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Table 1. Number of hydrogen bonds and electronic energy atn = 6, 8, 10

Number of hydrogen bonds Electronic energy Energy difference
n Coordination number Coordination number
5 6 5(A) 6 (B) A-B
6 2 0 -1720368 -1720391 23
8 6 4 -2119560 -2119564 5
10 9 8 -2518715 -2518716 1

% Energies in k mol™

Fig. 2. Optimized structure of Mg?*(H,0)s. Coordination number: a) 6, b) 5.
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Fig. 3a. Optimized structure of Mg®*(H;0)so

Fig. 3b. Optimized structure of Mg?*(H,0)e0
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Fig. 6. Plots of *®0/*°0 reduced partition function ratios of
waters in the secondary hydration sphere against n. @:
Waters in the secondary hydration sphere surrounded by
waters in the third hydration sphere, X: Waters in the
secondary hydration sphere not surrounded by waters in the
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Fig. 7. Plots of D/H reduced partition function ratios in the
primary hydration sphere against ». @: Hydrogen atoms
bonded to an oxygen atom with a hydrogen bond, O:
Hydrogen atoms bonded to an oxygen atom without
hydrogen bond, A: Average of @’s, /\: Average of O’s,
l: Average of A and /. Broken line: Hydrogen atoms

in bulk water.
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Fig. 8. Plots of D/H reduced partition function ratios in the
secondary hydration sphere against ». @: Individual data,
A: Average of @’s. Broken line: Hydrogen atoms in bulk

water.
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Fig. 9. Plots of **0/*®0 reduced partition function ratios in
the primary hydration sphere against n. @: Oxygen atoms
with a hydrogen bond, O : Oxygen atoms without
hydrogen bond, A: Average of @’s, A: Average of O’s,
W Average of A and /. Broken line: Oxygen atoms in

bulk water.
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Fig. 10. Plots of ®0/*°0 reduced partition function ratios in
the secondary hydration sphere against ». @: Individual
data, A: Average of @’s. Broken line: Oxygen atoms in

bulk water.

(@) LFF/p VIR RF (O) LT, BB BI% LIS
ZEDDY | HIE DITHEAE K0S RS R B B E
2R, AU & n IZBITHFEE(ALA) Z LT

b AL THD, TRDL . KFE TR OBLED T,

FFI-0 0 EFR LD 05RO CHIES L TRY, L2d-
TV ZETHD,

— 5. ENSDEE SV DK (——) DFE LT
BHE BNV T DRIV KREREEZTL- TS, 2 FE
DOEEFEOFE)E (B) THTH, ZIUIHALTHD, 772

b Mg? A 80D — K FE DK DERZE Sy F-13]
NI DG EIZH ATV ZEL THY, ZONEAFIE,
TM@?* A4 B A UKERE A& FF M EIFE 11 >TMg™
AT RS E UKFERE S E RO BRIF T 1> L0
KOFEHRIF A1 &£725,

Fig. 10 (ZIZ, JAVZAD K57 CHENTZH Kl
AT DKoy F- DR TR AR SR RS A R LT, 20D
L7 FIE, n =70 30005 MBI 25512720, n DY
INEFZETHEINT D, Fig. 10 B30 DINC, il % D
T —2UXELDER DL (@) FHEEDLHE (A) | A
NI DIK(—=) DIGELFEEE DL, T —2 Db E
DZL72ND T, PFERFEREILE 22 DD LAV S,
Mg AA L JEO D K FIENZ R DEEHE O ENE,
PRV DOEELRIRE THHES 2L,

LLEEEDDHE KBTI MgY A4 DMEAET D&
KDBEFIF T DR EMEDELL, Mg* A4 BB
AL TWDKEG T (FE— KB DKy ) DEEFRIR T
LEMEIIREL M\ BT 5, LinL, Mg?* A4 DIFENE
B DONLFE— /KRB O T, 5 KRB DKy
T ORI 1L, EDOLREVEIZIBW T/ VUL DA L5
EE DB,

4. % B

ARBFZETIL, Mg? A A JED DK DK - [ 3522 ek
oy FHUERH RIS EBER L, TORBIT, FALA
EHRS T BROBRE BRI ZEMEF DG
EERENEZIHDTHD, RIFFETHID)E o7 5
EFEEDHDHERDIDNT2D,

Mg?* A4 D — KRB O K FikklE 6 Tihd,

R A DR ENEE T BB WD B Sy B B St
DOFFEIZBWTL, BVEMoKy - CHENTZKD T
EHWAZENEETHD,

Mg A4 D — KT DA DEEF IR FIE, K
FEAEELTNDHDE, KFBREEEL TWRWEDBFEIE
L. BT ISR AL CODKHBIRFO L, #HICHk
BREALTODKRFR L K& R ol B g b 2R
To B BB OKFRF DA, KGR THE
SITHEY, JVLETHDH, LInLRD D, li#H DOW-H%
W5 e, BB S E BB OMEIT SV DKFEDOG A LFA
EEDBRN, Thbb KFEOLEMICEL T, Mg®

-115-



AL DEBITIRE Ao\, E72, 8 /KFE KD
IRFLZEMIL, VI DGELIFIZFRC THD, Ll
T Mg>* AV JAVDIKSY T DAKFEFRA-1E, AR K
OF | FOLEMIZIBNT, ST DKEFEEEDHIRN
LUVIHZENRTED,

Mg?* A 7> D — K I DK DB R 12IE, k3
FEAELTNDbDE KERHEEL TORWNEDDFTE
L. BT OGRS E RIS E OTRIDREW, T72
Db RIEDOFH, LR TR RREIZHY | &
VETEThD, THHE IV DKOEEFEHRE B
LT AL FRIVBIE NS REL Mg A A D —
KB DK DEEFEIR 1T S AFET D AT
THYZELTODBEE XD, LinL, F KB oK
DEEFEFRFDREMEIX, NI DB LFREEDL T,
Mg* A4 DFBTE IR FIBNZ L A TORNZEN
B,

E

AWFZEDFHE D —ERIL, WFEH OWFFEE O KA —
BICBFENNZIEWE, F, BRI Tk, BB K
AT T A — DA — O,

ZIIT SO EERET D,

SE Xk

[1] Bigeleisen, J. and Mayer, M. G. (1947) Calculation of
equilibrium constants for isotopic exchange reactions. J.
Chem. Phys. 15, 261-267.

[2] Frisch, M. J., et al. (2004) Gaussian 03, Revision C.02,

Gaussian, Inc., Wallingford CT.

[3] Foresman, J. B. and Frisch, AE. (1993) Exploring
chemistry with electronic structure methods, 2" ed.,
Gaussian Inc., Pittsburgh.

[4] Oi, T. (2002) Ab initio molecular orbital calculations of
reduced partition function ratios of small water clusters. J.
Nucl. Sci. Technol. 39, 419-425.

[5] Palinkés, G., Radnai, T., et al. (1982) Hydration shell
structures in an MgCl, solution from X-ray and MD
studies. Z. Naturforsch. 37a, 1049-1060.

[6] Oi, T. (2003) Vapor pressure isotope effects of water

studied by molecular orbital calculations. J. Nucl. Sci.
Technol. 40, 517-523; and our unpublished data.

- 116 -



No. 0802

States of lons in Aqueous Solutions and Stability of Water Molecules Hydrated to
lons Studied by Computational Methods

Takao Oi (Principal investigator)

Faculty of Science and Technology, Sophia University

Summary

Stability of hydrogen and oxygen atoms of water molecules hydrated to a magnesium ion relative to that in
bulk water was studied by molecular orbital (MO) calculations. The theoretical background is that the isotopic
reduced partition function ratio (rpfr) is larger for a more stable species.

All MO calculations were made at the HF/6-31G(d) level of theory using Gaussian 98 and 03 program
packages. As model species of water hydrated to a magnesium ion, we considered water molecules in
Mg®*(H;0), clusters with » up to 90. Structures of the clusters were first optimized and, at the optimized
structures, the vibrational analysis was carried out and rpfrs were calculated.

The hydration number in the primary hydration sphere around a magnesium ion was six. Oxygen atoms of
some water molecules in the primary hydration sphere had one hydrogen bond while those of other water
molecules had no hydrogen bond. The oxygen isotopic rpfr values of the former oxygen atoms were larger than
those of the latter, and both were substantially larger than that of bulk water. Oxygen atoms in the primary
hydration sphere around a magnesium ion were thus more tightly bound and consequently more stable than that in
bulk water. Oxygen atoms with two hydrogen bonds in the secondary hydration sphere had rpfr values nearly
equivalent to that in bulk water, which meant that their stability was comparable to that in bulk water. The
existence of a magnesium ion thus affected the stability of oxygen atoms only in its primary hydration sphere and
not those in secondary and higher hydration spheres.

The influence of a magnesium ion on the stability of hydrogen atoms of water molecules was minimal.
Although hydrogen isotopic rpfr values of some hydrogen atoms in the primary sphere were slightly larger and
those of other hydrogen atoms were slightly smaller than that of a hydrogen atom in bulk water, rpfr values of
hydrogen atoms in the primary hydration sphere were, on an average, equivalent to that in bulk water. The
stability of hydrogen atoms in the secondary and higher hydration spheres were also not affected by the existence
of a magnesium ion.
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