(BTPhen-6, Chart 2.48) showed increased D values for Ln. In the case of brominated 
BTPhens, the inductive electron-withdrawing effect could account for the lower 
extraction of Ln(III), whereas in the case of the 5-(4-hydroxyphenyl) substituent, the 
mesomeric electron-donating effect could explain the increased D values of the 
Ln(III).254

Several modifications on the 1,2,4-triazinyl groups of BTPhen showed that the use of 
isatin as diketone (Chart 2.49) is not viable because the resulting ligands co-extract 
Eu(III) together with Am(III), removing an advantageous aspect of this class of ligands. 
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Aliphatic chains (Chart 2.49) showed a decrease in D values with increasing chain length 
and lower S.F. values were obtained when asymmetrical ketones were used instead of 
symmetrical ones. Benzil-BTPhens (Chart 2.49) exhibited the highest S.F.Am/Eu values 
(up to 284 for bis(4-(MeO)2)-benzil-BTPhen, compared to 350 for CyMe4-BTPhen), but 
they all co-extracted 10-15% of Ln. Overall, a valid alternative to “CyMe4-ketone” could 
not be identified.255

On the other hand, encouraging results were obtained with the exploration of 
hydrophilic N-heterocyclic ligands, which were used in conjunction with TODGA as an 
alternative to the TALSPEAK process.7 Tetrasulfonated bis-trazinyl ligands (Chart 2.50)
increased the separation of Am(III) and Eu(III), selectively forming Am(III) complexes 
in the aqueous phase. Across a range of HNO3 concentrations (0.28–0.77 M HNO3), 
S.F.Eu/Am values of 138–934 were obtained, much higher than those obtained with 
polyaminocarboxylate ligands used in TALSPEAK. Disulfonated bis-triazine ligands 
(Chart 2.50) did not contribute to the extraction. The number of sulfonate units was found 
to be the most relevant parameter, outweighing the type of ligand used (BTP, BTBP, 
BTPhen), the position of the sulfonate group at the phenyl ring on the molecule, and the 
sulfonate counterion.256

On top of being used as masking agents during the extraction of metal ions from 
aqueous waste raffinates, hydrophilic ligands can be used in the following step when the 
metal ions are stripped from the organic phase. TS-BTP (Chart 2.50) showed a very high 
selectivity for the stripping of An(III) over Ln(III) at low HNO3 concentration (0.2-0.8 
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M HNO3) with the least efficient separation being that between La(III) and Am(III) 
(S.F.La/Am ≈ 50).257 TS-BTPhen (Chart 2.50), on the other hand, exhibited a lower 
selectivity for Ln(III)/An(III) separation (S.F.La/Am = 20), but an increased separation 
efficiency between Am(III) and Cm(III) (DCm > 1; DAm < 1; S.F.Cm/Am = 3.6) within the 
stripping step, opening up the possibility for a selective Am(III) separation process.258

The importance of the presence of sulfonated phenyl units was also supported by 
stripping experiments performed with TA-BTBP (Chart 2.50), which bears four 
carboxylate groups on the triazinyl rings. It showed a lower selectivity for the separation 
of Am(III) and Eu(III) (S.F.Eu/Am < 20) than tetrasulfonated bis-triazinyl ligands 
(S.F.Eu/Am > 50) in similar conditions. TA-BTBP, conversely, exhibited very good 
stripping behaviour in alkaline solution (0.2 M NaOH, S.F.Eu/Am > 27).259

The decrease in selectivity with respect to tetrasulfonated bis-triazinyl ligands was 
attributed to the mesomeric effect of the electron-withdrawing carboxylate groups, 
which reduced the electron density on the N2 triazine nitrogens (and consequently
reduced the covalent character of the M-L bond), as also observed for BTPs.260 However, 
similar studies on the electronic effects of substituents on BTPhens led to conclusions 
contrasting those on BTPs.253,254 This in turn suggests that inductive and mesomeric 
effects on BTPhens may have a different influence than on BTPs and BTBPs.
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The introduction of hydrophilic moieties via triazolyl rings instead of triazynyl 
(BTRzPhen-1,2, Chart 2.51) resulted in phenanthroline derivatives compliant to the 
CHON principle with good solubility in HNO3 solutions. In the extraction of Am(III) 
and Eu(III) from TODGA-loaded organic solutions into acidic aqueous solutions, 
BTRzPhen-1,2 reached S.F.Eu/Am values up to 50 at 0.3 M HNO3.261

Although bis-triazinyl ligands gave rise to exceptional extraction results and solutions 
to their practical disadvantages (poor chemical and radiolytic stability, slow extraction 
kinetics, difficult stripping) have been proposed, the difficulties in their synthesis still 
limit their widespread use. With the intention to better understand the reasons behind the 
selectivity of BTPs, DMPbipy (Chart 2.52) was synthesised. Despite its poor extraction 
and selectivity,262 it stimulated the development of pyridylpyrazole ligands such as C5-
BPyPz (Chart 2.52). C5-BPyPz alone is not able to extract Am(III) and Eu(III) from 
HNO3 via a solvation mechanism, but the addition of 2-bromohexanoic acid to the 
organic phase promoted the extraction by cation exchange, giving S.F.Am/Eu ≈ 100 from 
0.5 M HNO3 (DAm ≈ 10, DEu ≈ 0.1).263

The synthesis of these ligands exploited the cyclisation of 1,3-diketones with 
hydrazine (Scheme 2.5). For the preparation of 3-substituted pyridylpyrazoles 
(CnPyPzH), picolinic acid (or dipicolinic acid to prepare bis-pyridylpyrazoles) was 
transformed into the corresponding ethyl ester. Subsequently, a Claisen condensation 
with an alkylmethylketone (whose alkyl chain is also the substituent of the 
pyridylpyrazole) formed the 1,3-diketone system, followed by cyclisation with 
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hydrazine to give the pyrazole ring. For the synthesis of 2-substituted pyridylpyrazoles 
(CnPyPz), acetylpyridine (or diacetylpyridine) was used in an aldol reaction with 
dimethylformamide dimethyl acetal to form the conjugated enamine-ketone, which acted
as a “masked” 1,3-diketone. Cyclisation with hydrazine and alkylation with an alkyl 
bromide concluded the synthesis.264

With the intention of pre-organising the pyridylpyrazole units and to mimic the 
tetradentate structure of BTBPs, BisPyPz-1 and BisPyPz-2 (Chart 2.53) were prepared 
and tested for the extraction of Am(III) and Ln(III) from HNO3 solutions. As C5-BPyPz, 
these ligands required the presence of 2-bromohexanoic acid as synergist and the 
extraction of metal ions decreased with increasing HNO3 concentration. Moreover, these 
ligands displayed lower selectivity than C5-BPyPz, even at lower HNO3 concentration 
(S.F.Am/Ln = 15-60 at 0.001 M HNO3).265 This decrease in performance was attributed to 
the functionalisation of the N2 on the pyrazole ring. Using simple model ligands CnPyPz 
and CnPyPzH (Scheme 2.5), it was observed that an alkyl group at the 2-position, instead 
of the 3-position, reduced the D values by an order of magnitude. The presence of an 
alkyl chain at the 3-position, in addition, promoted the selectivity (S.F.Am/Eu ≤ 120 for 
CnPyPzH as opposed to S.F.Am/Eu ≤ 17 for CnPyPz). This could indicate that the 2-

Scheme 2.5
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position is involved in the formation of the complex and its alkylation blocks the ligating 
site.264

The preparation of pyridyltriazolyl ligands (BPyTz-1-3, Chart 2.53) could be simply 
achieved by a copper-catalysed cycloaddition between 2,6-diethynylpyridine and 
hydrophilic azides. Despite the structural similarity to bis-pyridylpyrazole ligands, these 
ligands were successfully used as stripping agents from TODGA solutions. Starting from 
a S.F.Eu/Am = 7 (obtained during blank tests of stripping), an increase in selectivity was 
observed for all three ligands, to 144 for BPyTz-1, 100 for BPyTz-2 and 57 for BPyTz-
3. Despite the higher solubility of BPyTz-3, the selectivity was lower, indicating that the
amide groups might interfere with the separation process.266

2.4.3 Amides of heterocyclic carboxylic acids and related compounds

Most bis-triazinyl ligands achieve very high S.F. values, at the expense of the D values 
and their applicability being limited to weakly acidic solutions. Diamide-based ligands
exhibit high D values in very acidic solution, but their selectivity is limited. Ligands with 
both oxygen (amides) and nitrogen (bis-triazinyl) donor atoms have been developed with 
the aim of combining the advantages of both classes of ligands. An overview about the 
amides of heterocyclic carboxylic acids was published, discussing them from the 
perspective of practical use and emphasising advantages and drawbacks.267

The oxygen atoms of the amides provide general affinity for An and Ln, allowing for 
high D values. The nitrogen atoms of the heterocycles form stronger complexes with An,
providing the selectivity. The selectivity can be modulated by changing the number of 
heterocycles at the cost of shifting the maximum of the extraction ability to higher pH. 
On the other hand, the alkyl chains on the amides can be modified to regulate the 
extraction properties of the carbonyl moiety.268

With the addition of an amide to BizPy (Chart 2.54), the carbonyl promoted the 
coordination with Eu(III) over the protonation of the ligand. The extraction of the metal 
ion decreased as the HNO3 concentration increased (as for N-heterocyclic ligands), but 
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the DEu values for MPhBIZA decreased less than those of BizPy (from 20 to 2, for 
MPhBIZA, from 0.2 to 0.01 for BizPy).269

A series of N,N’-diethyl-N,N’-diphenyl-2,2'-bipyridine-6,6'-dicarboxylic diamides 
(BPDA, Chart 2.55) illustrated how even small changes on the phenyl ring can affect the 
properties of the ligand as a whole. With the ligands dissolved in m-NBTF and the 
extractions performed from 5 M HNO3, the DAm values ranged between 0.1 and 50 and 
the S.F.Am/Eu values between 1 and 19. Better results were obtained with ligands having 
substituents at the meta- and para-positions, because of their higher lipophilicity and the 
electron-donating effect of the substituents. On the other hand, groups at the ortho-
position decreased the extraction due to steric hindrance.268

Similar studies on the effect of alkyl groups on the extraction properties of 
phenanthroline amides (Chart 2.55) revealed that an increase in the length of the aliphatic 
chains led to a decrease in the D values (DAm values were ≈ 25 for PhenA-2, ≈ 3 for 
PhenA-4, ≈ 0 for PhenA-6 in chloroform at 10-4 M HNO3) and that the absence of one 
of the amide groups was detrimental to the extraction properties.270 The introduction of 
branched chains (PhenDA-2, R1,R2 = iBu) resulted in even lower D values than in the 
absence of alkyl chains (PhenDA-1), although both required the presence of 2-
bromooctanoic acid or CCD (for PhenDA-2, R1, R2 = n-Bu)271 as the synergist (DAm =
21.4 for PhenDA-1 and 4.6 for PhenDA-2), and the use of a salting out agent could 
substitute for the 2-bromocarboxylic acid synergist (for PhenDA-3, DAm = 0.5 in 1 M 
LiClO4 and DAm = 10 in 2 M LiClO4).272 Overall, however, the best results were obtained 
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with PhenDA-4, in line with the results obtained with bipyridine amides. PhenDA-4
showed very high D values for actinide ions, with a higher preference for Th(IV) (DTh =
205) than U(VI) and Am(III) (DU = 25, DAm = 6). Additionally, the S.F. values of Th(IV), 
U(VI), and Am(III) toward Eu(III) were 2277, 277, and 67 in 1.0 M HNO3,
respectively.273

Functionalisation of 1,10-phenanthroline with di(thio)amide, diester or diketone 
groups showed that the carboxylic acid derivatives PhenDA-5-6 were more selective 
than diketone PhenDA-7, whereas dithioamide PhenDA-8 suffered from desulforation 
at high HNO3 concentration (Chart 2.55).274 The preferential binding of different metals, 
however, is also influenced by the structure of the N-heterocycle (picolinamide, 
bipyridine, phenanthroline, etc.). Comparing PicA-1, BPDA and PhenDA-9 (Chart 2.55)
in the extraction of the entire series of Ln at ≥ 3 M HNO3, it was observed that the D
values depended on the size of the cavity and the flexibility of the ligand. PicA-1
preferentially extracts heavier Ln because of the small chelating cavity (DLa ≈ 1, DLu ≈ 
100). The distance between the donor centres in BPDA (R = Ph) is bigger than in PicA-
1, but it is also more flexible due to rotation around the C2-C2’ bond. Therefore, it can 
complex both lighter and heavier Ln, but less efficiently (DLa ≈ 1, DLu ≈ 0.1). PhenDA-
9, on the other hand, is more rigid and not able to bind to heavy Ln, that have a smaller 
ionic radius (DLa ≈ 500, DLu ≈ 0.1).275

However, if the extraction was performed in RTILs, the trend for phenanthroline 
diamides would change depending on the substituents. PhenDA-10 (Chart 2.56) in 
[C6mim][NTf2] showed a very strong preference for the extraction of heavier Ln (DLa ≈ 
10, DLu ≈ 3000). The corresponding dicationic ligand (PhenDA-12) showed higher D
values for lighter Ln (decreasing from DCe ≈ 3000 to DDy ≈ 10 and rising again to DLu ≈ 
200). The complex behaviour of the D values in the case of PhenDA-12 was attributed 
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to a change in the composition and conformation of the complex, which was supported 
computationally.276

Picolinamides (Chart 2.57) showed that an increase of the length of the alkyl chains 
had little effect on the D values (DAm = 1.86, 3.22 and 0.74 for PicA-2-4, respectively, 
from 5 M LiNO3), due to two opposing effects: longer alkyl chains decreased the 
extracting ability of the ligand, but at the same time they increased the solubility of the 
metal complex. In addition, good S.F. values were observed regardless of the length of 
the alkyl chain (S.F.Am/Eu = 5 for PicA-2-4).277 At lower LiNO3 concentrations, however, 
picolinamides showed higher selectivity for Am(III) towards Eu(III) (DEu = 0.4, DAm =
4.2, S.F.Am/Eu = 10 at 3 M LiNO3).278 Picolindiamides, on the other hand, exhibited poor 
separation (DAm = 8.82, DEu = 6.39, S.F.Am/Eu = 1.4).277

Pre-organisation of picolinamide ligands on calix[n]arene (n = 4, 6 and 8, CalixPicA-
1-11, Chart 2.57) showed an increase of the extraction efficiency (DAm > 300), but the 
ligands were limited to weakly acidic conditions (< 0.01 M HNO3). Calix[8]arenes 
exhibited higher D values than calix[6]- and calix[4]arene, whereas the highest S.F.
values were observed for upper-rim-substituted calix[4]arene CalixPicA-11  (S.F.Am/Eu
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= 13.8). Thiopicolinamides CalixPicA-4 were not able to significantly extract An(III) or 
Ln(III) ions.279 Decreasing the basicity of the pyridine N atoms (CalixPicA-13 and 
CalixPicA-15) allowed for an increase of the D values also at higher HNO3

concentration, whereas the addition of electron-donating groups to the pyridine ring 
(CalixPicA-16) strongly decrease D values at any acidity.136 Picolindiamides CalixPicA-
17-22 displayed further increase of the D values due to the cooperation between 
tridentate ligands and the decrease of pyridine N atom basicity. CalixPicA-19 and 
CalixPicA-21 showed higher extraction, whereas CalixPicA-17-18 were more 
selective.280

Another class of related ligands is based on modifications of terpyridine diamide 
(Chart 2.58). The central pyridine rings were substituted with phenanthroline units to 
simulate the cavity of a BTPhen ligand, or with triazine rings to lower the affinity 
towards protons. For solubility reasons, only ligands PhenPDA-1, PhenPDA-2, TPDA-
1 and TPDA-2 could be used for extraction experiments. The phenanthroline-based 
ligands showed better extraction properties. They could extract An with different 
oxidation states (Pu(IV) > Am(III) > Cm(III)) from 3 M HNO3, whereas Eu(III) 
remained in the aqueous phase. The introduction of phenyl rings on the amide functions 
led to a better extraction performance, but reduced solubility.281

Preparing hydrophilic phenanthroline diamides (Chart 2.59) did not lead to practically 
useful ligands, as in the case of pyridyltriazolyl ligands (Chart 2.53). PhenDA-14 showed 
encouraging results in the back-extraction of Am(III) from TODGA-loaded solutions, 
since upon stripping the DAm values decreased by a factor of about 15 (from DAm = 5.42 
to 0.36), while the S.F.Eu/Am increased from 7 to about 30 (at 1 M HNO3). However, all 
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three ligands were limited by a very low solubility in the aqueous phase. Moreover, the 
efficiency of the system was severely reduced when tested with a simplified HAR (High 
Active Raffinate) at 3 M HNO3.282

As an alternative way to obtain hydrophilic N-heterocyclic ligands as masking or 
stripping agents, TPEN derivatives (Chart 2.60) were prepared; their properties have 
been recently summarised.283 With the intention of modulating their properties with the 
introduction of oxygen donors, the corresponding picolinic acids (H4TPAEN, Chart
2.60), as well as variations of the structure of the platform, were studied. Various 
modifications of dipicolinic acid (PDCA) showed that the selectivity in the back-
extraction of Am(III) and Eu(III) from a TODGA-loaded solution was not substantially 
affected by the addition of various substituents to PDCA (3 < DEu < 7, 0.5 < DAm < 1, 
7.8 < S.F.Eu/Am < 9.8). On the other hand, with H4TPAEN S.F.Eu/Am values as high as 768 
could be obtained (DAm = 0.09, DEu = 69.10, 0.655 M ligand, 0.023 M HNO3, 3 M 
NaNO3).284

H4TPAEN, however, has a low solubility in the acidic phase used for stripping. To 
improve its solubility, and at the same time its Cm(III)/Am(III) selectivity, a series of 
derivatives (Chart 2.61) was investigated for the stripping from a 0.2 M TODGA/0.5 M 
TBP (in TPH) into an acidic aqueous solution (pH 1). All the ligands tested, except 
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TPAEN-9, showed improved solubility, accompanied by a general decrease in 
selectivity. The flexibility and the size of the platform appeared to be important for good 
extraction. Because of the increased rigidity, ligands TPAEN-7-9 poorly extracted both 
An and Ln, and better results were obtained with ligands with an ethylene diamine bridge
(TPAEN-5,6). The introduction of chelating spacers, such as azamacrocycles, EDTA 
and DTPA derivatives (TPAEN-1-4) caused a decrease in selectivity, even if they 
increased the extraction efficiency. Only the presence of a methoxy group increased the 
solubility maintaining the Cm/Am selectivity (TPAEN-6, S.F.Cm/Am = 3.2).285

2.4.4 Conclusions

CyMe4-functionalised bis-triazinyl ligands remain the benchmark for N-heterocyclic
ligands, since a suitable candidate to substitute CyMe4-ketone has not yet been identified. 
Different modifications of the heterocycles have been investigated in order to tune the 
properties of these ligands. Water-soluble analogues were efficiently used as holdback 
ligands. Pyridylpyrazoles have been developed as simple alternatives to bis-triazinyl 
ligands and have shown promising results. Amides of heterocyclic carboxylic acids 
proved to be a promising compromise between diamide and bis-triazinyl ligands. 
Compared to the latter, their solubility in organic solvents is higher and they are 
relatively simple to prepare. In addition, it was possible to change their extraction 
properties changing the alkyl groups on the amide or by functionalisation of the 
heterocyclic skeleton.
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2.5 Miscellaneous
2.5.1 Other ligands

Functionalised crown ethers (18C6, DB18C6, DBP18C6, DCH18C6) have been studied 
as synergists with 8-hydroxyquinoline (HQ) for the extraction of Ln(III). The D values 
increased with increasing lipophilicity of the ligand and increasing HNO3 concentration. 
Despite the HQ/DCH18C6 system providing higher extraction and Ce/La separation than 
the mixtures with the other synergists, the D values were very low (DLn ≤ 0.07 at 0-1 M 
HNO3 with the four crown ethers).286

Compounds based on 15-crown-5, in combination with HPBI (Chart 2.62) showed 
interesting results for the extraction of Ln(III), mostly due to a better match between the 
cavity of these crown ethers and the ionic radii of the metal ions. The inclusion of a 
phenyl ring on the macrocycle (B15C5) led to lower extraction properties than the parent 
15C5 (DEu ≈ 1 and 0.5 for 15C5 and B15C5, respectively, at pH 2.4), probably due to an 
increase in the rigidity of the macrocycle. On the other hand, substitution of one of the 
oxygens for a nitrogen atom (BA15C5), caused an increase in the extraction (DEu ≈ 2.5 
at pH 2.4). This increase was enhanced by the inclusion of a bulky lipophilic group 
(PDN1A15C5) bearing an additional donor oxygen (DEu ≈ 8 and 0.4 for PDN1A15C5 
and BA15C5, respectively, at pH 2.1). Even though the addition of aza-15-crown-5
derivatives to HPBI afforded higher extraction, a mixture with 15C5 displayed higher 
selectivity for the mutual separation of Ln(III) (S.F.Eu/La = 25.5, 52.4, for HBPI, and its 
mixture with 15C5, respectively).287

Functionalisation of diaza-18-crown-6 with picolinic acid groups (H2BP18C6, Chart
2.63) resulted in a hydrophilic ligand that showed enhanced Am/Cm separation
(S.F.Am/Cm = 6.5 with 0.05 M HDEHP in o-xylene/0.001 M H2BP18C6 in 1 M NaNO3,
0.05 M lactate at pH 3). The ligand formed stronger complexes with larger metal ions, 
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thus favouring the extraction of smaller ions into the organic phase. This extraction 
system, based on competitive complexation, also exhibited good separation among the 
Ln(III): the series of La-Gd metal ions showed DLn values almost evenly spread between 
0.005 and 200 (0.05 M HDEHP in o-xylene/0.001 M H2BP18C6 in 1 M NaNO3, 0.05 M 
lactate at pH 3). However, the separation of Am(III) from light Ln(III) was poor (DAm ≈ 
0.2, DCm ≈ 0.6, DPr ≈ 0.3, DNd ≈ 1.5).288 Changing the composition of the organic phase 
to a mixture of 0.05 M TEHDGA (Chart 2.33) and 0.3 M HEH[EHP] (Chart 2.7) caused 
a decrease in the D values of the lighter Ln(III). This prevented the extraction of La-Nd 
into the organic phase and allowed the separation of Am(III) and Cm(III) from the 
Ln(III) in the stripping step.289

Separation of An and Ln(III) was also achieved with the water-soluble tetradentate 
Schiff base H2salen-SO3 (Chart 2.64). In the extraction of metal ions with HDEHP (Chart
2.7), the D values followed the order Np(V) < Cm(III) < Eu(III) < U(VI) (DM = 4.7, 10, 
19.9 and 98, respectively). However, H2salen-SO3 formed stronger complexes with 
An(V/VI) than with trivalent metal ions. Upon addition of H2salen-SO3 to the aqueous 
phase as the holdback ligand, the extraction of penta- and hexavalent metal ions was 
reduced by three orders of magnitude, whereas that of trivalent ions decreased by one, 
changing the order of extraction to Np(V) < U(VI) ≪ Eu(III) < Cm(III) (DM = 0.017, 
0.13, 3.9 and 89, respectively).290,291

The combination of HDEHP and a holdback ligand (DTPA) is also used in the 
TALSPEAK7 process and is aimed at preferably extracting Ln over An. This process, 

Chart 2.63

Chart 2.64
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however, has some interconnected disadvantages: because of the low extraction 
efficiency, a high concentration of HDEHP is required, in turn increasing the 
susceptibility to third phase formation and loss of buffering reagents in the organic phase. 
Octyl-HOPO (Chart 2.64) has been proposed as a substitute of HDEHP, because of its 
strong complexing ability for An and Ln(III). In the absence of a holdback ligand, it 
displayed a strong preference for heavy Ln(III) (DLa-Gd ~ 1000, DTb-Lu ~ 4000-14000, 
citric acid buffer). When the extraction was performed under TALSPEAK conditions, 
the D values decreased noticeably and the metals that were better extracted were light 
and heavy Ln(III) (DCe-Nd = 152-440, DDy-Lu = 120-1600) over middle Ln(III) (DSm-Tb =
45-65). Upon increasing of the DTPA concentration (from 0.005 M to 0.1 M), up to 
forty-fold decrease in the extraction of Am(III) was observed (from DAm ≈ 500 to 13). 
The reduction was less pronounced for Eu(III) (from DEu ≈ 4300 to 300), leading to an 
increase in the S.F.Eu/Am value (from S.F.Eu/Am ≈ 8.5 to 23.5).292

An open-chain polyether functionalised with two methylimidazolium groups 
(TEGIm, Chart 2.64) displayed good extraction ability in RTILs. The D values depended 
on the RTIL used as diluent, with two order of magnitude between [C4mim][NTf2] and 
[C4mim][PF6] (DEu ≈ 170 and 2, respectively) and heavier Ln(III) were extracted
preferentially over lighter ones (DLa ≈ 12, DLu ≈ 400 from [C4mim][NTf2]). The 
extraction efficiency decreased as the HNO3 concentration increased, allowing for 
selective stripping of the metal ions from the loaded organic phase.293

2.5.2 Alternative approaches for metal ion separation systems

Homogeneous liquid-liquid extraction

Betainium bis(trifluoromethylsulfonyl)imide [Hbet][NTf2] (Chart 2.65) is a TSIL able 
to dissolve large quantities of several metal oxides (including Ln(III) and An), and it is 
immiscible with water at room temperature. However, it shows thermomorphic 
behaviour, becoming soluble in water at temperatures > 55 °C and at high pH (increasing 
the metal loading lowers the transition temperature).294,295 [Hbet][NTf2] proved to be a 

Chart 2.65
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good ligand for U(VI), extracting 62% (DU ≈ 2) of the metal ions from 0.01 M HNO3 (at 
room temperature). No extraction was observed with [TMPA][NTf2], supporting the idea 
that the carboxylate group was necessary for the formation of the complex.296 The 
thermomorphic properties of the TSIL were exploited for a homogeneous liquid-liquid 
extraction: the biphasic water/TSIL mixture was heated at 60 °C, gently shaken, and the 
phase separation was induced by cooling the mixture. The D values obtained were the 
same as in the conventional extraction method, but the extraction time was reduced to 
10 min as opposed to 1 h. Moreover, U(VI) could be recovered quantitatively from the 
TSIL by precipitation upon addition of H2O2.297 Using a methylimidazolium carboxylic 
acid RTIL [HOOCmim][NTf2] (Chart 2.65), allowed a reduction in the extraction time 
to just 1 min with high extraction efficiency (87% U(VI)), although the homogenisation 
temperature increased to 75 °C.298

Extraction systems with multiple organic phases

TSIL systems have also been investigated as an alternative to the TALSPEAK process. 
The extraction was performed with HDEHP in cumene from an immiscible TSIL in 
which DTPA was integrated. Cyclic DTPA dianhydride (cDTPA) was dissolved in 
bistriflimide TSILs based on betaine, carnitine or choline, that reacted with the ligand 
forming mixed dianhydrides or diesters (Chart 2.66). This approach avoided the usually 
laborious synthesis and purification of a TSIL by an in situ addition reaction. The 
extraction of Ln(III) ions with cDTPA showed D values ranging over three orders of 
magnitude (DLa ≈ 0.2, DEr ≈ 200 using [Hbet][NTf2] and HDEHP in cumene), with good 
selectivity for the separation of Am(III) (S.F.Eu/Am ≈ 135 and 260 for [Hbet][NTf2] and 
[chol][NTf2]).299

Chart 2.66
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Two immiscible non-fluorinated RTILs ([C2mim][Cl] and [P66614][R2POO], Chart
2.67) have been employed for the separation of Ln(III) from Ni(II). [C2mim][Cl] 
containing small amounts of HCl was used to directly dissolve the metal oxides. Contact 
of the loaded mixture with [P66614][R2POO] allowed for quantitative transfer of the Ln 
ions, whereas Ni(II) was not extracted by this solvent. Stripping with 2 M HNO3 afforded 
an aqueous solution of Ln(III) that could be used for further processing.300 More 
promising results were obtained with two non-ionic solvent systems. Ethylene glycol 
was used as a solvent for metal nitrates in a solvent extraction process between two 
immiscible organic phases. The extraction with TOPO dissolved in n-dodecane showed 
that heavy and light Ln(III) can be separated more efficiently from this system (DLa-Nd =
0.05-0.45, DGd-Yb = 4-20) than from aqueous solutions (DLa = 0.4, DCe-Yb = 1-2).301

A two-step three-liquid-phase system composed of Cyanex 272/PEG 
2000/(NH4)2SO4-H2O (Fig. 2.1) was described for the separation of Ln(III) into light, 
middle and heavy ions and for the decontamination from Al, Fe and Si. When 1,10-
phenanthroline and PEG 2000 were used, the PEG middle phase was enriched with Fe 
and Si, whereas Al and light Ln(III) remained in the aqueous phase. Addition of EDTA 
and 1,10-phenanthroline to the system caused all the Ln(III) to remain in the aqueous 
phase and the contaminants Al, Fe and Si to be transferred to the PEG phase. 
Subsequently, using another triphasic system including PEG 600, the three groups of 
Ln(III) ions could be separated in the three different phases (light Ln in the bottom 
aqueous phase, middle Ln in the PEG 600 middle phase, heavy Ln in the Cyanex 272 
top phase).302

sc-CO2 as tunable solvent for metal ions extraction

TBP dissolved in supercritical CO2 (sc-CO2) has been investigated for the extraction of 
An and Ln(III) from aqueous HNO3 solutions. The extraction of U(VI), Np, Pu and 
Am(III) showed that high selectivity can be achieved. The separation of U and Pu was 
possible at HNO3 concentrations < 3 M and in the presence of acetohydroxamic acid 

Chart 2.67
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(AHA) or oxalic acid (OA) to mitigate the extraction of Pu. HNO3 concentrations < 1 M 
and the presence of AHA, OA or sodium nitrite suppressed the extraction of Np. Am(III) 
was not extracted under any condition, whereas the extraction of U(VI) was not affected 
by changes in the experimental conditions.303 The separation between light and heavy 
Ln(III) with sc-CO2 could be adjusted by modifying the temperature, pressure and the 
amount of TBP. Between a couple of light-heavy Ln(III) ions, when the amount of TBP 
was insufficient to completely extract both metal ions, the lighter one was preferred. On 
the other hand, an increase of temperature and pressure favoured the extraction of heavier 
metal ions. Interestingly, the loading capacity of the sc-CO2 system was higher for 
mixtures of Ln(III) than for single elements.304

An adduct of formula TBP(HNO3)1.8(H2O)0.6 was formed when TBP and concentrated 
HNO3 were mixed. In this system, TBP acted as a carrier for HNO3 into sc-CO2 with a
very small amount of water. The TBP-HNO3 complex was very effective in directly 
dissolving Ln and An oxides in sc-CO2. This opportunity offered several advantages 
compared to conventional systems, since lower amounts of mineral acid and solvents 
were required, sc-CO2 is relatively cheap and non-toxic, and the technology is already 
well-developed in industry.305 The performance of the TBP-HNO3 complex, however, 
was negatively affected by the increasing amount of water and acid.306

2.6 Conclusions and outlook
The challenges of the separation of An and Ln(III) are not easy to overcome; the number 
of metal ions for which separation is desired and the similarities between them make the 
development of a single all-purpose process very difficult. Therefore, the idea of more 
efficient systems, though more limited in scope, should not be set aside. Indeed, ligands 

Fig. 2.1 Schematic representation of the two-step three-liquid-phase system for the 
separation of REs.
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that distinguish An of different oxidation states, and ligands able to differentiate among 
groups of Ln were generally emphasised as opposed to whole-group extractants. For 
instance, the extension of the linker between bidentate ligands,174 functionalisation of 
the wide rim instead of the narrow one of calix[4]arenes, or changing the backbone of 
amides of heterocyclic carboxylic acid,275 changed the preference of the ligand towards 
heavy Ln, light Ln or actinides. D3DMDGA,164 and other ligands that could form a planar 
complex with UO22+, showed an increase in selectivity for An. 

Recently, the relationship between ligand structure and extraction properties has been 
studied more systematically, providing valuable information for the design of new 
ligands. Ligands following the “CHON principle” are favoured because they are 
completely incinerable. On the other hand, organophosphorus ligands are either 
commercially available or offer a simple set of options to change their properties. In view 
of the large-scale use, ligand cost, radiolytic stability and disposal might be weighted at 
the same level as extraction and separation efficiency. 

Studies on DGAs and N-heterocyclic ligands were recently focused on small 
modifications for the (successful) fine-tuning of the extraction properties. This showed 
that even the presence of one or two methyl groups on the DGA backbone has a drastic 
effect on the extraction,175 whereas only substituents that induce subtle changes (like a 
halogen atom) can be used to modify bis-triazinyl ligands without compromising the 
extraction efficiency.253,254 On the other hand, amides of heterocyclic carboxylic acids, 
despite their lower D and S.F. values than bis-triazinyl ligands, are potential alternatives 
because they allow the exploration of more variety in the substituents. Acidic ligands 
often showed a linear dependence of the extraction on the pH, allowing for easier 
stripping than several strong neutral ligands.187 

Attention has also been paid to the simplification of the synthesis, in view of large-
scale use. Alternatively, simplified versions of known ligands have been attempted. 
Approaches that provided encouraging results involved the combination of ligands with 
different properties (hydrophilic/hydrophobic or acidic/neutral, for example) or synergic 
mixtures (both intra- and intermolecular). In addition, mixtures of acidic ligands (with 
either acidic or neutral ligands) showed the possibility to exploit the characteristics of 
the constituents at different pH.52,53 Synergic and antagonistic mixtures, on the other 
hand, displayed that it is important to study the interactions among constituents of 
mixtures and not just assume that a “sum” of their properties is obtained.64 
Hydrophobic/hydrophilic ligand systems have great potential of improvement because 
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they allow for more “knobs to be adjusted” by design. The holdback/extracting/stripping 
ligand combinations can mutually enhance the ligands’ selectivities, and each of them 
can be modified independently. 

RTIL systems managed to drastically alter the properties of the ligands, but suffered 
from drawbacks such as leaching of IL cations into the aqueous phase and slow kinetics. 
The recently studied more hydrophilic RTILs bearing long alkyl chains have extracted 
metal ions by a solvation mechanism and may offer an interesting solution.251 Non-
fluorinated TSILs have presented a greener alternative to common NTf2--based systems, 
displaying interesting extraction properties.192,300 

Unless new breakthrough classes of ligands are discovered, from the results reported 
so far it appears that extracting systems based on an individual ligand are limited to 
giving coarse separations among light Ln, heavy Ln, An and other REEs, whereas 
combinations of ligands would be able to afford the fine separation of individual metal 
ions. Additionally, new strategies involving water-free extraction systems, multiple 
organic phases and sc-CO2 might provide an edge in the development of more efficient 
extraction processes. 

2.7 Abbreviations 
ALSEP Actinide-lanthanide separation 
An Actinide 
BODO Bis(benzoxazol)dodecyloxypyridine 
BTBP Bis-triazinylbipyridine 
BTP Bis-trazinylpyridine 
BTPhen Bis-triazinylphenanthroline 
CCD Cobalt bis(dicarbollide) 
CMP Carbamoylmethylphosphonate 
CMPO Carbamoylmethylphosphine oxide 
D Distribution ratio 
DCC Dicyclohexylcarbodiimide 
DCE Dichloroethane 
DGA Diglycolamide 
DIAMEX Diamide extraction process 
DTPA Diethylenetriaminopentaacetic acid 
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EDTA Ethylenediaminotetraacetic acid
FS-13 Phenyltrifluoromethylsulfone (= PTMS)
HDEHP Di(2-ethylhexyl) phosphoric acid
IL Ionic liquid
Ln Lanthanide
m-NBTF meta-Nitrobenzotrifluoride
NPHE Nitrophenyl hexyl ether
t-Oct 1,1,3,3-tetramethylbutyl
P&T Partitioning and Transmutation
PTMS Phenyltrifluoromethylsulfone (= FS-13)
PUREX Plutonium uranium extraction
RE/REE Rare earth/Rare earth element
RTIL Room temperature ionic liquid
S.F. Separation factor
SANEX Selective actinide extraction
SHLW Simulated high-level waste
SLM Supported liquid membrane
TALSPEAK Trivalent actinide-lanthanide separation by phosphorus reagent extraction 

from aqueous complex
TBP Tributyl phosphate
TEHDGA Tetra(2-ethylhexyl)diglycolamide
TERPY Terpyridine
TODGA Tetraoctyldiglycolamide
TOPO Trioctylphosphine oxide
TPH Hydrogenated tetrapropene
TPTZ Tripyridinetriazine
TRPO Trialkylphosphine oxide
TRUEX Transuranic extraction
TRUSPEAK Transuranic separation by phosphorus reagent extraction from aqueous 

complex
TSIL Task-specific ionic liquid
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CHAPTER 3

Preparation of diglycolamides via
Schotten-Baumann approach and direct

amidation of esters∗

Diglycolyl chlorides, commercially available or obtained from the corresponding
dicarboxylic acids, have been converted into the corresponding diamides by reac-
tion with a wide range of amines in an organic-aqueous biphasic system (Schot-
ten–Baumann approach) in high yields. Treatment with poly(4-styrenesulfonic acid)
afforded the pure compounds. Substituted diglycolyl diesters, obtained by coupling of
commercial monoesters, were transformed directly into the corresponding diamides
in the presence of aluminum trichloride as catalyst in good yields.

∗This chapter is largely based on A. Leoncini, J. Huskens and W. Verboom, Synlett, 2016, 27, 2463–2466.
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3.1 Introduction
As outlined in Chapter 2, diglycolamides (DGAs) represent a very important class
of extractants for actinide partitioning, a key step in the remediation of high level
nuclear waste.1 Efficient synthetic methods are important to improve the study of this
class of compounds. In addition, they are essential in view of the possibility of large
production.

Sasaki et al. 2 prepared a series of DGAs with varying alkyl groups at the amidic
nitrogen atoms by reaction of diglycolic anhydride with one equivalent of an amine.
The resulting ring-opened product was reacted in situ with another equivalent of
amine promoted by dicyclohexylcarbodiimide (DCC) giving, after purification, the
DGAs in 65-80% yield. A drawback of this procedure is the rather tedious column
chromatography due to the presence of reacted DCC. A simpler approach involves the
one-step reaction of commercially available diglycolyl chloride with two equivalents
of the proper amine in the presence of triethylamine.3 The DGAs can be obtained by
filtration of the formed ammonium salts. In this case the yields of the reaction are
strongly affected by the nature of the amine and in particular by the steric hindrance
caused by the substituents. Both methods are limited to the preparation of derivatives
with a plain, unbranched backbone.

So far DGAs bearing substituents at the central backbone have been prepared
by coupling of 2-hydroxyesters with 2-bromoesters to give the corresponding di-
esters. This is followed by saponification of the esters and reaction of the re-
sulting dicarboxylic acids with the proper amine in the presence of 1-ethyl-1-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl) or DCC. However, the
method is rather laborious.4

In this chapter two simple methods are described for the preparation of a variety of
DGAs including backbone-functionalised ones, making use of Schotten-Baumann5,6

conditions and of the aluminum(III)-catalysed amidation of an ester.7,8 The method
of choice for a particular DGA derivative mainly depends on the availability of the
required starting material.
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3.2 Results and discussion

3.2.1 Synthesis of diglycolamides via Schotten-Baumann approach

DGAs with a plain backbone can be prepared in a simple manner by reaction of
commercially available diglycolyl chloride with a secondary amine making use of
Schotten-Baumann conditions affording the pure compounds in high yield after a
very quick purification step (see Section 3.4.1). The results are reported in Table 3.1.
The yields were high, especially when amines with linear alkyl chains were used
(Table 3.1, entries 1, 2, 4). Small branched amines afforded lower yields, but overall
the yields were twice as high than those reported in literature (61% and 80% compared
to 34% and 48%, respectively; Table 3.1, entries 5, 6).3 While for small amines the
control of temperature and excess of amine were essential to obtain good results,
in the case of long linear chains (Table 3.1, entries 3, 4), increasing the reaction
temperature to room temperature led to an improvement of the yield, even upon using
a stoichiometric amount of amine. In the case of a long branched amine (Table 3.1,
entries 7, 8) a somewhat lower yield was obtained even upon reacting for a longer
time, probably because the reaction rates of the amidation and the hydrolysis of the
diacyl chloride became competitive.

The solubilities of the starting amines and the reaction products depend on the
length and branching of the alkyl chains of the amines. As a result, the purification
steps required to obtain pure compound had to be slightly adjusted. In the case of
small amines (C2, C3) the aqueous layer had to be saturated with sodium chloride and
extracted with diethyl ether. In the case of long-chain amines (C8) separation of the
reaction phases was enough to recover all of the compound. To remove the excess of
amine, the organic layer was washed with a hydrochloric acid solution and the solid
formed was filtered off. Subsequently, the organic layer was treated with a poly(4-
styrenesulfonic acid) (PSS) solution. Amines with intermediate chain length (C4)
required both treatments: extraction and washing with hydrochloric acid (without the
need of PSS treatment).

This method could not be used for the preparation of TMDGA 1 (R = Me),
because of its very high solubilty in water. Even after saturation of the aqueous layer
and extensive extraction with polar solvents, the compound could not be recovered.
TMDGA is mentioned and characterised in literature,11 but an experimental procedure
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Table 3.1 Diglycolamides by Schotten-Baumann reaction using commercial
diglycolyl chloridea

Cl

O O

Cl
O

HN
R

R
N

O O

N O R

R

R

R
1

NaOH, H2O
Et2O, 5 °C, 2 h

Entry R Yield (%) Lit. yield (%)

1 Et 90 829,e

2 n-Bu 89 803,e

3 n-C8H17 82 9410

4 n-C8H17 94b 9410

5 iPr 61 343,e

6 s-Bu 80 483,e

7 2-(Ethyl)hex-1-yl 73b,c 9410

8 2-(Ethyl)hex-1-yl 78c,d 9410

aReaction conditions: diglycolyl chloride (0.85 g, 5 mmol), amine (30 mmol), NaOH (1.2 g,
30 mmol), 2 h, 5 °C.

bAmine (10.5 mmol) and r.t.
c15 h.
dAmine (30 mmol), 15 h at r.t.
eYield based on diglycolic acid.

is lacking. In this work, TMDGA was prepared by reaction of diglycolyl chloride
with dimethylamine in diethyl ether in the presence of triethylamine, affording the
pure compound in high yield (93%).

For the preparation of DGAs bearing substituents on the central backbone the
required diacyl chlorides have to be prepared. The substituted diglycolic acids,
prepared in a few steps from commercial esters,4 were dissolved in pure oxalyl
chloride with a few drops of dry DMF as catalyst. The formed diacyl chlorides
were then immediately dissolved in diethyl ether and used without purification in
the Schotten-Baumann reaction as described above. The results are summarised in
Table 3.2. The yields were moderate to good and comparable with those reported
in literature. The presence of two methyl groups on the central backbone slightly
decreased the yield when dioctylamine was used. Comparison of the results obtained
using commercial diglycolyl chloride (Table 3.1, entries 1, 4) with the results shown in
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Table 3.2 Diglycolamides by Schotten-Baumann reaction using in-situ pre-
pared dichloridesa

OH

O O

HO
O

R1

Cl

O O

Cl
O

R1

2 R1= H, Me

oxalyl chloride
DMF (5 drops)

Cl

O O

Cl
O

R1

HN

R2

R2

N

O O

N
O R2

R2

R2

R2R1

NaOH, H2O
Et2O, 5 °C, 2 h

Entry R1 R2 Yield (%) Lit. Yield (%)

1 H Et 67 -
2 H n-C8H17 72 764,b

3 Me Et 80 -
4 Me n-C8H17 50 724,b

aReaction conditions: dicarboxylic acid (1 mmol), oxalyl chloride (2 mL), dry DMF (5 drops),
2 h, r.t., then secondary amine (6 mmol), NaOH (0.2 g, 6 mmol), 2 h, 5 °C.

bYield calculated over two steps starting from the diester.

Table 3.2, indicates that addition of methyl groups on the central backbone gradually
decreases the yield, probably due to steric hindrance.

3.2.2 Synthesis of diglycolamides via direct amidation of esters

An alternative approach to the preparation of DGAs is by aluminum(III)-catalysed
direct amidation of the corresponding esters. In this way the diesters are transformed
in one step in the desired diamide, avoiding saponification of the esters and the
preparation of the acyl chlorides, at the cost of a flash column chromatography step.

Diethyl diglycolate 3 (R1 –– Et, R2, R3 ––H)12–14 and dimethyl diglycolate 3 (R1 ––Me,
R2, R3 ––H)15–17 are usually prepared by esterification of diglycolic acid with ethanol
and methanol, respectively, in the presence of catalytic amounts of sulfuric acid.
These procedures require long reaction times. In this work, these compounds were
prepared in a quicker manner by reaction of diglycolyl chloride with the corresponding
alcohol, affording the pure compounds in high yields (97% and 90%, respectively).

The results obtained applying this methodology are given in Table 3.3. Entries 1-6
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Table 3.3 Diglycolamides by direct amidation of diestersa

OR1

O O

R1O
O

R2 R3

HN
R4

R4
N

O O

N
O R4

R4

R4

R4R2 R3

3 4

AlCl3/Et3N
CH2Cl2, 2 h, r.t.

Entry R1 R2 R3 R4 Yield (%) Lit. Yield (%)

1 Me H H Et 83 829,b

2 Et H H Et 61 829,b

3 Me H H n-Bu 79 803,b

4 Et H H n-Bu 94 803,b

5 Me H H n-C8H17 83 9410,c

6 Et H H n-C8H17 85 9410,c

7 Et Me H Et 63 -
8 Et Me Me Et 87 -
9 Et Me H n-C8H17 81 764,d

10 Et Me Me n-C8H17 62 724,d

aReaction conditions: diester (5.26 mmol), amine (13.68 mmol, 2.6 equiv), AlCl3 (2.1 g,
15.79 mmol, 3 equiv), Et3N (2.13 g, 21.05 mmol, 4 equiv), 2 h, r.t.

bYield based on diglycolic acid.
cYield based on diglycolyl chloride.
dYield calculated over two steps starting from the diester.

show a comparison between methyl and ethyl esters as precursors for the preparation
of plain DGAs using amines bearing alkyl chains of different length. Despite methyl
esters being known to be generally more reactive,18,19 in the cases of di-n-butyl-
and di-n-octylamine (Table 3.3, entries 3-6) higher yields were obtained with diethyl
diglycolate rather than dimethyl diglycolate. This aspect is advantageous, since there
are more commercially available ethyl esters that can be used as starting materials than
their methyl counterparts, while in addition the ethyl esters are generally cheaper.20

For amines with small-, medium-sized and long alkyl chains the yields were
comparable or higher than with the Schotten-Baumann approach (Tables 3.1 and 3.2).
However, when sterically hindered amines (diisopropyl- and di-sec-butylamine) were
employed during the amidation no conversion occurred.
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3.3 Conclusions
In summary, two new, simple methods have been reported for the preparation of
DGAs that offer different advantages over the existing ones. The Schotten-Baumann
approach needs the corresponding diacyl chloride of the desired diamide, but the
compounds can be purified in a straightforward way simply by extraction and acidic
washing, and the yields appeared to be less affected by the structure of the reactive
species. The aluminum(III)-catalysed amidation of esters is of interest when the
corresponding diacid or diacyl chloride of the desired diamide is not commercially
available. The reaction is more sensitive to steric hindrance of the starting materials
and requires a chromatographic purification step, but affords the desired compounds
in a single step and, for non-branched amines, the yields are generally comparable
with those of the other approaches. These methods will also be applicable for the
preparation of multipodal DGAs.

3.4 Experimental
Diglycolyl chloride, oxalyl chloride, diethylamine, di-n-butylamine, di-n-octylamine,
diisopropylamine, bis(2-(ethyl)hex-1-yl)amine, di-sec-butylamine, 2.0 M dimethyl-
amine in THF, AlCl3, poly(4-styrenesulfonic acid) solution (18 wt% in water), NaOH,
NaCl, MgSO4 and SiO2 60 (230-400 mesh) were obtained from Sigma-Aldrich and
used without further purification. HCl and EtOH were bought from VWR. MeOH,
EtOAc and CH2Cl2 were obtained from Actu-all Chemicals. Et3N was purchased
from VWR and stored on KOH. DMF was bought from VWR and stored on molecular
sieves. Et2O was purchased from VWR and distilled before use. Dicarboxylic acids
2 were prepared according to literature procedures.4 1H- and 13C NMR spectra were
recorded on a Bruker AscendTM 400 MHz NMR spectrometer. ESI mass spectra
were recorded on a Waters Micromass LCT mass spectrometer with time-of-flight
analyser.

3.4.1 General Procedure 1: Synthesis of diglycolamides by Schotten-Baumann
reaction

Diglycolyl chloride (0.85 g, 5 mmol) in Et2O (30 mL) was added dropwise to a
solution of amine (30 mmol) and NaOH (1.2 g, 30 mmol) in water (36 mL) at 0
°C over 30 min. The mixture was stirred at 0 °C for 2 h and then the phases were
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separated. The aqueous layer was saturated with NaCl and extracted with Et2O (3
× 30 mL). An aqueous solution of 10% HCl (20 mL) was added to the combined
organic layers. The mixture was shaken vigorously to facilitate formation of clumps
of ammonium salts, floating between the two phases. The organic layer was washed
two more times with HCl solution (20 mL) and then filtered through a glass frit (G3).
A poly(4-styrenesulfonic acid) solution (4 wt%, 25 mL) in water was added to the
organic layer. The mixture was shaken vigorously to facilitate formation of polymeric
salts as an amorphous material floating between the layers. The organic layer was
washed with water and then separated from the polymeric salt. It was dried with
MgSO4, whereupon the solvent was removed by vacuum evaporation to afford the
DGAs, which had a purity of ≥97% according to the 1H NMR spectra.

In the case of bis(2-(ethyl)hex-1-yl)amine, after the separation of the phases,
the organic layer was evaporated. Poly(4-styrenesulfonic acid) solution (18 wt%, 3
mL) was added directly to the crude material. The mixture was shaken to facilitate
formation of polymeric salts and then extracted with Et2O (3× 50 mL). The combined
organic layers were washed with water (30 mL), dried with MgSO4, whereupon the
solvent was removed by vacuum evaporation to afford the DGA.

TMDGA (1, R=Me)11

Diglycolyl chloride (5.69 g, 33.3 mmol) in Et2O (20 mL) was added dropwise to a
solution of Me2NH (100 mL of a 2 M solution in THF) and Et3N (10 g, 99 mmol) in
Et2O (180 mL) at 0 °C over 1 h. The mixture was stirred vigorously by means of a
mechanical stirrer at 0 °C for 30 min and then filtered through a glass frit (G4). The
solvent was removed by vacuum evaporation to afford TMDGA in 93% yield, which
had a purity of ≥97% according to the 1H NMR spectrum.

3.4.2 General Procedure 2: In situ preparation of diacyl chlorides

DMF (5 drops) was added to a solution of a substituted dicarboxylic acid (1 mmol)
in pure oxalyl chloride (2 mL). The reaction mixture was stirred under argon for 2 h
and then oxalyl chloride was removed by vacuum evaporation. The diacyl chloride
obtained was immediately dissolved in Et2O (6 mL) and used for the synthesis of
DGAs according to General Procedure 1. The DGAs had a purity of ≥97% according
to the 1H NMR spectra.
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Diethyl diglycolate (3, R1 ––Et, R2, R3 ––H)12–14

Diglycolyl chloride (10 g, 58 mmol) was added dropwise to a mixture of Et3N (25
mL), CH2Cl2 (50 mL) and EtOH (60 mL) at 0 °C. The mixture was stirred for 1
h and then the solvents were removed by vacuum evaporation. Et2O (50 mL) was
added to the mixture, that was filtered through a glass frit (G4), whereupon the solvent
was removed by vacuum evaporation. The crude material was purified by Kugelrohr
distillation to afford diethyl diglycolate in 97% yield, which had a purity of ≥97%
according to the 1H NMR spectrum.

Dimethyl diglycolate (3; R1 ––Me, R2, R3 ––H)15–17

Diglycolyl chloride (10 g, 58 mmol) was added dropwise to a mixture of Et3N (25
mL) and MeOH (90 mL) at 0 °C. The mixture was stirred for 1 h and then the solvents
were removed by vacuum evaporation. Et2O (50 mL) was added to the mixture,
that was filtered through a glass frit (G4), whereupon the solvent was removed by
vacuum evaporation. The crude material was purified by Kugelrohr distillation to
afford dimethyl diglycolate in 90% yield, which had a purity of ≥97% according to
the 1H NMR spectrum.

3.4.3 General Procedure 3: Synthesis of diglycolamides by direct amidation of
diesters

Et3N (2.13 g, 21.05 mmol) in CH2Cl2 (5 mL) was added dropwise to a suspension
of AlCl3 (2.1 g, 15.79 mmol) in CH2Cl2 (8 mL) at 0 °C. The reaction mixture was
stirred for 15 min and then warmed to room temperature. A solution of diester
(5.26 mmol) and amine (13.68 mmol) in CH2Cl2 (3 mL) was added dropwise to the
reaction mixture over a period of 30 min. After stirring for 2 h, the reaction mixture
was quenched with a solution of Na2CO3 (14 g) in water (50 mL) and then EtOAc (60
mL) was added. The aqueous phase was extracted with EtOAc (3 × 100 mL) and the
combined organic layers were dried with MgSO4. After evaporation of the solvent, the
compound was purified by flash column chromatography [SiO2, hexanes-EtOAc (3:1
to 1:1) for long chain amines; SiO2, CH2Cl2-EtOH (95:5 to 80:20) for intermediate
and small amines]. The DGAs had a purity of ≥99% according to the 1H NMR
spectra.
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2-(2-(Diethylamino)-2-oxoethoxy)-N,N-diethylpropanamide (4; R2 ––Me, R3 ––H,
R4 ––Et)
1H NMR (400 MHz, CDCl3): δ = 4.52 (q, J = 6.6 Hz, 1H), 4.28 and 3.95 (AB-q, J =
13.5 Hz, 1H), 3.50–3.25 (m, 8H), 1.41 (d, J = 6.6 Hz, 3H), 1.18, 1.16, 1.13 and 1.12
(t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 171.9, 169.3, 73.5, 67.5, 66.0,
41.9, 41.8, 40.8, 18.5, 15.4, 14.5, 14.3, 13.0, 12.9. ESI-MS: m/z = 259.3 [M + H]+.
HRMS: m/z calcd for C13H27N2O3: 259.1943 [M + H]+; found: 259.1992.

2,2’-Oxybis(N,N-diethylpropanamide) (4; R2, R3 ––Me, R4 ––Et)
1H NMR (400 MHz, CDCl3): δ = 4.29 (q, J = 6.7 Hz, 2H), 3.54–3.44 (m, 2H),
3.41–3.20 (m, 6H), 1.41 (d, J = 6.7 Hz, 6H), 1.14 and 1.12 (t, J = 7.1 Hz, 6H). 13C
NMR (101 MHz, CDCl3): δ = 171.6, 71.8, 41.2, 40.5, 19.2, 14.7, 13.0. ESI-MS: m/z
= 273.2 [M + H]+. HRMS: m/z calcd for C14H29N2O3: 273.2173 [M + H]+; found:
273.2153.
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CHAPTER 4

Effect of alkylation of the central backbone of
TODGA on the extraction behaviour and

performance under γ-irradiation∗

The effect of alkylation of the TODGA central backbone on the extraction properties
of DGA ligands was studied with R-TODGA and Me2TODGA diastereomers. Two
new R-TODGA (R = Et, Bu) derivatives were prepared and showed better separa-
tion properties than MeTODGA and Me2TODGA at high nitric acid concentration.
Me2TODGA diastereomers were prepared and exhibited a difference of distribution
ratio values in the extraction of lanthanides up to a factor of 94. The radiolytic
stability of MeTODGA and Me2TODGA was investigated by studying the degradation
compounds formed after γ-irradiation. These degradation compounds have been
synthesised and studied individually. The extraction behaviour of the irradiated
MeTODGA solvents and its degradation compounds have been studied toward the
fission products and lanthanides present in a highly active raffinate (HAR) solution.
All the results obtained on degradation compounds have been compared with those
of parent molecules in order to assess the effect of these compounds on a separation
process.

∗This chapter is based on H. Galán, C. A. Zarzana, A. Wilden, A. Núñez, H. Schmidt, R. J. M. Egberink,
A. Leoncini, J. Cobos, W. Verboom, G. Modolo, G. S. Groenewold and B. J. Mincher, Dalton Trans.,
2015, 44, 18049-18056; V. Hubscher-Bruder, V. Mogilireddy, S. Michel, A. Leoncini, J. Huskens,
W. Verboom, H. Galán, A. Núñez, J. Cobos, G. Modolo, A. Wilden, H. Schmidt, M.-C. Charbonnel,
P. Guilbaud and N. Boubals, New J. Chem., 2017, 41, 13700-13711; A. Wilden, L. Klaß, B. Kraus,
F. Sadowski, G. Modolo, A. Geist, A. Leoncini, J. Huskens and W. Verboom,manuscript in preparation.
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4.1 Introduction
Diglycolamides (DGAs) are widely used in solvent extraction for the separation of
trivalent lanthanides (Ln(III)) and actinides (An(III)) from used nuclear fuel solutions
(Chapter 2).1 The extraction and stripping of An(III) and Ln(III) ions strongly depends
on the nature of the alkyl group attached to the DGA nitrogen atoms.2 DGAs with
long Cn amide alkyl chains (n = 8 and 10) are soluble in alkane diluents, and these
compounds complex and extract actinides and lanthanides with distribution ratios
that increase with increasing aqueous nitric acid concentration, and that follow the
order M(III)/M(IV) > M(VI) > M(V). Particularly the octyl derivative, N,N,N’,N’-
tetraoctyldiglycolamide (TODGA, Fig. 4.1) has thus received detailed study for its
potential applications at the back end of the nuclear fuel cycle for the extraction of
lanthanides and actinides.3–6

N

O O

N
O C8H17
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H17C8
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O C8H17
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O C8H17
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TODGA MeTODGA Me2TODGA

Fig. 4.1 Structures of TODGA, MeTODGA and Me2TODGA.

In continued European research within the FP 7 ACSEPT project, the influence
of derivatisation of the central backbone of the diglycolamide has been studied and
especially the methylated derivatives MeTODGA and Me2TODGA (Fig. 4.1) were
found to be suitable ligands for solvent extraction processes. Extraction efficiency
decreased with increasing methyl substitution, probably due to steric considerations.
MeTODGA resulted to be interesting for the GANEX (Group ActiNide Extraction)
process, since it was found that the extraction efficiency of the undesired fission
products decreased, while the distribution ratios and loading capacity of the desired
Ln(III) and An(III) remained acceptable under relevant conditions. On the other
hand, Me2TODGA showed an almost hundred fold increase in the Eu/Am separation
factor.7 This suggests that more effort should be put in the investigation of the effect
of small modifications of the central backbone on the extraction behaviour.

To evaluate the applicability of solvents based on DGAs for process develop-
ment, it is necessary to prove not only their good extraction properties, but also their
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degradation resistance, since the organic phase is in contact with highly radioac-
tive solutions and high nitric acid concentrations. Solvent degradation may lead to
undesirable effects such as decreases in solvent extraction efficiency, decreases in
selectivity and/or third phase formation. Consequently, it requires the regeneration of
the used solvent, increasing the volume of the secondary waste and the process costs.
Most often, the new species generated have extracting properties that markedly differ
from those of the original ligands and can have an impact on the long-live radioactive
waste management and safety.

Recently, several studies have appeared regarding the effects of DGA irradiation
on solvent extraction metal distribution ratios.8–12 Initially, DGA degradation was
inferred based on the decrease in distribution ratios.9–11 However, studies of the main
degradation products have since shown that the new species have extraction properties
that markedly differ from those of the original ligands.12,13 Thus distribution ratios
cannot be used as a metric for ligand degradation.

While the long-chain DGAs appear to be hydrolytically stable, radiolytic degrada-
tion of DGAs has been observed.8–17 The decrease in ligand concentration is exponen-
tial with dose, and has been mainly attributed to electron-transfer reactions between
radiolytically-produced diluent radical cations.14,15 A methodology for studying the
stability of DGAs as selective extractants of An(III) and Ln(III), involving a complete
characterisation by HPLC-MS of irradiated samples, was described by Galán et al. 12,
and applied to TODGA.13 Among others, these studies have shown a double pro-
tective role of nitric acid on the stability of diglycolamide-based ligands. The major
sites for degradation effects are the bonds within the diglycolamide functional group,
specifically the C–Oether and N–Ccarbonyl.13,15 The acid medium (H+) provides a
protective effect on the C–Oether bond, which was found to be the weakest bond of
the molecule and on the other hand, nitrate ions would act as scavengers of reactive
species formed during γ-irradiation as described in other related works.18,19

Since the ether DGA linkage is especially susceptible to radiolytic attack, efforts
to reduce degradation should naturally focus on protecting these bonds. In addition
to their solvent extraction advantages, the new class of methyl TODGA derivatives
(Fig. 4.1) may offer such stability.

This chapter describes the effect of alkylation of the central backbone of TODGA
on the extraction behaviour. R-TODGA derivatives (R = Et, Bu) have been prepared
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and compared with MeTODGA and Me2TODGA. After that, it reports the unique
difference in extraction behaviour and the reversal in selectivity in trivalent actinide
extraction observed with the two diastereomers of Me2TODGA. Finally, it deals with
an investigation of the γ-radiolytic stability of methyl TODGA derivatives in both
n-dodecane and hydrogenated tetrapropene (TPH) and the extraction behaviour of
the irradiated ligand for Am(III), Ln(III) and some non-lanthanides fission products.
For this purpose, several of the identified radiolysis fragments have been synthesised
and studied separately to better understand the extraction properties of the individual
degradation products and the whole system upon γ-irradiation.

4.2 Results and discussion
4.2.1 Effect of alkylation of TODGA backbone on extraction behaviour

The results obtained with MeTODGA and Me2TODGA7,20,21 suggested to investigate
more DGAs bearing different alkyl chains on the central backbone. Therefore, two
new TODGA derivatives were prepared introducing an ethyl and a butyl chain on the
central backbone.

Synthesis and characterisation

O

R
O EtBr HO O

O
Et

1a R = Et
1b R = Bu

2

OOO

OO

R

Et Et

3a R = Et 36%
3b R = Bu 80%

NaH, THF
reflux, 3 h

OHOHO

OO

R
4a R = Et 94%
4b R = Bu 80%

1) NaOH, MeOH
15 h, r.t.

2) H2SO4, Et2O

ON

OO
C8H17

C8H17 R
N C8H17

C8H17

5a R = Et 50%
5b R = Bu 32%

EDC·HCl, HOBt
HN(octyl)2, MeCN

Scheme 4.1 Synthesis of monoalkyl-TODGA derivatives.
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The new derivatives were prepared using a small variation of the reported procedure,21

starting from α-bromoesters 1a,b and ethyl glycolate 2 (Scheme 4.1). Ethyl 2-
bromobutanoate 1a and ethyl 2-bromohexanoate 1b were reacted with ethyl glycolate
2 in presence of NaH to give diesters 3a and 3b in 36% and 80% yield, respectively,
after flash chromatography. The yield of diester 3a was unusually lower than that
previously obtained in this kind of reaction21 due to a more complicated separation
during the chromatography step. Saponification of the diesters 3a,b with NaOH in
MeOH, afforded the carboxylic acids 4a,b in high yields. Finally, the diamides 5a,b
were obtained by coupling of diacids 4a,b with di-n-octylamine in the presence of
EDC·HCl and HOBt in 50% and 32% yield, after flash chromatography. Diamide 5b
was obtained in low yield due to a complicated separation during the chromatography
step.

In the 1H NMR spectra, the DGA backbone of diesters 3a,b, diacids 4a,b and
diamides 5a,b, shows an AB quartet for the CH2O protons and a doublet of doublets
for the CH proton in the range 4.40-3.70 ppm. Upon saponification, the signals (at
4.26-4.14 and 1.34-1.24 ppm) of the ethyl chains of the esters in 3a,b disappeared.
The 1H NMR spectra of diacids 4a,b are distinguished by the signals of the ethyl
(at 2.04-1.79 and 1.05 ppm) and the butyl (at 1.75-0.80 ppm) side chains. The 1H
NMR spectra of diamides 5a,b show signals at 3.53-3.13 ppm belonging to the NCH2

protons.

Extraction properties

The two new alkylated DGAs 5a (EtTODGA) and 5b (BuTODGA), dissolved in
TPH, were tested in solvent extraction experiments for the extraction of 241Am and
152Eu from nitric acid solution. Their performances were compared with those of
MeTODGA and Me2TODGA (Fig. 4.2). Significant distribution ratios for these metal
ions were only reached at relatively high nitric acid concentrations of ≥ 2 M.

The distribution ratio (D) is the ratio between the amount of metal in the organic
phase and the amount of the same metal in the aqueous phase, after the extraction
(Eq. 4.1). The separation factor (S.F.) is the ratio between theD values of two different
metals (Eq. 4.2).

DM1 = [M1]org/[M1]aq (4.1)

S.F .(M1/M2) = DM1/DM2 (4.2)
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Fig. 4.2 Distribution ratios for the extraction of Am and Eu with a) MeTODGA,
b) Me2TODGA, c) EtTODGA 5a and d) BuTODGA 5b as a function of the initial
HNO3 concentration. Org: 0.1 M DGA in TPH. Aq: 10-5 M Ln(III) in HNO3,
spiked with the related radiotracer.

In view of industrial application of a ligand for actinide/lanthanide separation in
a multistep (or continuous) extraction system, the optimal conditions are obtained
when the S.F. is as high as possible and DM1 > 1 > DM2.22,23 In this situation at
each extraction step, one metal will preferably be in one phase, while the other one
will be in the other phase. The actual number of separation steps to be performed is
determined by the S.F.: a higher S.F. corresponds to a lower number of repetitions.
In the case when both D values are above 1, given the same S.F., better results are
obtained with lower D values, i.e. closer to optimal conditions. On the other hand, the
upper limit for D values is determined by the technology employed in the separation
process.

Fig. 4.2 shows the distribution ratios and Eu/Am separation factors as a function
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of the nitric acid concentration. The graphs show that an increase in alkylation of
the central backbone corresponds to a decrease of the distribution ratio values at high
HNO3 concentrations [MeTODGA (C1) < EtTODGA 5a (C2) ~ Me2TODGA (C1+C1)
< BuTODGA 5b (C4)]. The ability of MeTODGA to discriminate between Am and
Eu has an optimum at around 2 M HNO3, while at high nitric acid concentration
the separation factor dropped to close to 1. Conversely, its extraction of both metals
increased with increasing HNO3 concentration and reached D values > 1000 at 4
M HNO3. The distribution ratios of Me2TODGA, EtTODGA 5a and BuTODGA
5b for Eu and Am were significantly lower than those of MeTODGA at high nitric
acid concentration, ranging between 2 and 64 at 4 M HNO3. As a general trend,
EtTODGA 5a had higher D values than Me2TODGA, while BuTODGA 5b had the
lowest values. Even though EtTODGA 5a and Me2TODGA had similar D values, the
S.F.Eu/Am values for the two ligands were quite different, that of 5a being higher. The
distribution ratio values of BuTODGA 5b at high nitric acid concentration were the
lowest of the series. It showed a S.F.Eu/Am value of 3.7 already at 3 M HNO3, with
DEu = 1.05 and DAm = 0.29, meaning that it would be able to efficiently separate the
two metal ions.

Next to the length of the chains attached to the ligand, the spatial orientation of
the chains needs to be considered. The presence of side chains on the molecule is
accompanied by the creation of stereogenic centres and the possibility of formation of
diastereomers. Since diastereomers have different physical and chemical properties,
it is of interest to investigate the influence on the extraction behaviour.

4.2.2 Inversion of selectivity and difference in complexation of trivalent
actinides and lanthanides by different diastereomers of
Me2TODGA

Synthesis and characterisation

The synthesis of Me2TODGA 11 has been reported as a mixture of diastereomers.21

The behaviour and complex stoichiometry of the diasteromeric mixture in the com-
plexation of trivalent lanthanides and actinides was studied.7 The individual diastere-
omers were prepared via a slightly modified procedure from 2-bromopropionate 6
and ethyl (S)-lactate 7 involving Schotten-Baumann conditions (Scheme 4.2).24 2-
Bromopropionate 6 was reacted with ethyl (S)-lactate 7 to give the diesters 8 in a
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Scheme 4.2 Synthesis of the Me2TODGA ligands 11a and 11b.

diastereomeric ratio of 4:1 according to the 1H NMR spectrum of the crude reaction
mixture. Flash chromatography gave the diesters 8a and 8b in 56% and 15% yield,
respectively. Apparently, lactate 7 reacts faster with one of the enantiomers of 6 than
with the other one. Meanwhile, unreacted 6 undergoes racemisation which is known
to happen for α-bromo esters in the presence of Br– .25 Saponification of the ester
groups in 8a,b with NaOH in methanol afforded the dicarboxylic acids 9a,b. Using
the recently developed approach involving Schotten-Baumann conditions (Chapter
3),24 9a,b were converted into the target ligands 11a and 11b via the in situ prepared
diacyl dichlorides 10, in 50% and 68% yield, respectively.

Both diastereomers 11a and 11b are symmetric, which is reflected in their 1H
NMR spectra (Fig. 4.3a,c). They are not easily distinguished because of their free
rotation. However, upon addition of lanthanum(III) triflate (La(III)(OTf)3) the cor-
responding complexes were formed, locking the ligands and preventing rotation. In
the case of the La(III)-complex of 11a the symmetry in the 1H NMR spectrum is
broken, while that of the La(III)-complex of 11b is maintained (Fig. 4.3b,d). From
that it can be concluded that 11a and 11b have Cs and C2 symmetry, with RS- and
SS-configuration, respectively. Complexation of the ligands with La(III) via the amide
carbonyl groups induces a change in their geometry. In case of 11a steric hindrance
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Fig. 4.3 600 MHz 1H NMR spectra in CDCl3 of a,c) the free ligands 11a,b
and b,d) upon addition of excess of La(III)(OTf)3.
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Fig. 4.4 Symmetry and molecular movement of the ligands 11a and 11b.

of the two central methyl groups will force the molecule in a twisted position upon
complexation resulting in loss of the symmetry. Upon complexation of 11b, the
methyl groups will only move further apart maintaining the symmetry (Fig. 4.4).

Extraction properties

Diastereomers 11a and 11b, dissolved in TPH, were both tested in solvent extraction
experiments for the extraction of 241Am, 244Cm and 152Eu, as well as 10-5 M of
each lanthanide (w/o Pm, incl. Y + La) from nitric acid solution. Me2TODGA is
a relatively weak extractant in comparison to the parent molecule TODGA2,26 and
the monomethylated analogue MeTODGA.7,21 Significant distribution ratios for the
studied metal ions were only reached at relatively high nitric acid concentrations ≥ 2
M.

Fig. 4.5 shows the distribution ratios of Am, Eu, Cm, Gd, Nd and Ce as a function
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Fig. 4.5 D values for the extraction of Am, Eu, Cm (left), Ce, Nd, Gd (right)
with 11a and 11b as a function of the initial HNO3 concentration. Org: 0.1 M
11a,b in TPH. Aq: 10-5 M Ln(III) in HNO3, spiked with the related radiotracer.

of the nitric acid concentration. The graphs show that 11a has higher D values
than 11b and that the difference between them increases with increasing nitric acid
concentration.

Fig. 4.6 exhibits the distribution ratios of Am, Cm, Y, La and other lanthanides
(w/o Pm) as a function of the inverse ionic radius for the extraction from 4.3 M HNO3

using 0.1 M 11a (black) and 11b (red) in TPH. Data for the ionic radii was taken from
Seaborg 27 for six-fold coordination. Data for nine-fold coordination, as is expected
for the complexes formed here, was not available for all tested metal ions (especially
not for Cm3+). Therefore, data for six-fold coordination was chosen to enable a direct
comparison. The data shown in Fig. 4.6 shows that distribution ratios mostly increase
with decreasing ionic radius of the extracted metal ion. This behaviour is common
for diglycolamides used in solvent extraction and was observed before also for the
methylated TODGA analogues.7 Diastereomers 11a and 11b show a maximum in the
distribution ratios for Ho, similar to previous observations. Wilden et al. 7 already
reported about a shift in the maximum of distribution ratios by successive introduction
of additional methyl groups into the TODGA backbone.

A large difference is observed between the two diastereomers. Diastereomer 11a
shows much higher distribution ratios than 11b with up to a factor of 94 for Ho
extraction. Furthermore, the spread in distribution ratios between the lowest and
highest distribution ratios is higher for 11a compared to 11b.

Diastereomer 11a shows a preference for the extraction of Cm3+ over Am3+ with a
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Fig. 4.6 Distribution ratios of lanthanides (without Pm, empty symbols), Am
and Cm (filled symbols) as a function of the inverse ionic radius for the ex-
traction from 4.3 M HNO3 using 0.1 M 11a (black) and 11b (red) in TPH. The
atomic symbols corresponding to the metal ions are indicated on top of the
chart. Lines connecting Am and Y to their data point for clarity.

separation factor S.F.Cm/Am between 1.0-1.4. The separation factor increased slightly
with increasing nitric acid concentration. To the best of our knowledge a preference for
Cm3+ extraction was always observed for these kinds of diglycolamides (even water-
soluble ones).2,28 Therefore, this is the first time that the opposite selectivity was
observed for a diglycolamide with the diasteromer 11b, which showed a preference
for Am3+ over Cm3+. The exact reason for this change in selectivity is unclear up to
now. However, it can be speculated that the orientation of the additional methyl groups
plays a crucial role for this phenomenon. Diastereomers 11a and 11b are believed
to both form 1:3 metal:ligand complexes in the organic phase with the central metal
ions bound through the three oxygen donor atoms of each ligand, resulting in an
overall nine-fold coordination. Nitrate ions, required for charge compensation, are
presumably located in the outer shell of the complexes, as no nitrate coordination was
found in the inner-sphere of such complexes.29–33

4.2.3 γ-Radiolytic stability of methylated TODGA derivatives

The mono-substituted MeTODGA at 0.1 M was irradiated in TPH after acid pre-
equilibration over a series of absorbed doses to a maximum of 1000 kGy. For
comparison, similar MeTODGA solutions were stored at 25 °C for 56 days, to in-
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Fig. 4.7 Quantitative determination of the MeTODGA concentration of fresh
(Ref, 0 kGy), aged (aging, 0 kGy) and irradiated MeTODGA solutions (250-
1000 kGy). Ligand concentration was initially 0.1 M in TPH diluent.

vestigate the stability of unirradiated DGAs (ageing effects) and hydrolysis. Fig. 4.7
shows the exponential concentration decrease as measured by HPLC-DAD for these
samples. The effects of ageing and hydrolysis were negligible for this length of expo-
sure and temperature. Also shown in Fig. 4.7 is that a 50% reduction in MeTODGA
concentration takes place by an absorbed dose of 250 kGy.

Previous TODGA stability studies revealed that the main ruptures take place in the
C–Oether and N–Ccarbonyl bonds, giving rise to ten degradation compounds.11,13,15

One of the challenges of this family of DGA compounds is to reduce the radiolytic
degradation rates by protecting the ether bonds. Therefore, it was of interest to identify
and quantify the degradation compounds formed when MeTODGA and Me2TODGA
were subjected to irradiation.

Analysis of MeTODGA degradation products

For this purpose, experiments were carried out in four different steps up to 250, 500,
750 and 1000 kGy of integrated dose, at 1.78 and 6.32 kGy/h dose rates at 23 ± 2 °C.
After irradiation, no precipitate was observed, but the samples got a slightly yellow
colour when the integrated dose increased. This effect was especially observed for
samples irradiated at low dose rate, since they need more time to get an integrated
dose of 1000 kGy. Fig. 4.8 shows the qualitative HPLC-DAD analysis of MeTODGA
samples irradiated at 6.32 kGy/h, up to 250, 500, 750 and 1000 kGy. At 250 kGy
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Fig. 4.8 HPLC-DAD chromatograms of aged and irradiated MeTODGA sam-
ples, irradiated at 6.32 kGy/h in 100% TPH pre-equilibrated with 3 M HNO3.

the chromatogram shows the presence of at least ten new peaks corresponding to
the degradation compounds formed. The intensity of these new signals increases
with the integrated dose (marked as circles in Fig. 4.8), while the MeTODGA signal
decreases in agreement with a previous work on m-xylylene bis-diglycolamide.12

However, it is important to mention that the minor degradation compounds observed
at 250 kGy, marked as stars in Fig. 4.8 disappear as the integrated dose increases.
This effect indicates the initial formation of compounds that are also degraded along
the irradiation process, a behaviour which was not observed in irradiated TODGA
samples.

Fig. 4.9 exhibits the structures assigned to the products found after the irradiation
of MeTODGA in n-dodecane or TPH from the mass analysis spectra. Fig. 4.10
displayed the results of the quantitative HPLC-MS analysis of degraded MeTODGA
samples after 1000 kGy irradiation at two different dose rates (1.78 and 6.32 kGy/h).
At both dose rates a similar degradation behaviour of MeTODGA was found. The
concentration of the degradation compounds confirms the preference of degradation
path b in Fig. 4.11 as 12 and 13 are found in a higher proportion than degradation
compounds 14 and 15 resulting from degradation path a. These findings support
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Fig. 4.10 Quantitative determination of the remaining MeTODGA and the
most relevant degradation products present in an irradiated MeTODGA sam-
ple (initial MeTODGA concentration: 0.1 M, 1000 kGy, in 100% TPH, pre-
equilibrated with 3 M HNO3) by HPLC-MS (APCI+).
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Fig. 4.11 Main ruptures of MeTODGA after γ-irradiation.

the assumption that the introduction of an additional methyl group in the diglycol-
amide backbone weakens the unsubstituted C-O linkage. This would also indicate
that the methylated ether linkage was somewhat protected, assuming that the mass
spectrometric response factors are the same for both fragments. Based on the main
chromatographic peaks and belonging structures of degraded MeTODGA samples,
the main bond ruptures (Fig. 4.11) were confirmed and ten degradation compounds
due to hydrolytic degradation of amide groups and to radiation damage were formed.18

Fig. 4.12 shows the formation of degradation products 12, 15, 21 and 25 versus
the adsorbed dose of radiation. Compound 15 is the same product as for TODGA
radiolysis. This compound grew in with absorbed dose slightly faster in the samples
irradiated in the presence of the acidic aqueous phase. This is in good agreement with
previous results on TODGA radiolysis.12,13 Compound 12 also grew in faster in the
presence of the acidic aqueous phase, in agreement with previous studies.13 In the
presence of nitric acid, compounds with a 2-hydroxyalkylamide structure are always
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Fig. 4.12 Formation of compounds (a) 12, (b) 15, (c) 21 and (d) 25 (Fig. 4.9)
versus absorbed dose for the irradiation of 0.05 M MeTODGA in n-dodecane
(solid squares), for pure organic samples and for samples irradiated in the
presence of 2.5 M HNO3 (open squares). Intensities are normalised to the
maximum detected signal for each compound.

the main products formed.

Loss of a single alkyl chain occurred for MeTODGA in both n-dodecane and TPH,
in analogy with TODGA and T(EH)DGA in n-dodecane.13,15 The single de-octylation
(protonated mass 483.4, or sodiated mass 505.4, compound 25 in Fig. 4.9) was clearly
favoured by the presence of the acidic aqueous phase; as was previously shown for
bis-DGAs.12 This is shown in Fig. 4.12. These results support the hypothesis that
different degradation pathways take place in the presence of nitric acid. The product
corresponding to the loss of a single octyl group (compound 25, Fig. 4.9) was also
detected for irradiations in TPH, but upon irradiation to 1000 kGy, it was present
in negligible amounts, probably indicating its own radiolytic decomposition. The
products of a second de-alkylation were also detected in n-dodecane; however, they
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were present in unirradiated samples, did not show a clear trend with absorbed dose
and thus may not be radiolysis products.

Rupture of the amide moiety to produce a carboxylic acid and the correspond-
ing amine (protonated mass 372.1, compound 21, Fig. 4.9) was found in irradiated
MeTODGA/n-dodecane samples, again with favoured production in the presence of
an acidic aqueous phase, at least initially (Fig. 4.12). Following about 200 kGy ab-
sorbed dose, the carboxylic acid product concentration dropped below that found in
the pure organic samples, for samples irradiated in the presence of the aqueous phase.

Analysis of Me2TODGA degradation products

The study of structural degradation of Me2TODGA was performed in a similar way as
for MeTODGA. In this case a lower number of degradation compounds was identified,
shown in Fig. 4.9. The highest signal intensity product of Me2TODGA radiolysis
occurred at mass 314.3, and corresponds to compound 12 (Fig. 4.9); the same as
produced by MeTODGA irradiation (compound 12, Fig. 4.9). Since Me2TODGA is
symmetric, compound 12 is produced by rupture on either side of the ether. Although
small amounts were detected in unirradiated samples, it is also clearly a radiolysis
product of which the concentration increases with absorbed dose, until the highest
absorbed dose applied of 400 kGy. As shown in Fig. 4.13, its generation was again
enhanced by the presence of the acidic aqueous phase. Rupture of the ether linkage
would also be expected to produce N,N-dioctylpropanamide from the balance of the
initial molecule, and this compound was indeed detected (mass 298.3, compound 14
in Fig. 4.9), although at fairly low signal intensity. Products generated by loss of
alkyl substituents also occurred for Me2TODGA. Loss of a single octyl group (mass
497.5, compound 23 in Fig. 4.9) took place in both purely organic and acid contacted
conditions, and was again favoured by the presence of the acidic aqueous phase.

Fig. 4.13 shows as well the ingrowth of this signal for irradiation under both
conditions. At higher absorbed doses a signal at mass 385.3 appeared (compound 24,
Fig. 4.9), attributed to loss of a second octyl group. This species did not appear until
sufficient absorbed dose had been accumulated, indicating that it is likely produced
from the single dealkylation product. It continued to grow in with continued irradi-
ation, and was favoured by the presence of the acidic aqueous phase. This is also
depicted in Fig. 4.13.

The other relatively abundant product was the expected carboxylic acid produced
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Fig. 4.13 Formation of compounds (a) 12, (b) 22, (c) 23 and (d) 24 (Fig. 4.9)
versus absorbed dose for the irradiation of 0.05 M Me2TODGA in n-dodecane
(solid squares), for pure organic samples and for samples irradiated in the
presence of 2.5 M HNO3 (open squares). Intensities are normalised to the
maximum detected signal for each compound.

by rupture of the DGA C-N bond (mass 385.1, compound 22, Fig. 4.9). Initially,
the presence of acid seems to have favoured rupture of the amide bond to give
the carboxylic acid, but the product appears to undergo radiolysis with a declining
concentration above about 200 kGy, when irradiated in contact with nitric acid,
similarly to that shown for the analogous carboxylic acid produced by MeTODGA
radiolysis in Fig. 4.12. This is shown in Fig. 4.13.

Effect of alkylation on radiolytic stability

According to Belevskii et al. 34, the electron deficiency in an ionised methylamide is
most pronounced at the H-atoms of the methyl groups. The analogous situation for
diglycolamides would suggest that electron deficiency is localised on the methylene
H-atoms, thus facilitating loss of the H-atom to produce a carbon-centered radical.
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This could favour C-O bond rupture as has been observed for DGAs13,15,21 and bis-
DGAs.12 Substitution of a methylene H-atom by a methyl group, as in MeTODGA,
might be expected to protect that bond, improving the radiolytic stability of the
molecule. However, single methyl substitution here instead increased the degradation
rate of MeTODGA in n-dodecane compared to TODGA. A second methyl substi-
tution (Me2TODGA) does result in increased radiolytic stability in n-dodecane over
TODGA. Previously, Zarzana et al. 15 reported that the dose constants for unsubsti-
tuted TODGA and T(EH)DGA were unchanged in n-dodecane upon acid contact.
However, in this case, the presence of nitric acid definitely increased the degradation
rate of MeTODGA and Me2TODGA. Nitric acid does not provide a protective ef-
fect for Me2TODGA, at least in nonpolar solvents where the extraction of nitric acid
is low.35 Thus, if methylation of the DGA protects the ether linkage, these results
suggest that another bond is susceptible in the presence of the acid. Several reports
have indicated that the amide C-N linkages are susceptible to radiolytic rupture in the
presence of nitric acid.36,37

4.2.4 Study of MeTODGA degradation products behaviour as complex-
ing and extracting agents

Among all the MeTODGA degradation compounds identified, nine molecules were
synthesised to study their possible effects in the degraded samples, such as their
extraction properties, third phase formation, precipitation or problems during the
stripping step, as well as to study the regeneration of the initial systems, since any
of them are susceptible of acid or basic washing. To compare the behaviour of
TODGA and MeTODGA samples after γ-irradiation, degradation products 12-20,
29, 30 were synthesised and individually studied. Diamide 26 (Fig. 4.9) was also
synthesised, which is formed from TODGA degradation by the loss of one octyl group.
A similar degradation was identified for MeTODGA, however, its chromatographic
peaks disappeared as integrated dose increased, being not representative after 1000
kGy as can be seen in Fig. 4.8.

N,N-dioctyl- (14) and N-octylpropanamide (18) were prepared by reaction of
propionyl chloride and the proper amine using Schotten-Baumann conditions in 93
and 96% yield, respectively. To study the possible influence of the hydroxyl group in
propanamide 12, 2-acetoxy- (29) and 2-methoxy-N,N-dioctylpropanamide (30) were
prepared as summarised in Scheme 4.3. 2-Bromopropionyl bromide (27) was reacted
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Scheme 4.3 Synthesis of 2-acetoxy- (29) and 2-methoxy-N,N-
dioctylpropanamide (30).

with di-n-octylamine to give propanamide 28 in 99% yield. Subsequent reaction of
28 with potassium acetate in the presence of 18-crown-6 gave the target compound 29
in 94% yield. In its 1H NMR spectrum the CH3C(O) peak is at 2.11 ppm, while the
CHC(O) signal shifted from 4.52 ppm (q) in 28 to 5.30 ppm (q) in 29 and the CHCH3

methyl absorption shifted from 1.81 ppm (d) to 1.43 ppm (d). Saponification of the
ester moiety in 29 with sodium methoxide afforded 12-rac in 93% yield, which was
reacted with methyl iodide in the presence of NaH as a base to afford 30 in 80% yield.
The 1H NMR spectrum exhibits a characteristic singlet for the methoxy group at 3.31
ppm, while in this case the CHCH3 resonates at 4.14 ppm (q) and 1.36 ppm (d).

Extraction of Am(III) and Eu(III) using irradiated MeTODGA

The extraction of Am(III) and Eu(III) using irradiated MeTODGA solvent was as-
sessed by contacting the solvent with 241Am and 152Eu spiked tracer solutions. The
distribution ratios obtained with reference and irradiated MeTODGA samples for
Am(III) and Eu(III) are represented in Fig. 4.14. Both dose rates show the same trend,
probably due to the fact that hydrolytic degradation is not relevant. The radiolytic
degradation effect can be observed from 250 kGy where the DM(III) values decrease
progressively for Am(III) and Eu(III) at both dose rates (1.78 and 6.32 kGy/h). It
has been calculated that after around 1-2 years of operation of the DIAMEX pro-
cess, these systems will be exposed to around 800 kGy.38 Both, the MeTODGA and
TODGA systems show a sufficient extraction capability (1 < D < 10) for Am(III) and
Eu(III) even after 750 kGy of integrated dose. When both systems were compared
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Fig. 4.14 Am(III) and Eu(III) distribution ratios by reference, aging and ir-
radiated MeTODGA and TODGA13 samples at different integrated doses and
dose rates. Organic phase: 0.1 M TODGA or MeTODGA in 100% TPH. Aque-
ous phase: 241Am and 152Eu in 3 M HNO3.

Fig. 4.15 Extraction studies of Am(III), lanthanides(III) and some non-Ln fis-
sion products by MeTODGA and the main degradation compounds. Organic
phase: 0.1 M MeTODGA in TPH. Aqueous phase: 3 M HNO3 containing given
elements including 241Am/152Eu tracer (T = 23 °C).
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Fig. 4.16 Extraction studies of compounds 12, 14, 16 and 18 with Am(III),
lanthanides(III) and some non-Ln fission products. Organic phase: 0.1 M
compounds 12, 14, 16 and 18 in TPH. Aqueous phase: 3.2 M HNO3 contain-
ing given elements including 241Am/152Eu tracer.

under the same experimental conditions (Fig. 4.14), the TODGA system looks more
resistant; however, its high initial distribution ratios have also to be taken into ac-
count. The lower distribution ratios obtained for MeTODGA compared to TODGA
upon irradiation may be explained by two reasons: on the one hand MeTODGA and
TODGA concentrations are reduced by 50% after 250 kGy and on the other hand the
extraction behaviour of the formed degradation compounds is different. Only some
degradation compounds still have a diglycolamide structure which could play a role
in the extraction.

Extraction properties of MeTODGA degradation products

For a deep knowledge of the performance of irradiated MeTODGA solvents for a
potential application in a GANEX (Grouped Actinide Extraction) process6,39 as sub-
stitute for TODGA, Ln and fission product (FP) extraction was assessed in kerosene
with MeTODGA and the main degradation compounds. Figs. 4.15 and 4.16 repre-
sent the D values obtained at a fixed concentration of 3 M HNO3 by MeTODGA
and its main degradation compounds under identical experimental conditions, i.e. the
concentrations of MeTODGA and degradation products 12-16 and 18 were identical,
although the concentrations in irradiated solvents are different (see Fig. 4.10). The
extraction studies of MeTODGA and the fragments 12, 14, 16 and 18 were carried out
simultaneously at the laboratories of Jülich and CIEMAT and data are in good agree-
ment. It turned out that the lanthanides(III) as well as 241Am(III) were only extracted
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Fig. 4.17 Extraction studies of 241Am and 152Eu tracer with compound 12 for
different nitric acid concentrations. Organic phase: 0.1 M of 12 in TPH. Aque-
ous phase: HNO3 containing 241Am/152Eu tracer. Extraction for 60 minutes at
22 °C.

with distribution ratios >1 by MeTODGA but not by any of the tested degradation
products. Distribution ratios were even lower at lower nitric acid concentrations (not
shown), in line with literature data.7 To reach high distribution ratios, a nitric acid
concentration of at least 3 M was required. For those elements with distribution ratios
>1 a dependence on nitric acid concentration could also be observed. Zr and Mo
were co-extracted at high nitric acid concentrations and Cu and Sr showed distribu-
tion ratios of 0.3-0.5. The distribution ratios of all other fission products under these
conditions remained below D = 0.1 (Fig. 4.16).

None of the other tested compounds showed comparable distribution ratios as
MeTODGA. Overall, these data explain why upon degradation of MeTODGA a sig-
nificant decrease of Am(III) and Eu(III) extraction is observed, since most degradation
products are not able to maintain the extraction capability of the system in contrast
to the bis-DGA.40 Regarding the FPs and the rest of the Ln elements, the extraction
of metals such as Zr, Mo, Pd and Sr is mainly due to the presence of compounds 12,
13, 15 and 16 which have shown solubility problems in kerosene at a concentration
of 0.1 M.41

Additionally, the compounds 29 and 30 (derivatives of degradation product 12,
Scheme 4.3) were tested at 0.1 M solutions in TPH varying the nitric acid concentration
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Fig. 4.18 Slope analysis for the ligand fragment 12 for different nitric acid
concentrations. Organic phase: varying concentrations of 12 in TPH. Aque-
ous phase: constant nitric acid concentration of 6.8 M containing 241Am/152Eu
tracer. Extraction for 60 minutes at 22 °C.

from 0.01 to 4.1 M. Distribution ratios for both nuclides, 241Am as well as 152Eu, were
very low (D = 0.001) and therefore not shown here. These results are an indication
for the necessity of the OH functional group in compound 12 (the main extracting
fragment) for extraction. Since compound 12 was the only tested fragment that
reached detectable distribution ratios for 241Am and 152Eu of D = 0.04 at 4.1 M nitric
acid, further experiments were conducted using higher nitric acid concentrations.
Experiments up to 6.8 M HNO3 provided distribution ratios of DAm = 1.7, DCm = 1.7
and DEu = 1.9 (Fig. 4.17).

Hence, the concentration of degradation product 12 was varied and a slope analysis
was conducted from the log-log plot shown in Fig. 4.18 to get information about the
complex stoichiometry. Therefore, the concentration of the ligand fragment 12 was
increased, while the nitric acid concentration was kept constant at 6.8 M. The slope of
the linear fit of the logarithmic distribution ratio as function of the logarithmic ligand
concentration provides a slope of 4.04 and 4.10 for 152Eu and 241Am, respectively.
Therefore, it is concluded that degradation product 12 forms 1:4 complexes with
Am(III) as well as Eu(III).
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4.3 Conclusions

4.3.1 Alkylation of TODGA backbone

Two new R-TODGA derivatives, EtTODGA and BuTODGA, have been prepared and
their extraction performance compared to that of MeTODGA and Me2TODGA. The
results show that small modifications of the central DGA backbone can have a strong
influence on the extraction behaviour. In this case, the extension of the alkyl chain
of MeTODGA from a methyl to an ethyl group, causes a great improvement of the
separation properties. The results resemble those of Me2TODGA, but with a higher
separation factor. Further extension of the chain to a butyl group causes an additional
increase of the S.F. value and brings the D values for Am and Eu to the optimal
situation where DEu > 1 > DAm, for nitric acid concentrations between 3 and 3.5 M.
These findings highlight how small modifications of the ligand structure, such as a
short extension of an alkyl chain, can have dramatic effects on the ligand extraction
behaviour.

4.3.2 Diastereomers of Me2TODGA

The study of the individual Me2TODGA diastereomers showed an unexpected dif-
ference in complexation of trivalent lanthanides and actinides and an unprecedented
inversion of selectivity in the extraction of Am and Cm. The configuration of the
two diastereomers could be determined by comparison of the 1H NMR spectra of
the compounds in the presence of excess La(OTf)3 and analysis of the symmetry
of the complexes formed. Upon formation of the complexes, the diastereomer with
RS-configuration has Cs symmetry and the diasteromer with SS-configuration has
C2 symmetry. This is reflected in the 1H NMR spectra, with the complex with Cs

symmetry showing an increase in the number of signals due to the loss of rotational
symmetry. Extraction experiments showed that (R,S)-diastereomer 11a has higher
distribution ratios than (S,S)-diastereomer 11b throughout the range of nitric acid
concentrations investigated. This difference persisted also when comparing the dis-
tribution ratio values of 11a and 11b for the extraction of the entire group of trivalent
lanthanides (up to a factor of 94 for Ho). Remarkably, an inversion of selectivity
between the two ligands was observed for the Am/Cm separation.
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4.3.3 γ-Radiolytic stability of methylated TODGA derivatives

The results obtained from the 60Co γ-irradiation of MeTODGA and Me2TODGA
indicate that rupture of the ether linkage is a main pathway for their radiolytic decom-
position in the two alkane diluents investigated. The introduction of a methyl group on
only one methylene carbon atom of the ether linkage did not protect MeTODGA. In
fact, MeTODGA degraded faster than non-substituted TODGAs, possibly because the
unsubstituted C-O linkage was weakened by this structural change. This is supported
by the fact that products of the ether linkage rupture are still very abundant for this
compound, and that the products created by rupture on the non-substituted side of the
molecule are the most abundant. The substitution of the industrial diluent TPH for
n-dodecane did not affect this result, indicating that other radical cations besides those
derived from n-dodecane are capable of electron transfer reactions with the DGAs.
The addition of a second methyl group on the second methylene carbon atom of the
ether linkage did protect Me2TODGA, which had a much slower rate of radiolytic
degradation than MeTODGA, and a lower rate than that measured previously15 for the
unsubstituted TODGAs, at least in the organic phase. Other important degradation
products included species produced by loss of an octyl group, and for Me2TODGA,
loss of two octyl groups. Cleavage of the amide C-N bond also occurred to produce
carboxylic acids, especially in the presence of nitric acid. This has also been reported
for other amidic ligands, including other TODGAs. The presence of the acidic aque-
ous phase appeared to have a greater adverse effect on the stability of MeTODGA and
Me2TODGA than was found in previous work with the non-substituted TODGAs.
Especially for Me2TODGA, the degradation rate of the DGA was much higher in the
presence of the acidic aqueous phase. In each case the main degradation products,
regardless of which bond was cleaved to produce them, occurred with higher yields
for samples irradiated in the presence of the acidic aqueous phase. This suggests that
methyl substitution, while possibly protecting the bond hosting the substitution, may
activate other bonds in the molecule, especially toward reaction with reactive species
produced by acid and water radiolysis. The most likely of these would be reactive ·OH
and ·NO3 radicals, both probably reacting by ·H-atom abstraction from the susceptible
sites on the DGA. The overall dose constants for MeTODGA and Me2TODGA for
irradiation in the presence of the aqueous phase are comparable to those reported for
the unsubstituted TODGAs.
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4.3.4 MeTODGA degradation products behaviour as complexing and
extracting agents

The effect of 60Co γ-irradiation on the extraction behaviour of MeTODGA was
investigated. Upon irradiation ten degradation compounds were identified. Among
them the products originating from rupture of the ether linkage are abundant. 2-
Hydroxypropionamide (12) is the most abundant and is formed by preferred rupture
on the non-substituted side of the molecule. Comparison with TODGA revealed that
TODGA is more radiation resistant. At high acidity, the influence of the degradation
products on the overall extraction behaviour of lanthanides as well as 241Am could
be excluded, since the individual D values for the extraction were < 1. However, the
2-hydroxyalkylamide fragments show relatively high D values for Zr, Mo and Pd at
3.2 M nitric acid, which makes them competitive. For the most important fragment, 2-
hydroxypropionamide (12), 1:4 M-L complexes are formed. By blocking the hydroxyl
group in these compounds its essential role in complexation was demonstrated. This
shows the importance of a thorough analysis of the presence and the behaviour of
degradation products on an extraction process in which radioactive elements are
involved.

4.4 Experimental
4.4.1 Reagents and chemicals

Synthesis Sodium hydride, (S)-ethyl lactate, ethyl glycolate, ethyl 2-bromopropio-
nate, ethyl 2-bromobutanoate, ethyl 2-bromohexanoate, di-n-octylamine, n-octyla-
mine, propionyl chloride, oxalyl chloride, 18-crown-6, EDC·HCl, HOBt, MeI, AcOK,
poly(4-styrenesulfonic acid) solution (18 wt% in water), La(OTf)3 NaOH, NaHCO3,
NaCl, MgSO4 and SiO2 60 (230-400 mesh) were obtained from Sigma-Aldrich and
used without further purification. HCl, H2SO4 and NH4Cl were bought from VWR.
Et3N was obtained from VWR and stored on KOH. MeOH, THF, EtOAc, CH3CN,
CH2Cl2 and hexanes were purchased from Actu-all Chemicals. THF and CH3CN
were employed using a Braun MB SPS 800 dispensing machine. DMF was bought
from VWR and stored on molecular sieves. Et2O was purchased from VWR and
distilled before use. 1H- and 13C NMR spectra were recorded on a Bruker AscendTM
400 MHz NMR spectrometer. ESI mass spectra were recorded on a Waters Micromass
LCT mass spectrometer with time-of-flight analyser.
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MeTODGA and Me2TODGA were synthesised following the methodology de-
scribed before21 (S)-N,N-dioctyllactamide42 (12), N,N-dioctylacetamide12 (13), 2-
hydroxy-N,N-dioctyl-acetamide12 (15), (S)-N-octyllactamide43 (16), N-octylaceta-
mide13 (17), 2-hydroxy-N-octyl-acetamide13 (19), N,N-dioctylformamide12 (20) and
N,N-dioctyl-2-(2-(octylamino)-2-oxo-ethoxy)acetamide13 (26) were prepared accord-
ing to reported procedures.

Analysis CH3CN and HCOOH were of HPLC-MS quality grade. The diluent TPH
(hydrogenated tetrapropene) was supplied by CEA, Marcoule. Nitric acid was purified
by Quartz sub-boiling distillation system (MLS-Milestone), which solutions were
prepared by diluting the concentrated nitric acid obtained with ultrapure water (18
MΩ/cm). The metal salts La(NO3)3·6 H2O, Eu(NO3)3·6 H2O (Alfa Aesar, 99.99%)
were dried under vacuum before use, and the exact number of water molecules of
each lanthanide solution was determined by complexometric titrations with Titriplex
III (H2Na2EDTA · 2 H2O) and Xylenol orange as indicator.44 Titriplex complexating
agent was bought from Merck and colour indicator Xylenol orange from Riedel-de-
Haen.

The radiotracers 241Am and 152Eu were supplied by Isotope Products Laboratories,
California (USA) and by Isotopendienst M. Blaseg GmbH, Waldburg, Germany and
Eckert and Ziegler Nuclitec GmbH, Braunschweig, Germany. For the selectivity study
the aqueous solutions were prepared with a 10 vol.% of simulated HAR solution in 4
M HNO3. The synthetic HAR solution used corresponds to a PUREX raffinate with
a volume of 5000 L/t UOX fuel with an initial 235U enrichment of 3.5%, thermal
burn-up of 40 GWd/tHM and 3 years cooling.45

4.4.2 γ-Irradiation

γ-Radiolytic stability of methylated TODGA derivatives γ-Irradiation was per-
formed at either CIEMAT (Spain) or INL (USA). The CIEMAT irradiations were
performed at the Náyade facility, which is a pool of 1.2 m2 by 4.5 m deep. It consists
of 60 60Co sources distributed in six lots with a total activity of 1.1 × 1014 Bq. The
irradiation container used provides a homogeneous irradiation flux. Samples were
prepared by dissolving ligands in TPH up to 0.1 M and were pre-equilibrated by
contacting twice (15 min each) with 3 M HNO3 at room temperature. The samples
were irradiated up to 1000 kGy at a dose rate of 1.78 kGy/h. No volume decrease
was observed during irradiation, hence evaporation of the solvent is assumed to be
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negligible. The glass bottles were then stored in a freezer while awaiting further
analyses. Reference samples for aging control were kept in the laboratory during the
irradiation process. The INL irradiations were performed using a Nordion (Ottawa,
Canada) Gamma Cell 220 60Co irradiator, with a sample cell, center-line dose rate of
5.4 kGy/h up to a maximum absorbed dose of 400 kGy. The ligands were prepared as
0.05 M solutions in n-dodecane, either as the pure organic phase, or in contact with
an equal volume of 2.5 M HNO3. Mixed phase solutions were well-agitated prior to
irradiation. It should be noted that sealed vessel irradiations should be considered
to be deaerated due to rapid scavenging of dissolved oxygen by produced solvated
electrons.

MeTODGA degradation products behaviour as complexing and extracting agents
Organic solutions of TODGA, MeTODGA and their degradation compounds were
prepared by dissolving the appropriate amount of each of them, up to 0.1 M in TPH
at 23 ± 2 °C. Before use, the organic solutions were pre-equilibrated twice with nitric
acid solutions by vigorous stirring for 5 min (600 μL of organic solution and the same
volume of 4 M nitric acid). The phases were separated by centrifugation at 5000 rpm
and sent to the Náyade facility. The samples were irradiated up to 250, 500, 750 and
1000 kGy at dose rates of 1.78 and 6.32 kGy/h. No volume decrease was observed
during irradiation, hence evaporation of the solvent is assumed to be negligible. The
glass bottles were then stored in a freezer while awaiting further analyses. Reference
samples for aging control were kept in the laboratory during the irradiation process.

4.4.3 Solvent extraction studies

Distribution ratios D were calculated as the ratio of activity or concentration of a
metal ion in the organic phase versus the activity or concentration of the metal ion in
the aqueous phase. The separation factor S.F. between two metal ions was calculated
as the ratio of the corresponding distribution ratios: S.F.(M1/M2) = DM1/DM2.

The extraction experiments were performed by mixing 500 μL of both, the organic
and the aqueous phase at room temperature (22 ± 2 °C) for 15 or 60 min, respectively.
After centrifugation (2,500 or 5,000 rpm), the phases were separated and aliquots of
each phase (300 μL) were taken for analysis. Used HPGe detectors were supplied
by Canberra electronics or EG&G Ortec, equipped with the Genie-2000 or Gamma
Vision software, respectively. The γ lines at 59.5 keV (35.9%) and 121.8 keV (28.4%)
were analysed for 241Am and 152Eu, respectively. The results are reported as distribu-
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tion ratios D (DM = [M3+]org./[M
3+]aq.), which have an uncertainty of ±5%, detection

limits are 500 > D > 0.002. Non-radioactive elements present in the samples were
analysed by a Sector Field Inductively Coupled Plasma Mass Spectrometer (Thermo
Scientific™ iCAP™ Q ICP-MS) or a Quadrupole Perkin Elmer Sciex ELAN 6100
DRC ICP-MS. The aqueous phases were measured directly after adequate dilution; the
organic phase was mixed with the non-ionic surfactant TRITON-X-100 and diluted
into an adequate concentration.

4.4.4 LC-DAD/MS measurements

The chemical composition of the irradiated samples was characterised by LC-DAD/MS
or LC-HRMS. The HPLC-DAD measurements were performed by using a reverse
phase C-18 column and CH3CN/H2O as the mobile phase at 205 nm. HPLC-MS
studies on MeTODGA degradation products were performed at CIEMAT. HPLC-MS
measurements were performed using three methods:

CIEMAT For TPH samples at CIEMAT an Agilent 1100 (Quadrupole detector
6120A) HPLC-MS with a Protonsil C-8 column (50 × 2 mm, 5 μm) at 40 °C using
a gradient of mobile phase [(A: 0.1% v/v CH3CN/HCOOH), (B: 0.1% v/v formic
acid)] in the APCI+ ionisation mode (SCAN 100 a 1500 umas/SIM) was used. The
mass spectrometer conditions were: capillary voltage: 2000 V; corona current: 5 μA;
charging voltage: 2000 V; positive mode; dry temp.: 250 °C; vaporisation temp. 200
°C; nebuliser gas and dry gas were both N2; nebuliser pressure: 1.4 bar; dry gas flow
rate: 5 L/min. Samples were analysed without pre-evaporation and diluted up to 0.5
and 1.0 mM in a (90:10)% v/v MeOH/1-octanol mixture. All measurements were
repeated twice.

INL For n-dodecane samples at INL, a Dionex (Sunnyvale, CA) ultra-high-perfor-
mance liquid chromatograph (UHPLC) with an Ultimate 3000 RS pump, 3000 RS
autosampler, 3000 RS column compartment and a 3000 RS diode-array detector,
coupled to a Bruker (Billerica, MA) microTOFQ-II electrospray ionisation quadrupole
time-of-flight mass spectrometer with Hystar 3.2 software was used. The mass
spectrometer conditions were: capillary: 4500 V; positive mode; temp.: 220 °C;
nebuliser gas and dry gas were both N2; nebuliser pressure: 0.4 bar; dry gas flow rate:
9 L/min. Samples were analysed without pre-evaporation and diluted up to 1:31600
in 2-propanol prior to analysis. All experiments conducted on the Dionex UHPLC
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were carried out isocratically using a 30% aqueous, 70% organic mobile phase. The
aqueous component was 0.1% v/v formic acid in NanoPure® water, and the organic
component was 4% v/v 1-octanol in 2-propanol. The chromatographic separation was
achieved using a 3 μL injection volume onto a C18 reverse-phase (RP-C18) column
(Dionex Acclaim® RSCL 120 C18, 10 cm × 2.1 mm, 2.2 μm) with a flow rate of
200 μL/min. The column was maintained at 50 °C. Each sample was injected 5
times. Standards were prepared by serial dilution of unirradiated, non-acid contacted
samples with 2-propanol to final concentrations ranging from 0.5 μM to 5 μM.

Forschungszentrum Jülich Also for n-dodecane samples, LC-HRMS measure-
ments were performed at Forschungszentrum Jülich using a hybrid linear ion trap
FTICR mass spectrometer LTQFT Ultra™ (Thermo Fisher Scientific, Bremen, Ger-
many) coupled with an Agilent 1200 system (Agilent, Waldbronn, Germany). A
ZORBAX Eclipse Plus C18, 4.6 × 100 mm, 3.4 μm (Agilent, Waldbronn) column
was used using a gradient of mobile phase [(A: 0.1% v/v CH3CN/HCOOH), (B: 0.1%
v/v formic acid)]. The mass spectrometer was tuned and calibrated in the positive ion
mode. Mass spectra were recorded in full scan from 100 to 1000 Da with a resolution
of 100000 at m/z 400. All data were processed using the Xcalibur software version
2.0.

4.4.5 Synthesis of compounds

Ethyl 2-(2-ethoxy-2-oxoethoxy)butanoate (3a)

Sodium hydride (0.5 g, 55 mmol) was suspended in hexanes (10 mL) under nitrogen.
After stirring for 10 min, the solid was allowed to settle and the solvent was removed
using a pipette. Dry THF (10 mL) was added and the mixture was cooled using an
ice bath. A solution of ethyl glycolate (1.04 g, 10 mmol) in dry THF (5 mL) and a
solution of ethyl 2-bromobutanoate (1.81 g, 10 mmol) in dry THF (5 mL) were slowly
added dropwise sequentially using a dropping funnel. The mixture was stirred at room
temperature for 1 h and then refluxed for 3 h. At the end of the reaction, the solvent
was decanted from the solid that precipitated during the reaction; it was evaporated
and the residue dissolved in Et2O (30 mL). The precipitate from the reaction was
dissolved in water (50 mL) and the resulting solution extracted with Et2O (3 × 30
mL). The organic phases were combined and washed with brine (50 mL). The organic
phase was dried with MgSO4 and the solvent removed under vacuum. The residue
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was purified by flash column chromatography (SiO2, hexanes/EtOAc = 4:1) to afford
3a (730 mg, 36%) as an oil.
1H NMR (400 MHz, CDCl3): δ = 4.29 and 4.04 (AB-q, J = 16.5 Hz, 2H), 4.26-4.17
(m, 4H), 3.99 (dd, J = 7.1, 5.1 Hz, 1H), 1.93-1.74 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H),
1.27 (t, J = 7.2 Hz, 3H), 1.02 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ =
172.3, 170.2, 80.3, 67.4, 61.1, 26.3, 14.4, 14.3, 9.7. ESI-MS: m/z 227.1 [M + Na]+.
HRMS: m/z calcd for C10H18NaO5: 241.1046 [M + Na]+; found: 241.1098.

Ethyl 2-(2-ethoxy-2-oxoethoxy)hexanoate (3b)

Compound 3b was prepared following the same procedure as for 3a, starting from
ethyl glycolate (1.04 g, 10 mmol) and ethyl 2-bromohexanoate (2.23 g, 10 mmol). The
crude mixture was purified by flash column chromatography (SiO2, hexanes/EtOAc
= 4:1) to afford 3b (1.97 g, 80%) as an oil.
1H NMR (400 MHz, CDCl3): δ = 4.28 and 4.03 (AB-q, J = 16.6 Hz, 2H), 4.25-4.14
(m, 4H), 4.03 (dd, J = 6.9, 5.5 Hz, 1H), 1.84-1.75 (m, 2H), 1.50-1.40 (m, 2H), 1.40-
1.32 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H), 0.91 (t, J = 7.2 Hz,
3H). 13C NMR (101 MHz, CDCl3): δ = 172.5, 170.2, 79.3, 67.4, 61.08, 61.07, 32.8,
27.4, 22.6, 14.4, 14.3, 14.1. ESI-MS: m/z 269.1 [M + Na]+. HRMS: m/z calcd for
C12H22NaO5: 269.1359 [M + Na]+; found: 269.1375.

2-(Carboxymethoxy)butanoic acid (4a)

A solution of 3a (730 g, 3.6 mmol) and NaOH (730 mg, 18.2 mmol) in MeOH (20
mL) was stirred overnight. The solvent was evaporated and the solid obtained was
crushed and kept under high vacuum in order to completely remove the solvent. The
flask was cooled using an ice bath and the smallest amount of cold 20% H2SO4 able
to dissolve completely the solid (around 3 mL) was added dropwise. The aqueous
phase was extracted with Et2O (4 × 10 mL). The combined organic layers were dried
with MgSO4 and the solvent removed under vacuum to obtain 4a as a clear solid in
94% yield. The product was used without further purification.
1H NMR (400 MHz, CDCl3): δ = 4.35 and 4.21 (AB-q, J = 16.9 Hz, 2H), 4.02 (dd,
J = 7.1, 4.6 Hz, 1H), 1.96 (dqd, J = 14.4, 7.4, 4.6 Hz, 1H), 1.87 (dqd, J = 14.4, 7.4,
7.1 Hz, 1H) 1.05 (t, J = 7.4 Hz, 3H).
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2-(Carboxymethoxy)hexanoic acid (4b)

Compound 4b was prepared following the same procedure as for 4a, starting from
3b (1.03 g, 4.2 mmol) and NaOH (0.85 g, 21 mmol) in MeOH (25 mL). The product
was obtained as a clear solid in 80% yield. The product was used without further
purification.
1H NMR (400 MHz, D2O): δ = 3.94 and 3.73 (AB-q, J = 15.6 Hz, 2H), 3.79 (t, J =
5.9 Hz, 1H), 1.74-1.62 (m, 2H), 1.37-1.24 (m, 4H), 0.89-0.83 (m, 3H).

2-(2-(Dioctylamino)-2-oxoethoxy)-N,N-dioctylbutanamide (5a; EtTODGA)

A solution of 4a (0.55 g, 3.4 mmol), di-n-octylamine (1.64 g, 6.8 mmol), EDC·HCl
(1.30 g, 6.8 mmol), HOBt (0.92 g, 6.8 mmol) and Et3N (1.37 g, 13.6 mmol) in dry
acetonitrile (30 mL) was stirred at room temperature overnight and then the solvent
was evaporated. The residue was extracted with dry hexanes (3 × 25 mL), whereupon
the solvent was evaporated under vacuum. The crude mixture was purified by flash
column chromatography (SiO2, CH2Cl2/MeOH 98:2) to obtain 5a as an oil in 50%
yield.
1H NMR (400 MHz, CDCl3): δ = 4.34 (dd, J = 7.6, 5.1 Hz, 1H), 4.30 and 3.88
(AB-q, J = 13.7 Hz, 2H), 3.52-3.38 (m, 1H), 3.39-3.28 (m, 1H), 3.28-3.13 (m, 6H),
1.85-1.67 (m, 2H), 1.59-1.45 (m, 8H), 1.35-1.19 (m, 40H), 1.01 (t, J = 7.4 Hz, 3H),
0.88 (t, J = 6.6 Hz, 5H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ =
171.1, 168.7, 78.1, 67.4, 47.3, 47.2, 46.2, 46.0, 32.0, 31.94, 31.92, 29.6, 29.5, 29.43,
29.39, 29.38, 29.2, 27.79, 27.75, 27.23, 27.18, 27.04, 26.98, 26.2, 22.8, 14.2, 10.2.
ESI-MS: m/z 609.6 [M + H]+. HRMS: m/z calcd for C38H76N2NaO3: 631.5748 [M
+ Na]+; found: 631.5696.

2-(2-(Dioctylamino)-2-oxoethoxy)-N,N-dioctylhexanamide (5b; BuTODGA)

Compound 5b was prepared following the same procedure as for 5a, starting from
4b (0.65 g, 3.4 mmol), di-n-octylamine (1.82 g, 7.5 mmol), EDC·HCl (1.31 g, 6.8
mmol), HOBt (0.92 g, 6.8 mmol) and Et3N (2.77 g, 28.3 mmol) in dry acetonitrile
(40 mL). The product was obtained as an oil in 32% yield.
1H NMR (400 MHz, CDCl3): δ = 4.39 (dd, J = 8.2, 4.4 Hz, 1H), 4.29 and 3.86
(AB-q, J = 13.7 Hz, 2H), 3.49-3.37 (m, 1H), 3.37-3.30 (m, 1H), 3.29-3.13 (m, 6H),
1.83-1.70 (m, 1H), 1.70-1.57 (m, 2H), 1.57-1.45 (m, 9H), 1.45-1.34 (m, 2H), 1.35-
1.19 (m, 40H), 0.96-0.83 (m, 15H). 13C NMR (101 MHz, CD3OD): δ = 171.6, 169.1,
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77.0, 67.6, 47.4, 47.4, 46.3, 46.1, 32.9, 31.90, 31.88, 29.5, 29.43, 29.41, 29.37, 29.3,
29.1, 27.8, 27.7, 27.6, 27.2, 27.1, 27.0, 26.9, 22.73, 22.71, 14.2, 14.0. ESI-MS: m/z
637.6 [M + H]+. HRMS: m/z calcd for C40H80N2NaO3: 659.6061 [M + Na]+; found:
659.5963.

Diethyl 2,2’-oxydipropionate (8)

Sodium hydride (2.20 g, 55 mmol) was suspended in hexanes (10 mL) under nitrogen.
After stirring for 10 min, the solid was allowed to settle and the solvent was removed
using a pipette. Dry THF (20 mL) was added and the mixture was cooled using
an ice bath. A solution of (S)-ethyl lactate (5.91 g, 50 mmol) in dry THF (15 mL)
and a solution of ethyl 2-bromopropionate (9.05 g, 50 mmol) in dry THF (15 mL)
were slowly added dropwise sequentially using a dropping funnel. The mixture was
stirred at room temperature for 1 h and then refluxed for 3 h. At the end of the
reaction, the solvent was decanted from the solid that precipitated during the reaction;
it was evaporated and the residue dissolved in Et2O (50 mL). The precipitate from the
reaction was dissolved in water (50 mL) and the resulting solution extracted with Et2O
(3 × 50 mL). The organic phases were combined and washed with brine (50 mL). The
organic phase was dried with MgSO4 and the solvent removed under vacuum. The two
diastereomers were separated by flash column chromatography (SiO2, hexanes/EtOAc
3:1) and obtained as oils.
(2R,2’S)-8a. 6.06 g, 56%. 1H NMR (400 MHz, CDCl3): δ = 4.26-4.12 (m, 4H), 4.08
(q, J = 6.9 Hz, 2H), 1.46 (d, J = 6.9 Hz, 6H), 1.28 (t, J = 7.1 Hz, 6H). 13C NMR
(101 MHz, CDCl3): δ = 173.2, 74.2, 61.1, 18.9, 14.3. ESI-MS: m/z 241.1 [M + Na]+.
HRMS: m/z calcd for C10H18NaO5: 241.1046 [M + Na]+; found: 241.1024.
(2S,2’S)-8b. 1.63 g, 15%. 1H NMR (400 MHz, CDCl3): δ = 4.22 (q, J = 7.1 Hz,
4H), 4.13 (q, J = 6.8 Hz, 2H), 1.45 (d, J = 6.8 Hz, 6H), 1.30 (t, J = 7.1 Hz, 6H). 13C
NMR (101 MHz, CDCl3): δ = 172.7, 74.4, 61.1, 18.5, 14.3. ESI-MS: m/z 241.1 [M
+ Na]+. HRMS: m/z calcd for C10H18NaO5: 241.1046 [M + Na]+; found: 241.1038.

(2R,2’S)-2,2’-Oxydipropionic acid (9a)

A solution of 8a (6.06 g, 27.8 mmol) and NaOH (6 g, 150 mmol) in MeOH (100
mL) was stirred overnight. The solvent was evaporated and the solid obtained was
crushed and kept under high vacuum in order to completely remove the solvent. The
flask was cooled using an ice bath and the smallest amount of cold 20% H2SO4 able
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to dissolve completely the solid (around 20 mL) was added dropwise. The aqueous
phase was extracted with Et2O (4 × 50 mL). The combined organic phases were dried
with MgSO4 and the solvent removed under vacuum to obtain the product as a clear
solid (quantitative yield), which had a purity of ≥97% according to the 1H NMR
spectrum.
1H NMR (400 MHz, CD3OD): δ = 4.10 (q, J = 6.9 Hz, 2H), 1.43 (d, J = 6.9 Hz,
6H). 13C NMR (101 MHz, CD3OD): δ = 75.1, 19.0. ESI-MS: m/z 163.1 [M + H]+.
HRMS: m/z calcd for C6H11O5: 163.0601 [M + H]+; found: 163.0584.

(2S,2’S)-2,2’-Oxydipropionic acid (9b)

Compound 9b was prepared following the same procedure as for 9a, starting from 8b
(1.63 g, 7.5 mmol) and NaOH (1.7 g, 42.5 mmol) in MeOH (30 mL). The product was
obtained as a clear solid in quantitative yield, which had a purity of ≥97% according
to the 1H NMR spectrum.
1H NMR (400 MHz, CD3OD): δ = 4.19 (q, J = 6.8 Hz, 2H), 1.42 (d, J = 6.9 Hz,
6H). 13C NMR (101 MHz, CD3OD): δ = 75.5, 18.7. ESI-MS: m/z 163.1 [M + H]+.
HRMS: m/z calcd for C6H11O5: 163.0601 [M + H]+; found: 163.0594.

(2R,2’S)-2,2’-Oxybis(N,N-dioctylpropanamide) (11a)

DMF (5 drops) was added to a solution of 9a (0.82 g, 5 mmol) in pure oxalyl chloride
(10 mL). The reaction mixture was stirred under argon for 2 h and then the oxalyl
chloride was removed by vacuum evaporation. The diacyl chloride obtained was
immediately dissolved in Et2O (30 mL) and added dropwise to a mixture of di-n-
octylamine (2.53 g, 10.5 mmol) and NaOH (1.2 g, 30 mmol) in water (36 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 saturated with NaCl and extracted with Et2O (3
× 30 mL). An aqueous solution of 10% HCl (20 mL) was added to the combined
organic layers. The mixture was shaken vigorously to facilitate formation of clumps
of ammonium salts, floating between the two phases. The organic layer was washed
two more times with HCl solution (20 mL) and then filtered through a glass frit (G3).
A poly(4-styrenesulfonic acid) solution (4 wt%, 25 mL) in water was added to the
organic layer. The mixture was shaken vigorously to facilitate formation of polymeric
salts as an amorphous material floating between the layers. The organic layer was
washed with water and then separated from the polymeric salt. It was dried with
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MgSO4, whereupon the solvent was removed by vacuum evaporation to afford the
desired compound as a viscous oil (50%), which had a purity of ≥97% according to
the 1H NMR spectrum.
1H NMR (400 MHz, CDCl3): δ = 4.28 (q, J = 6.6 Hz, 2H), 3.57-3.43 (m, 2H), 3.30-
3.06 (m, 6H), 1.60-1.46 (m, 8H), 1.42 (d, J = 6.6 Hz, 6H), 1.38-1.20 (m, 40H), 0.92
(t, J = 6.6 Hz, 6H), 0.90 (t, J = 7.2 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ = 172.0,
71.5, 47.2, 46.2, 32.96, 31.95, 29.6, 29.5, 29.4, 29.4, 27.8, 27.17, 27.10, 22.8, 19.3,
14.3, 14.2. ESI-MS: m/z 631.6 [M + Na]+. HRMS: m/z calcd for C38H76N2NaO3:
631.5748 [M + Na]+; found: 631.5760.

(2S,2’S)-2,2’-Oxybis(N,N-dioctylpropanamide) (11b)

Compound 11b was prepared following the same procedure as for 11a, starting from
9b (0.82 g, 5 mmol), oxalyl chloride (10 mL), di-n-octylamine (2.53 g, 10.5 mmol),
NaOH (1.2 g, 30 mmol) and water (36 mL). The product was obtained as an oil (68%
yield), which had a purity of ≥97% according to the 1H NMR spectrum.
1H NMR (400 MHz, CDCl3): δ = 4.45 (q, J = 6.5 Hz, 2H), 3.56-3.44 (m, 2H),
3.43-3.32 (m, 2H), 3.32-3.19 (m, 4H), 1.66-1.47 (m, 8H), 1.36-1.21 (m, 40H), 0.91
(t, J = 7.2 Hz, 6H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ =
171.4, 69.8, 47.4, 46.2, 31.97, 31.93, 29.6, 29.4, 29.4, 27.6, 27.2, 27.1, 22.8, 18.0,
14.25, 14.24. ESI-MS: m/z 631.6 [M + Na]+. HRMS: m/z calcd for C38H76N2NaO3:
631.5748 [M + Na]+; found: 631.5737.

N,N-Dioctylpropanamide (14)

To a solution of NaOH (1.04 g, 26 mmol) in water (25 mL) was added di-n-octylamine
(0.62 g, 2.6 mmol) at 0 °C under vigorous stirring. Subsequently, a solution of
propionyl chloride (0.96 g, 10.4 mmol) in EtOAc (30 mL) was added dropwise at that
temperature, whereupon it was reacted for 3 h at room temperature. After separation
of the layers, the organic layer was washed with 5% NaHCO3 solution (3 × 50 mL)
and water (2 × 50 mL), dried with MgSO4. Removal of the solvent gave the pure
compound as an oil in 93% yield.
1H NMR (400 MHz, CDCl3): δ = 3.25-3.19 (m, 2H), 3.15-3.09 (m, 2H), 2.24 (q, J
= 7.4 Hz, 2H), 1.51-1.39 (m, 4H), 1.28-1.13 (m, 20H), 1.07 (t, J = 7.4 Hz, 3H), 0.81
(q, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ = 173.3, 48.0, 46.0, 31.9, 31.9,
29.5, 29.43, 29.37, 29.32, 29.2, 28.0, 27.2, 27.0, 26.4, 22.8, 22.7, 14.19, 14.17, 9.8.
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ESI-MS: m/z 298.17 [M + H]+. HRMS: m/z calcd for C19H40NO: 298.3110 [M +
H]+; found: 298.3046.

N-Octylpropanamide (18)

N-Octylpropanamide (18) was prepared in a similar way as compound 14 starting
from NaOH (2.10 g, 52.6 mmol), n-octylamine (0.68 g, 5.3 mmol) and propionyl
chloride (1.95 g, 21.0 mmol) as an oil in 96% yield.
1H NMR (400 MHz, CDCl3): δ = 5.40 (br s, 1H), 3.24 (dt, J = 7.2 and 6.0 Hz, 2H),
2.19 (q, J = 7.6 Hz, 2H), 1.53-1.44 (m, 2H), 1.33-1.23 (m, 10H), 1.15 (t, J = 7.6 Hz,
3H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 173.8, 39.7, 31.9,
30.0, 29.8, 29.4, 29.3, 27.1, 22.8, 14.2, 10.1. ESI-MS: m/z 186.2 [M + H]+. HRMS:
m/z calcd for C11H24NO: 186.1858 [M + H]+; found: 186.1689.

2-Bromo-N,N-dioctylpropanamide (28)

A solution of Et3N (3.3 g, 33 mmol) and di-n-octylamine (5.9 g, 24.5 mmol) in Et2O
(150 mL) was added dropwise to a solution of 2-bromopropionyl bromide (27; 5.4 g,
25 mmol) and Et3N (0.5 g, 4.9 mmol) in dry Et2O (200 mL) at 0 °C. After stirring for
2 h at room temperature, the solid was filtered off and the liquid phase evaporated.
The residue was dissolved in Et2O (100 mL) and washed with HCl 10% (3 × 100
mL). After filtration, the solution was dried with MgSO4 and the solvent evaporated
under reduced pressure to give the product (1.82 g, 99%) as an oil.
1H NMR (400 MHz, CDCl3): δ = 4.52 (q, J = 6.6 Hz, 1H), 3.61-3.39 (m, 2H),
3.17-3.01 (m, 2H), 1.81 (d, J = 6.6 Hz, 3H), 1.74-1.61 (m, 1H), 1.61-1.45 (m, 3H),
1.36-1.17 (m, 20H), 0.88 (q, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ =
168.9, 77.2, 48.2, 46.6, 38.7, 31.8, 31.75, 29.6, 29.4, 29.3, 29.2 (2x), 27.2, 26.9,
22.7, 22.6, 21.8, 14.1 (2x). ESI-MS: m/z 376.3 [M + H]+. HRMS: m/z calcd for
C19H39BrNO: 376.2210 [M + H]+; found: 376.2627.

2-Acetoxy-N,N-dioctylpropanamide (29)

A suspension of 2-bromo-N,N-dioctylpropanamide (28; 0.48 g, 1.26 mmol), AcOK
(0.5 g, 5.05 mmol) and 18-crown-6 (10 mg, 0.04 mmol) in dry CH3CN (10 mL) was
refluxed for 5 h. The reaction mixture was filtered through celite and the solvent
evaporated. The solid residue was dissolved in Et2O (30 mL) and washed with water
(3 × 20 mL). The organic solution was dried with MgSO4 and the solvent evaporated
to afford pure 29 (0.47 g, 94%) as an oil.

149



CHAPTER 4

1H NMR (400 MHz, CDCl3): δ = 5.30 (q, J = 6.7 Hz, 1H), 3.48-3.38 (m, 1H),
3.32-3.12 (m, 3H), 2.11 (s, 3H), 1.76-1.62 (m, 1H), 1.63-1.46 (m, 3H), 1.43 (d, J =
6.7 Hz, 3H), 1.38-1.19 (m, 20H), 0.94-0.82 (m, 6H). 13C NMR (101 MHz, CDCl3):
δ = 170.7, 169.9, 77.2, 67.0, 47.6, 46.3, 31.8 (2x), 29.3 (2x), 29.25, 29.2, 29.0, 27.5,
26.9 (2x), 22.7, 22.6, 20.9, 17.3, 14.1. ESI-MS: m/z 356.3 [M + H]+. HRMS: m/z
calcd for C21H42NO3: 356.3086 [M + H]+; found: 356.3131.

2-Methoxy-N,N-dioctylpropanamide (30)

A solution of (S)-N,N-dioctyllactamide (12; 500 mg, 1.6 mmol) in dry THF (15 mL)
was added dropwise to a suspension of NaH (96 mg, 2.4 mmol) in dry THF (20
mL) at 0 °C , whereupon the suspension was stirred at room temperature for 1 h.
Subsequently, MeI (150 μL, 335 mg, 2.4 mmol) was added and the mixture was
stirred overnight. After evaporation of the solvent, the residue was dissolved in Et2O
(30 mL), and the resulting solution washed with saturated NH4Cl (3 × 30 mL), dried
with MgSO4, whereupon the solvent was evaporated under reduced pressure. The
residue was passed through a short pluck of silica (SiO2, hexanes/EtOAc = 3:1) to
afford the product (420 mg, 80%) as an oil.
1H NMR (400 MHz, CDCl3): δ = 4.14 (q, J = 6.6 Hz, 1H), 3.42-3.20 (m, 4H), 3.31
(s, 3H), 1.64-1.47 (m, 4H), 1.36 (d, J = 6.6 Hz, 3H), 1.34-1.20 (m, 20H), 0.96-0.80
(m, 6H). 13C NMR (101 MHz, CDCl3): δ = 171.4, 77.2, 75.1, 56.4, 47.0, 45.95, 31.8
(2x), 29.4, 29.3 (3x), 29.2, 27.5, 27.1, 26.9, 22.6, 17.8, 14.1. ESI-MS: m/z 328.3 [M
+ H]+. HRMS: m/z calcd for C20H42NO2: 328.3137 [M + H]+; found: 328.3190.
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CHAPTER 5

Unique selectivity reversal in Am3+-Eu3+

extraction in a tripodal TREN-based
diglycolamide in ionic liquid: extraction,

luminescence, complexation and structural
studies∗

N-pivot and azamacrocycle diglycolamide (DGA) extractants were synthesised. The
complexation behaviour of one of them, DGA-TREN, was studied towards trivalent
lanthanide/actinide ions. Comparison of tripodal DGA-TREN with a tripodal digly-
colamide ligand (T-DGA) in molecular diluents and ionic liquids showed a selectivity
reversal in the extraction of trivalent actinides versus trivalent lanthanides. In ionic
liquids, DGA-TREN exhibited a ca. 450 times increase of the extraction of Am3+

and an acidity-independent extraction of Eu3+. Complexation studies revealed the
formation of ML2 complexes in molecular diluents, whereas ML complexes formed in
ionic liquids.

∗This chapter is largely based on A. Leoncini, P. K. Mohapatra, A. Bhattacharyya, D. R. Raut, A. Sen-
gupta, P. K. Verma, N. Tiwari, D. Bhattacharyya, S. Jha, A. M. Wouda, J. Huskens and W. Verboom,
Dalton Trans., 2016, 45, 2476-2484.
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5.1 Introduction

As shown in Chapter 2, the extraction of Eu3+ with TODGA (N,N,N’,N’-tetra-n-octyl
diglycolamide) has been reported to be an order of magnitude higher than that of
Am3+, suggesting interesting separation possibilities under acidic feed conditions
using n-dodecane, a commonly used process molecular solvent.1,2 In view of the
involvement of three diglycolamide extractants in the extraction of trivalent lanthanide
ions, it was thought of interest to study the separation behaviour of tripodal DGA
ligands.3,4 Previous studies with a C-pivot tripodal diglycolamide (T-DGA) ligand
have indicated very high DAm values at 3 M HNO3 (usual feed acid concentration
for high level radioactive wastes) in molecular diluents,5 while significantly lower
DAm values were obtained under identical conditions when a room temperature ionic
liquid (RTIL) was used as the diluent.6 Room temperature ionic liquids have been
proposed as favourable alternatives to the generally hazardous molecular diluents.7,8

Ionic liquids, apart from having a low vapour pressure and a lower tendency for
inflammability, show very large enhancements in the metal ion extraction as compared
to molecular diluents.9–12 Favourable extraction of Eu3+ as compared to Am3+, seen
with DGA ligands in molecular diluents also takes place when the solvent system
contains room temperature ionic liquids as diluent.13,14 In general, though selectivities
in ionic liquids are found to improve manifold as compared to molecular diluents for
the Am3+-UO2

2+ (or Am3+-Pu4+) pair in DGA extractants, similar observations were
not made for the Am3+-Eu3+ pair.15

In the present study, the extraction/separation behaviour of a new type of N-
pivot DGA ligands (Scheme 5.1), and in particular DGA-TREN (Fig. 5.1), was stud-
ied both in a molecular diluent mixture of n-dodecane and isodecanol (IDA) (9:1
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Fig. 5.1 Structural formulae of ligands DGA-TREN and T-DGA.
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volume ratio) and in a room temperature ionic liquid, [C4mim][Tf2N] (1-butyl-3-
methylimidazolium bis(trifluoromethane)sulfonamide), and the results are compared
with those obtained using T-DGA. Attempts have been made to compare the separation
behaviour of Am3+ with that of Eu3+.

5.2 Results and discussion
5.2.1 Synthesis
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Scheme 5.1 Synthesis of TREN derivatives.

DGA-TREN 2 was prepared in 73% yield by the reaction of the commercially available
tris(2-aminoethyl)amine (TREN) as a scaffold with p-nitrophenyl-activated ester 1 in
refluxing toluene (Scheme 5.1). Upon completion of the reaction, the signals of the
DGA CH2 protons shift from 4.57 (s) and 4.37 (s) ppm of 1 to 4.25 (s) and 4.04 (s)
ppm of DGA-TREN 2 (Fig. 5.2a,b). The appearance of a triplet at 7.90 ppm highlights
the formation of the amide groups. The signals at 3.33 (dt) and 2.64 (t) ppm belong
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a)

b)

c)

d)

e)

f)

g)

Fig. 5.2 The 1H NMR spectra of compounds 1-7 in CDCl3. a) p-Nitrophenyl-
activated DGA 1, b) DGA-TREN 2, c) DGA-Me3TREN 3, d) DGA-iPr3TREN
4, e) DGA-TRPN 5, f) DGA-TREN-G2 6, g) DGA-TACN 7.

to the functionalised TREN core.
Alkyl groups on the internal amides may affect the extraction behaviour, by in-

creasing the hydrophobicity of the ligand and inducing a different geometry of the
complex, due to steric hindrance.3,16 Therefore ligands DGA-Me3TREN 3 and DGA-
iPr3TREN 4, bearing methyl and isopropyl substituents, respectively (Scheme 5.1),
were prepared in 76 and 92% yield, respectively. In their 1H NMR spectra (Fig. 5.2c,d),
they do not show anymore the NH triplet around 7.90 ppm, since the proton of the
primary amide has been substituted with an alkyl chain.

The spectrum of DGA-Me3TREN 3 is characterised by a groups of signals at 2.99
and 2.95 ppm, belonging to the methyl groups. Due to the hindered rotation around
the N-Ccarbonyl bond, the two possible rotamers of the amide group are expected to be
distinguishable in the 1H NMR spectrum. The ligand exists, therefore, as a mixture
of four different isomers, with zero, one, two or three amide groups in which the
C=O bond is pointing opposite to the N-Me group. The signals at 2.99 and 2.95 ppm
can, then, be explained as the overlap of the peaks belonging to the four isomers.
The presence of two distinct groups of signals in a 2:1 ratio, however, suggests that
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the peaks of the methyl groups of the four isomers are clustered according to their
orientation with respect to the C=O group and that 2:1 is also the ratio between the two
amide rotamers. The shape of the peaks around 4.3 and 2.7 ppm can be interpreted
in a similar way, even though the separation between the signals is not as clear as
for the CH3 signals. In addition, the 13C NMR spectrum also reflects a mixture of
isomers, showing six additional signals than otherwise expected. A similar behaviour
is observed in the 1H NMR spectrum (Fig. 5.2d) of DGA-iPr3TREN 4, which also
exists as a mixture of four isomers. In addition to a new multiplet at 1.21-1.16 ppm
belonging to the methyl groups of the isopropyl group, the spectrum is characterised
by the presence of two heptets at 4.52 and 3.97 ppm in a 1:3 ratio that belong to the CH
of the isopropyl substituent, probably reflecting the ratio between the two rotamers of
the amide group. The signals at 4.29 and 2.70 ppm are compatible with the presence
of a mixture of isomers.

The length of the arms of the tripodal core platform may play a role in the
complexation of metal ions, allowing more flexibility to the structure and, hence,
leading to a stronger interaction. Similarly, increasing the number of DGA moieties
available on the molecule and the distance between them may affect the extraction
behaviour. To investigate how the distance of the DGA units from the core affects the
extraction performance, ligand DGA-TRPN 5 was prepared. Ligand DGA-TREN-G2
6 was synthesised to get insight about the effect of increasing the dendritic generation
of ligand 2 by one step.

The synthesis of the ligands 5 and 6 followed the same procedure as for ligand 2,
but ligand 6 needed an additional purification step by preparative TLC. Ligands 5 and
6 were obtained in 64 and 42% yield, respectively. The 1H NMR spectrum of DGA-
TRPN 5 (Fig. 5.2e) is distinguished from that of DGA-TREN 2 by the presence of a
triplet at 1.64 ppm belonging to the additional CH2 of the chain of the core platform.
The 1H NMR spectrum of ligand DGA-TREN-G2 6 (Fig. 5.2f) is very similar to that
of ligand 2. The signals of the DGA moiety and the external NCH2CH2N chains
of ligand 6 are almost exactly superimposing those of DGA-TREN 2. The peak
belonging to the amidic protons around 8.00 ppm appears as a broad signal instead
of a clear triplet. The internal NCH2CH2N chains of DGA-TREN-G2 6 have some
broad signals between 3.20 and 2.53 ppm, partially overlapping with the peaks at 3.09
and 2.68 ppm.
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The presence of the tertiary nitrogen atom may be negatively affecting the extrac-
tion behaviour, since it can be protonated in the highly acidic extraction environment,
thereby providing electrostatic repulsion to a bound metal ion. Ligand DGA-TACN
7 and T-DGA5 were prepared in order to compare DGA-TREN 2 to flexible tripodal
DGA ligands of similar size, but lacking the central tertiary nitrogen atom. Ligand
7 was prepared in the same way as ligand 2 in almost quantitative yield. In the
1H NMR spectrum of DGA-TACN 7 (Fig. 5.2g), the signal at about 2.8 ppm of the
β-CH2 protons of the internal amides has disappeared, while the signal at 3.68 ppm
has become more complex. This is because all the protons of the core structure are
adjacent to the amide groups. The macrocycle hinders the movement of the DGA
moieties and this is reflected in a broadening of the signals between 4.6 and 3.4 ppm.
On the other hand, T-DGA is expected to exhibit a flexibility similar to DGA-TREN 2,
thanks to less hindered DGA-bearing arms being connected to a C-pivot atom instead
of a macrocycle.

The ligands 2-7 were obtained in varying yields of 42 to 99% and this may be
related to their polarity. Indeed, DGA-TACN 7, which has only secondary amines and
lacks the central tertiary amine, was obtained in 99% yield, while DGA-TREN-G2
6, having four tertiary amines and six primary amides, was prepared in 42% yield.
Similarly, changing from a primary amide (ligand 2) to a secondary amide bearing
a methyl group (ligand 3) or an isopropyl group (ligand 4), increased the yield from
73% to 76% to 92%, respectively.

5.2.2 Solvent extraction studies

Solvent extraction data for Am3+ and Eu3+ with DGA-TREN 2 and T-DGA are listed
in Table 5.1 for the apolar mixture of 9:1 n-dodecane and isodecanol (IDA), and the
ionic liquid [C4mim][Tf2N]. Extraction data of other metal ions relevant in nuclear
waste, specifically UO2

2+, Pu4+, Sr2+ and Cs+, are also presented in Table 5.1. Solvent
extraction studies for ligands 3-7 are in progress and are not available yet.

An equilibration time optimisation study was carried out in both the molecular
diluent and in [C4mim][Tf2N]. It took about 2 h to attain an equilibrium DAm value in
the ionic liquid medium, while much lesser time was needed in the molecular diluent
(Fig. 5.3).

DGA-TREN 2 displays a rather low DAm value in the molecular diluent mix-
ture of n-dodecane and IDA. However, an unprecedented enhancement of the DAm
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Fig. 5.3 Equilibration time optimisation study for the extraction of Am(III) us-
ing DGA-TREN 2 (1.0 × 10-3 M) in molecular diluents (circle) and ionic liquid
(square). Aqueous phase: 3 M HNO3.

value by ca. 450 times was seen by changing the diluent to the ionic liquid under
identical experimental conditions (Table 5.1). Though such large enhancements have
been reported previously at lower acidities11 (which is due to the manifestation of
the difference in the extraction mechanism17), such observations are rare at higher
acidities.18,19 In case of DGA-based extractants, lower extractions of actinide and
lanthanide ions are reported for ionic liquids as the diluent compared to molecular

Table 5.1 Distribution ratio and separation factor values of lanthanides, ac-
tinides and important fission product elements using 1.0 × 10-3 M ligands.
Aqueous phase: 3 M HNO3. Separation factor (S.F.) values with respect to
Am (S.F. = DAm/DM) are given between parentheses. IDA = isodecanol.

DM values with DGA-TREN DM values with T-DGA

Metal ion (M) n-dodecane + IDA (9:1) [C4mim][Tf2N] n-dodecane + IDA (9:1) [C4mim][Tf2N]

Am3+ 0.36 ± 0.02 161 ± 2.3 11.1 ± 0.06 0.081 ± 0.21
Eu3+ 1.16 ± 0.01 (0.31) 126 ± 1.8 (1.28) 98.5 ± 2.6 (0.11) 0.087 ± 0.02 (0.93)
Pu4+ 0.25 ± 0.01 (1.44) 4.0 ± 0.1 (40.2) 19.0 ± 1.1 (0.58) -
UO22+ 0.02 ± 0.00 (18) 0.01 ± 0.00 (16100) 0.06 ± 0.01 (185) 1.00 ± 0.01 (0.81)
Sr2+ <0.001 (>2430) 0.006 (>2.68 ×104) 0.02 (555) 0.002 ± 0.00 (40)
Cs+ <0.001 (>2430) 0.097 (>1.65 ×103) <0.001 (>1.1 ×104) 0.009 (9)
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Fig. 5.4 Distribution coefficient of Am3+ as a function of the DGA-TREN con-
centration at 3 M HNO3.

diluents when the aqueous phase acid concentration is moderate to high. For exam-
ple, though DEu was reported to be ca. 9 at 4 M HNO3 when 7 × 10−3 M TBDGA
(N,N,N’,N’-tetrabutyldiglycolamide) was used in 1-octanol, it decreased by an order
of magnitude to ca. 1 when [C4mim][Tf2N] was used as the diluent and the other
conditions were kept constant.13 Similarly, the extraction of both Am3+ and Eu3+ with
DGA-functionalised calix[4]arenes was reported to be lower20 in an ionic liquid than
in molecular diluents.21

It may be pointed out that if a cation exchange mechanism is operative similar
to that reported with T-DGA in the ionic liquid [C4mim][Tf2N],6 rather low DAm

values are expected for DGA-TREN 2 as well at 3 M HNO3. To our best knowledge,
this extraction behaviour is unique at moderate acid concentrations (1-6 M HNO3)
and may be relevant in the radioactive waste processing by tuning the solvent system.
The extraction of Am(III) was studied at 3 M HNO3 at varying concentrations of
DGA-TREN 2 in both the molecular diluent as well as the ionic liquid (Fig. 5.4).
Slope analysis revealed a change in the composition of the extracted species, the slope
values being ca. 1 and 2, respectively.

In addition, DGA-TREN 2 showed different selectivity, as defined by the S.F.
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Fig. 5.5 Distribution coefficients of Am3+ and Eu3+ as a function of the HNO3

concentration with 1.0 mM DGA-TREN 2.

values (Table 5.1), for Am3+ versus Eu3+ in the two solvent systems. When the
extraction was performed in ionic liquid, ligand 2 showed selectivity for Am3+ over
Eu3+, whereas for other DGA-based ligands the preference for Eu3+ was reported
both in molecular diluents and ionic liquids.22,23 The comparison of the extraction
behaviour of DGA-TREN with Am3+ and Eu3+ in molecular diluents and ionic liquids
as a function of the HNO3 concentration is presented in Fig. 5.5. Though the usual
preference for the extraction of Eu3+ over Am3+ was observed in molecular diluents,
the opposite occurred in the ionic liquid up to 4 M HNO3.

A remarkable observation is the acidity-independent extraction of Eu3+ in the ionic
liquid in the HNO3 concentration range of 0.01-6 M (Fig. 5.5). This is interesting
because it allows to tune the S.F.Am/Eu value by changing the HNO3 concentration
without affecting the extraction of Eu3+. UO2

2+ extraction is quite significant with
TODGA,1,2 whereas DGA-TREN 2 showed very poor extraction of this metal ion,
which decreased further in [C4mim][Tf2N] (Table 5.1), giving rise to a very high
S.F.Am/U. On the other hand, Pu4+ extraction increased in the ionic liquid by an order
of magnitude, giving a high selectivity value (S.F. = 40.2), which is more than 4 and
16 times the selectivity values reported using a DGA-functionalised calix[4]arene
and TODGA, respectively, in [C8mim][PF6].15 Selectivities with respect to Sr2+ and
Cs+ ions, investigated in view of the significant dose imparted by the 90Sr and 137Cs
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Table 5.2 Conditions for quantitative stripping of Am(III) from the loaded or-
ganic phase containing 1 mM DGA-TREN 2. Buffer mixture: 0.4 M formic
acid + 0.4 M hydrazine hydrate + 0.1 M citric acid. Molecular diluent mixture:
n-dodecane + IDA 9:1.

Stripping solution Diluent No. of stages required
for >99.9% stripping

Buffer mixture Mol. diluent mixture 2
pH 2 Mol. diluent mixture 2
Buffer mixture [C4mim][Tf2N] 4
0.05 M EDTA + 1 M
guanidine carbonate

[C4mim][Tf2N] 2

radionuclides,24,25 were also high in the ionic liquid (Table 5.1).

5.2.3 Stripping behaviour

The extracted trivalent actinide ion (Am3+) was stripped from the ionic liquid medium
using a buffer mixture (0.4 M formic acid + 0.4 M hydrazine hydrate + 0.1 M citric
acid) and a complexing agent (0.05 M EDTA in 1 M guanidine carbonate) resulting
in 85% and 99.8% stripping, respectively, in a single contact. On the other hand, the
buffer mixture was able to back extract about 99.8% of the extracted Am3+ from the
solvent containing a 9:1 mixture of the molecular diluents, n-dodecane and IDA. It
was not required to use the complexing agent for an effective stripping of the metal ion
and even a pH 2 solution could result in 99.6% back extraction. Stagewise stripping
efficiency data are given in Table 5.2.

5.2.4 Complexation studies

Solution phase complexation studies were performed using FT-IR, 1H NMR and
luminescence techniques. The FT-IR spectra of the free DGA-TREN ligand 2 and
its LaTf3 complex, recorded in the apolar toluene-d8, show a shift in the carbonyl
’C=O’ stretching frequency from 1652 cm−1 to 1617 cm−1 due to complexation.
The shift in the etheric ’C-O’ stretching frequency from 1129 cm−1 to 1163 cm−1

is an indication of the participation of the etheric oxygen atom in the metal ion
binding. Peak broadening in the 1H NMR spectra of DGA-TREN in toluene-d8 after
complexation with La(III) points to a moderately slow exchange phenomenon. The
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a)

b)

c)

Fig. 5.6 1H NMR spectrum in toluene-d8 of free DGA-TREN 2 (a), the lan-
thanum triflate complex with a metal to ligand ratio of 1:1 (b) and a metal to
ligand ratio of 1:2 (c).

OCH2 methylene protons at 4.25 and 4.37 ppm (Fig. 5.6a) in free DGA-TREN, were
shifted to 4.33 and 4.98 ppm, respectively (Fig. 5.6c), in the LaTf3 complex with a
metal to ligand ratio of 1:2. Splitting of the signals and shifts to 4.05, 4.08 and 4.69,
4.79 ppm (Fig. 5.6b), respectively, were observed for a metal to ligand ratio of 1:1.

5.2.5 Luminescence spectroscopy

Luminescence spectra of the extracts of Eu3+ in 1.0 × 10-3 M DGA-TREN 2 in
molecular diluents and the ionic liquid [C4mim][Tf2N] are presented in Fig. 5.7. The
high intensity of the peak at 616 nm reveals that the Eu3+ ion resides in an asymmetric
environment with respect to the centre of symmetry. The ratio I616/I592 was quantified
as asymmetry factor,26–28 which shows that the extracted species in the RTIL is more
asymmetric compared to that in the molecular diluents.

The monoexponential nature of the decay profile of the complex (Fig. 5.8) reveals
the predominant presence of a single species (which is the ML2 complex alone rather
than a mixture of ML and ML2 species). The number of water molecules present
in the primary coordination sphere of Eu3+ can be evaluated from the lifetime (τ)
data using the empirical formula given by Choppin and Peterman 29 (NH2O = (1.05/τ)
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Fig. 5.7 Luminescence spectra of the Eu3+ extracts in 1.0 × 10-3 M
DGA-TREN 2 in (a) molecular diluents: n-dodecane + IDA (9:1) and (b)
[C4mim][Tf2N].

Fig. 5.8 Decay profile of Eu3+-DGA-TREN 2 in (a) molecular diluents (n-
dodecane + IDA (9:1)) and (b) [C4mim][Tf2N].

- 0.7),29 showing that there is no water molecule in the inner sphere of Eu3+ when
the complex is either in the molecular diluents or in [C4mim][Tf2N]. These studies
indicate that the extracted complex contains two DGA-TREN 2 units and no water
molecules (Table 5.3). Though both the extraction media and the extracted complexed
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Table 5.3 Photophysical properties of the Eu3+-DGA-TREN 2 complex in
molecular diluent and [C4mim][Tf2N].

System [C4mim][Tf2N] Molecular diluent

A 2.91 2.70
Lifetime (ms) 1.575 1.037
NH2O 0 0
Nligand 1 2

species are quite different, the absence of water molecules in the coordination spheres
also indicates a difference in the nature of the binding of the DGA pendant arms.
In molecular diluents ML2 complexes are formed, for a total of six DGA arms, and
the establishment of a dynamic exchange among all DGA units can occur. In ionic
liquids, on the other hand, the coordination sites of the metal ion are all occupied
by the DGA units of a single ligand (ML complexes). In view of the fact that no
inner-sphere water molecule is present on the basis of the luminescence data, three
nitrate anions were included in the complex (for charge neutralisation) to obtain the
resultant complexes as Eu(DGA-TREN)2(NO3)3 in molecular diluents. In the case
of ionic liquids, charge neutralisation is likely provided by Tf2N– anions to obtain
Eu(DGA-TREN)(NTf2)3.

5.3 Conclusions
In conclusion, a novel N-pivot tripodal DGA ligand, DGA-TREN 2, exhibits a strong
extracting ability for trivalent actinide (and lanthanide) ions, particularly in ionic liquid
medium. The reversal in the extraction trend of Am3+ and Eu3+ in molecular diluents
as opposed to an ionic liquid when compared to the analogous C-pivot tripodal ligand
(T-DGA) has been observed for the first time. Furthermore, the selectivities with
respect to Eu3+ showed drastic changes while moving from molecular diluents to the
ionic liquid both for DGA-TREN 2 and T-DGA. An acidity independent extraction
of Eu3+ gives the possibility of its separation from trivalent actinides by tuning
the acidity. Complexation studies indicated the formation of ML2 species in n-
dodecane/isodecanol whereas ML species formed in ionic liquids.
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5.4 Experimental

The diluents, n-dodecane and isodecanol (IDA), were procured from Lancaster, UK
and SRL, Mumbai, respectively. The ionic liquid, [C4mim][Tf2N], was obtained from
IoLiTech, Germany at >99% purity and was used after drying. The moisture content
in the ionic liquid was <0.2%. Suprapur nitric acid (Merck, Germany) was used for the
preparation of nitric acid solutions. Tris-(2-aminoethyl)amine (TREN), tris-(2-(N-
methyl)aminoethyl)amine (Me3TREN), tris-(2-(N-isopropyl)aminoethyl)amine
(iPr3TREN), 1,4,7-triazacyclononane trihydrochloride (TACN·3HCl), tris-(2-amino-
propyl)amine (TRPN), Et3N and Amberlyst® A21 were bought from Sigma-Aldrich
and used without further purification. Triethylamine was stored on KOH. Toluene
was purchased from Actu-all Chemicals and employed using a Braun MB SPS 800
dispensing machine. MeOH was obtained from Actu-all Chemicals. Et2O was
bought from VWR and distilled before use. 4-Nitrophenyl 2-(2-(dioctylamino)-2-
oxoethoxy)acetate30 (1), T-DGA5 and G-2 poly(ethylene imine) dendrimer (TREN-
G2)31 were prepared according to literature procedures. 1H- and 13C NMR spectra
were recorded on a Bruker 400 MHz NMR spectrometer. FT-IR analysis was per-
formed using a Nicolet 6700 instrument (Thermo Scientific) in transmission mode.
ESI mass spectra were recorded on a WATERS LCT mass spectrometer.

The radiotracers, 241Am, 233U and Pu (mainly 239Pu), were obtained from lab-
oratory stock after purification following literature methods.5,32–34 152,154Eu, 85,89Sr
and 137Cs were obtained from BRIT (Board of Radiation and Isotope Technology,
Mumbai) and were used after checking their radiochemical purity by gamma ray
spectrometry using an HPGe detector. 241Am tracer was purified by ion exchange
methods prior to use and its purity was checked by both alpha as well as gamma
ray spectrometry.33 241Am was assayed by a NaI(Tl) scintillation detector using 60
KeV gamma ray. Plutonium tracer (mainly 239Pu) was purified from 241Am34 and the
233U tracer was purified from 229Th using standard ion-exchange methods reported
before.32 The valency of Pu was adjusted to the +4 state by using NaNO2 and am-
monium metavanadate as the holding oxidant.35 The radiometric assay of 233U and
Pu was done by alpha-liquid scintillation counting using the Ultima Gold scintillator
cocktail, while that of 85,89Sr, 137Cs and 241Am was performed by gamma ray count-
ing using a NaI(Tl) scintillation counter. Alpha-spectrometry was carried out using a
silicon surface barrier detector.
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5.4.1 General procedure for preparation of ligands

A solution of 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)acetate (1.02 equiv. per
amino group), (poly)amine (0.5 mmol, 1 equiv.) and triethylamine (1.03 equiv. per
amino group) in dry toluene (15 mL) was refluxed for 15 h. A chromatography glass
column (2 cm Ø) was loaded with Amberlyst® A21 (20 g) suspended in MeOH (30
mL). The resin was washed with MeOH (70 mL) and Et2O (100 mL), at the end
keeping solvent above the resin, whereupon a pluck of cotton was placed. The residue
of the reaction was dissolved in Et2O (15 mL) and loaded slowly on top of the wet
resin inside the column. The solution was slowly eluted through the column with
Et2O (185 mL). The solvent was evaporated to yield the products as an oil.

DGA-TREN 2 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)ac-
etate (1; 730 mg, 1.53 mmol), TREN (73 mg, 0.5 mmol), and Et3N (157 mg, 1.55
mmol) in dry toluene (15 mL). It was obtained as a slightly yellow oil in 73% yield.
1H NMR36 (400 MHz, CDCl3) δ = 7.90 (t, J = 5.5 Hz, 1H), 4.25 (s, 2H), 4.04 (s,
2H), 3.33 (dt, J = 6.0, 5.5 Hz, 2H), 3.27 (t, J = 7.7 Hz, 2H), 3.08 (t, J = 7.8 Hz, 2H),
2.64 (t, J = 6.0 Hz, 2H), 1.57-1.44 (m, 4H), 1.33-1.18 (m, 20H), 0.87 (t, J = 6.8 Hz,
3H), 0.86 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 169.9, 168.4, 71.5,
69.5, 53.9, 46.9, 46.3, 37.3, 32.0, 31.9, 29.5, 29.42, 29.38, 29.3, 29.0, 27.8, 27.2,
27.0, 22.8, 22.7, 14.21, 14.20. ESI-MS: m/z 1165.1 [M+H]+; HRMS: m/z calcd for
C66H130N7O9: 1164.9925 [M+H]+; found 1164.9856.

DGA-Me3TREN 3 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
oxy)acetate (1; 730 mg, 1.53 mmol), Me3TREN (95 mg, 0.5 mmol), and Et3N (157
mg, 1.55 mmol) in dry toluene (15 mL). It was obtained as a colourless oil in 76%
yield.
1H NMR36 (400 MHz, CDCl3) δ = 4.35-4.25 (m, 4H), 3.43-3.36 (m, 2H), 3.31-3.24
(m, 2H), 3.20-3.10 (m, 2H), 2.99 (d, J = 2.0 Hz, 2H), 2.95 (d, J = 2.0 Hz, 1H),
2.75-2.62 (m, 2H), 1.56-1.45 (m, 4H), 1.33-1.20 (m, 20H), 0.87 (t, J = 6.9 Hz, 3H),
0.86 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 168.8, 168.4, 69.4, 69.1,
52.6, 51.4, 51.2, 47.9, 46.9, 46.2, 46.1, 45.8, 35.0, 34.96, 33.92, 31.80, 31.75, 29.40,
29.37, 29.32, 29.25, 29.2, 29.0, 27.6, 27.1, 26.9, 22.7, 22.6, 14.1. ESI-MS: m/z
1207.0 [M+H]+; HRMS: m/z calcd for C69H136N7O9: 1207.0394 [M+H]+; found
1207.0372.

DGA-iPr3TREN 4 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
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oxy)acetate (1; 730 mg, 1.53 mmol), iPr3TREN (136 mg, 0.5 mmol), and Et3N (157
mg, 1.55 mmol) in dry toluene (15 mL). It was obtained as a colourless oil in 92%
yield.
1H NMR36 (400 MHz, CDCl3) δ = 4.52 (hept, J = 6.3 Hz, 0.25H) 4.38-4.20 (m, 4H),
3.97 (hept, J = 6.3 Hz, 0.75H), 3.33-3.22 (m, 4H), 3.19-3.11 (m, 2H), 2.76-2.62 (m,
2H), 1.56-1.45 (m, 4H), 1.33-1.21 (m, 20H), 1.21-1.16 (m, 6H), 0.87 (t, J = 6.9 Hz,
3H), 0.86 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 168.4, 168.2, 69.9,
69.2, 53.0, 47.5, 46.9, 45.8, 39.5, 31.8, 31.7, 29.4, 29.31, 29.25, 29.2, 28.9, 27.6,
27.1, 26.8, 22.7, 22.6, 21.4, 21.3, 20.4, 14.1. ESI-MS: m/z 1291.1 [M+H]+; HRMS:
m/z calcd for C75H148N7O9: 1291.1333 [M+H]+; found 1291.1364.

DGA-TRPN 5 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)ac-
etate (1; 730 mg, 1.53 mmol), TRPN (94 mg, 0.5 mmol), and Et3N (157 mg, 1.55
mmol) in dry toluene (15 mL). It was obtained as a colourless oil in 64% yield.
1H NMR36 (400 MHz, CDCl3) δ = 7.80 (t, J = 5.6 Hz, 1H), 4.22 (s, 2H), 4.03 (s,
2H), 3.33-3.24 (m, 4H), 3.08 (t, J = 8.0 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H), 1.64 (t,
J = 6.9 Hz, 2H), 1.55-1.46 (m, 4H), 1.32-1.20 (m, 20H), 0.86 (t, J = 6.8 Hz, 3H),
0.85 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 169.4, 168.1, 71.7, 69.5,
51.6, 46.8, 46.1, 37.4, 31.8, 31.7, 29.4, 29.31, 29.28, 29.23, 29.19, 29.0, 27.6, 27.0,
26.9, 26.8, 22.7, 22.6, 14.1, 14.0. ESI-MS: m/z 1207.0 [M+H]+; HRMS: m/z calcd
for C69H136N7NaO9: 615.0143 [M+H+Na]2+; found 615.0111.

DGA-TREN-G2 6 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
oxy)acetate (1; 1.90 g, 3.9 mmol), TREN-G2 (200 mg, 0.65 mmol), and Et3N (673
mg, 6.65 mmol) in dry toluene (30 mL). The product was purified by preparative thin
layer chromatography (SiO2, CH2Cl2/MeOH 87:13) to give the product as a thick oil
in 42% yield.
1H NMR36 (400 MHz, CDCl3) δ = 8.24-7.65 (m, 2H), 4.27 (s, 4H), 4.05 (s, 4H),
3.34 (q, J = 6.3 Hz, 4H), 3.27 (t, J = 7.8 Hz, 4H), 3.09 (t, J = 7.8 Hz, 4H), 3.20-2.53
(m, 4H), 2.68 (t, J = 6.3 Hz, 4H), 1.59-1.44 (m, 8H), 1.35-1.18 (m, 40H), 0.88 (t,
J = 6.8 Hz, 6H), 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ = 169.9,
168.2, 71.3, 69.4, 53.8, 53.4, 46.8, 46.1, 37.0, 36.9, 31.8, 31.7, 29.4, 29.33, 29.28,
29.2, 29.0, 27.7, 27.1, 26.9, 22.7, 22.6, 14.12, 14.10. ESI-MS: m/z 2442.3 [M+H]+;
HRMS: m/z calcd for C138H273N16O18: 814.6985 [M+3H]3+; found 814.6971.

DGA-TACN 7 was prepared using 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)ac-
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etate (1; 730 mg, 1.53 mmol), TACN·3HCl (119 mg, 0.5 mmol), and Et3N (314 mg,
3.1 mmol) in dry toluene (15 mL). The compound was obtained as a colourless oil in
99% yield.
1H NMR36 (400 MHz, CDCl3) δ = 4.56-4.39 (m, 4H), 3.87-3.51 (m, 4H), 3.29 (t, J
= 7.8 Hz, 2H), 3.18 (t, J = 7.8 Hz, 2H), 1.61-1.47 (m, 4H), 1.35-1.19 (m, 20H), 0.88
(br t, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ = 31.8, 31.7, 29.5, 29.4, 29.4,
29.2, 27.5, 27.2, 26.9, 22.7, 22.6, 14.1. ESI-MS: m/z 1148.0 [M+H]+; HRMS: m/z
calcd for C66H127N6O9: 1147.9659 [M+H]+; found 1147.9678.

5.4.2 Solvent extraction studies

The ligand solutions (1.0 × 10−3 M) were prepared in molecular diluents (90% n-
dodecane + 10% isodecanol) as well as in the ionic liquid, [C4mim][Tf2N], after
prolonged ultra-sonification (15-20 min) to ensure homogeneity of the solutions. The
organic phases (ligand solutions) were mixed with equal volumes of the aqueous
phases (usually 0.5-1.0 mL) containing 3.0 M HNO3 spiked with the respective
radiotracers. The two phases were taken in leak tight Pyrex glass tubes and vortexed
for about 3 h (to ensure attainment of equilibrium) in a thermostated water bath at 25
± 0.1 °C. Subsequently, the phases were separated after centrifugation of the tubes and
the metal ion concentrations in the organic and aqueous phases were determined after
radiometric assay. The distribution ratio values (DM) were calculated as the ratio of
the concentration of the radionuclide in the organic phase to that in the aqueous phase.
The selectivity for the radionuclides with respect to Am was expressed in terms of the
Separation Factor (S.F.) defined as the ratio of DAm to DM, where M is the metal ion
of interest. The DM values reported here are the averages of duplicate measurements
and the errors in the extraction percentages of the duplicate experiments are less than
5%.

5.4.3 Luminescence studies

The luminescence spectra of Eu3+ ion with increasing DGA-TREN 2 concentrations
in a methanol-water mixture were recorded using an Edinburgh FLS 900 unit provided
with a CD-920 controller and a micro sec (Xe) flash lamp. The data acquisition and
analysis were performed by the F-900 software provided by Edinburgh Analytical
Instruments, UK.
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CHAPTER 6

Diglycolamide-functionalized poly(propylene
imine) diaminobutane dendrimers for
sequestration of trivalent f -elements∗

Zero (1), first (2) and second generation (3) DGA-functionalized poly(propylene
imine) diaminobutane dendrimers (PPI-Dab dendrimers) were synthesized and eval-
uated for their complexation ability towards trivalent actinides and lanthanides. Slope
analysis indicated the stoichiometry of the complexes extracted in apolar diluents as:
1:2 (M:L) for ligand 1 and 1:1 (M:L) for both ligands 2 and 3. A complexation study of
a representative lanthanide (Eu3+) with the three ligands by absorption spectroscopy
and luminescence spectroscopy confirmed the formation of the above stoichiometry.
The stability constants (log β) values obtained indicate that the complexation is not af-
fected by the branching of the ligands. The extraction behaviour of the ligandswas also
tested in room temperature ionic liquid [C4mim][Tf2N] (1-butyl-3-methylimidazolium
bis (trifluoromethane)sulfonamide). The different extraction media heavily influenced
the performance of the ligands. The D values for the extraction of Am3+ decreased
with increasing HNO3 concentration. Slope analysis indicated that the extracted
complexes had different M:L stoichiometries: 1:2 for ligand 1, 2:1 for ligand 2 and
4:1 for ligand 3.

∗This chapter is largely based on A. Leoncini, S. A. Ansari, P. K. Mohapatra, A. Sengupta, J. Huskens
and W. Verboom, Dalton Trans., 2017, 46, 501-508; S. A. Ansari, P. K. Mohapatra, A. Leoncini, S. M.
Ali, A. Singhadeb, J. Huskens and W. Verboom, Dalton Trans., 2017, manuscript accepted.
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6.1 Introduction
In the previous chapter, we showed how tripodal diglycolamide (DGA) ligands,1–3

containing three DGA moieties, display not only very high enhancements in metal ion
extraction, but also unusual selectivities.4 Similarly, DGA-functionalized calix[4]ar-
enes with four DGA pendant arms (termed C4DGA) have shown not only promising
extraction selectivities, but also a striking complexation behaviour dependent on the
mode of DGA functionalization onto the calix[4]arene scaffold.5 Very recently, a
DGA-functionalized pillar[5]arene showed interesting extraction behaviour for triva-
lent lanthanide/actinide ions.6 These ligands exhibit a significantly higher extraction
due to the multiple DGA groups giving rise to a cooperative complexation mechanism,
and higher selectivity based on special stereochemical requirements for complexation
with certain metal ions.7

A compromise between ligands with multiple DGA functionalities and TREN
derivatives, are dendrimers.

Core - Generation 0 Generation 1 Generation 2

Fig. 6.1 Schematic representation of PPI dendrimers of different generation.
The shaded circle represents the functional groups at the end of the branches.

Dendrimers8–14 are macromolecular, highly branched, homogeneous compounds.
They are usually characterized by high symmetry, spherical shape and monodisper-
sity. Dendrimers possess three distinguishing architectural components: central
core, branching units and outer functionalised layer. The branching units are repet-
itively reacted with the core and each branching cycle is called a ’generation’. The
core is termed zero generation dendrimer, while higher order branchings are termed
first, second, third, etc., generation dendrimers (Fig. 6.1). In general, appropri-
ately functionalised dendrimers show an interesting complexation behaviour,15–18 so
DGA-functionalized dendrimers were considered as a class of potentially interesting
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Fig. 6.2 Structures of the DGA-functionalized PPI dendrimers 1, 2 and 3.

ligands for lanthanide/actinide complexation studies. In Chapter 5 tripodal DGA
ligands were tested for the extraction of Eu3+ and Am3+ from room temperature ionic
liquids (RTIL), obtaining interesting results. When using RTILs, an increase in D
values and a reversal in selectivity were observed.

This chapter deals with the synthesis of three generations (0, 1, 2) of DGA-
functionalized poly(propylene imine) diaminobutane (PPI-Dab) dendrimers (1, 2, 3;
Fig. 6.2) and evaluation of their complexation and extraction behaviour with respect to
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a trivalent actinide ion (Am3+) and a lanthanide ion (Eu3+). The complex formation
constants were determined from UV-Vis spectrophotometric titrations in methanol
(due to limited solubility of the ligands in aqueous medium). Information on the nature
of the complexes was obtained from luminescence spectroscopic measurements and
1H NMR experiments. In addition, the extraction behaviour of the ligands was also
studied in RTIL.

6.2 Results and discussion

6.2.1 Preparation of ligands

NH2

NH2

NH2

NH2

N

N

NH2N

H2N

H2N

H2N

N

N

N Generation 0

Generation 1

Generation 2
Et3N, toluene

reflux, overnight

(C8H17)2N
O

O

O O
NO2

1, 2 and 3

Scheme 6.1 Synthesis of DGA-based dendrimers 1, 2 and 3

1,4-Diaminobutane and poly(propylene imine) diaminobutane (PPI-Dab) dendrimers
of generations 1 and 2 (G1 and G2) were reacted with p-nitrophenyl-activated ester in
refluxing toluene to afford PPI-DGA ligands 1, 2 and 3 in yields of 92, 87 and 95%,
respectively (Scheme 6.1). The 1H NMR spectra of the different ligands all show only
two distinct OCH2 signals at 4.23 and 4.06 ppm (CDCl3) in the case of ligand 1 and
at 4.26 and 3.94/5 ppm (for solubility reasons in CD3CN) for ligands 2 and 3, clearly
demonstrating, that all the amino groups present had been reacted. In all cases the
electrospray mass spectra showed the expected [M + H] peaks.
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a) b)

Fig. 6.3 (a) Distribution coefficient of Am3+ as a function of HNO3 concen-
tration with 1.0 mM ligand (1, 2 or 3). (b) Distribution coefficient of Am3+ as a
function of ligand concentration for slope analysis in 1 M HNO3; solvent: 5%
isodecanol/n-dodecane; temperature: 25 °C.

6.2.2 Liquid-liquid extraction studies

Liquid-liquid extraction studies were performed to measure the distribution coefficient
of Am3+ in order to access the ligand affinity for the trivalent f -cations. The ligands
were studied in two different organic mixtures: a) in apolar diluents, dissolved in 5%
isodecanol/n-dodecane, due to its poor solubility in pure n-dodecane and b) in RTIL
[C4mim][Tf2N] (1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonamide).
Fig. 6.3 displays the behaviour of the ligands in apolar diluents. Fig. 6.3a shows
the distribution behaviour of Am(III) with the three ligands 1, 2 and 3 from feeds
containing varying nitric acid concentrations. In all three cases, theD values increased
gradually with the feed acidity. The extraction equilibria for this process can be
described as:

M3+
aq + 3 NO3

−
aq + x Lorg

Kex
−−−→←−−− M(NO3)3 · x Lorg (6.1)

where, M3+ represents the metal ion, L is the neutral ligand and x is the number of
ligand molecules coordinated in the complex. The subscripts ’aq’ and ’org’ represent
the species present in the aqueous and organic phases, respectively. The equilibrium
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constant for reaction Eq. 6.1 is written as:

Kex =
[M(NO3)3 · x L]org

[M3+]aq · [NO3
−]3aq · [L]

x
org

(6.2)

where,Kex is the two-phase equilibrium constant referred to as the extraction constant.
Since the experimentally determinedD is the ratio of the total metal ion concentration
in the organic phase to that in the aqueous phase, the D value for the equilibrium
reaction Eq. 6.1 can be expressed in terms of Kex as:

D = Kex · [NO3
−]3aq · [L]

x
org (6.3)

Eq. 6.3 predicts a nitrate ion concentration-dependent distribution coefficient of the
metal ion. With an increase of the nitric acid concentration which leads to a con-
comitant increase of the nitrate ion concentration, the extraction of the metal ions
is expected to increase. This behaviour is well reflected in the extraction profile of
Am3+ versus the nitric acid concentration (Fig. 6.3a). Another feature of Eq. 6.3 is
that it can be used to predict the metal-ligand stoichiometry of the extracted complex
in the organic phase by measuring the D values at a fixed nitrate concentration and
varying the ligand concentration. As shown in Fig. 6.3b, the slope analysis of the
plot of DAm versus ligand concentration yielded the value of ’x’ as 2 for ligand 1 and
1 for both ligands 2 and 3. The 1:2 metal to ligand stoichiometry is expected with
ligand 1, where six ’O’ atoms from two ligand molecules will bind with the metal
ions in a tridentate manner.19 Here, both DGA coordination sites in the ligand may
not be binding to the same metal ion as they are far away from each other, while
the carbon chain is too short for effective binding without steric constraints. On the
other hand, one may expect two and four metal ions coordinating with single ligand
2 and ligand 3 molecules, respectively, due to the presence of a sufficient number
of binding sites. However, Fig. 6.3b clearly indicates the formation of only a 1:1
metal-ligand complex with ligands 2 and 3. It seems that the formation of 2:1 and 4:1
metal-ligand complexes with ligands 2 and 3, respectively, may lead to highly polar
species (with a high charge density), which may be destabilized in non-polar diluents
such as n-dodecane. Consequently, only 1:1 metal/ligand complexes are predominant
in n-dodecane. It is well known that TODGA extracts Eu3+ to a much larger extent
than Am3+, the separation factor (S.F. = DEu/DAm) being as high as 9 with TODGA
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Fig. 6.4 Kinetics for the extraction of Am3+ by dendrimers 1, 2 and 3 at: (a)
0.1 M HNO3 and, (b) 3 M HNO3. [L]: 0.1 mmol/L in [C4mim][Tf2N].

as the organic extractant and 1 M HNO3 as the aqueous feed.20

Fig. 6.5 Kinetics for the extraction of Am3+ by ligands 1, 2 and 3 at 3 M
HNO3. [L]: 1.0 mM / 5 %-isodecanol/n-dodecane.

Extraction kinetics in RTILs are known to be very slow due to the viscosity of the
medium,21 so it is important to determine the adequate contact time before performing
extraction experiments. The time required to achieve equilibrium (Fig. 6.4) is an order
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a) b)

Fig. 6.6 (a) Distribution coefficient of Am3+ as a function of HNO3 concen-
tration with 1.0 mM ligand. (b) Distribution coefficient of Am3+ as a function of
ligand concentration for slope analysis in 1 M HNO3; solvent: [C4mim][Tf2N];
temperature: 25 °C.

of magnitude higher than in the case of molecular diluents (Fig. 6.5), and it depends
on the structure of the ligand and on the HNO3 concentration. In general, at least 5 h
were required to obtain equilibrium in [C4mim][Tf2N], as opposed to the 20 min in
the case of the n-dodecane/isodecanol mixture.

Am3+ solvent extraction studies with ligands 1, 2 and 3 dissolved in [C4mim][Tf2N],
were performed from aqueous solutions containing 0.01-6 M HNO3. As shown in
Fig. 6.6a, the D values decreased quickly as the HNO3 concentration increased.
This behaviour is opposite to that observed when the extractions were performed in
n-dodecane/isodecanol (Fig. 6.3a).

This difference may be due to different extraction mechanisms that take place
in the different solvents. While in apolar diluents a solvation mechanism (Eq. 6.1)
is predominant, in a RTIL a cation exchange mechanism prevails.21–24 This can be
described by the following equilibrium reaction:

M3+
aq + x LIL + 3 [C4mim][Tf2N]IL −−−→←−−− [M(L)x][(Tf2N)3]IL + 3 [C4mim]+aq (6.4)

Here, M3+ represents Am3+ cations, L is the dendritic ligand and the subscripts ’aq’
and ’IL’ indicate whether the species is in aqueous or RTIL phases, respectively.
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With increasing proton concentration in the aqueous phase, the exchange (as opposed
to the net removal of charged species following a solvation mechanism, Eq. 6.1) of
[C4mim]+ cation is suppressed. Therefore, a sharp decrease in the distribution ratio
of the metal ions is observed (Fig. 6.6).

According to the slope analysis of the plot of D versus ligand concentration,
shown in Fig. 6.6b, ligands 2 and 3 form complexes with Am3+ in a 2:1 and 4:1 M-L
stoichiometry, respectively. This means that in RTIL ligands 2 and 3 can employ
all their DGA units in complexing metal ions. In apolar diluents, ligands 2 and 3
were limited to 1:1 M-L complexes because the formation of species with high charge
density is not favoured in an apolar environment. In ionic liquids, instead, highly
charged species can form. On the other hand, ligand 1 forms a 1:2 M-L complex in
RTIL, just as it did in n-dodecane/isodecanol, because of structural limitations and
not because of an unfavourable interaction with the solvation environment.

In order to understand the selectivity of trivalent lanthanides over the trivalent
actinides, with the dendrimer ligands reported here, solvent extraction studies were
carried out using 1 mM extractant solution as the organic solvent and 3 M HNO3 as
the aqueous feed. In the case of ligand 3 the DAm and DEu values were 104 and 300,
respectively, indicating that an increase of the extraction efficiency has led to a loss
of selectivity compared to TODGA. In order to substantiate the observations made
in the solvent extraction studies, detailed complexation studies (in methanol) were
performed using absorption spectroscopy to understand the complexation behaviour
of these ligands with trivalent f -elements. Eu3+ was chosen as a representative element
of lanthanides and actinides for two reasons: (i) handling of radioactive 241Am at the
mg level under our experimental set-up was not possible, and (ii) Eu3+ exhibits good
luminescence properties. Methanol was chosen due to its wide solubilizing ability
towards bulky organic molecules, Eu(NO3)3 and their complexes.

6.2.3 Complexation of ligands with Eu3+ using UV-Vis spectroscopy

In order to identify the appropriate absorption bands to be used for the spectropho-
tometric titration of the ligand with Eu3+ ions, the absorption spectra of all three
ligands (1, 2, 3) were recorded in the wavelength region of 200-400 nm. All the
three ligands show strong absorption bands between 204 and 215 nm, and no other
absorption bands were observed in the spectra recorded up to 400 nm (Fig. 6.7). The
spectra recorded at varying ligand concentrations (0.01-0.1 mM19) for all the three
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Fig. 6.7 Spectrophotometric titration of ligands 1, 2 and 3 with Eu3+ in
methanol (left) and deconvoluted spectra of the absorbing species (right). Cu-
vette solution (2 mL): 0.04 mM 1, 0.02 mM 2 or 0.01 mM 3; titrant: 0.2 mM
Eu(NO3)3 for ligands 1 and 2, 0.1 mM Eu(NO3)3 for ligand 3; temperature: 25
°C.

ligands indicated that the absorption bands in the wavelength region of 204-215 nm
followed Beer’s law and that they were suitable for spectrophotometric titrations. The
spectrophotometric titration data of the three ligands 1, 2, 3 with Eu3+ in methanol are
given in Fig. 6.7. It should be noted that the ligand solution was kept in the cuvette,
and titration was performed with a Eu3+ solution.

As the titration proceeded, the intensity of the absorption band between 204
and 212 nm increased. Titration was continued until no change in the absorption
bands of the ligand was observed. Factor analysis of the spectra for ligand 1 titration
suggested the presence of three absorbing species, namely the free ligand, ML and
ML2 complexes. On the other hand, titration spectra obtained for ligands 2 and 3
indicated only two absorbing species in the factor analysis, implying that only a ML
complex was formed. The best fits in the HypSpec® program25 were obtained by
the model which considered the formation of Eu(1)3+, Eu(1)3+

2 , Eu(2)3+, and Eu(3)3+

for ligands 1, 2 and 3, respectively. The calculated molar absorptivities of the free
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ligands and the Eu3+/L complexes are shown in Fig. 6.7 (right hand side).

6.2.4 Luminescence spectroscopy

Fig. 6.8 shows representative Eu3+ luminescence spectra of the Eu3+/L complexes.26

The emission profile revealed that the nature of the species in the three Eu3+/L
complexes was different. Upon complexation with the ligands, the intensity of the
emission spectra of Eu3+/L ion increased , which is attributed to the relaxation in the

Fig. 6.8 Representative emission profiles with assignment of proper transi-
tions in Eu3+/1-3 complexes. Excitation wavelength: 250 ± 5 nm.

Fig. 6.9 Job’s plot for the complexation of ligands with Eu3+ ions employing
Eu3+ luminescence spectroscopy.
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Laporte rule arising due to the mixing of the metal f orbitals with a ligand orbital.27,28

The peak at 618 nm was found to be hypersensitive on ligand field perturbation.29,30

On the other hand, the peak at 592 nm was insensitive to the same.29,30 On gradual
addition of ligands, the intensity of the peak at 618 nm increased gradually up to
a certain relative ratio of ligand, followed by an inflection point. The inflection
point of this plot (Job’s plot) is an indication of the metal/ligand stoichiometry of
the complex.31 As evident from Fig. 6.9, the stoichiometry of the Eu3+/1 complex
was found to be 1:2 (M/L), while ligands 2 and 3 formed only 1:1 complexes. This
observation is corroborating the results of the spectrophotometric titrations.

6.2.5 1H NMR titrations

Qualitative 1H NMR titrations of the ligands 1, 2, 3 with lanthanum triflate were
performed in deuterated methanol (Fig. 6.10). We mainly focused on the shifts of the
OCH2 signals of the DGA moieties upon addition of the salt. In the case of ligand
1 at first the peaks shifted, indicating fast exchange, up to an M/L ratio of 1:1. This
corresponds to the stoichimetry found with spectrophotometric titration (Fig. 6.7). At
higher La3+ concentrations there is a slow exchange regime, based on the presence
of two sets of peaks probably due to a mixture of species with an M/L ratio of 1:1
and 2:1. Subsequently, the signals of the first complex disappeared and only those
of the 2:1 complex remained. Ligand 2 depicted more or less the same behaviour.
First, a fast exchange regime to an M/L (L has four DGAs) ratio of 1:1 was observed.
In spectra B (f and g) a broadened set of peaks transferred into another set, which
slowly sharpened (spectra B (h-j)) and corresponds to a 2:1 M/L complex. Upon
addition of more salt also this complex disappeared and a species with a higher M/L
ratio formed. The pattern of the peaks upon titration of ligand 3 (having eight DGA
groups and consequently several complexes can be formed) resembles very much to
that of ligand 2. In this case, the peaks shifted to an M/DGA ratio of 1:3. This
species exists for quite a broad concentration range, until at high salt concentrations
also another species appeared (spectra C (k-m)). These observations only partly agree
with the results obtained from solvent extraction, UV-vis spectrophotometric titration,
and luminescence spectroscopic studies (vide supra). In the 1H NMR titrations also
species with higher M/L ratios are formed, which may be attributed, apart from the use
of La, having slightly different properties than Eu, to the about hundred-fold higher
concentration used, required for 1H NMR spectroscopy, and the use of triflate anions
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A B

C

Fig. 6.10 1H NMR titrations of ligands 1, 2 and 3 with lanthanum triflate in
deuterated methanol.

instead of nitrate. Due to the much higher concentration of metal ions in solution,
repulsive electrostatic interactions are weakened and complex species bearing more
than one metal ion (and with high charge density) can form.

6.2.6 Stability of Eu3+/DGA complexes

The stability constants (log β) for the Eu3+/L complexes were computed from the UV-
Vis spectroscopic measurements using the HypSpec® program25 and the results are
summarized in Table 6.1. The log β values, thus obtained, are compared with those
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reported for other DGA-based ligands. The stability constant of the ML complex of all
the three DGA-based dendrimers (1, 2 and 3) are close to each other. The log β value of
the T-DGA ligand (three diglycolamide moieties attached to a tripodal platform)1 also
falls in the proximity of the values of dendrimers 1, 2 and 3, supporting our arguments.
On the other hand, the log β value of the C4DGA ligand (four diglycolamide moieties
attached to a calix[4]arene scaffold)7 is two orders of magnitude higher than that
of ligands 1, 2 and 3. Though the complexation sites in both types of ligands are
identical, the difference in the stability constants may be due to the presence of pre-
organized coordination sites, which justifies the higher stability constant in the case of
the C4DGA ligand. In the case of bare TODGA, the log β value for the ML complex
is one order of magnitude higher than that of the present ligands,32 which may be
explained by the presence of alkyl chains attached on both amidic N atoms. Whereas
TODGA contains four octyl groups attached to the two amidic N atoms, in the case
of ligands 1, 2 and 3 there are only two octyl groups attached to the amidic N at
the periphery, while the other amidic N atoms are being used for the connection to
the calix[4]arene platform. From these arguments, one may conclude that the basic
complexation ability of DGA ligating sites can be changed by substituting the alkyl
group on one of the amidic N atoms or by pre-organizing the DGA coordination
sites. For example, functionalization of DGA moieties on a rigid scaffold, such as
calix[4]arene, increases the complexation ability significantly.7

6.2.7 Correlation of binding strength with the distribution coefficient

As shown in Table 6.1, the stability constants of the ML complex with all the three
DGA dendrimers are close to each other. This observation is in contrast to the results
obtained in solvent extraction studies, which showed increasedD values of Am3+ with
increasing generation of the dendrimer. This is a clear indication that the extraction
of Am3+ in the organic phase is not solely governed by the complexation constant, but
that solubility of the complex in the organic phase plays a major role in the extraction
process. Ligand 3, being more lipophilic in nature, showed a higher extraction than
ligands 1 and 2. The Kd values of metal ions primarily depend on the type of the
extracted complex (for example, mono-, di-, tri-, or tetrasolvated species) and the
solubility of the complex in the organic solvent, i.e., its lipophilicity. This discussion
can be extended to the C4DGA ligands, where four DGA pendant arms are attached
to one side or both sides of the calix[4]arene platform.7 Here the number of carbon
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Table 6.1 Stability constants (logβ) for the complexation of various DGA-
based ligands with Eu3+ ions.

Equilibrium reaction Medium logβ Ref.

Eu3+ + 1 −−−→ Eu(1)3+ Methanol 5.2 ± 0.03 -
Eu3+ + 21 −−−→ Eu(1)2

3+ Methanol 9.4 ± 0.02 -
Eu3+ + 2 −−−→ Eu(2)3+ Methanol 5.3 ± 0.01 -
Eu3+ + 3 −−−→ Eu(3)3+ Methanol 5.4 ± 0.02 -
Eu3+ + TODGAa −−−→ Eu(TODGA)3+ Methanol 6.1 ± 0.5 32
Eu3+ + 2 TODGAa −−−→ Eu(TODGA)2

3+ Methanol 10.8 ± 0.7 32
Eu3+ + 3 TODGAa −−−→ Eu(TODGA)3

3+ Methanol 14.3 ± 0.6 32
Eu3+ + C4DGAb −−−→ Eu(C4DGA)3+ Methanol 7.35 ± 0.03 7
Eu3+ + T–DGAc −−−→ Eu(T–DGA)3+ Methanol 5.4 1

a TODGA: N,N,N’,N’-tetra-n-octyldiglycolamide. b C4DGA: calix[4]arene functionalized with four
diglycolamides. c T-DGA: tripodal diglycolamide.

atoms (which may be taken as a measure of the lipophilicity) of the two ligands are
136 (one side) and 200 (both sides). The log β value of the ML species (M = Eu3+

and L = ligand)7 for the two ligands follows the order: 7.35 (one side) > 6.71 (both
sides). The D value of Am3+ by the two ligands, measured under identical conditions,
follows the order: 48.5 (both sides) » 1.9 (one side).33 Though the β value for the both
side C4DGA ligand is an order of magnitude lower than that of the one site C4DGA
ligand, the D value for Am3+ is several folds higher. This observation again illustrates
the importance of the lipophilicity of a ligand in determining the distribution of metal
ions.

6.2.8 Coordination mode in the Eu/L complex

After confirming the Eu3+/L stoichiometry by spectrophotometric titration and emis-
sion spectroscopy, attempts were made to understand the coordination mode of the
ligand with the help of fluorescence lifetime measurements of the Eu3+/L complexes.
The lifetime of free Eu3+ ions (in methanol) was 111.7 ± 0.18 μs, similar to that in
aqueous medium (110.5 ± 1.5 μs). The number of water molecules (NH2O) calculated
from the empirical relationship, NH2O = 1.06/ τ - 0.19, where τ is the lifetime,34,35

suggested that the primary hydration sphere of the metal ion is completely occupied
by the water molecules (9 H2O). On the other hand, the lifetime of the complex, at
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Fig. 6.11 Changes in the asymmetry factor upon titration of Eu3+ by ligands
1, 2 and 3.

L/Eu3+ ≥ 10, was > 2.5 ms for all the three ligands, confirming the absence of aqua
molecules in the primary hydration sphere. In the emission spectra, the asymmetry
factor (A), which is the ratio of the intensity of the peak at 618 nm to the intensity of
the peak at 592 nm26 increased upon complexation of Eu3+ with all the three ligands,
and a plateau was observed when the complexation was completed (Fig. 6.11). These
calculations revealed that the Eu3+/3 complex is the most asymmetric with respect
to the center of inversion, followed by the Eu3+/2 and Eu3+/1 complexes. This ob-
servation suggests that of the nine coordination sites in the Eu3+ cation, six will be
occupied by two DGA moieties in a tridentate manner and the remaining ones will be
occupied by nitrate ions which may be coordinating in a bidentate manner.

6.3 Conclusions

New DGA-functionalized poly(propylene imine) diaminobutane dendrimers of gen-
erations 0-2 (ligands 1, 2 and 3) were successfully prepared in high yields. The
extraction of Am3+ and Eu3+ was significantly higher compared to TODGA under
identical conditions, though the selectivity for Eu3+ compared to Am3+ was lower.
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The stability constants (log β) of the Eu3+/L complexes are comparable suggesting
that the additional DGA moieties may not be participating in complexation. The log
β values are about two orders of magnitude lower than those of DGA-functionalized
calix[4]arenes.7 Apparently, in the latter case the DGA moieties are more preorga-
nized due to the calix[4]arene skeleton. However, the log β values are of the same
order as that of a tripodal DGA.1 The comparison with data from related DGA-based
ligands shows the importance of the lipophilicity in determining the distribution of
metal ions. Evidence for the predominant 1:2 (M:L) species for ligand 1 and 1:1
species for ligands 2 and 3 for the metal/ligand complexes was obtained from the
spectroscopic data. In apolar diluents, the ligands extract metal ions via a solvation
mechanism, while in a RTIL a cation exchange mechanism is preferred. In RTIL,
this results in decreasing D values at increasing HNO3 concentration. The viscosity
of the medium induces slower extraction kinetics, but its ionic nature allows for the
formation of 2:1 and 4:1 (M:L) species for ligands 2 and 3, respectively. This suggests
that the ability of certain ligands to form complexes with more than one metal ion,
can be better exploited in RTIL than in apolar solvents.

6.4 Experimental
The diluents, n-dodecane and isodecanol (IDA), were procured from Lancaster, UK
and SRL, Mumbai, respectively. The ionic liquid, [C4mim][Tf2N], was obtained
from IoLiTech, Germany at > 99% purity and was used after drying. The moisture
content in the ionic liquid was <0.2%. Suprapur nitric acid (Merck, Germany) was
used for the preparation of nitric acid solutions. 1,4-Diaminobutane, triethylamine,
lanthanum triflate and Amberlyst® A21 were obtained from Sigma-Aldrich, and
used without further purification. Poly(propylene imine) generation 1 (DAB-Am-4)
and poly(propylene imine) generation 2 (DAB-Am-8) were purchased from SyMO-
Chem, the Netherlands. 4-Nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)acetate was
prepared according to a reported procedure.5 Toluene was bought from Actu-all
Chemicals and added to the reaction mixture using a Braun MB SPS 800 dispensing
machine. Diethyl ether (Et2O) was bought from VWR and distilled before use.
Methanol (HPLC grade), procured from Sigma Aldrich, was used as received. Stock
solutions of Eu3+ ions were prepared by dissolving Eu(NO3)3 salt, procured from
Sigma-Aldrich with a purity of 99.9%, in methanol and its concentration in the
stock was confirmed by EDTA complexometric titration using methyl thymol blue
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as the indicator.36 The 241Am radiotracer was used from the laboratory stock after
confirming its radiochemical purity by alpha and gamma spectrometry. All the other
reagents were of AR grade and were used without further purification. 1H- and 13C
NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. FT-IR analysis
was performed using a Nicolet 6700 instrument (Thermo Scientific) in transmission
mode. ESI mass spectra were recorded on a WATERS LCT mass spectrometer.

6.4.1 General procedure for preparation of ligands

A solution of 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)acetate (1.02 equiv. per
amino group), (poly)amine (0.5 mmol, 1 equiv.) and triethylamine (1.03 equiv. per
amino group) in dry toluene (15 mL) was refluxed for 15 h. A chromatography glass
column (2 cm Ø) was loaded with Amberlyst® A21 (6.5 g per mmol of 4-nitrophenyl
ester) suspended in MeOH (10 mL per mmol of 4-nitrophenyl ester). The resin was
washed with MeOH (20 mL per mmol of 4-nitrophenyl ester) and Et2O (35 mL
per mmol of 4-nitrophenyl ester), at the end keeping the solvent above the resin,
whereupon a plug of cotton was added. The residue of the reaction was dissolved in
Et2O (5 mL per mmol of 4-nitrophenyl ester) and loaded slowly on top of the wet
resin inside the column. The solution was slowly eluted through the column with
Et2O (60 mL per mmol of 4-nitrophenyl ester). The solvent was evaporated to yield
the products as an oil.
Ligand 1 was prepared in 92% yield using 4-nitrophenyl 2-(2-(dioctylamino)-2-
oxoethoxy)-acetate (984 mg), 1,4-diaminobutane (90 mg), and triethylamine (212
mg).
1H NMR (400 MHz, CDCl3): δ = 7.79 (br t, J = 5.0 Hz, 2H), 4.23 and 4.06 (s, 4H),
3.35-3.26 (m, 8H), 3.08 (t, J = 7.7 Hz, 4H), 1.62-1.57 (m, 4H), 1.56-1.46 (m, 8H),
1.27 (br s, 40H), 0.88 and 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ
= 169.5, 168.1, 71.9, 69.6, 46.8, 46.2, 38.6, 31.8, 31.7, 29.4, 29.3, 29.2, 29.1, 29.0,
27.6, 27.0, 26.9, 26.8, 22.7, 22.6, 14.10, 14.0. ESI-MS: m/z 767.3 [M + H]+. HRMS:
m/z calcd for C44H87N4O6: 767.6626 [M + H]+; found: 767.6701.
Ligand 2 was prepared in 87% yield using PPI-DABAm-4 (158 mg), 4-nitrophenyl
2-(2-(dioctylamino)-2-oxoethoxy) acetate (969 mg) and triethylamine (210 mg).
1H NMR (400 MHz, CD3CN): δ = 8.07 (br t, J = 5.5 Hz, 4H), 4.26 and 3.94 (s, 8H),
3.32-3.21 (m, 16H), 3.12 (t, J = 7.9 Hz, 8H), 2.44 (t, J = 6.7 Hz, 8H), 2.41-2.35 (m,
4H), 1.62 (pent, J = 6.8 Hz, 8H), 1.58-1.46 (m, 16H), 1.46-1.39 (m, 4H), 1.30 (br s,
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80H), 0.90 (t, J = 6.7 Hz, 24H). 13C NMR (101 MHz, CDCl3): δ = 169.4, 168.1, 71.6,
69.5, 65.9, 51.7, 46.8, 46.1, 37.6, 31.8, 31.7, 29.4, 29.3, 29.26, 29.21, 29.0, 27.7,
27.1, 27.0, 26.9, 22.7, 22.6, 14.12, 14.10. ESI-MS: m/z 1675.7 [M + H]+. HRMS:
m/z calcd for C96H190N10O122: 838.2299 [M + 2H]2+; found: 838.2262.
Ligand 3 was prepared in 95% yield using 4-nitrophenyl 2-(2-(dioctylamino)2-
oxoethoxy)-acetate (1.93 g), PPI-DAB-Am-8 (387 mg) and triethylamine (418 mg).
1H NMR (400 MHz, CD3CN): δ = 8.10 (br t, J = 5.4 Hz, 8H), 4.26 and 3.95 (s, 16H),
3.32-3.21 (m, 32H), 3.12 (t, J = 7.8 Hz, 16H), 2.51-2.31 (m, 36H), 1.67-1.59 (m,
16H), 1.58-1.47 (m, 40H), 1.43-1.38 (m, 4H), 1.31 (br s, 160H), 0.91 (t, J = 6.5 Hz,
48H). 13C NMR (101 MHz, CDCl3): δ = 169.4, 168.1, 71.5, 69.5, 65.9, 52.2, 51.5,
46.9, 46.1, 37.5, 31.82, 31.76, 29.4, 29.30, 29.26, 29.2, 29.0, 27.7, 27.1, 27.0, 26.9,
24.2, 22.7, 22.6, 14.13, 14.11. ESI-MS: m/z 3490.5 [M + H]+. HRMS: m/z calcd for
C200H396N22O244: 873.2627 [M + 4H]4+; found: 873.2632.

6.4.2 UV-Vis spectrophotometry

UV-Vis absorption spectra of the ligands, dissolved in methanol, were recorded in the
wavelength region 200-400 nm (0.1 nm interval) on a double beam Jasco V-530 spec-
trophotometer using a 10 mm path length quartz cell. Spectrophotometric titrations
were performed by recording the ligand spectra after addition of each increment of
Eu(NO3)3. In each titration, appropriate aliquots of the titrant (Eu3+) were added into
the cell and mixed thoroughly for about 2 minutes before the spectrum was recorded.
The mixing time was found to be sufficient to complete the complexation reaction.
Usually, 15-20 spectra were recorded in each set of titration. The stability constants of
the Eu3+/L complexes were calculated by non-linear least squares regression analysis
using the Hyperquad suite program25 based on the following equilibrium reaction:

Eu3+ + i L −−−→←−−− Eu(Li)
3+ (6.5)

βi =
Eu(Li)

3+]

[Eu3+] · [L]i
(6.6)

where βi is the overall stability constant of the ith complex.

6.4.3 Emission spectroscopy

Luminescence studies were performed with an Edinburgh F-900 fluorescence spec-
trometer equipped with a xenon lamp as an excitation source, M-300 monochromators
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and a Peltier cooled photomultiplier tube as the detector. The luminescence emission
spectra were obtained in the wavelength region of 570-720 nm (1.0 nm per step) by
excitation at 250 nm (5 nm bandwidth). Similarly, the luminescence lifetime data
were recorded at an excitation wavelength of 250 ± 5 nm and the decay curve was
obtained at an emission wavelength of 612 ± 5 nm. The acquisition and analysis of
the data were carried out by using F-900 software supplied by Edinburgh Analytical
Instruments, UK.

6.4.4 NMR titrations of ligands 1-3 with La(OTf)3 in CD3OD

Batch titrations were performed preparing several NMR tubes containing ligand solu-
tions with different amounts of metal, rather than adding the metal to the same NMR
tube. Using the ligand solution as the solvent for the preparation of the metal solu-
tion, allows to maintain a constant concentration of the ligand in different mixtures
obviating any effects caused by dilution. A 0.004 M solution of ligand in CD3OD
was used as the solvent to prepare a 0.2 M solution of La(OTf)3. Several NMR tubes
were filled with 0.5 mL of ligand solution. Defined amounts of metal solution were
added to each NMR tube and the spectra were recorded after at least 15 min.

6.4.5 Distribution coefficient measurements

Liquid-liquid extraction studies of Am3+ were carried out using an organic phase
containing 1 mM ligand solutions (in 5% isodecanol/n-dodecane for experiments
with apolar diluents; in [C4mim][Tf2N] for experiments with RTIL) and an aqueous
phase containing a tracer concentration of 241Am (~10−6 mM). Usually, 1 mL each of
the aqueous and organic solutions was equilibrated in leak-tight 10 mL Pyrex tubes in
a thermostated water bath at 25 ± 0.1 °C for 1 h (apolar diluents) or 6 h (RTIL). This
time of equilibration was found to be sufficient for reaching the equilibrium condition
(Figs. 6.4 and 6.5). Subsequently, the tubes were centrifuged and equal volumes of
organic and aqueous phases (0.1 mL) were removed for assaying radiometrically using
a well type NaI(Tl) scintillation counter interphased with a multi-channel analyser
(ECIL, India). The distribution coefficient (D) of Am3+ was obtained as the ratio of
its concentration in the organic phase to that in the aqueous phase (in terms of counts
per unit time per unit volume). The experiments were carried out in duplicate and the
accepted data points were reproducible within an error limit of ± 5%.
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CHAPTER 7

Benzene-centered tripodal diglycolamides:
synthesis, metal ion extraction and

luminescence spectroscopy∗

Six benzene-centered tripodal diglycolamides (Bz-T-DGAs), four of which based on
1,3,5-triethylbenzene, were synthesized and evaluated for actinide, lanthanide and
fission product ion extraction. Ligand 3 showed high distribution ratio (D) values for
Am3+ and Eu3+ in a mixture of 95% n-dodecane and 5% isodecanol at 3 M HNO3.
Eu/Am separation factors in the range of 8-10 were obtained at 1 M HNO3 and
decreased at higher acidities, except for the benzene-1,3,5-triamide-based tripodal
DGA 1, which was insensitive to pH increase. Ligand 1 also exhibited a high D value
for Pu4+ compared to the other ligands. Slope analysis showed the formation of 1:1
or 1:2 complexes is dependent on the ligand. The extraction behaviour and complex
formation of ligands 1, 2 and 3 were studied also in a room temperature ionic liquid.
The D value for the extraction of Am3+ and Eu3+ with ligands 2 and 3 at different pH
showed a minimum at 3 M HNO3, while ligand 1 exhibited a reversal in selectivity.

∗This chapter is largely based on A. Leoncini, S. A. Ansari, P. K. Mohapatra, A. Boda, S. Musharaf Ali,
A. Sengupta, J. Huskens and W. Verboom, Dalton Trans., 2017, 46, 1431-1438; S. A. Ansari, P. K. Mo-
hapatra, A. Leoncini, J. Huskens and W. Verboom, Dalton Trans., 2017, 46, 11355-11362.

197



CHAPTER 7

7.1 Introduction
In Chapter 5, we reported the extraction behaviour of N-pivot tripodal diglycolamide
(DGA) ligands (DGA-TREN1 and other TREN derivatives) with unique selectivity
reversal as compared to the C-pivot tripodal ligand T-DGA, which makes the tripodal
DGA ligands an interesting class for actinide ion separation from high level nuclear
waste. Previously reported tripodal DGA ligands such as T-DGA2 and DGA-TREN1

appear to have higher flexibility as the DGA pendant arms are appended to a single
atom. On the other hand, if the DGA moieties are attached to a flat molecular
platform such as a benzene ring, the flexibility may be significantly reduced leading
to a different extraction behaviour. In a previous study, involving a benzene-centered
tripodal ligand, the extraction of Am3+ and Eu3+ was found to be quite encouraging,
though the separation factors (DEu/DAm) were not impressive.3
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Fig. 7.1 Structural formulas of the Bz-T-DGA ligands 1, 2, 3, 4, 5 and 6.

In view of this, new benzene-centered tripodal DGA ligands (Bz-T-DGA) ligands
(1-6; Fig. 7.1), were evaluated for the extraction of actinide ions from acidic feed solu-
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tions. n-Dodecane was used as the diluent in view of its process compatibility and 5%
isodecanol was used as the phase modifier.4 As shown in Chapters 5 and 6, ionic liquids
can induce drastic changes in the extraction behaviour of DGA ligands, so the extrac-
tion abilities of ligands 1, 2 and 3 were also tested in the ionic liquid [C4mim][Tf2N]
(1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonamide). Apart from the
extraction of actinide ions such as Am3+, UO2

2+, Pu4+ and PuO2
2+, the extraction of

fission product ions such as Eu3+, Sr2+ and Cs+ was also studied to understand the
decontamination behaviour of Bz-T-DGA ligands.

7.2 Results and discussion
7.2.1 Preparation and characterization of ligands

Boc
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NH2 O

N(C8H17)2
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H2N

NH
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en-DGA
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O

O

O

O

NO2

1) Et3N, reflux, 15 h
2) TFA, 15 h
3) NaHCO3
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Cl

ClCl

NaOH, Et2O, H2O

Scheme 7.1 Synthesis of ligand 1.

Ligand 1 was prepared in 86% yield by a reaction of 1,3,5-benzenetricarbonyl trichlo-
ride with 2-(2-((2-aminoethyl)amino)-2-oxoethoxy)-N,N-dioctylacetamide (en-DGA)
in the presence of NaOH. en-DGA was obtained in 77% overall yield by the reaction of
N-Boc-ethylenediamine and p-nitrophenyl-activated DGA to give the Boc-protected
derivative and subsequent deprotection with trifluoroacetic acid (Scheme 7.1). The
1H NMR spectrum (CD3OD) of ligand 1 shows, next to the peak of the aromatic
hydrogens at 8.43 ppm, the characteristic signals for the OCH2 hydrogens at 4.07 and
4.35 ppm.

Bz-T-DGA ligands 2, 3, 4 and 5 were prepared by a reaction of 1,3,5-tris(3-
aminopropoxy)benzene, 1,3,5-tris(2-aminoethyl)-2,4,6-triethylbenzene, 1,3,5-tris(2-
aminomethyl)-2,4,6-triethylbenzene and 1,3,5-tris(N-(1-ethylpropyl)aminoethyl)-2,4,
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Scheme 7.2 Synthesis of ligands 2, 3, 4 and 5.

6-triethylbenzene with p-nitrophenyl-activated DGA in refluxing toluene in the pres-
ence of triethylamine in 60%, 86%, 40% and 30% yield, respectively (Scheme 7.2).
The 1H NMR spectra (CDCl3) of these ligands exhibit the two distinct OCH2 signals
between 4.38 and 4.09 ppm, typical of the DGA units. In the 1H NMR spectrum of
ligand 2, the signal at 6.06 ppm belongs to the protons on the benzene ring, while
those of the NCH2CH2CH2O chain appear at 3.48, 2.02 and 3.97 ppm, respectively.
In the 1H NMR spectrum of ligand 3, the signals at 3.37 and 2.85 ppm belong to the
protons of the ethyl linker between the benzene ring and the DGA unit. The signals
at 2.77 (q) and 1.17 (t) ppm are due to the ethyl groups on the benzene ring. In the 1H
NMR spectrum of ligand 4, the methylene linker group shows a signal at 4.51 ppm.
The 1H NMR spectrum of ligand 5 shows the signals of the CH and CH2 protons of
the 1-ethylpropyl substituent at 3.81 and 1.17 ppm, respectively.

Ligand 6 was prepared via an alternative approach, because the reaction of
1,3,5-tris(N-(1-ethylpropyl)aminomethyl)-2,4,6-triethylbenzene with p-nitrophenyl-
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Scheme 7.3 Synthesis of ligand 6.

activated DGA did not afford any product. In the first step, 1,3,5-tris(N-(1-ethylpropyl)-
aminomethyl)-2,4,6-triethylbenzene was reacted with diglycolic anhydride in re-
fluxing THF to afford the corresponding tricarboxylic acid in quantitative yield
(Scheme 7.3). Subsequently, the triacid was reacted with dioctylamine in pyridine in
the presence of EDC·HCl as coupling agent, to obtain the desired ligand 6 in 17%
yield. Ligand 6 was obtained in low yield due to a complicated separation during the
chromatography. The 1H NMR spectrum after the reaction of the triamine with the
anhydride, shows the appearance of signals at 4.78-4.18 ppm indicating the addition
of the diglycolic unit to the platform. The 1H NMR spectrum of the ligand 6 exhibits
the signals of the OCH2 protons at 4.82-4.31 ppm and the NCH2(DGA) protons at 3.30
and 3.20 ppm.

7.2.2 Solvent extraction studies

Solvent extraction studies in apolar solvents and ionic liquids are discussed for ligands
1, 2 and 3, while those for ligands 4, 5 and 6 are in progress and the results are not
available yet.

Solvent extraction in molecular diluents

The solvent extraction of Am(III) and Eu(III) was carried out with the three Bz-T-
DGA ligands 1, 2 and 3 from nitric acid feed solutions in the concentration range
of 0.1-6.0 M. 1.0 × 10-3 M solutions of the ligands in a mixed diluent of 95% n-
dodecane + 5% isodecanol were used for these studies and the results, presented
in Fig. 7.2, indicate an increase in the extraction of both metal ions with increasing

201



CHAPTER 7

Fig. 7.2 Acidity dependent extraction of Am(III) and Eu(III) with ligands 1, 2
and 3 (filled symbols) and separation factors (S.F. = DAm/DEu) (dashed lines).
Organic phase: 1.0 × 10-3 M ligand solutions.

HNO3 concentrations. The absoluteD values are extremely large as compared to those
obtained with TODGA and can be considered comparable with those obtained with the
DGA-functionalized calixarenes.5 When compared with the D values obtained with
an analogous ligand in dichloroethane or 1-octanol,3 the D values are significantly
larger in the n-dodecane + isodecanol medium used in the present study, underlining
the strong role of diluents in the extraction of metal ions.6 The favourable role of the
diluents is also very apparent, since the separation factor (S.F. = DEu/DAm) values are
also enhanced quite significantly from ca. 2 in dichloroethane and ca. 1 in 1-octanol
to ca. 8-10 at 1 M HNO3 in the present extraction system. The metal ion extraction
efficiency of the ligands followed the trend: 3 > 1 > 2, while the S.F. values at 1
M HNO3 followed the trend: 2 (10.0) ≥ 3 (9.5) > 1 (7.8).7 Increasing the aqueous
phase acidity to 3 M and subsequently to 6 M affected the S.F. values with ligand
3 very significantly (1.7 and 1.4, respectively), and with ligand 1 to some extent
(8.05 and 6.4, respectively), while the values with ligand 2 remained unchanged
over the whole range of acidity. The S.F. values reported in this study are quite
large and are comparable to those reported with DGA-functionalized calix[4]arenes.5

However, the D values for Eu(III) are significantly higher at lower acidities than those
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Fig. 7.3 Kinetics of Am3+ ion extraction from 3 M HNO3; [Ligand]: 1.0 × 10-3

M, 95% n-dodecane + 5% isodecanol.

reported previously.5 The metal : ligand stoichiometry in the extracted complexes was
determined by slope analysis and indicated mostly 1:1 complex formation with ligand
3, while 1:2 complexes were formed with both ligands 1 and 2. In the case of ligand
2 ML3 species may also be present (Fig. 7.3). Though considerable crowding of the
DGA pendant groups is expected in the case of 1:2 (M:L) complexes, such species
have been reported earlier.8

The extraction of other actinide and fission product ions was also studied and the

Table 7.1 Extraction of actinide and fission product ions (measured as DM)
from 3 M HNO3 using 1.0 × 10-3 M ligand solutions in 95% n-dodecane + 5%
isodecanol.

Ligand 1 2 3

Eu3+ 110 ± 5.5 32.7 ± 1.65 390 ± 35
Am3+ 14.3 ± 0.26 4.06 ± 0.11 235 ± 19.4
Pu4+ 192 ± 9.6 115 ± 5.8 103 ± 10.6
UO2

2+ 0.08 ± 0.001 0.04 ± 0.001 0.04 ± 0.01
PuO2

2+ 0.11 ± 0.01 0.05 ± 0.01 0.08 ± 0.01
Sr+ <0.01 <0.01 <0.01
Cs+ <0.01 <0.01 <0.01
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results are listed in Table 7.1. The extraction of the UO2
2+ ion was significantly lower

than that reported with TODGA9 which may be attributed to the stereochemical strain
expected in binding the uranyl ion with the three DGA moieties in the equatorial plane.
The extraction of Sr2+ was also significantly lower which is beneficial in getting higher
decontamination from the fission product nuclide. Extraction of Cs+ has been not
very significant with TODGA and the results are not very different in the present case.
Analogous very low extraction of UO2

2+, Sr2+ and Cs+ has been reported previously
with similar multiple DGA ligands.3,8,10,11 Pu4+ extraction was quite significant in line
with the observations made with other multiple-DGA ligands.2,5,11 It was possible to
suppress Pu extraction by oxidizing to the +6 oxidation state (Table 7.1) or by using a
complexing agent which can keep most of the Pu4+ in the aqueous phase. Using 0.1
M oxalic acid and 3 M HNO3 as the feed, the D values for Pu4+ were ca. 0.1 for all the
three ligands, while the Am3+ D values were not significantly affected (<10% decrease
was noticed). Another interesting trend is the higher extraction of Pu4+ with ligand
1 as compared to those of ligands 2 and 3. This is a rather strange behaviour as the
extraction of the trivalent actinide/lanthanide ions was much lower with ligand 1 than
with ligand 3. One may be inclined to suggest participation of the amide groups close
to the benzene ring, however, for conclusive evidence a more thorough investigation
is required.12 In view of the low extraction of the PuO2

2+ ion, it is recommended to
oxidize Pu4+ to the +6 state for suppressing its extraction.

Fig. 7.4 Extraction kinetics of Am3+ by Bz-T-DGA ligands 1, 2 and 3. [Lig-
and]: 0.5 mmol/L in [C4mim][Tf2N]; Aqueous phase: 3 M HNO3.
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Solvent extraction in ionic liquids

As opposed to molecular diluents, extraction kinetics in RTIL medium are very
slow, due to the viscosity of the medium.13 As evident from Fig. 7.4, the extraction
kinetics of Am3+ was slow and about 3 h of equilibration were required for attaining
equilibrium with all three ligands. This result is in contrast to those observed in n-
dodecane (Fig. 7.3), where equilibrium conditions could be reached in about 10 min.
In a solvent extraction process, two major steps which control the extraction kinetics
are (i) the complexation of ligand with metal ions at the organic/aqueous interface,
and (ii) transfer of the metal/ligand complex into the bulk of the organic solvent. The
complexation reactions with ligands bearing multiple DGA moieties have been shown
to be fast, and the complexation reaction completes in less than 5 min.14,15 If this
behaviour applies to the complexation reaction with the present ligands, then the slow
extraction kinetics observed could be due to slow phase transfer kinetics of the metal-
ligand complexes in the viscous [C4mim][Tf2N] phase (viscosity: 46.4 mPa·s), as also
described in literature.13 Slow extraction kinetics in RTILs were also observed with
N-pivot tripodal (Chapter 5) and dendritic (Chapter 6) DGA ligands. On the other
hand, much faster extraction kinetics was observed in n-dodecane due to the very low
viscosity of the medium (1.34 mPa·s), which allows fast diffusion of the metal-ligand
complex from the surface into the bulk of the solvent16 (Fig. 7.3). Fast extraction
kinetics in the case of n-dodecane supports the assumption of fast complexation
kinetics between the metal ion and the ligands. Owing to slow extraction kinetics in
RTIL, extraction studies were performed by keeping the equilibration time of at least
4 h.

Solvent extraction studies with Am3+ and Eu3+ were carried out using the three
Bz-T-DGA ligands 1, 2 and 3 from nitric acid feed in the concentration range of 0.01
- 6 M HNO3. As shown in Fig. 7.5, different extraction patterns were obtained with
the ligands 1, 2 and 3. In the case of ligands 2 and 3, the DM values decreased
sharply up to 3 M HNO3, whereupon they increased at higher aqueous phase acidities
yielding a reverse trend. This extraction pattern is usually seen in RTIL medium
due to different extraction mechanisms at lower and higher acidities.13,17–19 Whereas
a cation exchange mechanism prevails at lower acidity giving increasing extraction
with decreasing feed acidity, a solvation or ion-pair mechanism becomes predominant
at higher acidity, which gives better extraction with increasing feed acidity. The
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Fig. 7.5 Acid dependent extraction of Am3+ and Eu3+ by Bz-T-DGA ligands
1, 2 and 3. [Ligand]: 0.5 mmol/L in [C4mim][Tf2N].

extraction equilibrium for the cation exchange and solvation/ion-pair mechanisms can
be described by the following equilibrium reactions:

M3+
(aq) + x L(IL) + 3 [C4mim][Tf2N](IL) −−−→←−−− [M(L)x][(Tf2N)3](IL) + 3 [C4mim]+(aq) (7.1)

M3+
(aq) + 3 NO3

−
(aq) + x L(IL) −−−→←−−− [M(L)x][(NO3)3](IL) (7.2)

Here, M3+ represents Am3+ or Eu3+ cations, L is the Bz-T-DGA ligand and the terms
in parentheses indicate if the species is in the aqueous or RTIL phases, respectively.
The cation exchange equilibrium Eq. 7.1 is well established for the extraction of metal
ions in RTILs using various neutral ligand ligands, including DGA ligands.13,17–19

With increasing proton concentration in the aqueous phase, the exchange of [C4mim]+

cation is suppressed, thereby a sharp decrease in the distribution ratio of the metal ions
is observed (Fig. 7.5). The equilibrium reaction Eq. 7.2, on the other hand, explains
how an increasing nitrate concentration in the aqueous phase (i.e. increasing acidity)
will favour the formation of extraction species; thereby an increase in the distribution
ratio of the metal ions is observed. The net result is a concave distribution ratio profile,
as for ligands 2 and 3. The extraction behaviour of ligand 1 was different and showed
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only cation exchange in the entire range of feed acidity. In contrast, the extraction
behaviour with all three ligands followed a solvation mechanism in n-dodecane,
where the D values increased gradually with increasing feed acidity between 0.1 -
6 M HNO3.16 The absolute D values, however, are one to two orders of magnitude
higher in [C4mim][Tf2N] as compared to n-dodecane (Fig. 7.2), a behaviour which
has been observed for other DGA ligands.13

In order to confirm the stoichiometry of the extracted complex, [M(L)x][(Tf2N)3],
slope analysis was performed on the data obtained in the distribution measurements.
As shown in Fig. 7.6a, the slope of the plot ofDAm versus ligand concentration yielded
a slope of about 2 for all the three ligands, indicating the predominant extraction of
bi-solvated species. In the extraction process, the 3+ charge on the complex is
compensated either by the exchange of 3 [C4mim]+ cations from the RTIL phase
(in a cation exchange mechanism) or by neutralizing with three nitrate ions from
the aqueous phase (in a solvation/ion-pair mechanism). As evident from Fig. 7.6b,
the DAm was independent of the nitrate concentration confirming that they are not
participating in the complexation process, and that a cation-exchange mechanism
prevailed at < 2 M HNO3. On the other hand, the extraction is dependent on the
H+ concentration (Fig. 7.5). This means that dependence is likely the effect of the

Fig. 7.6 D values for the extraction of Am3+ with ligands 1, 2 and 3 in
[C4mim][Tf2N] from aqueous solutions: (a) varying concentration of ligand
at 3 M HNO3, (b) varying concentration of NaNO3 (at fixed 1 M H+) with 0.5
mM ligands and (c) varying concentration of LiTf2N at 1 M HNO3 with 0.11
mM ligands.
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competition between H+ and metal ions for the ligand. The slope of the plot of DAm

versus [C4mim]+ concentration, on the other hand, yielded a slope of about 3 for all
the three ligands (Fig. 7.6c), confirming that three [C4mim]+ cations are transferred
to the aqueous phase while transferring the charged Am3+/ligand complex into the
RTIL phase.

7.2.3 Luminescence spectroscopic studies

Fig. 7.7 (a) Luminescence spectra of Eu(III) complexes in n-
dodecane/isodecanol with the Bz-T-DGA ligands 1, 2 and 3 and (b)
their decay profiles.

Table 7.2 Photophysical properties of the extracted Eu3+ complexes with the
Bz-T-DGA ligands 1, 2 and 3 in n-dodecane/isodecanol and [C4mim][Tf2N].

Photophysical properties 3 1 2

n-dodecane/isodecanol

Lifetime (ms) 1.33 1.21 0.61
Number of water molecules 0 0 1
Asymmetry factor 2.18 1.81 3.90

[C4mim][Tf2N]

Lifetime (ms) 1.34 1.30 1.37
Number of water molecules 0 0 0
Asymmetry factor 2.62 2.67 2.47
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Fig. 7.8 (a) Luminescence spectra of Eu3+/H2O and Eu3+/Bz-T-DGA ex-
tract in [C4mim][Tf2N]. Excitation: 395 nm; (b) Fluorescence decay curve of
Eu3+/Bz-T-DGA extract in [C4mim][Tf2N]. Excitation: 395 nm, Emission: 615
nm.

The emission profiles for all three extracted complexes of ligands 1, 2 and 3, recorded
in the wavelength range of 550-750 nm, were found to have mainly four bands at
592, 616, 650 and 698 nm (Fig. 7.7a).20 The differences in the emission profiles, as
indicated from the asymmetry factor (ratio of the intensities of the 616 nm and 592
nm peaks; Table 7.2), revealed that the nature of the complexes was different in these
three cases. In general, the emission intensity for the peak at 616 nm was found to
be high, revealing the highly asymmetric local environment around Eu3+, whereas
the asymmetry with respect to the centre of inversion (quantified by the asymmetry
factor) followed the trend: 2 > 3 > 1.21 The monoexponential lifetime (Fig. 7.7b)
of the extracted complexes suggest the presence of a single species, while from the
lifetime (τ) values the number of water molecules (NH2O) in the primary coordination
sphere was determined using the following equation:22,23

NH2O = (1.06/τ) − 0.19 (7.3)

and the results are included in Table 7.2. In the extracted Eu(III)-2 complex, one
water molecule was found to be present in the first coordination sphere of the Eu3+

ion. However, the other ligands form inner-sphere complexes with complete removal
of the water molecules from the primary coordination sphere of the metal ion. A
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similar observation was also found for DGA-TREN both in molecular diluent and
ionic liquid (Chapter 5).1

For the study of complexes formed in presence of RTILs, samples were prepared
by extracting Eu(NO3)3 from 0.01 M HNO3 with 0.5 mM ligands in [C4mim][Tf2N].
The emission profiles of the extracted complexes with the three ligands are shown in
Fig. 7.8a. Different spectral features in the Eu3+/ligand complexes as compared to aquo
Eu3+ can be clearly seen due to peaks at 591 and 615 nm, indicating the perturbation
of the primary coordination sphere of Eu3+ by the ligand. In particular, the intensity of
the hypersensitive peak at 615 nm transition increased significantly, indicating changes
in the coordination environment around the central Eu3+ ion. The asymmetry with
respect to the centre of inversion, quantified in terms of ’asymmetry factor’ calculated
as the ratio of the peak intensity at 615 nm to 591 nm (Table 7.2), indicates that the
complexes formed are highly asymmetric. The mono-exponential lifetime (Fig. 7.8b)
of the extracted complexes suggests the presence of single species, while from the
lifetime values the number of water molecules in the primary coordination sphere
was determined.24 The absence of water molecules in the first coordination sphere
of the Eu3+ ion (calculated using Eq. 7.3) indicates that all its coordination sites are
occupied by the ligands. This shows that two DGAs from a single ligand coordinate
the metal ion in a tridentate fashion, while the third DGA is provided by a second
ligand, satisfying the coordination number of the Eu3+ cation. In such cases, the
complexes formed are highly asymmetric as indicated by the asymmetry factors.

7.2.4 1H NMR titrations

Qualitative 1H NMR titrations of the ligands 1, 2, 3 with lanthanum triflate were
performed in deuterated methanol (Fig. 7.9). We mainly focused on the shifts of the
OCH2 signals of the DGA moieties upon addition of the salt. In the case of ligands 1
and 2, at first the peaks shift, indicating fast exchange, to an M/L ratio of 2:1 (spectra
A (a-d) and B (a-d)). At higher La3+ concentrations there is a slow exchange regime,
based on the presence of two sets of peaks probably due to a mixture of species with
an M/Lratio of 2:1 and 3:1 (spectra A (d and e) and B (d and e)). Subsequently, the
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A B

C

Fig. 7.9 1H NMR titrations of ligands 1, 2 and 3 with lanthanum triflate in
deuterated methanol.

signals of the second complex disappear and only those of the 3:1 complex remain
(spectra A (f and g) and B (f and g). The pattern of the peaks upon titration of
ligand 3 shows a different behaviour. In this case, only slow exchange regimes can be
observed. At first, addition of salt induces broadening of the peaks of the pure ligand,
while the set of peaks of the 1:1 complex appears (spectra C (a-c)). At increasing La3+

concentrations, a mixture of species with M/L ratio of 1:1 and 3:1 is formed (spectra
C (d)). Subsequently, the signals of the second complex disappear and only those of
the 3:1 complex remain (spectra C (e and f). These observations only partly agree
with the results obtained from solvent extraction, UV-vis spectrophotometric titration,
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and luminescence spectroscopic studies (vide supra). In the 1H NMR titrations also
species with higher M/L ratios are formed, which may be attributed, apart from the
use of La, having slightly different properties than Eu, to the about hundred-fold
higher concentration used, required for 1H NMR spectroscopy. Due to the much
higher concentration of metal ions in solution, repulsive electrostatic interactions are
weakened and complex species bearing more than one metal ion (and with high charge
density) can form.

7.3 Conclusions
Three different types of benzene-centered tripodal diglycolamides were prepared,
which showed an interesting extraction behaviour toward actinides and lanthanides.
For Am3+ and Eu3+ the highest extraction efficiency was obtained with ligand 3,
containing a 1,3,5-triethylbenzene scaffold. It is known that for this type of ligand,
the ligating sites are preorganized pointing into the same direction.25,26 Apart from the
S.F. values at moderate HNO3 concentration, the high Pu4+ extraction is of interest.
Decontamination from Pu can be conveniently done by oxidation to the +6 state. The
extracted species were 1:1 for ligand 3 and 1:2 for both ligands 1 and 2. Although
the 1:2 species are considered more organophilic thereby being more probable for
extraction, the 1:1 complexes involving ligand 3 are better extracted which can be
due to a variety of factors. The luminescence spectroscopic analysis indicated the
absence of any inner-sphere water molecules in the extracted ligand 3-containing
species indicating a better extractability of the complexes. More flexible ligands 1
and 2, on the other hand exhibited higher S.F. values.

When an ionic liquid was used as organic phase, the extraction of Am3+ increased
as compared to that in molecular solvents such as n-dodecane. The difference in
the extraction behaviour in the two media is apparently due to a different extraction
mechanism operating in the two media. In contrast to n-dodecane medium, where a
solvation extraction mechanism prevailed, a cation exchange mechanism was predom-
inant in [C4mim][Tf2N] medium. The stoichiometry of the extracted complex was
1:2 (metal : ligand) without any nitrate ion and water molecule in the extracted com-
plex. Detailed investigations indicated that the charged [M(L)2]3+ complexes were
transferred to the RTIL phase by the exchange of three [C4mim]+ cations, confirming
a cation-exchange mechanism.

These results highlight that the hydrophobicity of the M:L species and the flex-
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bility of the molecular platform can be used to modify the extraction efficiency and
the selectivity of the ligands. However, D and S.F. values often show an inverse
relationship.

7.4 Experimental
The diluents, n-dodecane and isodecanol (IDA), were procured from Lancaster, UK
and SRL, Mumbai, respectively. The ionic liquid, [C4mim][Tf2N], was obtained from
IoLiTech, Germany at >99% purity and was used after drying. The moisture content
in the ionic liquid was <0.2%. Suprapur nitric acid (Merck, Germany) was used
for the preparation of nitric acid solutions. Diglycolic anhydride, EDC·HCl, pyri-
dine, Et3N, lanthanum(III) triflate, di-n-octylamine, N-Boc-ethylenediamine, 1,3,5-
benzenetricarbonyl trichloride, trifluoroacetic acid, NaOH, MgSO4, HCl and Am-
berlyst® A21 were bought from Sigma-Aldrich and used without further purification.
Et3N and pyridine were stored on KOH. Toluene and THF were bought from Actu-all
Chemicals and employed using a Braun MB SPS 800 dispensing machine. MeOH and
CH2Cl2 were obtained from Actu-all Chemicals. Et2O was bought from VWR and
distilled before use. 4-Nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)acetate,4 1,3,5-
tris(2-aminoethyl)-2,4,6-triethylbenzene,10 1,3,5-tris(aminomethyl)-2,4,6-triethylben-
zene,27 1,3,5-tris(N-(1-ethylpropyl)aminomethyl)-2,4,6-triethylbenzene,10 and 1,3,5-
tris(N-(1-ethylpropyl)-2-aminoethyl)-2,4,6-triethylbenzene10 and 1,3,5-tris(3- amino-
propoxy)benzene tristrifluoroacetate28 were prepared according to reported proce-
dures.

241Am, 233U and Pu (mainly 239Pu) were taken from the laboratory stocks after
suitable purification of the radiotracers. 241Am was purified by selective extraction of
its decay product (237Np) after adjusting the oxidation state of the latter to the +4 state
by using hydroxylamine hydrochloride followed by TTA (2-thenoyltrifluoroacetone)
extraction.29 233U was purified from its decay products following an anion exchange
method reported in the literature.30 Pu was purified from impurities such as 241Am
following a reported method on TTA extraction.31 All the radionuclides were used
after checking their radiochemical purities. The valency of Pu was adjusted to the +4
state using NaNO2 followed by selective extraction of the tetravalent ion by TTA,32

while PuO2
2+ was prepared by an AgO based oxidation method.33 1H- and 13C NMR

spectra were recorded on a Bruker Ascend™ 400 MHz NMR spectrometer. FT-IR
analysis was performed using a Nicolet 6700 FT-IR instrument (Thermo Scientific)
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in ATR mode. ESI mass spectra were recorded on a Waters Micromass LCT mass
spectrometer with a time-of flight analyser.

7.4.1 Synthesis of ligands

tert-Butyl(2-(2-(2-(dioctylamino)-2-oxoethoxy)acetamido)ethyl)carbamate (N-
Boc-en-DGA)

A solution of N-Boc-ethylenediamine (400 mg, 2.5 mmol), 4-nitrophenyl 2-(2-
(dioctylamino)-2-oxoethoxy) acetate (1.2 g, 2.5 mmol) and triethylamine (505 mg, 5
mmol) in dry toluene (15 mL) was refluxed for 15 h. A chromatography glass column
(2 cm ø) was loaded with Amberlyst® A21 (20 g) suspended in MeOH (30 mL). The
resin was washed with MeOH (70 mL) and Et2O (100 mL) at the end keeping the
solvent above the resin, whereupon a layer of sand was added. The reaction residue
was dissolved in Et2O (15 mL) and loaded slowly on top of the wet resin inside the
column. The solution was slowly eluted through the column with Et2O (200 mL). The
solvent was evaporated and the product was obtained as a viscous oil in 83% yield.
1H NMR (400 MHz, CD3OD) δ = 4.35 (s, 2H), 4.04 (s, 2H), 3.38-3.32 (m, 4H),
3.23-3.17 (m, 4H), 1.64-1.52 (m, 4H), 1.43 (s, 9H), 1.38-1.26 (m, 20H), 0.91 (t, J =
6.9 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CD3OD) δ = 172.4, 170.7,
158.5, 80.1, 71.6, 70.0, 47.9, 47.2, 40.9, 40.3, 33.02, 32.99, 30.48, 30.45, 30.41,
30.39, 29.8, 28.8, 28.6, 28.0, 27.9, 23.75, 23.74, 14.5. ESI-MS: m/z = 500.4 [M +
H]+. HRMS: m/z calcd for C27H54N3NaO5: 522.3877 [M + Na]+; found: 522.3888.

2-(2-((2-Aminoethyl)amino)-2-oxoethoxy)-N,N-dioctylacetamide (en-DGA)

N-Boc-en-DGA (930 mg, 1.86 mmol) was dissolved in trifluoroacetic acid (15 mL)
and stirred for 15 h. The solvent was evaporated and the residue was partitioned
between Et2O (30 mL) and a saturated aqueous NaHCO3 solution (30 mL). The
organic phase was washed with a saturated aqueous NaHCO3 solution (2 × 30 mL)
and subsequently dried with MgSO4. Evaporation of the solvent afforded the product
as a colourless oil in 93% yield.
1H NMR (400 MHz, CD3OD) δ = 4.38 (s, 2H), 4.08 (s, 2H), 3.51-3.46 (m, 2H), 3.38-
3.33 (m, 2H), 3.23-3.18 (m, 2H), 3.03-2.97 (m, 2H), 1.64-1.52 (m, 4H), 1.38-1.27 (m,
20H), 0.91 (t, J = 6.9 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CD3OD)
δ = 173.1, 170.8, 71.5, 69.6, 54.8, 47.9, 47.2, 41.1, 39.3, 33.01, 32.98, 30.47, 30.44,
30.40, 30.38, 29.7, 28.6, 28.0, 27.9, 23.74, 23.73, 14.5. ESI-MS: m/z = 400.3 [M +
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H]+. HRMS: m/z calcd for C22H45N3NaO3: 422.3353 [M + Na]+; found: 422.3300.

1,3,5-Tris(2-aminoethylcarbamoyl)benzene-DGA 1

A solution of 1,3,5-benzenetricarbonyl trichloride (154 mg, 0.58 mmol) in Et2O (10
mL) was added dropwise to a suspension of en-DGA (707 mg, 1.77 mmol) and NaOH
(420 mg, 10.5 mmol) in water (8 mL) and stirred for 2 h, whereupon the organic layer
was separated, washed with 10% HCl (3 × 10 mL) and the thin layer that formed at
the interface between the aqueous and organic phases was removed. The solution was
dried with magnesium sulfate and the solvent was evaporated to afford the product as
a viscous oil in 86% yield.
1H NMR34 (400 MHz, CD3OD) δ = 8.43 (s, 1H), 4.35 (s, 2H), 4.07 (s, 2H), 3.60-3.55
(m, 2H), 3.53-3.49 (m, 2H), 3.30-3.25 (m, 2H), 3.20-3.14 (m, 2H), 1.61-1.46 (m, 4H),
1.37-1.22 (m, 20H), 0.90 (t, J = 6.8 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (101
MHz, CD3OD) δ = 172.7, 170.7, 168.7, 136.7, 130.2, 71.7, 70.1, 48.0, 47.2, 40.8,
39.8, 33.02, 33.00, 30.47, 30.45, 30.41, 30.40, 29.7, 28.6, 28.0, 27.9, 23.75, 23.74,
14.5. IR: ν 1641 cm−1 (C=O). ESI-MS: m/z = 1355.0 [M + H]+. HRMS: m/z calcd
for C75H135N9Na2O12: 700.0007 [M + 2Na]2+; found: 699.9922.

1,3,5-Tris(3-aminopropoxy)benzene-DGA 2

A solution of 1,3,5-tris(3-aminopropoxy)benzene tristrifluoroacetate (216 mg, 0.34
mmol), Et3N (308 mg, 3.04 mmol) and 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
oxy)acetate (568 mg, 1.19 mmol) in dry toluene (15 mL) was refluxed for 15 h. A
chromatography glass column (2 cm ø) was loaded with Amberlyst® A21 (20 g)
suspended in MeOH (30 mL). The resin was washed with MeOH (70 mL) and Et2O
(100 mL) at the end keeping the solvent above the resin, whereupon a layer of sand
was added. The reaction residue was dissolved in Et2O (15 mL) and loaded slowly
on top of the wet resin inside the column. The solution was slowly eluted through the
column with Et2O (200 mL). The solvent was evaporated and the product was purified
by preparative thin layer chromatography (SiO2, CH2Cl2/MeOH 93:7) to afford the
product as a colourless oil in 60% yield.
1H NMR34 (400 MHz, CDCl3) δ = 8.10 (s, 1H), 6.06 (s, 1H), 4.24 (s, 2H), 4.11 (s,
2H), 3.97 (t, J = 6.1 Hz, 2H), 3.48 (q, J = 6.4 Hz, 2H), 3.32-3.25 (m, 2H), 3.12-3.03
(m, 2H), 2.02 (tt, J = 6.4, 6.1 Hz, 2H), 1.56-1.46 (m, 4H), 1.33-1.19 (m, 20H), 0.88 (t,
J = 6.8 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 160.6, 94.3,
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71.9, 69.7, 65.8, 47.0, 46.4, 36.60, 36.57, 31.94, 31.87, 29.48, 29.39, 29.36, 29.31,
29.22, 29.21, 29.03, 27.7, 27.1, 27.0, 22.78, 22.75, 14.24, 14.22. IR: ν 1644 cm−1

(C=O). ESI-MS: m/z = 1316.0 [M + H]+. HRMS: m/z calcd for C75H138N6Na2O12:
680.5079 [M + 2Na]2+; found: 680.4988.

1,3,5-Tris(2-aminoethyl)-2,4,6-triethylbenzene-DGA 3

Ligand 3 was prepared in the same way as 2 using 1,3,5-tris(2-aminoethyl)-2,4,6-
triethylbenzene (134 mg, 0.46 mmol), 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
oxy)acetate (696 mg, 1.45 mmol) and Et3N (157 mg, 1.97 mmol). The product was
purified by preparative thin layer chromatography (SiO2, CH2Cl2/MeOH 91:9) to
yield the product as a colourless oil in 86% yield.
1H NMR34 (400 MHz, CDCl3) δ = 7.80 (t, J = 5.9 Hz, 1H), 4.25 (s, 2H), 4.09 (s, 2H),
3.40-3.34 (m, 2H), 3.34-3.28 (m, 2H), 3.12-3.04 (m, 2H), 2.89-2.81 (m, 2H), 2.77 (q,
J = 7.4 Hz, 2H), 1.58-1.48 (m, 4H), 1.32-1.22 (m, 20H), 1.17 (t, J = 7.4 Hz, 3H),
0.87 (t, J = 6.8 Hz, 3H), 0.86 (t, J = 6.8 Hz, 3H). 1H NMR34 (400 MHz, CD3OD) δ =
4.36 (s, 2H), 4.07 (s, 2H), 3.38-3.32 (m, 4H), 3.25-3.17 (m, 2H), 2.92-2.78 (m, 4H),
1.65-1.52 (m, 4H), 1.40-1.23 (m, 20H), 1.15 (t, J = 7.3 Hz, 3H), 0.93-0.87 (m, 6H).
13C NMR (101 MHz, CDCl3) δ = 169.4, 168.1, 140.4, 132.4, 71.8, 69.4, 46.8, 46.2,
40.1, 31.8, 31.7, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 27.6, 27.0, 26.9, 22.63, 22.61,
22.58, 15.9, 14.10, 14.08. 13C NMR (101 MHz, CD3OD) δ = 171.9, 170.7, 141.7,
133.6, 71.6, 70.1, 48.0, 47.2, 41.3, 33.03, 33.01, 30.50, 30.48, 30.43, 30.41, 29.8,
28.6, 28.1, 27.9, 23.76, 23.75, 23.3, 16.5, 14.51, 14.50. IR: ν 1645 cm−1 (C=O).
ESI-MS: m/z = 1310.1 [M + H]+. HRMS: m/z calcd for C78H145KN6O9: 674.5350
[M + K + H]2+; found: 674.5333.

1,3,5-Tris(2-aminomethyl)-2,4,6-triethylbenzene-DGA 4

Ligand 4 was prepared in the same way as 2 using 1,3,5-tris(2-aminomethyl)-2,4,6-
triethylbenzene (160 mg, 0.64 mmol), 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoeth-
oxy)acetate (938 mg, 1.96 mmol) and Et3N (450 mg, 4.4 mmol). The product was
purified by preparative thin layer chromatography (SiO2, CH2Cl2/MeOH 93 : 7) to
yield the product as a colourless oil in 40% yield.
1H NMR34 (400 MHz, CDCl3) δ = 7.17 (t, J = 4.4 Hz, 1H), 4.51 (d, J = 4.4 Hz, 2H),
4.17 (s, 2H), 4.09 (s, 2H), 3.26-3.19 (m, 2H), 3.06-2.99 (m, 2H), 2.71 (q, J = 7.5 Hz,
2H), 1.52-1.41 (m, 4H), 1.31-1.20 (m, 20H), 1.17 (t, J = 7.5 Hz, 3H), 0.86 (t, J = 7.0
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Hz, 3H), 0.85 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 169.0, 167.8,
144.3, 131.7, 71.3, 69.3, 46.7, 46.0, 37.5, 31.8, 31.7, 29.34, 29.24, 29.23, 29.16,
28.9, 27.6, 27.0, 26.9, 23.1, 22.62, 22.58, 16.3, 14.08, 14.06. ESI-MS: m/z = 1268.0
[M + H]+. HRMS: m/z calcd for C75H138N6NaO9: 1290.0418 [M + Na]+; found:
1290.0406.

1,3,5-Tris(N-(1-ethylpropyl)-aminoethyl)-2,4,6-triethylbenzene-DGA 5

The compound was prepared in the same way as 2 using 1,3,5-tris(N-(1-ethylpropyl)-
aminoethyl)-2,4,6-triethylbenzene (250 mg, 0.5 mmol), 4-nitrophenyl 2-(2-(dioctyl-
amino)-2-oxoethoxy)acetate (790 mg, 1.65 mmol) and triethylamine (190 mg, 1.75
mmol). The product was purified by preparative thin layer chromatography (SiO2,
CH2Cl2/MeOH 95:5) to yield the product as a colourless oil in 30% yield.
1H NMR34 (400 MHz, CD3OD) δ = 4.38 (s, 2H), 4.35 (s, 2H), 3.63-3.55 (m, 1H),
3.26-3.18 (m, 2H), 3.12-3.01 (m, 2H), 3.04-2.90 (m, 2H), 1.74-1.63 (m, 4H), 1.63-
1.50 (m, 4H), 1.40-1.25 (m, 20H), 1.25-1.20 (m, 3H), 1.20-1.14 (m, 4H), 0.96 (t, J =
7.3 Hz, 6H), 0.93-0.87 (m, 3H), 0.87-0.78 (m, 3H). 13C NMR (101 MHz, CD3OD) δ
= 172.3, 170.7, 142.2, 134.0, 70.6, 69.9, 61.5, 47.2, 33.02, 33.00, 30.53, 30.51, 30.43,
30.40, 30.0, 28.7, 28.1, 27.9, 27.7, 23.8, 23.7, 16.6, 14.49, 14.46, 11.5. ESI-MS: m/z
= 1524.3 [M + H]+. HRMS: m/z calcd for C93H176N6O9: 761.1761 [M + 2H]2+;
found: 761.1622.

1,3,5-Tris(N-(1-ethylpropyl)-aminomethyl)-2,4,6-triethylbenzene tris(diglycolic
acid)

A mixture of 1,3,5-tris(N-(1-ethylpropyl)aminomethyl)-2,4,6-triethylbenzene (230
mg, 0.5 mmol) and diglycolic anhydride (175 mg, 1.5 mmol) in THF (5 mL) was
refluxed for 48 h, whereupon the solvent was evaporated. The residue was dissolved in
Et2O (20 mL) and washed with 10% HCl (3 × 30 mL). The organic phase was dried
over MgSO4, and the solvent evaporated to afford the pure product in quantitative
yield.
1H NMR34 (400 MHz, CDCl3) δ = 4.78-4.18 (m, 6H), 3.15-2.61 (m, 3H), 1.91-1.51
(m, 4H), 1.23-1.12 (m, 3H), 0.91-0.63 (m, 6H). 13C NMR (101 MHz, CD3OD) δ =
173.6, 171.6, 79.6, 79.3, 79.0, 71.6, 69.2, 68.9, 68.7, 68.7, 25.4, 24.1, 16.0, 12.0.
ESI-MS: m/z = 808.5 [M + H]+. HRMS: m/z calcd for C42H70N3O12: 808.4954 [M
+ H]+; found: 808.4775.
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1,3,5-Tris(N-(1-ethylpropyl)-aminomethyl)-2,4,6-triethylbenzene-DGA 6

A solution of 1,3,5-tris(N-(1-ethylpropyl)aminomethyl)-2,4,6-triethylbenzene tris(di-
glycolic acid) (250 mg, 0.3 mmol), di-n-octylamine (300 mg, 1.2 mmol) and EDC·HCl
(230 mg, 1.2 mmol), in pyridine (7 mL) was stirred at room temperature overnight
and then the solvent was evaporated. The residue was extracted with dry Et2O (3 × 20
mL), whereupon the solvent was evaporated under vacuum. The product was purified
by preparative thin layer chromatography (SiO2, CH2Cl2/MeOH 93:7) to afford the
product as a colourless oil in 17% yield.
1H NMR34 (400 MHz, CDCl3) δ = 4.82-4.31 (m, 6H), 3.36-3.25 (m, 2H), 3.25-3.13
(m, 2H), 2.83-2.50 (m, 3H), 1.91-1.67 (m, 4H), 1.62-1.46 (m, 4H), 1.33-1.20 (m,
20H), 1.20-1.07 (m, 3H), 0.93-0.80 (m, 6H), 0.75-0.59 (m, 6H). 13C NMR (101
MHz, CDCl3) δ = 171.44, 170.25, 168.41, 145.05, 73.22, 71.77, 71.28, 70.05, 62.64,
52.37, 47.11, 45.85, 38.79, 37.02, 35.17, 31.80, 31.75, 29.54, 29.37, 29.32, 29.24,
29.21, 28.95, 28.66, 28.40, 27.83, 27.73, 27.60, 27.55, 27.40, 27.19, 27.03, 26.97,
26.85, 26.82, 22.63, 19.39, 14.09, 11.42, 10.37. ESI-MS: m/z = 1478.2 [M + H]+.
HRMS: m/z calcd for C90H168N6Na2O9: 761.6329 [M + 2Na]2+; found: 761.6124.

7.4.2 Emission spectroscopy

The luminescence investigation on the extracted complexes was carried out using
an Edinburgh F-900 Fluorescence spectrometer working in the wavelength region
200-750 nm with a Xe lamp as an excitation source, M-300 monochromators and a
Peltier cooled photo multiplier tube as a detector. The acquisition and analysis of
the data were carried out by using F-900 software supplied by Edinburgh Analytical
Instruments, UK.

In the case of ionic liquids, luminescence emission and lifetime experiments of
Eu3+ were performed on a PTI QuantaMaster fluorometer (PTI QuantaMaster 400)
adapted for time-resolved measurements. The luminescence emission spectra were
obtained in the wavelength region of 570-710 nm (0.5 nm/step, 2.0 nm bandwidth,
0.1 s integration time) by excitation at 395 nm (5 nm bandwidth). Signals were
acquired and analyzed using PTI FelixGX Software from the PTI QuantaMaster. The
emission lifetime data were recorded in time-resolved mode after giving a delay time
of 100 μs to avoid the background contribution from the decay of [C4mim][Tf2N].
The emission lifetime data were fitted by the PTI FelixGX Software to get the decay
constant.
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7.4.3 Distribution coefficient measurements

Extractions in apolar solvents Liquid-liquid extraction studies were carried out us-
ing an organic phase containing 1 mM ligand solutions (in 5% isodecanol/n-dodecane)
and an aqueous phase containing the required radiotracer. Usually, 1 mL of each of
the aqueous and organic solutions was equilibrated in leak-tight 10 mL Pyrex tubes
in a thermostated water bath at 25 ± 0.1 °C for 1 h. This time of equilibration was
found to be sufficient for reaching the equilibrium condition (Fig. 7.3). Subsequently,
the tubes were centrifuged and equal volumes of organic and aqueous phases (0.1
mL) were removed for assaying radiometrically. While 241Am, 152,154Eu, 137Cs and
85,89Sr were assayed using a well type NaI(Tl) scintillation counter interphased with
a multichannel analyzer, 233U and Pu were assayed radiometrically by using a liquid
scintillation counting system (Hidex, Finland) using an Ultima Gold (Perkin Elmer)
scintillation cocktail. The concentrations of the actinide and fission product elements
used in the solvent extraction experiments were 10−7 M for Am, 10−6 M for Pu and
Cs, 10−5 M for Eu, U and Sr. The distribution coefficient (D) of Am3+ was obtained
as the ratio of its concentration in the organic phase to that in the aqueous phase (in
terms of counts per unit time per unit volume). The experiments were carried out
in duplicate and the accepted data points were reproducible within an error limit of
± 5%.

Extractions in ionic liquids Equal volumes (0.5 mL) of ligand solution (usually
0.5 mM) in [C4mim][Tf2N] and aqueous phase containing the radiotracer (241Am or
152,154Eu), were equilibrated in a thermostated water bath maintained at 25 ± 1 °C. The
time of equilibration was kept for about 4 h as ascertained by the kinetics experiments
(Fig. 7.3). Subsequently, the tubes were centrifuged and equal volumes of organic and
aqueous phases (0.1 mL) were removed for assaying radiometrically. The radiometric
assay of 241Am and 152,154Eu were performed using a well type NaI(Tl) scintillation
counter (Para Electronics) coupled with a multi-channel analyzer (ECIL, India). The
distribution ratio of metal ions (DM) was calculated as the ratio of counts per unit
time per unit volume of the [C4mim][Tf2N] phase to that in the aqueous phase. Each
experiment was carried out in triplicate and the accepted data were within the relative
standard deviation of 5%.
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7.4.4 NMR titrations of ligands 1-3 with La(OTf)3 in CD3OD

Batch titrations were performed preparing several NMR tubes containing ligand solu-
tions with different amounts of metal, rather than adding the metal to the same NMR
tube. Using the ligand solution as the solvent for the preparation of the metal solu-
tion, allows to maintain a constant concentration of the ligand in different mixtures
obviating any effects caused by dilution. A 0.004 M solution of ligand in CD3OD
was used as the solvent to prepare a 0.2 M solution of La(OTf)3. Several NMR tubes
were filled with 0.5 mL of ligand solution. Defined amounts of metal solution were
added to each NMR tube and the spectra were recorded after at least 15 min.
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Summary and outlook

The research described in this thesis concerns the synthesis and evaluation of new 
diglycolamide (DGA) ligands for the extraction and (potential) separation of actinide 
and lanthanide ions from bulk spent nuclear fuel. The aim of this work is the 
development of new pre-organised ligands with improved extraction and separation 
efficiency. This was done by focusing on the preparation of rather simple, easily 
accessible and completely incinerable ligands to be used in different processes in the 
nuclear waste industry.

The first Chapter deals with the status of nuclear energy production and provides an 
overview of the chemical challenges connected to proper waste management. The 
fundamental strategies behind the main treatment processes and techniques for the 
extraction and separation of actinides and lanthanides have also been described.

Chapter 2 gives an account of the state-of-the-art of ligand development for liquid-
liquid extraction applications. In the first part, neutral and acidic organophosphorus 
ligands have been described, followed by mixed/hybrid ligands containing also carbonyl 
or heterocyclic donor groups. The second part has dealt with diamide-based ligands and 
their acidic counterparts, followed by N-heterocyclic ligands in the third part. Finally, 
several new approaches, including the use of water-free systems and supercritical CO2,
aimed at the development of more environmentally friendly processes, have been
described.

In Chapter 3, two new, simple methods have been reported for the preparation of 
DGAs. In the Schotten-Baumann approach, diglycolyl chlorides have been converted 
into the corresponding diamides by reaction with a wide range of amines in an organic-
aqueous biphasic system. The compounds were purified in a straightforward way simply 
by extraction and acidic washing. In the second method, substituted diglycolyl diesters
were transformed directly in the corresponding diamides in the presence of aluminum 
trichloride as catalyst. This reaction appeared to be more sensitive to steric hindrance of 
the starting materials and requires a chromatographic purification step, but afforded the 
desired compounds in a single step and, for non-branched amines, the yields were 
generally comparable with those of other approaches.
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Chapter 4 deals with the effect of alkylation of the TODGA central backbone and on 
the extraction and degradation properties of the resulting DGA ligands. The presence of 
an alkyl chain on the TODGA backbone decreased the D values by up to three orders of 
magnitude going from a methyl to a butyl group. However, this was accompanied by an 
increase of the selectivity for Eu(III) over Am(III). The effect of an additional ethyl chain 
was comparable to that of two methyl groups on opposite sides of the etheric oxygen 
atom, which can exist as two diastereomers. The dimethylated TODGA diastereomers 
showed a difference in distribution ratio values in the extraction of lanthanides up to a 
factor of 94. The presence of two substituents also slowed down the radiolytic 
degradation, compared to the ligands with one or no alkyl chains. Finally, the 
degradation products observed for MeTODGA and Me2TODGA did not interfere with 
the extraction of metal ions, except for the 2-hydroxyalkylamide fragments that showed 
relatively high D values for Zr, Mo and Pd.

Chapter 5 describes the synthesis of tripodal N-pivot (DGA-TREN) and 
azamacrocycle diglycolamide extractants. DGA-TREN exhibited a good extraction 
ability and a peculiar behaviour when the molecular diluents were substituted with a 
room temperature ionic liquid (RTIL). The extraction of Eu(III) became acidity-
independent and Am(III) was extracted preferentially over Eu(III), whereas the opposite 
happened in molecular diluents. This change in behaviour is particularly interesting, 
since it was not observed before with corresponding tripodal C-pivot DGA ligands.

In Chapter 6, generation-zero through generation-two poly(propylene imine) (PPI) 
dendrimers have been used as platforms for pre-organised DGA ligands, which showed 
higher extraction for Eu(III) and Am(III) than TODGA, albeit with lower selectivity. In 
apolar diluents zero-generation PPI-DGA extracted complexes with a M:L ratio of 1:2, 
whereas with the first- and second-generation ligands the stoichiometry was 1:1, despite 
the possibility for these two ligands to form M:L complexes with more than one metal 
ion. When the extraction was performed in an imidazolium-based RTIL, an increase of 
the D values was observed, but the extraction was carried out by a cation exchange 
mechanism rather than a solvation mechanism. Moreover, the ionic nature of the medium 
allowed the formation of 2:1 and 4:1 species for PPI DGA ligands of generations one 
and two, respectively.

Chapter 7 deals with the preparation of six different types of benzene-centred tripodal 
diglycolamides. The ligand containing the 1,3,5-triethylbenzene scaffold gave higher D
values than the other ones, thanks to the preorganisation provided by the platform. On 
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the other hand, higher S.F. values were obtained with more flexible ligands. The 
extraction decreased for all the ligands with increasing HNO3 concentration, except for 
the benzene-1,3,5-triamide-based tripodal DGA, which was insensitive to acidity
increase. This ligand, on the other hand, showed a higher selectivity for Pu(IV) than the 
other benzene-centred DGAs. The use of RTILs caused an increase of the D values and 
a change in extraction mechanism also in this case.

In conclusion, new synthetic methods were developed and several DGA ligands for 
the extraction of actinides and lanthanides were prepared showing interesting extraction 
properties. Functionalisation of the TODGA backbone with alkyl chains exhibited 
increased selectivity and better stripping properties. At the same time, comparison of the
extraction properties of two diastereomeric ligands highlights that even steric 
interactions between small methyl groups can have a significant impact on the 
performance of the ligands. This opens the concept of modifying known ligands via the 
introduction of small alkyl groups to attempt to further increase the selectivity.  The 
results of the tripodal DGA ligands showed that the interplay between the platform and 
the solvent system is a fundamental contributor to the extraction properties and that, 
while pre-organisation provides a general increase in extraction efficiency, flexible 
platforms have the tendency to afford higher selectivity than rigid ones. RTIL systems 
proved their importance as a tool to modify the extraction behaviour, also via a change 
in extraction mechanism. It would be of interest, however, to investigate the described 
ligands with different kinds of RTILs, such as those composed of more hydrophobic 
ions, that generally maintain the solvation mechanism.

The results described in this thesis have the potential to lead to the development of 
more selective ligands for the separation of actinides and lanthanides and, ultimately, to 
more environmentally friendly reprocessing processes and long-term storage strategies.
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Samenvatting

Scheiding van verbruikte, nucleaire brandstof, gevolgd door transformatie van 
langlevende radionucliden naar minder gevaarlijke isotopen, vindt plaats als onderdeel
van kernafvalverwerking. Vanwege de langdurige en hoge radiotoxiciteit van de 
aanwezige actiniden in het nucleaire afval is het een grote bedreiging voor het milieu. 
Het in dit proefschrift beschreven onderzoek betreft de synthese en evaluatie van nieuwe 
diglycolamide- (DGA-) liganden voor de extractie en (potentiële) scheiding van 
actiniden en lanthaniden in nucleair afval. Het doel van dit onderzoek is het ontwikkelen 
van nieuwe ‘voor-georganiseerde’ liganden met een verbeterde extractie- en scheidings-
efficiëntie.

In hoofdstuk 1 wordt de problematiek van de nucleaire afvalverwerking uiteengezet. 
Hoofdstuk 2 geeft een literatuuroverzicht van de meest recente ontwikkelingen van de 
klassen van liganden die voor de scheiding van actiniden en lanthaniden zijn ontwikkeld.
In hoofdstuk 3 en 4 zijn nieuwe methodes voor de synthese van DGA’s, hun toepassing
bij de bereiding van nieuwe liganden en hun extractie- en degradatiegedrag beschreven.
Hoofdstukken 5 tot en met 7 beschrijven de synthese van ‘voor-georganiseerde’ DGA-
liganden en hun extractiegedrag in moleculaire oplosmiddelen als ook in imidazool-
gebaseerde ionische vloeistoffen. 

Samenvattend kan gezegd worden dat het aanbrengen van alkylgroepen in de 
TODGA-hoofdketen heeft geresulteerd in een grotere selectiviteit. Sterische interactie 
tussen twee kleine methylgroepen had een significant effect op het extractiegedrag van 
het betreffende ligand. Uit de resultaten van de ‘tripodal’ DGA-liganden blijkt dat de 
interactie tussen platform en het oplosmiddelsysteem een significante bijdrage levert aan 
de extractie-eigenschappen. Verder is gebleken dat flexibele platforms in het algemeen 
tot een hogere selectiviteit aanleiding geven dan rigide platforms, terwijl ‘voor-
organisatie’ resulteert in een toename van de extractie-efficiëntie. 

De resultaten beschreven in dit proefschrift kunnen zowel een bijdrage leveren aan de 
verdere ontwikkeling van selectieve liganden voor de scheiding van actiniden en 
lanthaniden, van meer milieuvriendelijke opwerkingsprocessen en van strategieën voor 
langdurige opslag.
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Gedetailleerdere informatie over dit onderzoek wordt in de Engelse versie van deze 
samenvatting verstrekt.
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