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The OSS2 (Ojame-Shavitt-Singer 2)[L. Ojaatal, J. Chem. Phy4.09 5547 (1998)] model for the solvated
proton in water is examined for.8, HO*, HsO,", H/0s", and HO," by molecular dynamics (MD)
simulations. The equilibrium molecular geometries and energies obtained from MD simulations at 5.0 and
298.15 K agree very well with the optimized calculations.
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Introduction In this paper, a further examination of the OSS2 model for
H,0, H:0", HsO,", H7O5", and HO,* at 5.0 and 298.15 K as

In the study the dynamics of"Hn water, a dissociable a dissociable water model is carried out by MD simulations.
water model is essential to describe how water solventhe primary purpose of this work is to investigate equili-
molecules can participate in ionic chemistry through dissocibrium molecular geometries and energies of the small mole-
ation and reassociation of*Hn OH~, H,O, and HO". cules and compare with the optimized results.
Several attempts at dissociating water potentials have beenin Section Il, we present the molecular models and MD
made in the past, beginning with the work of Stillinger simulation method. We discuss our simulation results in
al..! Recently Ojamet al.reported progress in the design of Section Il and present the concluding remarks in Section IV.
a family of potentials for describing"@H,0),, called OSS
(Ojame-Shavitt-Singer)n (n=1-3§.The models were gene- Molecular Models and Molecular Dynamics
rated by fitting to results ob initio electronic structure Simulation Methods
calculations for the ¥D," ion, the HO molecule, and the
HsO" ion, as well as some results for the neutral water dimer. In the OSS2 potential model, the total energy is given by
The potential models could well reproduade initio results
for the HO," ion, and could provide formation energies and
structures of both protonated-water and water-only clusters o ™
that agree favorably wittab initio calculations used the 22 Von(ri) + > 2 Voolry)
Mdler-Plesset second-order perturbation method (¥MP2) L L
based on the restricted Hartree-Fock wave function. +

It is reported that the best results were obtained using the Z k%i
OSS3 potential and that the Q.SSZ model potential also 98\%he first term represents the total electrostatic energy,
good results, but usually exhibited too large bond angles for
water moleculé. When that deficiency was not a serious
problem for the application at hand, the OSS2 model was a
preferred choice for simulation studies, because of the faster -1
and less elaborate computer-code implementation as com- z
pared to the OSS3 model. i
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In the previous papérthe OSS2 model as a dissociable no-1 ng
water model is examined for the future study of the dyna- - Z Z (p Ty, Ep,-)sﬁd(rij)
mics of H in water. Molecular dynamics (MD) simulations AR
for 216 water system, 215 water + lan system, and 215 ot No 1
water + OH ion system using the OSS2 model at 298.15 K Yy ay flsfjd(rij) + sz y?}, @)
with the use of Ewald summation were carried out. The i IBE ]

calculated O-H radial distribution functions for these systems _ . . ]
. : Wpererij =r;—tj, andT; is the dipole tensor:
were essentially the same and were in very good agreemen

with that obtained by OjanfeThis result confirmed that our T -1 [% B 1} 3)
method to calculate the induced dipole moment at each i Lo '

oxygen site within the Ewald summation is valid even

though our method for the Ewald summation is differentHere ry and m are the number of oxygen and hydrogen

from that of Ojamé. atoms, respectivelyy is the charge on particle (+e for
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hydrogen and -2e for oxygern), is the induced dipole on Ar3) + keAriAr, + KA + k7 (Ary + Aro)AG + kg (ArS
oxygeni anda is its polarizability, an&(r;)  an&(r;) +Ar3) + ko (Ar: Arp + AriAr5) + kioAG + kay (Ars +
are the electric field cutoff functions for charge-dipole and Ar3) AB + kiaAriArAB + kis (Ar; +Ar3) A + kg
dipole-dipole interactions, respectively. The induced dipole (Ar; +Ar3) +kis AriArS + ka8 £ 4O (11, 15, 6),
moment at each oxygen site can be obtained self- (8)

consistently by imposing the conditionsefyi =0, k=1, where Ar =r-r, and A6= 6-6, with 6 being the H-O-H

200 10 angle. The short-range three-body cutoff function is
No+ny ridl Mo T. .
p=al y S + Y Lilgery | @ powrg, 6= o
iF T INE exp F(my(Ar; +Ar3) + mA& + mg(Ar; +Ar;) AG)].
The field cutoff function is chosen to have the following ©)
form: Efficient implementation of geometry optimization proce-
r2 dure or molecular dynamics methods requires that the forces
Si(r) = o (5) acting on the particles can be evaluated analytically. The
r‘+ae differentiation of this expression with respect to an atom

where the different parameters and a are given forrm position vectorr; will give the total force acting on the site.
P 9 All the potential parameters are given in Ref. 2.

d d d N
Sou(ri) » Soo(r;) , andSoo(r;) - These functions approach We used Gaussian isokinefi¢gto keep the temperature

and 7610 a5 the isanch 6oes t 2610 (Ll Screoned charged] 1 SYStem constant and Gears fifn order predictor
9 y 9%Rbrrector methdd? is adopted to solve the equation of

The second and third terms of Eq. (1) represent pail’WiSﬁ_

additive potential-energies between the H and O atoms aggnslatlonal motion of each atom with a time step of .00

between the O and O atoms, respectively. For the H- 16 second (0.2 fs). Since the simulated systems are a
S . L : : water molecule and an oxonium ion monomer, and small
pairwise interaction, the pair potential has the form of an : L
L water clusters, we do not apply the ordinary periodic boun-

extended Morse function:

dary condition and the minimum image convention. Also the
(1_h5)ze—ha(r—hz) hge—m(r—hz) 0 } simulated ensemble is not necessarily specified. The equili-

5 — —0-1 brium properties for each system are averaged over five
(1-hs)+hs  (1-hs)"+hs[] blocks of 200,000,000 time steps, for a total of
(6) 1,000,000,000 time steps (200 ns) for 500,000,000 time

steps to reach an equilibrium state. The configuration of

each ion is stored every 10 time steps for further analyses.

O
Vou(r) = hlI:DL
0

The formula for the O and O pairwise interaction is

A7 —0g(r—07)

Voo =08~ +0se " + 0se

() Results and Discussion

In addition to the electrostatic and pairwise additive terms,
the last term of Eq. (1) represents a three-body term. This A. HO and H;O*. The equilibrium geometries and
term is short range and describes the interaction within H-O-ténergies obtained from our MD simulations fosOHand
triplets. It has the form of a polynomial in O-H distances andH;O* at 5.0 and 298.15 K using the OSS2 model are
H-O-H angles, times a cutoff function: compared in Table 1 with the optimized restifisirst of

all, the geometries of ¥ and HO" at 5.0 K show an
Vhor(rs, T2, 6) = [ki+ ko (Ars + Arp) + ks AB + ky (A1 + excellent agreement with the optimized ones and as a result,

Table 1 Comparison of optimized resifttsand those obtained from our MD simulations faOHand HO' using the OSS2 model.
Distances irR, angles in degrees, dipole moments in Debye, and energies in atomic yisitheHast term of Eq. (2)

. H0 H:O*

Properties - -

Optim. MD(T=5.0) MD(T=298.15) Optim. MD(T=5.0) MD(T=298.15)
R(OH) 0.957880 0.957919 0.959193 0.979747 0.979794 0.981375
<HOH 109.151 109.153 109.205 109.002 108.998 109.419
Unve 3.61958 3.61936 3.61385 3.14591 3.14626 3.07963
Ecc -1.87082 -1.87067 -1.86830 -2.24555 -2.24534 -2.24431
Egg -0.20810 -0.20808 -0.20744 -0.15720 -0.15723 -0.15064
Eon 0.65080 0.65070 0.64761 0.89956 0.89941 0.89412
Eron -0.04544 -0.04543 -0.04502 -0.11446 -0.11441 -0.11343
E, 0.10405 0.10404 0.10372 0.07860 0.07862 0.07532

Erotal -1.36951 -1.36944 -1.36943 -1.53905 -1.53895 -1.53894
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each energies of & and HO" at 5.0 K are also in good for the calculation of the induced dipole moment, but the
agreement with the optimized one. The O-H distance®f H iteration method to calculate the induced dipole moment at
agrees well with the experimental result (0.85% and  each oxygen site used in the revised polarized (RPOL)
with the MP2 calculation (0.964).* The O-H distance of modet®2?for a rigid water model is applicable. In Figure
H;O" also agrees well with the experimental results (0.976L(a), we display stereoscopic pictures of equilibrium
A% and 0.986 and with the MP2 one (0.979). Butthe  configurations obtained from our MD simulations at 5.0 K
H-O-H angles are not so well agreed with the experimentdlor HsO,* using the OSS2 model. The equilibrium geometry
result (104.59* and with the MP2 one (104%3That is  and energy obtained from our MD simulations fgOK at
why Ojameet al. added the dipole-three-body coupling term 5.0 and 298.15 K are compared in detail with the optimized
to the OSS2 model and developed the OSS3 model whictesulté® in Table 2. The equilibrium bond distances (O-O,
gives the H-O-H angle as 104°27The average induced O-Hj;, O-H,, and O-H) at 5.0 K show a good agreement
dipole moments obtained from our MD simulations fe@H  with the optimized ones and the MP2 calculations (2.390,
and HO" are also in good agreement with the optimized1.197, 0.968, and 0.969).* The equilibrium bond angles
ones? (< OH;0, < HOH,, < H;0H;, and < HOHs) at 5.0 K also
When we turn our attention to the MD simulation resultsshow a good agreement with the optimized ones and the
for HO and HO* at 298.15 K, the molecular geometries MP2 calculations (173.50, 116.08, 118.06, and 108.77
and each energies are not so well reproduced the optimizédowever, the discrepancy in the torsional angles with the
results due to the thermal movement, but those results aMP2 ones (33.19 and 100%4k noticeable.

still acceptable. Fortuitously, the total energies ¢dnd As a result of the excellent agreement in the molecular
H;O" at 5.0 K and 298.15 K shows a good agreement eacfjeometries, the average induced dipole moment and each
other and agrees well with the optimized one. energy calculated from our MD simulations at 5.0 K are also

B. HsO,". Here we do not apply the Ewald summalidh  in excellent agreement. In general, the overall agreements of

H1 HI
H3 H3
H2 H2
(a)

Hi HI

o1 o1
H2 Ho

H4 H3 H4 H3

(b)

Figure 1. Stereoscopic pictures of equilibrium configurations obtained from our MD simulations at 5.0 K feD4)(H) H;Os", and (c)
HgO4" using the OSS2 model.
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Table 2 Comparison of optimized resufifsand those obtained from our MD simulations fg®t using the 0SS2 model. Distancedin
angles in degrees, dipole moments in Debye, and energies in atomic units. E is the last term of Eq. (2)

H502+
Prop. Optim. MD(T=5.0) MD(T=298.1%" Prop. Optim. MD(T=5.0) MD(T=298.15)
R(O0) 2.38110 2.38090 2.39550 Have 2.53305 2.53223 2.53735
R(OHy)? 1.19220 1.19192 1.20051 cE -4.26877 -4.26951 -4.25707
R(OH,) 0.96639 0.96653 0.96869 Egg -0.14164 -0.14034 -0.14919
R(OHs) 0.96671 0.96677 0.96869 Egg -0.06216 -0.06160 -0.05618
<OH;0 173.752 174.227 173.070 o= -0.00002 -0.00050 -0.00138
<H;0OH; 116.012 115.945 115.106 ok 1.55783 1.51370 1.50340
<H;0OH; 115.048 114.867 115.109 oE 0.04398 0.04315
<H,OHjs 109.275 109.600 109.549 HEH -0.14874 -0.14889 -0.14585
° 27.970 25.796 92.182 £ 0.10192 0.10185 0.10286
.° 102.994 105.224 92.216 ol -2.96158 -2.96131 -2.96026

2H,, the hydrogen atom between two O atoffiersional angle of HO-O'-H,'. “Torsional angle of HO-O'-Hs'. See Figure 1(ajSum of B and Bo.

our MD simulation results at 5.0 K with the optimized 8nes structure which corresponds to the global energy minimum.
and with the MP2ones are quite good. The results at 298.15There is another geometry for®h*" (not shown) revealed
K show somewhat poor agreement with the optimized oneby ab initio calculationg®?’ formed by adding two water
due to the thermal movement, but those results are stitholecules to an #D," ion. It has the &symmetry structure
acceptable except the torsional angles, as observed in thad it constitutes a local energy minimum. This geometry is

cases of LD and HO". never observed in our MD simulations of®4" for approxi-
The HO" ion is the most stable hydrated proton species irmately 200 nanoseconds.
liquid water, being slightly more stable than thes@mmetry The equilibrium geometries obtained from our MD simu-

structure of the kD."ion due to electronic delocalization lations at 5.0 K for HOs* and HO4* using the OSS2 model
being preferred over nuclear delocalizatimevealed byab are compared in Table 3 with the optimized structtifése
initio calculation using 6-31Gbasis set with high densities geometries of KD;" and HO," at 5.0 K show an excellent
around the O atoms. A slightly more stable form eD¥i agreement with the optimized ones. The results at 298.15 K
involving a longer O-O distance (2.40 and hydrogen are not shown here since the geometry at this temperature
bond (1.328) is found to be the &ymmetry structure deviates severely from the equilibrium geometry. It is worth
using 6-31G basis set. The structure o&®4" obtained  noting that the exchange of O and H atoms within these two
from our MD simulations (Figure 1(a)) is close to the C protonated water clusters +®" and HO," - are occasion-
symmetry structure. However, other more thoroalglinitio ally observed at 298.15 K.
treatments have found the equally-spaced hydrogen-bondedThe two different structures ofg8,*, the G-symmetry
structure to be the global minimum by about 0.6 kJAhol.  structure with a central 4" ion, HO*(H,0)s, and the &

The presence of these three similar energy minima for theymmetry structure with a centrak®" ion, HO."(H20),,
proton lying so close between the two oxygen atoms is
surely the major reason for the ease of transfer of protongple 3 Comparison of optimized structufeand those obtained
between water molecules; the proton moving between thfom our MD simulations for ¥Ds" and HO.* using the OSS2
extremes of triply-hydrogen bondeds® ions (HO.", model. Distances in and angles in degrees
‘Eigen cation’) through symmetrical s8," ions (‘Zundel H,05" HeO4"
cation’)?® When the extra proton is shared equally betweeng 5
more than one water molecule the approximate structure can

P Optim. MD(T=5.0 Prop. Optim. MD(T=5.0)

be deduced from a consideration of the resonance structur&®(@02) 2471 2.4728 R(dD,) 2.593  2.5955
for example, the two shared proton in give rise to bondR(G:H) 0959 0.9591 R(Hy) 1.000  1.0002
lengths half way between those in@¥ and HO,", andthe ~ R(GiHz)  1.036  1.0357 R(&Hy) 1.600  1.6025
three shared proton in giving rise to bond lengths a third ofR(Q:H2)  1.442  1.4447 R(2) 0.974  0.9747
the way between those in B, and HO,". R(GHs) 0970  0.9700 R(eH3) 0.974 0.9743

C. H;,03" and HoO4". The clusters formed when adding a R(GHs 0969  0.9693 <@h.O, 16518 171.419
water molecule consecutively to thes®d*, H,O0s* and ~ <O:H0. 17098 170978 <iO;H,  114.08 114.077
HoO,*, are shown stereoscopically in Figures 1(b) and 1(c),<HOiH2 11123 111.202  <jD,Hs  108.66 108.672
respectively. While the cluster geometry of04" obtained ~ <HsO:Hs 108.83  108.839 7(0:H.0:H;) 63.80 63.443
from our MD simulations represents an oxonium ion hydro-°0; is the central oxygen atom; s the hydrogen atom bonded tolgit

n bon water molecules with over - not to @, H; is bonded to both Oand @, and H and H are bonded to
gen bonded to o wate olecules with overasyin O but not to Q. See Figure 1(bO; is the central oxygen atomy i

metry structure, the §, consists of an oxonium ion coor- e hydrogen atom bonded to bothadd @, and H and H are bonded
dinating three water molecules with overall-§ymmetry  to O, but not to Q. See Figure 1(c).
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were fully studied by the optimized calculatibnshich Korea for valuable discussions.

indicated the KO*(H,O); form to be more stable than the
Hs0,"(H20), form by 4.1, 6.8, and 10.6 kJ/mol for OSS1-3.
The MP2 calculations gave the difference between the
HoO4" C; and G structures as 14.8 kJ/nfolThe energy
difference was overestimated by the restricted Hartree-Fock
wave function with the 6-31G basis sét and semiempi-

rical calculations using the PM3 metfddhich gave itas 2.
24.6 and 44.6 kJ/mol, respectively. 5

Concluding Remarks

In the previous papémve have examined the OSS2 water
model for 216 water system, 215 water %iéh system, and
215 water + OHion system, and have confirmed that our
method to calculate the induced dipole moment at eachy
oxygen site within the Ewald summation is valid by a good;q.
agreement of the calculated O-H radial distribution functions
for these systems with that obtained by Oj&dme. 11

In this paper, we have further examined the OSS2 model
as a dissociable water model for the future study of thgy’
dynamics of H in water. Systems of 40 and HO", and
larger protonated water clusters sQ4", H;O3*, and HO,4'- 14.
are studied by performing MD simulations. In general, the
equilibrium geometries and energies obtained from our MDM>:

0o ~NO O A

simulations at 5.0 and 298.15 K for these chemical species
agree well with the optimized resuftd While the cluster 17,
geometries of kD;" (and HO3") obtained from our MD
simulations represent a proton (and an oxonium ion) hydrol8.
gen-bonded to two water molecules with overal} C
symmetry structure, the 8, consists of an oxonium ion
coordinating three water molecules with overalk- C 2qg.
symmetry structure which corresponds to the global energy1.
minimum. The G-symmetry structure of §D," constitutes a  22.
local energy minimum, but this geometry is never observeds:
in our MD simulations of for approximately 200 nano-
seconds. Confirming the validity of our method for the
0SS2 model once more, a systematic investigation of thes.
dissociation and reassociation ofiH OH", H,O, and HO"
is in progress. 28
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