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Abstract: Uranium-containing wastewater from the spent nuclear fuel are radioactive wastes as well as
energy sources. It is meaningful to investigate the configurations of aqueous U( VI) for its environmental
migrations and configuration conversions. Herein the uranyl complexes of [UO,(OH),(H,0),] M (m=1-4,
n=1-2) were investigated by density functional theory at the PBEO level, in combination with
ECPS8OMWB_AVQZ + 2f basis set for uranium and 6-311+G** basis set for hydrogen and oxygen. The
optimized geometries, energies, formation processes and thermodynamic properties of the complexes were

predicted. In the six coordinated complexes that are spontaneously produced, the ligand numbers of OH~
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and H,O are 4 and 2, respectively. There exist either linear or “V” configurations, sorting by the angles
of 0,-U-O
with O,-U-O,; angle being about 40° are found only when the coordinated number of OH™ is more than 2.
The total energy of “V” type [UO,(OH),] is lower than that of its linear isomer by 131.46 kJ/mol at the
MP2 level. The complexes with U-OH, bond and “V” type O,-U-O,, are the most stable. The complexes

\1» When a linear uranyl dication coordinated with H,O and hydroxyl. The “V” type complexes

tend to have a “V” configuration when the coordinated hydroxyl number is 3 or 4. The lengths of U-Oy,
bond increase as the angles of O,-U-O,; decrease. The complexes tend to be cage-like as more hydroxyl
and H,0 are coordinated. When UO3* coordinates with OH~ one by one, a large amount of energy is
released initially. As the coordinated number increases, the released energy dramatically decreases or even
changes to an energy adsorbing process. When UOZ" coordinates with H,O one by one, the processes
release a small amount of energy continuously. The increase of H,O ligand is beneficial to the stability of
the complexes. The formations of [UO,(OH),]*™ (m< 4) are spontaneous processes. However, for the
formation of [UO,(OH),]*, only the process of linear [UO,(OH);]” converting to “V” type [UO,(OH),]*
is spontaneous, indicating the complexes tend to form “V” configuration when the number of OH" is 4.
The spontaneous pathways and energy changes in the stepwise coordination processes were speculated on
the basis of energy analysis. The above characteristics of [UO,(OH),,(H,0),]>™ play an important role on
the ion activity, solubility and ion exchange of uranyl in alkaline solutions. OH™ and H,O compete with
each other in coordinating, which influences the concentration and species distribution of
[UO,(OH),,(H,0),]*™ configurations. The results herein provide theoretical basis for understanding and
controlling the behaviors and reactions of uranyl aqueous solutions.
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Table 1 Bond orders of U-O and bond angles of Oy-U-O,, in hydroxyl-uranyl complexes

[ U-0,f 4% U-OHE 4 £04-U-0,/(°)
[UO,(OH)T"-A 2.220,2.220 1.667 158.5
UO,(OH)-A 1.969, 1.969 1.375,1.375 149.3
UO,(OH),-B 2.057,2.057 1.319,1.319 180.0
[UO,(OH);]-A 1.878, 1.863 1.084~1.090 179.6
[UO,(OH);]-B 1.174,1.189 1.146~1.156 39.8
[UO,(OH),*-A 1.753,1.753 0.847~0.883 171.7
[UO,(OH),]*-B 0.979, 0.993 0.952~0.994 383
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Table 2 Shortest O---O distances(d,...o) in hydrogen bonds
of [UO,(OH),,(H,0),]*™

[[eEg?] do..o/ A AR
[UO,(OH)(H,0)]"-B 2.57 H1
[UO,(OH) (H,0),]*-B 261 HI
[UO,(OH)(H,0),]"-C 2.54 H5

UO,(OH),(H,0)-A 2.80 HI
UO,(OH),(H,0)-B 2.77,2.90 H3a
UO,(OH),(H,0)-C 2.72 H2
UO,(0OH),(H,0),-A 2.82,2.82 HI
UO,(OH),(H,0),-B 277,291 H3a
UO,(OH),(H,0),-C 2.84 H1
UO,(OH),(H,0),-D 2.72~2.90 H2, H3a
UO,(OH),(H,0),-E 2.62 H2
UO,(OH),(H,0),-F 282,291 H3a
[UO,(OH);(H,0)]-A 2.78,3.17 H3a
[UO,(OH);(H,0)]-B 2.74,3.17 H3b
[UO,(OH);(H,0)]-C 2.94,2.94 H4
[UO,(OH);(H,0),]-A 2.75~3.19 H3a, H3b
[UO,(OH);(H,0),] B 2.66~2.99 H3a, H6
[UO,(OH);(H,0),]-C 2.87~3.00 H4
[UO,(OH);(H,0),] -D 2.63~2.95 H4, H3b
[UO,(OH),(H,0)]*-A 2.76,2.77 H4
[UO,(OH),(H,0)]*-B 2.65,3.07 H3b
[UO,(OH),(H,0)*-C 2.77,2.79 H4
[UO,(OH),(H,0),]*-A 2.66~3.08 H3b
[UO,(OH),(H,0),]*-B 2.80,2.81 H4
[UO,(OH),(H,0),]*-C 2.67~3.06 H4, H3b
[UO,(OH),(H,0),]*-D 2.78,2.83 H4
[UO,(OH),(H,0),]*-E 2.61~2.91 H4, 0,-HOH-O,,
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B %5 OH e 44 550 1 3% i, U-OH kK 78 3% ¥ 38 in
BRI — 4~ OH Jid M, U-OH ## K 34 i 0.06~
0.25 A; Y m =3 B, 3K Fh 4 K i B2 A 5 2 W )5
TFUA TR . 24 H0 il a3 U-OH, 4 5 h ik 3k [ 25 &
B, U-OH # K HURf H,O Fie (455 % 3 i 388 4, 5
N B S R 0.02 A (BE 3 N — A~ H,0 B k) .
25 E ARk, HyO B4R X U-OH 8 K Y 1 38 5 i 4%

/N, ABJE H,0 5 oA )52 T8 i S0 s I Ta) 422 Ml A g
T OH Pt A K06 U-OH 8K 1 520 .
23 [UO,(OH) , (HO) F"EREYHEESTEEM

[UO,(OH) ,,(H,0) 1> [ 73 57 14 4 i) BE 4 4]
AR ME 4, AEXLEFE S FHES, B “v”
TR il G 65 A4 4 B0 A5 0 (Cm>2) A BE B2t BL 28 780 4l e
450 1 T A ) 1Y fE & 2911 259 kI/mol, X T H £k
T Gl BBE 5 #4 () UO,(OH) , Bt & 4, UO,(OH) ,-
B(0,,-U-0O,, 1 & & 180°) i fig & L UO,(OH) ,-
A(O,-U-Oy, ffi £ 2452 158°) [ BE 13t 24 5 87.6 klJ/mol.
H AT UL, 2 m>2 B RC A ) Fe 8 PEBE O,-U-O,, /1
FEW DA, 2 m =1, 2 B, H,O B4R AT L
it U-OH, @ st LI A X5 [UO,(OH) 1> "
JE i [UO,(OH) ,,(H,0) > " FL & ¥ . w3 3 Al
Pl U-OH, #4FE FJE i) [UO,(OH) (H,0) I'Tie & ¥
HY AE I L DL S8R R B B [UO,(OH) 17+ H,0 At
AW e 291K 142 kI/mol., HE— 2 IS kK R,
[UO,(OH),,J* "nH,0/[UO,(OH) ,,(H,0) > " (n—1) H,0
Bl 595 [UO,(OH) ,,(H,0),1>"(m=1. 2; n=1,2)
e A5 4 22 [ 11 R et 2 (A Bl 7 OHL e 1< 25 1y 184 Jon v
W/ o Ui U-OH, S H 07 5 208 F O =z (8] 1
22 S ALTEW /N . Bl XA A 3E m, 24 OH Ad
WE AR —EBEN, AEIEMN T Sm T U-
OH, 8 /EF 1o X wi o] LLUEHA A A4 m=3. 4 i
Bl &P %A BB U-OH, 8 . B — ) m, i &
H,O BCAR A3 inic & ) 28 13 B m s e . A R
FLAT e (0 W 51 g R0 ) T DL AR G I AR
A5 2 m AR U8, PR 7 i A £ K BiL AR S i
BT RE R E ST, BE 2K
/N, AN 25 kI/mol..
24 BLEWIFEHHHRNZERE

[UO,(OH) ,,(H,0) 1™ L& ¥ i) ¥ 1 6 42 73
Ffro —J& OH FLAAR 5l 57l A JE A [UO,(OH) , ™
Bt &40, — & H,0 Bk Ad {7 2] [UO,(OH) ™ HIE
W [UO,(OH) ,,(H,0) 1> Bt &% . &3 n—A4~
OH i /4 5, — A~ H,O e 44 21 A 9 v 1 B Rz 4 =X
(1. (2),

[UO,(OH),,,_,] ™" +OH — [UO,(OH), "™ (1)

[UO(OH),,(H,0),,_,, " +H,0 —
[UO,(OH),,(H,0),]*™ 2

R RIS A RE RS AR R A i Al e AR

(AE, AH F1 AG) i+ 8 = (3)—(5) .
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AE = Em/n - E(m—l/(n—l) - EOH’/HZO (3
AH:Hm/n _H(m—l/(n—l) _HOH’/HQO (4)
AG=Gm/n - G(m—l/(n—l) - GOH’/HZO (5

HAG = AH - TAS 7l 8 TAS 15, 4 W
[UO,(OH) 1> ™ it & ¥ 1 I L A AC A 9 v 4 438
— > H,0 B A i ) #8772 sR B0 53 30 53R S R
# 6, 5 ATHL: X T [UO,(OH), * " B & ¥, fl
ik 3 A 5 OH-JC 4 = 8] /) AH B VE F O ik s (AL
& OH BC AR 1S i, VB F 77 5 B8 A 328 M ek 55 5
HY m<30f, B (1) AGE B/ &, £

OH i {4 5 4l 15k 3% A1 2 [ %) AH B A FH 0 AR 5ik 5 24
m=4 [, AGEH WA AR AL, LB m “v”
A [UO,(OH) 5] 4 4 &I [UO,(OH) > Bl & ¥ 1y
AG {43 5 157.79 kl/mol 1 430.10 kJ/mol; T Hi
“V7 ORI RIZ R [UOL(OH) 1 Ak “v7”
[UO,(OH) > B & W1 i AG .43 42 135.50 kJ/mol
F-136.81 kJ/mol. & W] ¥& HE ML A %5 i 3 35 fn 3
4 BF, ME—TT [{ & 0 RN S [UO,(OH);] (4 7Y 4t
454 )+ OH —[UO,(OH), > ( “V” FUah k25 44, B

H4 v H(0,-U-0,) Al k45K Y T2 4 9 B9 2 BE it E

3 ARMMBEMIE S YK SRR E

Table 3 Total energies(E) of uranyl complexes

in linear configurations

[ Ela.. B (H) (35 U-OH,
[UO,(OH)]*-A ~263.249979
[UO,(OH) (H,0)]*-A —339.688705 U-OH,
[UO,(OH) (H,0)]"-B —339.634 548 HI
[UO,(OH)(H,0),]"-A —416.118039 U-OH,
[UO,(OH)(H,0),]*-B ~416.085962 U-OH,, H1
[UO,(OH)(H,0),]*-C —416.094 641 H5
UO,(OH),-A -339.350029
UO,(OH),-B -339.316667
UO,(OH),(H,0)-A —415.732603 H3a
UO,(OH),(H,0)-B —415.733388 H1
UO,(OH),(H,0)-C —415.753052 U-OH,
UO,(OH),(H,0)-D —415.749 504 H2
UO,(OH),(H,0),-A —492.114309 HI
UO,(OH),(H,0),-B —492.116423 H3a
U0,(0H),(H,0),-C —492.133596 U-OH,, H1
UO0,(OH),(H,0),-D —492.132080 H2, H3a
UO,(OH),(H,0),-E —492.150444 U-OH,, H2
UO,(OH),(H,0),-F -492.135820 U-OH,, H3a
[UO,(OH);]-A ~415.228615
[UO,(OH);(H,0)]-A  —491.618247 H3a
[UO,(OH)5(H,0)]-B —491.626276 H3b
[UO,(OH);(H,0),]-A  —568.014355 H3a, H3b
[UO,(OH);(H,0),]-B  —568.023401 H3a, H6
[UO,(OH),J*-A -490.919837
[UO,(OH),(H,0)*-A  -567.336951 H4
[UO,(OH),(H,0)*-B  -567.335458 H3b
[UO,(OH),(H,0),]*-A  —643.746227 H3b
[UO,(OH)4(H,0),]*-B  —643.751694 H4

Table 4 Total energies(E) of uranyl complexes

in “V” (0,-U-Oy) configurations

fic &4 E/a. Uk (H) ok #% U-OH, 4#
[UO,(OH);]-B —415.330359
[UO,(OH);(H,0)]-C  —491.725732 H4
[UO,(OH);(H;0),]-C  —568.119679 H4
[UO,(OH);(H,0),]-D  —568.124436 H4, H3b
[UO,(OH),J*-B —491.033735
[UO,(OH),(H,0)]*-C  -567.450171 H4
[UO,(OH)4(H,0),*-C  —643.860042 H4, H3b
[UO,(OH)4(H,0),*-D  —643.864711 H4
[UO,(OH),(H,0),F-E  —643.861227 H4, H3b

#5 HRAL— OH I L& W) 1254 ik (AE, & % S AEK
1E) | K2 (AH) | 3545 37 B H1 B2 (AG) K TAS A
Table 5 Binding energies(AE with ZPE corrections), enthalpy
changes(AH), changes of Gibbs free energies(AG) and
TAS values for each coordinated OH~

sy AE/ AH/ AG/ TAS/

(kJemol™!)  (kJemol™") (kJemol™") (kJemol™)
[UO,(OH)]-A 162237 -162725 -159129  -35.96
UO,(OH),-A 94837 95028  -914.71 -35.57
UO,(OH),-B -859.46  -864.10  -819.23 —44.87
[UO,(OH);-A 36750  —369.71  —331.40 -38.31
[UO,(OH);I-B  —635.21 —635.75 —603.71 -32.04
[UO,(OH),J-AY  123.91 122.06 157.79 -3573
[UO,(OH), AV 391.63 388.10 430.10 —42.00
[UO,(OH),*-B? 98.79 93.25 135.50 4225
[UO,(OH),-B”  _168.93  -172.79  -136.81 -35.98

e 1) ORI “V7 BI[UOL(OH),] £k i [UOL(OH), >

InEex 7N

2) AR ARE “V” BURIZLT[UO,(OH), 1 A iy “v” 7Y

[UOL(OH),I* L &)

3) 7=298.15K
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72 5 1Y [UOL(OH),J>-B) 5 BV 4 OHFC {4 iy L 157 %%
KF I, BN V7 RGhEEZS LA 9k
oo 6 nl A, Y m=1 i}, H,O fic 14 55 fl Bt 3 A
[ ) U-OH, #EAE H 1R 5% . b, 7K 53 38 w] LA
5 [UO,(OH), 1> [l ¥ B AU . 4 m=2. 3 B}, K
53 5 [UO,(OH) , > Z (81 ¥ WL i S B A ] 0 ¢
55, HBTE m=2 0 AR 7 3T Hi Y

Ko BHIN—HO0 WIS HE. KA.

A A e [ TAS (i

m=4 B}, SR T b W1 0G0, X 5 22 BT
45— Prik, OH- L 1A %] 422 Hi 52 i 5 H,0
Bt {4 5 [UO,(OH) 12 % 1 Z 8] /) &0 1E FH 77
4 OH I A% 1 1, H,0 B fk 5 [UO,(OH) 1>
FE W 2 (RN AN 452 00 100 TC A7 S, () B 3 A A
SR ) o X2 R D BE R OHIC 7R 203
£ 41, [UO,(OH) 1> Hh &L B 52 1A 1 B v i g

Table 6 Binding energies(AE with ZPE corrections), enthalpy changes(AH), changes of Gibbs free energies(AG) and

TAS values for each coordinated H,O

) AE/(kJsmol™) AH/(kJsmol™) AG/(kJsmol™) TAS/(kJemol™)
[UO,(OH) (H,0)]"-A -165.72 ~168.18 —130.44 —-37.74
[UO,(OH)(H,0)]"-B 2497 -26.03 1.08 -27.11
[UO,(OH)(H,0),]"-A —141.57 —143.56 -105.61 -37.95
[UO,(OH) (H,0),]*-B -59.00 -59.64 -28.97 -30.67
[UO,(OH) (H,0),]*-C -222.89 —225.83 -181.33 —44.50

UO,(OH),(H,0)-A -19.91 —-20.28 7.11 -27.39
UO,(OH),(H,0)-B -19.72 -22.47 16.01 -38.48
UO,(0OH),(H,0)-C —73.89 —74.97 —40.25 -34.72
UO,(OH),(H,0)-D —62.04 —64.72 -24.89 -39.84
UO,(OH),(H,0),-A -17.30 -17.82 9.39 2722
UO,(OH),(H,0),-B -19.11 -21.74 16.23 -37.97
UO,(OH),(H,0),-C ~14.97 —17.44 16.47 -33.91
UO,(OH),(H,0),-D -18.32 —20.64 16.97 -37.61
UO,(OH),(H,0),-E -56.31 -59.34 -17.50 —41.84
UO,(OH),(H,0),-F -18.36 —20.96 17.56 -38.52
[UO,(OH),(H,0)]-A -37.91 -39.59 —4.70 —34.89
[UO,(OH);(H,0)]-B -57.98 —60.01 —24.82 -35.19
[UO,(OH);(H,0)]-C —48.71 -52.63 -12.89 —39.74
[UO,(OH);(H,0),]-A -34.09 —35.49 —0.88 -34.61
[UO,(OH);(H,0),]-B -51.82 -57.61 -6.77 —50.84
[UO,(OH);(H,0),]-C —45.90 —49.37 -9.10 -40.27
[UO,(OH);(H,0),]-D -58.52 —62.73 ~18.00 —44.74
[UO,(OH),(H,0)]*-A -107.24 -110.37 85.81 -196.18
[UO,(OH),(H,0)]*-B -104.27 -108.34 —64.63 -43.71
[UO,(OH),(H,0)]*-C -102.76 ~106.45 —67.81 -38.63
[UO,(OH),(H,0),]*-A —-91.19 —94.55 -53.50 -41.05
[UO,(OH),(H,0),]*-B -98.21 -102.99 -216.68 113.69
[UO,(OH),(H,0),]*-C -89.80 -92.86 -52.92 -39.94
[UO,(OH),(H,0),]*-D -101.17 -104.14 -52.92 -51.22
[UO,(OH),(H,0),]*-E —95.08 -97.07 —62.68 -34.38

: T=298.15 K; AE, &% S RERLIE
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K, ¥ H,0 5 [UO,(OH) > " S #EE . £W
I SRR BT T T A HLA R A 3R UCVD S
Yy, SEHL ARG Y TR R 21, 3R 6 R
AG fH 3% B K Z 8 H,0 Bl {7 8] [UO,(OH) > 3
BT 2 F AT,

T H# [UO,(OH) ,,(H,0) 1> ™ it & ¥ Z 7]
HHE AL Re i AR AL, IFE T OHM
H,O H— it & 43 B Y i 5 82 % [UO,(OH) 1> I
[UO,(H,0) i i & Y i B, &5 AN 7. N
2 B — A Y R e AR S 5, 5 S
ik [14] o UOS™ it 45 W 4 Fe 5 O A7 0 6 AN — 5
J5 P AE B — OH L R 8 K HE - 1, i B —
H,O Y LA /F T8 55 (55 Bk ) o i 2 7 I,
B R AL [UO,(OH) 1> "F & Wi, TF i Bl i K
HRE R, (HIEREE OH B A0 508 hn, Bl i) i
ZURE/D, BEWIREER . B %A [UO,(H0), 1
Bt A Wk, FR Lk B > B g i, HLR % HLO it
(LB N, A R WG DD o 45 A R T
P44 11 7% 2% 1E 8 REAFAE, AT [UO,(OH),(H,0) ™
(0T 13k R R 25+ B S S OH e 43 31 il 19t 3%

Al L, R 5 SR8 W K 4> F 5 [UO,(OH) 1>
[ JE i U-OH, ## 8¢ # & 8, F R & [UO,(OH) -
(H,0) 1> B4 W) (4 T 1t 422 ok BF 93 S5 g ok 72 v
MR B . XF R 2 AR, FE NS R E
¥ 7 R AR AR . FR AT I A e AT DL AR
[UO,(OH) ,(H,0) 1> (i [a] 43 S kg K v, 2 m=1,
2 f, B L 0,-U-0,, 4514 Fil U-OH, 4 /Y it &
Y fi B e A% M m=3. 4 BF, B “V” M 0,-U-
O, 5 FI A I A e it iR . N T i — 2
E “V7 BUECG W R e P, #E MP2 KR, H
SCrpAR ] A A B4 Ak [UO,(OH) 54,
“V7 ORIECA Y EE I AR TE Bl L R A
Yy fig B A% 131.46 kJ/mol. 4 /K 4 7 JT U it v %)
[UO,(OH) 1> ™ LB, fFBE % /D & Be &2 1) B il 24
n=1~2 [, B AE & Bl H,O Uit 3% Jon i s A7 B
185 24 m=1~3 i}, OHBC A7 2 0 b ok S A |- 25
O R, P 2 R PR D W AR R Y m=4 B,
S 3k i e A RO B, 5 3 O TiE 4k 5 Al 1
L P65 1 B 0088 . HLO A9 3% 28 I 67 1R 2 BRI
figfE, H OH e iR X H 32 m R K . 38 BC Ay it e

K7 RARRERLRYE V7 RGBS I & Y 2 GOP pGd AR BRI RE i AE

Table 7 Released energies(AE) of lowest lying linear and “V” type uranyl complexes in stepwise coordination process

BHBCNLIZ

AE/(kJsmol ™)

U0 +OH —[UO,(OH)]*-A
[UO,(OH)]*-A+OH —UO,(OH) -A
UO,(OH),-A+OH~ —[UO,(OH),]-B
[UO,(OH);] -B+OH —[UO,(OH),]* -B
[UO,(OH),J*-B+OH —[UO,(OH) ]~
U0 +H,0—[UO,(H,0) *
[UO,(H,0)**+H,0—[U0,(H,0),]**
[UO,(H,0),*+H,0—[UO,(H,0),]*
[UO,(H,0);*"+ H,0—[UO,(H,0) ,J*
[UO,(H,0),J*+ H,0—[UO,(H,0)s]*
[UO,(OH)T*-A+H,0 —[UO,(OH) (H,0)]*-A
[UO,(OH) (H,0)]*-A+H,0—[UO,(OH) (H,0),]*-A
U0,(0H),-A+H,0—U0,(0H),(H,0)-C
UO0,(0OH),(H,0)-C+H,0—UO,(OH ),(H,0),-E
[UO,(OH);]-B+H,0—[UO,(OH),(H,0)]-D
[UO,(OH);(H,0)]-B+H,0—[U0,(0H);(H,0),]-C
[UO,(OH),J*-B+H,0—[UO,(0H),( H,0)]*-C

[UO,(OH),( H,0)]*-C+H,0—[UO,(OH),(H,0),]*-D

-1633.54

-956.41

—642.08

85.06

471.05

—298.92

—262.88

—229.53

—177.53

-121.42

—-175.15

—-150.49

—81.41

—66.62

—61.32

—65.92

-116.62

—111.66

TE: AEARZZ GBI IE ;s MRSETC A RO 3 FI4I S “v 7 RIZh
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Fig. 2 Spontaneous reaction pathways(green arrow) and energy changes in stepwise coordination process
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