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ABSTRACT: A novel tripodal diglycolamide ligand containing a triazama-
crocycle center (2,2′,2′′-(((1,4,7-triazonane-1,4,7-triyl)tris(2-oxoethane-2,1-
diyl)) tris(oxy)) tris(N,N-dioctylacetamide), abbreviated as T9C3ODGA)
was synthesized and characterized by conventional techniques. The ligand
resulted in efficient extraction of actinide/lanthanide ions yielding the trend:
Eu3+ > Pu4+ > Am3+ > NpO2

2+ > UO2
2+ > Sr2+ > Cs+. Similar to most of the

other diglycolamide (DGA) ligands, Eu3+ was preferentially extracted as
compared to Am3+; the separation factor (DEu/DAm) value at 3 M HNO3 was
ca. 4.2. In contrast, separation from UO2

2+ ion was less effective as compared
to that of other tripodal DGA ligands studied earlier. Solvent extraction
studies indicated extraction of species of the ML2 (where L is T9C3ODGA)
stoichiometry. The formation of an inclusion complex with no inner-sphere
water molecule was confirmed from luminescence spectral studies. DFT
computations predicted the presence of an inner-sphere nitrate ion in the most preferred complex, which was also supplemented
by EXAFS and luminescence studies. The selectivity of T9C3ODGA could be explained on the basis of its more favorable
interactions with Eu3+ as compared to those with Am3+ both in the gas and the solution phases.

■ INTRODUCTION

Nuclear power can be considered a benign source of energy if
the long-term risks due to radioactive byproducts can be taken
care of efficiently. The long-lived radionuclides, obtained by
the fission/activation reactions, can be separated from high-
level waste by suitable separation methods followed by
transmutation in high flux reactors or accelerator driven
subcritical systems (ADSS).1 Selective separation of minor
actinides, also known as actinide partitioning,2 has been
attempted with extractants such as CMPO (carbamoylmethyl-
phosphine oxide),3 malonamide,4 DIDPA (diisodecylphos-
phoric acid),5 etc.6 However, diglycolamide (DGA)7 extrac-
tants such as TODGA (N,N,N′,N’-tetra-n-octyl-diglycolamide)
appear to be far superior to other extractants, and several
engineering-scale runs have been reported with reasonable
success.8 While TODGA extracts minor actinides such as Am,
Cm, and Np to a large extent, appreciable coextraction of U
and Sr has also been reported.9 There have been considerable
efforts to develop separation methods for a better decontami-
nation of these unwanted metal ions.10

While trying to understand the mechanism of extraction,
Jensen et al. proposed a reverse micellar extraction mechanism
where the DGA molecules apparently form an aggregate in a
nonpolar diluent like n-dodecane, responsible for the
preferential extraction of trivalent lanthanide/actinide ions as
compared to the tetra- and hexavalent actinide ions.11 In case
of TODGA, the number of complexing molecules has been
reported to be 3−4 with trivalent lanthanide/actinide ions.12

In view of this, multiple DGA extractants have been
investigated over the past decade or so and the results are
highly promising. Submillimolar solutions of DGA-function-
alized calix[4]arenes (C4DGA) have been found to
quantitatively extract trivalent lanthanide/actinide ions from
acidic feeds (distribution ratios > 300) with almost no
extraction of uranyl/Sr2+ ions.13 DGA-functionalized den-
drimers have also been found to be promising with similar
selectivities as seen with the C4DGA ligands.14 Most
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interesting results were obtained, however, in case of tripodal
DGA ligands, varieties of which were evaluated in the recent
past, with C-pivot,15 N-pivot,16 or a benzene ring at the center
(Figure 1).17 The N-pivot tripodal, termed TREN-DGA, was

reported to display an unique extraction behavior, namely,
entirely opposite of that of the C-pivot ligand T-DGA.16 In
contrast, the extraction behavior of benzene-centered tripodals,
termed Bz-T-DGA, was dependent on the functional groups
present close to the central benzene ring. In all these cases, the
topology of the ligating groups appears to dictate the
extractability as well as selectivity. It was proposed to append
DGA groups onto polyaza-macrocycles to result in a favorable
topology for suitable metal−ligand binding.
In the present study, a triazamacrocyclic ligand was used as

the scaffold, which was tethered to three DGA groups, and the
resulting ligand was used for actinide/lanthanide ion extraction
(Scheme 1). The present study involves synthesis, character-
ization and metal ion extraction studies using trivalent
lanthanide/actinide ions. An attempt was also made to
understand the nature of the Eu3+ complex using luminescence
spectroscopy as well as EXAFS. Finally, DFT computations
were carried out to obtain the energy minimized complex
structure, to get insight in the nature of ligand coordination,
and to understand the extraction behavior of T9C3ODGA for
Am3+ and Eu3+.

■ EXPERIMENTAL SECTION
General. The T9C3ODGA ligand was synthesized as detailed

below. n-Dodecane (99%) and iso-decanol (99%) were procured from
Lancaster, United Kingdom, and SRL, Mumbai, respectively, and
were used as procured. Suprapur HNO3 (Merck) was used for the
preparation of all HNO3 solutions using Milli-Q water (Millipore),
which were standardized using a standard NaOH (BDH) solution and
phenolphthalein (Fluka) indicator. 2-Thenoyltrifluoroacetone (TTA)
was procured from Sigma-Aldrich and for each experiment a fresh
stock solution was prepared to minimize photolytic degradation.
1,4,7-Triazacyclononane trihydrochloride, triethylamine, and Amber-
lyst 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)acetate18 was prepared
according to literature procedures. All other reagents were AR-grade.

1H and 13C NMR spectra were recorded on a Bruker 400 MHz
NMR spectrometer. ESI mass spectra were recorded on a Micromass
LCT ESI-TOF mass spectrometer with LCT V4.1 SCN728 software
from Waters, Inc.

Radiotracers. 233U, 237Np, Pu (mainly 239Pu), and 241Am tracers
were taken from the laboratory stocks, which were freshly purified.
152,154Eu was obtained after irradiation of specific pure Eu2O3 in the
Dhruva reactor at BARC at a neutron flux of 1.0 × 1013 n/cm2/s for
about 35 days and after ascertaining its radiochemical purity. 137Cs
and 85,89Sr tracers were procured from BRIT (Board of Radiation and
Isotope Technology) Mumbai, and were used after subsequent
dilutions. 241Am was purified from the accumulated decay product
(237Np) after adjusting the oxidation state of Np to the +4 state by
hydroxylamine hydrochloride followed by TTA extraction.19 233U was
purified from its decay products including 229Th following an anion
exchange method reported in the literature.20 The purification of the
Pu stock was accomplished following a method reported on TTA
extraction.21 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,22 while NpO2

2+ was prepared by an oxidation using K2Cr2O7.
23

The alpha emitting radionuclides (233U, 237Np, and Pu) were
assayed radiometrically by a liquid scintillation counting system
(Hidex, Finland) using the Ultima Gold (PerkinElmer) scintillation
cocktail. In contrast, gamma ray emitting radionuclides, viz., 241Am,
152,154Eu, 137Cs, and 85,89Sr, were assayed using a well type NaI(Tl)
scintillation counter (Para Electronics) interphased with a multi-
channel analyzer (ECIL, India).

Synthesis of 2,2′,2′′-(((1,4,7-Triazonane-1,4,7-triyl)tris(2-
oxoethane-2,1-diyl)) tris(oxy)) tris(N,N-dioctylacetamide)
(T9C3ODGA). A solution of 4-nitrophenyl 2-(2-(dioctylamino)-2-
oxoethoxy)acetate (730 mg, 1.53 mmol), 1,4,7-triazacyclononane
trihydrochloride (119 mg, 0.5 mmol), and triethylamine (314 mg, 3.1
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 solvent
above the resin, whereupon a pluck of cotton was placed. The residue

Figure 1. Various tripodal DGA derivatives.

Scheme 1. Preparation of T9C3ODGA
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of the reaction, obtained after removal of the toluene under reduced
pressure, 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 give the product as a colorless oil in 95% yield.

1H NMR (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 = 170.4, 167.9, 70.3, 69.2, 51.2, 47.9, 46.9, 45.9,
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. (Since the ligand is
symmetrical, only one-third of the number of hydrogen atoms is
given for the 1H NMR spectrum.)
Distribution Studies. Liquid−liquid extraction studies of

lanthanide, actinide, and fission product ions were carried out by
vortexing equal volumes (usually 0.5−1 mL) of the organic phase,
containing 1 mmol/L ligand solutions in 5% iso-decanol (IDA)/n-
dodecane, and aqueous phase, containing the required tracer (233U,
237Np, Pu (mainly 239Pu), 241Am, and 152,154Eu) in HNO3 solutions in
leak-tight Pyrex tubes in a thermostat-equipped water bath at 25 ± 0.1
°C for 1 h. Subsequently, the tubes were centrifuged and aliquots
(usually 0.1 mL) were taken out from both the phases for subsequent
radiometric assay (vide supra). 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, and 10−5 M for Eu, U,
and Sr. The solvent extraction studies were carried out for a single
element at a time using the respective radiotracer as mentioned above.
The distribution ratio (DM) values were obtained as the ratio of the

metal ion 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%.
Luminescence Studies. Luminescence studies on the organic

extract of Eu3+ in 1 mM T9C3ODGA in 5% IDA/n-dodecane
medium and single-phase Eu3+ complexation with T9C3ODGA,
varying the metal to ligand ratio in methanol medium, were carried
out using a Horiba PTI Quantamaster (QM 400) steady-state and
lifetime spectrofluorimeter. Eu3+ (0.1 mM, 1.5 mL) was titrated by
incremental addition of 1.87 mM T9C3ODGA in methanol medium
in absence and presence of excess (0.3 M) nitrate ions by adding
tetramethylammonium nitrate (TMAN). Methanol was chosen as the
solvent for the single phase complexation due to the free solubility of
both the Eu(NO3)3 and T9C3ODGA in this medium.
DFT Computational Studies. We considered the methyl

derivative 2,2′,2′′-(((1,4,7-triazonane-1,4,7-triyl)tris(2-oxoethane-2,1-
diyl)) tris(oxy)) tris(N,N-dimethylacetamide) (T9C3MDGA) in
place of the corresponding dioctyl acetamide derivative
(T9C3ODGA), and consequently, the difficulties in convergence
due to the C−C single bond rotation of the long hydrocarbon could
be avoided. All the calculations were performed using the
TURBOMOLE 7.0 program package.24 The geometries of
T9C3MDGA and its Am3+ and Eu3+ complexes were optimized at
the GGA level of density functional theory (DFT) by using Becke’s
exchange functional25 in conjunction with Perdew’s correlation
functional26a (BP86) with generalized gradient approximation
(GGA). The geometries obtained by energy minimization were
used for the calculation of vibrational frequencies. A total of 60
electron core pseudopotentials (ECPs) along with the corresponding
def-SV(P) basis set as implemented in the TURBOMOLE suite of
programs were selected for the Am3+ ion, whereas 28 ECPs along with
the corresponding def-SV(P) basis set were chosen for Eu3+. All the
other lighter atoms were treated at the all electron (AE) level. Natural
population analysis (NPA)26b is known to have improved numerical
stability than the conventional Mulliken Population Analysis (MPA);
and moreover, the electron distribution in compounds of high ionic
character, such as metal complexes, is described in much superior way
by the NPA. NPA analysis was, therefore, performed in the present
work to calculate the atomic charges in the Am3+ and Eu3+ complexes.
NPA26b was performed on the complexes of Am3+ and Eu3+ to

calculate the natural charges using the hybrid B3LYP density
functional25,27 employing the triple-ζ valence plus polarization
(TZVP) basis set28 using equilibrated structures obtained at the
BP86/SVP level of theory as implemented in the TURBOMOLE
suite of programs. In the case of Am3+ and Eu3+, the high-spin septet
was found to be the ground-state configuration. In the present
chemical system, the close matching of the ⟨S2⟩ values with the S(S +
1) ideal values indicated negligible spin contamination. The
correction for the dispersion forces was incorporated for the free
ligand and its Eu3+ complexes by the DFT-D3 approach developed by
Grimme.29 The effect of solvent was incorporated by the COnductor-
like Screening Model (COSMO) approach as implemented in the
TURBOMOLE 7.0 program package where the radii of Am3+ and
Eu3+ were considered to be 2.045 and 1.903 Å, and the dielectric
constant of 5% IDA/n-dodecane and water were considered 2.20 and
80.2, respectively.

EXAFS Studies. The sample for the extended X-ray absorption
fine structure (EXAFS) measurement was prepared by equilibrating 1
mM Eu(NO3)3 solution in 3 M HNO3 with 1 mM T9C3ODGA in
5% IDA/n-dodecane medium. After separating the two phases, the
organic phase was taken in a specially designed quartz cell with kapton
window. The EXAFS study was done at the L3 edge of Eu3+ to
understand the local structure around Eu3+ in the Eu3+−T9C3ODGA
complex in the organic extract. The EXAFS measurements were
carried out in fluorescence mode, at the INDUS-2 Synchrotron
Source (2.5 GeV, 200 mA) on the Scanning EXAFS beamline (BL-
09) at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India. The details of the beamline can be found
elsewhere.16

The EXAFS data analysis was performed using a set of programs
available within the IFEFFIT software package for background
correction, normalization, and fitting of the experimental EXAFS data
with the guess structure. The ATHENA software was used for both
data reduction and its Fourier transform of the absorption data to real
space. The generation of the theoretical EXAFS spectra from the
guess structure and its fitting with the experimental data was done
with ARTEMIS software using the FEFF 6.0 code.

■ RESULTS AND DISCUSSION

Preparation of the Ligand. The ligand, T9C3ODGA,
was prepared in 95% yield by reaction of commercially
available 1,4,7-triazacyclononane trihydrochloride with p-
nitrophenyl-activated DGA in refluxing toluene (Scheme 1).
In its 1H NMR spectrum, the signals of the DGA OCH2 units
and the methylene groups of the azamacrocyle are not only
rather complex, but also broadened. The azamacrocycle
hinders the movement of the DGA moieties and this is
reflected in a broadening of the signals between 4.6 and 3.4
ppm.

Solvent Extraction Studies. Extraction studies of Am3+

and Eu3+ were carried out as a function of the equilibration
time and the equilibrium was found to be attained within 5
min (Supporting Information). For all subsequent experi-
ments, however, the equilibration was carried out for 1 h for
the sake of convenience. Similar to other multiple DGA
ligands, the extraction of both Am3+ and Eu3+ was found to
increase with increasing HNO3 concentration up to 3 M in the
aqueous phase and beyond that the extraction of both metal
ions was found to decrease marginally due to the competition
from the H+ ions (Figure 2). The extraction of trivalent Eu3+

and Am3+ions was significantly larger than that reported for
other tripodal ligands such as T-DGA or TREN-DGA (Table
1). This can be explained by the fact that in the present case
the extracted complex shows lesser stereochemical constraints
as the three DGA arms rest on the macrocyclic ring, while the
DGA moieties are bound to a single atom at the center for
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TREN-DGA (N) or T-DGA (C). However, the Benz-T-DGA
results were marginally superior for both Eu3+ and Am3+ ion
extraction, though the selectivity observed in the present case
was superior to that reported with the former (Table 1). It is
interesting to note that while aza-crown ether ligands are
known to get protonated under the acid concentration used,30

the extraction or the selectivity were not significantly affected.
To determine the metal−ligand stoichiometry in the

extractable complexes, extraction studies of both the metal
ions were carried out varying the concentration of
T9C3ODGA in the organic phase and the results indicated
that both Am3+ and Eu3+ were extracted as 1:2 complexes in
5% IDA/n-dodecane medium (Figure 3). The effect of nitrate
ions on the extraction of Am3+ and Eu3+ was studied by varying
the NaNO3 concentration from 0.5 to 6.0 M at a fixed HNO3
concentration of 0.01 M. The results indicated a dependence
of ∼2 for the distribution ratio (DM) of both metal ions on the
nitrate ion. This, however, cannot explain the dependency of
the conditional distribution cooefficient (Kd) ratio of the
concentration of metal ion in the organic phase with respect to
the free (uncomplexed) metal ion concentration in the
aqueous phase (eq 2) on the nitrate ion concentration since
the metal ions are complexed by the nitrate ions in both the
aqueous and organic phases. In order to determine the
dependence of Kd on the nitrate ion concentration, the
aqueous nitrate complexation of the metal ions should be taken
into consideration, and in the present work, the nitrate
complexation was calculated based on the data reported by
Horwitz et al.31 They reported a slope value of ∼2.5 for the

variation of log DAm and log DEu on the nitrate ion
concentration, and after incorporation of the aqueous nitrate
complexation, a dependence of 3 for log Kd on the log[NO3

−]
was determined.31 In the present study, the log Kd values were
also calculated using the nitrate complexation constants
reported by Horwitz et al. and a dependence of log Kd on
the log[NO3

−] was found to be ∼3 for both metal ions (Figure
4). On the basis of the above results the following equilibrium
is proposed for the extraction of both Am3+ and Eu3+ from the
nitrate medium:

+ + ⇔+ −M (aq) 3NO (aq) 2L(org) ML (NO ) (org)3
3 2 3 3

(1)

Conditional distribution coefficient:

= [ ] [ ]+K ML (NO ) (org)/ M (aq)d 2 3 3
3

(2)

while the distribution ratio is defined as

= [ ] [ ]{ + Σβ [ ] }+ +D M (org)/( M 1 NO )i
i

M
3 3

3 (3)

It is worth mentioning here that in spite of the presence of
three N atoms in the triaza-9C3 ring this ligand showed higher
extraction for Eu3+ than Am3+ with separation factor values
ranging from 2 to 5 (4.2 at 3 M HNO3) under different
experimental conditions, which is in line with the results
observed in case of simple DGA derivatives.9a As bonding to
the N atoms of the triaza-9C3 ring would have enhanced Am3+

ion extraction (based on soft−soft interactions), it is
reasonable to assume that the N atoms of the ring do not

Figure 2. Effect of the aqueous phase HNO3 concentration on the
extraction of Am3+ and Eu3+; organic phase: 1 mM T9C3ODGA in
5% IDA/n-dodecane.

Table 1. Extraction Behavior of Different Metal Ions from 3 M HNO3 Using 1.0 × 10−3 M Solutions of Various DGA
Derivatives in 5% IDA/n-Dodecane Medium

metal ion TODGAa,b,32 T-DGAb,16 TREN-DGAb,16 Bz-T-DGA17 T9C3ODGAc

UO2
2+ 0.5 ± 0.05 0.06 ± 0.01 0.02 ± 0.00 0.04 ± 0.01 0.27 ± 0.01

NpO2
2+ 1.11 ± 0.07

Pu4+ 250 ± 35 19.0 ± 1.1 0.25 ± 0.01 103 ± 10.6 89.0 ± 1.0
Am3+ 235 ± 35 11.1 ± 0.06 0.36 ± 0.02 235 ± 19.4 71.1 ± 6.1
Eu3+ 230 ± 30 98.5 ± 2.6 1.16 ± 0.01 390 ± 35 300 ± 12
Sr2+ 0.05 ± 0.01 0.02 <0.001 <0.01 0.03 ± 0.01
Cs+ <0.001 <0.001 <0.001 <0.01 <0.001

aUsing 50 × 10−3 M solution. bUsing 10% IDA + 90% n-dodecane mixture. cThis work.

Figure 3. Effect of the concentration of T9C3ODGA (in mM) on the
extraction of Am3+ and Eu3+; organic phase: T9C3ODGA in 5% IDA/
n-dodecane; aqueous phase: 3 M HNO3.
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participate in the bonding with the metal ions. The extraction
behavior of other relevant metal ions at different oxidation
states was studied using T9C3ODGA, and the results were
compared with that of other multipodal DGA derivatives
reported earlier. The order of extraction was found to be Eu3+

> Pu4+ > Am3+ > NpO2
2+ > UO2

2+ > Sr2+ > Cs+ in the case of
the present tripodal ligand.
Poor extraction of the uranyl ion is a common feature of all

multipodal DGA derivatives.13 This is probably due to the
blockage of the axial position of the uranium ion by two O
atoms, which can lead to a difficulty in approaching these kinds
of supramolecular DGA derivatives through this position. In
the case of T9C3ODGA, however, there is significant space for
accommodating the axial O atom of the uranyl ion due to the
presence of the cavity of the triaza-9C3 ring and the approach
of T9C3ODGA is, therefore, easier through the axial side of
the uranyl ion as compared to the other multipodal DGA
derivatives. This leads to relatively higher extraction of the
UO2

2+ ion (Table 1). In case of Bz-T-DGA, however, the axial
position is blocked with the central benzene ring and therefore
the DU values were found to be much lower.17 The same was
the case with T-DGA and DGA-TREN.16 In case of all the
multipodal DGA derivatives, the DEu values were found to be
higher than the DAm values, resulting in moderate to good
separation factor (DEu/DAm) values.
Luminescence Studies. Eu3+ Complex of T9C3ODGA in

Organic Extract. The solvent extraction studies suggested that
ML2 type of complexes of both Am3+ and Eu3+ are extracted by
T9C3ODGA in 5% IDA/n-dodecane medium (Figure 3).
Luminescence studies on the organic extract of Eu3+ were,
therefore, carried out in order to understand the nature of the
extracted complex. The excitation spectra (Figure 5) show the
presence of a broad charge transfer band in the wavelength
range of 210−320 nm indicating a strong interaction between
the ligand O atoms and the central Eu3+ ion. The sharp peak at
394 nm, attributed to the 7F0−5L6 transition, is the most
intense in the excitation spectra. Emission spectra of this
organic extract of Eu3+were, therefore, recorded at the two
fixed excitation wavelengths of 394 and 264 nm; the results
showed similar emission spectra at both these excitation

wavelengths. The emission line at 600−630 nm, due to the
5D0−7F2 transition, is split into two peaks centered at 612 and
616 nm. This kind of splitting of the 5D0−7F2 transition line is
a common feature for the Eu3+ complex of DGA derivatives,
e.g., TODGA.33 There is, however, a difference in the relative
intensity of the two split peaks of the 5D0−7F2 transition for
the T9C3ODGA complex with respect to that of the TODGA
complex reported earlier. While in case of the TODGA
complex of Eu3+ the split peak at higher wavelength is relatively
more intense than that at lower wavelength, an opposite trend
is seen in the case of the T9C3ODGA complex of Eu3+as the
peak at 616 nm is lower in intensity than that at 612 nm.
Moreover, the asymmetric ratio (the ratio of the intensity for
the 5D0−7F2 to the 5D0−7F1 transition) value for the
T9C3ODGA complex of Eu3+is higher as compared to that
of the TODGA complex of Eu3+ reported by Arisaka and
Kimura.33a This suggests that there is a little difference in the
coordination environment of Eu3+ in these two complexes. The
luminescence decay of the Eu3+ complex of T9C3ODGA was
recorded to determine its lifetime (Figure 6). A lifetime value

Figure 4. Effect of NaNO3 concentration on the (a) distribution ratio (DM) and (b) distribution coefficient (Kd) of Am
3+ and Eu3+; organic phase:

1 mM T9C3ODGA in 5% IDA/n-dodecane; aqueous phase: varying NaNO3 concentrations in the presence of fixed 0.01 M HNO3.

Figure 5. Emission and excitation spectra of the organic extract of
Eu3+ from 3 M HNO3 in 1 mM T9C3ODGA in 5% IDA/n-dodecane
medium.
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of 1.18 ms was found, which is significantly larger than that of
the Eu3+ aquo ion with nine coordinated water molecules.34

The number of water molecules (NH2O) present in the inner
coordination sphere of the Eu3+ ion was calculated from the
lifetime (τobs in ms) value using eq 4 as described by Zhang
and Kimura.35

τ= −N 1.05/( ) 0.44H O obs2 (4)

The results indicate that no inner-sphere water molecule
(NH2O = 0.45) is present around the Eu3+, which is also a
common feature of the Eu3+ complexes with multiple DGA
derivatives.13a,14b,15,16 The similar luminescence behavior of
the Eu3+ complexes of T9C3ODGA and other DGA
derivatives suggest that the DGA arms of the T9C3ODGA
ligand are only coordinating to the Eu3+ ion and that the three
N atoms of the triaza-9-crown-3 ring are not directly involved
in the metal ion coordination. The solvent extraction studies
suggested similar extractable complexes for Am3+ and Eu3+ and
the luminescence study indicated nonparticipation of the N
atoms in bonding with the metal ions. The extraction/
complexation ability of T9C3ODGA should, therefore, be
solely ionic in nature and governed by their ionic potential
which is slightly higher for Eu3+ than for Am3+. This supports
the observation of marginal selectivity of this ligand for Eu3+

over that for Am3+ from solvent extraction studies similar to
other DGA derivatives.
Eu3+ Complex of T9C3ODGA in Methanol Medium: Effect

of Nitrate Ion. In order to further understand the complex-
ation behavior of Eu3+ with T9C3ODGA, luminescence studies
were carried out in methanol medium varying the metal to
ligand ratio. Both the excitation and emission spectra were
found to be significantly different than that observed in the
case of the organic extract of Eu3+−T9C3ODGA complex in
5% IDA/n-dodecane medium. The ligand to metal charge

transfer (LMCT) band, which was observed in the wavelength
range of 210−320 nm in the organic extract, in the methanol
medium is shifted to higher wavelength (330−400 nm). This
clearly indicates that the metal−ligand interaction is
significantly different in the Eu3+ complexes of T9C3ODGA
in methanol medium and in the organic extract in 5% IDA/n-
dodecane medium. It is clear from Figure S2 that the relative
intensity of the LMCT-band with respect to the Eu3+-centered
7F0−5L6 transition peak increases upon increasing the ligand to
metal ratio. Figure S2 also indicates that there is a significant
change in the 5D0 →

7F4 transition peak of the Eu3+ emission
spectra upon complexation with T9C3ODGA in the wave-
length range of 670−720 nm. The change in this part of the
emission spectra of Eu3+ was, therefore, followed with
increasing amounts of T9C3ODGA in methanol medium by
a fluorescence spectrophotometric titration (Figure S3).
Fitting of this titration data indicated the formation of ML
and ML2 type of species with a conditional stability constant
value of 4.75 and 9.12, respectively (Table 2). A similar
titration experiment was carried out in the presence of excess
nitrate ion (0.3 M tetramethylammonium nitrate (TMAN)
(Figure S4). In this case, both ML and ML2 types of complexes
were also observed with a little higher conditional stability
constant values (log β1= 4.89 and log β1 = 9.98). It is
interesting to note here that the excitation spectra (Figure 7)
of the Eu3+ complex of T9C3ODGA are significantly different
in the absence and the presence of excess nitrate ions. A
difference is also noticed in the lifetime values (Figure 8 and
Table 2) in the absence and presence of excess nitrate ions.
The shorter lifetime value of the ML2 species in absence of
excess nitrate ions is due to the presence of solvent molecules
in the inner coordination sphere of the Eu3+ ion, which can
facilitate the nonradiative decays. The lifetime value (1.23 ms)
observed for the ML2 species in the presence of excess nitrate
ion nicely corroborates with that (1.18 ms) observed for the
Eu3+ complex of T9C3ODGA in the organic extract in 5%
IDA/n-dodecane. This suggests the presence of inner-sphere
nitrate ions in the extracted complex of Eu3+ in 5% IDA/n-
dodecane medium.

Computational Studies. Structure of Triaza-9C3-tris-
(N,N-dialkyl)-DGA. The methyl derivative of T9C3ODGA, i.e.,
triaza-9C3-tris(N,N-dimethyl)-DGA (T9C3MDGA), was
chosen for computational studies for simplicity and to avoid
a huge computation time required for convergence. Out of the
two low-energy conformations of T9C3MDGA (Figure 9), the
more symmetrical conformer a (Figure 9a1,a2) having a C3v
type of symmetry is lower in energy as compared to the other
conformer b (Figure 9b1,b2) with only 0.16 eV. After
consideration of the dispersion correction, the difference in
energy became negligible (0.018 eV). In conformer a, the two
carbonyl O atoms of all the three DGA arms are in anti
conformation, whereas in case of conformer b two carbonyl O
atoms of one of the three DGA arms are oriented in syn
fashion. No significant difference was, however, noticed in the

Figure 6. Luminescence decay profile of the organic extract of Eu3+

from 3 M HNO3 in 1 mM T9C3ODGA in 5% IDA/n-dodecane
medium.

Table 2. Comparison of the Species Observed during Solvent Extraction in 5% IDA/n-Dodecane and Single-Phase
Complexation Study in Methanol in Absence and Presence of Excess Nitrate Ion (0.3 M TMAN)

medium species log β1 and log β2 τ (ms)

org. extract (5% IDA in n-dodecane) ML2 (from solv. extr. study) 1.18 ± 0.01 for ML2

methanol ML, ML2 (from fluorescence titration) 4.75 ± 0.11 and 9.12 ± 0.08 0.890 ± 0.002 for ML2

methanol containing 0.3 M TMAN ML, ML2 (from fluorescence titration) 4.89 ± 0.11 and 9.98 ± 0.08 1.23 ± 0.01 for ML2
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triaza-9-C-3 ring in these two conformers having N−N
distances in the order of 3 Å.
Am3+ and Eu3+ Complexes of T9C3MDGA. Geometrical

Parameters. Solvent extraction studies indicated the formation
of ML2 type species. The luminescence studies indicated that
no water molecule was present in the inner coordination
sphere of the Eu3+ ion. Eight different geometries with two
different possible coordination modes of T9C3MDGA and
varying the number of inner-sphere nitrate ions from 0 to 3
having no inner-sphere water molecule were considered, and
out of them, the three structures (complexes 1−3) of lower
energies are presented in the manuscript. In complex 1 (Figure
10a), only the outer amidic oxygen atoms (Oamid) of all the
three DGA arms of two T9C3MDGA ligands are coordinating
to the central metal ion, whereas none of the inner Oamid atoms
and the ethereal oxygen (Oether) atoms are coordinating to the
metal ion. This resulted into a low metal ion coordination
number of 6 (inner-sphere nitrate coordination was not
considered). In view of this low coordination number, an
attempt was made to include nitrate ions in the inner
coordination sphere of the metal ions, but during the
calculation steps, they were thrown out from the inner-sphere

coordination of the metal ion, probably due to the stringent
steric requirement caused by the presence of all the six-
coordinating DGA arms of two T9C3ODGA ligands. In
complex 2 (Figure 10b), however, one DGA arm of each of the
two T9C3MDGA ligands is only coordinating through all three
O (two Oamid and one Oether) atoms present in a DGA arm,
and the remaining coordination sites of Eu3+ ion are saturated
by three nitrate ions (one of those as bidentate and the
remaining two as monodentate). In complex 3 (Figure 10c),
the inner-sphere coordination is from six peripheral amidic O
atoms of the two T9C3MDGA units and three monodentate
nitrate O atoms are coordinating. The M−O bond distances in
the two different Am3+ and Eu3+ complexes of T9C3MDGA
are listed in Table 3. The results show that the bond distances
in the Am3+ and Eu3+ complexes for a particular type of
complex (complexes 1, 2, or 3) differ by a very small extent. If
we compare the M−Oamid bond distances in the three
complexes, then it is shorter in complexes 1 and 3 than in
complex 2. This can be explained based on two factors, viz., an
easy approach of the DGA arms when it has to coordinate
through only one of the three O atoms of each of the DGA
arms (complexes 1 and 3). Moreover, in complex 2, the metal
ion is also coordinated directly by three anionic nitrate ligands,
which reduces the positive charge density of the metal ion
significantly resulting in weaker metal−ligand electrostatic
interactions. In the cases of Eu3+ complexes, dispersion
correction was incorporated in the gas phase calculations.
The results from both the gas and solution phase studies
indicated that complex 2 is most stable out of the three lower
energy complexes (Table 4). The next higher energy complex
(complex 3 of the type EuL2(NO3)2

+) is unstable by 51.4 and
39.1 kcal mol−1 as compared to complex 2. The interaction
energies for Am3+ and Eu3+ with T9C3MDGA were calculated
for the extraction equilibrium (eq 1) following the equation:

Δ = − + ++ −E E E E E( 3 2 )ML (NO ) M NO L2 3 3
3

3 (5)

where EML2(NO3)3, EM
3+, ENO3

−, and EL are the absolute energies
of the extracted complex (ML2(NO3)3), free metal ion (M3+),
nitrate ion, and the ligand molecule (T9C3MDGA),
respectively. In order to incorporate the solvent effect, the
energies of the complex (ML2(NO3)3) and ligand L
(T9C3MDGA) were calculated in 5% IDA/n-dodecane
medium, whereas those of M3+ and NO3

− were calculated in
aqueous medium. The results indicate that the Eu3+ complex is

Figure 7. (a) Excitation spectra (λem: 616 nm) and (b) emission spectra (λex: 394 nm) of the Eu3+ complex of T9C3ODGA in methanol in absence
and presence of excess nitrate ion (0.3 M TMAN).

Figure 8. Decay of the emission of Eu3+ in its complex of
T9C3ODGA in methanol medium in absence and presence of excess
nitrate ion (0.3 M TMAN) after completion of the complexation (λex:
394 nm and λem: 616 nm).
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more stable than the Am3+ complex by 11.4 and 22.4 kcal
mol−1 in the gas and solution phases, respectively (Table 5).
This clearly explains the selectivity of T9C3ODGA for Eu3+

over Am3+ observed in the solvent extraction studies. The
minimum energies of the optimized geometries were
confirmed by analysis of the vibration frequencies. The
vibration frequencies of the most preferred structures of the

Am3+ and Eu3+ complexes (complex 2) are provided in Tables
S2 and S3.

Natural Population Analysis. To understand the bonding
and interactions in the Am3+ and Eu3+ complexes of
T9C3MDGA, natural population analysis was performed
(Table 6). In the case of complex 2 (ML2(NO3)3), which is
the most probable structure of the Eu3+ complex from the

Figure 9. Top (a1 and b1) and side (a2 and b2) views of the optimized geometries of two low energy conformations of T9C3MDGA.

Figure 10. Geometry optimized structures of probable Am3+/Eu3+ complexes of T9C3MDGA.

Table 3. M−O Bond Distances (Å) in Different Am3+ and Eu3+Complexes of T9C3MDGA Considered for the DFT
Calculations

complex 1 (Figure 10a) complex 2 (Figure 10b) complex 3 (Figure 10c)

ligand 1 ligand 2 ligand 1 ligand 2 ligand 1 ligand 2

Am−Oamid 2.35 (1) 2.354 (2) 2.45 (2) 2.472 (7) 2.38 (8) 2.43 (5)
Am−Oether 2.743 2.762
Eu−Oamid 2.36 (2) 2.369 (6) 2.46 (2) 2.464 (9) 2.47 (4) 2.49 (3)
Eu−Oether 2.831 2.753
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EXAFS study, if we look into the electron densities transferred
from the two T9C3MDGA molecules (ΔQLig) and the three
nitrate ions (ΔQNO3

), then it is clear that a higher charge is
transferred from the T9C3MDGA molecules in the Eu3+

complex, indicating a higher selectivity of this ligand for Eu3+

over Am3+ as observed in the solvent extraction studies. When
we look into the natural charges on the amidic oxygen (Oamid)
atoms of different coordinating and noncoordinating DGA
arms of the 9C3MDGA molecules, it is interesting to note that
higher electron densities are observed on the coordinating
Oamid atoms as compared to the noncoordinating ones. In case
of ethereal oxygen (Oether) atoms, however, the opposite
phenomenon is noticed. This clearly indicates that the
carbonyl bonds become more polarized when the Oamid
atoms coordinate to the metal ions.
EXAFS Studies on the Eu3+Complex of T9C3ODGA in

the Organic Extract. The details of the experimental facility
and data analysis can be found elsewhere.16 For the structural
analysis of the Eu3+−L (L: T9C3ODGA) complex extracted in
n-dodecane, EXAFS was done at the L3 edge of Eu3+. Different
possible structures of the Eu(III)L2·3NO3 complex were
optimized at the DFT level of theory based on the possible
modes of ligand binding and nitrate coordination to the Eu3+

ion (Figure 10). As explained above, the structure of complex 1
assumes no direct bonding of nitrate with Eu3+ and hence,
nitrate is present in the outer sphere for charge neutralization.
Whereas the structures of complexes 2 and 3 consider
coordinated nitrate ions to Eu3+ in the inner sphere, the

structures of complexes 1 and 3 differ in the coordination
mode of nitrate. Complex 1 has nitrates in the outer sphere for
charge neutralization, whereas for structure 3, the nitrates are
coordinating in the inner sphere to Eu3+. The structure of
complex 2 assumes two nitrates binding in monodentate mode
and one as bidentate to the Eu3+ center, while complex 3
assumes two nitrates in the inner sphere as monodentate.
EXAFS data fitting was tried with different DFT optimized
structures. The best fit result for EXAFS data fitting was
obtained with the structure of complex 2 (Figure 11) and is
given in Table 7. The Fourier transform range in the k-space is
2−8 Å−1, and the fitting range in the R space is 1.5−4.0 Å. The
statistical parameters, reduced χ2 and R factor, which give an
estimation of the goodness of the fitting, are 255.58 and 0.021,
respectively, indicating a reasonable fitting. The best fit EXAFS
data suggests that the structure of the Eu−T9C3ODGA
complex in nonpolar medium is with two monodentate nitrates
and one bidentate nitrate (structure of complex 2). The Eu−O
bond distance is at 2.62 Å, which looks quite larger than the
structure predicated by theory, but EXAFS gives the average
distance of all the possible Eu−O scattering paths present in
the system. The weighted average (with coordination number
(CN)) of the theoretical predications suggests the Eu−O bond
length to be 2.56 Å, which is close to the EXAFS result of 2.62
Å. The Eu−N distance at 3.20 Å by EXAFS also matches with
the weighted average (with CN) of the theoretical predications
of the Eu−N distance. The Eu−O and Eu−N distances in the
other structures are not matching with theoretical predictions,
so the most possible structure of the Eu−T9C3ODGA

Table 4. Energetic of the Eu3+ Complexes of T9C3MDGA in Gas and Solution Phasea

gas phase solution phase (5% IDA/n-dodecane)

system energy (Hartree) relative energy (kcal mol−1) energy (Hartree) relative energy (kcal mol−1)

complex 1 (EuL2
3+) + 3NO3

− −5440.97212 367.8 −5441.02261 194.4
complex 2 (EuL2(NO3)3) −5441.55976 0 −5441.33324 0
complex 3 (EuL2(NO3)2

+) + NO3
− −5441.47762 51.4 −5441.26984 39.1

aGas phase energies are dispersion corrected.

Table 5. Comparison of the Interaction Energies of Am3+ and Eu3+ with T9C3MDGA in Their Most Preferred Complex
(Complex 2)

gas phase solution phase

complex
interaction energy, ΔE

(kcal mol−1)
relative interaction energy, ΔEEu−ΔEAm

(kcal mol−1)
interaction energy, ΔE

(kcal mol−1)
relative interaction energy, ΔEEu−ΔEAm

(kcal mol−1)

AmL2(NO3)3 −109.4
−11.4

−832.1
−22.4

EuL2(NO3)3 −120.8 −854.5

Table 6. Natural Charges on the Metal Center and Various Coordinated and Noncoordinating Oxygen Atoms of T9C3MDGA
and Electron Densities Transferred from T9C3MDGA (ΔQLig) and Nitrate Ions (ΔQNO3

) in Its Am3+ and Eu3+ Complexes
(Figure 9b) as Indicated from the Natural Population Analysis

ligand 1 (coordinated)
ligand 1

(noncoordinated) ligand 2 (coordinated)
ligand 2

(noncoordinated)

complex QM ΔQLig ΔQNO3
QOamid

QOether
QOamid

QOether
QOamid

QOether
QOamid

QOether

AmL2(NO3)3 1.833 0.516 0.651
−0.654

−0.485

−0.598
−0.478 −0.640

−0.479

−0.586
−0.480

−0.586 −0.663

−0.655
−0.618

−0.489 −0.641
−0.603

−0.500
−0.605 −0.644

EuL2(NO3)3 1.841 0.523 0.636
−0.648

−0.480

−0.598
−0.478 −0.634

−0.478

−0.585
−0.479

−0.587 −0.664

−0.653
−0.617

−0.489 −0.640
−0.603

−0.501
−0.605 −0.644
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complex in nonpolar medium is close to the DFT optimized
structure of complex 2.

■ CONCLUSIONS
A novel tripodal diglycolamide with three DGA arms tethered
to a triazamacrocycle scaffold was synthesized and tested for
the uptake of several actinide and fission product metal ions
with a view to application to a back-end process such as
actinide partitioning. The extraction efficiency results show a
significantly better performance than previously studied
tripodal DGA ligands such as T-DGA and TREN-DGA. The
present ligand exhibits a Eu3+ extraction nearly as efficient as
that of Benz-T-DGA, however, with a better selectivity with

respect to Am3+. The nature of the extracted species was
investigated by both slope analysis and luminescence spec-
troscopy and indicated ML2 species with no inner-sphere water
molecules. Both the solvent extraction and the time-resolved
luminescence studies indicated the presence of inner-sphere
nitrate coordination. DFT calculations further supported this
observation with ML2(NO3)3 as the most preferred complex.
The preference of T9C3ODGA toward Eu3+ over Am3+

corroborated nicely with its more negative interaction energy
in case of the Eu3+ complex as compared to that of the Am3+

complex both in the gas and solution phases. The results have
not indicated coordination to the N atoms of the triazacrown
ether, which may explain the relatively normal selectivity
observed with other DGA or multiple DGA-functionalized
ligands. Though the N atoms are expected to be protonated
under the acidic feed conditions employed in the present
study, the effects are not serious to hamper the extraction or
selectivity of the tripodal ligand.
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