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Abstract: The interaction between rutile TiO, nanoparticle clusters (NPCs) and aquouranyl species have been
examined using a relativistic functional theory (DFT). Effects of NPCs with various layers (1~4) and different
surface areas on structural parameters of uranium adsorption complexes as well as adsorption interaction energies
were investigated. It is found that the two-layered (2L) NPC (labeled as 2L-Til5) with a surface area of 1.1 nmx
0.6 nm and containing 63 atoms can reasonably stand for experimentally real TiO, nanocrystallite. Moreover, the
model is able to save computational resources. Calculations reveal a covalent bonding interaction in the 2L-Til5-
[(UO,)(H,0);]* complex. The direct evidences include that the bond lengths of U-O,,; were optimized to be 0.233~
0.238 nm, which fall well within the range of U-O distances of reported uranyl complexes. The process that the
NPC adsorbs aquouranyl species is exothermic in the gas phase, releasing energy of —=3.02 eV; the consideration

of environment media of solution results in a slightly uphill process, requiring 0.16 eV energy. The energetic
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decomposition indicates that U-O,, bonds are dominated by orbital interactions, accounting for 94%; other factors
show a little effect, although electrostatic attraction is a little larger than Pauli repulsion. Electron density-based
QTAIM (quantum theory of atoms in molecule) analyses unravel that the U-O,, interaction is a dative bond per
se, whose strength is stronger than that of U-OH,, but much weaker than that of U=0,. Inspection of wavefunction
demonstrates that HOMO is contributed by O(2p) of NPC TiO, mixed with a small amount of o(U=0) bonding
character, while LUMO is U(5f)-based character modified by Ti(3d). The HOMO-LUMO gap was calculated to be
2.40 eV, which much narrower than the one of NPC semiconductor (3.35 eV). From a point of view of absorption

spectra, the complex system would present a visible light-harvesting capability.

Keywords: rutile TiO, nanoparticle clusters; uranium contaminant; adsorption interaction nature; electronic structures;
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Fig.1 Structures of optimized aquo uranyl-adsorbed
nanoparticle clusters (NPCs) of rutile TiO, with
1 to 4 layers
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Table 1 Investigated rutile NPCs with different layers and surface areas

Formula of cluster Cluster Layer SA® NA® Abbreviation
(Ti0,)+(H,0), Ti,016Hs 1 A 27 1L-Ti7
(Ti0,),5(H,0)6 T1505H, 2 A 63 2L-Til5
(Ti02)n(H,0)s Tin0sH;6 3 A 90 3L-Ti22
(T10,)3(H,0),, Ti307,Ha 4 A 126 4L-Ti30
(T102)»(H,0),9 Ti06Ha 2 B 111 2L-Ti27

* Surface Area (SA), where A=1.095 nmx0.592 nm, B=1.095 nmx1.184 nm; * Number of atoms (NA).
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Table 2 Optimized geometry parameters of aquo uranyl adsorbed on NPCs with different layers

(Distances in nm and angles in °)

NPCs* U=0 U-OH, U-O.us U-Ti 0=U=0 0=U-Ti
1L-Ti7 0.179 3 0.243 5 0.240 5 0.376 6 168.3 95.7
0.179 3 0.243 6 0.241 0 96.0
0.246 8
2L-Til5 0.179 5 0.242 2 0.233 4 0.337 3 165.6 89.4
0.180 0 0.251 3 0.238 3 103.3
0.253 7
2L-Ti27 0.179 4 0.251'5 0.230 6 0.3390 171.0 96.6
0.179 8 0.256 2 0.229 1 923
0.257 7
3L-Ti22 0.180 1 0.252 0 0.225 8 0.350 0 165.1 95.2
0.180 3 0.2550 0.230 2 98.4
0.253 9
4L-Ti30 0.180 1 0.247 4 0.234 6 0.371 2 156.8 98.7
0.180 9 0.247 0 02359 104.1
0.249 2

* [UOy(H,0)5]** moiety is absorbed on NPCs, and will not be repeatedly indicated in following Tables 2~4.

3 AEREELIAE TIO, WARAZRMKEMHSESYWHESR
Table 3 Calculated bond orders of aquo uranyl adsorbed on rutile NPCs with different layers

NPCs 1L-Ti7 2L-Til5 3L-Ti22 4L-Ti30
U=0 2.41 2.41 2.40 2.43
2.41 2.41 2.39 2.43
U-OH, 0.50 0.53 0.42 0.51
0.50 0.41 0.40 0.50
0.44 0.40 0.39 0.41
U-O. 0.47 0.70 0.80 0.68
0.47 0.65 0.73 0.60
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Fig.2 Formation reaction energies (FRE, eV) of aquo
uranyl adsorbed on rutile NPCs with different
layers in the gas phase and aqueous solution
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Table 4 Calculated formation reaction® energies of aquo uranyl adsorbed on rutile

NPCs model with different layers in the gas phase and aqueous solution

eV
NPCs AE" AEY AG* AG(sol)®
1L-Ti7 -1.19 -1.35 -1.45 0.73
2L-Til5 -2.63 -2.83 -3.02 0.16
3L-Ti22 -1.62 -1.79 -1.89 0.92
4L-Ti30 -2.38 -2.51 -2.58 1.90
21-Ti27 -2.71 -2.89 -3.19 0.36

* See reaction equation (1); ® AE=AE+AEm; AG=AE+AG,; AG (s0ol)=AG+AG.; AE, AE, and AG denote the total

reaction energy, total reaction energy including zero-point vibrational energy, and reaction free energy in the gas phase,
respectively; A G (sol) stands for the reaction free energy in water; Ezg, G, and G, denote zero-point vibrational energy, correction

value of thermodynamic free energy, solvation energy, respectively.
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Fig.5 Selected orbitals of the aquo uranyl-adsorbed 2L-Til5, where orbitals with similar character were shown with a

representative one
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Fig.6 Density of states (DOS) of the 2L-Ti15-[UO(H,0),**
complex
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