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Abstract. We describe molecular dynamics simulations of supercritical water and supercritical
aqueous solutions using simple non-polarizable models of water and a new polarizable model
for water developed by our research group. We compare the simulation results to neutron
diffraction studies where available and to experimental measurements of ion pairing in the case
of supercritical aqueous electrolyte solutions. Simulation results obtained on massively parallel
supercomputers are used to evaluate size effects in the simulations and to speed up the CPU-
time-consuming polarizability component of the simulation.

1. Introduction

For over a decade, our research group has been interested in understanding the properties of
aqueous solutions, particularly supercritical water, supercritical aqueous electrolyte solutions
and ambient pressure phase equilibria of mixed solvent electrolyte systems (systems
consisting of an electrolyte dissolved in a solvent consisting of water and another non-
electrolyte species). Our approach to these systems has been a combination of experiment
[1–3], molecular theory [4–6], and molecular simulation [7–18].

During the past two decades, supercritical fluids have generated considerable interest
because of their application as solvents in supercritical solvent extraction processes, in
supercritical fluid chromatography and as reaction media. The unique combination of the
dissolving power of a liquid combined with the transport properties of a gas and the ability
to cause large density changes with small pressure and/or temperature changes are the main
reasons for much of the interest in supercritical fluids and their mixtures. In particular,
supercritical water and supercritical aqueous solutions have been the subject of intense
scrutiny due to increasing interest in the use of supercritical water as the solvent for oxidation
of organic wastes (supercritical water oxidation). Unlike ambient water, supercritical water
is a good solvent for organic species and a poor solvent for ionic species (such as electrolytes)
and gases (such as oxygen). In the latter case, the low solubility of ionic species is related
to the high degree of ion pairing present in supercritical aqueous electrolyte solutions.

In this paper, we describe our recent work on supercritical water and supercritical
aqueous electrolyte solutions. New results on ion-pairing in supercritical aqueous electrolyte
solutions are presented.
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2. Supercritical water

An important issue in the modelling of supercritical aqueous solutions is the degree of
hydrogen bonding present. Recent neutron diffraction with isotopic substitution (NDIS)
experiments on supercritical water [19, 20] have led to the suggestion that hydrogen
bonding is absent from supercritical water at temperatures above 673 K on the basis of the
disappearance of the ‘hydrogen-bonding’ peak from the oxygen–hydrogen radial distribution
function, gOH (r), located at approximately 1.8̊A. These findings have been challenged
both by experimental [21] and by simulation studies [15, 22–24]. In particular, Chialvo
and Cummings [15] pointed out that the SPCG model, a simple modification of the non-
polarizable simple point charge (SPC) model for water [25] consisting of re-scaling the
dipole moment of the model (2.27 D) to that of the isolated water molecule (1.85 D),
predicts agOH (r) in much better agreement with NDIS data. Specifically, the SPCG model
does not exhibit the ‘hydrogen-bonding peak’ under supercritical conditions. However, even
in the absence of the ‘hydrogen-bonding peak’, this model predicts a considerable degree
of hydrogen bonding at supercritical states, as shown in figure 1. Chialvo and Cummings
concluded that the orientationally averaged nature ofgOH (r) renders it a poor indicator of
the degree of hydrogen bonding in supercritical water.

Figure 1. Left: a comparison between the experimental and the simulated SPCE [26] and
SPCG O–H radial distribution functions of water atρ = 0.66 g cm3 and T = 673 K. Right:
a comparison between the radial and hydrogen-bonding components of the O–H distribution
functions for the SPCE and SPCG water models under the same conditions.

Chialvo and Cummings [27] conducted a comprehensive study of the popular rigid
non-polarizable point-charge models and concluded that non-polarizable models, fitted to
the ambient conditions properties of liquid water, cannot be expected to provide accurate
predictions of thermophysical properties and structure over wide ranges of density and
temperature, in the supercritical regime in particular. This is consistent with observations
based on phase equilibria [11]. Although many polarizable models exist in the literature,
few have the property of reducing to the bare dipole moment of water at zero density,
which we regard as very important in order to model the supercritical regime. Therefore,
we have undertaken the development of an intermolecular potential for water which has this
property. In the first version of this model [28] electrostatic charges were initially located
on the three SPC sites, with magnitudes such that the permanent dipole moment is that
of the isolated water molecule, 1.85 D. We analysed the situation for which the negative
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charge is located along the H–O–H bisector at a distanceROM towards the H sites while
preserving the permanent dipole moment of 1.85 D. With this geometry, the model consists
of a Lennard-Jones O–O pair plus the M–M and M–H electrostatic pair interactions. In
addition, we include an isotropic–linear point dipole polarizability at the centre of mass (or
at the O-site) to account for the many-body polarizability effects. Good agreement with
measured NDIS results under ambient conditions was obtained for 0.1 Å 6 ROM 6 0.2 Å.
For ROM = 0.2 Å very good agreement with the bare quadrupole moment of water is
obtained. Under supercritical conditions, the polarizable model is in better agreement with
NDIS results than are the SPC and SPC/E models, as shown in figure 2 (especially the
position of the first peak ofgOH (r) is better than that of the SPC/E model). The total
dipole moment decreases from 2.92± 0.02 D under ambient conditions to 2.4 ± 0.1 D (in
remarkably good agreement with theab initio simulation result of 2.3 ± 0.2 D [30]), with
a polarization energy decreasing from−4.42± 0.2 to −1.59± 0.1 kcal mol−1. This total
dipole moment compares very well with the effective (permanent) dipole moment of the
SPC/E model, 2.35 D. Interestingly, the PPC model of Kusalik and Svishchev [29], with a
permanent dipole moment of 2.14 D, predicts not only a structure very similar to that of the
proposed model (see figure 2) but also a total dipole moment of 2.38± 0.05 D. Currently,
we are working on an improved version of this model that features a smeared form of the
point charges. Preliminary studies suggest that this step further improves the quantitative
accuracy of the model under ambient conditions.

Figure 2. A comparison between the experimental NDIS and the simulated O–H (left) and H–H
(right) radial distribution functions of water using the polarizable model withROM = 0.1 Å
at 573 K and 0.72 g cm3. PPC indicates the polarizable point charge model of Kusalik and
Svishchev [29].

3. Ion-pairing in supercritical aqueous electrolyte solutions

In order to understand ion pairing in dilute supercritical aqueous solutions, we have
undertaken a programme of molecular dynamics simulations of dilute aqueous NaCl
solutions in near-critical water, particularly focusing on the Na+/Cl− association process
which can be envisioned as

Na+ + Cl− ⇔ Na+‖Cl− ⇔ Na+|Cl− ⇔ NaCl (1)

where NaCl is the product of the ‘reaction’ between the Na+ and Cl− ions, and Na+‖Cl−

and Na+|Cl− represent the solvent-separated ion pair (SSIP) and contact ion pair (CIP)
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states, respectively. Experimental evidence indicates that these two ion-paired states
might act as reaction intermediates [31–35]. We determine the anion–cation potential
of mean force by molecular dynamics simulation [18] complementing other results at
higher temperature [36, 37] and under ambient conditions [38]. Technical details of
the simulation have been provided elsewhere [17]. The water–water interactions were
described by the simple point charge (SPC) model of Berendsenet al [25], the ion–
water interactions were modelled using the Pettitt–Rossky model [39] and for the ion–
ion interaction we used the Fumi–Tosi model for alkali–halide interactions [40, 41]. All
simulations were performed with the ions at ‘infinite dilution’ in the isokinetic–isochoric
ensemble, withN = 256 molecules,N − 2 water molecules plus an anion and a cation.
The method used to calculate the anion–cation potential of mean forceWNaCl(r) is the
constraint technique of Ciccottiet al [42]. The NaCl radial distribution function at infinite
dilution is calculated byg∞

NaCl(r) = exp[−WNaCl(r)/(kBT )], where kB is Boltzmann’s
constant andT is the absolute temperature. The equilibrium constants can be evaluated
from gNaCl(r) [18]. The simulations were performed for state conditions corresponding
to (ρr, Tr) = (ρ/ρc, T /Tc) = (1.0, 1.05), (1.0, 1.2), (1.0, 1.4), (1.5, 1.05) and (2.0,1.05)
based on the critical conditions for the SPC water model [9]. Standard periodic boundary
conditions were used together with the minimum image criterion and a spherical cut-off with
reaction field for the truncated intermolecular interactions [43]. The accuracy of the reaction
field was assessed by performing Ewald summation simulations for a few typical constrained
configurations [18]. The production runs for thermodynamic and structural properties
comprised 3× 104 time steps (30 ps) whereas those for mean-force calculations were
extended to 105 time steps for each constrained ion-pair distance. Despite the inadequacies
of non-polarizable models noted in section 2, the thermodynamic properties of the SPC
model in supercritical states are predicted quite accurately for corresponding states (the
sameρr = ρ/ρc andTr = T/Tc), as shown by Cummingset al [8].

Figure 3. The potential of mean force (left) and the radial distribution function (right) between
sodium and chloride ions at infinite dilution in supercritical water (Tr = 1.05, ρr = 1.0)
calculated by simulation (——) and using the continuum theory given by equation (2).

The potential of mean force and the NaCl radial distribution function at infinite dilution
at Tr = 1.05 andρr = 1.0 are shown in figure 3. The simulation results are compared to the
continuum theory in which the potential of mean force is assumed to be given by the bare
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potential between the ions,uNaCl(r), screened by the dielectric constant of the solvent,ε,

Wcontinuum
NaCl (r) = uNon-Coulombic

NaCl + uCoulombic
NaCl

ε
. (2)

The equilibrium constant for association is given by

KM
a = ρCIP + ρSSIP

ρNa+ρCl−
(3)

where the superscriptM denotes units of l mol−1 and ρSSIP , ρCIP , ρNa+ and ρCl− are
the densities of solvent-separated ion pairs, contact ion pairs, unassociated Na+ ions and
unassociated Cl− ions respectively while the equilibrium between SSIP and CIP is given by

Ke = ρSSIP

ρCIP

. (4)

To eliminate uncertainties associated with the calculation of the dielectric constant of
the SPC model, it turns out to be more appropriate to consider the related quantity
Ia = KM

a exp[qNaqCl/(εr0kBT )], where qa is the charge on ionα, α = Na+ or Cl−.
This quantity is a very sensitive function of the state conditions. For example, simulation
results indicate that logIa ≈ 4.3 at ρ = 0.1252 g cm3 andT = 800 K [37], logIa ≈ 5.6 at
ρ = 0.0832 g cm3 andT = 800 K [37], and logIa ≈ −1.38 under ambient conditions [38].
For the state points under consideration here, the simulation predictions are given in table 1
together with experimental results. As previously shown [18, 44], at(ρr , Tr) = (1.0, 1.05)
the experimental and simulation values are within the uncertainty of each quantity. This
is remarkably good agreement given both the difficulties of the experimental measurement
and the various approximations involved in the simulation model. As is clear from the
remainder of the entries in table 1, and from figure 4, this agreement does not persist to
higher densities or temperatures, although given the range of values ofIa, the agreement
is still quite impressive given that none of the intermolecular potentials has been fitted to
any experimental data at supercritical conditions, let alone the ionic association equilibrium.
The failure at higher temperatures and densities can be traced largely to the inadequacy of
the dielectric constant predictions of SPC in these states.

Figure 4. Simulation results for the isochoric temperature-dependence (left) and the isothermal
density-dependence (right) of the ion-pair association constantIa in comparison with the
corresponding conductance experimental data of Hoet al [44] and Zimmermanet al [45].
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Table 1. Simulation results for logIa as a function of the state conditions.

ρr = 1.0 ρr = 1.5 ρr = 2.0

Tr = 1.05 1.18± 0.04 1.38± 0.03 1.07± 0.03
Tr = 1.20 1.68± 0.04
Tr = 1.40 2.00± 0.04

4. Conclusions

Using intermolecular potentials taken from the literature, we have been able to conduct
studies of supercritical water and supercritical aqueous solutions which provide insight into
the physical basis for the properties of these intriguing and practical systems. Further
quantitative accuracy will require more accurate intermolecular potentials, particularly
including polarizability effects in the water potential. This is the current focus of our
research efforts.
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