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Theoretical Study on Hydronium lon Clusters by ab initio Calculation
and ABEEM/MM Model

Yang, Zhongzhi* Meng, Xiangfeng Zhao, Dongxia Gong, Lidong
(School of Chemistry and Chemical Engineering, Liaoning Normal University, Dalian 116029, China)

Abstract A high level ab initio method and an ABEEM/MM model had been applied to study the hy-
dronium ion clusters H;O "(H,0), (n=1~6). The low energy geometries had been optimized and the bind-
ing energy and the stability had been discussed, revealing the preponderant existence of the local structure of
the H;0 ' (H,0); cluster. The charge distribution of H;0 ' (H,0)¢VIa has also been analyzed, indicating that
the strength of H-bonds of the first solvation shell with the hydronium ion is stronger than that with the sec-
ond solvation shell. The results of the ABEEM/MM model are well coincident with those from ab initio

method.

Keywords hydronium ion cluster; ab initio method; ABEEM/MM model
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Table 1 ABEEM/MM parameters of the hydronium ion cluster

7 21 omm  e/(kJomol ")
H,0 H— 2203 3774  0.3051 0.184
O— 3773 26098  0.2240 0.050
H—O 5136 24767
IpO— 3308  6.692
H,0" H— 1.9 8.874  0.1583 0.1326
0O—  3.565 9.0 0.3142 0.5180
H—O 555  33.692
IpO— 49 4.322

2 H#HR5WHE

2.1 JL{agEd

Kl 145 T ABEEM/MM A BRI )L THEE MP2 7
AR E] H;OTF H;0 ' (H0), (n=1~4) &AL LT
R MRS — A K TR, & Eigen
BF, R TR, H0 ROk, HyO A
GER, SERRMEN Csp, SR BEEEK: 0.098 nm, ZEEL/K A>T

R AR KK 0.002 nm, B A ZHOH 4 111.04°,
/K> 14 ZHOH B K 7.13°. MKGAETH—
ARG FAVEFH I, BRI & Zundel™ 2 () 8 1,
[HH,0)] "R w, RARFTFIETHAKST. 1
[H(H,0),] ", B FHA Ko7 0m, 2WK
R IR B AHEE, A 0.120 nm, XRRER G,
O(1)—O(6)Z Al fFIEHEE N 0.240 nm, O(1)—H(4)# KNy
0.097 nm. HJEM[HMH0),]" J5, BT 5% T Z K
KLY H;0 T AELE, KT 0.022 nm, BAEERTS. Y
Frgs & — AR T, R BB AR, B HO'
(H,0),, HEZLL H;0 Wi, SRR C. 4
n=3 W}, AR B THAFE MR, —AMELL HO &
TR, B H;0'(H,0)s, KT HKEE S T =1
SUEE, AN 0155 nm; — AN E[HH,0).] " I,
B [H(H,0),] " (H,0),, 57K4> 71K i > aik, Stk
H(2)—O0(8) 4 0.157 nm, H(7)—O(11)} 0.162 nm. PYsK
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IVb, Ve & Wla 55— /K FAERE RN, Mk fe it
SERTAN, I =M R I RS MR v T LR P A i T
IVa, IVb, Ve, IVd #B/&LL H;0" WM, Ve & LA
[H(H,0),]" A1

[
2 11«13

Ivd IVe

Bl 1 H;0 (H0), (n=1~4) R MK RE LT £5H4
Figure 1 The low-energy structures of H;O ' (H,0), (n=1~4) clusters
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Figue 2 The low-energy structures of H;0 ' (H,0), (n=3, 6) clusters
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# 2 ABEEM/MM BRI ab initio J7 505 H;O " (Hy0), (n=1~~4) (1R B 45 ) 1) 45 K il
Table 2 The structural data of the low-energy structures of the H;O ' (H,0), (n=1~4) calculated by ABEEM/MM model and ab initio

method

ABEEM/MM ab initio” AD

| Roy-o) 0.238 Roty-o(6) 0.240 0.002
Z(0,H,05) 172.52 Z(0,H,04) 173.28 0.76

I Roy-o) 0.260 Roty—o0 0.250 0.010
Z(0,H,05) 172.43 Z(0,H,0,) 174.09 1.66

- Roy-o6) 0.260 Roty-os) 0.257 0.004
Z(0,H;05) 173.91 Z(0,H;05) 174.65 0.74

R0(1)70(5) 0.237 R0(1)70(5) 0.240 0.003

Z(0,H;05) 173.04 Z(0,H;05) 174.90 1.86

1o Roty-os) 0.266 Roty-os) 0.257 0.009
Z(0,H,05) 173.95 Z(0,H,05) 174.13 0.18

Roy o) 0.263 Roty-o0@ 0.258 0.005

v Z(0,H,05) 172.46 Z(0,H,05) 174 44 1.98

a

Ro(y o) 0.261 Roty o) 0.255 0.006

Z(0,H,0,)) 166.91 Z(0,H,0,) 167.91 1.00

“MP2/aug-cc-pVDZ; ? distances in nm; angles in degree.

22 KEEBTEKASFZEBIEEEREE

% 3 BT ABEEM/MM FB M SLib 877

£3 KEAHTHE H0 (H0), (n=1~6) 54 g
Table 3 The total binding energy (kJ/mol) of H;O (H,0), (n=1~6) clusters calculated by ABEEM/MM model (compared with ab
initio and ¢-MSEVB method)

q-MSEVB  J5 A5 S PR Be 45 04 (1) 43 1 () A3 ELAE H
WHEAKXWF:

REA B R M R INE B2 17 e,

. Symbol ABEEM/MM ab initio q-MSEVB
This work This work? This work? Ref. 9, 15, 16 Ref. 16
1 I —142.80 —142.30 —140.46 —143.93 —135.77 0.50
2 II —237.40 —241.79 —239.70 —241.00 —235.22 4.39
3 IIla —322.00 —325.58 —323.72 —323.84 —333.21 3.58
3 1IIb —310.16 —309.28 —306.14 —309.20 —309.11 0.88
4 IVa —389.61 —387.77 —386.48 —387.44 —393.00 1.84
4 IVb —384.05 —383.04 —380.95 —383.76 —394.80 1.01
4 IVc —383.21 —382.96 —380.70 —383.84 —394.76 0.25
4 Ivd —363.78 —367.82 —364.43 —370.16 —369.36 4.04
4 Ve —379.20 —372.04 —369.40 —370.70 —375.56 7.16
AAE 2.63 6.07
5 Va —427.81 —436.35 —433.71 8.54
5 Vb —437.10 —434.22 —431.62 2.88
5 Ve —438.02 —441.87 —440.03 3.85
5 vd —450.62 —442.92 —441.08 7.70
5 Ve —452.04 —442.62 —439.78 9.42
6 Vla —472.33 —486.77 —484.13 14.44
6 VIb —491.29 —491.24 —489.11 0.05
6 Vic —495.43 —491.49 —490.70 3.94
6 Vid —502.04 —495.18 —493.08 6.86
6 Vie —506.05 —492.79 —490.70 13.26
AAE 4.98

“MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ; * MP4/aug-cc-pVDZ//MP2/aug-cc-pVDZ.
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AE,=E[H,0"(H,0), |—E[H,0" |—nE[H,0] 3)

AEM,I:E[Hp*(HZO)H]—E[Hgo*(Hzo)nﬂ]—E[HZO] (4)
gy T ABEEM/MM FERFT q-MSEVB J7 1A X
TR ab initio 75 RILX35 W 2 (AAE), LLA
ABEEM/MM FABAXS AL ab initio [F48X] 72
(absolute deviation, AD), 5 K [ 48 %] i 22k 14.44
KJ/mol, THIXHZALN 3%. %FT H:0' (H0), (n=1~
A AE, ARSI PERFARAAT BT LT A B DA S AR
B854 AL SCER[16] T 75 20 1) LART AL B RN 5 45 B 22 031)
ANK. AT SCRk[16]H MP2 5 vE SRR 21 H0 "
(H,0), (n=1~4)F#EM1454 8, ABEEM/MM 15 1) 44
XM 25 4 2.85 kl/mol, g-MSEVB J7 104 6.28
kJ/mol. MEH AT LLE H, X T8NM#%, ABEEM/MM
DIk H B B 4 A Re S N Sk B 5 i (MP2/aug-
cc-pvDZ), L q-MSEVB %554 1R A1) — &bk

R S 45 A e T LU H, H3O ' (H,0), 18 AN 7R
o, IVa f2 4 E. ABEEM/MM J7v2: 5 MK 505 1: 43 3]
T A HO " (H,0), MR 2/ %, TVD FlIVe F 7Y
ST, BEERERIT. AR 4 A e S m DU I,
IVa FKEAE TFEE—KEED TN T =N,
B IKEENARD T HE—KEZD T LT HAEA
B, BRI H 22 I B, B DU AR e
m P E MK G A B FREM AL H;0' (H0)s I HA
FE AT, KEEE T 5K F IR g fe e v
I TRPIR, BL H,O B T O B 4 A e v T
PA[H(H,0),] A%, Ve, Vd, Ve RERFZIL. H;0'(H,0),
() EAFE A, Vie, VId, Vie e, HRIREH
Via 454 REZHUE T A 454, VIb & LAHH,0),] 4
I, S5G R TLL HO B A i (R FAOIR 45 44 1) Ay 7Y

INESE=yi

x4 I TKREEE FHIR H;:0'(H0), MiES4:
HRE. WNERF TR H, M H0(H,0)%] H;0" (H,0)s,
Bl Ko PRGN, SIS A e, M H;0 ' (H,0),
THA B IR0, S —KE 2 CEB A, Xt
TEAEM S, RIS e RS A REbE A K0 T35
A8 b h & onfE | 3 B, W d Al LLAE
ABEEM/MM #7 55 M ST 45 R 1R AH 24 if
2.3 HBESH

% 5 HIHHT ABEEM-7P /K4r FRUKGE B T
ABEEM Hifai 734, wJLLG BRFALIK S+, AR T
D W s i S R A 0 o I T = o e SR
fodar, O HF A 2 R, R S, 6 nl 4,

R4 KEGEETHEH0 (H0), (n=1~6)FEL L i
Table 4 The successive binding energy (kJ/mol) of H;O"
(H;0),, (n=1~6) calculated by ABEEM/MM, compared with ab
initio method

; Symbol ABEEM/MM ab initio

This work This work”  This work”
1 I —142.80 —142.30 —140.46
2 I —93.85 —99.49 —99.24
3 I —84.60 —83.76 —84.01
4 v —67.61 —62.22 —62.72
5 v —60.92 —55.10 —54.60
6 VI —51.42 —52.26 —49.62

“ MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ; * MP4/aug-ce-pVDZ//MP2/aug-cc-
pVDZ.
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Figue 3 The total binding energy and successive binding energy
as a function of cluster size
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# 5 ABEEM-7P BIAUKHIK A S 1) ABEEM HiLAi 43 1
Table 5 The ABEEM charge distribution of the ABEEM/
MM-7P water and hydronium

H,0 H;0"
90 0.112 0.126
qn 0.290 0.516
Jon —0.155 —0.144
qip —0.191 —0.242

£ 6 H;0'(H,0)sVIa 5% ] ABEEM Hifaf 5 i
Table 6 The ABEEM charge distribution of H;0"(H,0)sVIa

KGR KGR

Ko+ KT
9o 0.110 qoei 0.103
qH(s) 0.473 qH(20) 0.341
qH(7) 0.302 qH(22) 0.338
qo6)H(s) —0.152 qo@1)-H(0) —0.146
qo(6)-H(7) —0.144 qo@1y-H(22) —0.146
q1p0(6) —0.364 qipo21) —0.273
qip' 0(6) —0.224 Gy o1 —0217

HARM. AKEEE TR K G RAT R A AE
AL s A b B AR AN K. T B B K
AR T AR NIRRT, 2R TR E
SRS TP I L. SCHR[18] Y, BT HL T Bk
WK S T BRI A AR, BFseas Rtk
W1, 36— IKERRD T HKEE T LI I E AT AR
W BT 55 —KEKS FIMARMAEER. &
Z, WARKHEAT AR TR R I 70 T35, [ 5E i fi
BERIANBEAR S AU, S B R R FL A B (1 2502, 7 Bl W
BERYREAR LF Mo AC 2R, 45 th 5 BE A0 AT 20 A, AT oA
LRSI IR R AR e

3 4

W LA e T LA H B Zundel™([H(H,0),] 1)
B A A% ) B 5 1) 45 R R N T (R AE K /N 1 A
Eigen/(H;0 ") &5 1 4% 1A HH B0 25 45 Bk, 4% e mg LA T
FERBH A, T K S 7 R% E 2L, Bigen®(H;07)
BT IEAAAE, X5 580 DL MK HAS B KA AR T
(1 R 2 A B 1) 2508 e — Bl FAT AT R I, K

BEBE TR T KE Ky AR AAE R, 1
XT38 ZIKE EK TR, KGR S KEER
T AV AR 2 B T 5 5 KA A
BOAHH AR, N ABEEM/MM J7ERFIE K S48 1
R R PR R B, 845 I 5 ML B 45 3
AEAEAREF () — 2, #E—P5E T ABEEM/MM B2 [
GELE . SEUIER R T R . X AT K 1)
IKE GRS T BRI P BB T SR, IFR K
HHAE T AR R AR N S S
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