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Abstract 14 

HCl is one of the most significant volatiles in the Earth’s crust. It is well established that 15 

chloride activity and acidity (pH) play important roles in controlling the solubility of metals 16 

in aqueous hydrothermal fluids. Thus, quantifying the dissociation of HCl in aqueous 17 

solutions over a wide range of temperature and pressure is crucial for the understanding and 18 

numerical modeling of element mobility in hydrothermal fluids. Here we conducted ab initio 19 

molecular dynamics (MD) simulations to investigate the mechanism of HCl(aq) dissociation 20 
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and to calculate the thermodynamic properties for the dissociation reaction at 25 to 700 ºC, 21 

1 bar to 60 kbar, i.e. including high temperature and pressure conditions which are 22 

geologically meaningful but difficult to investigate via experiments. 23 

Our results predict that HCl(aq) tends to associate with increasing temperature, and 24 

dissociate with increasing pressure. In particular, HCl(aq) is highly dissociated at extremely 25 

high pressures, even at high temperatures (e.g., 60 kbar, 600-700 ºC). At 25 ºC, the calculated 26 

logKd values (6.81±0.63) are close to the value (7.0) recommended by IUPAC (International 27 

Union of Pure and Applied Chemistry) and some previous experimental and theoretical 28 

studies (Simonson et al., 1990; Sulpizi and Sprik, 2008, 2010). The MD simulations indicate 29 

full dissociation of HCl at low temperature; in contrast, some experiments were interpreted 30 

assuming significant association at high HCl concentrations (≥1 m HCltot) even at room T 31 

(logKd ~0.7; e.g., Ruaya and Seward, 1987; Sretenskaya, 1992; review in Tagirov et al. 1997). 32 

This discrepancy is most likely the result of difficulties in experimental determination of 33 

minor (if any) concentration of associated HCl(aq) under ambient conditions and thus the 34 

activity model used, rather than a reflection of speciation in the solution. With increasing 35 

temperature, the discrepancy between our MD results and previous experimental studies, and 36 

between different studies, becomes smaller as the degree of HCl association increases. The 37 

MD simulations and available experimental studies show consistent results at hydrothermal 38 

conditions (300-700 ºC, up to 5 kbar). The new thermodynamic properties based on the MD 39 

results provide an independent check of the dissociation constants for HCl(aq), and the first 40 

dataset on HCl dissociation in high P-T fluids (up to 60 kbar, 700 ºC) beyond available 41 

experimental conditions. Our results will enable prediction of the role of HCl in controlling 42 

element mobility in deep earth hydrothermal systems, down to ultra-high pressure 43 

metasomatism associated with subduction zone fluids. 44 

  45 
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1 Introduction 46 

1.1 The dissociation of HCl in geological fluids 47 

Hydrogen chloride (HCl) is one of the most significant volatiles in the Earth’s crust. In 48 

aqueous solutions, the neutral HCl(aq) ion pair dissociates to the hydrogen ion (H+) and 49 

chloride anion (Cl–) through a reversible chemical reaction: 50 

HCl(aq) ⇌ H+ + Cl–   (1) 51 

Both H+ and Cl– are important in controlling mineral solubility and element mobility in 52 

natural and man-made hydrothermal fluids. The chloride anion (Cl–) is one of the most 53 

abundant anions in hydrothermal fluids, and plays an important role in promoting element 54 

transport in hydrothermal fluids by forming stable chloro-complexes with many metals (e.g., 55 

Cu+, Co2+, Zn2+, Pb2+, Pd2+, etc.), whereas pH is an essential control of mineral solubility and 56 

element speciation in aqueous solutions (as reviewed in Seward and Barnes, 1997; Brugger et 57 

al., 2016). Hence, the knowledge of the dissociation mechanism and thermodynamic 58 

properties of HCl(aq) over a wide range of temperature and pressure is crucial for the 59 

understanding of metal transport and deposition in hydrothermal fluids. 60 

The logarithm of the dissociation constant of HCl(aq) (Eq. 1, logKd) can be expressed as 61 

  (2)
 62 

where a refers to the activities of the subscripted species. Experiments up to 700 ºC/3.5 kbar, 63 

and thermodynamic extrapolations have quantified the dissociation of HCl in aqueous fluids 64 

(summarized in Table 1). At low temperature, significant discrepancies up to 6 orders of 65 

magnitude exist between the dissociation constants reported by different studies (see Table 1), 66 

a result of the different experimental approaches and data interpretation models involved 67 

(Simonson et al. 1990). For instance, a few experimental studies obtained the dissociation 68 

constant of HCl(aq) by measuring the partial vapor pressure to determine the activity of HCl(aq) 69 

logKd (P,T ) = loga
H+ + loga

Cl- - logaHCl(aq )
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( ) (e.g., Robinson, 1971; Marsh and McElory, 1985). In these studies, the equilibrium 70 

of HCl(aq) ⇌ HCl(g) was calculated based on Raoult’s Law, yielding a value of logKd (HCl(aq)) 71 

around 6.2 at 25 ºC. Textbooks (e.g., p. 952 of Greenwood and Earnshaw, 1984) and the 72 

IUPAC dataset (p. 46 of Perrin, 1982) list a similar logKd value of 7. However, Clegg and 73 

Brimblecombe (1986) pointed out that the approach based on Raoult’s Law is inappropriate 74 

for strong acids like HCl, and the Henry’s Law constant is a better approach to describe 75 

equilibrium between the vapor pressure of HCl solution and dissociated H+ and Cl– ions. 76 

In contrast, several studies based on potentiometric and conductance data (Table 1) gave 77 

values as low as 0.9 (e.g., Johnson and Pytkowiz, 1978; Sretenskaya, 1992), implying 78 

significant ion pairing even at room temperature. The extrapolation of Ruaya and Seward 79 

(1987)’s AgCl(s) solubility measurements at 100-350 ºC also indicated a logKd value of 0.7 at 80 

room temperature, and Sverjensky et al. (1991) recommended a logKd value at 0.86 based on 81 

a fit of the experimental solubility data for alkali minerals. 82 

Different chemical models have been employed to calculate the dissociation constants 83 

based on the available experimental data. For example, based on Holmes et al. (1987)’s 84 

excess thermodynamic data, Simonson et al. (1990) calculated two sets of the dissociation 85 

constants of HCl(aq) using two types of data treatment (as listed in Table 1), and obtained a 86 

logKd at 25 ºC of 7.6 based on the ion association-interaction model (Pitzer’s model), and 0.2 87 

based on the activity expansion-chemical equilibrium model. The logKd from different studies 88 

generally converge with increasing temperature to mostly overlap at temperatures ≥300 ºC 89 

(Tagirov et al., 1997; Sverjensky et al., 1999; Ho et al., 2001). This reflects the increased 90 

association of HCl making measurements more achievable. There are still some small 91 

discrepancies, in particular between mineral solubility and conductance measurements, and in 92 

low-density (<0.6 g cm-3) fluids. For example, there is up to 1 order of magnitude difference 93 

aHCl(aq )



 5 

among the logKd values reported by Franck (1956), Frantz and Marshall (1984) and 94 

Sverjensky et al. (1991). 95 

The Helgeson-Kirkham-Flowers (HKF) model has been widely used to fit logKd(HCl(aq)) at 96 

high temperature (e.g., Sverjensky et al., 1991; Tagirov et al., 1997; Pokrovskii, 1999). The 97 

logKd values extrapolated by the HKF model, based on mineral equilibrium data for K-98 

feldspar-muscovite-quartz (Sverjensky et al., 1991) and AgCl(s) solubility experiments 99 

(Tagirov et al., 1997), are within a range of half a log unit at high temperature (300-600 ºC, 100 

0.5-2 kbar). 101 

1.2 pKa measurements via Molecular Dynamics Simulations  102 

Over the past few decades, ab initio MD has been playing an increasingly significant role 103 

in understanding the molecular structures and thermodynamics of aqueous systems over a 104 

wide range of T, P, and solution compositions. In particular, the dissociation of acids at room 105 

temperature has been investigated quantitatively using such ab initio MD approaches. Trout 106 

and Parrinello (1998) first calculated the free energy of H2O dissociation using ab initio 107 

distance-constrained thermodynamic integration. Although their results are 16.7 kJ/mol less 108 

than the experimental values due to the choice of the density functional and finite size of the 109 

system (due to limited computing power at the time), they first demonstrated the capability of 110 

quantitative prediction of thermodynamic properties for aqueous species. Later on Sprik 111 

(2000) calculated the logKd of liquid water at ambient conditions using ab initio 112 

thermodynamic integration based on the coordination number of a given oxygen by hydrogen 113 

atoms and obtained values that are within one log unit of the experimental value.  114 

In recent years new techniques have been used to provide a molecular-level understanding 115 

of the association of HCl(aq). Chialvo et al. (2002, 2003, 2007) conducted potential of mean 116 

force (PMF) calculations based on force-field molecular dynamics simulation to predict the 117 

dissociation constants as a function of solution density. They used Lennard-Jones potentials 118 
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between the oxygen in rigid H2O and H3O
+ molecules and the Cl– ion to model intermolecular 119 

interactions, and obtained reasonable representations of properties such as dielectric constant 120 

of water at near critical conditions and the logKd values as function of density changes. 121 

However, those studies did not provide direct association/dissociation constants as a function 122 

of temperature and pressure. Murakhtina et al. (2006) used density functional theory (DFT) 123 

based ab initio MD to calculate the H-NMR chemical shift of HCl(aq), and showed good 124 

agreement with experimental results. Sulpizi and Sprik (2008; 2010) applied ab initio 125 

thermodynamic integration by constraining a dummy proton to calculate the free energy of 126 

dissociation of a series of acids (‘vertical energy gap’ technique); they obtained excellent 127 

agreement for logKd (57 ºC) values to within 0.4 log units for several small acid molecules 128 

(HCl, H2S, formic acid), and within 2 log units for the wide range of acids investigated. They 129 

obtained logKd values of 6.7~7.1 for HCl(aq) at 57 ºC (330 K), in excellent agreement with the 130 

IUPAC value of 7 at 25 °C (Perrin, 1982). 131 

Recently ab initio MD has also been widely used in molecular-level understanding of the 132 

geometry of metal complexes and the energetics of ligand exchange reactions relevant for 133 

metal transport in hydrothermal fluids (e.g., Cu(I)–Cl–, Sherman, 2007; Mei et al., 2014; 134 

Au(I)–HS–, Liu et al., 2011; Cu(I)–HS––Cl–, Mei et al., 2013a; Ag(I)–Cl–, Liu et al., 2012; 135 

Pokrovski et al., 2013; Ag(I)-HS–/OH–, He et al., 2016; Au(I)–HS–/OH–/S3
–, Mei et al., 136 

2013b; Pokrovski et al., 2015; Au(I)-Cl–, Mei et al., 2014). Using distance-constrained 137 

thermodynamic integration, our previous studies successfully predicted the quantitative 138 

thermodynamic properties for the formation constants for Cu(I)–Cl––HS– (Mei et al., 2013a), 139 

Zn(II)–Cl– (Mei et al., 2015b), Zn(II)-HS– (Mei et al., 2016) and Pd(II)–Cl––HS– (Mei et al., 140 

2015a). Two studies have successfully measured acid dissociation constants using ab initio 141 

MD simulations under hydrothermal conditions. Liu et al. (2013) obtained agreement to 142 

within 2 pKa units for molybdic acid to 300 ºC, and Liu et al. (2015) obtained agreements of 143 
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within 1  unit for pKa1 of As(OH)3(aq) to 300 ºC, and for pKa1 to 3 of As(HS)3(aq) at 25 ºC (no 144 

experimental values exist at T ≥ 25 ˚C). 145 

1.3 Aims of this study 146 

Despite all the experimental and theoretical studies dedicated to HCl association, there is 147 

no ab initio MD study of HCl(aq) dissociation at elevated temperature, and the mechanism of 148 

the increasing ion pairing/association of HCl(aq) with increasing temperatures has not been 149 

clarified. There is also no data for HCl dissociation constants at ultra-high P-T relevant to 150 

mantle metasomatism and ultra-high pressure subduction environments (up to 60 kbar, 151 

1000 ºC). Under such conditions the role of HCl in controlling pH and metal complexation is 152 

unknown. 153 

The present study aims to address these knowledge gaps in order to improve our 154 

understanding of the HCl(aq) dissociation/association mechanism, provide an independent 155 

check of the dissociation constants, and provide the first dataset for HCl dissociation at ultra-156 

high P-T fluids.  157 

Hence, we conducted ab initio molecular dynamics (MD) simulations to investigate the 158 

association mechanism of HCl(aq)
 as a function of temperature and pressure (25–700 ºC, 1 bar 159 

to 60 kbar), and then calculated dissociation constants of HCl(aq) based on distance-constraint 160 

thermodynamic integration. The dissociation constants obtained from ab initio MD 161 

simulations were then used to fit thermodynamic properties using the HKF model and DEW 162 

model (Sverjensky et al., 2014). These properties allow estimation of the role of HCl in 163 

controlling fluid pH and element mobility in deep earth fluids. 164 

Table 1. Review of previous experimental and thermodynamic studies. 165 

 166 
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2 Methods 167 

2.1 Ab initio molecular dynamics simulations 168 

Ab initio MD simulations were performed using the Car-Parrinello molecular dynamics 169 

code CPMD (Car and Parrinello, 1985). This method implements density functional theory 170 

using plane-wave basis sets and pseudo-potentials for the core electrons and the nucleus. The 171 

BLYP exchange-correlation functional was employed with a cutoff for the gradient correction 172 

of 5×10-8 a.u. (Lee et al., 1988; Becke, 1988). Plane-wave cutoffs of 80 Ry (1088.46 eV) were 173 

used together with Martins–Troullier pseudo-potentials generated using the valence electron 174 

configuration 3s23p5 for Cl (Troullier and Martins, 1991). The BLYP functional provides a 175 

good description of water properties such as O–O interaction, angular distributions, 176 

coordination numbers and H-bond statistics when compared with neutron diffraction data (Lin 177 

et al., 2012), and together with Martins-Troullier pseudo-potentials has been previously 178 

employed to study the dissociation mechanism of H2O molecules in liquid water (Trout and 179 

Parrinello, 1998). However, we note that there is a well-known tendency for most functionals, 180 

including BLYP, to over-structure liquid water (Lee and Tuckerman, 2006; Lin et al., 2012). 181 

Bankura et al. (2014) also showed that BLYP, like most other functionals, best reproduces the 182 

properties of water at ambient conditions when using an elevated temperature (80 ºC in their 183 

case). It therefore could be argued that there is a temperature offset of approximately 55 ºC 184 

between the computed data and experiment in terms of the properties of the solvent. We also 185 

note the description of bulk water may be further improved through the inclusion of 186 

dispersion corrections, such as for BLYP-D3 (Bankura et al., 2014), though it is unknown 187 

whether this would substantially change the results for pKa values. Results from a different 188 

GGA functional (DFT-HTCH/120) have been shown to be in good agreement with 189 

experiment for the pKa values of several weak organic acids even without further correction 190 

for dispersion (Tummanapelli and Vasudevan, 2014). 191 
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All ab initio MD simulations were performed in the NVT ensemble. Temperatures were 192 

controlled by the Nosé thermostat for both ions and electrons. A time-step of 3 a.u. (0.073 fs) 193 

was used to stabilize the simulations and a fictitious electron mass of 400 a.u. (3.644×10-194 

28 kg) was used to obtain convergence of the energy of the total Car-Parrinello (CP) 195 

Hamiltonians. 196 

Ab initio MD simulations of HCl in aqueous fluids were performed at 25–700 ºC from 197 

vapor-saturated pressures (Psat) to 60 kbar as listed in Table 2. Each simulation contained 54 198 

H2O molecules and one HCl in a cubic box with periodic boundary conditions corresponding 199 

to bulk HCl concentrations of 1 molal. We set the size of the simulation boxes to correspond 200 

to the density of water (0.388 to 1.420 g/cm3) at the pressure and temperature of interest. 201 

Water densities were taken from the equation-of-states contained within the NIST database 202 

(Lemmon et al., 2000) at pressures of up to 5 kbar, and from Zhang and Duan (2005) for 203 

pressures in the range 10-60 kbar. The densities of the simulation boxes were calculated 204 

assuming that they contained 55 H2O molecules. The initial H-Cl distance was fixed at 1.27 Å, 205 

corresponding to the H-Cl distance in the gas-phase HCl molecule (Table 17.11 of 206 

Greenwood and Earnshaw, 1984) (Fig. 1). The initial atomic configurations of each 207 

simulation were generated by classical MD using the SPC/E potential for water and chloride 208 

(Smith and Dang, 1994). Each ab initio MD simulation was run for more than 15 ps 209 

(>200,000 steps). The radial distribution functions (RDF) for the Cl-H, Cl-H and H-O pairs 210 

and their integrals (reflecting the time averaged coordination numbers) were calculated using 211 

VMD (Humphrey et al., 1996) to characterize the time averaged structural information. 212 

Table 2. Simulation details  213 

Figure 1. Simulation set up of HCl in aqueous solution 214 

 215 
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2.2 Thermodynamic integration 216 

The free energies of dissociation of the HCl molecule in aqueous fluids at different 217 

temperatures and pressures are crucial for studying the equilibrium formation constants of 218 

HCl(aq). We used the thermodynamic integration method introduced by Trout and Parrinello 219 

(1998) to calculate the free energy surface for the dissociation of HCl(aq) (Eq. 1) from 25 ºC to 220 

700 ºC, following the procedure used in our previous work (Mei et al., 2013a, 2014, 2015a,b, 221 

2016). Eq 1 can be written as: 222 

H*-Cl(aq) + H2O ⇌ [H2O-H*]+ + Cl–   (3) 223 

where H* is the distance-constrained proton. Distance-constrained MD runs were conducted 224 

by fixing H*-Cl distances at certain reaction coordinates, from 1.27 Å to 2.00 Å (Fig. 2). In 225 

stage (I), the H*-Cl distance was constrained at 1.27 Å, corresponding to the bond distance of 226 

the HCl molecule in isolation. When moving the hydrogen atom away from Cl, one water 227 

molecule came close to H*. For example, when H*-Cl was constrained at 1.6 Å (25 ºC), the 228 

H*-O distance was 1.14 Å (Fig. 2). In stage (II), at a H*-Cl distance of 2.0 Å, H* associated 229 

with one water molecule to form the H3O
+ ion; the HCl molecule was completely dissociated 230 

at this stage. The mean constraint force f(r) necessary to maintain the H*-Cl distance was 231 

measured at each distance-constraint MD run, sampling possible configurations of H*, Cl and 232 

the surrounding solvent. Then the free energy of the dissociation reaction (Eq. 3) was 233 

calculated by integrating f(r) with respect to the constrained distance (Trout and Parrinello, 234 

1998; Sprik and Giovanni, 1998): 235 

     (4) 236 

Thermodynamic integration calculations were performed at the T-P conditions listed in 237 

Table 2. At each temperature, at least ten distance-constrained MD simulations were 238 

conducted to obtain the free energy surface. Each simulation was calculated for 8–15 ps, 239 

including 1.5 ps for equilibration. In total, more than 2 ns of MD simulations were conducted 240 

DAr(I®II ) = - f (r)
I

II

ò dr
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in this study to calculate the free energy of HCl dissociation reaction at different temperatures 241 

and pressures. 242 

Figure 2.  Demonstrating the reaction path and constrained MD 243 

 244 

2.3 Calculation of thermodynamic properties 245 

As all the calculations are performed at constant volume, the Helmholtz free energies 246 

 were obtained. To calculate the formation constant, the Gibbs free energies of the 247 

reaction were approximated by neglecting the contribution of pressure change (i.e., 248 

 = 0 in Eq. 5): 249 

    (5) 250 

where V is the volume of the simulation box. 251 

The standard Gibbs free energies  for reaction in Eq. 1 can be calculated after 252 

activity corrections, as discussed in Mei et al. (2013a, 2015a,b, 2016), according to; 253 

   (6) 254 

where Ci are the concentrations of reactant/products of reaction in Eq. 1, and γi are the 255 

corresponding activity coefficients. We used the B-dot extension of Debye–Hückel theory 256 

(Eq. 7) to estimate the activity coefficients for the individual ions in the solution (Helgeson 257 

and Kirkham 1974; Helgeson et al., 1981). Here the logarithm of the activity coefficients are 258 

given by; 259 

   (7) 260 

DAr(I®II )

dP
P0

P

ò

∆ Gr (P,T ) = DAr(I®II )(V,T )+V dP
P0

P

ò

∆ Gr

0(P,T )

∆ Gr

0(P,T ) = ∆ Gr (P,T )+ RT ln
C

H +gH+ ·C
Cl-gCl-

CHCl(aq )
gHCl(aq )

   

logg i = -
zi

2AgI
1/ 2

1+ åiBgI
1/ 2

+ ˙ B gI
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where zi is the charge of the subscripted ion, I is the ionic strength on the molality scale (m), 261 

åi is the ion size parameter in Angstrom (åi = 4 for Cl–). Aγ and Bγ are defined in Table 1 and 262 

Table 2 in Helgeson and Kirkham (1974). To evaluate the effect of activity coefficients at 263 

high pressure, we extended the B-dot parameters assuming that the extended Debye–Hückel 264 

equation could be empirically extrapolated to 1000 ºC, 70 kbar using the density of water 265 

(Helgeson and Kirkham 1974; Helgeson et al., 1981). The same extrapolation has been 266 

employed by Facg et al. (2014) in calculating aqueous ion activity coefficients in the calcium 267 

carbonate-water system. 268 

Finally, the dissociation constants (logKd(P,T), Eq. 2) were calculated from: 269 

    (8) 270 

where R is the gas constant and T is temperature in Kelvin. 271 

Using the Gibbs free energy of the dissociation reaction obtained from thermodynamic 272 

integration, we calculated the standard Gibbs energy of formation from the elements for 273 

HCl(aq) ( ) (Table 3). These 
 
values were used to regress the Helgeson–274 

Kirkham–Flowers (HKF) equation-of-state parameters (Helgeson et al., 1981) using the 275 

OptimB software (Shvarov, 1999; 2015). 276 

3 Results 277 

3.1 Dissociation as a function of temperature from ab initio MD simulations 278 

Unconstrained ab initio MD simulations of HCl(aq) were conducted at 25-700 ºC, up to 279 

60 kbar (Table 2) with an initial H-Cl distance of 1.27 Å (Fig. 1). At 25 ºC, 1 bar, the HCl 280 

molecule dissociated very early in the simulation (in 0.3 ps), and chloride existed as the free 281 

Cl– ion during the remaining simulation time of 18.86 ps. Fig. 3a shows the time evolution of 282 

∆ Gr

0(P,T) = -2.303RT logK(P,T )

DG f ,HCl(aq )

0 DG f ,HCl(aq )

0
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the H-Cl distance during the first 2 ps of the simulation. From data in the range 100-250 ºC 283 

(100 bar), the HCl ion pair was found to last for increasingly longer periods of time with 284 

increasing temperature. The HCl molecule first dissociated at times of ~0.5 ps at 100 ºC, 285 

~1.3 ps at 200 ºC, and ~1.5 ps at 250 ºC, while no dissociation was observed at 350 ºC during 286 

the whole simulation of 16.62 ps (Fig. 3a). 287 

The dynamics of H-Cl distances shown in Fig. 3 provide a qualitative overview of the 288 

relative stability of the HCl molecule as a function of temperature. To obtain quantitative 289 

information about H-Cl ion pairing, the radial distribution functions (RDF) of Cl-H and Cl-O 290 

and their integrals (coordination number, CN) over MD runs of 15-21 ps (see Table 2 for 291 

details) were calculated after equilibration for 1.4 ps. As shown in Fig. 4a, at 25 ºC, there is 292 

no peak at distances less than 1.6 Å (CNC-H=0), indicating that HCl(aq) was completely 293 

dissociated as Cl– and H+. The first peak in the Cl-H RDF curve appears at 2.11 Å, 294 

corresponding to the distance between the Cl– ion and the closest H in the water molecule in 295 

the hydration shell of the chloride ion, i.e. Cl-H hydrogen-bonding interaction. At 25 ºC, 1 bar, 296 

the integral of the Cl-O RDF at 3.8 Å (this Cl-O distance cutoff of RDF plot was chosen 297 

according to Mei et al., 2014) gave a coordination number of 5.9 (Table 2), indicating that Cl– 298 

is surrounded by approximately six waters of hydration, which is consistent with previous 299 

MD simulation results (Driesner et al., 1998; Sherman 2007, 2010; Mei et al., 2014). The 300 

RDF functions of O-O at each temperature show no long-range peaks, indicating the 301 

characteristics of liquid water. One snapshot representing six hydration waters in the first 302 

shell of Cl– at 25 ºC is shown in Fig. 5a. The second peak in the Cl-H RDF curve at ~3.51 Å 303 

(Fig. 4a) corresponds to the average distance between Cl– and the further H atoms in the 304 

waters of hydration. Similar Cl-H and Cl-O distributions and their integrals show H-Cl 305 

dissociation, and ~6 hydration water around Cl– were obtained from RDF plots of simulations 306 

at 100 – 250 ºC, 100 bar (e.g., Fig. 4b; Table 2).  307 
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At 300 ºC, 110 bar, the Cl– ion and the HCl(aq) ion pair was found to be in dynamic 308 

equilibrium over the 16 ps simulation time (Fig. 3b). The initial HCl ion pair dissociated 309 

within 1 ps, but several other hydrogens combined with chloride to form a bond for short 310 

periods of time, resulting in a dynamic exchange between HCl(aq) and Cl– over the simulation 311 

time. Accordingly, in the RDF plot of H-Cl pairs (Fig. 4c) the peak around 1.30 Å reflects 312 

HCl(aq) association in solution. The coordination number of 0.36 for this peak suggests that on 313 

average during the course of the simulation the HCl(aq) molecule accounted for 36% of 314 

chloride in the solution (Table 2), the rest being present as free chloride ion (Cl–). The second 315 

Cl-H RDF peak at around 2.10 Å is broader than at lower temperatures, with a CN value of 316 

4.6, which demonstrates that there are fewer water molecules in the first hydration shell of 317 

HCl(aq) as compared to the free Cl– ion. Figs 5b,c show the co-existence of two chloride 318 

species during these simulations; Cl– with five hydration waters, and HCl(aq) with three 319 

hydration waters. 320 

Pressure was found to have a strong effect on the stability of HCl(aq) in our simulations. 321 

Increasing pressure at a given temperature causes HCl(aq) to become more dissociated. For 322 

example at 300 ºC, 1 kbar, the RDF plot shows only a small peak around 1.3 Å, and the 323 

integration of this peak indicates 9% of associated HCl(aq) (Table 2). At 300 ºC, 5 kbar, HCl(aq) 324 

completely dissociated to Cl–. The higher pressure also resulted in a large number of waters of 325 

hydration around Cl–, which is 6.82 according to the RDF calculation (Fig. 4d, Table 2). 326 

At 350 ºC, 200 bar, the HCl(aq) ion pair was the predominant form of chloride during the 327 

simulation (94%), while the hydration number of chloride dropped to three. At 400 ºC, 328 

308 bar (Fig. 4e), there is a sharp peak for Cl-H distances around 1.3 Å, with an integral of 329 

one, indicating 100% associated HCl(aq) during this simulation. In contrast, HCl(aq) became 330 

mostly dissociated at 400 ºC, 5 kbar (Fig. 4f): although a peak of Cl-H pair remains at 1.3 Å, 331 

the CNCl-H value of 0.1 indicated that only 10% of chloride exists in the form of HCl(aq). 332 
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At 500-700 ºC, 1.5-3.5 kbar (density=0.6-0.7 g/cm3), HCl(aq) remained as the only chloride 333 

species in solution. For example, Fig. 4g shows the distribution of Cl-H at 700 ºC, 3.5 kbar. 334 

The sharp peak at ~1.3 Å indicates the association between H and Cl, and the integral value of 335 

1 for this peak shows that HCl remains completely associated. 336 

Increasing pressure at 700 ºC resulted in increasing dissociation of HCl(aq). At 10 kbar, 337 

HCl(aq) became partially dissociated (63% HCl(aq) and 37% Cl–), and at 20 kbar only 16% of 338 

HCl(aq) ion pairs remained in the solution. At 60 kbar, the MD simulation shows that HCl(aq) 339 

was almost completely dissociated (CNCl-H=0.02;  Fig. 4f). The hydration number of chloride 340 

(CNCl-O) also increased with increasing pressure from 3.68 at 3.5 kbar to 11.4 at 60 kbar 341 

(Table 2).  342 

Figure 3   Dynamic distance of H-Cl 343 

Figure 4   RDF plots 344 

Figure 5   Snapshots show the first hydration shell of Cl– and HCl(aq) 345 

 346 

3.2 Thermodynamic integration and free energy calculation 347 

The results of unconstrained MD simulations described above provide qualitative 348 

information about the structural properties (e.g., hydration numbers) and the relative stability 349 

of HCl(aq)/Cl– over the investigated P,T range. The final aim of this study is to calculate the 350 

dissociation constants of HCl(aq) in aqueous fluids, and extrapolate these properties to a wide 351 

range of T-P conditions. To this end, we performed series of distance-constrained molecular 352 

simulations to explore the free energy surface of the HCl(aq) dissociation reaction, as described 353 

in Section 2.2. Fig. 6 shows the distance-constrained MD calculations and the constraint mean 354 

force collected at each distance at 100 ºC, 100 bar and 400 ºC, 308 bar according to the 355 

reaction pathway illustrated in Fig. 2. At 100 ºC, 100 bar, the constraint mean force has a 356 

large positive value (145.21 kJ Å-1 mol-1) when the H-Cl distance is fixed at 1.27 Å, 357 
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indicating a large repulsive force between H and Cl (Fig. 6a). As a result, HCl(aq) tends to 358 

dissociate rapidly at 100 ºC, 100 bar (as shown in Fig. 3a). This force becomes smaller at a H-359 

Cl distance of 1.3 Å, and then reaches the minimum value of 1.29 kJ Å-1 mol-1 at 1.4 Å. At 360 

this constraint distance, H-Cl captures one H2O molecule to form a Cl-H-H2O structure. 361 

However, this structure becomes more stable as the H-Cl distance increases, and a positive 362 

force is required to keep H at a constrained distance < 2.1Å, indicating that HCl(aq) 363 

spontaneously dissociates at these distances.  364 

We also monitored the distances between the constrained H* (in Eq 3) and nearest O to 365 

investigate the association between a proton and a water molecule through the reaction. Fig. 7 366 

shows the H*-O distances as a function of the H*-Cl constraint distances for the reaction at 367 

100 ºC, 100 bar. For the HCl(aq) molecule (stage (I); H*-Cl distance of 1.27 Å), the nearest O 368 

neighbors of H* are located at an average H*-O distance of 1.80 Å. When H* moves away 369 

from Cl, a water molecule from the solvent gets closer to the H* atom. For example, the H*-370 

O distance is 1.14 Å when dH*-Cl = 1.60 Å. The final H*-O distance is 1.0 Å – essentially the 371 

same as in a free water molecule (stage II; dH*-Cl = 2.0 Å), indicating that H*Cl(aq) has 372 

dissociated fully, and H* has bonded with another O to form H3O
+ (or formed H2O and 373 

displaced a further H ion to the solvent to form H3O
+). To get the free energy of the 374 

dissociation reaction, the mean constraint force was integrated over the constraint distances 375 

from 1.27 Å to 2.00 Å (Eq 4). 376 

At 400 ºC, 308 bar (Fig. 6b), the free energy profile shows a different trend compared to 377 

100 ºC, 100 bar. The large positive value of constraint mean force at 1.27 Å remains, but this 378 

force drops significantly with increasing H*-Cl distance, and becomes negative when dH*-379 

Cl > 1.3 Å. The large negative force indicates that an external force has to be applied to 380 

maintain a given H-Cl distance to balance the attractive force between H+ and Cl-, which 381 
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agrees with the unconstrained MD results showing that the HCl(aq) molecule is stable in 382 

aqueous solutions at 400 ºC, 308 bar (Fig. 4e). 383 

A comparison of free energy surfaces at 25-400 ºC (1-308 bar) reveals two opposite trends 384 

for the free energy surfaces below and above 300 °C (Fig. 8a). At 25-250 ºC (1-100 bar), we 385 

obtain negative free energy values for the reaction, which indicates that dissociation is 386 

favored under those conditions. At 300 ºC, 110 bar, the free energy is close to zero 387 

(6.58±1.33 kJ mol-1), in agreement with the unconstrained MD run which shows a dynamic 388 

process of association and dissociation (Fig. 3b). At 350 ºC, 200 bar and 400 ºC, 308 bar, the 389 

simulations give large positive free energies for the dissociation of HCl, indicating that 390 

association is preferred. At 100-400 ºC, for pressures close to the saturation pressure of water, 391 

the free energy of the reaction increased systematically as a function of temperature (Fig. 8a). 392 

The effects of pressure on the free energy surfaces of the HCl(aq) dissociation reaction are 393 

illustrated in Figs. 8b,c (300 ºC and 400 ºC; Psat (110/308 bar), 1 kbar and 5 kbar). The overall 394 

trend is a decrease in free energy with increasing pressure, reflecting increasing dissociation. 395 

For example, at 300 ºC, the free energy decreased from +6.58 kJ mol-1 at 110 bar to -396 

12.04 kJ mol-1 at 1 kbar. In the corresponding MD runs, the proportion of HCl(aq) dropped 397 

from 36 to 9% as pressure increased form 110 bar to 1 kbar. At 5 kbar, HCl(aq) dissociated 398 

completely, and the free energy became a negative value of -30.28 kJ mol-1. At 400 ºC, 399 

HCl(aq) is the predominant species at 308 bar, in agreement with a large positive value of free 400 

energy for the dissociation reaction (+48.25 kJ mol-1). At 1 kbar, the free energy value is 401 

smaller yet still positive (+9.58 kJ mol-1), reflecting the presence of a small amount of 402 

dissociation (3% Cl-). At 5 kbar, 90% of the chloride exists in the dissociated form, which is 403 

reflected by a negative free energy of dissociation (-11.95 kJ mol-1; Fig. 8c). 404 

A similar trend of decrease in the free energy of the dissociation reaction with increasing 405 

pressure leading to the predominance of the Cl– species at P ≥ 1.5 kbar was observed over the 406 
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500-700 ºC temperature range (Fig. 8d). At pressures of 1.5-3.5 kbar (fluid densities 0.6-407 

0.7 g/cm3), positive free energies were obtained, consistent with the predicted predominance 408 

of the HCl(aq) ion pair. At 700 ºC, a free energy of +47.47 kJ mol-1 was obtained at 3.5 kbar. 409 

At 10 kbar, this free energy value decreases to close to zero (+8.88 kJ mol-1), and then the free 410 

energy change decreases with pressure and becomes negative between 20 (-14.89 kJ mol-1) 411 

and 60 kbar (-49.72 kJ mol-1). The Gibbs free energies of the HCl(aq) dissociation reaction 412 

(Eq. 1) at standard state (ideal 1 m solution) are listed in Table 3. The statistical uncertainty in 413 

the free energy of each dissociation reaction was estimated by calculating the standard 414 

deviation of the free energy surface at 1.8 – 2.1 Å.  415 

A few sources of uncertainty may affect the reliability of prediction of logK values for 416 

aqueous complexes using ab initio thermodynamic integration (Mei et al., 2013a; 2015a,b; 417 

2016). The convergence of force sampling at low temperature is affected by the kinetics of 418 

ions in the solution. Our previous studies of transition metal complexes showed that at 419 

T < 300 ºC, the logK calculations for Zn(II)-Cl (Mei et al., 2015b) and Cu-Cl-HS (Mei et al., 420 

2013a) complexes gave larger errors than those at T ≥ 300 ºC. Another source of uncertainty 421 

is the correction to an infinitely dilute solution and activity coefficients (i.e. the limitations of 422 

the B-dot model).  423 

A more complex issue that creates uncertainty lies in defining the free energy difference 424 

between HCl(aq) and the separated chloride ion and proton. Firstly, at some conditions there is 425 

little or no evidence for a minimum corresponding to the associated stated and so one end 426 

state for the reaction in some cases is, at best, a point of inflection in the free energy. 427 

Secondly, the limitations of the ab initio MD mean that the free energy for the dissociated 428 

state corresponds to the hydronium-chloride ion pair. Consequently there should be a further, 429 

though smaller, contribution due to the separation of this ion pair to the solvent-shared, 430 
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solvent separated ion pairs and beyond. A third and final issue is that through using the Cl-H 431 

distance as a constraint, as opposed to the Cl coordination number by hydrogen, there is the 432 

possibility that an unconstrained hydrogen ion from another water may ultimately protonate 433 

the chloride ion. However, it appears that this is not a problem for short constrained distances 434 

since the presence of the adjacent (nascent) hydronium ion is sufficient to disfavor this. 435 

Despite these caveats, it appears that good agreement with experimental data is obtained, 436 

where available, through using the free energy difference between the system at the HCl bond 437 

length and at 2.0 Å as a proxy for the free energy of dissociation. 438 

Figure 6. Examples of free energy calculations at 100 ºC, 100 bar and 400 ºC, 308 bar. 439 

Figure 7. H*-O distances during the thermodynamic integration at 100 ºC, 100 bar. 440 

Figure 8. Free energy surfaces at 25 – 700 ºC. 441 

Table 3. List of Gibbs free energy and logKd values 442 

 443 

3.3 Thermodynamic properties  444 

We fitted the dissociation constant of HCl(aq) (logKd) calculated from MD simulations at 445 

25-700 ºC, 1-5 kbar to the revised HKF equations (Helgeson et al., 1987; Sverjenky et al., 446 

1997) using the OptimB software (Shvarov, 1999; 2015) to provide a convenient 447 

parameterization for the temperature dependence of the dissociation constant. As discussed 448 

above, depending on the model used to interpret the room-temperature experiments for HCl 449 

association, logKd of ~0.7 or ~7 are obtained (Table 1). For the current fit, we chose to 450 

represent the physical aspect of HCl association, i.e. full dissociation at room temperature 451 

even in concentrated HCl solutions (logKd(25 ºC) ~ 7). We attempted to include the 452 

experimental data at high P-T (up to 5 kbar) into the fit, but this resulted in an unrealistic 453 

extrapolation to ultra-high pressure (~20-60 kbar), which did not agree (by several log units) 454 

with the MD results at these P-T conditions.  Therefore, we opted to use mainly the MD 455 
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results in the HKF fitting so that we can provide an independent and an internally consistent 456 

dataset for crosschecking of the experimental results, and provide HCl(aq) properties at ultra-457 

high pressure conditions. 458 

As our calculations gave a logKd value of 6.81 at 25 ºC, 1 bar, the value for HCl(aq) 459 

was fixed accordingly at -22,091 cal mol–1. To reduce the number of independent parameters 460 

in the fits, the empirical relations for Cp=f(c1,c2) and V=f(a1, a2, a3, a4) were applied (Shock 461 

and Helgeson, 1988; Sverjensky et al., 1997; Shvarov, 2015). We choose a Cp(298) value of 462 

35.74 cal K-1 mol-1 and a V0
(298) value of 16.38 cm3 mol-1, following the review of 463 

experimental data by Tagirov et al. (1997). Other proposed Cp(298) values for HCl(aq) (e.g., 464 

29 cal K-1 mol-1 from Sverjensky et al. (1991); and 39 cal K-1 mol-1 from Pokrovskii (1999)) 465 

were also tested in the fitting but the results are similar, therefore Tagirov’s value was used as 466 

it is close to the average of the three Cp(298) values. The V0
(298) values of 16.38 cm3 mol-1 for 467 

HCl(aq) listed in Tagirov et al. (1997)’s study is very close to the V0
(298) values of Cl– 468 

(17.79 cm3 mol-1, Shock et al, 1997) and HCl(aq) (19.0 cm3 mol-1, Sharygin and Wood, 1997), 469 

which makes sense as our MD results also show that the difference of V0
(298) between Cl– and 470 

HCl(aq) is very small based on the change in the effective radius of the solvent sphere of the 471 

two species obtained from the Cl-O RDF plot. We also tested the V0
(298) values in the fitting 472 

using 16.38, 17.79 and 19.0 cm3 mol-1, and the results were very similar. 473 

The fitted parameters of the HKF model are listed in Table 4, and the logarithm of the 474 

dissociation constants of HCl(aq) at 25-700 ºC, Psat-5000 bar calculated using HCh (Shvarov 475 

and Bastrakov, 1999; Shvarov, 2008) based on out fitted HKF parameters are listed in Table 5. 476 

Using these HKF parameters, we have calculated the logKd at 300-1000 ºC, 10-70 kbar listed 477 

in Table 6 using the DEW model (Sverjensky et al., 2014). These logKd values from fitting of 478 

HKF parameters and DEW model are in good agreement (within one log unit) with the logKd 479 

values directly calculated from MD simulations (Table 3), suggesting that the properties listed 480 
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in Table 6 can be used to assess the stability of HCl(aq)
 to ultra-high pressures and 481 

temperatures (up to 1000 ºC, 70 kbar, Table 6). 482 

Table 4. HKF parameters 483 

Table 5. LogKd of HCl(aq) at 25 – 700 ºC, Psat – 5 kbar from HKF parameters using HCh 484 

Table 6. LogKd of HCl(aq) at 700 – 1000 ºC, 10k – 70 kbar from HKF parameters using DEW 485 

model. 486 

4 Discussion 487 

4.1 Dissociation and hydration of HCl in aqueous fluids as a function of 488 

temperature and pressure 489 

The ab initio MD simulations conducted in this study revealed the dissociation/association 490 

of HCl(aq) in aqueous fluids over a wide range of temperatures and pressures. At temperatures 491 

< 300 ºC and P ≥ Psat, the HCl(aq) ion pair was unstable and dissociated quickly into H+ and 492 

Cl–. At temperatures ≥ 300 ºC, the simulations reveal the strong pressure dependence of the 493 

association/dissociation of chloride. Upon an increase in pressure from Psat to 5 kbar, the 494 

predominant form of chloride changed from associated HCl(aq) to dissociated Cl–. 495 

The free Cl– ion at low temperature is stabilized by its hydration shell. At 25 ºC, HCl(aq) 496 

completely dissociated to H+ and Cl–, and the Cl– ion is surrounded by six water molecules 497 

via hydrogen-bonding to water H atoms (Fig. 5a). The water-water interaction and the 498 

interaction between Cl– and H2O become weaker with increasing temperature (Driesner et al., 499 

1998; Sherman 2007, 2010). The intensity of the first Cl-H and Cl-O RDF peak decreases 500 

with increasing temperature from 25 ºC to 250 ºC, and the integral of this peak becomes 501 

smaller, reflecting the decrease in hydration number of Cl– (Fig. 9). At temperatures above 502 
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300 ºC, when the H+ and Cl– become associated (e.g., Figs. 4e,g), the interaction between Cl– 503 

and solvent water is much weaker. Based on the evidence from Cl–-H2O interaction, we can 504 

hypothesize that at low temperature, the hydrated Cl– ion was coordinated by a few water 505 

molecules in the first hydration shell (e.g., 6 H2O at 25 ºC) via Cl-H bonding to stabilize the 506 

ion. At high temperature, because the bonding between Cl– and water H-atoms becomes 507 

weaker, the hydration shell is more disordered and not sufficient to stabilize the Cl– ion. Thus 508 

the Cl– ion tends to associate with a cation, such as HCl(aq) in acidic solutions, or NaCl(aq) in 509 

Na+-bearing brines (Driesner et al., 1998; Mei et al., 2014). Increasing pressure similarly 510 

increases the hydration number (e.g., simulations at 300 ºC, 5 kbar and 700 ºC, 60 kbar), 511 

which leads to the dissociation of HCl at high pressure. 512 

According to the traditional Born model, the decrease in dielectric constant of the solvent 513 

with decreasing solution density at high temperature will cause ion association (Born 1927; 514 

Seward and Barnes, 1997). A recent study of the dielectric constant of water also showed the 515 

same trend at very high temperature (2000 K) and pressures (110 kbar) (Pan et al., 2013). Our 516 

simulations predict increased HCl(aq) association with increasing temperature and decreasing 517 

pressure (with decreasing dielectric constant) and predict an increasing fraction of charged 518 

species (e.g., Cl–) at low temperature, high pressure and conversely neutral species (e.g., 519 

HCl(aq), NaCl(aq)) at high temperature, low pressure. The change of dissociation of HCl(aq) is 520 

consistent with the effect of pressure on the change of water properties, such as density and 521 

dielectric constant. 522 

An alternative explanation of the increased association HCl at increasing temperatures is 523 

the change of entropy. If the hydration shell of chloride is considered, the HCl(aq) dissociation 524 

reaction (Eq. 1) can be written as  525 

HCl(H2O)m + (n-m+1)H2O ⇌  H3O
+ + [Cl(H2O)n]

–  (n-m≥2) (8) 526 
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As shown in Fig. 9b, the hydration of chloride also changed as a function of temperature. 527 

When chloride exists as free ion, there are 5-7 (n in Eq 8) water molecules surrounding Cl– 528 

(Table 2); in contrast, when HCl(aq) predominates, the hydration number of chloride (m in 529 

Eq 8) drops to ~ 1.7-4 (Table 2). Therefore when temperature increases, the change in 530 

translational entropy resulting from the HCl association also increases since more water 531 

molecules are released from the hydration shell of the Cl– ion. Indeed our estimated standard 532 

entropy change of HCl(aq) association, based on the Van’t Hoff relationship (Galaon and 533 

David, 2011), increases with increasing temperature and decreases with increasing pressure 534 

(Fig. 10). This is consistent with the complexation behavior of aqueous Cu(I)/Au(I)/Zn(II) 535 

complexes as discussed by Mei et al. (2014; 2015b) and calcium carbonate ion association 536 

studied by Kellermeier et al. (2016); the increase in translational entropy of solvent molecules 537 

is the driving force for increased ion pairing with temperature. However, with increasing 538 

pressure, the hydration of both HCl(aq) and Cl– increases. This has the effect of decreasing the 539 

entropy change associated with the HCl association, hence contributing to favoring 540 

dissociation with increasing pressure. Moreover, the translational entropy of any species will 541 

decrease with increasing solvent density. 542 

Figure 9. RDF and CN of Cl-H (a) and Cl-O (b) at different temperature 543 

Figure 10. Change of entropy for HCl(aq) association reaction at different T-P 544 

 545 

4.2 Dissociation constants for HCl(aq), compared to previous studies 546 

Selected datasets for the logKd of HCl(aq) at elevated temperatures and water-saturated 547 

pressure from different studies are compared in Fig. 11. For the 25-350 °C range (Fig. 11a), 548 

as summarized in the introduction and in Table 1, there are two different trends depending of 549 

the model chosen for data reduction. Ruaya and Seward (1987), Sretenskaya (1992) and 550 

Tagirov et al. (1997) recommend a value of ~1 at 25 ºC, implying that small amounts of HCl 551 
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association exist even at room temperature in concentrated HCl solutions, which is surprising 552 

for a strong acid such as HCl. In contrast, Pokrovskii (1999)’s geochemical modeling and 553 

Simonson (1990)’s associated ion (AI) model gave logKd values close to 7 at 25 ºC, which 554 

implies full dissociation of HCl. As pointed out by Simonson et al. (1990), any attempt to 555 

measure the association constant of HCl(aq) is ambiguous because the degree of association is 556 

so small at room temperature. Consequently, the activity of HCl(aq) is too low to be measured 557 

reliably by experimental approaches. The logKd for HCl(aq) derived from solubility results 558 

(AgCl(s) and alkali mineral buffers) depend upon the reliability of the thermodynamic data for 559 

the solid species and key aqueous species such as Ag-Cl complexes at relatively high ionic 560 

strength (>1), and hence the results are highly dependent on the choice of activity coefficient 561 

model chosen for the data regression. 562 

Ab initio MD clearly demonstrates the full dissociation of HCl at room temperature, and 563 

validates a logKd(25 ºC) ~ 7 as the physically correct value. A similar result was obtained in 564 

the earlier ab initio MD calculations by Sulpizi and Sprik (2008; 2010), who obtained 565 

logKd(57 ºC) very close to 7, the value recommended in the IUPAC database (Perrin, 1982). 566 

Sulpizi and Sprik (2010) also show that for several inorganic acids, the predictions based on 567 

ab initio MD simulations are better than 1.5 logK unit. Our calculations also delivered a value 568 

of 6.81±0.63, close to 7. We also note that the lack of HCl association in the 1 m HCl solution 569 

studied is highlighted qualitatively in the MD runs; these runs were started from an HCl(aq) ion 570 

pair, which quickly dissociated at room-temperature, never to reform. 571 

Under hydrothermal conditions, the values derived from MD in this study are generally 572 

systematically higher (up to ~1 log unit) than the other models in the temperature range of 573 

100-250 ºC (100 bar), indicating that the MD study predicts more dissociation of HCl(aq) than 574 

experimental studies in this temperature range. This is probably because 1) it is difficult to 575 
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determine the thermodynamic properties for fully dissociated acid with experimental methods 576 

as discussed below, 2) limitations to the accuracy of the MD methods discussed in the 577 

previous section. Note that because the simulations were started with the HCl(aq) molecule, the 578 

slow kinetics at low temperature may cause uncertainty in the HCl dissociation constants due 579 

to the timescale for hydrogen-bond network reorganization being comparable to that of the 580 

simulation length. 581 

In order to illustrate the differences in predicted solubility arising from using logKd(HCl) 582 

from the different HKF extrapolations, we have recalculated the solubility data at 100-350 ºC 583 

of Ruaya and Seward (1987). Since the work of Ruaya and Seward (1987), the stability of 584 

Ag(I) chloride complexes and the dissociation constant of AgCl(s) have been revisited by 585 

Pokrovski et al. (2013), and these values were used in our calculations. The value for the 586 

solubility constant of AgCl(s) was adjusted from -5.99 to -6.1 at 350 ºC, to account for higher 587 

than measured solubilities. The results are shown in Fig. 12 and clearly show that all three 588 

HKF datasets (Tagirov et al., 1997; Pokrovskii, 1999 and this study) can reproduce the 589 

measured solubility reasonably well, with Tagirov’s values giving slightly better agreement 590 

with the experimental data. Therefore we recommend using the HKF parameters of Tagirov et 591 

al. (1997) (Fig. 11a) for the temperature range from 25-300 °C for calculating mineral 592 

solubility. HCl is mostly dissociated below 200 ºC (Fig. 12a’,b’). However using the 593 

experimental dissociation values at 25 ºC (e.g., logKd = 0.9 from Sretenskaya, 1992), the 594 

calculated HCl(aq) is ~6% of total moles of HCl in a 1 molal HCl solution. Therefore for 595 

models where the physical amount of HCl association is important (e.g., kinetics, catalysis), 596 

HKF parameters that predict full dissociation at room T are more appropriate. 597 

From 350 ºC onwards and pressure up to 5 kbar, most available experimental studies are 598 

within a small error range with the MD results (up to one log unit) (Fig. 11b,c). As we 599 
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discussed before, ab initio MD results become more reliable at high temperature due to the 600 

faster kinetics. In addition, the association of HCl(aq) is much stronger than at lower 601 

temperature and a more measurable entity; thus the results from various studies are more 602 

reliable and less model-dependent. In this temperature range there is no significant difference 603 

among the HCl speciation calculated using the HKF models of Tagirov (1997), Pokrovskii 604 

(1999) or this study (Fig. 12d’). For example, the three datasets give similar agreements to the 605 

AgCl(s) solubilities measured by Rayua and Seward (1987) at 350 ºC (Fig. 12d). 606 

At ultra-high P-T conditions (5-70 kbar) where there is no experimental data available, we 607 

recommend the HKF parameters from this study to model HCl speciation. These parameters, 608 

when plugged into the DEW model (Sverjensky et al., 2014), produce logKd values that are in 609 

good agreement with the three MD simulated logKd values at 20, 50 and 60 kbar (Fig. 13), 610 

even if these three data points were not included in the HKF-DEW model regressions. 611 

Figure 11. LogKd comparing with experiments 612 

Figure 12. Solubility of AgCl (Ruaya and Seward, 1987) and calculated values using 613 

Tagirov 1997; Prokvskii, 1999 and this study for HCl(aq). 614 

Figure 13. LogKd extrapolated using HKF parameters at 25-700ºC, Psat-5 kbar, and 615 

high pressure (10-60kbar). 616 

 617 

5 Conclusion and geological implications 618 

The MD simulations in this study provide insights into the molecular structure and 619 

dissociation mechanism of the HCl(aq) molecule and the corresponding products. Despite the 620 

uncertainties and limitations of the MD simulation approach, our results provide a reasonable 621 

prediction of the dissociation constants for HCl(aq) compared with the existing experimental 622 
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data. Furthermore, the MD simulations provide the first thermodynamic data for HCl 623 

speciation at high pressures relevant to conditions such as for subduction-zone fluids. 624 

In recent years, the role of slab-generated aqueous fluids in mantle metasomatism has 625 

received much attention for its potential in controlling the mantle oxidation state, metal 626 

fertility in arc systems (e.g., Evans and Tomkins, 2011; Galvez et al., 2016). The importance 627 

of pH in ultra-high pressure subduction environments was emphasized by Sverjensky and 628 

Huang (2015), who proposed that pH changes can drive diamond formation in the presence of 629 

aqueous fluids containing organic carbon (900 ºC, 50 kbar). Coincidentally, the highly 630 

dissociated HCl(aq) at extreme high pressure in our simulations also suggests that more protons 631 

can be released to make the fluids more acidic even at the high temperatures characteristic of 632 

ultra-high pressure environments. The dissociation of HCl(aq) at high pressure suggests that in 633 

these environments the fluids may rather be acidic, explaining their capacity to dissolve and 634 

enrich metals and to react with host mantle rocks. The effect of pressure on the dissociation of 635 

HCl(aq) also implies that even at the temperatures of the upper mantle in subduction zones 636 

(Manning, 2004), fluids will still have free Cl– available to complex metals and hence 637 

increase their solubility. For the same reason that pressure causes HCl(aq) to dissociate, 638 

pressure will decrease the entropy change associated with complexation; this favors 639 

dissociation, though this is a second-order effect. The first-order effect of pressure will 640 

depend on the molar volume change of the complexation reaction. We have demonstrated that 641 

ab initio MD simulations using density functional theory employing GGA exchange-642 

correlation functionals can yield reasonable stability constants for aqueous species. The 643 

further addition of dispersion corrections and even the use of hybrid functionals in the future 644 

will only further improve such simulations. We anticipate that a quantitative thermodynamic 645 

model of metal complexation at upper mantle pressures will soon be possible from such 646 

simulations. 647 
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Table 1. Selected previous experimental and thermodynamic studies of the dissociation of 

HCl. 

 

Method T, P range 
 Log Kd 

(at 25 ºC) 
Reference  Note 

Electrical conductance  300 – 383 ºC - Pearson et al., 1963  
Provided logKd values at 300 – 378 ºC 

(ρ=0.4 – 0.7 g/cm3) 

Partial vapor pressures  25 ºC 6.18-6.31 
Robinson and Bates, 

1971 

LogKd were obtained from partial vapour 

pressure of HCl(aq) and LiCl solutions 

Potentiometric 

measurement 
25 ºC 0.9 

Johnson and 

Pytkowiz, 1978 

Calculated from Eq 19 in this Ref. at ionic 

strength = 1 

Electrical conductance 
100 – 700 ºC 

up to 4000 bar  
- Frantz et al., 1984 

LogKd in linear correlation with respect to 

inverse T(K) and logρH2O 

Fit literature data 0 – 80 ºC 6.24 
Marsh and McElory, 

1985 
Fitted Henry’s Law constant Kh 

Fit literature data 25 ºC - 
Clegg, and 

Brimblecombe, 1986 
Refined Henry’s Law constant Kh 

Apparent molar heat 

capacity 
10 – 140 ºC - Tremaine et al. 1986 Fitted the Cp value to Pitzer and HKF model 

Enthalpy of dilution of 

HCl(aq) 

25 – 375 ºC,  

up to 400 bar 
- Holmes et al. (1987) Fitted the results to Pitzer model 

AgCl solubility experiment 100 – 350 ºC 0.71 
Ruaya and Seward, 

1987 
Calculated from solubility data 

Fit literature data 
25 – 375 ºC, 

up to 400 bar 

7.6(a) 

0.2(b) 

Simonson et al., 1990 

(Eq 29 and Fig 3a in 

this Ref) 

(a) Calculated from ion association-

interaction model using Eq 29; (b) derived 

from chemical equilibrium model in Fig. 3a 

Mineral equlibrium data 

for K-feldspar-muscovite-

quartz 

0 – 600 ºC,  

500 – 2000 bar 
0.86 

Sverjensky et al., 

1991 

Experimental data at 300-600ºC, 0.5-2 kbar, 

and extrapolation from HKF model 

Experimental data 25 °C 0.9 Sretenskaya 1992 
Electrical conductance of HCl solutions in 

water-dioxan mixtures 

AgCl solubility experiment 
300 – 500 ºC, 

0.5-2 kbar 
0.7 Tagirov et al 1997 

Experimental data at 300-500ºC, fitting of 

previous data at 25-700 ºC 

Volume and heat capacity 
25 – 350 ºC,  

up to 280 bar 
- 

Sharygin and Wood, 

1997 
Fitted the Cp and V0 values to Pitzer model 

Fit literature data 
0 – 1000 ºC,  

up to 5 kbar 
6.24  Pokrovskii, 1999 Calculated from fitted HKF parameters 

Conductivity 

Measurements 
100-410ºC - Ho et al., 2001 

Extrapolated to 600 ºC (ρ=0.4 – 0.8 g/cm3) 

based on literature data 

Classical MD - PMF, and 

review literature data 

Up to  400 ºC, 

700 bar 
- 

Chialvo et al., 2002, 

2003, 2007 

Rigid structural models for H2O and H3O+ 

were applied in classical MD. Provided 

logKd values as functions of density change 

Ab initio MD - TI 57 ºC  
7.1(c) 

6.7(d) 

Sulpizi and Sprik, 

2008, 2010 

logKd values at 57 ºC (330K) for the studies 

published in (c) 2008 and (d) 2010 

Abbreviations and symbols: MD = molecular dynamics; PMF =  potential mean force; TI = 

thermodynamic integration; HKF = Helgeson-Kirkham-Flowers (Helgeson et al., 1981); 

Pitzer model from Pitzer, 1973; Cp = heating capacity; V0 = molar volume; “-” means logKd 

value at 25 ºC was not provided or not available in the reference. 

  



Table 2. Details of ab initio MD conducted in this study. Each simulation box contains 1 HCl 

and 54 H2O molecules. 

 

T(ºC) 
Box size 

(Å) 

Density 

(g/cm3) 

Pressure 

(bar) 

Simulation 

Time (ps) 
CNCl-H

§ CNCl-O
∞ 

Chloride 

species* 

25 11.814 0.998 1 19.16 0.00 5.89 Cl- 

100 11.956 0.963 100 15.24 0.00 5.90 Cl- 

150 12.130 0.922 100 17.42 0.00 5.82 Cl- 

200 12.358 0.871 100 17.42 0.00 5.99 Cl- 

250 12.687 0.806 100 18.54 0.01 5.52 Cl- 

300 13.192 0.717 110 16.15 0.36 4.61 Cl-, HCl(aq) 

300 12.598 0.823 1k 15.96 0.09 5.39 Cl- 

300 11.826 0.995 5k 15.96 0.00 6.82 Cl- 

350 13.993 0.600 200 16.62 0.94 2.95 HCl(aq) 

400 16.187 0.388 308 17.20 1.00 1.70 HCl(aq) 

400 13.342 0.693 1k 18.00 0.97 3.74 HCl(aq) 

400 12.083 0.933 5k 18.14  0.10 6.33 Cl- 

500 13.772 0.630 1.5k 18.28 0.98 3.27 HCl(aq) 

600 13.651 0.647 2.5k 18.25 0.99 3.61 HCl(aq) 

700 13.574 0.658 3.5k 15.18 1.00 3.68 HCl(aq) 

700 12.156 0.916 10k 16.69 0.63 5.98 HCl(aq), Cl- 

700 11.454 1.095 20k 17.42 0.16 8.03 Cl-, HCl(aq) 

700 10.504 1.420 60k 21.04 0.02 11.4 Cl- 

¶ Density of 55 H2O in the cubic box. Water density data of pressure up to 10 kbar are from 

NIST (Lemmon et al., 2000), and above 10 kbar are from Zhang and Duan (2005). 

§ Cl-H distance cutoff at 1.6 Å 

∞Cl-O distance cutoff at 3.8 Å 

*Chloride species with > 10% of the total population is listed. 

  



Table 3. Gibbs free energy for reaction (1) and Gibbs free energy of formation from the 

elements for HCl(aq) from the MD simulations. 

 

 

# DG f , j

0 refers to standard partial molal Gibbs free energy of formation of the species j from its elements in their 

stable state at the reference temperature and pressure (25 ºC, 1 bar); DG
f ,Cl-

0 values up to 5 kbar were calculated 

from HCh (Shvarov and Bastrakov, 1999; Shvarov, 2008) using HKF parameters from Shock and Helgeson 

(1988), at 700 ºC, 60 kbar the value was calculated from DEW model (Sverjensky et al., 2014) using the same 

HKF parameters.
 

¶ ∆Gr(P,T) is the Gibbs free energy of Eq (1) calculated from thermodynamic integration and DGr

0(Pr,Tr )  is 

the standard state Gibbs free energy at infinite dilution calculated using the B-dot activity model.  

LogKd calculated from: §MD simulations using Eq (4); ∞HCh (Shvarov and Bastrakov, 1999; Shvarov, 2008) 

using fitted HKF parameters (Table 4) for pressure up to 5 kbar, and DEW model (Sverjensky et al., 2014) using 

fitted HKF parameters for pressure above 5 kbar.  

T 

(˚C) 

P 

(bar) 

∆rGr(P,T) 

(kJ/mol)
 ¶

 

DGr

0(Pr,Tr )

∆rG
Θ(Pr,Tr) 

(kJ/mol)
 ¶

 

DG
f ,Cl-

0  

(kJ/mol)
#
 

DG f ,HCl(aq )

0  

(kJ/mol)
 

logK§ 

(MD) 
logK

∞
 

(HKF) 

25 1 -39.72±3.60 -38.90±3.60 -131.29 -92.39 6.81±0.63 6.81 

100 100 -40.42±5.21 -39.23±5.21 -134.42 -95.19 5.49±0.73 4.56 

150 100 -34.00±5.91 -32.36±5.91 -135.66 -103.30 3.99±0.73 3.27 

200 100 -27.77±6.47 -25.49±6.47 -136.01 -110.52 2.81±0.71 2.09 

250 100 -17.78±3.84 -14.61±3.84 -135.12 -120.51 1.46±0.38 0.93 

300 110 6.58±1.33 11.04±1.33 -132.03 -143.07 -1.01±0.12 -0.33 

300 1k -12.04±3.54 -8.24±3.54 -134.75 -126.51 0.75±0.32 0.69 

300 5k -30.28±4.19 -28.15±4.19 -132.15 -104.00 2.57±0.38 2.37 

350 200 23.90±1.75 30.41±1.75 -124.98 -155.39 -2.55±0.15 -1.89 

400 308 48.25±1.70 58.31±1.70 -111.07 -169.38 -4.52±0.13 -4.80 

400 1k 9.58±1.11 16.52±1.11 -130.07 -146.59 -1.28±0.09 -1.29 

400 5k -11.95±5.35 -8.65±5.35 -133.39 -124.74 0.67±0.42 0.98 

500 1.5k 36.38±2.12 46.31±2.12 -124.94 -171.25 -3.13±0.14 -2.58 

600 2.5k 35.01±4.69 45.16±4.69 -124.08 -169.24 -2.70±0.28 -2.95 

700 3.5k 47.47±3.57 58.79±3.57 -123.04 -181.83 -3.16±0.19 -3.30 

700 10k 8.88±4.91 16.87±4.91 -128.33 -145.20 -0.91±0.26 -1.09 

700 20k -14.89±5.97 -7.77±5.97 -119.00 -111.23 0.42±0.32 0.36 

700 60k -49.72±4.88 -46.27±4.88 -57.91 -11.64 2.48±0.26 3.06 



Table 4. Equation-of-state parameters and standard partial molal properties (HKF parameters) 

for HCl(aq) regressed from logK data from MD simulations in this study (as listed in 

Table 3). 

 

Parameters HCl(aq) 

 (cal mol–1) -22091 

   

S Pr ,Tr

0
 (cal mol–1 K–1) 28.744  

a1 (cal mol–1 bar–1)×10 6.9732 

a2 (cal mol-1)×10–2 41.9381 

a3 (cal mol–1 bar–1) -119.8177 

a4 (cal mol-1)×10–4 -4.5127 

c1 (cal mol–1) 5.9112 

c2 (cal K mol–1) ×10–4 11.8269 

   

wPr ,Tr
 (cal mol–1) ×10–5 -0.6291 

 

  



Table 5. Logarithm of the dissociation constants for HCl(aq) (logKd) calculated using HCh 

(Shvarov and Bastrakov, 1999; Shvarov, 2008) based on fitted HKF parameters as listed in 

Table 4. 

 

 

T(°C) 
Pressure (bar) 

Psat 100 300 500 1k 2k 5k 

25 6.81 6.80 6.79 6.76 6.63 6.22 4.33 

50 5.98 6.02 6.07 6.11 6.16 6.13 5.38 

100 4.50 4.56 4.67 4.77 4.97 5.23 5.46 

150 3.20 3.27 3.40 3.53 3.79 4.18 4.79 

200 2.01 2.09 2.24 2.39 2.69 3.16 3.97 

250 0.86 0.93 1.13 1.31 1.67 2.20 3.15 

300 -0.38 -0.35 -0.02 0.23 0.69 1.31 2.37 

350 -2.14 gas -1.47 -0.96 -0.28 0.46 1.65 

400 --- gas -5.42 -2.37 -1.29 -0.36 0.98 

450 --- gas gas -5.19 -2.41 -1.16 0.35 

500 --- gas gas gas -3.73 -1.96 -0.25 

550 --- gas gas gas -5.29 -2.77 -0.81 

600 --- gas gas gas -6.95 -3.59 -1.35 

650 --- gas gas gas -8.49 -4.40 -1.88 

700 --- gas gas gas gas -5.20 -2.39 

 

 

  



Table 6. Logarithm of the dissociation constants for HCl(aq) (logKd) calculated using the DEW 

model (Sverjensky et al., 2014) based on the fitted HKF parameters listed in Table 4. 

 

 

T(ºC) 
Pressure (kbar) 

10 20 30 40 50 60 70 

300 3.31 4.18 4.61 4.83 4.95 5.00 5.00 

350 2.68 3.70 4.28 4.67 4.95 5.16 5.33 

400 2.06 3.19 3.87 4.36 4.75 5.08 5.36 

450 1.47 2.68 3.43 3.99 4.45 4.85 5.20 

500 0.91 2.18 2.98 3.59 4.10 4.55 4.95 

550 0.38 1.70 2.53 3.18 3.72 4.20 4.63 

600 -0.13 1.23 2.09 2.76 3.32 3.83 4.29 

650 -0.62 0.79 1.67 2.35 2.93 3.45 3.92 

700 -1.09 0.36 1.25 1.95 2.54 3.06 3.55 

750 -1.55 -0.05 0.85 1.56 2.15 2.69 3.18 

800 -1.99 -0.45 0.47 1.18 1.78 2.31 2.81 

850 -2.41 -0.83 0.10 0.81 1.41 1.95 2.44 

900 -2.83 -1.20 -0.27 0.45 1.05 1.59 2.09 

950 -3.23 -1.56 -0.61 0.10 0.71 1.24 1.74 

1000 -3.62 -1.91 -0.95 -0.24 0.37 0.90 1.40 

 

  



 

 

Fig. 1. Simulation set up for HCl in aqueous solution (green: chlorine; red: oxygen; pink: 

hydrogen). 
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Fig. 2. Reaction paths and constrained bond distances for dissociation reaction of HCl(aq). The 

hydration shell of Cl is not shown. 
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Fig. 3. (a) H-Cl distances as a function of time show the extent of dissociation of HCl(aq) 

molecule in aqueous solution at different temperatures and pressures; (b) distance between Cl 

and four selected H atoms shows the dissociation-association of HCl(aq) in aqueous solution at 

300 ºC, 110 bar.  

  



 

Fig. 4. Radial distribution functions (RDF, left Y-axes, solid lines) of Cl-H and their integrals 

(coordination number (CN), right Y-axes, dashed lines) at 25 – 700 ºC, at various pressures, 

calculated after 1.4 ps of equilibration. 
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Fig. 5. Snapshots of the first hydration shell of chloride for simulations at 25 ºC, 1 bar (a), and 

300 ºC, 110 bar (b,c).  
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Fig. 6. Examples of constrained mean forces (empty circles) and their integrated values (solid 

circles), which correspond to the free energy, for the reaction HCl(aq) + H2O = Cl– + H3O
+ at 

(a) 100 ºC, 100 bar, and (b) 400 ºC, 308 bar. The empty circles are the running averages of 

constraint forces at each distance, and the solid circles are the numerical integrals of the mean 

constraint force with respect to the distance.  
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Fig. 7. Distances of H*-O as a function of the constraint Cl-H coordinate at 100 ºC, 100 bar 

for the HCl(aq) dissociation reaction (Eq. 3).  
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Fig. 8. Free energy surface of HCl(aq) dissociation reaction at (a) 25 – 400 ºC, Psat – 308 bar; 

(b) 300 ºC, 110 – 5 kbar; (c) 400 ºC, 308 – 5 kbar; (d) 500 – 700 ºC, 1.5k – 60 kbar. The free 

energy values of the reactions at each T-P conditions were chosen at the Cl-H distance of 

2.0 Å. 

  

-50

-40

-30

-20

-10

0

10

20

30

40

50

F
re

e
 e

n
e
rg

y
 (

k
J
/m

o
l)

2.22.12.01.91.81.71.61.51.41.31.2

Cl-H distances (Å)

400 ºC
308 bar

300 ºC
110 bar

350 ºC
200 bar

200 ºC

250 ºC

150 ºC

100 ºC
25 ºC  

(a)

-40

-30

-20

-10

0

10

20

F
re

e
 e

n
e

rg
y
 (

k
J
/m

o
l)

2.22.12.01.91.81.71.61.51.41.31.2

Cl-H distances (Å)

300 ºC
110 bar

300 ºC
1k bar

300 ºC
5k bar

(b)

50

40

30

20

10

0

-10

-20

F
re

e
 e

n
e

rg
y
 (

k
J
/m

o
l)

2.22.12.01.91.81.71.61.51.41.31.2

Cl-H distances (Å)

400 ºC
308 bar

400 ºC
1k bar

400 ºC
5k bar

(c)

-50

-40

-30

-20

-10

0

10

20

30

40

50

F
re

e
 e

n
e
rg

y
 (

k
J
/m

o
l)

2.22.12.01.91.81.71.61.51.41.31.2

Cl-H distances (Å)

700 ºC
3.5kbar

500 ºC

600 ºC

700 ºC
60kbar

(d)

700 ºC
10kbar
700 ºC
10kbar

700 ºC
20kbar



 

Fig. 9. RDF plot of (a) Cl-H and (b) Cl-O at 25 ºC, 1 bar (0.998 g/cm3), 150 ºC, 100 bar 

(0.922 g/cm3) and 250 ºC, 100 bar (0.806 g/cm3) to show (a) the change of H-bond; (b) the 

change of Cl– hydration as function of temperature.  
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Figure 10. Change of entropy for HCl(aq) association reaction (H+ + Cl- = HCl(aq)) at different 

T-P. The change of entropy ∆rS
0 is calculated from ∆ S = R ´ (a -

c

T 2
) , where R is the gas 

constant, a and c are the parameters fitted from lnKeq = a +
b

T
+

c

T 2
 (Galaon and David, 2011). 
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Fig. 11. LogKd values of HCl(aq) as function of temperature (a) at 25 – 350 ºC, Psat, (b) 350 – 

650 ºC, 1 kbar and (c) 350-700 ºC, 2 kbar. The solid and dash lines show logKd calculated 

based on the HKF parameters from different studies as noted; the circles, squares and 

triangles with error bars show the direct logKd values from experiments and MD simulations.  
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Figure 12. (a-d) Solubility of AgCl from experiment data by Ruaya and Seward (1987) (grey 

circles) and calculated values using HCl(aq) HKF paramters from Tagirov et al. (1997), 

Pokrovskii (1999) and this study; (a’-d’) the fraction of Cl species at calculated temperature 

using HKF parameters from Tagirov et al. (1997), Pokrovskii (1999) and this study. 

  



 

 

Figure 13. LogKd extrapolated using HKF parameters listed in Table 4 from fitting of MD 

values (a)  25-700ºC, Psat-5 kbar, and (b) extrapolation to high pressure (10-60kbar) using the 

DEW model (Sverjensky et al., 2014). The circles with error bars show the logKd values 

directly calculated from MD calculation (as listed in Table 3) at a given pressure as indicated 

by the different colors. 
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