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The profiles of the potential of mean force for the Cl- - H30’ pair, as predicted by two ab 

initio models, are determined by constraint molecular dynamics simulation at a near-critical 
condition. The corresponding association constants are then determined and compared with 
that from conducfance measurements to test the reliability of the current simulation models 
for HCI. 

The characterization of hydrothermal fluids in equilibrium with solid phases requires the 
analysis of the mass action constants for the solubility and ionization processes [I]. The 
dissociation of HCI is of particular significance since it is involved in most aqueous chloride 
mineral solutions found in nature (hydrothermal systems) and in industrial processes 
(including power-station generators and supercritical water oxidation reactors). The 
dissociation of HCI in aqueous solutions has been studied over a wide range of state 
conditions by different experimental methods, including calorimetric techniques [2], electrical 
conductance [3-S], and soiubility measurementE [6-81. Yet, the thermodynamic properties of 
aqueous solutions of hydrochloric acid, especially those at high temperatures and low 
densities, are still the matter ofsome debate. 

The obvious corrosive nature of the system [3] makes the experimental study of high 
temperarura of aqueous HC1 solutions extremely challenging, and highlights the need for 
alternative approaches for its investigation. Molecular-based approaches to ion association 
have already shown great potential in the quest for a fundamental understanding of ion 
salvation and in the evaluation of the association constant of simple electrolytes at high 
temperature [9, IO]. As part of a wider ongoing investigation on the thermodynamics of high- 
temperature ion salvation, here we briefly discuss ion-pair association in model supercritical 
aqueous hydrochloric acid solutions. This study encompasses the molecular-based 
determination of the ion-pair association constant via potential of mean-force calculations, 
and the direct comparison with conductance data. With that purpose our tirst goal is to test 
the reliability of two current ab inirio ion-water potentials in describing ion association in 
aqueous hydrochloric acid solutions, through a direct comparison between simulation results 
and conductance measurements at high temperature [3, 51. This analysis is currently 



complemented with the explicit determination of the individual limiting ion-conductivity, and 
will be reported in more detail elsewhere [I I]. 

POTENTIAL OF MEAN FORCE AND ASSOCIATION CONSTANT 

Provided that we can assume no formation of neutral polyionic cluster [12], we can view the 
association process in a dilute aqueous solution as the chemical reaction between the free 
anion A and cation C, that results in the possible associated neutral pair CA configurations 
of a 1: 1 salt as follows, 

KI K2 K3 
C + A - CA 0 CIA t) Cl/A (1) 
free ions CIP SSHIP SSIP 

where SSIP. SSHIP, and CIP represent solvent-separated, Solvent-Shared, and cOntact ion 
pairs, respectively. Thus, the equilibrium asociation constant can be expressed as [9], 

K,(T,p) = K,(I+ K2 + K2K&Xl(l+ K2) (2) 
and interpreted microscopically in terms of the anion-cation radial distribution function for 
the infmitely dilute system [9], 

Ki = 477 
6 

&(c(‘)r’dr (3) 

where = denotes an infinite dilution property, and r2 indicates the position of the second 

valley of the gTc(r) (i.e.. it encompasses the CIP and SSHIP configurations). Therefore, the 

evaluation of the association and equilibrium constants via molecular simulation requires the 
non-trivial determination (based on the corresponding potential of mean force (PMF) w(r)) 
of the anion-cation radial distribution function at infinite dilution. 

As discussed elsewhere 19, 131, the PMF calculation is performed by constraint dynamics 

involving the spherically-symmetric Cl- ion and the four-site H@ ion. In order to obtain a 

meaningful o(r), i.e.,,an orientational-averaged quantity, we need to constrain the center-to- 

center distance of the ion-pair and simultaneously allow for the rotation of the H,O* around 

its center of mass. 

INTERMOLECULAR POTENTIALS AND SIMULATION METHODOLOGY 

Throughout this investigation water is described by the SPUE model [ 141 for which we know 
its critical conditions [IS]. For the pair of ion-water interactions we have chosen two sets of 
potential models, that we will denote as the Gertner-Hynes’ and the Kusaka et of.‘s models. 

The Gertner-Hynes model [16] is based on ab initio calculations for the ions H30+ and 

Cl-in 77P4P water. Since the TIP4P and the SPCI E water models give essentially the 
same representation for the behavior of water at high temperature [IO, 171, we do not attempt 
any re-parameterization to account for the difference between water models. The hydronium 

ion is described by a non-planar four-site geometry with a bond length loH = 1.009A. an 

HOH angle of 108.5”, with the partial charges q0 = -0.62e and 4” = 0.54.e. 
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Figure 2. Cl- - H3O*mean force calculation for the Kusaka et al. s’ model in units of 

6s~~ = 78.23k and oSPc = 3.16661. Comparison between constraint dynamics results and 

the prediction of a continuum model. 

This subtle difference in the mean force pmtiles translates into more pronotinced differences 
between the actual potential or mean force and the values predicted by the continuum models 
as indicated in Figure 3 and 4. 
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Figure 3. Cl- - H,O* pair potential of mean force for the Gamer-Hynes’ model in units of 

6s~~ = 78.23k. Comparison between constraint dynamics results and the prediction of a 

continuum model. 

More specifically, note that, while the Gertner-Hynes’ model predicts a shallower PMF 
minimum than the continuum model, the trend reverses for distances beyond the CIP 
configuration. In contrast, the Ku&a et al,’ s model exhibits no change of trend, but a close 
agreement with the continuum behavior beyond the CIP configuration. 
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Figure 4. Cl- - HJO+ pair potential of mean force for the Kusaka et al. s’ model in units of 

~spc = 78.23k .: Comparison between constraint dynamics results and the prediction of a 

continuum model. 

In Figures S and 6 we show the resulting radial distribution function gm- c, -,,,+W and its 

volume integral which defines the molar association constant K,(l/mol). For comparison 

with experiment, we use the regressed expression given by Frantz and Marshall [3-51, which 
gives a value of log K,(l/mol) s 6.8. 
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Figure 5. Cl- - H30fradial distribution function (0) and resulting association constant (0) 

(in units of Vmol) for the Germer-Hynes’ model. 
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