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Media
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Abstract. Uranyl ion extraction is an important part of nuclear waste reprocessing. Use of organic ligands having chelating
property with uranyl ions is a promising tool in this area, because of the possibility to improve the selectivity and the affinity

of the ligands towards uranyl ions.

In this study, Calix[4]arene derivatives containing B, Al, C, Si, N, P, O and S elements in bridging positions were designed
and their chelating energetics with uranyl cation are calculated by means of DFT methods.
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1 Introduction

The uranyl ion, U02+, which is the main waste product in
the nuclear industry, has high stability in aqueous media,
and can be re-used in the nuclear reactors after extraction
from the spent fuel. The investigations on improving the
stability and the extractability of uranium (VI) complexes
are very important for nuclear-waste reprocessing. Fur-
thermore, uranyl ion extraction and removal from sea wa-
ters and ground waters is also crucial for ecological safety,
because uranyl ion is toxic and possesses significant risk
for aquatic organisms and other biological systems.

For all these reasons, new methods have been continu-
ally sought to design molecular or polymeric ligand sys-
tems showing high affinity and selectivity towards uranyl
ions [1-5]. Among these ligand systems, calixarenes are
promising macrocyclic ligands with their non-toxic struc-
tures. To date, calixarenes have been investigated in many
forms such as nanoemulsions for removing uranyl contam-
ination from the skin [6], as self-assembled cages for bind-
ing uranyl cation [7], and as selective metal binding lig-
ands for uranyl and other metal ions [8-11].
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Scheme 1. Chemical structures of the calix[4]arene ligands.
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In this study, eight proposed Calix[4]arene ligands, con-
taining B, Al, C, Si, N, P, O and S atoms in bridging posi-
tions (L1-L8 shown in Scheme 1) were investigated theo-
retically on their chelating energetics with uranyl cation.

2 Computational Methods

All calculations presented in this work were performed
with Gaussian 09 molecular modeling software[12] us-
ing density functional theory (DFT) [13] and hybrid func-
tional B3LYP (Becke’s three parameter exact-functional
combined with gradient-corrected correlational functional
of Lee, Yang and Parr), in combination with 6-31g(d) ba-
sis set. Proposed structures were characterized in both
gaseous and aqueous phases. Energetics in aqueous
medium were examined by applying the polarizable con-
tinuum model (PCM). All optimized geometries were also
subjected to frequency analyses at the same level of opti-
mization to verify the nature of the stationary points and
to calculate thermochemistry data.

3 Results and Discussion

Optimized geometries for uranyl ion-Calix [4]arene lig-
and complexes C1-C8, are as shown in Figure 1. Cal-
culated Uranium-Oxygen distances and complexation
energetics are listed in Table 1 and in Table 2, respec-
tively. According to the calculation results, all ligand
systems (L1-L8) are found suitable for uranyl ion extrac-
tion, with negative reaction free energy values. Among
these, the strongest binding was observed for CH, bridged
complex in both gaseous and aqueous phases. De-
scending bindingstrength order for the complexes are as
C3>C5>C6>C4>C8>C7>C1>C2 in gaseous phase and as
C3>C4>C5>C6>C1>C7>C8>C2 in aqueous phase. Itis seen
that in aqueous phase binding power of silicon bridged
ligand has improved with respect to that of nitrogen and
phosphorus-bridged ligands. This behavior may have been
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Figure 1. Optimized geometries of calix[4]arene ligand-uranyl complexes.

Table 1. Uranium-oxygen distances in uranyl complexes (&)

C1 C2 C3 C4 C5 Cé C7 C8
U=0(Uranyl) 1.824 1.829 1.826 1.822 1.825 1.819 1.822 1.818
U=0(Uranyl) 1.815 1.816 1.811 1.812 1.819 1.812 1.817 1.813
U-OPh 2.165 2.167 2.176 2.186 2.169 2.190 2.163 2.188
U-OPh 2.164 2.167 2.178 2.188 2.169 2.192 2.176 2.189
U-OMe 2.386 2.443 2.430 2.444 2.432 2.441 2.428 2.446
U-OMe 2.386 2.443 2.431 2.444 2.433 2.441 2.428 2.447

Table 2. Calculated relative energies, enthalpies and free energies of complex formation reactions of ligands with uranyl cation (kcal/mol)

in gas and aqueous phases

AE, AEy AH, AHyq AGy AGyq
L1~ + [UO2)*T — C1 43.1 21.5 44.0 21.7 39.9 19.2
1277 + [UO2)*T — €2 113.3 76.0 114.9 76.6 108.6 75.4
L3%™ + [UO2)*" — C3 0.0 0.0 0.0 0.0 0.0 0.0
L4%” + [UO2)*T — C4 11.6 7.3 11.6 7.3 11.2 8.7
L5%7 + [UO2)*T — C5 8.1 12.2 8.2 12.1 6.3 12.2
L6~ + [UO2)*T — C6 10.4 16.9 10.1 16.7 11.7 17.9
L72” + [UO2)*t — €7 27.3 23.1 27.5 23.3 26.2 21.9
L8%~ + [UO2)*" — C8 12.9 24.5 12.8 24.6 12.6 23.8

originated from H-bonding property of electronegative N
and P elements with water molecules, leading a decrease
in the affinity of the ligand towards uranyl ions.

4 Conclusions

Computational results show that all Calix [4]arene lig-
ands, investigated in this study were able to bind to the
uranyl cation with an average distance value of 2.177 A U-
Odistance, which is slightly longer than a single covalent
bond (2.060 A) within experimental results. Negative com-
plex formation free energy values also support this finding
with a range from -496.8 and -31.9 kcal/mol (C2) to -605.4
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and -107.3 kcal/mol (C3) in gaseous and aqueous media,
respectively.
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