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ABSTRACT: A multiple diglycolamide (DGA)-containing ligand
having four DGA arms tethered to a tetraaza-12-crown-4 ring, viz.
2,2′,2′′,2′′′-(((1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)-
tetrakis(2-oxoethane-2,1-diyl)) tetrakis (oxy)) tetrakis(N,N-dioctyla-
cetamide) (T12C4ODGA), was synthesized and evaluated for the
extraction of different actinide and lanthanide ions, viz. Am3+, Eu3+,
Pu4+, Np4+, and UO2

2+. The extraction efficiency of the present ligand
was found to be the highest reported so far, more specifically for the
trivalent metal ions Am3+ and Eu3+, when one considers the very low
ligand concentration used in the present study, compared to that of
the various previously reported multiple DGA-based ligands. The
nature of the complexes formed during the extraction of Eu3+ was
investigated using time-resolved fluorescence (TRFS) and extended
X-ray absorption fine structure (EXAFS) spectroscopy. Both the
solvent extraction and TRFS studies indicated the presence of 1:1 and 1:2 complexes during the extraction of Am3+ and Eu3+

having three inner-sphere water molecules in the 1:1 complex. Density functional theoretical (DFT) studies were performed on
the Am3+ and Eu3+ complexes of both T12C4ODGA and an analogous compound having methyl groups in place of the n-octyl
groups, and the DFT results of the T12C4ODGA nicely explain the extraction behavior of Am3+ and Eu3+.

■ INTRODUCTION

The major challenges for a globally acceptable nuclear energy
program for meeting the ever-increasing energy demands
include remediation of radioactive wastes emanating from
spent fuel reprocessing. The main strategies of radioactive
waste management include selective partitioning and sub-
sequent transmutation of long-lived minor actinides, which
include the trivalent actinides such as Am and Cm. In this
context, diglycolamide (DGA) based-ligands, containing two
amide groups separated by an ether linkage, are found to be
one of the most promising for the extraction of trivalent
actinides (An3+), which also coextract trivalent lanthanides
(Ln3+) from acidic feeds, akin to the nuclear waste solutions.1,2

Two DGA-based ligands, viz. N,N,N′,N′-tetraoctyl diglycola-
mide (TODGA, Figure 1a) and N,N,N′,N′-tetra-2-ethylhexyl
diglycolamide (T2EHDGA) have been evaluated exhaustively
for this purpose by several research groups from different
countries.3,4 A detailed investigation on the nature of bonding

suggested that ∼3−4 TODGA molecules participated in the
extraction of the An3+ or Ln3+ ions.1 Extended X-ray analysis
absorption fine structure (EXAFS) and other spectroscopic
studies inferred the participation of three TODGA molecules
in the inner coordination sphere of the Ln3+ ions.5 There are
reports based on small-angle neutron scattering (SANS) and
dynamic light scattering (DLS), which advocate the
aggregation of TODGA, which results in the association of
3−4 TODGA molecules during the extraction of An3+ and
Ln3+.6−9 The aggregation is known to be dependent on diluent
characteristics and, hence, is limited to nonpolar diluents such
as n-dodecane.1 In addition, bringing multiple TODGA
molecules closer to the central An3+ or Ln3+ ions for the
complexation makes the extraction process entropically
unfavorable. Ansari et al. reported a ΔS value of −114.1 J/
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mol/K for the extraction of Am3+ using TODGA.10 Therefore,
a significant amount of effort was directed toward anchoring
multiple DGA arms onto a scaffold in order to make the
extraction process more thermodynamically favorable, as well
as independent of diluent characteristics.11−16

A solution calorimetric study on the complexation of Eu3+

with a tripodal DGA ligand having three DGA arms showed a
highly positive ΔS value.17 A large number of multiple DGA-
based ligands, starting from 2−6 DGA arms on different types
of scaffolds, viz, N-pivot tripod, benzene, calix[4]arene, and
triaza-9-crown-3, have been evaluated and these ligands
showed a significantly higher extraction efficiency than the

simple TODGA molecule.12,13,18,19 In view of the steric
constraints posed during complexation of 9C3ODGA (Figure
1d), a tripodal DGA ligand where the three DGA arms were
appended to a 9-membered triazamacrocycle, it was thought of
increasing the macrocyclic ring size to a 12-membered one
containing four N atoms which were grafted with DGA groups.
In the present work, a tetrapodal multiple DGA ligand was
synthesized for the first time where the four DGA arms were
attached to a tetraaza-12-membered macrocyclic scaffold,
better known as “cyclen”. Of the resulting ligand
T12C4ODGA (Figure 1f), its extraction and complexation
behavior toward actinide and lanthanide ions was studied using

Figure 1. Structures of TODGA and tri- and tetrapodal macrocyclic DGA-based ligands: (a) TODGA, (b) C2ODGA, (c) Benz-T-DGA, (d)
T9C3ODGA, (e) C4DGA, and (f) T12C4ODGA (R = C8H17).

Scheme 1. Synthesis of 2,2′,2′′,2′′′-(((1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl) tetrakis (2-oxoethane-2,1 diyl))
tetrakis (oxy)) tetrakis(N,N-Dioctylacetamide) (T12C4ODGA)
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solvent extraction, luminescene, EXAFS, and density functional
theory (DFT)-based calculations.

■ EXPERIMENTAL SECTION
Synthesis of T12C4ODGA. A solution of 4-nitrophenyl 2-(2-

(dioctylamino)-2-oxoethoxy)acetate (3.16 g, 6.60 mmol), 1,4,7,10-
tetraazacyclododecane tetrahydrochloride (0.5 g, 1.57 mmol), and
triethylamine (1.30 g, 12.89 mmol) in dry toluene (45 mL) was
refluxed for 15 h (see Scheme 1). After removal of the solvent, the
crude mixture was dissolved in Et2O (15 mL) and purified over a
column with Amberlyst A21, using diethyl ether as the eluent. After
removal of the solvent pure product was obtained as an oil (yield =
81%). 1H NMR (400 MHz, CDCl3) δ = 4.35−4.1 (m, 4H), 3.8−3.3
(m, 4H), 3.19 (t, 2H, J = 8.0 Hz), 3.15−3.0 (m, 2H), 1.55−1.35 (m,
4H), 1.3−1.1 (m, 20H), 0.9−0.75 (m, 6H). 13C NMR (101 MHz,
CDCl3) δ = 167.9, 69.0, 46.9, 45.9, 31.8, 31.8, 29.4, 29.3, 29.2, 29.0,
27.7, 26.9, 22.7, 22.6, 14.1. ESI-MS: m/z 1530.0 [M + H]+; HRMS:
m/z calcd for C88H169N8O12: 1530.2596 [M + H]+; found 1530.2616.
As in the case of the corresponding T9C3ODGA derivative,18 in the
1H NMR spectrum the signals of the DGA OCH2 units, and the
methylene groups of the azamacrocycle are complex and broadened
due to the hindrance of the movement of the DGA moieties by the
azamacrocycle. Sources of the chemicals used for the synthesis and
the details of the instruments used for characterization of the ligand
are provided in the Supporting Information. The characterization data
are presented in Figures S1−S3 in the Supporting Information.
Radiotracers. The radiotracers, 233U, 237Np, Pu (mainly 239Pu)

and 241Am, were taken from the laboratory stocks after freshly
purifying (ESI) following standard methods and checking their
radiochemical purity. 152,154Eu and 137Cs were obtained from BRIT
(Board of Radiation and Isotope Technology, Mumbai) and were
used after checking their radiochemical purity. The oxidation state of
Pu was adjusted to the +4 state by the addition of a NaNO2 solution
and extraction by a TTA solution in xylene (see the Supporting
Information). All Pu(IV) extraction studies were performed using
NH4VO3 as the holding oxidant, which stabilizes the +4 state. On the
other hand, the oxidation state of Np was adjusted to the +4 state, as
mentioned in the Supporting Information.
Solvent Extraction Studies. Two-phase extraction studies of the

actinides (UO2
2+, Np4+, Pu4+, Am3+, Eu3+, and Cs+) from 3 M HNO3

were performed under conditions of 0.05 mM T12C4ODGA in 5%
iso-decanol in n-dodecane. In order to determine the number of
T12C4ODGA molecules involved in the extracted species of Am3+

and Eu3+ from 3 M HNO3 medium, extraction studies were
performed, varying the concentration of T12C4ODGA from 0.01
mM to 0.08 mM, whereas for the extraction from 3 M HClO4
medium, lower concentrations (0.002−0.01 mM) of T12C4ODGA
were used. In order to study the effect of nitrate ions, the extraction
studies of Am3+ and Eu3+ were performed by varying the NaNO3
concentration from 0.5 M to 6.0 M at a fixed HNO3 concentration of
0.01 M. All of the experiments in solvent extraction are preceded by a
pre-equilibration step, where the aqueous phase, sans the radiotracer,
was equilibrated with the organic phase containing the ligand. The
pre-equilibrated organic phase was separated and was equilibrated
with a fresh aqueous phase, now containing the radiotracer. In the
solvent extraction experiments, the equilibrium was found to be
achieved within 10 min (see Figure S4 in the Supporting
Information). For all the solvent extraction experiments, the organic
and aqueous phases (0.5 mL each) were contacted for 1 h at 298 K in
a water bath. Subsequently, 0.1 mL aliquots of each of the phases were
separated and assayed radiometrically for 241Am and 152,154Eu, using a
NaI(Tl) scintillation counter. The distribution ratios (DM) were
calculated as the ratio of the counts per unit time in the organic to
that in the aqueous phase.
Luminescence Studies. Details of the instrument and exper-

imental conditions used for the luminescence study are provided in
the Supporting Information.
EXAFS Studies. EXAFS study was performed on the Eu3+ complex

of T12C4ODGA in the organic extract in a 5% iso-decanol/n-

dodecane medium. Normalized XANES spectra of Eu3+ extract in the
organic phase containing 0.1 mM T12C4ODGA in 5% iso-decanol/n-
dodecane mixture at the Eu L3-edge, along with standard Eu2O3
samples, are shown in Figure S5 in the Supporting Information. The
bond length, coordination number, and disorder factors are kept as
variables during the fitting process. The total number of independent
variables are kept below the Nyquist criteria during the fitting process.
The amplitude reduction factor (S0

2 = 1.05) is calculated from the
known standard Eu2O3 measured along with the sample with the same
beamline conditions and the same value is used for the sample. The E0
value is 8.0 ± 2.8. EXAFS oscillation and Fourier transformed EXAFS
spectra at the Eu L3-edge of the Eu3+ extract are also provided in the
Supporting Information (Figure S6 in the Supporting Information),
together with further details of the EXAFS experiments.

DFT Studies. In order to avoid computational difficulties, the non-
interfering n-octyl groups in T12C4ODGA are replaced with methyl
groups resulting in the ligand molecule 2,2′,2′′,2′′′-(((1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrayl)tetrakis(2-oxoethane-2,1-
diyl)) tetrakis (oxy)) tetrakis(N ,N -dimethylacetamide)
(T12C4MDGA). The details of the DFT methodology followed to
optimize the geometry of the free ligand and its complexes with Am3+

and Eu3+ are given in the Supporting Information.

■ RESULTS AND DISCUSSION
Solvent Extraction Studies. The solvent extraction

studies were performed with several actinide ions such as
UO2

2+, Pu4+, and Am3+ along with that of fission product
element ions such as Eu3+, Sr2+, and Cs+, which have relevance
in the radioactive waste remediation. However, in view of the
preferential extraction of Eu3+, vis-a-̀vis that of Am3+, as
reported in the case of TODGA,2 it is of interest to understand
the extraction behavior of these ions in greater detail.
T12C4ODGA was found to be freely soluble in a n-dodecane
medium up to a concentration of 0.7 M; however, for our
present extraction studies, we used ligand concentration in the
millimolar or submillimolar range, where no change in the
physicochemical parameters of the diluents system is expected.
The density and viscosity of the organic phase can be
considered to be the same as that of the diluent systems (5%
iso-decanol in n-dodecane), which were found to be 0.752 g/
mL and 1.086 cP, respectively. In order to determine the
species responsible for the extraction of Am3+ and Eu3+, their
extraction studies were performed by varying T12C4ODGA
and nitrate concentrations. From the T12C4ODGA concen-
tration variation studies (Figure 2), it is observed that the 1:2
species (ML2) are predominantly extracted into the organic
phase. However, slope values of <2 indicate the coextraction of
small amounts of 1:1 species (ML) as well. The slope value
was determined to be lower in the case of Am3+, compared to
Eu3+. A similar observation was also noted in the case of a
calix[4]arene-based ligand having four DGA arms where a
slope value of 1.44 was reported for the extraction of Am3+,20

which requires further explanation. In view of the condition
that the extracted species (both ML2 as well as ML) also
contain three nitrate ions for charge neutralization, some of
those may be taking part in bonding with the metal ions by
inner-sphere coordination. In contrast, in view of the bulky
nature of T12C4ODGA, one cannot rule out the presence of
the nitrate ions in the outer coordination sphere. As this was
difficult to prove, we performed the extraction in a perchloric
acid (in place of nitric acid) medium, considering the
noncomplexing nature of the perchlorate ions. The extraction
of Eu3+ from HClO4 medium (Figure 2) showed an analogous
extraction behavior and no change in the slope value was
observed, indicating the involvement of an equal number of
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ligand molecules in the extracted complex as in the HNO3
medium.
Figure 3 shows that the extraction of both Am3+ and Eu3+

increased with increasing HNO3 concentration, up to 2 M

HNO3, and subsequently there is a decreasing trend. While the
increase in the metal ion extraction is due to the increase in
nitrate ion concentration in the initial phase, the subsequent
decline may be due to adduct formation of the ligand with
nitric acid, which drastically decreases the free ligand
concentration. Analogous behavior has been seen in extraction
studies involving many DGA/multiple DGA ligands.12−19

Interestingly, the separation factor (SF = DEu/DAm) values
were almost constant (Figure 3) suggesting that the extraction
of both the metal ions was affected in a comparable manner. In
another study, the extraction of Am3+ and Eu3+ was
investigated at varying aqueous phase nitrate ion concen-
trations at a fixed HNO3 concentration of 0.01 M, which

suggested a nitrate dependence of the distribution ratio values
of ∼2 (Figure 4a). However, after incorporating the effect of
the aqueous phase nitrate complexation. as reported by
Horwitz et al.,21 the nitrate dependence on the conditional
distribution coefficient (Kd) was found to be ∼3 (Figure 4b),
which is expected for trivalent metal ions.
In Table 1, the extraction behavior of ligands with multiple

DGA arms (as given in Figure 1) toward different metal ions
are listed. TODGA (Figure 1a) having one DGA arm per
ligand shows a very high selectivity for Eu3+ over Am3+ (SF =
22.3) and follows the order of extraction as Eu3+ > Pu4+ >
Am3+ > Np4+ > UO2

2+ > Sr2+ ≈ Cs+.22 The selectivity for Eu3+

over Am3+ was lower in the case of C2DGA (Figure 1b), where
two DGA arms are anchored onto a calix[4]arene scaffold.22

However, the order of the metal ion extraction, however, is
similar to that of TODGA. There are three DGA arms tethered
onto a benzene ring and a triaza-9-crown-3 ring, in the case of
Benz-T-DGA (Figure 1c) and T9C3ODGA (Figure 1d),
respectively, and the DAm value was found to decrease from
233 to 71.1 in the case of T9C3ODGA, compared to that
observed for Benz-T-DGA, an opposite trend was seen for Eu3+

ion as the DEu value increased from 254 to 300.13,18 The order
of extraction of different metal ions differs in case of Benz-T-
DGA, comparison to the other ligands where the extraction of
Pu4+ is reported to be lower than that of Am3+.13 In case of
C4DGA, four DGA arms are anchored with a three-carbon
spacer at the lower rim of the four tBu-phenol units of the tBu-
calix[4]arene scaffold. In the case of the present ligand
(T12C4ODGA), one would obviously correlate with C4DGA,
since it also contains four DGA arms, which are connected to
all the four N atoms of a tetraaza-12-crown-4 ring albeit
without any spacer. Despite using a rather low concentration of
the ligand (5 × 10−5 M in 5% iso-decanol/n-dodecane),
T12C4ODGA exhibits significantly higher extraction for
trivalent metal ions (Am3+ and Eu3+) than C4DGA (3 ×
10−3 M in 5% iso-decanol/n-dodecane).23 The distribution
ratio values of both Am3+ and Eu3+ were measured for a
T12C4ODGA concentration of 1 × 10−3 M in a n-dodecane
medium, for comparison with the other ligands, and the values
were found to be exceptionally higher (DAm > 500 and DEu >
103). This very large extraction of the actinide metal ions is
unprecedented and clearly shows the far superior extraction
efficiency of the present ligand, when compared with other
multiple DGA ligands. Obviously, to the best of our
knowledge, this makes T12C4ODGA the most efficient
extractant for trivalent f-cations from feeds containing 3 M
nitric acid and, hence, it should be considered as a strong
contender for use in radioactive waste remediation through the
actinide partitioning strategy.

Fluorescence Studies. The excitation spectra of the Eu3+

extract (complex of T12C4ODGA) in the organic phase were
recorded at a fixed emission wavelength of 612 nm (see Figure
5). The spectra are dominated by the ligand-to-metal charge
transfer (LMCT) band centered at 281 nm and the metal-
centered 7F0 →

5L6 transition peak at 395 nm. However, two
distinct features were observed when the Eu3+ ion was
extracted from two different aqueous phases, viz, 3 M
HClO4 and 3 M HNO3. In the first case, the LMCT band at
281 nm was found to be more intense than the 7F0 → 5L6
transition peak at 395 nm. On the other hand, when the Eu3+

was extracted from the HNO3 medium, the peak that
originated from the 7F0 → 5L6 transition was more intense.
This suggests that, in the presence of perchlorate, the LMCT is

Figure 2. Effect of the concentration of T12C4ODGA on the
extraction of Am3+ and Eu3+; organic phase: T12C4ODGA in 5% iso-
decanol/n-dodecane; aqueous phase: 3 M HNO3 or 3 M HClO4.

Figure 3. Effect of the HNO3 concentration on the extraction and
separation of Am3+ and Eu3+; organic phase: 5 × 10−5 M
T12C4ODGA in 5% iso-decanol/n-dodecane; aqueous phase: varying
HNO3 concentrations.
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more efficient than that in the presence of nitrate as the
counteranion. This probably indicates that T12C4ODGA
interacts more strongly with the central Eu3+ ion in the
presence of perchlorate as the counteranion. For comparison
purposes, the excitation spectrum of the Eu3+ complex of
TODGA was recorded (Figure S7) after extraction from the 3
M HNO3 medium. The spectrum is dominated by the LMCT
band at 270 nm, and this indicates that, unlike that observed in
the case of T12C4ODGA, TODGA interacts more strongly
with the Eu3+ ion, despite the presence of nitrate as the
counteranion, which is possibly due to the higher structural
flexibility of the extracting ligand.
The emission spectra of the Eu3+ complex of T12C4ODGA

in the organic extract are shown in Figure 6. The spectra show
the splitting of the electric dipole-allowed hypersensitive peak
of the 5D0 →

7F2 transition into a doublet centered at 612 and
617 nm. No splitting in the magnetic-dipole-allowed peak of
the 5D0 →

7F1 transition was observed, which is similar to the
spectrum of the Eu3+-TODGA complex (Figure S7). The
asymmetry around the Eu3+ ion can be indicated by the
asymmetry ratio (AR), which is expressed as the ratio of the
area under the peak due to the 5D0 →

7F2 transition to that
due to the 5D0 →

7F1 transition. For comparison purposes, the
AR values for the Eu3+ complexes of TODGA and
T12C4ODGA are listed in Table 2. The Eu3+-T12C4ODGA
complex was found to be more symmetric when Eu3+ was
extracted from 3 M HNO3 medium and, in this case, the AR
value is close to that of the Eu-TODGA complex. In the case of
the Eu3+-T12C4ODGA complex, where Eu3+ was extracted
from the HClO4 medium, the AR value is higher, which
indicates that some of the coordinating O atoms of the ligand
molecule might come closer to the Eu3+ ion, resulting in
unequal Eu−O distances and thereby decreasing the symmetry
around the Eu3+ ion.
A decay profile of the excited state (Figure 7) of the Eu3+

complex of T12C4ODGA indicates that there is a signature of
biexponential decay with lifetime values of 237 and 1962 μs
(Table 2) when Eu3+ was extracted from a HClO4 medium.
This suggests that either two different types of extractable

species are present or there are two Eu3+ ions in different
chemical environments. The slope values (1.75 and 1.77 from
HNO3 and HClO4 medium, respectively, in Figure 2) observed
in the solvent extraction studies involving varying ligand
concentrations also indicated that the mixed species, viz, ML
and ML2 or a contribution of M2L3, are responsible for the
extraction of Eu3+ ions, which can be extrapolated to that of
the Am3+ ion as well. The number of inner sphere water
molecules (NH2O) around the Eu3+ ions were calculated from
their lifetime values, as described in the Supporting
Information. As shown in Table 2, there are four water
molecules bonded to the Eu3+ ion, resulting in a lifetime value
of 237 μs for one of the extracting species obtained from a
perchloric acid medium. The other species having a lifetime
value of 1962 μs does not have any inner sphere water
molecule. On the other hand, the Eu3+ complex of
T12C4ODGA extracted from the 3 M HNO3 medium,
showed a lifetime value of 324 μs for the shorter-lived
component, indicating the presence of three inner sphere water
molecules. However, the longer-lived component showed a
similar lifetime value (1921 μs). This suggests that the stronger
complexation efficiency of nitrate, compared to perchlorate,
results in the removal of more water molecules from the inner
sphere of the Eu3+ ion when it was extracted from the HNO3
medium. However, as indicated from the excitation spectra
(vide supra) and the relatively larger DEu values obtained from
HClO4 mediumvis-a-̀vis, those from the HNO3 mediumit
appears that the contribution of the water-containing species is
very low in the case of the former. This is also clear from the
near straight line decay profile for the HClO4 extract (see
Figure 7).
In order to further understand the nature of the complexes,

the extraction was performed using an excess of Eu3+ (10 mM)
in the 3 HNO3 medium, using 2.5 mM T12C4ODGA. and
luminescence studies were performed using this organic
extract. Interestingly, no significant difference in the lifetime
value (341 μs) of the shorter-lived component was observed,
whereas the lifetime of the longer-lived component was found
to decrease drastically to 1509 μs. This is probably due to the

Figure 4. Effect of NaNO3 concentration on (a) distribution ratio (DM) and (b) conditional distribution coefficient (Kd) of Am3+ and Eu3+.
Organic phase: 2 × 10−5 M (for Am) and 1 × 10−5 M (for Eu) T12C4ODGA in 5% iso-decanol/n-dodecane; aqueous phase: 1 × 10−2 M HNO3
containing varying NaNO3 concentrations.
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presence of nitrate ion(s) at the inner coordination sphere of
Eu3+, which is possible by replacing some of the coordination
sites of the T12C4ODGA ligand when an excess Eu3+ was
equilibrated with a limited amount of the ligand. One can also
consider that with a 4:1 (M:L) ratio, each one of the four DGA
moieties may be bound to one Eu3+ ion, as presented in
Scheme 2, which is in sharp contrast to the representation
shown for a 1:1 (M:L) ratio in the previous luminescence

study (with lifetime value of 1921 μs, vide supra). While the
1:1 complex in Scheme 2 has more “choice” for the metal ion
to bind to any of the four DGA moieties, such “choice” is
restricted in the case of the 4:1 complex. The more ordered
complex in the latter case has a higher possibility of binding to
nitrate ions, although there is no direct evidence to prove this.

DFT Studies. Free Ligand. For a better insight into the
exact nature of bonding, DFT studies were conducted on
T12C4ODGA and its methyl derivative (T12C4MDGA), so
that we can understand the role of alkyl groups of the DGA
arms on the complexation behavior of Am3+ and Eu3+. The

Figure 5. Excitation spectra of the Eu3+ complex of T12C4ODGA in
the organic extract (λem = 612 nm); Organic phase: 1 × 10−3 M
T12C4ODGA in 5% iso-decanol/n-dodecane; aqueous phase: 1 ×
10−3 M Eu3+ in 3 M HNO3 or HClO4.

Figure 6. Emission spectra of the Eu3+ complex of T12C4ODGA in
the organic extract (λex = 394 nm); organic phase: 1 × 10−3 M
C12C4DGA in 5% iso-decanol/n-dodecane; aqueous phase: 1 × 10−3

M Eu3+ in 3 M HNO3 or HClO4.

Table 2. Asymmetric Ratio (AR), Luminescence Lifetime (τ), and Number of Inner Sphere Water Molecules (NH2O) in the
Eu3+ Complex of T12C4ODGA in the Organic Extract

experimental conditions AR τ1 (μs) NH2O τ2 (μs) NH2O

aqueous phase: 1 × 10−3 M Eu3+ in 3 M HNO3 organic phase: 100 mM TODGA in 5% iso-decanol/n-dodecane 2.03 − − 2075 ± 1 0
aqueous phase: 1 × 10−3 M Eu3+ in 3 M HClO4 organic phase: 2.5 × 10−3 M T12C4ODGA in 5% iso-decanol/n-
dodecane

2.50 237 ± 8 4 1962 ± 2 0

aqueous phase: 1 mM Eu3+ in 3 M HNO3 organic phase: 2.5 × 10−3 M T12C4ODGA in 5% iso-decanol/n-
dodecane

2.07 324 ± 3 3 1921 ± 2 0

aqueous phase: 10 mM Eu3+ in 3 M HNO3 organic phase: 2.5 × 10−3 M T12C4ODGA in 5% iso-decanol/n-
dodecane

2.42 341 ± 1 3 1509 ± 1 0

Figure 7. Luminescence decay profile of the Eu3+ complex of
T12C4ODGA in the organic extract (λex = 394 nm and λem = 612
nm); organic phase: 1 × 10−3 M T12C4ODGA in 5% iso-decanol/n-
dodecane.

Scheme 2. Schematic Representations of the 1:1 and 4:1
(M:L) Complexes Expected at Lower and Higher Eu3+

Concentrations
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optimized geometries of T12C4MDGA and T12C4ODGA are
shown in Figure 8, and their coordinates are provided in the

Supporting Information. The geometrical constraint of the four
N atoms of the azacrown ring leads to a divergent nature of the
four DGA arms. We can clearly see here that the center point
of the DGA arms, i.e., the ethereal oxygens are well-separated
from each other and, therefore, simultaneous coordination of
multiple DGA arms to a single metal ion is not geometrically
feasible. We considered a hypothetical geometry (Figure 8c),
where all the four DGA arms in T12C4MDGA are
preorganized in the syn conformation to coordinate to the
metal ions. In this structure, also divergence in the DGA arms
is observed. Because of the absence of any spacer between the
tetra-aza ring and the DGA arms, the flexibility of the DGA
arms is limited and, therefore, the coordination of multiple
DGA arms from one ligand molecule is unlikely. The ligand
molecule here can bind in a tridentate fashion with only one
DGA arm. Figure 9 shows the distribution of natural charges
on different O donor sites of the four DGA arms of
T12C4MDGA and T12C4ODGA. Interestingly, despite their
nonequivalence nature, no significant difference in the natural

charges on the two carbonyl O atoms of the DGA pendent
arms was observed. It was also interesting to note here that the
electronic charges on the carbonyl O atoms were less when the
DGA arms were present in the syn conformation, whereas as
the two carbonyl O atoms of the DGA arms were oriented in
the opposite direction, the charges became more negative.

Am3+ and Eu3+ Complexes of T12C4MDGA and
T12C4ODGA. The solvent extraction studies indicated the
formation of a 1:2 complex as the major extractable species,
along with the possibility of the formation of a 1:1 complex (to
a lesser extent) with a ligand dependence of 1.65−1.77. The
slope value was found to be marginally lower in the case of
Am3+, compared to that of Eu3+, suggesting a higher
contribution of the 1:1 complex in the extraction of Am3+.
DFT calculations on the free T12C4MDGA and
T12C4ODGA molecules suggested that only one arm of
each ligand can coordinate to a single metal ion. The time-
resolved luminescence study further confirmed the presence of
three water molecules in the 1:1 complex, whereas no inner
sphere water molecule was present in the 1:2 complex having a
higher lifetime value. In order to perform DFT calculations on
the 1:1 complex, therefore, one ligand and three water
molecules satisfied at the most six coordination sites, and the
remaining three coordination sites were satisfied by three
nitrate ions, forming a species of the type ML(H2O)3(NO3)3.
In the case of the 1:2 complex, on the other hand, the
coordination numbers of the Am3+ and Eu3+ ions were
saturated only by nitrate ions. Various ML2 types of the Am

3+

and Eu3+ complexes with varying numbers of nitrate ions from

Figure 8. Optimized geometry of (a) T12C4MDGA, (b)
T12C4ODGA, and (c) a hypothetical geometry of T12C4MDGA,
where each of the four DGA arms are preorganized for complexation.

Figure 9. Natural charges on different O donor sites of the four DGA
arms of (a) T12C4MDGA and (b) T12C4ODGA (hydrogen atoms
are omitted for better clarity).
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1 to 3 were considered and the geometry of the complex of the
type ML2(NO3)2

+ was only converged for both of the metal
ions. The optimized geometries of the Am3+ and Eu3+

complexes of T12C4MDGA and T12C4ODGA are shown in
Figures 10 and 11, and the structural parameters are listed in
Table 3. The coordinates of the optimized structures of all the
complexes are provided in the Supporting Information (Tables
S1 and S2). In the case of 1:1 complexes, not much structural
difference was noticed between the Am3+ and Eu3+ complexes
considering the M−O bonds of T12C4MDGA and
T12C4ODGA. The etheric oxygen seems to be non-
coordinating in these complexes with a M−O bond length of
>3 Å. Three nitrate ions in the inner coordination sphere in
this complex were stabilized by hydrogen bonding interactions
with the three inner sphere water molecules in the case of both
T12C4MDGA and T12C4ODGA complexes. In the case of
the 1:2 complexes, it was observed that, out of the two nitrate
ions, one acted as a monodentate, whereas the other one
behaved as a bidentate ligand. It is clear from Table 3 that both
nitrate ions are present closer to the Am3+ ion than to the Eu3+

ion in their complexes with T12C4MDGA, despite the larger
ionic size of the first one. This indicates a stronger interaction
of the nitrate ions with Am3+ than with Eu3+, which is further
supported by the higher transfer of charge from the nitrate ions
(ΔQNO3

−) to the Am3+ ion than that to the Eu3+ ion for both

types of complexes (Table 4). However, this effect was
weakened in the complexes of T12C4ODGA, where the Am−
O and Eu−O bond distances became more similar, compared
to the complexes of T12C4MDGA.

If one closely looks into the M−O distances between the
Am3+ or Eu3+ ions and the coordinating O atoms of
T12C4MDGA and T12C4ODGA, it can be observed that
the DGA arms of each of all the ligands bind unsymmetrically
in the 1:2 complexes, where one of the carbonyl oxygens,
which are adjacent to the azacrown ring, are at a larger distance
from the metal ions than the other carbonyl oxygen of the
DGA arm (see Figures 12 and 13), despite having a similar
charge distribution between the two carbonyl oxygens of each
DGA arm (Figure 9). In the case of simple DGA ligands, viz,
TODGA,24−26 however, the binding is more symmetrical. The
geometrical constrain due to the attachment of the
coordinating DGA arm to the azacrown ring and the presence
of other three noncoordinating DGA arms of each of the
T12C4MDGA and T12C4ODGA ligand molecules make the
symmetrical approach of the DGA unit to the metal ion
difficult.
In the ML(H2O)3(NO3)3 type of complex, Table 3 shows

that the M−O bond distances for the carbonyl O atoms are
not significantly different, whereas the etheric oxygen atoms
are more closer in the case of the Eu3+ complex than in the
case of the Am3+ complex, in the case of both T12C4MDGA
and T12C4ODGA. This suggests that the alkyl groups on the
DGA arms do not have a significant effect on the first
coordination sphere of the metal ions. Natural population
analysis indicates that lesser charge was transferred from nitrate
ions to the metal ion and more charge was transferred from the
T12C4MDGA or T12C4ODGA and water molecules to the
metal ion in the case of the Eu3+ complex (Table 4). Several
steps are involved in the extraction of a metal ion, viz,
desolvation of the metal ion and the ligand molecules prior to

Figure 10. Optimized geometries of the ML(H2O)3(NO3)3 type complex of (a) Am3+, (b) Eu3+ and ML2(NO3)2
+ type of complexes of (c) Am3+,

and (d) Eu3+ with T12C4MDGA.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b02605
Inorg. Chem. 2019, 58, 14885−14899

14893

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02605/suppl_file/ic9b02605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02605/suppl_file/ic9b02605_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02605


the complexation process, and the complexes must be solvated
in the organic medium. In the present work, therefore, the
solvent effects are considered using the Conductor like
Screening Model (COSMO),27 where the aqueous and organic
phases are considered as the continuous dielectric media
having the dielectric constant values of 80 (for water) and 2
(for n-dodecane). The gas and solution interaction energies
required for the extraction of the Am3+ and Eu3+, considering
the 1:1 and 1:2 complexes as the extractable species, are given
in Table 5, which shows that, in the case of T12C4MDGA, the
extraction of Am3+ is more favorable (more negative ΔEsol
value) than that of Eu3+, which is not observed from the
solvent extraction studies. After considering the full n-octyl
chain on the DGA arms, i.e., for T12C4ODGA complexes,
Eu3+ extraction becomes more favorable in the case of both the
1:1 and 1:2 complexes and this is exactly observed from the
solvent extraction studies (see Table 1). With regard to the
ΔEsol values, when compared for the 1:1 and 1:2 complexes, it
is interesting to note that, in the case of Am3+, the 1:1 complex
is more favored than that in the case of Eu3+ and this probably
led to a lower slope value (1.65) in the case of Am3+ extraction,
compared to that (1.75) in the case of Eu3+ extraction (Figure
2). For such a big molecules, viz, T12C4ODGA and its
complexes, the effect of dispersion interactions cannot be

neglected and, therefore, the dispersion interactions, in the
case of T12C4ODGA and its Eu3+ complexes, were calculated
using the Grimme’s DFT-D3 approach;28−30 the results are
provided in the Supporting Information (Table S3). The
dispersion energy for the T12C4ODGA molecule was found to
be −8.47 eV. Apparently, the dispersion interaction
stabilizesthe 1:2 complex to a greater extent than the 1:1
complex with the dispersion energy values (Edisp) of −19.96
and −10.85 eV, respectively. However, the contribution of the
dispersion interaction to their interaction energies (ΔEdisp) was
found to be very similar in the 1:1 (−2.35 eV) and 1:2 (−2.99
eV) complexes. Dispersion interactions could not be calculated
for the Am3+ complexes, because it is not yet implemented in
the TURBOMOLE package; however, we can expect similar
effects as observed in the Eu3+ complexes. Preferential
extraction of Eu3+ over Am3+ ion is a special feature of
DGA-based ligands including TODGA. The smaller ionic
size31 of Eu3+ (106.6 pm for coordination number of 8), vis-a-̀
vis, that of Am3+ (109 pm for coordination number of 8), may
be responsible for the higher extraction of the former ion based
on an empirical suggestion of preferential extraction of ions
with ionic radii close to 100 pm by TODGA. This fits well to
the reverse micelle formation with 3−4 ligand molecules.1

However, such reverse micellar mechanism may not be a

Figure 11. Optimized geometries of the ML(H2O)3(NO3)3-type complex of (a) Am3+, (b) Eu3+ and ML2(NO3)2
+ type of complexes of (c) Am3+

and (d) Eu3+ with T12C4ODGA.
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possibility in the case of the multiple DGA ligands. Our studies
with HONTA (N,N,N′,N′,N′′,N′′-hexa-n-octylnitrilotriace-
tate), on the other hand, showed preferential Am3+ ion
extraction, vis-a-̀vis, the Eu3+ ion, which was based on stronger
bonding with Am3+ ion also due to “soft−soft” interaction with
the N atom.32

Figure 14 shows the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of the 1:1 complexes of Am3+ and Eu3+. In the LUMO of both
complexes, there is a significant contribution of the metal
centered f and d orbitals. The higher f and d orbital energies of
Am3+, compared to those of Eu3+, lead to the lifting of the
LUMO in the Am3+ complex, which ultimately results into a
higher HOMO−LUMO gap. In the HOMO, however, there is
no contribution of the metal orbitals in the Eu3+ complex,
whereas in the Am3+ complex, the HOMO has a contribution
from the Am 5f and 6d orbitals. These features of the frontier
molecular orbitals are very similar in the complexes of both
T12C4MDGA and T12C4ODGA, indicating insignificant
influence of the alkyl group in the metal−ligand bonding

when it changed from a methyl group to an n-octyl group.
More frontier orbitals (LUMO to HOMO−7) of Am3+ and
Eu3+ complexes of T12C4MDGA are shown in Figures S8 and
S9 in the Supporting Information, where it is clearly observed
that, in many of the occupied molecular orbitals, there is a
contribution from the metal-based orbitals in the case of the
Am3+ complex. In the case of the Eu3+ complex, on the other

Table 3. Structural Parameters in 1:1 and 1:2 Complexes of Am3+ and Eu3+ with T12CMDGA and T12C4ODGA

ML(H2O)3(NO3)3 ML2(NO3)2
+

Am−O (Å) Eu−O (Å) Am−O (Å) Eu−O (Å)

T12C4MDGA T12C4ODGA T12C4MDGA T12C4ODGA T12C4MDGA T12C4ODGA T12C4MDGA T12C4ODGA

NO3
− (mono)

2.364 2.390 2.417 2.435 2.33 2.368 2.41 2.394
2.456 2.451 2.468 2.467 2.33 2.368 2.41 2.394
2.518 2.516 2.504 2.499 2.33 2.368 2.41 2.394

NO3
− (bi)

− − 2.48 2.449 2.50 2.491
− − 2.52 2.566 2.58 2.563

H2O
2.439 2.439 2.424 2.431 − −
2.451 2.459 2.465 2.473 − −
2.490 2.505 2.564 2.551 − −

L (carbonyl)
2.44 2.448 2.44 2.455 2.41 2.356 2.39 2.379
2.51 2.449 2.49 2.510 2.62 2.573 2.68 2.569
− 2.37 2.436 2.39 2.422
− 2.54 2.574 2.52 2.620

L (etheric)
3.25 3.228 3.23 2.976 2.82 2.713 2.71 2.734
− − 2.81 2.866 2.77 2.834

Table 4. Natural Charge Distribution and Energetics in
Am3+ and Eu3+ Complexes of T12C4MDGA and
T12C4ODGA

complex QM QNO3
− ΔQNO3

− ΔQH2O ΔQL

Ligand: T12C4MDGA
AmL(H2O)3(NO3)3 1.888 −2.255 0.745 0.132 0.235
EuL(H2O)3(NO3)3 1.887 −2.289 0.711 0.162 0.240

Ligand: T12C4MDGA
[AmL2(NO3)2]

+ 1.922 −1.515 0.485 − 0.296
[EuL2(NO3)2]

+ 1.929 −1.525 0.475 − 0.298
Ligand: T12C4ODGA

AmL(H2O)3(NO3)3 1.881 −2.274 0.726 0.142 0.250
EuL(H2O)3(NO3)3 1.871 −2.284 0.716 0.154 0.259

Ligand: T12C4ODGA
[AmL2(NO3)2]

+ 1.915 −1.514 0.485 − 0.300
[EuL2(NO3)2]

+ 1.914 −1.497 0.503 − 0.291

Figure 12. Simplistic view of the coordination of T12C4MDGA to
(a) Am3+ and (b) Eu3+ in its complexes of the type ML2(NO3)2

+

(where L = T12C4MDGA).
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hand, there is no signature of the metal-based orbitals in any of
the occupied MOs at the frontier levels.
EXAFS Studies. Solvent extraction studies indicated that

ML2 species were predominantly extracted in the organic
phase. EXAFS studies, along with the DFT-based calculations,

were performed in order to explore the structure of the
extracted complexes. The time-resolved luminescence study
indicated the presence of two species in the organic extract
with two very distinct lifetime values. The shorter-lived
complex contains three inner sphere water molecules, whereas
no inner sphere water molecules are observed in the longer-
lived species. Therefore, the shorter-lived species was
considered as ML type with three water and three nitrate
ions and the longer-lived species was attributed to the ML2
type of species. Both the slope values (∼1.7) in the solvent
extraction study and the luminescence decay profile of the Eu3+

complex in the organic extract indicated that ML2 was the
major species. However, there is a certain contribution from
the 1:1 complex also in the EXAFS results of the organic
extract. Therefore, the EXAFS results of the Eu3+ complex of
T12C4ODGA were compared with the structural parameters
of both ML2(NO3)2

+ and ML(H2O)3(NO3)3 type of species
obtained from the DFT calculations (see Table 6). EXAFS
results show that 2−3 of the nearest O atoms are present at a
distance of 2.38 Å. However, the DFT study for the 1:2
complex showed that these O atoms are present at a slightly
larger distance (2.6 Å), whereas for the 1:1 complex, eight O
atoms are expected to be at a distance of 2.48 Å, indicating the
contribution of the 1:1 complex in the extracted species. As per
the EXAFS results, ∼7 C or N atoms are present at a distance

Figure 13. Simplistic view of the coordination of T12C4ODGA to (a) Am3+ and (b) Eu3+ in its complexes of the type ML2(NO3)2
+ (where L =

T12C4ODGA).

Table 5. Gas-Phase (ΔEgas) and Solution-Phase (ΔEsol)
Interaction Energies in Am3+ and Eu3+ Complexes of
T12C4MDGA and T12C4ODGAa

complex ΔEgas (eV) ΔEsol (eV)

Ligand: T12C4MDGA
AmL(H2O)3(NO3)3 −45.93 −4.04
EuL(H2O)3(NO3)3 −47.20 −3.86

Ligand: T12C4MDGA
[AmL2(NO3)2]

+ −42.41 −4.10
[EuL2(NO3)2]

+ −43.39 −3.70
Ligand: T12C4ODGA

AmL(H2O)3(NO3)3 −37.85 4.18
EuL(H2O)3(NO3)3 −49.52 −6.15

Ligand: T12C4ODGA
[AmL2(NO3)2]

+ −25.23 13.14
[EuL2(NO3)2]

+ −45.80 −6.04
aThe COSMO radius of Am was considered to be 1.99 Å, and that of
Eu was taken as 1.903 Å.
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of 3.49 Å and the DFT studies, on the other hand, indicate the
presence of seven C or N atoms at 3.34 ± 0.18 Å in the case of
the 1:2 complex, whereas five C or N atoms at a distance of
3.46 Å in case of the 1:1 complex. This suggests that this peak
in EXAFS is mainly dominated by the scattering in the 1:2
complex. However, there is a contribution of 3−4 C or N
atoms at a distance of 3.77 Å, which cannot be explained based

on the 1:2 complex alone as in this complex a set of three C or
N atoms are present at a maximum distance of 3.58 Å. In the
1:1 complex, however, two C or N atoms are present at a
distance of 3.81 Å, indicating its contribution in the
experimentally observed EXAFS results. The Eu3+ ion, along
with the nine coordinating O atoms in the first coordination
sphere, forms a distorted tricapped trigonal prism, as shown in
Figure 15. The distortion here is quite significant, because of
the structural rigidity of the DGA arms. The bonding could be
more symmetric if the DGA arms could be attached to an
azacrown ring with multiple −CH2− spacers.

■ CONCLUSIONS

T12C4ODGA, a multiple (four) DGA-based ligand, was
synthesized in 81% yield and evaluated for the extraction of
different metal ions, viz, Am3+, Eu3+, Pu4+, UO2

2+, Np4+, and
Cs+. The extraction of Am3+ and Eu3+ was studied in detail to
understand their separation behavior, which is linked to their
bonding. Importantly, this ligand showed a significantly higher
extraction of these trivalent “f ” block elements, compared to
various multiple DGA-based ligands studied previously. Both
the solvent extraction and time-resolved luminescence studies
indicated the formation of 1:1 and 1:2 complexes with three
and no inner sphere water molecules, respectively. Based on
these clues, DFT calculations were performed on free ligand
and the 1:1 and 1:2 complexes of the methyl, as well as n-octyl,
derivatives of T12C4ODGA (i.e., T12C4MDGA and
T12C4ODGA both in the gas and solution phase).
Experimentally observed trends in the extraction of Am3+

and Eu3+ could be rationalized in a much better way when
the calculations were performed with the n-octyl derivative, i.e.,
T12C4ODGA where the dispersion interactions are addressed

Figure 14. Frontier molecular orbitals of the 1:1 Am3+ and Eu3+ complexes of (a) T12C4MDGA and (b) T12C4ODGA.

Table 6. Comparison of the Structural Parameters Obtained
from an EXAFS Study and those Calculated from a DFT
Study for the 1:2 and 1:1 Complexes of the Type
ML2(NO3)2

+ and (ML(H2O)3(NO3)3) (Where L =
T12C4ODGA)

parameter EXAFS
DFT

(ML2(NO3)2
+)

DFT
(ML(H2O)3(NO3)3)

Path: Eu−O
R (Å) 2.38 ± 0.01 2.40 ± 0.02 2.48 ± 0.04

N 2.89 ± 0.0.08 3 8
σ2 0.0012 ± 0.0013 − −

Path: Eu−O
R (Å) 2.42 ± 0.01 2.64 ± 0.13 2.98
N 5.79 ± 0.34 6 1
σ2 0.0042 ± 0.0012 − −

Path: Eu−N/C
R (Å) 3.49 ± 0.03 3.34 ± 0.18 3.46 ± 0.03
N 6.76 ± 0.20 7 5
σ2 0.0075 ± 0.0049 − −
R (Å) 3.77 ± 0.04 3.58 ± 0.05 3.81 ± 0.01
N 3.86 ± 0.16 3 2

σ2 0.0022 ± 0.0019
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using the DFT-D3 approach. The overall contribution of the
dispersion interactions in the interaction energies was found to
be very close for the 1:1 and 1:2 complexes. The results
suggested higher interaction energies in the case of the Eu3+

complex, compared to that of the Am3+ complex, both from
the gas- and solution-phase studies, which was ultimately
reflected in the higher extraction of Eu3+, compared to that of
Am3+ in the solvent extraction studies. The higher contribution
of the 1:1 complex in the overall extraction of Am3+, compared
to that of Eu3+, is also validated from the DFT studies. An
EXAFS study was perrformed on the extracted complex of
Eu3+, which was corroborated with the results obtained from
the DFT study, where the contribution of the 1:1 complex in
the extractable species along with that of the 1:2 complex, is
noted. The very high extraction efficiency of this ligand for
both Am3+ and Eu3+ suggests that this can be used for the
extraction of the minor actinides, as well as the trivalent
lanthanides, which can be subjected to the group separation,
followed by the transmutation of the trivalent actinide ions.
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