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Abstract Experimental investigation of the hydration structure of Pb(II) has been poorly documented, and the bonding
mechanism is not clear. Geometries of Pb(H,0)i-', were optimized using the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) of density functional theory with CASTEP code under the periodic boundary conditions. The
interaction between nuclei and electrons was approximated with Vanderbilt ultrasoft pseudopotential. First-principles mo-
lecular dynamics (MD) study of Pb(H,0)2" in an aqueous medium was carried out in order to gain insight into solvation
behavior of Pb(II), where the density of water in solution was 1.0 10° kg/m®. The MD simulation was performed in the
NVT ensemble at 298 K, with a time step of 1.0 fs and simulation time of 8.0 ps. Then the Mulliken charge population, par-
tial density of states (PDOS) and charge density difference of hydrated Pb(II) complex were analyzed. Determination of bond
length, binding energy and Mulliken charge population of equilibrium geometries of Pb(H,0){*, indicated that the primary
hydration numbers of 6, 7 and 8 were all possible, and the geometry of Pb(H,0):" was found to be the transition state be-
tween the holodirected and the hemidirected. According to the relaxation of Pb(H,0)2" in aqueous solution, there was
always water exchange between the primary and secondary hydration shells of Pb(II). Based on the equilibrium structural
parameters of Pb(H,0); ", , relaxation of Pb(H,0):" in aqueous solution and the experimental extended X-ray absorption
fine structure (EXAFS) results, the most probable coordination number of the first hydration shell of aqueous Pb(II) was 6 of
a complex with approximately hemi-directed structure. Bonds of Pb—O in Pb(H,0);" exhibit strong ionicity with few
covalent character. The distortion of Pb(H,0)?" in structure does not originate from a 6s-6p hybridization on the heavy
metal as the Pb 6s and 6p states are energetically too far apart to mix directly. It is the coupling of Pb6p6d with the antibond-
ing Pb6s-O2p state that gives rise to the net asymmetry in the electron density on Pb, which results in the distorted structure
of Pb(H,0):" .
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Figure 1 Pb(Il) complexes can be either holodirected (left) or hemidi-
rected (right)
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Figure 2 Equilibrium geometries of Pb(H,0)1’, from GGA-PBE of
density functional theory under the periodic boundary conditions (Atoms
of Pb, O and H are colored grey, red and white, respectively)
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Table 1 Equilibrium geometrical structural parameters and binding
energy of Pb(HzO)ﬁ+

Ebindin v/ Enei ghborin, v/
n Rmin/A Rmax/A Rmean/A * ‘ * Pb H’lﬁ/e *@@

(kcalemol ') (kcalemol )

1 —  — 231 —62.26 — 1.78 I
2 236 236 236 —11230  —50.04 1.62 |
3 240 240 240 —153.35 —41.05 1.51 I
4 240 254 247 —182.64  —29.29 1.46 |
5 241 264 253 —20869  —26.05 1.44 o}
6 244 3.17 265 —22945 —20.76 142 P4
7 253 281 267 —24928  —19.83 1.43 4
8 251 3.04 273  —265.65 —16.37 1.44 4
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Pb(H,0);" (¢)+H,0(g) <> Pb(H,0)}, (g) 2)

NP5 SR K & R AL TR A S R P, e e 2 5
Q)i S R AR 45 A RECR 1).

E neighboring = E 2 (g) - E Pb(HIO)Zf (g) _E H,0 (g)
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Figure 3 Conformation of Pb(H,0):" in aqueous solution with den-
sity of 1.0 X 10° kg/m’
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Figure 4 Pb-O (blue solid line) and Pb-H (black dashed line) radial
distribution functions and their running integration numbers

2.6 Pb(H,0):" &
2.6.1 Mulliken # B 547

Pb(H,0); " 1 Pb Ml O (¥4 S 7 Bt (1 Ha 7 1y 4
B G Figr s W3 2, NS Pb 5 O i 114k
TN, H IR FIPOEARRA S, HEE 2 iTRLE H,
Pb KEFRM BT +1.42 BT, O Bl T2
—1.00 H 4, H 640 i1 [H5 Pb g5 & B AN, i
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Table 2 Mulliken charge population of atoms of Pb and O

) F IS O2p A1 Pb6p, Hi T8 A L S e g 1
SEE 2 AT EAEH, B EA W & Pbed $id, H
PRI 0 Hr AT 40, PN R 6 > H,0 4545, Pbod i 5Tk
JEANTT D ).

% 3 41 Pb(H,0); " h Pb F1 O (fypldiAi i, HS
Hi R EGER W] Pb—O BN & T EIR SR, I PEIRSS. (HE
AP 5 O ¥ L 7 H () FL B FE LR/, XoF I R B 5,
KKK 3.17 A). Pb 511 5 /> O WA Jm 434 0 i fH,
T T FEAE RIS, X0 T8 AR
PR MESE NS, AT, SR E0 T1 4
JE A A ) () AR 0 Bk 4 A TR A e i S R B A I R
FelP223 I AR TR ns-np BUIE A AEAF HL 0
AT AR, T R PR A A RE R B E (M A ns
WA np I RS SIE b, BT B R,
AR T ERIRaE, &b EmE kAR,

£3  Pb—O B E S A fE 0 HT

Table 3 Overlap population analysis of bond Pb—0O

JLH s s p d £ RW e Hifile
(0] 1 1.86 5.12 0.00 0.00 6.98 —0.98
(0] 2 1.87 5.14 0.00 0.00 7.01 —1.01
0] 3 1.86 5.12 0.00 0.00 6.98 —0.98
(0] 4 1.86 5.15 0.00 0.00 7.01 —1.01
(0] 5 1.87 5.14 0.00 0.00 7.00 —1.00
(0] 6 1.87 5.15 0.00 0.00 7.02 —1.02
Pb 1 1.90 0.68 10.00 0.00 12.58 1.42
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i A e /A
Pb—O(1) —0.04 2.44
Pb—O(2) —0.02 2.60
Pb—O(3) —0.05 2.48
Pb—O(4) —0.04 2.54
Pb—O(5) —0.02 2.64
Pb—O(6) 0.01 3.17
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Figure 5 Partial density of states of O (a) and Pb (b) in Pb(H,0)"
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Figure 6 The charge density difference of Pb(H,0)?" from Pb (Dif-
ferent from above figures, atoms of O are colored yellow instead of red to
separate from the increased electronic density)
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