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In the current work we examine the structural properties of water clusters that result from the
hydration of a rigid HO™ ion, under thermal conditions at=250 K and for four different vapor
pressures at 0.0156, 0.0625, 0.25, and 1 mbar. For this purpose we have constructed a model
potential function that accounts explicitly not only for the three-body but for all orders of
many-body interactions between the ion and the water molecules and for charge transfer effects as
well. The adjustable parameters of the potential have been derived witBidkgT accuracy
through a concurrent fit to experimental enthalpy and entropy values from the corresponding cluster
growth reactions. Many-body interactions have been found to compfie% the three-body
interactions, a fact that can not be ignored. The calculations have been carried out in the Grand
Canonical ensemblexP T) where cluster sizes with a mean number of 6.69, 9.67, 29.17, and 44.37
water molecules for the four respective vapor pressures, have been generated. We have found a
steady population transfer from the contact to the ion region to the second hydration shell as the
vapor pressure increases. Typical equilibrium molecular configurations consist predominantly of
pentagonal and hexagonal rings, thapatl mbar completely encircle the ion, forming in this way
pronounced spherical cages. Radial distribution functions, polarization, and cluster density profiles
have also been calculated. ®99 American Institute of PhysidsS0021-96069)51144-§

I. INTRODUCTION is attached to a water molecule with a large cohesion energy

Th d i ¢ water droplet . is of ; of about 165 kcal/mol to form the very stable hydronium.
€ condensation of water droplets on ions is of central oo 2 initio  calculationd®®  and graphical

importance in atmospheric chemistry. The presence of Iarg?echniqueg in larger clusters, have shown that the excess
protonated water cluster ions of the typgH (H,0);_ 55, in charge can exist not onl as’ @ but as HO; as well

the altitude region from 80 to 90 Km where the temperatures h A hi is sh ydg iahb 2 ' |
during the summer months are in the 120-140 K range, WNere In this case is shared by two neighboring water mol-

has suggested their possible role in the formation of the nocgcules. Although the minimum energy structures correspond

tilucent clouds(NLC) via ion induced nucleation mecha- (0 @ rigid hydronium ion, 5O, centered struclgu.res have
nisms. lon induced nucleation of water vapor takes place nd?€en found to be close in energy. Tuckernearal™ in their
only in the upper atmosphere, but at lower altitudes as wel@P initio molecular-dynamic¢MD) calculations in the bulk
The H0*(H,0); , 5 clusters are the terminal species formedestimate the percentage contribution of thgOH centered
through a series of reactions in tiie region of the atmo- configurations visited along a long MD trajectory to 60%,
sphere. whereas the go; centered ones constitute the 40%. How-
Protonated water clusters consisting of as many as 66ver, not similar estimations exist for clusters.
water molecules have been generated in the laboratory in the The necessity for the simulation of larger hydrated pro-
135—-300 K temperature range in a series of fast flow tubéon clusters arose from the magic number characteristic be-
experiments by Castlemast all* havior of the HO"(H,0),, clusters, which have been
The knowledge of the structural properties of the watersteadily observed under different experimental techniques
molecules around the hydronium ion is important in under-and conditions®2° Although the hypothest$ for the exis-
standing the dynamics of the proton transfer process in solience of an underlying hydrogen bonded pentagonal dodeca-
tions. There is a plethora adb initio studieS™* aiming  hedral structure encaging a hydronium ion, and the mixed
mainly to the investigation of the structures and energetics ofyater-TMA experiments by Castleman al® seemed to ex-
the lower sequence of the protonated water cluster series. p|ain such an enhanced stability, not ali initio and model
Itis known that the proton cannot exist on its own but it cajculations for these systems have been able to support this
view. Highly deformed dodecahedral cages have been found
dElectronic mail: avegiri@helix.eie.gr to be the most stable ones with the excess proton preferen-
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tially incorporated into the cage lattic&1”?2%%ather than in  ion and the derivation of the potential function adjustable
the middle of it, according to the results of model parameters through a concurrent fitting to gas-phase experi-
calculations®?* The origin of the enhanced stability of the mentalenthalpiesand entropies®2 of the following cluster
dodecahedral structure has been attributed to entropic rathgrowth reactions bD+H"(H,0),_;—H*(H,0), at T
than to energetic reasofislt was suggestédthat it is rather =300 K and forn=1-8. When fitting to thermodynamic
due to the excess ionic positive charge that is distributedlata for the calibration of a particular model intermolecular
among all the H atoms and not to Coulombic interacfion potential function, although enthalpy is a widely accepted
between the hydronium unit and the lattice. quantity, the free energy rather than enthalpy alone is the
Apart from theab initio calculations, several model po- most informative term. The reason is that free energy con-
tential functions have also been developed over the years fdains in addition the entropy term which is directly related to
the study of the hydronium ion hydration effects. Their pa-the density of states and, therefore, to the exact shape of the
rameters have been fitted b initio data either of the potential-energy surface. The utilization of thermodynamic
H,O—H;O" interactiorf®?” or to minimum energy structures data alone for the modeling of molecular interactions has
of small ionic cluster€®—3°These potential functions are dis- been a common procedure in the literature. Popular potential
tinguished according to whether nonadditive interactions arenodels for water—water interactions, for instance, have been
incorporated either explicitl§?° or in the form of the self- derived this way, with their merits and shortcomings of
consistent calculation of the polarization enef§$®=°or  course.
both?6% Their differences also lie on the way the excess In the present case, however, the derivation of the poten-
proton is treated, either as a rigid hydronium ion or as a fregial parameters is based exclusively on microscopic rather
particle. Kozacket al. proton modef® Fornili et al,?® and  than on macroscopic information, since the experimental
Buffey et al? potential functions treat the hydronium as a data concerns small clusters frams 1,8. By reproducing in
rigid unit, whereas those of Lobaugt al?® and Ojama  a high accuracy the incremental enthalpies and entropies of
et al*° are built on flexible hydronium and water molecules. these clusters we believe that we are also describing with the
Proton transfer reactions have been treatedaln initic ~ same accuracy the three, four, and higher order interactions
molecular-dynamics simulations by Tuckermenal!® and  pertaining among the molecules of the first shell, which are
Parrinelloet al3! no more than four. The accurate description of the first shell
Despite the apparent limiting capabilities of modelsis quite a significant step toward the correct description of
based on a rigid hydronium unit to describe thggl cen-  the entire cluster.
tered structures, their overall performance is satisfactory Despite the fact that the so far proposed model potential
when high accuracy in energies and proton transfer processésctions are in a better position in predictiag initio struc-
are not considered. Fornitit al?® Monte Carlo(MC) calcu- tures and energies, because of the way they have been fitted,
lations in the bulk predict a four-coordinated hydronium ionnamely toab initio potential energies or structures, they fail
and correlation functions in accordance with the experimento reproducé?8thermodynamic data such as the experimen-
tal results of Trioloet al,*? suggesting in this way that“:in  tal enthalpie$®>®~% As far as we know, entropy has not
a real system, water molecules in the vicinity of a newlybeen checked. Our model is a different and independent ap-
formed hydronium ion relax to equilibrium configurations proach, aiming to the description of the thermal regime
with a time constant smaller than the hydroniumwhere these potentials seem to fail. Simulations are per-
lifetime---.” formed atT=250 K, close to the temperature where the
Kozack and Jorda&f with their hydronium and proton experimental enthalpies and entropies have been measured.
models predict structures that do not differ significantly.On the other hand, the performance of our potential model in
Also, the Hodgeset al® rigid anisotropic site potential predictingab initio structures and energies is expected to be
(ASP) potential model was able to predict minimum energylow. The proposed model is a first step approach to the de-
structures that were very close wilh initio HsO, centered scription of the protonated water clusters. Its transferability
ones. This may be due to the fact that the proton ini@H to the description of other phase states of these clusters can
unit, except from the monohydrate case where it is almosbe certainly improved by incorporating into the fitting pro-
equally shared in the middleway distance between the twgessab initio data as well.
oxygens, in all other cases it is preferentially bound closerto  Our model assumes a rigid hydronium ion and rigid wa-
one of the two water molecules. This trend becomes strongder molecules. The simulations have been carried ouk at
as the number of the water molecules in the cluster is=250 K and at four different water vapor pressures at
increased? 0.0156, 0.0625, 0.25, and 1 mbar. In this way stable ion—
The main objective of the current work is the examina-water clusters with a respective mean size of 6.69, 9.67,
tion of the structural characteristics of the hydrated hydro29.17, and 44.37 water molecules, have been generated. For
nium ions under thermal conditions, by employing a newthe cluster generation the Grand Canonical statistical en-
potential-energy function initially designed by one of the au-semble P T) has been employed. The advantage relative to
thors S.V.S. for the study of the structural properties of thethe Canonical ensemble, is that the cluster sizes are not set
OH™~ hydrates™® The novel features of the proposed modelbeforehand arbitrarily, but they are dictated by the environ-
function is the explicit inclusion of all many-body and not mental conditions, the temperature, and the water vapor pres-
only of the three-body interactions, the consideration of thesure. The Grand Canonical ensemble provides a more realis-
charge-transfer effects pertinent to the hydration of tf@H  tic description of the cluster growth in a gaseous
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environment, by allowing for the material contact of the A. Description of the potential model function
cluster with the surrounding water vapor. Water molecules

are inserted into, or removed from a confining spherical cav- 1. A term describing the pairwise additive water—water

ity by a Monte Carlo procedure. The contribution of the interactions,UY)V;’V

many-body effects to the cluster binding energy is quite sen- ., yo five ' centered ST2 potential, four equal in mag-
sitive to the variation of the particle number in the system, .+ \de charges aj=1.132 062 10%° cgs units are placed on

_and therefore_,fthellr eIXItD_“C't mcluszlog Into ;he po(';e_nt;a;\l m((s)delt e vertices of a tetrahedron. The two positive and negative
g necgsslaryl ca;):lu ations are to be performed in the Hran harges are located at a distance of 1.0 and 0.8 A, respec-
anonical ensembie. tively, from the center occupied by the oxygen atom. In this

_The orgam;atmn of t_he. article is the following. .Sectlon modelr o is equal to 1.0 A and the tetrahedral bond angle to
Il gives a detailed description of the model potential func'109°28

tion. Section Il gives the technical details of the simulation.
Section IV is devoted to the presentation and discussion %rit
the results and Sec. V is a concluding summary.

Analytically, it consists of the following terms:

The full potential between all pairs of water molecules is
ten as

u;“a—irw=i2<j [44{(

II. INTERACTION POTENTIAL

simple ions have led to the conclusion that the most signifi- VEL = ]
cant systematic error introduced is from the omission of the w 5
many particle contributionsAb initio calculations of water £0 and(:’ are_equal to 5.260510° erg a_nd 3.1 AZ respec-
clusters on Lt, Na*, K*. F~, and CI' ions®® have shown tively. s"(r;;) is anr dependent screening function, intro-

that three particle interactions of the water—ion—water typeduced. S0 as to smoqth out the exaggerated heterogeneous

provide the most significant contribution to the many—particleelec’[rIC field of the point charges

interactions, which comprise 10% of the system’s energy. 0 0o<r<r,

Four-body interactions do not contribute more than 1% to 2 L .3

2%. A similar theoretica(self-consistent fiel[dSCF calcula- ()= (r=r)"@ry=r=2n/ry=r)= rs=r<ry,

tion for the HO"(H,0), clusters, by Kochanskigives a 1 ry<r<«

value of 8% to 9% for the percentage contribution of the 2

three-body terms to the cluster total stabilization energywith r, =2.016 A andr,=3.1287 A.r} is the position vec-

without the authors excluding the possibility for a significanttor of thekth point charge of théth molecule and ; is the

contribution of higher order forces, especially for moleculesdistance between any two Lennard-Joied) centers. The

involved in the first hydration shell. singularities in the Coulombic potential are avoided by intro-
An estimation of the many body contributions to the ducing spherical hard-core potentials on each force center of

total energy of small water clusters has been given in Refshe water molecule, so that far;<dy=1.55 A and|r,

40 and 41. The percentage contribution of the second-order rf|<dq=0.1 A, the corresponding pair term becomes infi-

Moller—PlessettMP2) three-body terms to the energy of the nijte.

3-mer, 4-mer and 5-mer is 17.2%, 24.6%, and 27.4%, re- 2. A term describing the ion—water interactions, in terms

spectively. Four-body terms for the 4-mer, 5-mer contributeof the U}y, polarization energy of a single water molecule in

by 2.1% and 3.56%, respectively. An almost linear depenthe ionic field
dence of the two-, three-, and four-body terms on cluster size

4 4
Previous studies of nucleation of water molecules on qkQi
2> 2 ] (6]

has been observéd. wo i L Nk
In the present model, the hydronium ion has been mod- Upo(To) = 2 4w zk Ek(ro)} ’ @
eled as a rigid slightly pyramidal structure with a central h
chargeQ=4.802 981 0 *° cgs (centimeter-gram-secopdc- 0 ¢
counting for the spherical part of the ionic field and with four _ _ 4 _
additional charges for the nonspherical part of it. These point  Ex(ro) =E(rp)+ 2, Ex(rp). (4)
sources, with magnitudes equal to 0.2501%0 =t
0.250110° 0.250110° and —0.750310° cgs, have The summation is over ak ions in the systeml runs

been distributed on the 4@ ion at the (0.0, 1.0171, from 1,4 and denotes the point charges of the ion that corre-
0.2961, (—0.8809, —0.5086, 0.296}], (0.8809, —0.5086, spond to the nonspherical part of the ionic field. In the
0.2961, and (0.0, 0.0, 0.098 positions in the lab Cartesian present cask=1. a,,= 1.44 A is the experimental value of
coordinate frame. All coordinates are in A. The Rahman andhe isotropic polarizability of a single water molecutg; is
Stillinger STZ? potential has been employed for the descrip-the coordinate vector of the geometric center ofithewater

tion of the water—water interactions. molecule;E,(r) represents the electric field of theh ion,

By adopting a rigid hydronium ion, we are certainly lim- with ES(r) andEj,(r) the spherical and nonspherical parts,
iting the ability of the potential in describing dynamical fea- respectively. The spherical part of the electric field is
tures that are related to the proton transfer process, or to treereened bg"(R) (where in this cas® =4.41 A andRy
description on equal footing of 4@, -centered structures. =6.857 A) in all types of interactions it is involved in. To
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avoid any field singularities the ionic point charges have 1 0<R<R,
been assigned a hard spherical core of radjts0.3 A. = = = =~
Thus, the total polarization energy of the system due to  ~ | 1=(R=R)“(BRy—R.=2R)/(Ry—Ry)
the electric field of the iofs) is given by s(R)= f{Ls RsNRU 7
. 0 Ry<R<w®
poi= 2 Upol(To), (5) (10

R.=3.932 A andR,=6.669 A.
where the summation is over all water molecules of the clus-  Expression$9) and(10) are valid for a single ion. When

ter. more than one ions are present, thens defined as the

3. Lennard-JoneUm’ and eIectrost::xtid;J'C\Q’uI terms be-  distance to the nearest ion.
tween the ion and thith water molecule. 6. A term, U™ which describes in an explicit way the
» . Coulombic repulsion forcgs between tyvo water.molecules
U'W=2 de ( o |a ) that carry an excess electric charge. This charge is due to the
L4 TR0 R, R| /)’ fractional charge\Q; that has been transferred from the ion
(6)  to the neighboringth water molecule. This results into a
5 4 [ dipole
W 4kq;
U coul 2| ; EI Ire—ril’ pi=AQiR;, (13)

. . . whereR; is the vector directed from the ion to thth mol-
R; is the distance from the center of the ion to the oxygen,. e AQ, depends on the distance as follows:
atom of theith molecule. Summation is over all the water B '

molecules in the systeme,=0.51510"% erg and o AQi=«-s5(R))-Q, (12
=2.9636 A. Field singularities are avoided by a spherical
hard-core potential of radiwdy = 1.0 A. g is the charge of
the ion andq, is thelth charge of theéth molecule. ]

4. A term, U} for the modeling of the nonelectrostatic 9'VeN by Eq.(10). _
attractive interactions between the water molecule and the D€ interaction between the transferred charges is repre-
ion. For the hydronium ion, attempts to model these interacS€Nted in the form of interacting dipoles

k is a parameter that varies in tfi6,1] range and which
describes the degree of the charge-transfer pros¢B3. is

tions by means of LJ potentials only, repeatedly failed, be- D (DT

cause of the difficulty in reproducing the experimental free U= 2> (perPJ)—3(1— Y)- w . (13

energy. The reason is that the narrow minimum of a LJ po- =) g g

tential gives a very small value for the entropy. The parametey is a correction associated with the finite
The additive component of this particular interaction issize of the dipoles. Foy=0 Eg.(13) reduces to the expres-

modeled with the help of a screening function sion for the interaction energy between two point dipoles.

The second term in the right-hand-side of Ef3) reflects

Up(Ri)=—Ug1-s(R)], (7)  the anisotropy of the interaction with respect to tfjevector

connecting thath andjth water moleculesy varies in the
wheres(R) has the same functional form as in E&). In  [0,1] interval. Expressioii13) is regarded as an approximate
this caseR, =4.41 A andR,=6.875 A. The final expression one and as a small correction to the leading terms of(®q.

is summed over all water molecules in the system The way that the screening functios§R) are introduced
into Eq. (9) ensures that the corresponding many-body terms

UBN:E Up(R)). ®) in the expansion differ from zero, only after all of the water

i molecules that are involved into this term are found concur-
rently at the ion neighborhood.

5. A term, U"Y for the modeling of water—ion—water The potential function describing the total interaction of
many-body exchange interactions at the close to the ion red single ion with a number of water molecules is given by
gion the summation of terms 1-6.

~ L ) 1 U= U+ U Uy m U + U + U™ U™, (19)

U= ao| 2, (S(R)S(R)exp(—r1/bg)"| ,  (9)

<] B. Derivation of the potential parameters

where,aq is an amplitude facto, is a characteristic inter- The experimental data on the free energy of formation of
action radiusR; is the distance from the center of the ion to protonated water clusteérs®® shows that the attachment of
the oxygen atom of théth water molecule, and’ is the every additional water molecule to the cluster causes a
distance between the geometric centers of itteand jth  change of the entropy term. This effect is more pronounced
water molecules. The nonlinear parameterccounts for the in the case of molecular ions of the type® and OH .
magnitude of the many-body effect. In the limiting case The hydronium ion HO™ is produced as a result of the dis-
=1, Eq.(9) reduces to the three-body exchange interactionssociation of a water molecule @«H"+OH™, after which
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the free proton is captured with a very large cohesion energyABL_E |. Comparison of current results fo_r internal and free energy with
(165 kcal/mo) by a neutral water molecule to form the hy- €xPeriment(Refs. 35 and 36 All values are in eV.
dronium ion, H +H,0«H3O". The second molecule is at-

: . . N —UR® —Uy —-GR® —Gy

tached with a cohesion energy of 36 kcal/mol, the third one
with an energy of 22.3 kcal/mol, the fourth with 17 kcal/mol 1 1.536 1.536 1.085 1.085
d so on 2 2.477 2.498 1.675 1.673
an - , _ 3 3.188 3.207 2.044 2.041
If a comparison is to be made with the hydration behav- 4 3.826 3.831 2283 2286
ior of the much studied alkali halides, we note that the ex- 5 4.364 4.348 2.452 2.451
perimental hydration enthalpies of the®" ion are higher 6 4.846 4.835 2.573 2.575
7 5.267 5.292 2.669 2.671

than those of the halide iofis* for different numbers of
molecules. Despite this fact, the NaCl~ system is unstable
in an aqueous solution at room temperature and disintegrates
with high probability, whereas the dissociation of thgCH tial compares well with theab initio results of Ojama
molecule in liquid water is a very low probability process, et al1?*° and Lee et all® regarding the hydrogen bond
K,=10"1 lengths, at 1.57 A. Correspondingb initio values are
The explanation of the different behavior of these ions in1.5562°° and 1.54 Al° All other geometrical parameters,
liquid water should lie in the different structure of their hy- however, disagree as, for example, the relative orientation of
dration shells, which in turn is closely related to the entropythe three attached water molecules and the direction of the
of hydration. The experimental entropies for a water mol-hydrogen bonds, which have been found to be quite nonlin-
ecule attachment to 40" (—33.3, —29, —28.3, —32.6, ear, at an angle of about 40 degrees off-axis.
—30.3, —29.6, —27 calK 'mol! for n=1-7) tend to
larger values with increasing cluster sizewhereas the en- ||I. TECHNICAL DETAILS OF THE CALCULATION
tropies for the attachment of a water molecule to CI
(—16.5, —20.8, —23.2, —25.8 calK 'mol™! for n=1-4)
tend to lower values as increases. This means that the
hydration shell of the kD" ion is less compact than that of
Cl™, a fact that might explain their different solubility in

At T=250 K evaporation is significant and confinement
in a finite volume is required in order for the cluster to be
stabilized. In this respect a hard wall, purely reflective
spherical cavity, with a radius of 8—10 A has been employed.
water. As it has been showﬁ’, spherical <_:avitie_s, because of their

The method followed for the fitting was that of the suc- symmetry, do not b"'_is the conf|gurat|ona|_ shape and the

éopertles of the confined clusters. The radius of the cavity

cessive approximations, where several hundreds of runs ha b h has t t the direct tact of th
been performed in the bi-canonical statistical ensemble b as been chosen such as o prevent he direct contact of the
luster with the walls. The gap of about 1-3 A that is left

the Monte Carlo method. At every run the free energy of th ) o
etween the cavity walls and the water molecules is filled

corresponding ionic clusters has been calculated by the:
method developed in Ref. 45. The same procedure was théﬁ'.th gas-.phase molecules. On the other hanq, the volgme.of
repeated in the canonical statistical ensemble for the Ca|Cl}- is gap is much less than the volume of a single part|'cle n
lation of the internal energy the vapor, so that the average number of molecules in this
The comparison between the experimental and the fitte§ 2> layer can be n_eglected with respect to the num_ber .Of
molecules in the entire cluster. The size of the cluster in this

values of the internaly and the free energgy, for the o ) )
H,O*(H,0),_; - clusters, are displayed in Table I. case can be rt_agarded as coincident with the size of the sys-
tem in the cavity.
N N The hydronium ion is located at the origin of the coor-
UN:nZl AUp_1, and GN:nZl AGp-1n- dinate system and is oriented in such a way as to have its
symmetry axis pointing along theaxis of the space fixed
The numerical values of the parameters of the total pocoordinate system, with the hydrogens pointing to the posi-
tential function are summarized in Table II. tive z direction.
Regarding the value of the nonlinear parameteif it In general, a number of 100-300 Million random Mar-
were equal to one, this would mean that only three-bodyov steps have been taken, each of them corresponding to the

terms would have been significant. The present value inditranslation and the rotation of an individual water molecule

cates that the higher-than-three many-body terms roughly

represent the 10% of the three-body interactions. _ _ _
Since the proposed potential model is in fact a pseudoTAB'-E II. Numerical values of the adjustable parameters of the potential

potential that incorporates quantum effects and depends orHOdel'

temperature, it is expected to perform better at thermal enere=4.8029810°cgs  £,=0.515 10 B erg @p=0.841 10" erg

gies. Nevertheless, we examined its ability in reprodualng =5=5.2605 10"° erg 00=2.9636 A bo=26.2 A
initio minimum energy structures by gradually cooling the o"=31 A do"=1.0 A n=1117
cluster down to a temperature of about 1 K. As an example-=2016 A Uo=0173110" erg R, =3.932 A
we took the HO; ion, which is known to possess a global "v=31287 A Ru=4.41 A R,=6.669 A
do=1.55 A R,=6.857 A «k=0.095

minimum with the three water molecules hydrogen bondedd B _
. . . q=0.1 A y=0

to the three hydrogens of the hydronium ion, with almost 4_q 3 4

linear bonds. The minimum energy structure from this poten
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or to the insertion or removal of a single particle from the 0.20+

system. Each move is accepted or rejected according to the ip:; - a)
standard Metropolis algorithm. Every trial to displace a mol- 0.16 —D—g=0:0625

ecule is followed by five trials to insert or remove one. The —+— p=0.015625

acceptance probabilities of moves for displacement and rota-
tion were in the 0.35-0.60 range, whereas corresponding .
probabilities for insertions and removals were about 0.005.
Therefore, during a single run 500000-1500000 actual
changes of the cluster size have been recorded.

0.12+

3

0.08 1

0.04+

9.R)TA

IV. RESULTS AND DISCUSSION

000 HHEEHEEHEE EE- B

Information about the cluster structure is derived from
the calculation of the following quantities:

1. O-0O, O-H, H-H, hydrogen—ion, and oxygen—ion
radial distribution functions.

2. Local density distribution functions on different 0.12-
planes ¢) normal to thez axis, which is defined as the
symmetry axis of the ion as function of the radial distaRce
andz; .

3. Probability distribution functions of the angke be-
tween the dipole moment vector of the water molecule and
the radial distanc® from the ion to the oxygen atom of the
molecule.

4. Probability distribution functions of, defined as the
rotation angle of the molecule about its own symmetry axis. 0.00 bepattoss
For ¢=0 the molecular plane coincides with the plane de-
fined by thez axis and the symmetry axis of the molecule.

The simulation is carried out at=250 K and at four
different vapor pressures, at=0.0156, 0.062, 0.25, and 1
mbar, where thermodynamically stable clusters with a ref!C: 1. (@ lon—oxygengio(R) and(b) the half of the ion—hydrogeg(R) -

. . rgdial distribution function at four different vapor pressures. Pressure is in
spective, mean molecular size of 6.69, 9.67, 29.17, and 44.32bar_
water molecules have been generated.

0.08+

g.(Ry A®

0.04+

A lon-water structure hydration shell between 3 and 4 A for'4” and at about 2.5

lon—oxygeng,o(R) and the half of the ion—hydrogen A and 2.9 A for Na*® and K',*° respectively. The most
gi(R) correlation function for the four different vapor pres- probable position of the first shell found here for the smaller
sures are displayed in Fig. 1. Table Ill contains the positionsiydronium water clusters is within this range of values and
of the first maximunR,,,, and minimumR,;, of the g,o(R) in particular closer to the Naion, giving thus to the hydro-
andgy(R) correlation functions and the corresponding run-nium an effective charge close to that of N&o which it is
ning coordination numbers,o andny . Radial distances are isoelectronic. However, we believe that there are not any
measured from the oxygen atom of the ion. other similarities in contrast to Fornitt al?® speculations

For the two lowest pressures examined, the water molthat the hydration properties of the hydronium and alkali
ecules are arranged into two well separated hydration shellsnetal ions are comparable.
For these two pressures the most probable first shell posi- The difference is in the strength of the hydration shell
tions are at about the same distance from the ion. As thehat is formed around, let us say, the'™Nand HO" ions, by
pressure increases a gradual transfer of water population intgeing stronger in the former case and looser in the latter.
the second shell is observed. Note the decrease of the amphtaCl dissolves readily into water, whereagdd recombines
tude of the first shell peak, when the pressure increases froimmediately with OH. Since N& and HO" have similar
0.0156 to 0.0625 mbar and the subsequent rise of the second

shell population. The running coordination number in the _ _ _ ,
TABLE Ill. lon—oxygen and ion—hydrogen pair correlation functions. See

first she_ll and for the low-pressure region is very_close t0ext for the definition o, andR,... All Rs are in A,
two, which corresponds to the coordination of excited con-
figurations. At larger vapor pressures and cluster sizes mol- gio(R) gu(R)

ecules are entirely transferred into the second shell.

. . X X . p/mbar R R n R R n
Regardingg,o(R), a direct comparison with first shell e mn © mn e i
maximum and minimum radial positions for the*'CINa*, g-gégg ;-33 g-gg i-gg ;-gg 3-22 2-5132
and K spherlcal ions, fpr instance, can.not be madp, since ¢ 564 6.47 29 18 543 6.21 4186
the simulations are for different cluster sizes, potential func- 1 g 574 6.47 44.37 551 631 637

tions and temperatures. However, all of them place the first
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0.05+

0.04 4

0.03+

0.02+

g(R) / A*®

0.01+

0.00+

0.164

0.121

0.08

g(R) / A®

0.04

FIG. 3. Two typical equilibrium configurations for=7 (upper framg and
n=9 (lower frame water molecules. The black atom denotes the oxygen
atom of the hydronium unit.

3 4 5 6 7 8

R/A with those obtained by Kelterbauet al®° for the first 28
FIG. 2. Superposition ofyo(R) and the halfg,,(R) radial distribution ~ protonated water clusters, &=300 K. The hydration
functions at(a) p=0.0625 mbar andb) p=1 mbar. scheme they propose, consisting of a tight and well-defined
first shell, with position and shape independent of the cluster
size, is quite different from what we find here. The procedure
charges, the difference lies mainly into the degree of collecef the sequential filling-in of the shells would lead to signifi-
tivization of the outer electrons of the ions and into theircantly lower entropy values, in contradiction to experiment.
ability to transfer a portion of their excess charge. Charge©On the other hand their cluster binding energies are system-
transfer processes give rise to additional repulsion forces betically larger than the experimental values of Kebatal.
tween the ion and the water molecules and between the water g,u(R) gives a qualitatively similar picture ago(R)
molecules themselves, which partly compensate for the albout the population transfer to the second shell, with in-
tractive electrostatic forces and prevent the formation of areasing cluster sizezapor pressune However, at low pres-
hydration shell at close to the ion distances. Charge transfesures, only one significant hydrogen peak is observed in both
is not significant in the alkali halide ions. For a small numberhydration shells, indicating that both hydrogens are at the
of water molecules the effect of the water—water repulsiorsame distance from the ion and that they point away from the
diminishes before the stronger ion—water attraction and #n, at least in the first shell. For instance, the first significant
hydration shell close to the ion is possible to be formed. peak ofg,y(R) for p=0.0625 mbar aR~2.0 A lies at the
During the fitting process we tried to find a parameter setight side of the first peak ofj,o(R) at R~2.5 A. This is
that would reduce the charge-transfer effects by weakeninbetter viewed if we superimpose thgy(R) andg,o(R) cor-
the many-body interactions. In this case a stable first hydrarelation functions at two indicative pressures in Fig. 2.
tion shell at contact ion—water distances and independent of The fact that the value of the running coordination num-
the cluster size could be obtained, but the entropy of thiber for the oxygen in the first shell is almost half that of the
cluster turned out to be in large disagreement, in fact beyontlydrogen atom, implies that the water molecules are more
any experimental uncertainty, with the experimental data ofikely to form a trigonal-type of bond as it has been observed
the hydration reactions. After a number of trials with variousfor simpler cations, like N&,*8°1°2C|*" 47 and K".4°
interaction models we came to the conclusion that the repul- At larger pressures, Fig(1d), two well-defined hydrogen
sion of the molecules from the first hydration shell in the peaks are observed where the first and more significant one
case of the hydronium ion should be taken into considerlies slightly at the left of the oxygen peak and the second at
ation. This effect is completely absent in clusters describedhe right. This implies that the orientational properties of the
with simple pairwise additive interactions. water molecules at the larger clusters are different from those
At this point here, we would like to compare our results at the smaller ones, and not typical of the first-shell cationic
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FIG. 4. As in Fig. 3 fom= 13 (upper framg¢andn= 14 (lower frame water

molecules. FIG. 5. As in Fig. 3 fom= 38 (upper framg¢andn= 48 (lower frame water

molecules.

orientational preferences, where in most of the cases, only
one hydrogen peak is observed. The second peak accounts With the further rise of the cluster size, this bridging
for the dangling hydrogen atoms at the outer cluster surfacanolecule is drawn into the second hydration shell, from
whose average number is equal to 16.5der0.25 mbar and where only sporadic visits to the ion region are observed.
25 forp=1 mbar. Clusters with a number of molecules in the 35-50 size range,
A few characteristic configurations from the small, inter- tend to form deformed cages with a mean radius of about 5.5
mediate and large cluster regime are illustrated in Figs. 3-5, consisting mainly of pentagons and hexagons and with
Figure 3 displays typical configurations with 7 and 9 waterthe ion occupying the cavity center. Bonding with several
molecules. Figure 4 illustrates typical structures with 13 andvater molecules gives a lower free energy than the formation
14 water molecules, whereas in Fig. 5 structures with 38 andf a corresponding bond with the ion, and the water molecule
48 water molecules are presented. The tendency of the ion iorefers to be “swallowed” by the hydration shell, rather than
the small clusters to be attached with two bonds to the rest db be captured by the ion. Since on the other hand, the water
the cluster is systematically observed. As the cluster size imolecules want to form as many as possible interactions with
getting larger, the first signs for a cavity formation start tothe ion, they finally end up encircling it.
appear. At the intermediate cluster size regime<he< 20, The main outcome of this work, namely the complete
before the ion gets entirely encircled, bonding is facilitateddepletion of the first shell for cluster sizes equal and larger
through a single bridging water molecule whereas the rest ahan about 29 molecules, seems to be in contradiction with
the molecules are arranged in a manner already observed the results ofab initio calculations in, let us say, the
larger structures in terms of pentagonal rings. Note that at*(H,O),—19_22, Where the hydronium ion, even in the case
structures with a number of molecules larger than about 10xhen it is encaged it is not detached from the rest of the
it is not the ionic field that plays the decisive role in struc- cluster. However, we must pay attention to the fact that the
turing. It is rather the hydrogen bonding between adjacenpopulation transfer observed in our calculations happens at a
water molecules that prevails. The picture we get here is nademperature of 250 KAb initio calculations correspond to
far from the one derived from the experimental cluster bind-T=0 K. At the temperature of the simulation, the most prob-
ing energie$>*® A rapid decrease of the cohesion energyable configurations correspond not to the minimum of the
with increasingn, up ton~9 is observed, which energy for potential energy, but to the minimum of the free energy,
larger clusters does not vary appreciably with size. Theseavhich contains the entropy terirS
data place the cluster size around nine as the transition region The explicit inclusion of the many-body nonadditive
above which the cluster stability and structure is mostly decomponents in the model and the additional repulsion of
termined by the water—water hydrogen bonding interactionsneighboring water molecules because of the interaction of
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the excess dipoles generated due to charge transfer from the —s—p=1
ion, are also responsible for the cluster detachment from the :__Pfg'zg% a)
ion. Usually nonadditivities are taken into account by means 0.04 —‘—2;0:015625
of induced dipole—induced dipole interactions calculated in o, pure water
a self-consistent way and which are responsible for these °< i
additional repulsion forces between neighboring water mol- o 0.02
ecules. During the construction of the proposed potential we %
estimated that the inclusion of such induced polarization ‘
terms into the model would magnify the detachment tenden- 0.00 ¢-e=s"”
cies. 1 2 3 4 5 6 7 8
There are several indications that the particular encaging
effect is rather entropic that energetic in origin. One example
is the magic number $0* (H,0),, clusters. The magic num-
ber does appear at=20, even if the experimental binding
energie® of these clusters froon=6, to n=28 show a
smooth trend with cluster size, particularly in the=20 re-
gion. It is, therefore, inferred that entropic rather energetic
effects give rise to the observed magic number. Entropy be- 0.00 $—o08
comes more significant as the number of particles increases, 1 5 3 4 5 P 7 3
and as the density of states becomes larger as well. For small
clusters, it is the energetic factor, through the immediate in-
teraction of the ion with the water molecules, that decides the P
cluster structure, whereas for large clusters,12 structural ~
effects come into play. 4
Another equally important factor that determines the sol- c§
vation of an ion is the ability of a particular system to mani-
fest significant many-body interactions a fact that is directly 0.00—=-s—s—s-ssf
related to the ionic charge delocalization. Which is the 1 > 3 2 5 & 7 3
only one from the halide ion series to form covalent bdAds R/A
with the water hydrogen atoms, exhibits larger three-body

contributions to the total cluster stabilization enefgyhan  F!C: 6. H-H(@, O-H(b), and O—O(c) pair correlation functions, at four
. . different vapor pressures. Pressure is in mbar.
the CI” ion, for instance.

T
I
o

0.044

°

9o (R) 1 A®

B. Atom—atom pair correlation functions correspond to dipole moment vectors that are pointing away
from the ion, whereas for negative ones, the vectors are di-

Atom pair correlation functions for the four vapor pres- . S .
. N . rected toward the ion. In general, we distinguish three inter-
sures examined are plotted in Fig. 6. Superimposed are the

correlation functions for the bulk water, which in this case is}[/iglr;%swhere the dipole moment vectors have alternating direc-
simulated as a cluster with 94 water moleculed at250 K '

and p=1 mbar. For the larger clusters, three coordination At short distances from the iorf2.0-3.0 A, which is

shells that agree in the position of the first peak, are resolvetﬁhe interval of the most probable ion—oxygen distance in the

. irst coordination shell for the small clusters, the water mol-
The secondary shells are more pronounced than in the pure

water case with their positions significantly shifted to Iargerecules are oriented with their oxygens pointing to the ion,

. ) : . (positive (cos#)), where they benefit the most from the lo-
?Jitg?;fz‘rgr;)?er:s:]rt];g?:]u_rr?bg It?/'@‘d R) pair correlation calized positive field of the hydrogen atoms of the ion. The

. _ average orientation of the water molecules changes with dis-
Experimental valu€S for Rmg, and Ry, for bulk water tance over the range of the first shell, between 54° and 90°,

at room temperature are 2.85 and 3.32 A, respecnve_ly. Ir\}vhere the 90° orientation is assumed at the shell boundaries.
particular, forp=1 mbar, the value of the oxygen coordina-

: o . . . At intermediate radial distance@8-5 A), (cosé) be-
tion number indicates the existence of typical clathratelike . .

. : . ; comes negative and the water molecules prefer to be oriented
structures which consist of triply coordinated water mol-

ecules. The experimental hydration number obtained for lig-

uid water under the same conditions is about 4.6. TABLE IV. Oxygen—oxygen pair correlation functioR is in A.

. . ) . _oR
C. Orientational ordering of water dipoles 9o-dR)

. . p/mbar Rinax Rmin No_o
In Fig. 7 we plot the average angle between the dipole

moment vector of the water molecule and the radius vector ~ 0.0156 2.96 3.88 2.1
connecting the oxygen atoms of the hydronium ion and of 8'2?5 22'36 g;g ;?
the water molecule, as function of the radial distance from 1.00 283 338 3

the ion, at the four vapor pressures. Positive valugsa$6)
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1.04 —o—p=1

| —o—p=0.25

08 —0o—p=0.0625
—p=0.015625

-
o 0.4

0.6 1

V65 60 55 -0 -45 -4 To 45 50 55 60 &5
04 z, /A z /A

FIG. 8. Probability distribution function of the polarization angleat z;
plane cuts along the negatiykeft pane) and the positive(right pane) z
axis.p=1 mbar.

0.2 4

<cos(0)>

A tendency observed in Fig. 7 is the clear decrease of the
overall average polarization effect as the cluster size in-
creases, a fact that has also been observed for thioits*°
The impact of the ionic field anisotropy on the radial varia-
tion of the average polarization angle is indicated in Fig. 8,
where the polarization angle probability distributions)ey
planes perpendicular to specific cuts along thez axis are
shown. These plots have been takepatl mbar. The right

-0.2 4

0.4

-0.6 -

038 — T panel shows the distribution at plane cuts along the positive
0 2 4 & 8 10 z axis (hydrogen side of the ion whereas the left panel
R/A shows similar cuts along the negative segment ofzthis

{oxygen side of the ion Only slabs greater than= 3.9 A

FIG. 7. Average polarization angle between the dipole moment vector of th .
water molecule and the radius vector pointing from the oxygen atom ofar€ displayed.
H,O" to the oxygen atom of the water molecule, as a function of the radial At a first sight we observe that the anisotropy of the
distance from the ion, at four vapor pressures. Pressure is in mbar. ionic field is affecting the polarization of the water molecules
according to which hemisphere of the cluster they are found.
In general the polarization is stronger at the cluster poles and
with their hydrogens pointing to the ion, at a similar averageat the region close to the hydrogen atoms of the iorg; at
orientation angle of—54°. As the number of molecules ~4.0 A.
drawn close to the ion rises, there is an increase in the At z=6.5 A we find that the most probable angle is
water—water and the ion—water repulsion due to the ioni@bout 60°, which is within the range of values of the average
charge-transfer processes. Under these conditions, the madelarization angle of the cluster at radial distances greater
ecules prefer to be distributed around the ion rather thathan 6.5 A, see Fig. 7. The water molecules at the positive
aggregate toward the energetically more favorable attack pdnorth) cluster pole are found with their oxygens pointing to
sition of the ion, which corresponds to the side of the local-the hydrogens of the hydronium ion.
ized protons. This tendency is intensified at nonzero tem- However, aiz;= — 6.5 it turns out that the most probable
peratures, where the entropic term in the free en@gyyU angle is about 125°, which means that the water molecules
—TS+pV of the system becomes important and the statere pointing toward the oxygen atom of the ion with their
that corresponds to the molecules being arranged around tlydrogens. From Fig. 8, we see that the most stringent po-
ion becomes that of higher entropy. In this case the optimuntarization forcing is observed at the region close to the hy-
arrangement of several water molecules is from the side afirogen atoms of the ion, at the positive hemispheregz; at
the oxygen atom, which by displaying a more dispersed=4.0 A. This is a consequence of the strong localization of
charge distribution with a consequent reduced directionalitthe positive charge of the protons. Here the most probable
and strength of the ion—water interactions, the formation obrientational angle is-110°, with the hydrogens pointing to
hydrogen bonds with several neighboring water molecules ithe ion. This means that not only molecules found at the
more probable. In this region water molecules turn out to banegative hemisphere can be polarized with their hydrogens
oriented with their hydrogen atoms towards thgOHl ion,  toward the ion, but it can also happen to molecules that are
despite of its positive charge as a whole. found at the interior region of the positive hemisphere as
At distances, greater than about 6 A, the spherical part ofvell. In contrast to the strong polarization of the water mol-
the Coulombic interactions will prevail and the water mol- ecules found closer to the hydrogen atoms of the ion, the
ecules will be oriented with their hydrogens pointing awaywater molecules that are found at the region close to the
from the ion. As a consequence, the orientation pattern doesxygen atom of the ion, @&~ —4.0 A, are loosely polarized.
not change appreciably with distance. The pronounced diredn fact they can orient their dipole moments in a wide range
tionality of the ion—water interaction is in principle quantum of angles with an almost equal probability. This behavior is a
in character and it is manifested at small enough distancesonsequence of the diffusion of the negative charge of the
from the ion. ion relatively to the positive one, which is strongly localized.
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actions, the same way that three-body interactions comprise
approximately the 10% of the corresponding two-body inter-
action in similar ionic or neutral water clusters.

The simulations of the protonated water clusters have
been carried out in the Grand Canonical ensemble, which is
more appropriate in describing cluster growth processes, in a
sense that the cluster size to be studied is not arbitrarily
predetermined, but it is derived in a natural way according to
FIG. 9. Probability distribution function of the cluster densityzatplane the external temperature anq vapor pressure cpndltlons.
cuts along the negative and the positweaxis as function of the radial The many-body water—ion—water correlations are re-
distance.p=1 mbar. Highest contoufblack) is between 0.095 and 0.11 Sponsible for the appearance of a long-range order which
A~3. Contour spacing is 0.015 &, results in the generation of larger in size clusters and in the
creation of cagelike structures, with a detached ion occupy-
ing the cavity center. The onset of the caging effect appears
as early as froomn=10 water molecules, where the hydro-

the cluster surface, irrespective of the hemisphere, the mo?gnT (I:?):'figjr;rt]i?)ncsluv?/tr?e:rzl?teislng(r)i?ofssr{yzl;]ggseErgg;?jzsdlvg y
probable value is 0°. In the interior of the cluster, the same o .

T . water molecules, to those where it is bonded to a single
way as fqre, poIarlzatl_on 's more intense for the water mol- bridging molecule before it becomes completely encaged
eculles lying at the region closer to the hydrogen atoms of thFf‘he resultant structures are the result of the many-body in-
ion with most probables~ 65°. For the molecules closer to

o . . . teractions incorporated into the potential function, since trial
the ionic center from the oxygen sideegative hemisphere ; : . L " : .
TR , . Simulations with a pairwise additive potential result into
¢ polarization is less stringent, although the value~d#5

is the most probable structures of the space-filling type.
P ' Attempts to derive a potential function that would as-

sume a sequential filling of the hydration shells, namely the
second shell would be filled in only after the first one had
The radial density distribution as function & and z; been completed, consistently led to very small entropy val-
along the positive and negativeaxis is displayed in Fig. 9. ues, in contradiction to the experimental results by Kebarle.
The clusters ap=1 mbar andl =250 K are to a very good The effects of the nonspherical ionic field are visible in
approximation spherical with a rather uniform distribution of the orientation of the water molecules in the cluster by being
the water molecules around the ionic center. In fact, theytrongly polarized at the region closer to the localized proton
slightly prefer to aggregate closer to the cluster poles rathecharges of the D" ion and less polarized at the region of

Regarding the orientatiog of the water molecule plane
with respect to the axis, forp=1 mbar we observe that at

D. Density distributions

than at equatorial planes. the dispersed oxygen charge of it. The polarization of the
molecules is mainly dictated by the proton field at the close
V. CONCLUDING REMARKS and distant from the ionic center regions. Only at intermedi-

jate distances from the ion, the orientation of the dipole mo-

In this work we present a new, built on thermophysica ) : S
grounds, rigid many-body potential function for the Olescrip_ment vector is determined by the anionic field of the oxygen
: atom of the HO™ ion.

tion of the protonated water clusters. Apart from the many- At the | | : . h herical field i
body water—ion—water interactions, separate terms have tthe larger cluster size regime, the nonspherical field Is

been considered to account for the charge-transfer process%'gly Slﬁlhtlﬁ ma_nifested in th; d?_niitly probabilitél _dis:]ribu—
that take place from the ion to the neighboring water mol-ions. The density seems to be slightly increased in the area

ecules. The potential adjustable parameters have been ngse to the poles rather than at the cIus'ter equator. However,
rived through fiting with a ~0.1 keT accuracy to not any “north—south” pole asymmetry is detected. Because

experimentaf-¢ incrementakenthalpyandentropyvalues at ]?f 'E{hetﬁreg/a}:jen_ce of tlhe Ttror;)g twater;r\]/v ater cor(‘jretlr? tion tef-f
T=2300 K for the corresponding proton hydration reactions ects, the bridging molecuies between the 1on and the rest o
H,0+H*(H,0),_,—H*(H,0), n=1-8. the c_Iust_er_, that have been found to exist at smaller sizes, as

Entropy is directly related to the density of states and,the ﬁ|zle |;_|ncreasr?d (tjhey are drswr] Into the. sec?ng hyldrat|on
therefore, to the shape of the potential-energy surface. Th%he - In this way the density in the Inner region of the cluster

consideration of entropy information as well, instead of er]_closer to the ion is significantly reduced. The majority of the

thalpy alone, increases the reliability of the potential func-vater molecules lie at the cluster periphery where they have

tion. The microscopic thermodynamic information we aresimilar and not conflicting orientational preferences and this

using, ensures the correct description of the many-body in'> & reason why a nearly spher_ical shape is achieved, as if a

teractions at least in the first shell, which shell dictates thespherlcal ion has been occupying the cluster center.

behavior of the cluster as a whole in a large degree.

. Our model, be/ assuming a ngld hyglromum dogs not takeACKNOWLEDGMENTS
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