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Abstract: Optimal geometries,charge distribution of hydration and hydrolysis species of Cd(Il) and free energies

of hydration and hydrolysis reactions of Cd(Il) were investigated by using Density Functional Theory (DFT).

Calculation results show that hydration of Cd(I) can take place spontaneously while hydrolysis can not. Hydration

process passivates Cd(I) while hydrolysis process activates Cd(Il). The activity sequence of Cd(Il) in hydration
species is Cd(H,0)s**<Cd (H,0)s**<Cd (H,0),**, while in hydrolysis species is Cd(OH)(H,0)s*<cis-Cd(OH),(H,0),<

trans-Cd(OH)(H,0),<Cd(OH)5(H,0), <Cd(OH) >
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Fig.1 Optimized structures of Cd(OH),(H,0),>™ (m=0~4, n=0~6)
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Table 1 Geometrical parameters for Cd(OH),(H,0),”™ (n=0~4, n=0~6)

R(Cd-OH,) /nm

R(Cd-OH) / nm

O(HO-Cd-OH) / (°)

O(H,0-Cd-OH,) / (%)

CA(H,0) 0.222 5~0.222 6

CA(H,0)5 2 256~2 296

CA(H,0) 0.2312

CA(OH)(H:0)5* 0.231 0~0.246 7 02155

¢is-Cd(OH),(H,0),

trans-Cd(OH)»(H,0),

CA(OH)(H:0),”
CA(OH)>

0.238 5~0.247 4
0.241 9~0.243 6
0.241 2~0.259 4

0.220 9~0.222 5
0.219 3~0.219 4
0.213 2~0.221 6
0.222 3~0.224 8

134.106

179.062
67.645~138.302

102.951~113.162

126.949~107.952
87.171~144.544
90.0
67.347~150.564
89.820~165.246
85.729~176.436
138.300

JKAED A CA(OH) (HL0)s I DL AL A4 BU A &1 1(d),
H AR BOK i wT K A — @ BRI O T\
TR0 0 D R G A Y 2 S UK ) T 1 A 1)
OH-, 73515 OH i O JEF I 5 F N A5, Royon
H0.215 5 nm, R on, N 0.231 0~2.467 nm,Repon
Repon 8, 72 i1 T FHE 71 & 7 (Cd-OH) ] i A1 H.
YER R T B & F -l ¥ (Cd-OH,) [RIAYAH B AEH],
trans-Cd(OH),(H,0), (e) Pt fk 45 44 rf 1§ 32 & A7 /\ i
PRGSO A 7™ R, T 3% 4 15 IR T F T £
23.9°, OH5 A% 38 - 1 L B 7K 43 I i S 3 A F]
FREARAR R B 1L cis-Cd(OH),(H0), (WAL +4
FRHE— AL T T — AL T 2R V1, B T P
] A7 AEHE R AR B 7 VR Y B, o T 254 A8
WA K, HH cis-Cd(OH),(H,0), 5 trans-Cd(OH),
(H0), PIF G R AT LU | J5 38 X AR PE BT, () A
PR, HA RV ET R 5.6 k) -mol !, I
trans-Cd(OH),(H,0), #% cis-Cd(OH),(H,0), B &

23 HBFHEB

Cd)'5 H,0 OHBLA7J5 , Cd()-5 B4 18] & 4E T
W5, 3R 2 ALY Cd() ,0(OH)F O(H,0)
e NBO(Natural Bond Orbital)Fi 7, 13 2 A1,
ARG RN R BEE B K 2T RO B Cd
JELF BT L R AT 0 AR AU AN K AW A B AR, K
J N R v B TR T S A 3, ed JE T |
F14) 1 R A B BA S5 s JE - 19 P g Bk OGS i
A F 1R 15 R ) 1 P e 0 8, o BT
S5 EC AR ] (4 W 514 e o JR T 4R A H T A4
T 7 HlE eV FH A v J 5 I R ] 174 B 5 484 K, B
W7o D R R AT LR KRS R Cd
J5 - Xof T A 7K 3 - B W 5 TR 55K 43 ) 0 HE TR
YEFAE Y R A K o F RS £ ol Cd R
I FL AT 9 AE PR AR /N T K R R R Cd(I)X 3 3k
WS VR AR, L far i O] ot CA(D%% % | Bl
K AR IR Cd JE - b ) T F far 328 B B AIK:

Fz2 &HWEH CdID,OOH)F OMH,0)FT NBO B
Table 2 NBO charges on central Cd(l), O(OH)#! O(H,0) for optimized structures

Qo Qoon Qou,o

Cd(H,0),* 1.771'5 -1.078 4~-1.078 7
Cd(H,0)5* 1.764 1 -1.060 3~-1.069 7
Cd(H,0)¢* 1.760 7 — -1.050 4
Cd(OH)(H,0)s" 1.662 0 -1.2152 -1.028 0~-1.070 3
trans-Cd(OH),(H,0), 1.608 9 -1.212 0~-1.213 8 -1.045 0~-1.047 0
cis-Cd(OH)(H,0), 1.599 7 -1.216 0~-1.217 0 -1.039 4~-1.049 3
Cd(OH);(H,0),— 1.489 5 -1.202 7~-1.212'5 -1.052 9~-1.054 6
Cd(OH)~ 1.418 6 -1.249 6~-1.256 8 —
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Table 3 Energies of frontier molecular orbital and energy difference of frontier molecular orbital for
Cd(OH),(H,0)," (m=0~4, n=0~6) optimized structures

Euo / (kI -mol™) Evowo / (k] -mol™) AE(Eumo—Enowo) / (kJ -mol™)
Cd(H0)* -1 033.659 4 —-1782.189 4 748.530 1
Cd(H0)5* -920.972 0 —-1706.548 7 785.575 9
Cd(H0)¢* -823.278 0 -1 647.002 4 823.724 4
Cd(OH)(H,0)s* -456.758 2 -1030.482 5 573.724 3
trans-Cd(OH,)(H,0,) -14.204 0 -672.915 7 658.711 7
cis-Cd(OH,)(H,0.) -18.378 5 -671.314 1 652.935 6
Cd(OH);(H,0), 366.073 5 —-222.406 1 588.479 6
Cd(OH)> 903.513 3 340.448 6 563.064 7

2.5 CAK &  FKEE KRB AGoss k101 e

HR A KA TR S S i =358 T 101 kPa, 298 K
(9 B INE ) FRRE

Cd*+nH,0=[Cd(H,0),]** (n=4~6)

[Cd(H,0),*+mH,0=

[Cd(OH),(H,0),_."+mH;0* (m=1~4 ,n=0~5)

Bl 2 R CAZK G B AG g 101 e F H,0 B A7
A4l B 3 R CADZK A S AG s k101 0. HE OH-
Be LB A8 Ak, B L 2 AT UL Cd> B F 1K & RO A
H BB /N T G R W RE W F R T, Bl T
IR FIEL | RV AG g w101 e 12 BT BT Cd
(7K A A B CA(H0) 1Y B fie & i AT, X — 15

-0.34 4
-0.364
-0.384

-0.404

AG / (kJ - mol™)

-0.424

3 4 5 6 7
Coordination number in hydration of Cd(II)

K2 CAIZK A I AG o 101 w8 HO L ALEL 19722 £k

Fig.2  AGasg 0w for hydration of Cd(Il) as a function of

H,O coordination number

Dudev B9 B 5T 25 S A0 — 200 BY ¢d() 5 TE A oS B Aoz
MRS,

3 Al UL BR T Cd(H0) K f# 2 Cd(OH)
(Hy0)52HF AG o5 x 101 e FEIEFAD | CA(H,0)6 1Y HoAth 7K
fift N F BRI A B CA(DAR 5 & A K A BN
X5 CAY 55 7K fige PEA— 34,

80
704
604

AG/ (kJ - mol™)
DWW B W
.. T

-10 T T T T 1
0 1 2 3 4 5

Coordination number in hydrolysis of Cu(II)

B3 CADZK i SR AGaos 101 e OH T A7 £ (14 725 Ak,
Fig.3  AGagxio1a for hydration of Cd(Il) as a function

of OH™ coordination number

LEAKA KA RN P TE LSS 0T Cd(H,0)6
R CAAK A 7K A P o iy A S 78
2.6 KA KRR CAIDiE MR M

Kl 4.5 RKA KD Cd HRTEHIE HOMO,
LUMO % HOMO+LUMO F 43 e (Cd 5 AfZe s A



1752 Jd Hl fk

A

24 %

SY Wi e
Yo
RE o, WEATEF BRI T 508 250, BT
AL E DL, MK 4 w50, KEWH T Ccd X
HOMO L35 % 53 iR AR /1N (<29%) , HAS B B 44 55 1 384
T As | X LUMO $UiE B 53 ik B 2 7K 5 B 7 4
34 R W/ vT I B KA R B B IR, Cd
P2 3% B 7 B0 1 a2 /N | B K A RO Cd Ak

co N Cd BIRTER 7> T HUIE

60.00
=
s 5000 |
E
[=]
N
2 4000 |
5
=]
£ 30,00 -
el
&; —e— Cd/HOMO
§ 200 _g c4/LuMO
g
2 —A— Cd / (HOMO + LUMO)
£ 1000 |-
Q
&)
0.00 > —
4 5 6

Coordination number in hydration of Cd(II)

K4 K& Cd LU ot
Fig.4  Contribution of Cd to frontier obital as a function

of coordination number in hydration of Cd(I)

100.00
9000 7 o _cd/HOMO
80.00 I g casLumo
70.00 |

—A— Cd / (HOMO + LUMO)
60.00

50.00

Contribution of frontier obital / %

0 1 2-cis  2-trans 3 4
Coordination number in hydrolysis of Cd(II)

K5 K™Y Cd i B2 BUE T 2 L
Fig.5 Contribution of Cd to frontier orbital as a function

of coordination number in hydrolysis of Cd(Il)

KGR CAIE T 4 :Cd(H,0)2>Cd(H0)5>
Cd(H,0)¢*,

M 5 " LUAE & K g Fh o ¢d X HOMO
BUIE 1) STER B AR (< 10%) , BB OHTC 7 B 3 Kk,
Cd 5 HOMO %38 & 4 te AU A5 T35 X F n(OH )<
2 WK YA, Cd X LUMO #LiE 5Tk OH-FC A7 4%
HI R IEAARAS | XFF n(OH)=3 MK Cd
X LUMO %3 57 Bk B & OH -1 o i 15 K 18 2%
P, PO, R A5 K f R EE R Cd B2 32 W T
[ RE S WG K B od #iiE AL, KA b cd(im)
WG PENUT K CA(OH)(H,0)s5 <cis-Cd(OH),(H,0) <trans-
Cd(OH),(H,0),<Cd(OH)5(H,0), <Cd(OH),>,
3 & it

CA7K & Py Fi (A PO T HoK il Wy fl K&
RN BERS F & AT, CA(H0) R 45 K & K i ) Fh
LA R KA RN Cd Ak K A B
Ak Cd,

SE .

[1] Pretorius P J, Linder P W. Appl. Geochem., 2001,16:1067 ~
1079

[2] Bernd K, Roland M. Inorg. Chem., 2001,40:3101~3112

[3] Harris D, Loew G H. J. Phys. Chem. A, 1997,101:3959~3965

[4] Zhu M Q, Pan G. J. Phys. Chem. A, 2005,109:7648~7652

[5] Martin R L, Hay P J, Pratt L R. J. Phys. Chem. A, 1998,
102:3565~3573

[6] Abreu H A De, Guimares L, Duarte H A. J. Phys. Chem. A,
2006,110:7713~7718

[7] Bochatay L, Persson P. J. Colloid Interface Sci., 2000,229:
584~592

[8] Ohtaki H, Johansson G. Pure Appl. Chem., 1981,53:1357~
1364

[9] Dudev M, Wang J, Dudev T, et al. J. Phys. Chem. B, 2006,
110:1889~1895



