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We performed constant energy molecular dynamics computer simulationglés(h;; and CtH(H,O),; clusters

and examined the dependence of ion solvation on temperature. At low temperatures the ion resides on the
surface for both Fand CI, but as the clusters are warmed, theldlecomes more and more solvated while

Cl~ remains on the surface. Comparing the behavior ¢HrO);; and CI(H,0)1; to that of pure (HO)y,,

we observe that when heating the clusters from their minimum energy configurations, the behavior of the
heterogeneous clusters during melting is mostly determined by watger interactions.

1. Introduction more pronounced and it is thus easier to detect the structural
changes of interest. The decision to simulate a cluster with 11
waters and F or CI~ was based in part on the structures that
were found in our previous woflon F-(H,O); and CF(H.0),

and the work in refs 911 on clusters of eight waters. In the
homogeneous water cluster the lowest energy configuration is
cubic with one oxygen atom sitting at each of the eight vertices.
‘For the heterogeneous clusters in their lowest energy minima,
the ion replaces one of the waters at one vertex of the cube and
there is of course a rearrangement in the hydrogen bonding. A
larger size structure containing two cubes could then be realized
by adding a tetramer to the cubic octamer. In addition, the
choice of simulating a cluster of 11 waters and an ion can further
be rationalized when considering that the lowest energy
minimum geometry of (KO);2 reported in ref 12 is bicubic. In
replacing one of the waters by an ion, one might expect that
the bicubic geometry remains.

Our understanding of structural and dynamical properties of
agueous solutions is constantly improving due to recent intense,
work in theory, experiment, and computer simulatibn3.o
perform computer simulations on large samples and for long
periods of time (of nanosecond order), potential functions are
needed to describe the interactions of molecules in the solutions
To test the quality of such functions, we can compare informa-
tion from experiments on aqueous clusters and simulations
performed on the same systems. The advantage of working
with clusters in simulations is that artificially imposed periodic
boundary conditions and approximate treatment of long-range
forces do not exist.

With this in mind we studied the effect of the inclusion of
many-body interactions into the description of ¢1,0), and
Na'(H.O), clusters?> To our surprise we observed that the Cl
anion is not solvated in C{H,0), even whem = 203 Later
simulations showed that the same behavior is observed in
clusters with Br and I~ ions*® Calculated photodetachment
spectra compared well with the experimental spédbaBr- Water-water and waterion interactions are described by
and I~ ions in water clusters with up to 16 water molecules, the POL1 potentia}®~15 This potential contains a two-body
thus indicating that indeed these two ions are situated on theadditive part, a polarization term, and a three-body repulsive

2. Methods

surface of water clusters. Photodetachment spectra @fgD), term. Details about the potential and its ability to give correct

(n = 1-16) were also calculaté@nd showed good agreement structural and dynamical properties when compared with

with the experimental data which are only available for= experiments on these systems can be found in ref 8.

1-7. To simulate our systems, four sets of equations of motion
With respect to structural characteristics of aqueous clusterswere solved for each water molecule and two sets for the ion.

with an F~ ion, molecular dynamics simulations of (H-O0), Center of mass positions and center of mass velocities were

(n = 2—-15) showed that at temperatures around 200 K the ion propagated using Newton’s equation of motion, and angular
was solvated in clusters with more than six water molectiles. velocities were propagated with Euler equations of motion. The
At 0 K and withn = 6—8, we observed that the Hon in the final set of four equations describe the propagation of the
lowest energy structures resides on the surface. In the sameanolecular orientations themselves. Each rigid water was
size clusters with Cl, the ion remained on the surface regardless assigned a set of four quaternion parameters, which became the
of temperature. It was therefore proposed that the driving force generalized coordinates for orientatiénThese four parameters
behind F solvation is entropy. are not mutually independent and must be normalized at each
The purpose of this paper is to further explore the temperature step of the trajectory. The equations of motion were integrated
dependence of ion solvation in water clusters. Using molecular using a sixth-order Gear predictecorrector algorithrii¥-18in
dynamics we simulated®H20)1; and Cl(H20)11 clusters to order to achieve good energy conservation (the drift in energy
address two specific issues: the first is the difference in the was less than 0.04% over 500 ps). In all cases a 0.5 fs time
degree of solvation of Fversus Cf, and the second is the step was used. The induced dipoles were calculated interatively
issue of how they both compare to the reference state &3 )hl with a tolerance of 1.6« 1078, which is stricter than in previous
Larger clusters were chosen for the present study mainly simulations®
because the degree to which the ion is solvated in them becomes Both F~(H,0);; and CF(HO).; were run at high tempera-
tures (greater than 200 K) for 1 ns and at intervals of 5 ps
© Abstract published ifAdvance ACS Abstractf)ecember 15, 1995. configurations were saved and quenched by periodically remov-

0022-3654/96/20100-1350$12.00/0 © 1996 American Chemical Society




Structural Changes inH20)11 and CI(H20)11 Clusters J. Phys. Chem., Vol. 100, No. 4, 1996351
[ ? e & e
.\ P‘ I “ Figure 2. Minimum energy geometry of (}®)».
T one water was added to the octamer containing either the F
absolute certainty say these bicubic structures are the global
(a) (b) minima.
. . . As noted above, a cluster of 12 waters also is predicted to
Figure 1. Geometries of the lowest energy minimum of (a{.0),1
hydrogens are only a viewing aid. Hydrogen bonds are shown as Iighter(':i_gure 2), and itis to this structure that comparisons are made.
thin lines. Hydrogen bonds are drawn if the distance between the This structure has 20 hydrogen bonds and63.5 kJ/mol of
hydrogen and neighboring oxygen is less than or equal to 2.4 A. total energy, whereas the Eouble cube has 16 hydrogen bonds
ing the kinetic energy. This procedure produced many clusters hydrogen bonds anet612.4 kJ/mol of total energy. The large
in their local minimum energy configurations. To investigate jfference in energy in the pure water double cube and the
what effect temperature has on the structure, we performed thegouple cube with an ion can be understood in terms of the large
which had the lowest energies among the quenched configura-for F~ —water and—60 kJ/mol for Ct —water, whereas the
tions. The increase in total energy was achieved by adding water-water interaction for this model is only23 kJ/mol on
kinetic energy through the assignment of initial velocities to the average.
energy, however, we kept the initial positions to be the same and freezing of small homogeneous clusters were addressed
as those of the energy minima. The increment in kinetic yecently in detail2>-2” Since our goal here is to study the
energies was asystematic but chosen to produce a set of clusterghange in the structure of the clustergif,0),; and Ct(H-0)1
energies were needed to characterize to onset of melting. Themelting of these clusters only in the aspect related to structural
total linear and angular momenta were removed at the beginningchange.
of each run, and the cluster was equilibrated for 30 ps. All  \what happens to these iewater clusters as they are heated?
It should be noted that heating runs were chosen instead ofc|ysters, we observe that in the low-energy regime the ion and
cooling since it is easier to establish transition temperatures with yater molecules vibrate around the same positions as in their
meltlng rather than freeZIng due to the stochastic nature of m|n|mum energy Conﬂguranons As the energy |S raised' more

b
¢ @ é.
o

ion or the CI ion® Despite this comparison, we cannot with
and (b) CI(H20)12. The ion is black, and thin dark lines from ion to have a double-cube structure at its lowest energy minifi

and a total energy of-727.4 kJ/mol; the Cl double cube, 17
heating procedure on both fH20)11 and CI"(H20)1: clusters, ion—water interactions: they are approximateit00 kJ/mol
the particles of the clusters. At each successively higher total 3.2 Melting. Questions related to phase behavior, melting,
with a variety of energies. More clusters of intermediate wjth the change in temperature, we address the issue of the
production runs were 500 ps in length. Using the Moviemol prografi to view the dynamics of the
nucleation in freezing making the transition temperature irre- and more hydrogen bonds are broken. In the intermediate

producible®® energy regime half of the double cube breaks apart, while the
other half retains its hydrogen-bonded cubic structure. At even
3. Results higher energies all waters and the ion are free to move. But

3.1. Minimum Energy Structures. Compared to earlier the way in which the ion changes its position with the cluster
simulations with F(H»0); and CIF(H»0)7, where we observed  upon heating is strikingly different. When the cluster with F
that the minimum energy structures are cubtbe minimum acquires enough energy to start breaking hydrogen bonds, the
energy structures for both BH,0)1; and CI(H,O)11 (Figure waters begin to surround the ion on all sides. In the intermediate
1) show a similar geometry in that the ion is sitting on the edge region of energy, the ion can fluctuate between surface and
of a dodecamer which is a double cube. Theidh occupies interior positions. At even higher energies the ion becomes
a middle position, where it has four water neighbors, whereas more solvated than nonsolvated. The cluster withli&#haves
the CI ion sits in the corner with only three neighboring waters. differently upon heating. More waters surround the ion, but
The F(H:0)1; double cube is slightly more distorted due to the solvation remains one-sided even at high energies. Snap-
the larger ior-water interaction as compared to the cube with shots of high-energy configurations of both &d CI systems
the chloride anion. taken from these movies are shown in Figure 3.

The geometry of the observed dodecamer can be rationalized Determining the onset of melting was accomplished in several
in terms of a fusion of an octamer containing seven waters andways. First, according to the Lindemann criterf8rthe onset
an ion (which has a cubic minimum energy geometry) with a of melting occurs when there is a large change in the value of
water tetramer (of a cyclic square shape). The water tetramerthe root mean square bond length fluctuation defined as
can merge on the side of the octamer where the ion resides, as
happens in the case of fluoride, or it can merge on the opposite 10 (mijZD— [ )k
side of the octamer, as happens in the case of chloride. A similar o=—) ———— (1)
kind of behavior was observed in previous simulations where M5 ;U
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Figure 3. Snapshots of (a) KH-O)1; at T = 239 K and (b) Ct(H20)11
atT =230 K. The same convention as in Figure 1 is used for hydrogen 00 . ) ) )
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In this equationr; is the distance between oxygen atonasd Figure 4. (a) Root mean square bond length fluctuations, (b) caloric
j in the case oPoo and the distance between the oxygen and curve, and (c) coordination numbers for(F,0);1.
the ion in the case dbo-ion, and M is the number af pairs.
Both doo and do-ion are plotted in Figures 4a and 5a. For 6 shows how the mean square displacement changes in going
clusters with F this large change happens at an energy of from the solid-like to liquid-like regions. From this figure we
—632.6 kJ/mol, which is 94.8 kJ/mol above the minimum observe that the mean square displacement of water in solid-
energy, and for clusters with Clat —510.5 kJ/mol, or 101.9 like F~(H20)11 and CI(H20)11 clusters is not changing with
kJ/mol above its energy minimum. The curves of the root mean time, indicating little diffusion. The diffusion gets increasingly
square bond length fluctuations for oxygesxygen and oxygen larger at higher energies. For the highest energy simulated, the
ion parallel each other for both™Fand CI, and in both cases  diffusion coefficient of water was 2.02 107° cm?/s in both
doo is greater thamo-ion, indicating that more of the motion  CI~(H»0)11 (at 230 K) and F(H2O)11 (at 239 K). (Compare
is coming from the waters. this with the diffusion coefficient of liquid water under the same

Caloric curves were drawn for both watdon clusters model at 300 K, which is 3.1x 1075 cn?/s}* The same
(Figures 4b and 5b). They show the change in temperature withdiffusion coefficient for both ior-water clusters supports the
total energy. For the cluster with"Fa break in the caloric  idea that their behavior in the liquid-like region is similar and
curve occurs at-632.6 kJ/mol and for the cluster with Cht ion-independent.
—510.5 kJ/mol, which indicates the beginning of the solid-liquid To test the dependence of melting on the starting configu-
coexistence region. Note that these are exactly the sameration for the heating procedure, we selected anoth@i§0);,
energies wheréoo experiences a large change. The curves cluster with a local minimum-686.4 kJ/mol, see Figure 7 for
then level out again once they reach the liquid-like region. this cluster’s structure) occurring often among the quenched
Taking the energies where the coexistence region begins andstructures and heated it. (Hereafter this cluster is referred to as
ends from the root mean square bond length fluctuation curve F2; the one heated from the lowest minimum energy, as F1.)
and finding the corresponding temperatures from the caloric The root mean square bond length fluctuations (Figure 8) show
curve give the temperature range over which melting occurs. an immediate increase after666.1 kJ/mol or 57 K, which is
The range of melting in Fwas 156-180 K, while for CI it is at a much lower temperature than in the F1 case. At 100 K,
157-187 K. Such a similar range of melting suggests that the F2 would be in the coexistence region, while the F1 cluster
ion’s role is small and that the watewater interactions are  would still be solid-like. The caloric curve for F2 is shown in
determining when and how the cluster melts. Figure 9 with squares along with the caloric curves for the other

The third panel in these figures shows the change in two systems which were previously discussed and the caloric
coordination number with change in energy for each cluster. In curve for the pure water cluster discussed below. This curve
Figures 4c and 5c the curves display a break in the transition shows that the temperature range (which is- 587 K) as well
region, and this break occurs at energies similar to those in as the energy range of coexistence for F2 is greater in magnitude
Figures 4a,b and 5a,b. Coordination numbers will be further than in the F1 cluster. In the liquid-like region the F1 and F2
discussed below. curves merge into one.

Another criterion which characterizes melting is the change  To compare the melting behavior of the clusters with an ion
in the behavior of the mean square displacement curves. Figurepresent to a cluster with no ion present, a simulation was done
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Figure 5. (@) Root mean square bond length uctuatons, (5 caloric P94 € Mean suae deplacement unves at four energes uhere
curve, and (c) coordination numbers for G#0)q:. the minimum energy. The curve represented by the solid line is in the

. . . solid-like region, the middle two are in the coexistence region, and the
on an (HO)1» cluster. The starting configuration was the one long dashed line is in the liquid-like region: (a) (-0} (b)
given in ref 12 as the lowest minimum energy dodecamer, which c|-(H,0),,.
is a double cube. This configuration was artificially made.
Farantos et al also prepared this minimum energy structure
and never found it through quenching from a hot water cluster, ﬂh é
although other cubic forms of the dodecamer were found to be
minima. Starting from the minimum energy configuration, a
heating run was performed using the same protocol as for the #
ion—water clusters. The root mean square bond length fluctua-
tions are plotted in Figure 10. A large increasediso after é
—381.9 kJ/mol clearly indicates the beginning of the coexistence b
region, which ends at-335.6 kJ/mol. The caloric curve
corresponding to this dodecamer shown in Figure 9 as diamonds —@ \0
also indicates that melting occurs in this region, but the break
in the curve is not nearly as distinct as it is in Figure 10. In
Figure 9, the data points of total energy which bracket the p
coexistence region correspond to a temperature range i1l
K. This range includes the transition temperature reported
earlier in ref 12 of 170 K. Figure 7. Geometry of a selected higher energy minimum of

The slopes of the first portion of the caloric curves for F1, F (H20)u (F2).

CI=(H20)11, and (HO)12 all have a similar value (approximately o _ _
1.8 K/(kJ/mol)). This indicates that the behavior of these be evaluated quantitatively in several ways. One way is to

clusters in the solid phase is very similar, which is expected calculate the angular distribution function, the plot of which is
considering their similar geometry. In the liquid-like region presented in Figure 11 for F1 and @H20).;1. The angular
the caloric curves of the three clusters have slopes of 1.03, 0.84 distribution function represents a distribution of the cosine of
and 1.14 K/(kJ/mol), which correspond to heat capacities of the angle between the vector connecting the oxygen atoms of
81, 99, and 73 J/(mol K), respectively. (Note that liquid water's the neighboring water molecules to the ion and the vector from
experimental heat capacity at 298 K is 75.3 J/(mol K).) The the ion to the center of mass of the whole cluster. Therefore,
similarity in the heat capacities of the three clusters is another the flatness of the curve indicates the degree to which the ion
indication that the behavior of the clusters is mostly determined is surrounded by waters; a curve with zero slope would thus be
by water. evidence of full ion solvation. At low energies for F1 and
3.3. Solvation and Hydrogen-Bonding Network. The Cl~(H20)11 clusters the graph shows two distinct peaks which
difference in the degree of solvation at different energies can merge into one continuous distribution at higher energies. In

A
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the liquid-like regime the curve of F1 is flatter than that of

Cl~(H20)11, indicating a higher degree of ion solvation.
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Figure 11. (a) Angular distribution functions for F1 at the same four
energies as in Figure 6. (b) Same as (a) but for(l€40)11.

cube and moves in as the waters surround it on one side, but
on the average it remains 1 A further from the center of mass
than F does.

Coordination numbers provide another way of characterizing
solvation before and after melting. They were calculated by
counting the average number of waters around the ion up to
the first minimum of the radial distribution function at each
energy. The coordination number of Ein F1, see Figure 4c),
initially at 4, fluctuates in the transition region and then reaches
a value greater than 5 after melting. Low coordination numbers
in the coexistence region indicate that the cluster is trapped in
a solid-like configuration. The coordination number for Cl
(Figure 5c) starts at 3 and ends up at 4.5, with little fluctuation
as it is heated. It is hard to discriminate structural properties
by looking at coordination numbers alone, especially in the
transition region, where the clusters can reside in a solid-like
or a liquid-like region of phase space for a while and, in addition,
the sheer number cannot describe the placement of the waters
around the ion.

To connect melting to structural changes, it is instructive to
analyze the hydrogen-bonding patterns shown in Figures 13,
14, and 15. Hydrogen bonds were counted if they met two
criteria: first, that the distance between the hydrogen and the
neighboring water oxygen is less than 2.5 A and, second, that
the OH--O angle is greater than 120wnhere the first O is the
covalently bonded oxygen and the second is a neighboring
oxygen. From these figures we observe that up to and after
the transition region the hydrogen-bonding pattern is monotonic,

That the F ion in the F1 cluster becomes more solvated than while in the transition region, the pattern is random. In the
CI~ upon heating can also be seen in the plots of the distributions liquid-like region, compare the hydrogen bonds of the first shell
of the distances from the ion to the center of mass of the clusterof waters around the fluoride ion (in the F1 cluster shown in

(Figure 12). In the minimum energy structure the iBn is

Figure 13a) to those in the same shell in the chloridater

about 2.1 A from the center of mass and gradually moves closercluster (Figure 14a). For both clusters, most of the hydrogen

to the center of mass upon heating.~ Gtarts off further away

bonding can be accounted for by the number of one and two

(3.6 A) from the center of mass, as it is in the corner of the hydrogen bonds per water molecule, but in the case of the cluster
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Figure 15. Hydrogen-bonding patterns for the F2 cluster: (a) first
shell; (b) second shell.

percentage of zero, one, two, three, and four hydrogen bonds per watelion, whereas in the C[H,0)1; case, they are more hydrogen
molecule: (a) first shell; (b) second shell.

bonded to each other. In the second shell (Figures 13b and

with F~, the percentage of one hydrogen bond is greater than 14b) there is not much difference in these two clusters: the

that of two; however, in the cluster with Clit is just the

percentage of one or two hydrogen bonds increases and that of

opposite. This indicates that waters in the F1 case have athree and four decreases in much the sme way for both clusters
slightly more disrupted hydrogen-bonded network next to the as the energy increases. The similar hydrogen-bonding pattern
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