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Abstract: The geometric structure, vibrational spectra and binding energies of [UO,(Uracil);(H,0),]** (Uijk, i
represents six kinds of uracil tautomers and j+k=5) have been studied by B3LYP method with 6-311++G(d, p) and
RLC ECP basis sets. The solvent effect of water was simulated by polarized continuum model. The results show
that as the number of the uracil increases, the U-0,,4 bond and the U=0 bond in coordination ions are elongated
and the stretching vibrational frequencies of the U =0 bond gradually decrease in the aqueous solution.
Meanwhile, the total binding energies of the coordination ions obviously increase, and the calculation also shows
a linear relationship between the binding energies and the number of uracil ligand. Besides, the affinity of uracil
ligand for the uranyl ion far exceeds that of H,O ligand. The U-O,, bond lengths calculated in the gaseous phase
are slightly shorter than those obtained in the aqueous phase, however, the lengths of the U-OH, bond show
opposite behavior. In the Uil4 system, the bond length of U-O,,. is negatively correlated with the bond length of
U-OH,, while is positively correlated with the vibrational frequency of U=0 bond. The maximum binding energy

of the coordination ion is evidently not formed by the lowest energy conformer of uracil. The topological analysis
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of electron density indicates that the coordination bond shows ionic character. Atomic charge analysis reveals that

the charge transfer is from uracil to uranyl during the coordination process, and the amount of the uracil charge

is inversely related with coordination number. The Ur6 tautomer possesses the most charge among six kinds of

uracil tautomers because of forming bidentate complexation with uranyl.

Keywords: uranyl ion; uracil tautomers; binding energies; electronic structures; solvent effect
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Fig.1 Equilibrium structures of uranyl pentahydrate and
hydrated uracil coordination uranyl ions

[UO,(Uracil),(H,0)s,J** in gaseous phase
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Table 1 Equilibrium structure parameters (nm) and Mayer bond orders of hydrated uracil

and its tautomers coordination uranyl ions in gaseous and aqueous phases

Bond length / nm Bond order
Complex U=0 U-Opni U-OH, U=0 U-Oci U-OH,

gas aq gas aq gas aq gas  aq gas  aq gas  aq

[UOyH0)s)*  0.1724  0.173 2 — — 02523 0.2492 235 232 — — 031  0.31
U114 0.1732  0.1737 02301 0.2338 02556 0.2521 233 230 053 044 029  0.30
U123 0.174 1  0.174 4 02337 0.236 9 02583 0.2523 228 225 0.50 044 026  0.29
U132 0.1748 0.1750 02370 02386 02599 02541 223 222 046 042 025 0.28
U141 0.1755 0.1756 02399 02400 02587 02556 218  2.18 042 041 026  0.29
U150 0.176 0 0.176 1 02419 02420 — — 2.14 2.14 0.39 0.40 — —
U214 0.1733  0.173 8 02299  0.2337 02556 02511 2.32 2.30 0.55 0.46 0.28 0.30
U314 0.1732 0.173 8 02341 02350 02539 0.2507 233 230 048 045 029 031
U414 0.172 7 — 0.250 4 02525 — 2.33 — 0.28 — 0.31 —
U514 0.1733  0.1740 02305 0.2322 02545 0.2515 233 230 052 051 029 031
U613 0.1730 0.173 6 02435 02494 02516 0.2476 233 230 037 035 030  0.30
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Table 2 Vibrational frequencies (v, and v,) of U=0 bond and vibrational frequencies of N-H and O-H

bonds of uracil and its tautomers in hydrated uracil and its tautomers coordination uranyl

ions in gaseous and aqueous phases

Complex v./ em™ v,/ em™ v/ em™ von / em™
gas aq gas aq gas aq gas aq
[UOL(H,0)s)* 961 937 1039 988 — — 3 786 3 819
U114 939 926 978 979 3 566 3 586 — —
U123 917 902 996 954 3 568 3 560 — —
U132 895 888 969 942 3 569 3579 — —
U141 954 872 981 926 3 569 3577 — —
U150 867 856 942 911 3571 3 581 — —
U214 935 921 1014 974 3 544 3552 3729 3751
U314 941 923 1019 974 3 586 3 588 3770 3751
U414 949 — 1 030 — — — 3 684 —
Us14 938 918 1016 970 3555 3582 3785 3765
U613 946 929 1023 979 3522 3542 3758 3762

23 KEMWBRMEREERMEREFHREES
S
T o3 M E S A W L I PR L 1 R B0
SEASRIE TP T Uijk A2 (0 8145 5 BE S IR W e 1
IR A 53] 5 T 2 1V A PR 5 RE | AN 5 e

WREM T —B e it 5k iR AKX
wmr.
E.=E UiijSSE_E lu'an_\,l_j E~kEyue (1)
EP=Egu™ = E~Evj )
E\mterh:E Uy'kmE—E Water— Uij(k-1) (3)
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Table 3 Binding energy with the BSSE correction for hydrated uracil and its tautomers

coordination uranyl ions in gaseous and aqueous phases

kJ - mol™
Complex Era E! Eya
gas aq gas aq gas aq
[UOAH,0)s]* -1 038.0 —-154.3 — — -140.7 -22.1
U114 -11424 -150.3 -276.8 -40.5 -113.0 -22.5
U123 -1229.7 -169.2 -228.5 -40.5 -99.6 -19.3
U132 -1315.0 -192.1 -203.0 -41.9 -87.9 -20.8
U141 -13974 -216.5 -185.0 -38.5 -79.8 -20.2
U150 —14825 -242.7 -164.1 -37.6 — —
U214 -1 162.1 -160.0 -302.6 -53.9 -114.6 -53.9
U314 -1209.5 -186.8 -346.3 -79.1 -111.5 -15.2
U414 -1014.1 — -143.6 — -133.2 —
Us14 -1 2385 -197.5 -376.0 -90.4 -109.5 -15.0
U613 -1 1383 -137.7 -432.5 -65.9 -126.1 -11.8
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TE-1 014.1~—1 238.5 kJ-mol™ WG, W5 3, Uil4
TR Hh 454 B %5 1 (US14) A 2 HR g & e (IR 1Y Url
SRR B B2 UrS A B AR IR ELR , US14
A R SRR E M AUKIE O M R, XS
UrS 2 B N 5048 7K 23 798 1T e 4[] &0
ARG, PRRIHE SR . U613 4 A4 i K W IE 1Y BRL 45 5 fiE
(-432.5 kJ ~mol ™) f K, 74 B BC A 5 4l ok 5 7 B A 1Y)
BUEERCH B2 T I AR BV R EGR L U414 254
DR W WE (1 525 5 B (~143.6 k] -mol ™) 5 7K 43 F (1 5
455 RE(=133.2 kJ -mol W& HZIT , H T AR RO Y 5
M), AV W T AR Y BRLES 5 B S 2 /) |
24 EBEFHHRIDN

T DT FR v BC AL B ) R R R
AT Multiwfn 7277 £ 47 QTAIM #1 4b 73 #7
AR Bader®™ i, X4 BCP 2L p() K T 0.2 a.u. H.
Vop(r)h TR B, Ud Wiz s B A S s R BT, %7 BCP
IR p(r)/NTF 0.2 an H Vi (r) i IE(ELET | )3 58 HA
BFEEMERT, R 4 0 TR ECALEEAE 3, -1) I
S RUAR 1 H 1 F A 2 R L 0 R R (L, DA
4 % Uljk R R 1 U-0,. 8 7E BCP 41 p(r) Al
Vop(r) 53 A HE 0.058~0.072 a.u. Fl 0.236~0.326 a.u. it
Fil N, U-OH, #E7E BCP 4L p(r)F1 Vp(r) 73 5I7E 0.039

~0.043 a.u. F1 0.156~0.174 a.u. 8B A, L8 U-0,.
SEF U-OH, # B A7 B8 TR AR AR SCHRISHRIE T K
B AL T 5 22 2R 0 1 A BAE IR LAY U-0 g
Be A8 7E BCP 41 p(r) 290 0.046, H. Vo (r)¥ 4 1E
B, FAEEAEFERE, 543X U-04 #1
QTAIM 73 HT 45 5R — 3, U-0,,. #EA U-OH, 11 p(r)
1 Vip(r) BB R AR EREE Url BCAAECH /Y35 i iz
v /)N | % W LS - SRR AR AE B T 55 L 7E Ul S
L% 3 B E) 4 i, U-OH, 8 1 p(r) F1 Vio(r) {H S
T WA 38 0K, 5 SR SR v 0T I 1 B A8 b 3
—5,

Uild 1K & U-0,, BLALEETE BCP ALY p(r) %
1® U214(0.075 a.u.) > U514(0.073 a.u.) > U114(0.072
a.u.)>U314(0.068 a.u.)>U613(0.063 a.u.)>U414(0.050
a.u) Iy 328 ik, U214 U514 U114 1 p(r)EAH I
T U-O e 5 p(r) BT Vi (r) 1 /NI 5 7 SC 1 IR
W I S ) R B 5 R SR 55 P AN TR) 6 R B 1 rh
U-OH, # 1 p (r) 16 [ 7 0.043 ~0.047 au. Z A,
Lipkowski 855 Hy T ZUHE 58 I 5 55 p(0) F1 Vo (r)
138 BRI , 73 BI7E 0.002~0.040 a.u. F1 0.020~0.150
au.Z M\, US14 1 U314 458 b | JRMIER E N 5
ALK AT FIE Y N---H-0 A4 BCP 4L p(r) Al
Vop(r)7E R S HEE BN, AT A O i T AU

F4 SHEKEHMBERERERERMEES FRAEIRST SAHBETFZE(pr) TR HTE V@)
Table 4 Electron density (p(r)) and Laplacian of electron density( V’p(r)) at U-O(N) and H,O-N bond

critical point of hydrated uracil and its tautomers coordination uranyl ions in gaseous phase

a.u.
Complex —— U-OH, U-Nors H.0-Nyu
p(r) Vio(r) p() Vio(r) p(r) V() p(r) Vo(r)
[UOL(H0)s] 0.047 0.187
U114 0.072 0.326 0.043 0.174
U123 0.069 0.289 0.040 0.163
U132 0.065 0.265 0.039 0.156
U141 0.061 0.248 0.040 0.159
U150 0.058 0.236
U214 0.075 0.320 0.043 0.174
U314 0.068 0.289 0.045 0.144 0.035 0.096
U414 0.050 0.194 0.046 0.187
U514 0.073 0.316 0.044 0.179 0.029 0.088
U613 0.063 0.209 0.047 0.192 0.043 0.127

25 HEEBLSN
A i) A1 AR B A T i T P A s AN (SO LA 25
Mo A s DT b E e e 2 e AR T

i, T 0T B AR R A T SR PR, TR
TIXF AR ELAE IR 3 AT A R Be(lmE 25 1~ | DR W8 BE K
H R Ko F)#EAr 7 A S8 A J& 43 BT (natural
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TS5 45 BC A B B 1 H far 20 A A8 A% 10

YT Uljk R &, 3 5 51 T SAHFUK B )
Y LB TR 3 N EC AR BT 9 NPA HL AT
H5HBRE TR Bod A0 E 7T LA HE B EC 2
T A5 BCAAR TS 7 24 r i AR B | G e R g
FK 3 R By 7 3 i 0 5 A2 K e <M v
Sy AT 0.307~0.383 F1 0.185~0.193, i fl1 [ 2
F B B AT A EH N B B IR TR 1Y 2.000 FEAIR E
0.465~0.845 JW I, MBlIE 25 5 F B A far 19 FEAIG
(15 HL ) R A4 7 B 1) Fl 4 T v (2R FRL ) 1T 10 BH A
B £ 3k R rp e ph TGO R B e Bl R S A A T LT
A, R, PREERE ) O Z R T HOR T
BAASTR A3 ) H O B2 A 7S 18 TR TC AR ) 0y
ZAREER TR L | T R TS A R AE
Uljk R & B Url BCARECE /935 40wt 2 7

JIrs HL AT AN 0.845 B Wi/ 2 0.465, RIS 2 i) HL
THOB TG N (1.155 2 1.535), 10 FR W BE Fr Be iy -
Py RSB 0.383 /0 & 0.307, % IR T HHIAL
ML S Url R B i) F faf A2 b B WA T [ i 7K
53 Fis 1 H s EROes o Ut 5 T SCHE K R T U-
O\t TN U-OH, B (4 B B AT 388 080 1) 45 SR AH — 3,
2 WV 700 28800 2 52 el T 85— b T [ 1 Pl i 20
IR

XFF Uil4 R &, & B 7 B i B fer 51 T
5 SRR 7 Pl o A 0 IR U214(0.831)<
U514(0.837)<U114(0.845)<U314(0.853)<U613(0.857)
<U414(0.908) [ I - 328 3 | R W] Ur2 S A4 4K F K 43
S O Al Y R R RO £ 1T U613 4 h
PR W WE S A A BT T L e B (0.507), Ur6 ¢
R TR 2 | i — 2 R R RS B
SR R A7 B 2 8 v, 5 1) et e BE R R RS 6

x5 EREMKFRBKEMBRERERESMERSF P EEEE B %% ENPA) BT

Table 5 Natural population analysis(NPA) for charges of each ligand in hydrated uracil and

its tautomers coordination uranyl ions in gaseous and aqueous phases

Complex U0 Uracil H,0
gas aq gas aq gas aq
[UOL(H,0)s]* 0.955 0.900 — — 0.209 0.220
U114 0.845 0.831 0.383 0.333 0.193 0.209
U123 0.731 0.715 0.354 0.323 0.187 0.213
U132 0.631 0.632 0.333 0.316 0.185 0.210
U141 0.533 0.545 0.319 0.312 0.192 0.207
U150 0.465 0.459 0.307 0.301 — —
U214 0.831 0.803 0.397 0.345 0.193 0.213
U314 0.853 0.804 0.387 0.368 0.190 0.207
U414 0.908 — 0.260 — 0.208 —
Us14 0.837 0.788 0.407 0.396 0.189 0.204
U613 0.857 0.819 0.507 0.491 0.212 0.230
3 & i H 0=U=0 H B4R IR s AR Bl Url PEACRCRE 19 3

TN ST R I vey KAEEF ;(3)

¥ H B3LYP Z% 1k %% £ 3z oA J7 ¥ 76 AH X ie A1
MABFEH R 6-311++G (d,p) K F T XF[UO,(Uracil),
(H0), P (+k=5)FL AL AR R FEATHESE . XL 454 i
i G he BT EERINSE R T AT
ST T R AR LR LSS (1) Bl T4
e WIHC A7 58 K U=0 A9 5K B Url B A% H A9 3
i H U-0,,0 8K U-OH, #E5  Uild K &
U214 1 U-0,. K B, KRN Mayer e
M AMA KRR 5 (2) WBIERE T R | 75K

A aeTh R B E T 0 R4S A B R Url BC R4k
H A5 0 3 AH FCAR B S G RE B WU, Uil4
gikgrh Us14 M G el K, PS54 A ReRItm
U414 Z5F9HH 25 232.6 k] -mol ™, AJ W, Uild & & 45
B B B S5 I AN T2 R e i B AR Url SR 1A
A B (4) QTAIM H#i Fb 43 B 22 B e A7 48 5 A7 2 4
PR, ELIG A0 p(r) 1 Vip(n) B 1R LRl Url Bo ik
B E 3G i v/ ) | B BB BRI, 5 C AR Y B R AR b
3, (5) BT LA o A WA T R A AR
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Supporting information is available at http://www.wjhxxb.cn
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