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Unique selectivity reversal between Am3+ and Eu3+

ions by incorporation of alkyl branching in
diglycolamide derivatives: DFT validation of
experimental results†

Arunasis Bhattacharyya, *a Avinash S. Kanekar,a Richard J. M. Egberink,b

Willem Verboom, *b Jurriaan Huskens b and Prasanta K. Mohapatra *a

Two diglycolamide (DGA) derivatives having n-butyl (nBuDGA) and s-butyl (sBuDGA) groups have been

used for the extraction of Am3+ and Eu3+ to study the role of alkyl chain branching on their separation

behaviour. Interestingly, the selectivity between Am3+ and Eu3+ reversed upon changing the ligand from

nBuDGA to sBuDGA. An opposite trend was also observed in the extraction of lanthanide ions along the

series of decreasing ionic radii for these two ligands. Luminescence and FTIR studies suggest a different

nature of the Eu3+ complexes of these two ligands. DFT studies were performed to find out the

structure and the electronic distribution of the Am3+ and Eu3+ complexes of these two ligands.

Introduction

Recovery of the minor actinides (Am, Cm, Np) from nuclear
waste has immense relevance for the waste management and
application of some of these actinides in thermo-electric
devices.1–3 A number of extractants have been developed over
the years for the extraction of the minor actinides from the high
level nuclear waste (HLW).1,4,5 Diglycolamide (DGA) derivatives
are a promising class of ligands for the co-extraction of the
trivalent actinides and lanthanides.7–11 The DGA derivative
having a long n-alkyl chain, TODGA (N,N,N0,N0-tetra-n-
octyldiglycolamide, Fig. 1a) is extensively studied and a number
of processes have been developed based on this extractant for
the minor actinide partitioning from HLW.12 An interesting
feature of these class of ligands is their highest affinity for the
trivalent actinide or lanthanide ions as compared to even the
tetra- or hexavalent actinide ions.13 These ligands, however,
cannot sufficiently distinguish between the trivalent actinides
and lanthanides. The extraction behaviour of these metal ions
are dictated by their ionic size as the extraction of the lantha-
nide ions significantly enhanced progressing along the
lanthanide series from La3+ to Lu3+ and because of its smaller

ionic size, Eu3+ is extracted more than Am3+ by TODGA.6 For an
effective separation of trivalent actinides and lanthanides, it
was attempted with this class of ligands to selectively strip back
the actinides from the loaded TODGA phase, containing both
the lanthanides and actinides, employing a water-soluble acti-
nide selective complexant.14,15 It is also evaluated along with a
lipophilic actinide selective ‘N’ donor ligand for the direct
extraction of trivalent actinides from the high level waste in
the 1c-SANEX process.16

Significant change in the separation behaviour of the triva-
lent actinides and lanthanides is reported by varying the alkyl
chain in substituents in the bis-triazinylphenanthroline ligands
(BTPhens) which is a promising ligand for the lanthanide
actinide separation. sec-Butyl derivative shows more selectivity
for Am3+ over Eu3+ as compared to its n-butyl derivative.17

Fig. 1 Schematic structures of the straight chain and branched DGA
derivatives; (a) TODGA; (b) T2EHDGA; (c) nBuDGA and (d) sBuDGA.
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Similarly the extraction behaviour of the DGA based ligands is
also expected to be significantly affected by their alkyl substi-
tuents. Sasaki et al., for the first time evaluated the effect of
alkyl substituents of the DGA ligands on their extraction
behaviour and branching in the alkyl chain showed significant
decrease in the extraction efficiency.18 Horwitz et al.,
subsequently demonstrated lower extraction behaviour of the
branched DGA ligand, T2EHDGA (N,N,N0,N0-tetra-2-ethyl-
hexyldiglycolamide, Fig. 1b) in the solid phase extraction chromato-
graphic technique also.19 The reduction in extraction efficiency
becomes more pronounced, if this branching is incorporated too
close to the DGA oxygen atoms.20 Shorter alkyl chain length leads to
reduction in steric hindrance thereby increasing the extraction
efficiency of the ligands.21 The role of the alkyl chain on the amidic
‘N’ atoms is significant in controlling the extraction behaviour of the
DGA derivatives.18,20,22 The increase in the extraction of lanthanide
ions along the series is less pronounced in the case of the branched
DGAs as compared to that in the case of TODGA.20 Among the
branched DGA derivatives, the position of branching has also a
significant role in the extraction trends.20

Nearer the branching to the amidic ‘N’ atom, the lower the
increase in the extraction of the lanthanide ion along the series.
In all the DGA derivatives studied, the nearest branching was
present at the b-carbon atom.20 It will, therefore, be of interest
to evaluate the DGA derivative having branching at the a-carbon
atom where higher extraction of the early lanthanide ions may
be expected as compared to the later lanthanide ions. Also,
reversal of selectivity between Eu3+ and Am3+ is expected due to
the bigger ionic size of the latter. In order to investigate the
effect of branching at the a-carbon atom, two DGA-based
ligands having n-butyl (nBuDGA; Fig. 1c) and sec-butyl
(sBuDGA; Fig. 1d) substituents are chosen to study the extrac-
tion of Am3+ and Eu3+.

Results and discussion
Extraction studies

Multiple DGA-based ligands are reported to be coordinated to
the trivalent actinides or lanthanides in their extracted
complexes.6,10,23 Different extraction mechanisms including
the formation of reverse micelles have been proposed for the
metal ion extraction with these DGA derivatives. In the ligand
concentration range studied in the present work, however,
formation of reverse micelle is not expected as it is well below
the critical micelle concentration (CMC) reported for these
class of ligands.24 In order to determine the metal–ligand
stoichiometry in the extracted complex, the extraction of Am3+

and Eu3+ was carried out varying the ligand concentration. Fig. 2
shows the effect of the ligand concentration on the extraction of
Am3+ and Eu3+ from 3 M HNO3 medium and the results indicate
that in the case of nBuDGA, the extraction of Eu3+ is higher as
compared to that of Am3+ throughout the chosen ligand concen-
tration range. A similar observation is well reported in case of
the DGA derivatives having straight chain alkyl groups, e.g.,
TODGA.8 In case of sBuDGA, interestingly, the extraction of

Am3+ was found to be consistently higher than that of Eu3+

throughout the ligand concentration range studied, with a
separation factor (S.F.) value of B1.5 favouring Am3+ over
Eu3+. From the slope values of the plots, it was observed that
in the case of nBuDGA, both the metal ions are extracted as 1 : 3
complex, which is in line with the observation reported in the
case of TODGA.6,8

In the case of sBuDGA, on the other hand, a 1 : 1 complex is
responsible for the extraction of both metal ions. Formation of
a lower stoichiometric complex is reported in case of DGA
derivatives having branched alkyl groups, viz., T2EHDGA
formed a 1 : 2 complex during the extraction of Eu3+.20 The
presence of branching in the alkyl group leads to enhanced
steric hindrance which ultimately results into lowering of the
extraction capability of the branched DGA derivatives.22 This
larger steric hindrance in the case of the branched DGA
derivatives results in a decrease to a higher extent in the
extraction of the metal ions of smaller size. The selectivity of
Eu3+ over Am3+ decreased in case of T2EHDGA as compared to
that in case of TODGA due to the smaller ionic radius of Eu3+.11

Comparative results on the separation behaviour of Am3+ and
Eu3+ using straight chain and branched alkyl derivatives of
DGAs are listed in Table 1. In the case of T2EHDGA, the
branching is at the b-carbon atom, whereas in case of sBuDGA,
the branching is at the a-carbon atom and, therefore, the steric
effect is expected to further enhance in the case of the latter.
Surprisingly, sBuDGA shows even a reversal of selectivity, where
Am3+ is extracted to a greater extent than Eu3+. To the best of

Fig. 2 Effect of ligand concentration on the extraction of Am3+ and Eu3+

from 3 M HNO3 medium; Org. phase: DGA derivatives in toluene.

Table 1 Comparison of separation behaviour of Am3+ and Eu3+ between
straight chain and branched DGA derivatives (DD = n-dodecane;
Tol = toluene)

Ligand TODGA T2EHDGA nBuDGA sBuDGA
Alkyl n-Octyl 2-Ethylhexyl n-Butyl s-Butyl
[Ligand] 0.01 M 0.01 M (0.1 M) 0.01 0.01
[HNO3] 3 M 3 M 3 M 3 M
Medium Tol Tol (DD) Tol Tol
DAm 0.28 � 0.2 o10�3 (23) 1.88 � 0.09 1.6 � 0.2
DEu 1.35 � 0.02 o10�3 (35) 8.9 � 0.4 1.01 � 0.03
S.F. (DAm/DEu) 0.21 (0.66) 0.21 1.58
Ref. 6 11 Present work Present work
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our knowledge, the higher affinity of Am3+ over Eu3+ by any
DGA ligand is reported for the first time here due to the
superseding of the electrostatic factors by the steric effect. It
will, therefore, be of interest to study the extraction behaviour
of the lanthanide ions of varying ionic sizes using these
(straight and branched chain) DGA derivatives, viz., nBuDGA
and sBuDGA. Fig. 3 clearly shows that in the case of nBuDGA,
the extraction of the lanthanide ions increases monotonically
along the series with decreasing ionic radii, which can be
explained based on purely electrostatic interactions. The ionic
radii values were taken from literature.25

However, in case of sBuDGA an opposite trend is observed,
where the extraction of lanthanide ions decreases along the
series with decreasing ionic radii, which indicates the dominat-
ing role of steric factors. The extraction of different metal ions
of different oxidation states, viz., Am3+, Eu3+, Pu4+, UO2

2+, and
Np4+ was performed using 1 mM of TREN-G1-DGA in C4mim�
NTf2 (Table 1) and the results were compared with their
extraction in a mixture of molecular diluents (5% isodecanol
(IDA) in n-dodecane (DD)). The change in the extraction of
different metal ions was compared with that of the DGA
derivatives shown in Fig. 1 and the results are provided in
Table 1. Interestingly, the extraction of the trivalent metal ions
(Am3+ and Eu3+) increased significantly in the C4mim�NTf2

medium as compared to that in the IDA/DD mixture. The effect
of the ligand concentration is found to be significantly different
in the cases of nBuDGA and sBuDGA (vide supra). It is, there-
fore, of interest to investigate the effect of the nitric acid
concentration on the extraction and separation behaviour of
Am3+ and Eu3+; the results are summarized in Fig. 4 and 5. In
both cases, the extraction of both Am3+ and Eu3+ remains
almost unchanged when the aqueous phase acidity is increased
from 0.01 M to 0.5 M, which is not reported earlier in the case
of DGA derivatives in n-dodecane-based diluent systems.

The extraction, however, increases upon further increasing
the acidity (40.5 M), which is the general trend observed for
the DGA derivatives.7 In the case of nBuDGA (Fig. 4), however,

there is a flattening of the curve beyond 3 M HNO3, which is
more pronounced for Am3+ (in the range of 3–6 M). This is
reflected in the decrease in the separation factor (S.F., defined
as DAm/DEu)) value from 0.2 to 0.08 when the HNO3 concen-
tration is increased from 1 M to 6 M. On the other hand, the
extraction of both metal ions increases monotonically up to 6 M
HNO3 in the case of sBuDGA (Fig. 5) resulting into a constant
S.F. value of 1.5 for Am3+ over Eu3+. Eventhough the extraction
nitric acid and water is significant with respect to the ligand
concentration, however, no micelle formation is expected at
such a low ligand concentration24 (Table S1 in ESI†).

Photoluminescence studies

To further understand the extraction behaviour of these metal
ions, photoluminescence studies were carried out on the Eu3+

complexes of both ligands using their respective organic
extracts. In the case of sBuDGA, however, a precipitation was
observed when the organic phase was contacted with 3 M HNO3

Fig. 3 Effect of ionic size of the actinide and lanthanide ions on their
extraction behaviour using 0.01 M nBuDGA or sBuDGA in toluene; Aq.
phase 3 M HNO3. (Ionic radii values were taken from literature.)

Fig. 4 Effect of HNO3 concentration on the extraction of Am3+ and Eu3+;
Org. phase: 0.01 M nBuDGA in toluene.

Fig. 5 Effect of HNO3 concentration on the extraction of Am3+ and Eu3+;
Org. phase: 0.01 M sBuDGA in toluene.
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containing 1 mM Eu3+ ion indicating poor solubility of the Eu3+

complex of sBuDGA in toluene. Therefore, the luminescence
intensity of the organic extract was very poor due to the
precipitation of the major part of the Eu3+ complex. Fig. 6
shows similar excitation spectra of the Eu3+ complexes of both
the ligands in the organic extracts.

The solid precipitate of the Eu3+-sBuDGA complex, however,
shows a strong charge transfer band at around 270 nm, which
was weak in the organic extract. This suggests that the metal–
ligand interaction becomes stronger in the precipitate as com-
pared to that in the organic extract, probably because of the
absence of any solvent molecules. The emission spectra (Fig. 7),
on the other hand, are distinctly different in the case of the two
ligands studied.

Their Eu3+ complexes showed a single peak for the 5D0 -
7F2 transition at ca. 593 nm, whereas the emission peak due to
the hypersensitive 5D0 -

7F2 transition was split into a doublet
centred at 612 and 617 nm. The intensity of the two split peaks
of the 5D0 - 7F2 transition is comparable in the case of the
Eu3+-nBuDGA complex and a similar emission spectrum was

reported for the Eu3+ complex of TODGA.11,26 This clearly
suggests that the local symmetry around the Eu3+ ion is very
similar in the cases of nBuDGA and TODGA. However, the
5D0 - 7F2 transition peak in the Eu3+-sBuDGA complex is
mainly dominated by the peak at ca. 617 nm and only a small
kink is observed at 612 nm. In the emission spectrum of the
Eu3+ complex of T2EHDGA, an analogous lower intensity peak
at 612 nm was reported in place of that at 617 nm.26 This clearly
indicates a difference in the symmetry around the Eu3+ ion in
the complexes of these DGA derivatives having straight chain
and branched alkyl groups. The lifetime values (Fig. 8) in the
nBuDGA and sBuDGA complexes are found to be 1.87 and
1.86 ms, respectively, indicating the absence of any water
molecule in the inner coordination sphere of the Eu3+ ion.
The solid precipitate of the Eu3+ complex of sBuDGA, however,
shows a higher lifetime value of 2.39 ms due to the absence of
non-radiative decay through vibrational relaxation by a solvent
molecule.27

FTIR studies

Vibrational spectroscopy studies on the organic phases before
and after extraction of the metal ion were performed. In case of
sBuDGA, because of the precipitation of the metal complex, the
organic phase showed very weak spectra and no conclusion
could be drawn from the IR spectra of the organic extract,
however we made an attempt to understand the coordination
behaviour from the IR spectra of the solid metal complex of
sBuDGA. The ‘CQO’ stretching frequency of the free ligands
were found to be at 1647 and 1644 cm�1 in the cases of nBuDGA
and sBuDGA, respectively. Upon complexation this band is
shifted to 1611 and 1596 cm�1 in the case of two ligands,
respectively. FTIR spectra (Fig. 3 and Fig. S1–S3 in the ESI†)
show that the n1 vibrational mode at 1000–1050 cm�1, which
was IR inactive in non coordinating nitrate ion whereas an
intense peak at 1045 cm�1 in the Nd-sBuDGA ppt due to low-
ering of the symmetry in the nitrate ion upon complexation,28

whereas in the nBuDGA complex this peak is very weak at
1054 cm�1. Moreover the band due to the out of plane rocking

Fig. 6 Excitation spectra (lem: 615 nm) of the Eu3+ complexes in the
organic extract and solid precipitate (in case of sBuDGA); Org. phase:
0.01 M nBuDGA or sBuDGA in toluene; Aq. phase 3 M HNO3.

Fig. 7 Emission spectra (lex: 394 nm) of the Eu3+ complexes in the
organic extract and solid precipitate (in case of sBuDGA); Org. phase:
0.01 M nBuDGA or sBuDGA in toluene; Aq. phase 3 M HNO3.

Fig. 8 Lifetime spectra (lex: 394 nm; lem: 615 nm) of the Eu3+ complexes
in the organic extract and solid precipitate (in case of sBuDGA); Org.
phase: 0.01 M nBuDGA or sBuDGA in toluene; Aq. phase 3 M HNO3.
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of the nitrate ion at 829 cm�1 (Fig. S1 in ESI†) is shifted to
816 cm�1 in the solid Nd3+ complex of sBuDGA, which indicates
the direct coordination of the nitrate ion to the metal ion in the
sBuDGA complex.29

Computational studies

The optimized structures of nBuDGA and sBuDGA are shown in
Fig. 9 and Fig. S4, S5 (ESI†), where two of the three ‘O’ atoms
are in the syn-conformation and pre-organized for bonding,
whereas the third ‘O’ atom is in the anti-conformation with a
torsional angle of 128.321 and 125.781, respectively, which
needs to be rotated prior to bonding with the metal ion as shown
in Fig. 10. This observation of the anti-conformation of the third
‘O’ atom is in line with our previously reported results where a
systematic investigation considering a number of various possi-
ble conformations of different DGA molecules varying the alkyl
chain indicated that in the lowest energy conformer the third ‘O’
atom was present in the anti-conformation.11

Cartesian coordinates of the free ligands and their complexes
are provided in Table S2 in the ESI.† In the complexes of
nBuDGA, all the three coordinating ‘O’ atoms of the ligand
molecule became coplanar with the metal ions. In the sBuDGA
complexes, on the other hand, there is a significant deviation
from coplanarity with the dihedral angle between the three ‘O’
atoms and the metal ions being 17.461 and 13.241, in the cases of
the respective Am3+ and Eu3+ complexes (Fig. 11 and Fig. S6, S7 in
the ESI†). Even after this rotation, changes in the C–C–Oether

(a, a0) and C–C–Oamide (b, b0) bond angles (Fig. 10) are observed.
The bond angle a0, where the amide ‘O’ atom is in the anti-

position, is always greater than the angle a by more than 2.51 in
case of both the free ligands. The other angle b0, where the
amide ‘O’ atom is in the anti-conformation, on the other hand,
is lesser than the angle b, where the amide ‘O’ atom is in the
syn-conformation.

If we compare between the two ligands, the angle ‘b’ is larger
in the case of nBuDGA than that of sBuDGA by more than 21. In
the energy optimized structure of nBuDGA, the bond angles ‘a,
a0’ were found to be 108.411 and 111.071, which decreased to
B1071 after complexation. The other bond angles (b, b0) are
121.011 and 119.191 in the free ligand molecule and reduced to
B118.41 upon complexation. Similar reduction in the bond
angles (a, a0, b, b0) was also observed in the case of the
complexation with the sBuDGA ligand. This suggests that
the three coordinating ‘O’ atoms come closer to form the
complexes with the metal ions in the case of both the ligands.
The metal–oxygen bond distances for the amide and ethereal

‘O’ atoms of the DGA derivatives are summarized in Table 2,
which shows that in the case of nBuDGA, the ‘M–O’ bond distances
are shorter for both metal ions thant hose in the case of the

Fig. 9 Energy optimized structures of (a) nBuDGA and (b) sBuDGA at the
BP86/SV(P) level of theory.

Fig. 10 Schematic representation of preorganization of the DGA deriva-
tives for complexation with the metal ion.

Fig. 11 Energy optimized structures of the Am3+ and Eu3+ complexes of
nBuDGA and sBuDGA at the BP86/SV(P) level of theory:
((a) Am(nBuDGA)3

3+, (b) Eu(nBuDGA)3
3+, (c) Am(sBuDGA)(NO3)3 and

(d) Eu(sBuDGA)(NO3)3).

Table 2 ‘M–O’ bond distances in the Am3+ and Eu3+ complexes of
nBuDGA and sBuDGA

Complex dM–O(amide) (Å) dM–O(ether) (Å)

Am-nBuDGA 2.43 � 0.02 2.64 � 0.01
Eu-nBuDGA 2.43 � 0.01 2.64 � 0.01
Am-sBuDGA 2.49 � 0.04 2.677
Eu-sBuDGA 2.46 � 0.02 2.640
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complexes of sBuDGA. This can be explained based on the for-
mation of a ML3

3+ cationic complex in the case of nBuDGA in
comparison to the neutral ML(NO3)3 complex in the case of
sBuDGA. This can be further understood in depth through the
charge analysis.

The results obtained from the natural population analysis
are tabulated in Table 3. The NPA charges on the coordinating
‘O’ atoms are very similar in both the free ligands. The charge
distribution, however, significantly differs in their complexes,
which is due to the difference in their nature. The positive
charge density on the metal ion is higher in the complexes of
nBuDGA as compared to that of sBuDGA. This is because of
higher neutralization of metal charges in the complexes
of sBuDGA by one ligand molecule and three nitrate ions,
whereas in the complexes of nBuDGA, the charge of the metal
ions is neutralized by only three neutral ligand molecules.
Comparing the natural charges on the coordinating ‘O’ atoms
in the two ligands, it is to be noted here that the negative
charge density on all the ‘O’ atoms increased upon complexa-
tion, which can be attributed to a significant charge polariza-
tion in the two ligands in their respective complexes. This kind
of charge polarization in the ligand molecule is well reported in
the literature, particularly for the complexes of metal ions of
high charge density.30–32 Comparison of the complexes of the
two ligands shows that the negative charge density on the
coordinating ‘O’ atoms is higher in the case of nBuDGA,
indicating a higher charge polarization, which is also observed
visually from the electron density distribution in Fig. S8 (ESI†).
If we carefully look into the valence shell electronic configu-
ration of the metal ion, the maximum charge transferred from
the ligands, is accommodated in the metal ‘6d’ and ‘5d’ orbitals
of Am and Eu, respectively. Frontier molecular orbitals (HOMO
and LUMO) of the Am3+ and Eu3+ complexes of nBuDGA and
sBuDGA are shown in Fig. 12 and 13, respectively.

In all the Am3+ complexes, the participation of metal ‘5f’
orbitals are noticed in both the HOMO and the LUMO, whereas
in case of the Eu3+ complexes, metal ‘4f’ orbitals contribute only
in the LUMO. Contribution of the ‘4f’ orbitals of the Eu3+ ion in its
complexes is only observed in low lying occupied orbitals. A similar
observation has also been reported earlier for the Am3+ and Eu3+

complexation with ‘N’ donor heteropolycyclic ligands.33,34 Unlike
the Am3+ complexes, the absence of the ‘f’ orbital participation in
the frontier occupied molecular orbitals in the Eu3+ complexes,

can be attributed to the relatively lower energy of the ‘4f’ orbitals of
the Eu3+ ion as compared to that of the ‘5f’ orbitals of the Am3+

ion. This leads to stronger covalent interaction in case of Am3+

complexes, however, the ionic interaction, which dominates in the
DGA complexation, is stronger in case of Eu3+ complexes, resulting
in higher selectivity of nBuDGA towards Eu3+ over Am3+. In case of
sBuDGA, however, as discussed in the previous section, the com-
plexation is also dictated by steric factors along with the ionic
interactions, leading to a marginally higher selectivity towards
Am3+ because of its larger size than the Eu3+ ion.

Experimental
General

The ligands nBuDGA and sBuDGA were prepared as described
before.35 The diluent toluene was procured from SRL Chemicals,

Table 3 Charge analysis the free ligands and their Am3+ and Eu3+

complexes at the B3LYP/TZVP//BP86/SV(P) level of theory (number in
the parenthesis indicate the uncertainty in the last digit)

Ligand/complex QM QO(amide) QO(ether)

Valence shell electronic
configuration of metal ion

nBuDGA — �0.60(1) �0.475 —
sBuDGA — �0.60(2) �0.479 —
Am3+ 3 — — 7s0 6d0 7d0 5f6

Eu3+ 3 — — 6s0 5d0 6d0 4f6

Am-nBuDGA 1.961 �0.683(2) �0.497(2) 7s0.16 6d0.71 7d0.04 5f6.13

Eu-nBuDGA 1.944 �0.679(2) �0.490(1) 6s0.15 5d0.80 6d0.03 4f6.07

Am-sBuDGA 1.849 �0.644(3) �0.489 7s0.19 6d0.71 7d0.08 5f6.16

Eu-sBuDGA 1.817 �0.655(3) �0.491 6s0.17 5d0.81 6d0.06 4f6.14

Fig. 12 Frontier molecular orbitals (HOMO and LUMO) of the Am3+ and
Eu3+ complexes of nBuDGA at the B3LYP/TZVP//BP86/SV(P) level of
theory.

Fig. 13 Frontier molecular orbitals (HOMO and LUMO) of the Am3+ and
Eu3+ complexes of sBuDGA at the B3LYP/TZVP//BP86/SV(P) level of theory.
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India and was used as obtained. Suprapur nitric acid (Merck,
Germany) was used for the preparation of dilute nitric acid
solutions, which were standardized using volumetric methods
using AR grade NaOH (BDH) with phenolphthalein (Fluka,
Switzerland) as the indicator. Laboratory stock solutions of
241Am was used for studies after checking their radiochemical
purity by alpha-spectrometry. 152,154Eu, procured from the Board
of Radiation and Isotope Technology (BRIT), Mumbai, India was
used after ascertaining their radiochemical purity by gamma ray
spectrometry. Other lanthanides (140La, 147Nd, 160Tb and 166Dy)
were prepared by irradiating their respective natural isotopes in
Dhruva reactor at a neutron flux of 1013 n cm�2 s�1.

Liquid–liquid extraction studies

The two-phase liquid–liquid extraction studies were carried
out with equal (0.5 mL) volume of organic and aqueous
phases. Organic phase comprises of varying concentrations
(0.005–0.03 M) of nBuDGA and sBuDGA in toluene medium
without any preequilibration. Toluene was chosen as the dilu-
ent because of the insolubility of sBuDGA in the commonly
used n-dodecane medium. Varying concentration of nitric acid
(0.01–6 M) were used as the aqueous phase which contained the
Am3+ and Eu3+ ion of B3000 Bq. The extraction of other
lanthanide ions were studied using 0.01 M non preequilibrated
ligand solution in toluene medium from 3 M HNO3 medium.
These two phases were kept for 1 h of equilibration at 25 1C in a
waterbath where the tubes were rotated vertically at B50 rpm.
The tubes were, then, centrifuged at 5000 rpm and an aliquot of
0.1 mL of each of the phases were taken out for gamma
counting in HPGe and NaI(Tl) detectors. In the cases, where
the D values are very low, 0.3 mL sample was taken for counting
from the organic phase after centrifugation and removing the
aqueous phase followed by long counting to minimize statis-
tical error. In order to further understand the extraction beha-
viour, photoluminescence studies were carried out on the
organic extract of Eu3+, where 0.03 M ligand solution was used
to extract 1 mM Eu3+ from 3 M HNO3 medium. In order to
determine the extraction of nitric acid in the organic phase,
0.01 M of the ligand solutions were equilibrated with equal
volume of HNO3 solution varying the concentration from 0.01–
6 M and then the organic phase was separated after centrifuge
and titrated against NaOH solution of known strength. Water
concentration of these organic phases was determined using
Karl-Fischer titration.

Photoluminescence studies

The photoluminescence studies were performed on the organic
extract of Eu3+ in 0.01 M nBuDGA and sBuDGA in toluene. In
order to compare the luminescence of the Eu3+ complexes of
nBuDGA and sBuDGA, 2 mL of the respective organic extracts
(of Eu3+ in 10 mM of the ligand solution in toluene) were taken
in the fluorescence cuvette, whereupon steady state and life-
time spectra were recorded. All the luminescence studies were
carried out using a Horiba PTI Quantamaster (QM 400) steady
state and lifetime spectrofluorometer.

FTIR studies

FTIR studies were carried out on the organic phase of 0.01 M
nBuDGA and sBuDGA in toluene medium before and after
contact with 3 M HNO3 and 0.02 M Nd3+ in 3 M HNO3. In case
of sBuDGA, as expected precipitation occurred when contacted
with Nd3+ solution and therefore this precipitate was also
subjected for FTIR study. All these experiments were performed
in a FTIR spectrometer (Tensor II Brucker instrument) at a
resolution of 4 cm�1.

Computational methodology

All the calculations were performed using the TURBOMOLE 7.2
program package.36 The geometries of the bare ligands,
nBuDGA, sBuDGA, and their Am3+ and Eu3+ complexes were
optimized at the GGA level of density functional theory (DFT) by
using Becke’s exchange functional37 in conjunction with Per-
dew’s correlation functional38 (BP86) with generalized gradient
approximation (GGA). 60-Electron core pseudo-potentials
(ECPs) along with the corresponding def-SV(P) basis set as
implemented in the TURBOMOLE suit of program were
selected for the Am3+ ion, whereas 28-electron core potentials
(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)39 was
performed in the present work to calculate the atomic charges in
the free ligands and their Am3+ and Eu3+ complexes. NPA was
performed on the complexes of Am3+ and Eu3+ to calculate the
natural charges using the hybrid B3LYP density functional37,40,41

employing the triple zeta valence plus polarization (TZVP) basis
set42,43 using optimized structures obtained at the BP86/SVP level
of theory as implemented in the TURBOMOLE suit of program.
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 hS2i values with the S(S + 1) ideal values
indicated negligible spin contamination.

Conclusions

DGA derivatives with n-alkyl substituents are known to be
selective towards Eu3+ over Am3+.7 However, the branched alkyl
derivative sBuDGA is found to be selective towards Am3+ over
Eu3+ with a S.F. value in the range of 1.5 due to higher steric
requirements, as indicated by the formation of a lower stoichio-
metric complex. To the best of our knowledge, in the class of
simple DGAs, this finding is unique. The extraction of trivalent
lanthanide ions increased along the series in case of nBuDGA,
whereas in case of sBuDGA, a reverse trend is observed. Photo-
luminescence studies suggest absence of any water molecule in
the inner sphere of the Eu3+ ion in its complexes with both the
ligands, however, the symmetry around the metal ion was
observed to be different in case of the two ligands indicating
the formation of different complexes which was also supported
by the FTIR studies. DFT studies indicate that one of the two
carbonyl groups of the ligand molecules needs to be rotated
prior to complexation. NPA analysis suggests an increase in
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charge polarization in the carbonyl centers upon complexation
with the metal ion. This charge polarization is higher in the
case of the complexes of nBuDGA due to a higher positive
charge density on the metal ion.
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