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The aqueous solvation of sodium chloride has been investigated using the recently introduced
technique of the transition path sampling. We performed a series of Monte Carlo simulations
for each element of an ensemble of chains of states. The evolution of the local solvent structure
during the dissociation process has been observed. The incoming of a couple of waters to the
first coordination shell is responsible for the structural changes which allow the dissociation
occur: waters which leave the second coordination shell produce voids and a local molecular
reorganization in order to allocate the dissociated ion pair.

Keywords: Monte Carlo simulation; Transition path sampling; Ionic solvation; Local molecular
structure

1. INTRODUCTION

The study of rare events in chemical systems has become the subject of many
theoretical works along the last decades. Rare events play a central role in a
variety of fields like chemical kinetics, diffusion in solids or in the electrical
transport theory, to mention a few examples. We can define a rare event as a
phenomenon which takes place in a time scale much longer than the typical
time associated to the microscopic dynamics of the system. The char-
acterization of rare events is deeply concerned with the location of the
transition states (TS) of the system [1]. In a chemical reaction the system
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evolves in time from one stable state to another, visiting one or more TS
which can be observed as saddle points located on a rugged potential energy
surface. We can sketch the process employing only two spatial coordinates,
as it is shown in Figure 1. We can observe how the system evolves from the
stable state A to the stable state B through configurational space. During
evolution, it crosses the TS. The reader should note that to perform such a
transition, the time spent by the system is, in general, much longer than the
typical time employed by a single molecule to interact with its molecular
neighbors and move around them. Thermal fluctuations (of order kT ) will,
in general, spread the set of TS. It is very important to point out that the

Potential energy surface

Reactive pathways

Transition states

Stable states

FIGURE 1 Transition paths between two stable states (A4, B). The pathways cross the
transition states regions located on the potential energy surface.
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number of TS visited by the system can be astonishingly large because that
number grows exponentially with the dimensionality of the system. The
theoretical study of TS is often concerned with calculations involving the
location of saddle points on the potential energy surface, as shown in
pioneering works by Mclver and Komornicki, Cerjan and Miller and others
[2, 3]. However, the main drawback of most of the standard methodologies
is the use of hypotheses about the exact location of TS. Consequently, a
method which does not require a priori information about the location of TS
is very helpful. An idea pointing to this direction was the use of chains of
states between stable regions, as proposed by Pratt [4]. Some researchers
have explored this perspective for low dimensional systems in several
approximations 5, 6]. A method also based on the suggestions of Pratt is the
so-called transition path sampling, which has been recently developed [7, 8]
in the Newtonian and stochastic versions. The method works by means of
the construction of a set of transition pathways, which are reactive paths
crossing the TS regions in a high dimensional configuration space, in the
fashion of Figure 1. Since these paths are associated with a given dynamical
process, they will cross the TS region by construction.

Let us apply this technique to a real chemical reaction. We have con-
sidered the aqueous dissociation of sodium chloride. The traditional
approach to dissociation processes employs the interionic distance, rion =
[rci- — rna+| In our case, as the relevant reaction coordinate [9—11]. In this
scenario, TS are configurations of the system located on top of the barrier in
the potential of mean force, given by the distance rion = ri,. Nevertheless,
that choice of the reaction coordinate leads to a very low value of the
transmission coefficient [9]. In this paper, we will assume that the interionic
distance is our order parameter, i.e. it can serve to distinguish between
dissociated and associated configurations in equilibrium. Since this
particular order parameter is a poor reaction coordinate and it is only
concerned with the solute, we will assume that additional degrees of freedom
associated with the solvent will play a relevant role in the dissociation
reaction. Several recent works [12—14] have concluded that there is a
solvent-related barrier in addition to the ionic potential of mean force. It has
been shown that the most important contributions to that barrier are due to
nearest neighbor waters to the ion pair. In this paper, we will observe the
dynamical evolution of the local structure (up to the second coordination
shell) for the system evolving from the associated to the dissociated state
paying special attention to the configurations corresponding to the TS of the
system.
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The computational tool employed has been a stochastic version of the
transition path sampling method. We have performed a series of Metropolis
Monte Carlo (MC) simulations associated with different time slices. The
method works by constructing an ensemble of transition pathways linking
two stable states, i.e. those corresponding to the associated and dissociated
ion pair. The sampling algorithm to evolve the reactive paths was previously
introduced [7]. Once the series of simulations are equilibrated we have
located the TS of the system. In previous works, the energetics [13] and the
dipole—dipole interactions [14] have been analyzed. Here we focus our
attention on the local structure of the solvation process, which has been
studied through the calculation of the ion—water partial radial distribution
functions, the running coordination numbers and the averaged water
populations in the first and second ionic coordination shells.

2. SIMULATION DETAILS

We performed MC simulations of one sodium chloride and N =56 water
molecules at the room conditions of T=298K and p=1.01g/cm?
(0.0325A 73, 1 molal solution) in the NVT ensemble. The waters were
modeled with the SPC intermolecular model of Berendsen er al. [15],
interionic forces were represented with the Huggins-Mayer potential [16]
and the ion-water interactions were modeled by Lennard-Jones plus
Coulombic terms. We used the same potential parameters employed by
Pettitt and Rossky [17] to model interionic and ion—water forces. The
system was placed in a cubic box of length / =12.062A and periodic
boundary conditions have been applied. The ionic pair was initially placed
along the main diagonal of the box, in order to reduce finite-size effects. In
addition, since we will essentially analyze solvation effects on the local ion
pair structure, the small sample we are using will not produce important
distortions on the correlation functions involved in our study.

Coulombic interactions have been treated using the Ewald summation
procedure [18). We have simulated an ion pair carrying a large dipole
moment in molecular water. This fact could produce artificial effects in the
simulations and the computed results. Nevertheless, it is important to note
that the total charge of the system is zero. As a matter of fact, it has been
observed that thermodynamic and structural properties obtained with the
Ewald sum rule are totally equivalent to the corresponding results obtained
with the reaction field technique, for SM solutions of NaCl in water and for
systems of 250 molecules [19]. Furthermore, detailed calculations of the



18: 51 14 January 2011

Downl oaded At:

TRANSITION PATH SAMPLING 173

ionic-solvation free energies in aqueous NaCl solutions [20] have shown that
Ewald summations produce results basically system-size independent for
samples of more than 16 water molecules. For those reasons, we will assume
the Ewald method is acceptable for our reduced size system.

3. TRANSITION PATH SAMPLING OUTLINE

In order to apply the transition path sampling procedure, we need to define
a pair of stable regions located in the configurational space of the system,
namely the reactant (state of associated ions) and product (state of
dissociated ions) regions (4 and B of Fig. 1). We have located those stable
regions from the information given by the potential of mean force between
the two ions in water, which is defined by

AW (Fion) = W(Fion + 6Fion) — W (Fion)
= —% log (exp{~BAE(rion)}), (1)
where
AE(rion) = E(Fion + 6Fion) — E(Fion)- (2)

Here 8= 1/kpT and érioq is a random trial displacement of the coordinate
Tion- We have computed W(r,,,) using the perturbative method introduced in
Ref. [21]. The calculated potential of mean force W(rion) is displayed in
Figure 2. A dissociation barrier of 2.75kT is observed around r,, = 3.8A
between two minima located at 2.95 and 4.95A. This features are in
agreement with other simulation results [22—-27]. In summary, we define our
reactant region as those configurations which satisfy rio, < 2.95A and our
product region as those configurations with r;,, > 4.95 A.

A transition path is assigned to each single particle of the system (atoms
and ions). We must keep in mind that only the paths of the two ions are
forced to start in the associated state and end up in the dissociated state. The
solvating water molecules are not subjected to those constraints. The MC
sampling of transition pathways is performed with a path action Srg, ..., 7]
which weights the set of paths:

exp{—Slro, ..., ri]} = e_ﬁE(rO)hA [Fion(T = 0)]

L-1
< (TIrlrr = reel Jalrintr =201 (3

=0
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FIGURE 2 Potential of mean force W(ri,,) between sodium and chlorine in water. The
cumulative error is 0.05 kzT.

Here 7 is the time label (r=0,..., L=150), r, is a point in configurational
space, p[r,— r,,1] is the conditional probability of an atom to visit the
configuration r, ;| provided it was in r, in time 7 and E(r,) is the potential
energy of the configuration r.. Each time label is called a time slice and the
time interval A7 between two consecutive time slices is defined as 1. The
number of time slices L has been chosen according the following rule: it is
the value which allows a realistic simulation length with the lowest
computational cost. This cost is approximately proportional to L. In our
case, it has been found (see discussion in Ref. [13}]) that the time length of
our MC simulations is longer than 1 ps, which is sufficient to monitor the
sodium chloride dissociation. The boundaries for the ion pair are given by
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halrion(T =0)] and Aglrion(T = L)]:

1, rion <295A
h rion T = 0 — 9 on =
lrion( ) { 0, otherwise.
1, Fion>4.95A

hB[rion(T = L)] = { (4)

0, otherwise.

The transition probability p[r,—r,,,] is a normalized Markovian
probability which conserves the Boltzmann distribution and satisfies
detailed balance. In this work, we employed:

plrr = 1) =w(r, = 1) +6(r, — ¥)0(ry), (5)

where the transition probability for an accepted MC trial w(r, — r/.) and the
rejection probability Q(r,) are, respectively:

W(rT -— r:_) = n(rTa r:_) min [l,e_ﬁ(E(/ﬂ')_E(rT))]

o) =1~ [ ariwir, — 1. (6)

The functions 7(r,,r,) have been chosen as products of Gaussians with
variances or=0.25A (translations) and oz=0.35 rad (rotations). We
sampled the action (3) with the so-called shooting algorithm (see Ref. [8]).
The shooting algorithm works by randomly picking a time slice along the
transition path and re-growing the entire path forward and backward in
time. The acceptance probability of a shooting trial is equal to the
characteristic function (4) of the target boundary, i.e. every trial which
satisfies the boundary constraint is accepted:

PRI (1o, s s Thyyy oo 7L) = hlrlon(r = L)),
P:gcc}(ward(r& e vrfr—l’rﬂ cey L) = hA[r;on(T = 0)]. (7

The tools described above allowed us the preparation of an ensemble of
transition paths. The second part of the method concerns the location of TS
which will correspond, in the framework of the theory, to maxima of the
transition paths. We need a method useful to identify the extremal points of
each transition pathway. Once TS are located, we will generate a set of
realizations of the TS, which we call the TS ensemble [28]. To calculate the
TS ensemble we use an equal probability criterion: a configuration r, is a TS
of the system if trial trajectories of length L starting at r, have an equal
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probability of 0.5 to reach both endpoints [29]. Trial trajectories are
generated at random starting at r, by means of the shooting algorithm. In
practice we employ 50 trials for each time slice and count the number of
successful trajectories started at r, which end up in each stable state. This is
a very expensive calculation since we need to construct auxiliary trajectories
for each of the L time slices of a path. Therefore, when the number of
auxiliary paths ending at each stable region is approximately equal, the
configuration r, is considered a member of the TS ensemble. Finally, the
transition pathways need to be relabeled in order to match the TS at
the same time slice for each path: we assign 7 =0 to the TS. This solves the
alignment problem caused by the realization of the TS at different time slices
for each path. The number of time slices for each path is now lower than L:
only those labels common to all reactive paths survive [13, 14].

4. DISCUSSION

An equilibration run of 12000 MC passes for each time slice has been
performed prior to collecting significant data. We have harvested and
located the corresponding TS of 350 paths. The acceptance rate for
transition paths was 11%.

To observe the evolution of the local solvent structure around the ion pair
we display a set of three selected snapshots [30] in Figures 3 (associated
ions), 4 (transition state) and 5 (dissociated ions). We can note that the ion
pair suffers significant changes during dissociation, as well as both the first
and second ionic coordination shells. The first coordination shells are
defined as spheres centered at the ionic positions and of radius Ry,+ =
3.25A and Re- = 4A. The second coordination shells have been defined as
spherical layers of internal radius of 3.25 A for sodium and 4 A for chlorine
and external radius of 5A for sodium and 5.5A for chlorine.

The ion pair is separated apart by solvating waters during dissociation. In
the associated state, first coordination shell waters are observed to be close to
the solute, whereas they slightly spread their positions in the TS and dis-
sociated configurations. The most significant feature is the incoming two
waters (in average) which take a place in between the ion pair and stablish
themselves as a “bridge’” between the two ions in the TS configuration.
Similar graphical information was already reported from molecular dynamics
calculations [24]. We will address again this point when discussing ionic
coordination numbers. These waters will clearly come from the second
coordination shell. Concerning the second shell, we note an increase of its
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FIGURE 3 Snapshot of a typical configuration in the state of associated ions. Sodium is
depicted in red, chlorine in green, oxygens and hydrogens of the first coordination shell are
depicted in blue and orange, respectively. Oxygens and hydrogens of the second coordination
shell are depicted in iceblue and yellow, respectively. (See Color Plate I).

population during the dissociation process. The spatial distribution of second
shell waters tends to create voids to allocate the ion pair, as we will show
below.

The partial ion—-oxygen and ion—hydrogen radial distribution functions
g(r) are given by

s =¥ "0 ®

where V=P and n(r) is the number of waters inside a spherical layer of
thickness Ar and radius r centered at the ion. We show gona(r) and goci(r)
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FIGURE 4 Snapshot of a typical configuration of the TS ensemble. Colors are the same as
used in Figure 3. (See Color Plate II).

in Figure 6 and ggna(r) and ggci(r) in Figure 7. We report a comparison
between the dissociated state and the TS. The first peak of all radial
distribution functions is basically equivalent for the two types of
configurations. Relevant differences appear in the maxima due to the
second ionic coordination shells: we note in all cases a shift to higher values
of the bands corresponding to TS configurations when comparing with
configurations of the state with dissociated ions. This effect is especially
clear in the sodium case. We can explain those features in the following way:
the first coordination shells are strongly related to typical ion-—water
distances produced by direct interactions, i.e. the first shell peaks are located
at the positions determined by the sizes of water and ions (Lennard-Jones)
as well as by the electrostatic (Coulomb) forces. Conversely, the second shell
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4

FIGURE 5 Snapshot of a typical configuration in the state of dissociated ions. Colors are the
same as used in Figures 3 and 4. (See Color Plate III).

has to deal with water —water interactions and with the dissociation process
which is happening inside. The bigger size associated to the second
coordination shell in the TS ensemble indicates that waters are creating a
free space to allocate the ion pair after dissociation. Later on, the water—ion
distance is reduced again in the state of dissociated ions.

Once the radial distributions functions have been obtained, we have
computed the corresponding averaged coordination numbers n(r):

n(r) = 4mp /Or dr'r*g(r). 9)

The results for the oxygen —sodium and hydrogen—chlorine coordination
numbers are displayed in Figure 8. We have only reported those two
functions because they correspond to the g(r) which have a good
asymptotical behavior. The reader should note that, because of the small
size of our simulation box, we can report the g(r) only until a distance of
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FIGURE 6 Radial oxygen—ion distribution functions: comparison between configurations
corresponding to the TS ensemble (full line) and to the state of dissociated ions (dashed line).

r=6A. We must point out that nyc(r) has been computed as the mean
number of waters (instead of hydrogens) in the first chlorine sheil. We report
again a comparison between the dissociated state and the ensemble of
configurations at the TS of the system. In order to complete this partial
results, we have counted and averaged the populations of oxygens
corresponding to first and second ionic coordination shells for TS and
stable states. The results and experimental data available are reported in
Table I. To compare these results with the snapshots displayed in Figures
3-5, we should remember that the coordination shells of each ion are
defined to have some common volume and consequently, a few waters can
pertain simultaneously to both sodium and chlorine shells.
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FIGURE 7 Radial hydrogen-ion distribution functions using same symbols as in Figure 6.

The shape of the partial nona(r) for TS and the state with dissociated ions
is remarkably different, whereas there is a greater similarity for the nyc(r).
Essentially, the number of neighboring waters for each of the two ions after
dissociation is larger than in the TS ensemble. Those results are confirmed
by the data of Table I. The increase of n(r) for sodium during the
dissociation process is about two waters, whereas the population of the
chlorine first shell grows (in average) in one water unit during dissociation.
We note that the solvation of the ion pair is basically due to a few additional
waters which are provided by the second coordination shell. There is good
agreement between our results and experimental data available [31,32]
measured from neutron diffraction and X-ray scattering measurements. The
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FIGURE 8 Running coordination numbers non,(r) and nycy(r). TS ensemble (full line) and
the dissociated ions (dashed line).

TABLE I Coordination numbers and water populations for TS and the stable
states. The error estimate is about 0.3 for all the simulated values

naro(r) ner-o(r)
First shell Second shell First shell Second shell
Associated 43 5.2 6.3 13.4
TS 5.7 6.8 7.0 14.2
Dissociated 6.1 8.9 7.6 14.4
Experimental 4-6[31] — 6.4+ 0.3 [32] -

populations of the second coordination shells are basically stable for
chlorine whereas we observe an increase of two waters in the sodium shell
during dissociation.
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5. CONCLUDING REMARKS

The transition path sampling methodology has been applied in a stochastic
version to the study of the dynamics of the local structure in the dissociation
of sodium chloride in water. We have used the potential of mean force
W(rion) to locate the two stable regions (reactants and products of the
reaction) linked by transition paths, composed by a finite number of time
slices. We have generated an equilibrated ensemble of reactive pathways by
means of the path action and of the shooting algorithm. The location of the
TS has been done using an equal probability criterion: a time slice is a
member of the TS ensemble if the probability of ending up by shooting on
each of the stable states is approximately 0.5.

We analyzed the structural features of the Na-Cl dissociation paying
attention to the ion—water radial distribution functions, to the correspond-
ing coordination numbers as well as to the first and second ionic shell
water populations (Tab. I). First, we observed the computed water popula-
tions in the first ionic shells are in good agreement with experimental data.
Secondly, it has been noted the addition of two waters (on average) to the
sodium first shell and of one water to the chlorine first shell along the dis-
sociation process. Finally, the partial radial distribution functions show
that ionic second solvation shells are slightly displaced to larger values in
the TS ensemble which indicates that, in order to provide the room for the
ion pair after dissociation waters in the second shell produce temporal voids.
We conclude that the reorganization of the solvent by means of the two
processes described above is the main responsible for the sodium-chloride
dissociation.
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