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Abstract A series of results from computer simulations of
sodium chloride ionic solutions at both supercritical and ambi-
ent conditions are presented. We considered infinite dilute
and finite concentration solutions (m = 1, 2, 4 mol kg’l) at
variable densities. Structure of water around ionic species is
carefully analyzed. Special attention is devoted to the effects
of ion pairing and clustering. Running coordination numbers
and residence times of water molecules are also reported.

Keywords Electrolyte solutions - Finite concentrations -
Supercritical water - Molecular dynamics simulations

1 Introduction

The study of electrolytes in aqueous solution is a central topic
in a variety of fields, since ionic solutions in water are ubiqui-
tous in nature and play a central role in industrial and environ-
mental processes. As a few examples, the reader should mind
the electrode processes [1], metal corrosion [2], oxidation of
chemical and biochemical wastes [3] or microbiology [4].
From the experimental side, diverse techniques have been
applied to gain knowledge of the underlying microscopic
mechanisms of ion solvation and to understand the structure
and dynamics of electrolyte solutions: electric field [5], calo-
rimetry [6], conductimetric [7], infrared, Raman [8—10] and
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X-ray absorption spectroscopy measurements [11-13], neu-
tron diffraction with isotopic substitution [14—16] and, more
recently, non-linear femtosecond spectroscopy [17]. On the
theoretical side, integral equation studies have been particu-
larly important in the description of electrolyte solutions [ 18—
20]. Studies of mean force potentials at infinite dilution [21]
revealed the existence of several classes of ion pairing. So,
together with the alkali—halide ion pair, the existence of ionic
pairs of the same sign was revealed. The use of numerical cal-
culations based on computer simulations have added lots of
information. Most studies are performed at infinite dilution,
at room [22-25], high temperature [26-28] or at supercriti-
cal states [29-33]. Other works are devoted to concentrated
electrolyte solutions at ambient conditions [34-39] but, to
our knowledge, few studies have been reported concerning
supercritical aqueous ionic solutions at finite concentrations
[40—44].

In particular, solute speciation in supercritical aqueous
electrolyte solutions is relevant for diverse industrial and nat-
ural processes, such as corrosion of metals, solvent extrac-
tion or crystal growth. The presence of ionic species produces
important modifications in both the structure and dynamics
of water, mainly attributed to changes in the hydrogen bond
(HB) network. When turning to supercritical conditions, wa-
ter density may be experimentally controlled by pressure
and temperature changes, varying the microscopic ambient
in between liquid and gas-like environments. This produces,
for instance, a remarkable reduction of the dielectric con-
stant, which is reduced to only ~6 in a typical supercritical
regime. The microscopical cause of this changes is again the
dynamical variation of the HB network. This is connected
with the ability of supercritical water (SW) to dissolve non-
polar organic reactives and also explains the existence of sep-
arated contact ion pairs in low-density ambients. SW plays
an important role in the oxidation of organic compounds,
or as process water in some power generating complexes,
to mention a few examples [45]. The main objective of this
work is the study of ion solvation in aqueous electrolyte solu-
tions at finite concentration in SW environments at several
densities.
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2 Computational details

Molecular dynamics (MD) simulations of NatCl™ in wa-
ter at ambient (T = 298K, p = 1 gcm_3) and supercrit-
ical conditions have been carried out in order to study the
influence of ionic concentration and water density on micro-
scopic structure and dynamics. Supercritical states along the
T = 650K isotherm and very different densities have been
considered. Ionic solutions at three concentrations (m =
1,2, 4 mol kg_]) have been simulated and the results com-
pared with those from MD simulations of single ions (Na™
or C17) in water (m ~ 0), which is a good approach to the
infinite dilution conditions. The densities of the simulated
systems have been obtained among the experimental data
collected from Ref. [46] at room temperature and from Ref.
[47] for the supercritical states. The values corresponding to
m = 4 mol kg~ ! have been fitted from the density differences
with single polynomial functions. The experimental densities
of the whole system (water+ions) as a function of the concen-
tration are displayed in Fig. 1 and the numerical values used
in the MD simulations systems are summarized in Table 1.
States A, B, C and D correspond to the four isobaric lines
plotted in Fig. 1.

The SPC/Erigid model has been assumed to model water—
water interactions [48]. The molecular dipole moment of
SPC/E water is © = 2.35 D and its critical point [49] is
located at T, = 640K, p. = 0.29¢g cm ™3, P, = 160 bar.
This point is very close to the experimental critical g)oint of
water, that is, 7, = 647.13K, p. = 0.322gcm™, P, =
220.55 bar. The reliability of this model to accurately repro-
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Fig. 1 Experimental densities of ionic solutions at ambient and super-
critical conditions as a function of the concentration. Data taken from
Refs. [46,47]

duce structural and dynamic properties of liquid water in a
wide range of thermodynamic conditions has been previously
established [50-52]. In particular, the calculated thermody-
namic pressures have been observed to be in very good agree-
ment with experimental values [52]. Ion-water forces have
been modeled by means of Coulombic and 6—12 Lennard—
Jones interaction potentials, the latter with the € and o param-
eters reported in Ref. [53]. These same parameters were also
employed by several groups [31-33,54-56] to perform MD
studies of ion-water solutions at room and high temperature
conditions. With the same potential models, Brodholt [41]
obtained values of the density very close to the experimental
data for Na*Cl™~ in water at different temperatures and pres-
sures close to the range analyzed in the present work. This
gives an indication of the validity of the ion-water forces
employed in this work to model supercritical ambients.

We employed a time step of 1fs in all simulation runs.
The length of equilibration runs was larger than 100 ps and
simulation runs of more than 250 ps were employed to collect
statistically meaningful properties. The simulated systems at
finite concentration were composed of 864 water molecules
plus several ion pairs (16, 32, 64 for the concentrations of
m = 1,2,4molkg™!, respectively) placed in a cubic box,
with box lengths appropriately chosen for each density con-
sidered. In the case of the infinite dilute solutions (m ~ 0)
the systems were made up by a single ion and 256 water
molecules.

In all simulations, periodic boundary conditions were as-
sumed. Short-ranged forces were truncated at half the box
length and the Ewald summation method with conducting
boundary conditions was applied to account for long-range
Coulomb interactions. Further, a Berendsen thermostat [57]
was coupled to the system in order to maintain the tempera-
tures under control.

3 Structure: radial distribution functions and
coordination numbers

Looking at Fig. 1, it is remarkable to observe the large den-
sity variations with concentration for the supercritical states
(upto factor 4 at the lowest density, state D), whereas the
changes at ambient conditions are lower (only upto 15%).
The large density changes for SW states would be related
to water rearrangements due to the presence of ionic spe-
cies. The overall structure at supercritical conditions can be
roughly visualized with the help of Figs. 2 and 3. There we ob-
serve two typical snapshots (using orthographic projection)
corresponding to extremal conditions, that is, the first one for
the low density state D at low concentration m = 1 mol kg ™!
(Fig. 2) and the second one for the high density state B at
high concentration m = 4 molkg ™! (Fig. 3). A gross feature
to be noted is the form of aggregation of the ionic species. In
the low-density/low-concentration case, ionic species tend to
aggregate in clusters formed by a few ions (say typically 3—6
units), whereas in the case of high-density/high-concentra-
tion we can say that ions are homogeneously distributed and
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Table 1 Thermodynamic conditions of simulated states and structural properties: radii of the first solvation shells and ion-oxygen coordination

numbers

State T (K) p(gem™3) m(molkg™"!) Ryato(A) nNgt o Rep-o(A) ner-o

A 298 1.000 0 3.2 6.0 3.8 7.0
1.035 1 32 5.8 3.9 7.3
1.070 2 3.2 5.6 3.9 7.3
1.135 4 3.2 5.1 3.9 7.1

B 650 0.500 0 35 5.5 4.5 8.0
0.620 1 3.5 4.5 4.5 8.1
0.695 2 3.5 43 4.7 9.2
0.795 4 3.4 3.7 4.9 10.2

C 650 0.300 0 3.5 5.5 4.5 7.5
0.440 1 3.5 4.0 5.0 10.0
0.515 2 3.5 3.7 5.5 12.7
0.625 4 3.4 33 5.7 13.4

D 650 0.100 0 3.5 5.0 4.6 7.0
0.277 1 3.5 3.6 5.5 12.1
0.355 2 3.4 33 5.7 13.5
0.460 4 3.4 3.2 5.7 13.5

Fig. 2 Snapshot of a typical configuration for state D and m =
1 mol kg~!. Oxygens (red), hydrogens (white), sodium (blue), chloride
(green)

no neatly distinguishable clustering is observed. This “clus-
tering” effect was also observed by Brodholt [41]. Changes
in the structure of the simulated systems will be analyzed
in detail from radial distribution functions and coordination
numbers.

A setofradial distribution functions g4 (r) can be defined
between a givenion I (Ion = Na™, C17) and species «, where
« is either I or O (Oxygen). The g1, (r) functions, which pro-
vide a measure of the probability to find a particle o around
an ion [ at the distance r, have been calculated according to
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Fig. 3 Snapshot of a typical configuration for state B and m =
4mol kg~!. Colors as in Fig. 2

where V = L3, L is the box length and Anjy(r) stand for
the number of « particles inside a spherical layer of thickness
Ar and radius r centered at I.

3.1 Ion-water

In Fig. 4, we show gN,+0o () and gq-o (r) at different states.
At ambient conditions the structure of water around ions has
two well-defined hydration shells (three in the case of chlo-
ride) and does not show remarkable changes with concen-
tration. On the contrary, at SW conditions the existence of
a second hydration shell is not so clear and ion-water struc-
ture is markedly dependent on concentration. As a general
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Fig. 4 Ion-oxygen radial distribution functions for states A, B, C and D and different concentrations

trend, the increase in concentration produces a loss of struc-
ture. These findings can be attributed to the rather scarce
number of water molecules “available” to the ions at super-
critical states. Besides, this number tends to decrease as con-
centration increases. The gy,+o(r) and gc-o(r) functions
at SW conditions reflect a high degree of clustering that be-
comes more marked as density decreases and concentration
increases, which is consistent with the conclusions from the
visual inspection of Figs. 2 and 3. The high first maxima of
g(r) for infinite dilute systems should be emphasized, spe-
cially at low density, which may be attributed to the relatively
high proportion of water molecules around the ion. Moreover,
in these dilute solutions we can observe a second minimum
since there are enough water molecules for a second hydra-
tion shell.

Results in Fig. 4 and Table 1 show that the first min-
ima for SW states are well resolved for Na* (nearly con-
stant radii Ry,+o = 3.4-3.5 A) but poorly defined for CI~
(Rcy-o between 3.9 and 5.7 A). This should be attributed to
differences in the relative orientation between the ion and
surrounding water molecules. For Na™ the oxygen is close to
the ion at a fixed distance whereas different relative positions
are possible between a C1™ ion and the close hydrogen atoms
of water.

The average number of water molecules in the first sol-
vation shell (coordination numbers, njp) were obtained by
integrating Anjyy (r) upto the radius of the shell (Rp), given
by the first minimum of gy, (7). The results for njp and Ry are
presented in Table 1. The ny,+g values decrease as concen-
tration rises and the number of ions to share the actual water
molecules becomes higher. Changes with concentration tend
to be more marked as density decreases. These findings are
consistent with the discussion from the radial distribution
functions. The presence of more chloride ions, which tend
to approach the sodium ions and occupy some place initially
assigned to water molecules favors the decrease of njp with
concentration. The results for the chloride ion at SW condi-
tions are very different since the n- values increase as con-
centration rises and density decreases. This behavior should
be attributed to the variety of the radii of the Cl1~ hydration
shells that unlike for Na™, show large discrepancies among
systems at different states.

3.2 Ton—ion

The radial distribution functions for Na™CI~ are presented
in Fig. 5. They show two maxima in all cases. The first peak,
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Fig. 5 Sodium chloride radial distribution functions for states A, B, C, D and different concentrations. Insets of the figures display a detail of the
regions corresponding to the second coordination shell for supercritical states

at about 1.9 A, corresponds to contact ion pair configurations
whereas the second peak, at about 5.0 A, corresponds to sol-
vent separated ion pair configurations. These findings are in
good agreement with those obtained from constrained MD
calculations of the mean force potential fora Na*CI ™ ion pair
in water [23]. The maxima of the g(r) are located at the same
positions as the minima of the mean force potential. Two
different relative orientations of water molecules between
solvent separated ions were observed from constrained MD
simulations [23].

A remarkable trend of the g(r) plots in Fig. 5 is the dis-
parity of scales: the higher first maximum for state A shows
a height of about 9 units whereas for state D the highest
first peak reaches more than 200 units. This is an indica-
tion of the great stability of ionic pairs at SW states, stabil-
ity that increases as density decreases, which is consistent
with the commented tendency to clusterization of SW solu-
tions at low densities. Although we can observe a second
g(r) maximum for all systems, the ratio height of the sec-
ond maximum/height of the first maximum shows a sharp
reduction when we move from ambient to supercritical con-
ditions. This may be associated with the need for bridging wa-
ter molecules to configurate the solvent-separated aggregates

associated with the second g(r) maximum. Moreover, this
ratio decreases as density decreases and the ratio of water
molecules and number of ions becomes smaller.

Interesting information on the ion—ion structure is pro-
vided by the running coordination numbers n(r) that were
obtained by integrating Anyy () upto variable distances r.
The Na™CI™ running coordination numbers are presented in
Fig. 6. In all cases the n(r) functions show a clear plateau
that reflects the existence of well defined contact ion pairs.
It should be noted that for SW systems the average number
of contact ion pairs for a tagged ion is in general higher than
one, which reflects the existence of ionic clusters at these
conditions. n(r) results also reveal a reinforcement of clus-
terization as density of SW systems decreases. Unlike the
manner in which g (r) functions, the coordination numbers of
n(r) increase with concentration at both ambient and super-
critical conditions. This is an expected result since the largest
amount of available ionic counterparts favor the existence of
contact ionic pairs. The coordination numbers resulting from
this study agree numerically well with those of Brodholt [41].

The radial distribution functions for the Na*Na™ pairs
are presented in Fig. 7. At ambient conditions, they show
a first maximum at about 3.8 A and a second maximum at
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Fig. 6 Sodium chloride running coordination numbers for states A, B, C, D at different concentrations

about 6.0 A. These results are in very good agreement with
the mean force potential for NatNa™ obtained from con-
strained MD simulations of a single ion pair in water by
Guardia et al. [24]. According to these findings water mol-
ecules surrounding the Na*Na™ pairs can stabilize config-
urations with two ion pairs of the same sign. In the case of
the first maximum the oxygen of water molecules serves as
a bridge between the two ions whereas the second maximum
corresponds to configurations where water molecules are uni-
formly distributed with the oxygen atoms closer to the Na™
ions than the hydrogen ones [24]. At SW conditions the g(r)
for Na*Na™ also show the first maximum at about 3.8 A. The
height of this peak becomes higher at lower densities, which
reflects a more marked tendency to clustering. Unlike at
ambient conditions the second g(r) maximum cannot be ob-
served for SW states. This may be attributed to the relatively
high number of water molecules required to stabilize these
configurations.

As with NatNat, the C1~Cl~ radial distribution func-
tions presented in Fig. 8 show the existence of C1~Cl™ con-
figurations stabilized by surrounding water molecules. For
all simulated systems we found a first g(r) peak located at
the same position (at about 5.4 A) as the minimum of the
mean force potential previously obtained from constrained
MD simulations of single ion pairs [24]. This should be attrib-

uted to configurations with bridging water molecules sym-
metrically located between the ions whose hydrogen atoms
are close to each CI~. At ambient conditions we observe a
second g(r) peak at about 8.8 A. This configuration appears
for distances longer than those analyzed in earlier mean force
calculations [24]. It should correspond to structures with wa-
ter molecules uniformly distributed between the two ions. A
very smooth reminiscent second minimum may be observed
for state B, but it is absent for other SW states where the
number of available water molecules is rather scarce. As with
NatCl~ and Na™Na™ the height of the g(r) peaks increases
as density decreases, which is consistent with a more marked
clustering at low densities and high concentrations.

The radial distribution functions between like ions do not
show a deep first minimum close to zero as that for NatCI .
Then, the first coordination shell is not well defined and the
running coordination numbers for Na™Na™ and C1~CI~ do
not show a clear plateau. This behavior of n(r) may be ob-
served in Fig. 9, where the results for state C are repre-
sented. The rest of the states reproduced qualitatively the
same trends. This should be attributed to the fact that, unlike
NatCI™ contact configurations, ionic pairs of the same sign
are stabilized through bridging water molecules and then the
range of interionic distances is wider and poorly defined. As
it could be expected, n(r) for Na™Na* and C1~CI ™ increases
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Fig. 7 Sodium-sodium radial distribution functions for states A, B, C, D and different concentrations

with concentration m because of the higher probability to find
another ion.

4 Dynamics: residence times

The residence time of water molecules in the first ionic sol-
vation shells has been evaluated by using the procedure de-
scribed in Ref. [58]. During the simulations, we computed the
function N (t), which is defined as the number of molecules
that, having initially been in a given solvation shell, remain
there after a time 7, independently whether they have been
outside for any period smaller than ¢. This function satisfies:
N(0) = njo reported in Table 1. The residence time in the
solvation shell 77 is then determined as the time integral

OoN(t)

T = m

2
0

The results for 77 are presented in Table 2. It should be noted
that the residence times for both ionic species at ambient con-
ditions are about one order of magnitude longer than those
at SW environments, which corroborates that the water mol-
ecules can leave their ionic shells more easily at higher tem-
peratures and lower densities. At supercritical conditions the

slight variations of 77 are mainly related to density changes
whereas the influence of the composition is rather weak. This
is consistent with the findings of Sherman and Collings [44]
who observed a relatively small effect of concentration on
ionic self-diffusion coefficients.

At ambient conditions, residence times of water mole-
cules located in the Na* hydration shell are clearly higher
than those located in the C1™ shell. This should be related to
the differences between the ion-water geometrical configura-
tions for the two ionic species already discussed in Sect. 3.1.
Moreover, the stability increases with concentration, which
can be a subtle effect of changes in the HB network when
water molecules are substituted by ions. When me move to
SW ambients the HB network is weaker than that at ambi-
ent conditions (see Ref. [59]) and then the influence of the
concentration becomes less marked.

5 Concluding remarks

We have presented MD simulations of Na™ and C1~ aqueous
solutions at different concentrations, from infinite dilution to
4 m. Ambient conditions and supercritical states at 650 K and
a range of densities between 0.795 and 0.1 gcm ™ selected
from fitted experimental data have been considered. We have
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Jor ()

Table 2 Residence times of water in the first ionic solvation shells

T(K)  p(gem™)  mmolkg™) 7y, +(Ps) 7o~ (pS)
298 1.000 0 25.0 14.0
1.035 1 22.5 12.0
1.070 2 24.5 13.4
1.135 4 31.0 17.0
650 0.500 0 2.7 1.6
0.620 1 2.2 1.7
0.695 2 2.2 1.9
0.795 4 2.2 2.2
650 0.300 0 2.9 1.9
0.440 1 2.2 2.0
0.515 2 2.2 2.5
0.625 4 2.2 2.7
650 0.100 0 3.8 2.6
0.277 1 2.2 2.4
0.355 2 2.2 2.6
0.460 4 2.2 2.9

studied with detail the influence of both density and con-
centration on microscopic structure and dynamics of these
systems.

Ion-water structure has been analyzed upto the second
ionic solvation shells. A clear loss of structure is seen when

o (1)

Qo

r (A)

Fig. 8 Chloride—chloride radial distribution functions for states A, B, C, D and different concentrations

moving from ambient to SW environments. The inspection of
radial distribution functions and running coordination num-
bers indicate a tendency to clustering in supercritical states.
We observed significantly different configurations for low
(Fig. 2) and high concentrations (Fig. 3). Atm = 1 molkg™!
the system is formed by “clusters” of solvated ions localized
in a given restricted region of the system but, as concentration
increases, such solvated ions tend to cover the whole space
available.

According to earlier findings at infinite dilution, contact-
and solvent-separated Na™Cl~ ion pairs have been found.
Moreover, ion pairs of the same sign stabilized by surround-
ing water molecules have also been observed at both ambient
and supercritical conditions.

Residence times of water molecules at 298 K are one or-
der of magnitude longer than those at SW ambients. However,
modifications of the HB network in SW induced by the ionic
presence do not produce relevant changes on the values of
residence times that are rather independent of concentration.
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Fig. 9 Sodium-sodium and chloride—chloride running coordination
numbers for state C at different concentrations
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