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Abstract Uranium is the main raw material for nuclear reactor fuel. However, uranium resources on land are limited. Ac-
cording to the statistic, the total amount of proven about uranium ore in the world is about 7.64 X 10° t. The uranium reserves
in seawater are about 4.5X 10° t, which is abundant in seawater. It is expected to alleviate the shortage of uranium resources
on land by extraction of uranium from seawater. An in-depth understanding of the complexation behavior of various func-
tional groups with uranyl ions is helpful for the design and development of high-efficient seawater uranium adsorbents. Pyri-
dine-2,6-dicarboxylic acid group (H2DPA) and glutarimidedioxime group (H2A) are two typical uranyl extractants with the
same coordination pattern. In the present work, we have systematically studied the uranyl extraction complexes with these
two ligands and carbonate ions by quasi-relativistic density functional theory (DFT) methods. The structures, bonding prop-
erties and thermodynamic stability of the 1 : 1 (metal/ligand molar ratio) and 1 : 2 type extraction complexes were investi-
gated at the B3LYP/6-311G(d, p)/SDD level of theory. The results show that the covalent interaction strength between uranyl
cations and these two ligands are different in the 1 © 1 and 1 : 2 type complexes. H2DPA has a stronger coordination ability
with uranyl in the 1 : 1 type of complexes, while in the 1 : 2 type complexes H2A has a stronger coordination ability. For
each complex, the covalent interaction between oxygen atom and uranyl ions is stronger than that of nitrogen atom. Due to
the high proton rearrangement energy and dissociation energy of the H2A ligand, the H2DPA ligand is more likely to react
with [UO2(CO3)3]*. Therefore, the H2DPA ligand is a potential effective ligand for uranium extraction from seawater. In
addition, the presence of Ca2" in seawater inhibits the complexation of uranyl cations and these ligands. The results of this
work provide the theoretical clue for the design and development of highly effective adsorption groups in uranium extraction
from seawater.

Keywords uranyl complex; uranyl carbonate; density functional theory; dipicolinic acid; glutarimidedioxime
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Figure 1 Structures of H,DPA and H,A ligands
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Figure 2 Optimized structures of DPA?” and HA™ ligands by the B3LYP method. (a) White, green, blue and red represent H, C, N and O, respectively;

(b) ESP plots of DPA*” and HA™ ligands
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Figure 3 Optimized structures of the uranyl complexes by the B3LYP method. White, green, blue, red and orange represent H, C, N, O and U, respec-
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Table 1 Average bond lengths (nm) for the U=0,,, U—N(L), U—O(L) and U—O(CO;*") bonds in uranyl complexes and the symmetrical and antisym-
metrical stretching frequencies (vsand v,, cm™') of U=0,, calculated by the B3LYP method

HHERC &4 U=0, U—N(L) U—O(L) U—0(CO5%) vy Vas
[UOK(CO3)3]* 0.182 0.253 765.58 835.01
[UO,(CO5)(DPA) 0.180 0.265 0.247 0.231 826.61 893.72
[UO,(COs)(HA)] 0.180 0.266 0.254 0.228 825.19 895.12
[UOy(DPA), > 0.178 0.276 0.248 848.10 929.87
UO,(HA), 0.178 0.266 0.250 851.62 932.91

# 2 PBE JJikiHH R U—N M1 U—O 8 WBIs. U JR7 BRI H AR (QU), ) MALAR R U R 71 B T EL(AQ, )
Table 2 WBIs of U—N and U—O bonds, natural charge of U atoms (Q(U), e), and charge transfer from ligands to U atoms (AQ, e) by the PBE method

iALNERY) U—N(L) U—O(L) U—O0(COy%) Q) AQ(L) AQ(CO:Y)
[UOy(CO5)(DPA)J* 0.301 0.449 0.700 1.544 0.716 0.897
[UOy(CO3)(HA)] 0.281 0.401 0.749 1.554 0.647 0.958
[UOL(DPA),* 0.301 0.480 1.499 1.574
UO,(HA), 0.335 0.475 1.471 1.593

HOMO-6
2.47%(V)

HOMO-8
1.86%(U)
5.20%(N,);14.95%(0,)  3.23%(N,):74.53%(O})

[UO,(COs)(DPA)> [UO(COs)(HA)
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1.98%(U) 5.52%(U)
7.56%(N,);13.47%(O,) 0.38%(N,);82.50%(O, )
[UO,(DPA),J UO(HA),

Bl 4 B3LYP Jyikit SR BERC &9 h 8 - B i i s BB (R (E T 8 0.01 au.)
Figure 4 The metal-ligand bonding MOs of the uranyl complexes calculated by the B3LYP method (The isosurface value is set as 0.01 a.u.)
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Figure 5 NBO orbitals of the U—O bonds and U—N bonds in uranyl complexes by the PBE method (The isosurface value is set as 0.02 a.u.)

#R 3 PBE/TZP/ZORA it /K FENEEAL & 4 (1) §E & 70 fif > T (AE, kJ/mol)

Table 3 Energy decomposition analysis of uranyl complexes (AE, kJ/mol) at the PBE/TZP/ZORA level of theory

BRI &4 AEpyyi AE istat AEo ALy YAE jgiar YAEom
[UO,(CO;)(DPA)J- 1017.7 —38373 —1385.6 —4205.1 73.47 26.53
[UO,(CO5)(HA)| 1035.6 —3311.6 —1403.1 —3679.0 70.24 2976
[UO(DPA)J 664.2 —35184 —1179.6 —4033.8 74.89 25.11
UO,(HA), 705.9 —2563.6 —1187.1 —3044.8 68.35 31.65
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Table 4 Metal-ligand binding energy (AGgg, kJ/mol) of the uranyl com-
plexes in aqueous solution by the B3LYP method

BE R AGge
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[UOL(H,0)s** +2HA —UO,(HA), +5H,0 —446.6
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KA UV E ZE L Ca,UO5(COs)s ITE A7
FENT2831 ) ZF B3LYP/6-311G(d, p)/SDD Hig/KFTF, LA
Ca,UO(COs)s AR FAL Ca? FEHUAR SR ¥4
(% S5, WIHFHER). HELAUOACOs)s)* N R NI I
MAREE, PL Ca,UON(COs)s R LI I B 75 B2 5 22 1
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R 5 B3LYP Jy ikt E K [UO(COs) ] Rl (A HE AT HUAR S B
) B BE(AG, kI/mol)

Table 5 Gibbs free energy changes (AG, kJ/mol) for the substitution

reactions of [UO,(CO;);]* and ligands in aqueous solution by the B3LYP
method

AR AG
[UO,(CO5)3]* +H,DPA—[UO,(CO5)(DPA)]>* +2HCO;5~ —103.0
[UO5(CO5)(DPA)]> +H,DPA—[UO,(DPA),]> +HCO; +H' 414
[UO(CO5):]* +2H,DPA—[UO,(DPA),]* +3HCO; +H" —61.1
[UO(CO5):]* +H,A—[UO5(CO5)(HA)] " +HCO; +COs* 1373
[UO5(CO5)(HA)] ~+H,A—UO,(HA), +HCO;~ 8.4
[UOL(CO5):]* +2H,A—UO,(HA),+2HCO; +CO:> 145.7
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ERE LA 2 HA TS B A B s 4 A he,
{HE B S MU HoDPA HE%5 55 5 [UOy(COs )1+ MY,
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ff/H Gaussian 16 #F6L, K% 2 R H#E12(DFT)
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