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nitrilo triacetamide (HONTA): complexation,
extraction, luminescence, EXAFS and DFT studies†
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This paper reports the solvent extraction of Am3+ and Eu3+ using N,N,N’,N’,N’’,N’’-hexa-n-octylnitrilotri-

acetamide (HONTA) as the extractant in n-dodecane. The results are in variance with those reported pre-

viously with respect to the nature of the extracted species. The solvent extraction data were entirely

different from those reported previously as the extracted species conformed to 1 : 2 (M : L) species for

both Am3+ and Eu3+ ions. The structure of the extracted complex was determined by EXAFS demonstrat-

ing the three amidic ‘O’ atoms of the HONTA complex with the Eu3+ ion. In the case of the Am3+ ion, the

pivotal ‘N’ atom is suggested to bond to the metal ion, which may explain the significantly more favour-

able extraction of Am3+ vis-à-vis Eu3+. The absence of H2O molecules in the inner coordination sphere of

the Eu3+–HONTA extract was confirmed by luminescence spectroscopic measurements. Complexation

studies in MeOH and EtOH indicated the formation of both 1 : 1 and 1 : 2 complexes with Nd3+ ions. The

results are explained on the basis of DFT calculations using HMNTA, the corresponding hexamethyl ana-

logue of HONTA.

Introduction

Effective remediation of radioactive wastes containing minor
actinides and long-lived fission products is proposed to be
done by a strategy called ‘Partitioning & Transmutation’.1

Though partitioning of the minor actinides, termed ‘Actinide
Partitioning’,2 can be accomplished by a variety of extractants,
the major hurdle in the subsequent transmutation step is the
presence of large concentrations of lanthanides which have
very large neutron absorption cross sections. Therefore, the
separation of trivalent lanthanides (Ln) and actinides (Ac) is
essential in effective burning of the minor actinides in high
flux nuclear reactors. Historically, for this separation the
TRAMEX3 and TALSPEAK4 processes have been developed.
Though these studies are meant for a host of trivalent lantha-
nide and actinide ions such as Am3+ and Cm3+, for conven-

ience sake, the R&D efforts involve studies on the separation of
Am3+ and Eu3+, which are representative trivalent actinide and
lanthanide ions, respectively.

Laboratory scale studies involving soft donor ligands have
yielded highly promising results, the separation factor (SF =
DAm/DEu) values being as high as several tens of thousands
with ‘S’ donor ligands such as substituted dithiophosphinic
acids.5 The major disadvantage of these extractants is their
inability to extract metal ions from acid concentrations >10−3

M. Kolarik et al. synthesized N-donor ligands such as BTP (bis-
triazinylpyridine) with highly promising results in feeds con-
taining nitric acid concentrations as high as 1.0 M.6

Subsequently, other N-donor ligands such as terpyridine,7

TPTZ (tris-pyridyl-1,3,5-triazine),8 BTBP (bis-triazinyl-bipyri-
dyl),9 and BTPhen (bis-triazinylphenanthroline)10 were evalu-
ated which led to the development of the SANEX processes.
There are several excellent review articles on the separation of
lanthanides and actinides including those involving the
N-donor ligands such as BTP and BTBP.11

Diglycolamide (DGA) ligands such as TODGA (N,N,N′,N′-
tetra-n-octyldiglycolamide; Fig. 1a) are reported to selectively
extract Eu3+ as compared to Am3+ and a reverse separation
factor (RSF = DEu/DAm) value of ca. 9 has been reported in 1 M
HNO3 while using 0.1 M TODGA in n-dodecane as the
solvent.12 This has subsequently prompted the synthesis of a
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tripodal tris-amide ligand such as N,N,N′,N′,N″,N″-hexa-n-octyl-
nitrilotrisacetamide (HONTA; Fig. 1b), which was found to
selectively extract Am3+ and result in a SF value of ca. 52, using
0.5 M HONTA in n-dodecane and 0.2 M HNO3 as the aqueous
phase.13 The flipping in selectivity between Am3+ and Eu3+ for
HONTA in comparison with TODGA could be attributed to the
participation of the central ‘N’ atom in the HONTA molecule
in the selective complexation of Am3+ ions. Sasaki et al.
reported 1 : 1 (M : L) species for both Am3+ and Eu3+ ions in
1 M HNO3 as the aqueous phase, which surprisingly changed
to 1 : 2 for Am3+ in 0.2 M HNO3 as the feed, while the extracted
species for Eu3+ remained unchanged.13b While trying to
understand the coordination behaviour of this ligand, one
would assume that both Am3+ and Eu3+ are bound to the three
amidic ‘O’ atoms, and the former is also bound to the central
‘N’ atom due to a soft–soft interaction. Normally, one would
expect the formation of both 1 : 1 and 1 : 2 complexes as 1 : 3
complex formation may not be feasible due to steric con-
straints arising from the 18 n-octyl groups and also due to an
unusually high coordination number of 12. Wang et al.
reported only 1 : 1 complexation for Nd3+ ions from solvent
extraction as well as complexation studies carried out in aceto-
nitrile with HONTA.14a Obviously, one would expect coordi-
nation to three nitrate ions for charge balance, which may
become more favourable at higher HNO3 concentrations.
Literature reports on the structural investigation of Tb3+ and
Eu3+ complexes also showed that even the weakly coordinating
picrate ions are present in the inner coordination sphere along
with the NTA-amide derivatives.14b,c However, a recent theore-
tical study did not support this possibility, but proposed the
presence of five inner-sphere H2O molecules in the 1 : 1 (M : L)

complex with both the actinide and lanthanide ions.15 This
apparent inconsistency between the work reported by Sasaki
et al.,13 Wang et al.14a and Kaneko et al.15 required a thorough
investigation of the complexation of trivalent actinides/lantha-
nides with HONTA.

The present paper involves studies with HONTA on solvent
extraction, complexation (in methanol medium), luminescence
(of the complexes in methanol as well as the extracts in
n-dodecane), EXAFS (of the extracts) and DFT computations.
Extracted species with M : L ratio of 1 : 2 were found to be
dominating in the case of both the lanthanide (Eu3+) and the
actinide (Am3+) ions. To our knowledge, this is the first ever
report on the structural analysis of HONTA complexes of any
lanthanide/actinide ions.

Results and discussion
Solvent extraction studies

Sasaki et al. reported the formation of a 1 : 1 complex for Eu3+

and a 1 : 2 complex for Am3+ when the extraction with HONTA
was carried out from a 0.2 M HNO3 medium.13 On the other
hand, from 1 M HNO3 both metal ions were reported to be
extracted as 1 : 1 complexes. Apparently, the concentration of
HNO3 has a significant influence on the stoichiometry of the
extracted complex. Therefore, it was of interest to identify the
extractable complexes of Am3+ and Eu3+ from a lower HNO3

concentration using lower HONTA concentrations.
The extraction studies of Am3+ and Eu3+ were, therefore,

carried out from a 0.1 M HNO3 medium using varying HONTA
concentrations in n-dodecane (Fig. 2a). The results indicated
that both the metal ions were extracted as 1 : 2 complexes. The
effect of the HNO3 concentration on the extraction of An3+ and
Ln3+ ions was explained by Sasaki et al. based on the cumulat-
ive effect of two factors, (i) protonation of the ‘N’ atom in
HONTA and (ii) participation of nitrate anions. In the present
work, the HNO3 concentration is significantly lower as com-
pared to that in the work of Sasaki et al.13b This will reduce the

Fig. 1 Structural formulae of (a) TODGA and (b) HONTA.

Fig. 2 Solvent extraction results. (a) Effect of HONTA concentration on the extraction of Am3+ and Eu3+; org. phase: HONTA in n-dodecane;
aq. phase: 0.1 M HNO3; slope: 1.84 ± 0.05 for Am3+ and 1.90 ± 0.04 for Eu3+; (b) effect of HONTA concentration on separation factor.
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protonation of HONTA which may result in a higher fraction of
free ligand leading to the formation of higher stoichiometric
complexes. In contrast, Sasaki et al. used a 10 times higher con-
centration of HONTA than that used in the present study, which
should lead to complexes with a higher L : M ratio. In view of
the comparable slope values, the SF values are expected not to
change significantly. In the entire concentration range of HONTA
studied, the SF values were found to be in the range of 4.5–5.2
(Fig. 2b) indicating some degree of selectivity for Am3+ over
Eu3+. The previously reported higher SF values,13b on the other
hand, were due to the formation of extractable complexes of
different metal–ligand stoichiometries for Am3+ and Eu3+,
which is not the case here. Wang et al. achieved a maximum
SF value of ca. 12 for Am3+ over Eu3+ in spite of using an
aqueous soluble Eu3+ selective holding agent, viz. TEDGA (N,N,
N′,N′-tetra-ethyldiglycolamide) indicating similar M : L stoi-
chiometry for Am3+ and Eu3+.14a It has to be noted that now
the extraction experiments were carried out from a lower
(0.1 M) nitric acid concentration. The extracted species in the
present study are suggested to be ML2(NO3)3 and in view of
steric crowding, the nitrate ions may be in the outer sphere
(vide infra) and the metal ion coordination is saturated by the
six carbonyl ‘O’ atoms and two ‘N’ atoms from the two HONTA
molecules. Though the present SF values appear to be inferior
to those reported earlier, it was of interest to understand the
nature of the extracted complexes.

Extended X-ray absorption fine structure spectroscopy (EXAFS)
studies

The interesting observation of the formation of 1 : 2 extractable
complexes upon extraction from a 0.1 M HNO3 medium was
further confirmed by other techniques. An EXAFS study was
carried out on the extracted complex of Eu3+ from 0.1 M HNO3

using HONTA in n-hexane (used as an n-dodecane homolog).
Fig. 3a shows the normalised EXAFS spectra of the extracted
Eu3+–HONTA complex.

The X-ray Absorption Near Edge Spectroscopy (XANES)
spectra are shown in the inset. The Eu2O3 standard is plotted

together with the complexes and suggests that the +3 oxidation
state is present in the Eu3+–HONTA complex, however, the
white line peak intensities differ. Analyses of the EXAFS data
were carried out according to the procedure described
elsewhere.16,17

The χ(R) versus R plots generated (Fourier transform range
k = 2.0–9.5 Å−1) for all the samples from the μ(E) versus E
spectra, following the methodology described above, are
shown in Fig. 3b. The structural parameters (atomic coordi-
nation and lattice parameters) used for the simulation of the
theoretical EXAFS spectra of the samples were obtained from a
DFT optimized structure. The best fit χ(R) versus R plots of the
samples are shown in Fig. 3b along with the experimental data
for all the samples. The bond distances, coordination number
and disorder (Debye–Waller) factors (σ2), which give the mean
square fluctuations in the distances, were used as fitting para-
meters. The amplitude reduction factor S0

2 is obtained from
the standard sample and used as a constant in all the fittings.
The best fit results mentioned above are summarized in
Table 1. The spectra shown in Fig. 3 are phase uncorrected,
however, the phase correction is applied during the fitting and
the fitting results obtained here are real distances. It is clear
from the results that six oxygen atoms are present as the
nearest neighbours of the central Eu3+ ion at a distance of
2.28 Å. These oxygen atoms belong to the coordinating amidic

Table 1 EXAFS fitting results of the Eu extract in 0.05 M HONTA/
n-dodecane

Path Parameter Eu–HONTA complex

Eu–O R (Å) 2.28 ± 0.01
N 6.0 ± 0.28
σ2 0.0012 ± 0.0005

Eu–N R (Å) 2.96 ± 0.02
N 2.0 ± 0.34
σ2 0.0012 ± 0.0010

Eu–C R (Å) 3.48 ± 0.01
N 6.0 ± 1.02
σ2 0.0012 ± 0.0010

Fig. 3 (a) Normalised EXAFS spectra of the Eu extract in 0.05 M HONTA/n-dodecane at the Eu L3-edge. Inset shows normalised XANES spectra
along with reference Eu2O3; (b) Fourier transformed EXAFS spectra of the Eu extract in 0.05 M HONTA/n-dodecane at the Eu L3-edge (scatter
points) and theoretical fit (solid line).
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oxygens of the two HONTA ligands as two ‘N’ atoms (one from
each of the two HONTAs) are present at a distance of 2.96 Å
from the Eu3+ ion and six carbonyl ‘C’ atoms of the two
ligands at a distance of 3.48 Å. The EXAFS results clearly show
that Eu3+ was extracted as a 1 : 2 complex with an octa-co-
ordinated Eu3+ ion (six ‘O’ and two ‘N’ atoms from two HONTA
ligands).

Luminescence studies

In order to further understand the nature of the complex
formed during the extraction of Eu3+ by HONTA, luminescence
spectroscopic studies were carried out on the extracted
complex. The excitation spectrum showed the most intense
peak at 394 nm due to the 7F0 → 5L6 transition (Fig. 4a). The
other metal centred ‘f–f’ transition peaks (7F0 → 5D4,

7F0 →
5G2) were also observed on the shoulder of a broad ligand
oxygen to an Eu(III) charge transfer band (O–Eu CTB) in the
wavelength range of 250–380 nm. It is, however, worth men-
tioning here that the metal centred 7F0 → 5L6 band is much
more intense than the O–Eu CTB. The high intensity in the
‘f–f’ transition peak is an indication of high asymmetry
around the central Eu3+ ion and a stronger vibronic coupling
in its extracted complex with HONTA.18 The higher asymmetry
around the Eu3+ ion was also indicated in the emission spectra
of the Eu3+ extract by a high asymmetry ratio value (asymmetry
ratio (AR) is defined by the intensity ratio of 5D0 → 7F2 to
5D0 →

7F1 transition) of 4.02. The lifetime of the extracted Eu3+

complex was measured by exciting the extracted complex at
394 nm and following the decay of its luminescence intensity
at a wavelength of 615 nm; the lifetime spectra are shown in
Fig. 4b. The mono-exponential nature of the lifetime spectra
suggests that Eu3+ is extracted as single species by HONTA in
n-dodecane. The inner-sphere hydration number (NH2O) of
Eu3+ can be obtained by using the difference in the decay con-
stant (kobs) in H2O and D2O using the following relation:19

NH2O ¼ CðkobsðH2OÞ � kobsðD2OÞÞ ð1Þ
where kobs(H2O) and kobs(D2O) are the decay constants of the
excited state of the Ln3+ ion in H2O and D2O media, respect-

ively, and ‘C’ is a characteristic constant for each of the tri-
valent lanthanide ions. Generally, kobs(H2O) ≫ kobs(D2O) and
kobs(D2O) is almost a constant, and ligands are not as effective
as H2O in causing the de-excitation of the excited state, and
therefore, the hydration number can be obtained from the
decay constant. For Eu3+, eqn (1) can be simplified to eqn (2)
in order to determine the number of the inner-sphere water
molecules:20

NH2O ¼ ð1:05� 10�3=τÞ � 0:44 ð2Þ
where ‘τ’ is the lifetime of the excited species in seconds and
NH2O is the number of water molecules. Using the ‘τ’ values
listed in Table 2, the number of inner-sphere water molecules
was determined and are listed in Table 2. The results indicate
the absence of any water molecules in the inner coordination
sphere of the Eu3+ ion in all its 1 : 2 complexes. This was
further confirmed by the insignificant change in lifetime when
the extraction was performed from D2O instead of H2O
medium. Exclusion of all the water molecules from the inner
coordination sphere is only possible if at least two HONTA
molecules coordinate directly to the Eu3+ ion satisfying its
eight coordinating sites by six ‘O’ and two ‘N’ atoms. Similar
observations were made from the two-phase liquid–liquid
extraction and EXAFS studies.

Single phase complexation studies

Eu3+ complexation study by time resolved fluorescence spec-
troscopy (TRFS). The excitation and emission spectra of the
Eu3+ complex of HONTA in methanol are shown in Fig. 5a. The
excitation spectrum is mainly dominated by the O–Eu charge

Fig. 4 (a) Emission (λex = 394 nm) and excitation (λem = 615 nm) spectra of the organic extract of Eu3+ from 0.1 M HNO3 using 0.025 M HONTA in
n-dodecane; (b) decay profile of Eu(III) complexes of HONTA in n-dodecane extract from 0.1 M HNO3/H2O (black) and 0.1 M HNO3/D2O (red) and in
methanol (green). (DD-Ext.: Extracted complex of Eu3+ in n-dodecane medium.

Table 2 Lifetime values and the calculated number of inner sphere
water molecules in the Eu3+ HONTA extract from 0.1 M HNO3 in H2O
and D2O

Aqueous phase τ (µs) NH2O

0.1 M HNO3/H2O 1530 ± 0.4 0.2
0.1 M HNO3/D2O 1643 ± 1 0.2
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transfer band, whereas for the Eu3+ extract in n-dodecane it is
dominated by the Eu-centered ‘f–f’ transition. This is probably
due to the higher symmetry of the Eu3+ complex in methanol,
which makes the ‘f–f’ transition more forbidden in methanol.
Considering the emission spectra, the asymmetric ratio of 2.73
is significantly lower than that observed for the Eu3+–HONTA
extract in n-dodecane (vide supra), indicating the higher sym-
metry around the Eu3+ ion in its HONTA complex in methanol.
This is also supported by the lower splitting (triplet) of the
5D0–

7F4 transition in methanol as compared to that in the case
of the Eu3+ extract (multiplet) in n-dodecane. In the case of
pure Eu(NO3)3 in methanol a doublet was observed for the
5D0–

7F4 transition, which changed significantly upon com-
plexation with HONTA. Therefore, this peak was followed to
study the HONTA complexation of Eu3+, which is depicted in
Fig. 5b for varying amounts of HONTA. The formation of both
1 : 1 and 1 : 2 complexes of Eu3+ with HONTA was confirmed in
methanol with the conditional stability constant (log β) values
of 5.65 ± 0.07 and 9.88 ± 0.05, respectively, by fitting these
spectra using the Hyperquad program21a and these are listed
in Table 3. The molar absorbance and the fraction of different
Eu3+ containing species present during the titration are shown
in Fig. 5c and d. The decay profile of the Eu3+ complex of
HONTA with a ligand : metal ratio of 3 in methanol is shown
in Fig. 4b. The lifetime of the excited state was found to be
1.258 ms indicating the dominance of a 1 : 2 complex. The life-

time value of the 1 : 1 complex of Eu3+-picrate with different
NTA-amide derivatives in chloroform medium was reported to
be in the range of 170–450 µs which was significantly smaller
as compared to the lifetime values observed in the present
work.14c The speciation diagram, however, shows that a signifi-
cant amount of 1 : 1 complex (ca. 30%) is still present at a
HONTA/Eu ratio of 3. The fluorescence intensity per mole is
one order of magnitude higher for the 1 : 2 complex than that
for the 1 : 1 complex (Fig. 5c) due to a high degree of sensitiz-
ation of the 5D0–

7F4 transition of Eu3+ by the HONTA mole-
cules in the 1 : 2 complex. This makes the luminescence
spectra (5D0–

7F4 transition) of the Eu3+–HONTA complex
mainly governed by the 1 : 2 complex. The conditional stability
constant values of the Eu3+ complexes of HONTA in ethanol
were also determined by the same procedure as done in

Fig. 5 (a) Emission (λex = 394 nm) and excitation (λem = 615 nm) spectra of the Eu3+ complex of HONTA in methanol with M : L = 1 : 26; (b) change
in the peak corresponding to the 5D0–

7F4 transition of Eu3+ upon complexation with varying amounts of HONTA in methanol; (c) luminescence
intensity per mole of the different species present during the course of the titration; (d) speciation diagram of free Eu3+ and its complexes formed in
the range of HONTA/Eu ratios of 0–3.

Table 3 Conditional stability constant values of the Eu3+–HONTA com-
plexes, lifetime values and the calculated number of inner sphere water
molecules in the Eu3+ complexes in methanol and ethanol

Complexing medium

Species

τ (µs) NH2Olog β1 log β2

MeOH 5.65 ± 0.07 9.88 ± 0.05 1258 ± 0.2 0.4
EtOH 7.02 ± 0.02 12.78 ± 0.04 1373 ± 0.7 0.3

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 16631–16639 | 16635

Pu
bl

is
he

d 
on

 1
3 

N
ov

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

15
/0

5/
20

18
 1

3:
28

:2
9.

 

View Article Online

http://dx.doi.org/10.1039/c7dt03329j


methanol; the results are also listed in Table 3. It has to be
noted that the stability constant values in ethanol are signifi-
cantly higher as compared to that in methanol. This could be
attributed to the weaker coordination power of ethanol as com-
pared to methanol. A similarly higher stability constant for the
Ni2+ complexation with 2,2′-bipyridine is also reported in
ethanol medium as compared to that in methanol medium.21b

The stability constant (log β1) for Nd3+–HONTA in acetonitrile
has been reported to be 8.27 ± 0.06.14 Though higher stability
constant values are expected in acetonitrile vis-a-vis methanol,
it is interesting that 1 : 2 complexes were not reported for Nd3+

ions in acetonitrile medium.

Computational studies

The formation of a 1 : 2 complex of Eu3+ with HONTA was
noticed from solvent extraction, TRFS and EXAFS studies when
Eu3+ was extracted from 0.1 M HNO3 medium using HONTA in
n-dodecane. The presence of both 1 : 1 and 1 : 2 complexes,
however, was noticed in the case of single phase complexation
in methanol. For computational studies, therefore, both the
1 : 1 (ML(NO3)2

+ and ML(NO3)3) and 1 : 2 (ML2
3+) complexes

were considered. Kaneko et al.15 have investigated the tri-posi-
tive 1 : 1 complex of Am3+ and Eu3+ with HMNTA (the methyl
analog of HONTA) of the type ML(H2O)5

3+ and in the present
work, therefore, the other possible 1 : 1 complexes having a
lower ionic charge, viz. ML(NO3)2

+ and ML(NO3)3, were investi-
gated by computations. In the case of the ML(NO3)2

+ type of
complex, the ‘M–N’ bond distance was found to be shorter in
the case of Eu3+ (2.925 Å) as compared to the Am3+ complex
(2.988 Å). This is also reflected in the higher Wiberg’s (WBO)
and Mayer’s bond order (MBO) of the ‘M–N’ bond in the Eu3+

complex (Table 4). Kaneko et al., on the other hand, reported a
stronger ‘Am–N’ bond than the ‘Eu–N’ bond in the ML(H2O)5

3+

type of complex.15 The presence of nitrate ions in the inner
coordination sphere significantly weakens the interaction of
the ligand with the metal ion and therefore, the selectivity as
indicated by the difference in ‘M–N’ bond strength is found to
have disappeared.

In the neutral ML(NO3)3 type of complex, because of the
presence of a larger number of nitrate ions in the inner
sphere, the interaction of the metal ion with the HONTA
ligand further weakens, which is reflected by the larger ‘M–N’
distances (>3.5 Å) and the WBO and MBO becomes <0.03
suggesting the absence of any ‘M–N’ bonds. The ‘M–O’ bond

distances were also found to be higher (>2.45 Å) than those
observed in all the other complexes of Am3+ and Eu3+ studied
(Table 5). Guillaumont investigated the effect of counterions
systematically on the metal–ligand bond in the actinide and
lanthanide complexes of terpyridine using DFT calculations,21c

where he reported similar elongation in metal–nitrogen bond
length when water molecules were replaced by the anionic
ligands like nitrate. In the 1 : 2 complex, the only possibility
considered was ML2

3+ as the two HMNTA ligands can occupy
eight coordination sites of the metal ions and the approach of
other ligands is expected to be difficult due to the bulkiness of
the two HMNTA ligands.

Moreover, EXAFS and TRFS studies on the Eu3+ extract indi-
cated that the central Eu3+ ion is eight-coordinated and devoid
of any water molecules in the inner coordination sphere. In
this type of complex, the selectivity of HONTA, as observed
from the solvent extraction studies, is nicely reflected in the
shorter ‘Am–N’ bond lengths (2.848 and 2.853 Å) as compared
to the ‘Eu–N’ bond lengths (2.886 and 2.892 Å) in their respect-
ive complexes (Fig. 6).

Table 4 ‘M–O’ bond distances in different Am3+ and Eu3+ complexes
of HMNTA (the number in the parenthesis indicates the span in the
values in different ‘M–O’ bonds present in a complex)

Complex dAm–O (Å) dEu–O (Å) Ref.

ML(NO3)2
+ 2.408(17) 2.374(21) P.W.

ML(NO3)3 2.516(6) 2.474(4) P.W.
ML(H2O)5

3+ 2.394(34) 2.384(31) 15
ML2

3+ 2.415(4) 2.367(5) P.W.

P.W. means present work.

Table 5 ‘M–N’ bond distances, Wiberg’s (WBO) and Mayer’s bond order
(MBO) of the ‘M–N’ bonds in the Am3+ and Eu3+ complexes of HMNTA

Complex dM–N(Å) WBO MBO Ref.

AmL(NO3)2
+ 2.988 0.139 0.141 P.W.

EuL(NO3)2
+ 2.925 0.169 0.170 P.W.

AmL(NO3)3 3.815 0.017 0.020 P.W.
EuL(NO3)3 3.783 0.022 0.022 P.W.
AmL(H2O)5

3+ 2.723 — 0.142 15
EuL(H2O)5

3+ 2.771 — 0.131 15
AmL2

3+ 2.848, 2.853 0.223 0.225 P.W.
EuL2

3+ 2.886, 2.892 0.200 0.204 P.W.

P.W. means present work.

Fig. 6 Optimized structures of (a) AmL(NO3)2
+, (b) EuL(NO3)2

+, (c) AmL
(NO3)3, (d) EuL(NO3)3, (e) AmL2

3+ and (f ) EuL2
3+, where L = HMNTA.
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This is further supported by the higher WBO and MBO
values for the ‘Am–N’ bonds as compared to the ‘Eu–N’ bonds
(Table 5). A systematic study was, therefore, carried out on this
ML2

3+ type of complex for the Ln3+ ions with varying ionic
sizes and the results are presented in Fig. 7.

The ionic radii of the Am3+ and Ln3+ ions, except Pm3+,
were taken from the literature for the eight-coordinated metal
ions.22 The ionic radius of Pm3+ was considered as the average
ionic radii of Nd3+ (1.109 Å) and Sm3+ (1.079 Å). A very good
correlation of ‘M–O’ bond lengths with the ionic size of Ln3+

ions was observed, which suggests that the ‘M–O’ bonds are
predominantly governed by purely ionic interactions in all the
Ln3+ complexes. The ‘Am–O’ bond distance is somewhat
higher than that expected from the observed trends of the Ln3+

complexes. However, when the ‘M–N’ bonds were considered,
no such correlation was noticed, but the ‘Am–N’ bond length
was always found to be shorter than any of the ‘Ln–N’ bonds

in the series, which is a clear indication of a significant degree
of covalence in the ‘Am–N’ bond which made this ligand selec-
tive for Am3+ over the Ln3+ ions.

Covalent contribution in the ‘Am–N’ bonds is also reflected
when we look at some of the frontier molecular orbitals of the
Am3+ complexes (Fig. 8).

Conclusions

HONTA has been reported to yield a very high SF value of ca. 52,
which has been attributed to the interaction of the central ‘N’
atom with Am3+ in contrast to the Eu3+ ion.13 A thorough inves-
tigation was carried out using a variety of techniques such as
solvent extraction, luminescence spectroscopy, single phase
complexation, EXAFS, etc. Additionally, DFT computations were
carried out to support the observations. Under the chosen
extraction conditions of 0.05 M HONTA in n-dodecane and 0.1
M HNO3, the extracted species conformed to ML2(NO3)3 for
both Am3+ and Eu3+, which is in variance with those reported
previously. EXAFS studies involving the Eu3+–HONTA extract
suggested ML2

3+ type complexes, in which no nitrate ion was
bound to the central metal ion. The binding of an Eu3+ ion to
two HONTA molecules rules out the presence of inner-sphere
water molecules, which was confirmed by luminescence spec-
troscopy (TRFS). Though one may argue that the 1 : 2 complexes
were formed due to the conditions chosen in the present study,
single phase complexation studies in both MeOH and EtOH
suggested the contrary. Finally, DFT computations also con-
firmed the facile formation of the ML2

3+ species as compared to
the ML(H2O)5

3+ species suggested in a previous study.15 It may
be concluded that, though it may be possible to effect the for-
mation of two different extracted species for Am3+ and Eu3+ by
choosing suitable extraction conditions for obtaining better SF
values, both the metal ions form ML2

3+ species under normal
circumstances.

Experimental
Materials

HONTA (Fig. 1) was synthesized following a previously
reported method.13a The product was characterized by
1H-NMR, FT-IR and HR-MS. Eu(NO3)3·5H2O was procured
from Sigma Aldrich in purities of >99.9%. 241Am was used
from the laboratory stock after freshly purifying following a
reported procedure.23 152,154Eu was procured from BRIT (Board
of Radiation and Isotope Technology). Both the radiotracers
were used after confirming their radiochemical purities by
alpha and gamma spectrometric methods. All the other
reagents were of analytical reagent grade.

Distribution measurements

Equal volumes (usually 1 mL) of the aqueous (0.1 M HNO3

containing the respective radiotracer, 241Am or 152,154Eu) and
the organic (containing 0.01 to 0.05 M HONTA in n-dodecane)
phases were equilibrated in a thermostated water bath at

Fig. 7 Variation of ‘M–O’ and ‘M–N’ bond lengths in the M(HMNTA)2
3+

type of complex of Ln3+ ions of varying ionic radius and their compari-
son with Am3+.

Fig. 8 Contour plots of the frontier molecular orbitals of Am3+ com-
plexes of HMNTA showing overlap between Am ‘5f’ orbitals and central
‘N’ based orbitals of the HMNTA molecule.
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25 ± 1 °C for 1 h to enable the complete attainment of equili-
brium. The two phases were subsequently centrifuged and
suitable aliquots (usually 100 µL) from both phases were
removed for subsequent assaying. The radiometric assays of
241Am and 152,154Eu were performed using a well type NaI(Tl)
scintillation counter (Para Electronics) coupled with a multi-
channel analyzer (ECIL, India). The distribution ratio of the
metal ions (DM) was calculated as the ratio of counts per unit
time per unit volume of the organic phase to that in the
aqueous phase. The concentrations of Am and Eu used in
these studies were 10−7 M and 10−5 M, respectively. Each
experiment was carried out in triplicate and the accepted data
were within the relative standard deviation of 5%.

EXAFS studies

An EXAFS study was carried out on the Eu3+ extract of HONTA
in n-hexane using the Synchrotron Source (2.5 GeV, 200 mA) at
the Raja Ramanna Centre for Advanced Technology (RRCAT),
Indore, India.24 The details of the experimental setup used to
acquire the EXAFS data are described in the ESI.†

TRFS studies

Luminescence studies on the Eu3+ extract of HONTA in
n-dodecane and on the Eu3+ complexes of HONTA in methanol
and ethanol were carried out by using a Horiba PTI
Quantamaster (QM 400) series of steady state and lifetime
spectrofluorometer. The excitation spectra were recorded in
the wavelength range of 250–450 nm keeping the emission
wavelength fixed at 615 nm, whereas the emission spectra were
recorded in the wavelength range of 550–720 nm keeping the
excitation wavelength fixed at 394 nm. The lifetime values were
calculated by following the decay of the excited state of the
Eu3+ in its complexes fixing the excitation and emission wave-
lengths at 394 and 615 nm, respectively.

Computational methodologies

As known from the literature,15 the alkyl groups in nitrilo tri-
acetamides have an insignificant effect on their relative com-
plexation strength for Am3+ vs. Eu3+. In order to lower the com-
putational costs, the methyl derivative (HMNTA) of HONTA
was considered in all the calculations. The hybrid B3LYP
(Becke’s three-parameter nonlocal hybrid exchange correlation
functional, Becke–Lee–Yang–Parr) functional was found to be
superior specifically for the ‘f’ block metal ion complexes in
the prediction of the energetics and the nature of bonding due
to inclusion of the non-local HF contribution in the exchange
functional.25 The minimum energy structures of the HMNTA
and its Am3+ and Ln3+ complexes were, therefore, calculated
using the B3LYP functional employing the split valence plus
polarization (SVP) basis set26 as available in the Turbomole 7.0
suite of program.27 The minimum energy of the optimized
structures of the Am3+ and Ln3+ complexes was confirmed by
the frequency calculations and the vibrational frequencies of
the complexes are provided in the ESI (S4).† In the case of all
the Ln3+ and Am3+ complexes an ECP core potential was used,
where 46 electrons are kept in the core of La28 and 28 electrons

in the core of other lanthanides (viz. Pr, Pm, Eu, Ho, Tm and
Lu29) whereas the number of core electrons was 60 for Am.30

The electronic structures of the optimized geometries of the
Am3+ and Eu3+ complexes of HMNTA were calculated with the
B3LYP functional31 employing the triple zeta valence plus
double polarization (TZVPP) basis set32 using equilibrated
structures obtained at the B3LYP/SVP level of theory as
implemented in the Turbomole suite of program. In the case
of Am3+ and Eu3+, the high spin septet was found to be the
ground state configuration, whereas for La3+ and Lu3+ com-
plexes singlet was the ground state configuration. Triplet for
Pr3+ and Tm3+ complexes and quintet for the Pm3+ and Ho3+

complexes were observed as the ground state configurations.
The issue of degeneracy due to spin was checked by comparing
the value of 〈S2〉 and (S + 1). In the present chemical system,
the value of 〈S2〉 was checked to be very close to the (S + 1)
ideal values, which indicated that all the chemical structures
display negligible spin contamination.
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