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Benzene-centered tripodal diglycolamides:
synthesis, metal ion extraction, luminescence
spectroscopy, and DFT studies†
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Three benzene-centered tripodal diglycolamides (Bz-T-DGAs) were synthesized and evaluated for

actinide, lanthanide, and fission product ion extraction. 1,3,5-Triethylbenzene-based tripodal DGA (LI) showed

high distribution ratio (D) values for Am3+ and Eu3+ in a mixture of 95% n-dodecane and 5% iso-decanol at

3 M HNO3. Eu/Am separation factors, in the range of 8–10, were obtained at 1 M HNO3 which decreased at

higher acidities with the exception of LII which did not show much change. Benzene-1,3,5-triamide-based

tripodal DGA (LII) 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 nature of the complexes was further

studied with luminescence spectroscopy (Eu complexes) and DFT calculations (Am complexes).

Introduction

Radioactive waste remediation is one of the most challenging
tasks for separation scientists and technologists working at the
back end of the nuclear fuel cycle. Diglycolamides (DGAs)1 are
reported to be one of the most promising organic ligands for
the selective extraction of trivalent minor actinides from acidic
radioactive waste known as high level waste (HLW).2 DGA-based
ligands also extract trivalent lanthanides, to a significantly larger
extent, making the subsequent transmutation of the minor acti-
nides in high flux reactors rather inefficient due to the very high
neutron absorption cross sections of the trivalent lanthanides.3

The separation factor (SF = DEu/DAm) for the decontamination of
Am from Eu is reported to be ca. 10 with N,N,N′,N′-tetra-n-octyl
diglycolamide (TODGA) in n-dodecane as the organic diluent.2a

Though for TODGA the metal ion extraction properties and the
SF-values are encouraging, there are continuous efforts to
improve the extraction/separation efficiencies.

Multiple DGA-functionalized ligands such as C-pivot tri-
podal DGAs (T-DGA)4 and DGA-functionalized calix[4]arenes5

are known to be significantly more efficient as compared to
ligands such as TODGA and display very high selectivities
towards trivalent Ln/An ions with respect to hexavalent actinyl
ions such as UO2

2+. The research group of Scott reported the
extraction of actinide ions using millimolar concentrations of
tripodal DGA ligands (in dichloromethane) where each DGA
moiety was appended to a separate benzene ring (this ligand is
termed C3-DGA) and the extraction of Eu3+ was quite efficient
even at 1 M HNO3.

6 Recently, we have reported the extraction
behaviour of a novel N-pivot tripodal DGA ligand (TREN-DGA)7

with unique selectivity reversals as compared to the T-DGA,
which makes the tripodal DGA ligands an interesting class for
actinide ion separation from the HLW. Previously reported tri-
podal DGA ligands such as T-DGA and TREN-DGA 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 better
selectivity. 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 very impressive.4a

In view of these, three benzene-centered tripodal DGA
ligands (Bz-T-DGA) ligands (LI, LII, and LIII; Fig. 1), synthesized
for the first time, were evaluated for the extraction of actinide
ions from acidic feed solutions. n-Dodecane was used as the
diluent in view of its process compatibility and 5% iso-decanol
was used as the phase modifier.8 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+
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was also studied to understand their decontamination behav-
iour. An attempt was made to understand the nature of the
extracted species by luminescence spectroscopy and bonding
of the metal ligand complexes by DFT calculations.

Results and discussion
Preparation and characterization of ligands

Bz-T-DGA ligands LI and LIII were prepared by a reaction of
1,3,5-tris(2-aminoethyl)-2,4,6-triethylbenzene and 1,3,5-tris(3-
aminopropoxy)benzene with p-nitrophenyl-activated DGA in
refluxing toluene in the presence of triethylamine in 86% and
60% yield, respectively (Scheme 1). The 1H NMR spectra
(CDCl3) exhibit two distinct OCH2 signals at ∼4.10 and
∼4.25 ppm, while the electrospray mass spectrum showed the
expected [M + Na] peaks. Ligand LII was prepared in 86% yield
by a reaction of 1,3,5-benzenetricarbonyl trichloride 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 deriva-
tive and subsequent deprotection with trifluoroacetic acid
(Scheme 2). The 1H NMR spectrum (CD3OD) of LII shows, next
to the peak of the aromatic hydrogens at 8.43 ppm, the charac-
teristic signals for the OCH2 hydrogens at 4.07 and 4.35 ppm.
In the case of all ligands LI–LIII the IR spectra exhibit one peak
for the amide carbonyl groups at ν = 1641–1645 cm−1.

Solvent extraction studies

The solvent extraction of Am(III) and Eu(III) was carried out
using all the three Bz-T-DGA ligands LI, LII, and LIII 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% iso-decanol were used for these studies
and the results, presented in Fig. 2, indicate an increase in the
extraction of both metal ions with increasing HNO3 concen-
trations. The absolute D-values are extremely large as com-
pared to those obtained with TODGA and can be considered
comparable with those obtained with the DGA-functionalized
calixarenes.5a When compared with the D-values obtained with
an analogous ligand in dichloroethane or 1-octanol,4a the
D-values are significantly larger in the n-dodecane + iso-
decanol medium used in the present study, underlining the
strong role of diluents in the extraction of metal ions.9 The
favourable role of the diluents is also very apparent, since the
separation factor (SF = 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 (vide infra and Table S1, ESI†). The metal ion extraction
efficiency of the ligands followed the trend: LI > LII > LIII, while
the SF-values at 1 M HNO3 followed the trend: LIII (10) ≥ LI
(9.46) > LII (7.8).

10 Increasing the aqueous phase acidity to 3 M
and subsequently to 6 M affected the SF values with LI very sig-
nificantly (1.7 and 1.4, respectively), and with LII to some
extent (8.05 and 6.4, respectively) while the values with LIII
remained unchanged over the whole range of acidity.

Fig. 1 Structural formulae of the Bz-T-DGA ligands LI, LII, and LIII.

Scheme 1 Synthesis of ligands LI and LIII.

Scheme 2 Synthesis of ligand LII.
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The SF-values reported in this study are quite large and
are comparable to those reported with DGA-functionalized
calix[4]arenes.5a However, the D-values for Eu(III) are signi-
ficantly higher at lower acidities than those reported
previously.5a The metal : ligand stoichiometry in the extracted
complexes was determined by slope analysis and indicated
mostly 1 : 1 complex formation with LI, while 1 : 2 complexes
were extracted with both LII and LIII. In the case of LIII ML3
species may also be present (Fig. S2, ESI†). Though consider-
able crowding of the DGA pendant groups is expected in the
case of 1 : 2 (M : L) complexes, such species have been reported
earlier.12 The structures of such complexes are analyzed by
DFT (vide infra).

The extraction of other actinide and fission product ions
was also studied and the results are listed in Table 1. The
extraction of the UO2

2+ ion was significantly lower than that
reported with TODGA2a which may be attributed to the stereo-
chemical strain expected in binding the uranyl ion with the
3 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.4a,11–13

This can lead to very high decontamination from these metal
ions if the ligands are employed for the recovery of trivalent
minor actinides from the HLW. Pu4+ extraction was quite sig-
nificant in line with the observations made with other mul-
tiple-DGA ligands.4b,5a,13 It was possible to suppress Pu extrac-
tion by oxidizing to the +6 oxidation state (Table 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 LII as compared to those of LI and LIII.
This is a rather strange behaviour as the extraction of the triva-
lent actinide/lanthanide ions was much lower with LII than
with LI. One may be inclined to suggest participation of the
amide groups close to the benzene ring, however, for conclus-
ive evidence a more thorough investigation is required.14 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.

Luminescence spectroscopic studies

The emission profiles for all the three extracted complexes,
recorded in the wavelength range of 550–750 nm, were found
to have mainly four bands corresponding to the 5D0 → 7Fn
(where n = 1, 2, 3, 4) transitions (Fig. 3a).15 The differences in
the emission profiles, as indicated from the asymmetric factor
(ratio of the intensities of the 616 nm and 592 nm peaks,
Tables 2 and S3†), revealed that the nature of the complex was
different in these three cases. In general, the emission inten-
sity for the 5D0 → 7F2 transition was found to be very high

Fig. 2 Acidity dependent extraction of Am(III) and Eu(III) with LI, LII, and LIII (filled symbols) and separation factors (SF = DAm/DEu) (empty symbols).
Organic phase: 1.0 × 10−3 M ligand solutions.

Table 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% iso-decanol

Ligand LI LII LIII

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

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

2+ 0.08 ± 0.01 0.11 ± 0.01 0.05 ± 0.01
Sr2+ <0.01 <0.01 <0.01
Cs+ <0.01 <0.01 <0.01
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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: LIII > LI > LII.

16 The monoexponential (fitted equations
given in the ESI†) lifetime (Fig. 3b) of the extracted complexes
suggest the presence of a single species, while from the life-
time (τ) values the number of water molecules (NH2O) in the

primary coordination sphere was determined using the follow-
ing equation:17

NH2O ¼ ð1:06=τÞ � 0:19 ð1Þ
and the results are included in Table 2. In the extracted Eu(III)–
LIII 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 after complete
removal of the water molecules from the primary coordination
sphere of the metal ion. A similar observation was also found
for TREN-DGA both in molecular diluent and ionic liquid.7

DFT computation results

Structural parameters. The optimized structures of the free
ligands LI, LII, and LIII and their respective nitrate complexes
with Am3+ are displayed in Fig. 4. The calculated structural
parameters are presented in Table 3. The average Am–O(C–O)
bond distance with LI was found to be 2.641 Å and that of the
corresponding CvO bond being 2.421 Å, indicating that the
carboxyl oxygens are close to the metal ion. Also, one nitrate
ion in monodentate mode was found to be coordinated with
the Am3+ ion with a bond distance of 2.281 Å; the other two
nitrate ions are in the outer sphere. In the case of LII and LIII
the Am–O(C–O) bond distances were found to be 2.691 Å and
2.689 Å, respectively, and are longer than the distance of
Am–O with LI. Similarly, the Am–O(CvO) bond distance is
somewhat shorter for LI (2.421 Å) compared to those of
LII (2.433 Å) and LIII (2.434 Å). In the case of LII, two nitrate
ions were found to be coordinated in a monodentate fashion
with the Am3+ ion with an average Am–O distance of 2.372 Å.
Whereas, for LIII, one nitrate ion in monodentate mode was co-
ordinated with the Am3+ ion with a bond distance of 2.320 Å.

Binding and free energy of complexation. The binding
energy ΔEg and the free energy of complexation ΔGg for the
Am3+ ion with the multipodant ligands in the gas phase are
given in Table 4 (calculation methodology given in the ESI†).
Table 4 shows that the gas phase binding energy is the highest
with LII over that of LI and LIII and follows the trend: LII > LI >
LII. The gas phase interaction energy is purely of electronic
origin and does not take care of the solvent effect. However,
most of the metal ion extraction experiments are performed in
the solution phase in a biphasic environment. In view of that,
the single point energy of the chemical species was evaluated
in the solvent phase using the popular COSMO solvation
model. The free energy of extraction ΔGext for the complexa-
tion reaction in the aqueous–organic biphasic system was cal-
culated to elucidate the extraction ability of the ligands. The
calculated ΔGext values are also included in Table 4. The
extraction ability follows the trend: LI > LII > LIII.

Bonding analysis. The nature of the metal–ligand bonding
of the complexes was studied using natural population ana-
lysis (NPA)18 at the same level of theory and the values are pres-
ented in Table S4.† The small-ECP core applied in this work
represents 5s25p65d105f66s26p6 as the ground-state valence
configuration for the Am3+ ion. The complexes of LI, LII, and

Fig. 3 (a) Luminescence spectra of Eu(III) complexes with the Bz-
T-DGA ligands LI, LII, and LIII and (b) their decay profiles.

Table 2 Photophysical properties of the extracted Eu3+ complexes
with the Bz-T-DGA ligands LI, LII, and LIII

Photophysical properties LI LII LIII

Lifetime (ms) 1.33 1.21 0.607
Number of species 1 1 1
Number of water molecules 0 0 1
Asymmetry factor 2.179 1.805 3.90
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LIII with the Am3+ ion show significant f-occupations and also
s and d occupations compared to the free Am3+ ion. There is
an increase of the electronic population in the s, p, d, and f
orbitals of the metal ions upon complexation, which may
indicate a covalent nature of the bonding. The residual charges
on Am with LI, LII, and LIII show that a significant amount of
charge was transferred to the ligands. These residual charges
can be correlated with the gas phase interaction energies. The
interaction energy of the Am3+ ion with LII is found to be
larger compared to that of LI and LIII as a consequence of the
lower residual charge on Am in the case of LII (Table 4).

Furthermore, the LUMO–HOMO energy gap of LI, LII, and
LIII and the metal ion was evaluated to obtain a better insight
of the molecular level interaction; the calculated values are

tabulated in Table S4.† For the metal ion–ligand complexation,
the amount of charge transfer ΔN (details in the ESI†) was esti-
mated in both the gas and solvent phases and the calculated
values are given in Table S5.† The calculated large ion–ligand
interaction energy can be correlated with the higher amount of
charge transfer, ΔN. It is higher for LII in the gas phase com-
pared to LI and LIII. In the solvent phase, the interaction ener-
gies decrease and this can be correlated with a significant
decrease of the ΔN values.

Conclusions

Three different types of benzene-centered tripodal diglycol-
amides were prepared, which showed an interesting extraction
behaviour toward actinides and lanthanides. For Am3+ and
Eu3+ the highest extraction efficiency was obtained with the
ligand LI, containing a 1,3,5-triethylbenzene scaffold. It is
known that for this type of ligand, the ligating sites are pre-
organized pointing into the same direction.19 Apart from the
SF-values at moderate HNO3 concentration, the high Pu4+

extraction is of interest. Decontamination from Pu can be con-
veniently done by oxidation to the +6 state.

The extracted species were 1 : 1 for LI and 1 : 2 for both LII
and LIII. Although the 1 : 2 species are considered more
organophilic thereby being more probable for extraction, the
1 : 1 complexes involving LI are better extracted which can be
due to a variety of factors. The luminescence spectroscopic
analysis indicated the absence of any inner-sphere water mole-
cules in the extracted LI containing species indicating a better
extractability of the complexes. Structural investigations by
DFT suggested shorter bond lengths with LI which are due to a
stronger complex formation. The binding/extraction energy
data also point to a better extraction of the LI bearing complex.
Further studies to explore the usefulness of benzene-centered

Fig. 4 Optimized structures of the Bz-T-DGA ligands LI, LII, and LIII and their Am(III) complexes.

Table 3 Structural parameters (calculated bond lengths in Å) of com-
plexes of the Am3+ ion with LI, LII, and LIII at the BP/SVP level of theory
in the gas phase

Ligand Am–O(O–C) Am–O(OvC) Am–O(O–NO2)

LI 2.641 2.421 2.281
LII 2.691 2.433 2.372
LIII 2.689 2.434 2.320

Table 4 Calculated binding/extraction energy for the Am3+ ion with LI,
LII, and LIII at the B3LYP/TZVP level of theory in the gas phase (solution
phase for the ΔGext values)

Ligand
ΔEg
(kcal mol−1)

ΔGg
(kcal mol−1)

ΔGext
(kcal mol−1)

Charge
on Am

LI −1025.35 −969.20 −32.08 2.002
LII −1053.91 −975.60 −21.29 1.987
LIII −1016.25 −931.57 4.22 1.998
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tripodal DGA ligands in nuclear waste treatment are currently
in progress.

Experimental
General

Triethylamine, lanthanum(III) triflate, N-Boc-ethylenediamine,
1,3,5-benzenetricarbonyl trichloride, trifluoroacetic acid,
NaOH, HCl, magnesium sulfate, and Amberlyst® A21 were
bought from Sigma-Aldrich and used without further purifi-
cation. Triethylamine was stored on KOH. Toluene was bought
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)acetate,8

1,3,5-tris(2-aminoethyl)-2,4,6-triethylbenzene,7 and 1,3,5-tris(3-
aminopropoxy)benzene tristrifluoroacetate20 were prepared
according to reported procedures.

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.21 233U was purified from
its decay products following an anion exchange method
reported in the literature.22 Pu was purified from impurities
such as 241Am following a reported method on TTA extrac-
tion.23 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 tet-
ravalent ion by TTA,24 while PuO2

2+ was prepared by an AgO-
based oxidation method.25

1H and 13C NMR spectra were recorded on a Bruker
Ascend™ 400 MHz NMR spectrometer. FT-IR analysis was per-
formed using a Nicolet 6700 FT-IR instrument (Thermo
Scientific) in ATR mode. ESI mass spectra were recorded on a
Waters Micromass LCT mass spectrometer with a time-of-
flight analyser.

Preparation of ligand LI

A solution of 1,3,5-tris(2-aminoethyl)-2,4,6-triethylbenzene
(134 mg, 0.46 mmol), 4-nitrophenyl 2-(2-(dioctylamino)-2-
oxoethoxy)acetate (696 mg, 1.45 mmol), and triethylamine
(157 mg, 1.97 mmol) in dry toluene (15 mL) was refluxed for
15 h. A chromatography glass column (2 cm ∅) 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
(CH2Cl2/MeOH 91 : 9) to afford the product as a colourless oil
in 86% yield.

1H NMR26 (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 = 7.3 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 = 6.6 Hz, 3H), 0.86 (t, J = 6.9 Hz, 3H). 1H NMR
(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 169.36, 168.07, 140.44, 132.44,
71.81, 69.44, 46.80, 46.19, 40.05, 31.80, 31.74, 29.48, 29.36,
29.27, 29.23, 29.18, 28.92, 27.62, 27.03, 26.88, 22.63, 22.61,
22.58, 15.92, 14.10, 14.08. 13C NMR (101 MHz, CD3OD)
δ 171.93, 170.67, 141.68, 133.55, 71.64, 70.05, 47.95, 47.19,
41.26, 33.03, 33.01, 30.50, 30.48, 30.43, 30.41, 29.76, 28.60,
28.06, 27.90, 23.76, 23.75, 23.32, 16.53, 14.51, 14.50. IR:
ν 1645 cm−1 (CvO). HRMS: m/z 674.5333 [M + K + H]2+; calcu-
lated: 674.5350 for C78H145N6KO9

2+.
tert-Butyl(2-(2-(2-(dioctylamino)-2-oxoethoxy)acetamido)ethyl)

carbamate (N-Boc-en-DGA). N-Boc-en-DGA was prepared in the
same way as LI using 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).
The product was purified by elution through a column loaded
with Amberlyst® A21, in the same manner as LI, and 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 172.39, 170.71,
158.49, 80.08, 71.59, 70.03, 47.94, 47.18, 40.85, 40.29, 33.02,
32.99, 30.48, 30.45, 30.41, 30.39, 29.75, 28.81, 28.59, 28.04,
27.88, 23.75, 23.74, 14.48. HRMS: m/z 522.3888 [M + Na]+; cal-
culated: 522.3877 for C27H54N3NaO5

+.
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
magnesium sulfate. 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 173.07, 170.78, 71.52, 69.85, 54.84, 47.90, 47.21,
41.14, 39.28, 33.01, 32.98, 30.47, 30.44, 30.40, 30.38, 29.70,
28.58, 28.03, 27.87, 23.74, 23.73, 14.46. HRMS: m/z 422.3300
[M + Na]+; calculated: 422.3353 for C22H45N3NaO3

+.

Preparation of ligand LII

A solution of 1,3,5-benzenetricarbonyl trichloride (154 mg,
0.58 mmol) in Et2O (10 mL) was added dropwise to a suspen-
sion 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
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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 NMR26 (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 172.73, 170.72, 168.73, 136.65, 130.15,
71.70, 70.12, 47.95, 47.20, 40.82, 39.80, 33.02, 33.00, 30.47,
30.45, 30.41, 30.40, 29.74, 28.57, 28.04, 27.88, 23.75,
23.74, 14.48. IR: ν 1641 cm−1 (CvO). HRMS: m/z 699.9922
[M + 2Na]2+; calculated: 700.0007 for C75H135N9Na2O12

2+.

Preparation of ligand LIII

LIII was prepared in the same way as LI using 1,3,5-tris(3-amino-
propoxy)benzene tristrifluoroacetate (216 mg, 0.34 mmol),
4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)acetate (568 mg,
1.19 mmol), and triethylamine (308 mg, 3.04 mmol). The
product was purified by preparative thin layer chromatography
(CH2Cl2/MeOH 93 : 7) to yield the product as a colourless oil in
60% yield.

1H NMR26 (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 (2t, 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 160.75, 94.25, 71.91, 69.74, 65.77, 47.01, 46.41, 36.60,
36.57, 31.94, 31.87, 29.48, 29.39, 29.36, 29.31, 29.22, 29.21,
29.03, 27.72, 27.13, 27.00, 22.78, 22.75, 14.24, 14.22. IR:
ν 1644 cm−1 (CvO). HRMS: m/z 680.4988 [M + 2Na]2+; calcu-
lated: 680.5079 for C75H138N6Na2O12

2+.

Emission spectroscopy

Instrumentation. 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.

Distribution coefficient measurements. Liquid–liquid extrac-
tion studies were carried out using an organic phase contain-
ing 1 mmol L−1 ligand solutions (in 5% iso-decanol/
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 equili-
brium condition (Fig. S3, ESI†). 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 multi-

channel 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%.

Computational methods. Structures of the free ligands
(LI, LII, and LIII) and their complexes with Am3+ in the presence
of a nitrate ion were optimized using the Becke–Lee–Yang–Parr
(B3LYP) density functional27 employing the split-valence plus
polarization (SVP) basis set28 as implemented in the
TURBOMOLE suite of program.29 Single point energies were
calculated using the B3LYP functional where the triple zeta
valency polarization (TZVP) basis sets were used.30 The scalar
relativistic effective core potentials (ECP) were used for the
Am3+ ion with 60 core electrons.31 The septate spin state was
used during the computation and optimization was performed
without any symmetry restrictions. The solvent phase was
accounted for using the popular conductor like screening
model (COSMO),32 where the dielectric constants of the
solvent n-dodecane was taken as 2.0. The following complex-
ation reaction between the ligands and the Am3+ cation was
used in the computation:

Am3þ þ 3NO3
� þ nL , AmðNO3Þ3�Ln ð2Þ

where n = 1 for LI and 2 for LII and LIII.
The stoichiometry of the complex was taken as 1 : 1 for LI

and 1 : 2 for LII and LIII as obtained from the slope analysis in
the solvent extraction studies (vide supra). Scalar relativistic
effects for heavier lanthanide and actinide elements were
included in the present computation as described earlier.33

Since there is a very small effect on the solvation energy
between the gas phase and the solvent phase geometry,34 the
aqueous environment was taken care by performing single
point energy calculations employing the COSMO solvation
model using the optimized gas phase geometry obtained from
the B3LYP level of theory.
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