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We have performed molecular dynamics calculatlons on ClI~(H,0), and F~ (HZO),, (n )

=2,3,...,,15) clusters. The calculations show that the F~

ion is solvated in these clusters, while

Cl~ remains attached to the water in the clusters. We also obtained the minimum energy
structures for the C1~(H,0), and F~(H;0), (n=6,7,8) clusters. From the comparison of ~

these structures with the dynamical structures we conclude that the solvation of the F~

due to the entropy effect.

. INTRODUCTION L e

The study of hydration of ions by few water molecules
provides important information for our understanding of
solvation phenomena. This study received a new impetus
due to recent experimental and theoretical work on this
subject.!* The first experimental data on these systems
were obtained by Kebarle and co-workers.l’2 Using mass
spectroscopic techniques they measured the temperature
dependence of the equilibrium constants K for the reaction,

Ton(H;0),_1+H,0=Ion(H,0),. (1

Once the temperature dependance of the equilibrium con-
stant is known, the heat of the reaction (1) can be obtained
from the Van’t Hoff equation,

d(In X)

AH,_1p=—R 30777 -

n (2)
In its turn the knowledge of the heat of reaction (1) can be
used to test the quality of the interaction potentials be-
tween the ion and water molecules. Unfortunately the ex-
perimental measurements of the heats of reaction (1)
could be performed only for very small sized clusters (with
up to n=_38 water molecules), thus limiting our testing abil-
ities of the quality of the potential. Moreover, from the
knowledge of the heat of the reaction it is hard to extract
information on the structure of the clusters. Recently an
improvement in the experimental situation has occurred
due to the application of photoelectron spectroscopy tech-
niques to anion-water clusters.!® Prior to its use on the
halide—water clusters photoelectron spectroscopy demon-
strated its value in the study of the electron solvation in
water clusters where it allowed one to perform a compar-
ison between calculations and experiment.?*?

As of today we have available to us data from the
photodetachment spectra of the following clusters:
Cl~(iH,0), (rn=1,.,7); Br (H,0), (n=1,..,15), and
I~ (H0), (n=1,...,15).%¢ Very recently we have demon-
strated that the experimental stabilization energies (Fj)
for I7, and Br~ and the calculated stabilization energies
for C1™ in these clusters satisfy the relationship

Estab=cf(n), o (3)
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where f(n) is a universal function that depends only on
the number of water molecules in the clustér and C'is the
proportionality constant.?’” The existence of the relation-
ship described by Eq. (3) means that the structures of
calculated C1™(H,0), and’ expenmental X (H,0), (n
=2,..,,15,"X=Br, I) clusters are similar.?® And since we
observed in our sifhulations that the Cl™ ion is 1ocated on
the surface of these water clusters, from the similarity ar-
gument we therefore concluded that Br~ and I~ ‘ions #re

As far as the clusters with Cl~ are concerned we ob-
serve the following: (a) Our calculated stabilization ener-
gies for CI7(H,0), (7=2;...,7) clusters are in a good
agreement with the experimient. (b) The experimental £,y
(for all the available experimental data) in Cl™(H,0),
(n==1,2,...,7) ‘clusters fit the universal curve:' (c¢) The
quantum mechanical calculations performéd - on
C1™~ (H,0) 4 cluster indicate the preference for the C1~ ion

~ to be on the surface of the water cluster.?’

All these factors in our opinion provide support to the
previously proposed conjecture that the Cl™ ion is also
located on the surface of 'the water clusters which: contain
up to 20 water molecules.’**! Nevertheless, the final judg-
ment on' the location of C1™ in these clusters should be
given only after the photodetachment experiment will be
performed.

Considering the_ previously given information about
the structure of halide anion/water clusters it is therefore
interesting to find out which properties of the ion influence
the structure of these clusters. In our previous study of the
Cl~ (H,0), cluster we observed that the polarizability of
the ion does not substantially change the structure of the
cluster, but the sign of the ionic charge has a profound
influence on the structure.3! Another ionic property that
may have a dramatic effect on the cluster structure is the
ion size. To study the dependence of the cluster structure
on the ionic size we could change the ion-watér potential
in such a way that only the size of the ion would change,
and study the effect of this change Instead we decided to
study a realistic system of the F~ (H,0), clusters and com-
pare the results with the results from our calculations on
Cl~ (H,0),, clusters. In this way we can also complete our
study of structural properties of sma]l water clusters
(n<15) with embedded halogen ions.
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TABLE 1. Potential parameters used in the present study.

0-0 O-ClI™ O-F~
AX10° (A2 kecal/mol) 6.36 37.90 7.21
C (A® kcal/mol) 627.95 1373.84 712.63
o) H a- F-
lq| 0.730 0.365 1.0, 1.0
a (A 0.465 " 0.135 3.250 0.974
cl- F-
B 10° (keal/mol) 8.00 275
B(A™YH 2.25 2.25
y(A7YH - 0.25 0.25

ll. METHODS
A. Potentials

To describe the halide ion—water and water-water in-
teractions we used the POL1 potential model which in-
cludes many-body effects.?!2* In this model the water mol-
ecule is assumed to have three charges placed at the
positions of two hydrogens and the oxygen. The Lennard-
Jones center is placed on the oxygen site. The OH distance
in the model is 1 A and the HOH angle is 109.47°. Three
polarizable centers are placed at each atomic site in water.
The ion in this model is considered to be a point charge
placed at a Lennard-Jones center. Additionally a polariza-
tion center is also placed at the same location.

The total energy of the system is given by the following
expression:

Usor=Uq+ Urs+ Upor+ Uspogy» 4)
where
Ug= 2 q4;/rij R (5)
i<y

is the sum of all Coulomb interactions between all / and j
charge sites and

Upy=-2 (dog/r%—Cop/75p) (6)
a<p

is the sum of the Lennard-Jones interactions between a
and B Lennard-Jones sites. The polarization energy is ob-
tained from the expression

F'z
pol— z M’ zj ”] Zq,z T;"P,'"*" 2 , (7)

where «; is the polarizability, u; is the induced dipole at the
polanzable ith center, and r;; is the distance vector from
site 7 to site j. The values of the induced dipoles at the
polarizable centers are calculated self-consistently using re-
lationships (8) and (9),

b=k, (8)

E=E— 2T, n;, ' | 9
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TABLE II. Calculated (MD) and experimental (expt.) heats of forma-
tion of X~ (H,0), clusters in kcal/mol.

n Cl- (MD) Cl™ (expt.)® F~ (MD) F~ (expt.)®
2 27.7 27.7 45.5 42.5
3 40.1 39.5 61.8 57.8

-4 49.9 50.1 73.6 71.7
5 58.4 59.6 86.2 84.0
6 70.0 68.4 96.4 94.9
7 79.4 76.5% 109.1 105.3
8 90.5 118.7 116.5
9 99.7 . 128.5 127.6

10 106.7 v 138.4 138.6*

i1 118.4 147.8 e

12 128.0 157.3

13 138.6 167.4

14 150.7 177.3

15 157.3 185.7

*Values are the best estimates.
“Reference 4.

¢

where E; is the total electrostatic field at the ith center and
E? is the field due to permanent charges. The dipole tensor

T,'j in Eq- (9) is

=1/ (L=3rx,/73). (10)
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FIG. 1. (a) The distribution of distances from the ion to the center of
mass of the cluster. Solid line is for the C1~ (H;0)- cluster; dotted for the
F~(H,0), cluster. (b) The same as (a), only for the clusters with 15
water molecules.
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FIG. 2. (a) The ion-water oxygen radial distribution function for
F~(H,0), clusters. Dashed line is for the cluster with n=3, dotted line
is for n=7, solid line is for n==11, and dot—dashed line is for n=15. (b)
The same as (a), only for C1™ (H,0), clusters.

The potential energy due to the three body exchange re-
pulsion of the ion—water trimer is expressed in terms of
ion-oxygen distances 7;; and ry, and the oxygen—oxygen
distance 7,

Us.pody= B exp(—PBr;)exp(—Bryp)exp(—yrj), (11)

where B, B, and ¥ are parameters. The potential parame-
ters of the POL1 model used in the present work are given
in Table L

B. Molecular dynamics .

We used molecular dynamics computer simulations to
investigate the structure and dynamics of small clusters
made up of one ion and » water molecules. Equations of
motion were solved using the Verlet algorithm.*? The ge-
ometries of the water molecules at their equilibrium values
were constrained through the Shake procedure.®® To solve
self-consistent Egs. (8) and (9) an iterative approach was
used. The iterations were continued until the root mean
square of the difference in the induced dipoles between
successive iterations was <0.001 D/atom. The self-
consistency was usually achieved in seven steps of itera-
tion.

Each cluster was initially equilibrated for more than 20
ps followed by 1 ns of the production run. The time step of
the trajectory has been kept at 1 fs and the total linear and
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angular momenta of the system were removed.- During the
trajectory calculations the energy was conserved within the
5th significant digit.

All the trajectory calculations were done w1th the oc-
casional rescaling of the velocities so that the temperature
of the clusters was kept constant. For the very small clus-
ters (n<4) the temperature was kept around 275 K, for the
clusters with 5<n<9 the temperature was around 250 K.
For the clusters with 9 <n<15-the average temperature
was dropped to around 225 K. The temperature of the
clusters was chosen to be high enough to eliminate possible
trapping of the cluster in a certain configuration for a very
long time. We attempted to perform some molecular, dy-
namics simulations of our clusters at 300 K, but observed
the evaporation of water molecules at this temperature..

1. RESULTS

To test the quahty of the potentlal used in the s1mula-
tion we calculated the heats of cluster formation for
X~ (H,0), (X=Cl -F; n=2,3,..,,15) .clusters and com-
pared these with the experimental data when these were
available. The results of such a comparison are given in
Table II. As we can see from the table the agreement is -
rather good, considering the. uncertainties in the experi-
ment and in the simulations. To obtain information on the
structures of the clusters we calculated (a) distributions of
the distances between the ion and the center of mass of the
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FIG. 3. (a) The running coordination number for the F~ (H,0), (n
=2,3,...,15) clusters. (b) The same as (a), only for CI~ (H,0),, clusters.
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water molecules in the cluster; (b) ion—~water oxygen radial
distribution functions - (rdf) and running coordination
number (cn) for an ion in water clusters; (c¢) angular dis-
tribution functions (adf) for each ion in water clusters. We
have also examined the snapshots of cluster configurations
obtained from our runs. All the data from our calculations
lead to the following conclusion: While the C1™ ion is not
solvated in water clusters with up to 15 water molecules,
the F~ ion is solvated in the water clusters with n>4.
“To justify our conclusion, let us first consider the dis-
tribution of the distances from the ion to the center of mass
of the cluster. We represent such a distribution for clusters
with 7 water molecules in Fig. 1(a).- While for the F~ ion
the average distance between the ion and the center of mass
of the cluster is 1.14 A, for the Cl~ jon this distance is 1.78
A. Figure 1(b) presents the distribution of the distances
from the ions to the centers of mass of clusters with 15
water molecules. In this case for the F~ ion the average
distance between' the ion and the center of mass of the
cluster is 2.22 A, while for the C17 ion this distance is now
3.19 A, Figures 1(a) and 1(b) indicate that the F— ion is
more solvated by water clusters than the Cl™ ion. In Fig.
2(a) we represent the ion—oxygen radial distribution func-
tions for clusters with the F~ ion and in Fig. 2(b) ion-
oxygen rdf for the clusters with the Cl1™ ion. For the clarity
of the figures we consider the rdf’s for the clusters with 3,
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FIG. 4. (a) The angular distribution function for F~(H,0), clusters.
Dashed line is for the cluster with n=3, dotted line is for n=7, solid line
is for n=11, and dot-dashed line is for n==15. (b) The same as (a), only
for C1~(H,0),, clusters.
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7, 11, and 15 water molecules only. As we can see from the
figures, although some similarity exists between the F—
oxygen and Cl™—oxygen radial distribution functions, the
rdf for C1™—oxygen displays that a more pronounced third
solvation shell is formed around this ion. As to the position
of the first peak of the rdf we observed that it is shifting
towards the larger distances when the rdf of the F™ ion is
considered, while such shift becomes insignificant for clus-
ters with more than five waters when the Cl™ ion is in the
cluster. This indicates that the continuous build-up of the
solvation shell occurs around F~, while around Cl~ the
first neighbors shell is completed rather early in the growth
of the cluster. This also indicates that the F~ ijon is
solvated, while Cl~ is not. Additional confirmation of this
conclusion is provided from the plots of running coordina-
tion numbers, depicted in Fig. 3(a) (for F~) and Fig.
3(b) (for C17). Note that while the coordination number
for the first solvation shell is constantly increasing for F—,
until it reaches the value of 5.7 in the cluster with 15
waters, the coordination number for Cl™ approaches the
value of 4.4 when 10 water molecules are in the cluster.
Direct information about the asymmetry of clusters is
given by angular distribution functions®' which are pre-
sented in Figs. 4(a) and 4(b). For the cluster where the

" ion is surrounded by waters from all the sides the distri-

bution should look flat. A distinct asymmetry in distribu-
tion is observed for the clusters with the C1™— ion, while the
distribution is approaching a flat character for the
F~(H,0)5 cluster. (Again, for the matter of clarity, we
present the distribution functions for clusters with 3, 7, 11,
and 15 waters only.) Finally, snapshots depicting configu-
rations of the clusters with seven water molecules and the
corresponding ions are presented in Figs. 5(a) and 5(b).
Now, since we know that F~ is solvated in water clus-

FIG. 5. A snapshot from a trajectory for the F~ (H,0), cluster (top) and
C1™ (H,0); cluster (bottom).
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TABLE III. Total energies and their components in kcal/mol.
(a) CI™(H,0),

n - Emt - Epair - Epol El-b — Bwwel Eww,lj - Ewi,el Ewi,lj
2 26.6 21.1 57 02 03 0.2 27.2 6.2
3 38.2 31.0 7.8 0.6 1.0 0.8 38.7 79
4 47.8 38.8 - 9.8 08 31 1.8 46.6 9.1
5 56.9 46.2 11.7 1.0 6.5 33 54.1 11.1
[ 66.4 54.1 13.5 1.2 10.4 4.9 60.3 11.7
7 76.9 63.1 15.1 . 1.3 15.1 6.6 65.4 10.8
8 86.5 70.7 17.2 1.4 21.0 8.7 69.7 11.3
9 95.2 78.0 18.7 1.5 26.2 10.5 73.8 11.5

10 104.3 85.0 20.8 1.5 34.0 13.1 75.7 11.6

11 113.0 92.1 22.5 1.6 40.3 15.2 78.7 11.7

12 1219 99.1 24.5 1.7 48.8 17.9 80.0 11.8

13 132.0 106.7 27.0 1.7 58.8 21.0 80.8 11.9

14 143.7 116.1 29.3 1.7 67.6 23.8 84.3 12.0

15 149.9 120.8 30.8 1.7 74.8 26.0 83.9 11.9

(b) F~(H,0),

2 44.2 31.1 14.3 1.2 -0.8 0.1 46.3 14.3
3 60.0 46.8 15.6 2.4 =20 0.2 64.1 15.1
4 71.3 58.9 15.6 32 —~2.2 0.6 76.5 14.8
5 83.2 70.2 16.6 3.6 0.5 2.2 86.7 14.8
6 92.8 79.9 16.9 4.0 2.1 3.2 95.6 4.6
7 105.6 91.6 18.6 4.6 6.8 5.2 105.0 15.0
8 114.8 99.7 19.9 4.8 11.3 7.0 1104 15.0
9 124.2 108.0 21.1 5.0 16.4 8.9 115.5 14.9

10 1334 1154 23.1 5.1 23.6 11.4 118.3 15.1

11 142.4 123.4 24.3 5.3 29.5 13.4 122.2 14.9

12 151.2 130.2 26.4 - 54 374 16.0 123.8 15.0

13 161.0 138.7 27.9 5.6 45.0 - 184 126.8 14.7

14 170.3 146.0 29.9 5.6 54.2 213 127.8 14.7

15 178.2 152.7 31.2 5.7 60.2 23.3 130.3 14.5

ters and C1™ is not, we can ask why this is happening. The
energy component analysis which is given in Tables III(a)
and III(b) may help us in providing some clues. For the
energy component analysis we divided the total energy E,
into the corresponding contributions from the pair inter-
action energy E,;, polarization energy E,, and from the
3-body term, Ej04y, SO that '

Ey= pak+Epol+E3-body . (12)

In its turn the pair interaction energy can be writteén as a
sum of water—water and water—ion interaction energies;
these can be divided into Lennard-Jones and electrostatic
parts,

Epair= ww,cl'*'Eww,LJ'{-EWi,el +EW1,U » ( 13)

where E,, o is the electrostatic part of the water-water
pairwise interaction, E 1y is the Lennard-Jones part of
the water—water pairwise interaction, E; 4 is the electro-
static part of the ion—water pairwise interaction, and E ;1 ;
is the Lennard-Jones part of the water—ion pairwise inter-
action. As Tables III show, a major difference in the ener-
gies for F~ and Cl™ is observed for the E; entry. This

energy is lower for clusters with the F™ ion, which may be .

due to the fact that the F~ is more solvated. It may be also
due to the fact that the F~ ion is smaller in size than the
Cl~ ion. That the F~ is more solvated than the Cl~ ion
can be seen by the inspection of another component of the
energy, E, ., Which is lower for the clusters with the C1~

ion. This indicates that the hydrogen bonded network of
water is less disturbed by the presence of the Cl™ ion, i.e.,
the C1™ ion is less solvated.

Another very interesting fact that can be observed
from Tables III is that the relative contribution of the po-
larization energy into the total energy of the cluster is con-

“tinuously diminishing (from ~33% for n=2 to ~18% for .

n=15) for the clusters with the F~ ion, while for .the
clusters with the Cl™ ion the relative contribution of the
polarization energy remains around the same (~20%).
That may mean that it is important to include the polar-
ization effect when the structures of the CI~/water clusters
are calculated. To see the effect of the explicit inclusion of
the polarization into the calculational scheme we represent
in Fig. 6 the values of the dipole moments for water mol-
ecules as the function of their location in the solvation
shells. As we can see the value of the dipole moment of the
water molecule is the largest when the molecule is next to
the ion and becomes smaller when it is in the next two
shells. The values of the dipoles on the water molecules is
larger when they are around F~, again due to the large
field emanating from the ion. ‘

To see how the hydrogen bonding pattern changes
when water is around the ion in the cluster we calculate the
percentage of 0, 1, 2, 3, 4, and 5 hydrogen bonded water
molecules in the first and other shells. The histograms rep-
resenting these percentages are shown in Figs. 7 and 8. As
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FIG. 6. (a) The values of the total dipole moment of water molecules for
the waters in the first solvation shell (circles), second solvation shell
(squares), and third solvation shell (triangles), in the F~(H,0), (n
=2,3,...,15) clusters. (b) The same as (a), only for C1~ (H,0), clusters.

we can see from these figures, the first shell water mole-
cules are non-hydrogen bonded in the F~ (H,0), clusters
with n up to five waters; the one-hydrogen bonded waters
are dominant in the clusters with » greater than 6 but less
than 14; the two-hydrogen bonded water is the dominant
mode in clusters with 14 and 15 water molecules. For the
Cl~ (H,0), clusters the first shell water molecules are not
hydrogen bonded only in the clusters with n up to two
waters; the one-hydrogen bonded waters are dominant in
the clusters with # from 3 to 10; the one-hydrogen bonded
molecules are found as often as two in clusters with n=11
and 12 waters; finally the two-hydrogen bonded water is
the dominant mode in clusters with 13 to 15 water mole-
cules. For the second shell water molecules the difference
in the hydrogen bonding pattern is not that pronounced;
for the F~(H,0), and ClI™(H,0), clusters with n=2,
3,...,9 the most often found are water molecules with one
hydrogen bond per molecule. Two hydrogen bonds are the
most dominant mode for molecules in larger size clusters
with the F~ ion. In clusters with the Cl~ ion two-
hydrogen bonded molecules dominate in the secondary
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FIG. 7. (a) The percentage of 0, 1, 2, 3, 4, 5 hydrogen bonded water
molecules in F~ (H,0), clusters. The water molecules belong to the first
hydration shell around the ion. We used the geometric criteria (see Ref.
38) to determine the presence of the hydrogen bonding. (b) The same as
(2), only for C1~(H,0), clusters.

shells when r=10, 11, 12; for clusters with n=13, 14, and
15, the amount of water molecules with two hydrogen
bonds per water is the same as with three hydrogen bonds.
This again confirms that the hydrogen bonding network in
water is stronger in clusters with Cl™ compared to the
clusters where the F~ ion is solvated.

As we have mentioned in the introduction, the electro-
static stabilization energies obtained from the photodetach-
ment spectra of Br™ (H,0),and I~ (H,0), (n=1,2,...,15)
clusters can be scaled so that the data fall on a common
curve. That means that Br~ and I~ ions are in similar
environments in clusters with the same number of water
molecules. From our previous discussions on CI~ and F~
we have to conclude that since the F~ ion is solvated in
water clusters and the Cl™ ion is not, the stabilization
energies of these two ions in water clusters cannot be
brought to the same curve by a simple scaling. Indeed, this
is confirmed in Fig. 9, where we display the calculated
values of the electrostatic stabilization energies. The de-
tailed description of how such calculations are done is
given in our previous paper.’’ Let us note here that the
values of E,, are experimentally measured for C1~(H,0),,
(n=1,2,...,7) clusters (our calculations are in good agree-
ment with these measurements), while no data are avail-
able for the clusters with the F~ ion. Therefore only future

J. Chem. Phys., Vol. 100, No. 4, 15 February 1994
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FIG. 8. (a) The percentage of 0, 1, 2, 3, 4, 5 hydrogen bonded water
molecules in F~(H,0),, clusters. The water molecules belong to the sec-
ond and third hydration shells around the ion. (b) The same as (a), only
for CI~ (H,0),, clusters.

experimental work on the photodetachment spectra for
larger sized clusters with the C1™ ion and on clusters with
the F~ ions in water will show how accurate our calcula-
tions are.

Very often the cluster structures are discussed in terms
of minimum energy structures and transitions between
these minimum energy structures. For small atomic clus-
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FIG. 9. Electrostatic stabilization energies for the Cl~(H,0), and
F~(H,0), (n=2,3,..,15) clusters.

FIG. 10. F~(H,0), and Cl~ (H,0), (n=6,7,8) clusters in their mini-
mum energy configurations. On the left are the clusters with the F~ ion
and on the right are clusters with the C1~ ion. The upper row depicts
clusters with #==6, the middle row n=7, the lower row n=8.

ters this method can give a complete picture of the struc-
ture and dynamics in clusters, since one can find all local
minima of the clusters.3* For molecular clusters a compre-
hensive search for all local minima are quite impossible.
Nevertheless it is very interesting to know how the struc-
ture of the cluster in its global energy minimum looks like,
since this is the structure the cluster would have at 7'=0
K. Comparison of this structure with the structures at
T ~250 K can give us an idea how important the energy
and the entropy components of the free energy are in de-
termining the cluster structures at 7~250 K. To find the
local energy minima for some of our clusters we quenched
500 structures from molecular dynamics trajectories of the
clusters C1~ (H,0), and F~(H,0), (n=6,7,8). The start-
ing points for quenching were separated by 2 ps. The
quenching was performed using the conjugated gradient
method. In Fig. 10 we represent the lowest energy struc-
tures that we obtained from our quenching procedures. To
understand the geometry of these clusters, we have to re-
member that the minimum energy structure of a cluster
with eight water molecules is a cube.?’ As we can see from
Fig. 10, the structure of a cluster C1~ (H,0), is also a cube,
where Cl™ substituted one of the water molecules at the
vertex of the cube. We can see also that the structure of
other clusters can be also understood as being derivatives
of the basic cubic structure. As always, it is hard to know
if our structures represent the global minima, but the sim-
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ilarity of the structures to the cubic structure of the estab-
lished global minimum indicate that our structures are
close to the global minimum structures. Figure 10 also
shows that both F~ and Cl™ jons prefer to be on the
surface of the minimum energy clusters with 6, 7, and 8
waters. But as our molecular dynamics simulations show,
at T~250 K the F~ ion is found inside the clusters, while
Cl~ still remains on the surface [see Figs. 5(a) and 5(b)].
That means that at least in clusters with 6, 7, and 8 waters
the solvation of the F™ ion is due to the entropy effect. A
more detailed study of minimum energy structures of wa-
ter clusters with anions is now underway.

IV. CONCLUSIONS -

We have performed molecular dynamics calculations
on ClI~(H,0), and F~(H,0), (n=2,3,..,15) clusters.
These calculations show that the F~ ion is solvated in the
clusters with n>4, while Cl™ remains attached to the water
in the clusters. In our previous work we used the argument
of similarity to show that the I~ and Br~ ions are also
attached to the water in the clusters. Very recently a direct
molecular dynamics calculation of I™ in water clusters
showed that the I~ jon is on the surface of the cluster.>
Our calculations of the clusters with the Br™ ion also show
that the ion is on the surface of the cluster.>’

Based on our calculations presented above and on our
previous calculations we conclude that the F~ ijon is
solvated in clusters with 4<n<15 water molecules, while
larger size halide anions are not solvated in this size clus-
ters. Why then is F~ solvated in water clusters while larger
size halide anions are just attached? To answer this ques-
tion let us assume that the water molecules in the cluster
do not want to disrupt their hydrogen bonded network.
One needs' a rather strong perturbation to do this. Such
perturbation may be produced by the F~ ion, because it is
smaller in size than the other halogen ions and therefore
the electric field around it has a larger value. But even then
the perturbation may not be strong enough [as we saw
from minimum energy structures for F~(H,0), (n
=6,7,8)] and thereforevthe solvation of the ion is due to
the entropy effect.

One can ask a questlon related to the rehablllty of our
potential functions used in the simulations. As we have

. demonstrated above the calculations with these functions
reproduce rather well enthalpies of formation of small
F~(H,0),, and C1~ (H,0), clusters. Moreover the electro-
static stabilization energies in small CI™(H,0), (n
=1,2,...,7) clusters are also reproduced. The electrostatic
stabilization energies of Br~ and I~ ions that we can cal-
culate from the molecular dynamics simulations can be
compared with the experiment for clusters with up to 15
water molecules. Unfortunately this is not the case for the
clusters with C1~ and F~ ions, Therefore, more experi-
mental data are needed to confirm our conclusions about
the behavior of CI~ and F~ ions in water clusters.

Note added in proof: We have recently learned that ab
initio calculations performed on F~(H,0), (n=1,...,6)
clusters®® are in agreement with our conclusion that the
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distribution of surface and interior states are temperature
dependent.
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