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Complexation of Eu®* with three diglycolamide-functionalized calix[4]-
arene (C4DGA) ligands was investigated by UV-Vis and lumine-
scence spectroscopy measurements in acetonitrile medium. The
complexation thermodynamics was studied by micro-calorimetry
while structural information was obtained from DFT calculations.

Introduction

In view of high efficiency of diglycolamides (DGA)" as a class
of organic ligands for the selective extraction of trivalent acti-
nides and lanthanides from high level radioactive wastes as
one of the most acceptable strategies of radioactive waste reme-
diation, attempts have been made to synthesize multiple DGA-
functionalized ligands and study their complexation/extraction
properties.”> Calix[4]arenes with DGA-functionalization in the
narrow rim were evaluated for actinide ion extraction with very
promising results.® Out of those, the calix[4]arenes with four
DGA pendant arms (C4DGA) were found to be highly promis-
ing for actinide ion extraction and displayed unusual selectiv-
ities as compared to the ligands containing two DGA pendant
arms (C2DGA).* There had been an attempt by us to under-
stand the complexation behaviour of these ligands earlier.
This prompted us to study the actinide ion extraction using
DGA-functionalized calix[4]arenes appended on to the narrow-
rim, wide-rim and both sides of the scaffold (Fig. 1). While
comparing the extraction behaviour of a C4DGA ligand func-
tionalized on the narrow-rim (L;) vis-a-vis the wide-rim functio-
nalized C4DGA ligand (Ly), it was noticed that L; was far more
superior than Ly.*> However, our subsequent studies with a
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both sides functionalized calix[4]arene with eight DGA moieties
(C8DGA, Lyy) though found not to be a very efficient extractant
in molecular diluents,® showed significantly high distribution
coefficient values for Am®' ion extraction which almost
remained unchanged over a wide range of HNO; concentration
in a room temperature ionic liquid.” This warranted a
thorough investigation of the comparative complexation of tri-
valent actinide/lanthanide ions with the three calix[4]arene
ligands. Complexation studies carried out in the present work
involved UV-vis and luminescence spectroscopy, and while
thermodynamic parameters were obtained by micro-calori-
metry, the complexed species were identified by the ESI-MS
technique. Structural information was obtained from DFT
calculations since attempts to obtain single crystals were not
successful.® Furthermore, while previous studies with C4DGA
and C2DGA ignored the complexation by nitrate ions, which are
known to play an important role in metal ion extraction/complexa-
tion by the calix[4]arenes, we thought that it would be interesting
to carry out DFT calculations on the metal ion complexation
taking into consideration the presence of nitrate ions in the com-
plexing medium. A Eu*" (as a surrogate of Am®") ion was used for
the complexation studies. To the best of our knowledge, this is
the first ever report on the comparative complexation behaviour
of three DGA-functionalized calix[4]arene ligands, Ly, Ly, and Ly
with different modes of functionalization.

Results and discussion
Stability constants of Eu**/L complexes

All the three ligands (Ly, Ly, and Lyy) show strong absorption
bands between 195 and 240 nm (Fig. S17). Fig. 2 (left) shows
representative spectrophotometric titrations of Ly, Ly, and Lyy
with Eu®" in acetonitrile. Factor analysis of the spectra for all
three titrations suggested that there were two absorbing
species, the free ligand and the ML complex. The best fit was
achieved by using the model which considered the formation
of a 1:1 complex. The calculated molar absorptivities of the
free ligands and the Eu®**/L complexes are shown at the right
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Fig. 2 Spectrophotometric titration of L,, Ly, and Ly, with Eu®* in aceto-
nitrile (left) and deconvoluted spectra of the absorbing species (right).
Cuvette solution (2 mL): 0.005 mmol L™ L, 0.008 mmol L L, or
0.006 mmol L™ Ly; titrant: 0.10 mmol L™ Eu(NOs)s; temperature:
25 °C.

Table 1 Thermodynamic data for the complexation of the ligands with
Eu®* in acetonitrile

Ligand Log AH (k] mol™) AS (J mol™ K™)
Ly 7.35+0.03 —22.5+0.8 65+3
Ly 1.10 = 0.02 -13.7£0.4 -25+2
L 6.71 + 0.02 —20.2 + 0.7 61+3

side of Fig. 2. The log § values of the three ligands with Eu®*
were calculated using non-linear least squares regression ana-
lysis” and the data are included in Table 1 following the order:
L; > Ly > Ly which is in line with what was seen in the
solvent extraction studies of Am(m).® "*C NMR spectral analysis
of Ly and its La(ur)-triflate complex (Fig. S17) clearly showed a
shift of the carbonyl peak indicating complex formation.
In the case of L;, the four DGA moieties are attached to the
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calix[4]arene platform through the phenolic oxygens via a three-
carbon atom spacer. The four-atom spacer between the DGA
and the rigid calix[4]arene platform provides a better flexibility
of the coordination sites, which eventually helps in a better
coordination with the metal ions.’ In contrast, the DGA groups
are directly attached to the calix[4]arene platform in Ly, result-
ing in a poor flexibility of the pendant arms to induce a favor-
able orientation of their coordination sites which explains the
significantly lower log f value with Ly. On the other hand, the
stability constant with Ly is an order of magnitude lower than
that of Ly, but much larger than that of Ly. If one assumes that
both arms, upper and lower, in Ly; are participating in the
complexation, then one must end-up with a Eu®*'/L stoichi-
ometry of 2 : 1. However, the best fit of the spectrophotometric
titration data (Fig. 2) could be obtained only by assuming a
1:1 species. This observation confirms that only one side of
the pendant arm is actually participating in the complexation.
Since the thermodynamic data (Table 1) obtained by micro-
calorimetric titrations (Fig. S2, ESIt) of Ly are closer to that of
L;, one may assume the participation of the narrow rim
pendant arms in the complexation. The presence of the upper
arms may bring more steric hindrance during the complexa-
tion, and therefore, the stability constant with Ly is lower than
that of L, though the same number of pendant arms are coordi-
nating in both the cases. These arguments are supported by the
thermodynamic data presented in Table 1, where the stability
constant, enthalpy and entropy values with Ly and Lyy are close to
one another. Low exothermic enthalpy and negative entropy
changes in the case of L; is an indication of a poor stereochemical
conformation of the complex, which eventually gives poor com-
plexation with Eu®*. We also tried to identify the Eu®"/L complexes
by ESI-MS, and the formation of a 1:1 metal/ligand complex was
confirmed with all the three ligands (Fig. S37).

Luminescence studies on Eu®** complexes

Fig. 3(a) shows representative luminescence spectra of Eu®"
the presence of L; in acetonitrile. In particular, the intensity of
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Fig. 3 Luminescence titration of Eu(NOs)z with L. (a) Emission spectra; (b) intensity of the emission band at 616 nm (left side, y-axis) and the specia-
tion of Eu®* as a function of C/Cg, (right side, y-axis). Excitation wavelength: 395 + 5 nm; cuvette solution: 1.0 mmol L~* Eu(NO3)3 (2.0 mL); titrant:

1.57 mmol L™t L;; temperature: 25 °C.

the hypersensitive D, — ’F, transition (around 610-620 nm)
increased significantly with increased ligand concentration
from Ci/Cgy = 0 to Cp/Cg, = 2, indicating changes in the
coordination environment around the central Eu** ion.'
A plot of the peak intensity at 616 nm as a function of Cy/Cgy
(Fig. 3b) shows a gradual increase in the peak intensity up to a
C1/Cgy ratio of 0.9, and remained constant thereafter, indicat-
ing the completion of the complexation reaction. This behavior
is in line with the formation of Eu(L)*" species that was almost
100% complete at this ratio of Cy/Cg,, as evident from the spe-
ciation diagram in Fig. 3b. A Job’s plot by following the
616 nm emission peak intensity (D, — 'F, transition) also
pointed to the formation of a 1:1 metal/ligand species
(Fig. S4t). Fluorescence lifetime measurements on the
complex gave vital information about the number of water
molecules in the primary coordination sphere of the Eu®" ions
(see Fig. S5t) and suggested almost no water molecules in the
inner coordination sphere (Table S1f)'' which suggested
coordination of the metal ion by three pendant arms of the Ly
acting as tridentates (ESIt). The mono-exponential nature of
the ligand as shown in Fig. S5 also suggested a single

complex species. Very recently, EXAFS measurements on Eu®*
with DGA ligands have confirmed the tridentate nature of the
ligand in a 1:3 Eu’*/DGA complex.'* X-ray diffraction studies
on a single crystal of the Am*'/DGA complex confirmed that
Am®*" is coordinated by nine oxygen atoms from three DGA
ligands.""

DFT calculations

The minimum energy structures of the Eu®'/L; and Eu'/Ly
complexes obtained from DFT calculations using TURBO-
MOLE" are depicted in Fig. 4(a) and (b), respectively. The cal-
culated structural parameters for both the complexes, Ly and
Ly, are summarized in Table S2.7 The Eu-O bond lengths for
both the amide as well as the ether oxygen atoms in Eu*"/Ly
are longer than those in the Eu**/L; complex. This suggests a
stronger complex formation of Eu*" with L; as compared to
that with Ly. Furthermore, the metal oxygen bond distance
with the amide oxygen is shorter than that with the ether
oxygen, indicating a stronger interaction with the former. Our
results are in conformity with the EXAFS results obtained on
the Er**/DGA complex.'*

Coordination sphere of Eu3*ion

Nitrate

Nitrate

Fig. 4 Optimized structure of Eu®*/nitrate complexes with L, (a) and L, (b) at the B3LYP/SVP level of theory. (c) Amplified view of coordinating

sphere of Eu* ion with L, and nitrate ions (L,).
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The free energy values for the complexation of Eu** ions
with the ligands Ly and Ly in both the gas and the acetonitrile
phase are presented in Table S3.f The explicit hydration of
Eu’" ions with nine water molecules in the first solvation shell
was considered to evaluate the complexation free energy as it
corresponds with the experimental solvation energy quite accu-
rately.'® The entropy of complexation was found to be positive
and quite high. The well known COSMO solvation approach
was used to simulate the solvent phase as it is able to predict
the solvent phase properties quite accurately. The calculated
solution phase free energies for the complexation are given in
Table S3.7 The free energy present in the gas phase is reduced
considerably in the solution phase due to the dielectric screen-
ing of the acetonitrile. Both the gas phase as well as the
solvent phase free energies of complexation with L; are higher
than with Ly. This observation evokes that L; forms a stronger
complex with Eu®" than Ly, a fact also found experimentally. It
is worth mentioning that a DFT calculation for the Eu®'/L;
complex was performed previously though with an aim to
compare with C2DGA ligands (with 2 DGA pendant arms).*
The complexation energy was found to be —30.63 eV, lower
than the energy calculated in the present work (—21.51 eV)
which is attributed to the consideration of nitrate ions in the
present work, which was not considered in the previous
calculation.

In order to gain insight into the nature of the bonding in
the Eu**/L complexes, the charge on the metal ions and the
atomic orbital population in the complexes were analyzed
using the natural population analysis (NPA) method.'® The
calculated values are given in Table S4.f The substantial posi-
tive charge on the Eu®" ion indicates anion-dipole type of inter-
action in both cases, L; and Ly. The interaction sites of the
donor can be easily visualized from the molecular electrostatic
potential as given in Fig. 4(c).

The Epomo-Lumo Of the Eu®™ ion (3.64 eV, Table S57) is very
close to that of Ly (3.74 eV) resulting in a higher interaction
energy than in the case of Ly, having an Egomo-Lumo value of
4.77 eV. The calculated values of the absolute hardness, 7, and
the absolute electronegativity, y, are higher for Ly than for L.
The binding energy trend cannot be correlated with the values
of n and y. The amount of charge transfer, AN, was also
calculated for the donor acceptor interaction and the values
are presented in Table S5.f The higher the value of charge
transfer, AN, the higher is the metal-ligand interaction. In the
present case, the value of AN is higher with L; than with Ly
and hence shows a higher binding energy in the case of L.

Conclusions

The complexation of Eu’* ions with the three diglycolamide
functionalized calix[4]arene ligands, Ly, Ly, and Ly, suggested
a stronger complex formation with L; as compared to the
remaining two ligands due to a favorable pre-orientation of the
coordinating sites. All three ligands form 1:1 ML complexes
(M = Eu*", and L = ligand) without any inner-sphere water
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molecules and the species could be confirmed by ESI-MS.
The structural studies on the complexes indicate the
participation of three diglycolamide pendant arms in the
binding via two carbonyl oxygen and one ether oxygen atom.
The gas as well as the solvent phase free energy of Eu’*/L
complexation, calculated using hybrid DFT, confirm the
higher interaction of L; with Eu®*" compared to Ly. Bonding
analysis by DFT indicated the electrostatic and slightly
covalent nature of the interactions between the metal ions and
the chelating ligands. The strong complexation of the trivalent
lanthanide ion can be extrapolated to the trivalent minor
actinide ions such as Am®" and Cm®* and can be exploited for
their separation from radioactive wastes containing a host of
other radionuclides.

SAA, PKM, AS and AB thank Dr P. K. Pujari, Head Radio-
chemistry Division, for his keen interest in this work.
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