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ABSTRACT

Scaled-charge models have been recently introduced for molecular simulations of electrolyte solutions and molten salts to attempt to implicitly
represent polarizability. Although these models have been found to accurately predict electrolyte solution dynamic properties, they have not
been tested for coexistence properties, such as the vapor pressure of the melt. In this work, we evaluate the vapor pressure of a scaled-charge
sodium chloride (NaCl) force field and compare the results against experiments and a non-polarizable full-charge force field. The scaled-
charge force field predicts a higher vapor pressure than found in experiments, due to its overprediction of the liquid-phase chemical potential.
Reanalyzing the trajectories generated from the scaled-charge model with full charges improves the estimation of the liquid-phase chemical

potential but not the vapor pressure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012065

I. INTRODUCTION

Molten salts play a number of significant roles in the energy
industry. They are used for thermal energy storage,”” as heating
and cooling agents in nuclear reactors,” and as electrolytes in liquid
metal batteries for large-scale grid energy storage.”” Experimental
studies of these systems are challenging due to the extreme melt-
ing and boiling temperatures of molten salts and their corrosive
nature. Molecular simulations can overcome these difficulties and
allow access to thermodynamic properties and transport coefficients,
given an accurate molecular model.

A commonly used molecular model for alkali halide melts was
parameterized by Tosi and Fumi® with the Born-Mayer-Huggins—
Fumi-Tosi (BMHFT) functional form and full charges (each ion
possesses +le charge), which has been used in several studies.”®
The Michielsen-Woerlee-Graaf (MWG)’ model was proposed to
improve upon BMHFT by incorporating the pressure dependence of
compressibility. Both models were developed over 40 years ago and

parameterized to fit only crystal phase properties. In recent years,
there have been a significant number of ion models developed that
were parameterized on a variety of properties in both liquid and solid
phases. However, these models are generally designed to reproduce
aqueous solution properties. The most commonly used set of alkali
halide ion models was developed by Joung and Cheatham'’ (JC)
by fitting to hydration free energies, binding energies, crystal lattice
energies, crystal lattice constants, and the ion-water radial distri-
bution functions. While the JC model is part of a class of simple
non-polarizable, full-charged, fixed-dipole models, there has been
significant focus on the incorporation of polarizability in the last 10
years with implementation in the form of induced dipoles,'" fluctu-
ating charges,'” Drude oscillators,"” and even many-body represen-
tations."* Many of these implementations drive the computational
cost up by significant factors or even an order of magnitude.”” How-
ever, some recently developed force fields have employed scaled
charges, which retain the computational efficiency of simple point
charge models while implicitly taking into account polarizability."
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Alkali halide ion models are generally scaled using the
Leontyev-Stuchebrukhov theory to represent a dielectric continuum
correction as'""*

q

qejff \/e_el > ( 1)
where g, represents the scaled-charge, g is the unscaled-charge,
and ¢, represents the high frequency dielectric constant of the
medium in which the ions are embedded. Since non-polarizable
force fields miss the electronic contribution to the dielectric con-
stant, the charges on the ions are reduced to account for the miss-
ing screening effect. Following this method, the groups of Jung-
wirth,'”** Skinner,”" and Vegali“% developed scaled-charge models
for many species of alkali halide ions and showed improvements
in dynamic and thermodynamic properties of aqueous alkali halide
solutions. In fact, scaled-charge models have even been shown to
approach the accuracy of polarizable models for dynamic”’ and
interfacial properties.” Most recently, Zeron et al.”® developed
scaled models for a series of monovalent and divalent ions specific
for seawater and biological fluids, targeting solution densities, radial
distribution functions, hydration number, and adjusted melt/solid
densities. They found that while scaled-charge models accurately
predicted bulk aqueous properties and water hydration character-
istics, molten salt densities were ~20% lower than that of full charge
models.

Benavides et al.”’ developed an NaCl model, termed here “the
Madrid model,” by parameterizing to activity coefficients, liquid and
solid densities with concentration dependence, and the difference
between solution and crystal free energies. In comparison with a
non-polarizable point charge model, the Madrid model achieved
closer agreement with experiment for solubility, water activity, mean
ionic activity, self-diffusion, and surface tension for concentrations
below 2 mol/kg. While it should be acknowledged that the charge
scaling introduced for aqueous solutions is not appropriate for
molten salts, which typically have a higher density and thus would
require higher scaling factors for the charges to represent their effec-
tive polarizability, we have chosen to retain the original charge scal-
ing of the Madrid model, since our aim is to investigate the effects
of charge scaling on vapor-liquid coexistence properties, rather than
develop a new force field for NaCl.

While there have been a number of prior studies on the
dynamics, thermodynamics, and interfacial properties of molten
salts,””" there are more limited results on the vapor pressure and
liquid-vapor coexistence of these systems. Vapor pressure affects the
volatility of molten carbonate fuel cells and is critical in the deter-
mination of melt losses, which affect electrolyte management and
safe operations.’"”” Guissani and Guillot” first obtained coexistence
properties for NaCl using the BMHFT model® and single-phase
molecular dynamics simulations in combination with an analytical
equation of state. Rodrigues and Fernandes® performed free energy
calculations to obtain coexistence properties using both the BMHFT
and MWG models for NaCl.’ There have not been any prior studies
of the liquid-vapor coexistence using more recent models that rep-
resent a broader set of properties of ionic crystals and aqueous solu-
tions. In particular, the effect of charge scaling on molten salt-vapor
coexistence properties remains unknown. While scaled-charge mod-
els have been shown to improve dynamic and structural properties
of aqueous salt systems, it is unclear how the implicitly represented
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polarization translates to liquid-vapor coexistence properties. The
calculation of the liquid-vapor coexistence and specifically the vapor
pressure serves as a test of the consistency and transferability of the
models, highlighting advantages and disadvantages of full-charge
and scaled-charge models.

One additional complication that should be acknowledged in
connection with the study of the vapor-liquid coexistence is that the
two phases have different dielectric environments; charge scaling is
appropriate for the bulk liquid, but not for the low-density vapor, for
which full charges would be more appropriate. However, as temper-
ature is increased, the two phases become more similar in density
and they become identical at the critical point. There is no simple
way to represent these changes in a fixed-point-charge model, so we
have chosen to keep the model charges the same in the two phases
for internal model consistency.

This article is organized as follows. The simulation methods
used in this study are presented in Sec. II. Density, chemical poten-
tial of liquid NaCl, and liquid-vapor coexistence are presented in
Secs. I1I A-III C, respectively. Finally, Sec. IV provides a summary
of the work.

Il. MOLECULAR MODELS AND SIMULATION
METHODS

In this work, both non-polarizable full-charge and scaled-
charge interaction models are used to represent NaCl. For the full-
charge model, the JC' interaction parameters are used. For the
scaled-charge model, we chose the Madrid model developed by
Benavides et al,”’ in which the ion charges are scaled to +0.85e.
The interaction parameters used for our simulations can be found
in Tables I and II of the supplementary material.

Classical molecular dynamics (MD) simulations were per-
formed using GROMACS v.2018.”" The simulations were run for
20 ns with a 2 fs time step using the leap-frog integration method.
A cutoff of 0.9 nm was used for both the van der Waals (vdW) and
the real-space part of the electrostatic interactions. Standard long-
range corrections were considered for vdW interactions, and par-
ticle mesh Ewald (PME) summations’*”” with a Fourier-space grid
spacing of 0.1 nm and a sixth-order interpolating function with a rel-
ative tolerance of 1 x 10~ were used for the long-range electrostatic
interactions.

For the liquid state simulations, 500 ion pairs of NaCl were
simulated in the isothermal-isobaric (NPT) ensemble. Finite-size
effects in these systems are expected to be minimal due to the screen-
ing of electrostatic interactions in ionic melts.”” Temperature and
pressure were set using the Nosé-Hoover thermostat’ "’ and the
Parrinello-Rahman barostat’” with a coupling constant of 1 ps and
2 ps, respectively.

In order to estimate the vapor pressure of the salts, vapor state
simulations were performed in the canonical (NVT) ensemble with
1 ion pair of NaCl. The canonical velocity rescale thermostat '’ with a
1 ps coupling constant was used to set the temperature of the system.

The liquid-vapor coexistence was calculated using the assump-
tion that the gas phase is an ideal gas of ion pairs. Although this
assumption will not be accurate near the critical point, this method
should predict a more accurate vapor pressure at low temperature
compared to direct coexistence methods. Vapor pressure (Py) is
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obtained from the condition of thermodynamic equilibrium at each
temperature (T), namely, that the chemical potentials (4) of the
liquid and vapor are the same,

/flvupor(T: Pu) = ,uliquid(T: Pv) (2)

The liquid chemical potential consists of ideal and excess parts,

id ex
Hiiquid = Pliquid + Hiiquid> (3)

where the excess part can be computed from molecular simulations.
The ideal part is a function of the temperature and the number of
ion pairs (N) in the system,

Uitgia = DG + ;G- +2RTIn %, (4)
where P° = 1 bar is the reference state pressure at which the for-
mation free energies (A;G’) of the ideal gas Na* and ClI~ ions are
taken from the NIST-JANAF tables at each temperature.’’ It should
be noted here that the evaluation of the vapor pressure and the phase
envelope do not depend on the values of the formation free energies
of Na* and CI, only the absolute values of the chemical poten-
tials. Although the liquid-vapor coexistence pressure is unknown,
it is expected to be close to zero at low temperatures. In order to
avoid iterating in pressure, we assume that the effect of pressure on
the liquid chemical potential is small and does not affect the excess
part of the chemical potential. If we also assume that the liquid is
incompressible, then Eq. (3) can be written as

; \4
tiiguia(T> Pv) = .u;g;uid(T’P*) +.u§i);uid(T’P*) + ;(Pv -P), (5

where P* is the pressure at which the simulation to calculate pj,;; is

performed, and % is the partial molar volume. In this work, P* was
taken to be 1 bar since the coexistence pressure is expected to be very
small.

In order to calculate the chemical potential of the vapor, we
assumed that the ions form an ideal gas of ion pairs. Under this
assumption, the chemical potential is given by

P
tvapor (T, Py) = ArGRucr + 2RTIn P—z, (6)

where Ay Gy i the formation free energy of an ideal gas ion pair at
the pressure P°. Combining Eqs. (5) and (6) into Eq. (2), the vapor
pressure at a specific temperature of the system can be calculated by
solving for P,.

The thermodynamic integration approach by Mester and Pana-
giotopoulos'"’ was used to calculate Wiguia- One ion pair was gradu-
ally inserted into the melt, and its free energy change was calculated
using Bennett’s acceptance ratio (BAR)** method. Interactions of the
inserted ion pair were changed from not interacting to fully interact-
ing with the system by varying first A, the vdW forces, and then ¢, the
Coulombic interactions, from 0 to 1. For liquid state simulations,
A was equally spaced between 11 values (A = [0, 0.1, ..., 1]), while
¢ was equally spaced between 21 and 18 values for JC and Madrid
models, respectively (¢ = [0, 0.05, 0.1, ..., 1] for the JC model and
¢ = [0, 0.05, 0.1, ..., 0.85] for the Madrid model). The total free
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energy change of this insertion adds up to the excess chemical poten-
tial. The vdW interactions of the inserted ion pair are described by a
soft-core Lennard-Jones potential as

12
0jj
Ui‘v =4A i J
ijudW €J[( [0.502(1 -1) +ri6j]l/6)

6
_ %y
([0.503(1—/1)+rfj]1/6) ]’ @)

where r;; is the distance between species i and j, and 0;; and ¢;; are the
Lennard-Jones interaction parameters. The Coulombic interaction
of the inserted ion pair is described as

¢qiq; ®)

Uscout =
Bl 4neeorij’

where g; and g; are charges of species i and j.

For the vapor chemical potential, A;Gy,q; is defined as the
formation free energy of an ideal gas of NaCl ion pairs at the
pressure PO,

0 0 0 i 0
A¢Gruc = AGrar + ApGey + G o (P)

-GS (P") - GE(P). )

Since the vapor simulations were performed at constant volume, we
replaced Gibbs free energy (at pressure P°) in Eq. (9) with Helmholtz
free energy (at volume V° = P°/kT for one ion pair), obtaining
Eq. (10),

ArGRaci = DGR + B;Gly + A% (V°)
- A% (V%) - A% (V°) - RT. (10)

Periodic boundary conditions with PME electrostatic summa-
tions were used, meaning that the calculated free energy must be
extrapolated to an infinite simulation box size in order to reach the
ideal gas state. BAR was used to find the Helmholtz free energy dif-

ference (A% (V") = A%, (V") — A% (V")) between a single pair
of non-interacting and fully interacting Na* and Cl~ ions at differ-
ent simulation volumes (V*), and the volume was corrected to the
desired ideal gas volume of V° = P’/kT using the dependence of A
on V for an ideal gas, giving

AfGlac = BrGlar + ArGY- + A%

NaCl(V*) - A;\glu* (V*)

. " v*
- A% (V )—RT—RTIn(W). (11)
Calculations of the vapor-liquid coexistence in the present
work are performed with free energy calculations, rather than direct
coexistence (interfacial) simulations. The use of either charge scaling
or full charges is particularly problematic near interfaces, where the
local environment is different from the bulk.

lll. RESULTS AND DISCUSSION

Densities and chemical potentials of liquid NaCl were calcu-
lated and validated by comparing with experimental values in dif-
ferent temperature and pressure ranges. Vapor pressures of NaCl
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at temperatures of 1200 K, 1500 K, 1800 K, and 2000 K were
determined to study the liquid—vapor coexistence.

A. Density of liquid NaCl

At a pressure of 1 bar, both the JC and Madrid models show
a linear decrease of density values with increasing temperature (see
Fig. 1) that is in qualitative agreement with experimental measure-
ments by Kirshenbaum et al.® However, the simulation results
underpredict experimental density values by 12% for the JC model
and 23% for the Madrid model. Neither model has been parame-
terized with the molten salt density as a target property. This con-
siderable discrepancy in liquid density has been reported previously
for scaled-charge models by Zeron et al.”® and suggests that the size
parameters for the ions are not appropriate for the melt phase.

Density for the JC and Madrid models at other pressures can be
found in Fig. 1 of the supplementary material. At high pressure and
low temperature, density has a linear slope with pressure, suggest-
ing that these values are far away from the critical region. Curvature
in the density, indicating an approach to the critical point, can be
noticed in the JC model from 0 bar to 1000 bars at 2500 K and for
the Madrid model at 2100 K and the same pressures. There are no
data at 2500 K for the Madrid model, since the system stops behaving
as a liquid above 2100 K and 1 bar, while for the JC model, similar
behavior can be observed at 2700 K and 1 bar.

B. Chemical potential of liquid NacCl

The chemical potential of molten NaCl was calculated using the
JC and Madrid models as described in Sec. II. For both cases, the
chemical potential linearly increases with increasing temperature, as
shown in Fig. 2. Comparisons with experimental values that were
taken from the NIST-JANAF tables’' show that the Madrid model
significantly overestimates experimental results by up to 95%, while
the JC model overestimates experiments by up to 20%.

The poor performance of the Madrid model in predicting the
chemical potential is due to the scaling of the charges. Past simu-
lations of scaled-charge models have found that they consistently

1500
'\s
u_
1300} ‘\‘\:l\l
— \L‘~\ \‘.‘~~
"= 1100} e e
= Ta -
= T T
. 900F \\x\ |
Experiment \L\
7001 -4~ JC model \i\
-=k- Madrid model \x
500

1100 1300 1500 1700 1900 _ 2100
T (K)

FIG. 1. Density of molten NaCl at 1 bar computed using the JC and Madrid models
compared to the experimental values by Kirshenbaum et al.*® Standard deviation
is less than 0.9 kg/m® and 2.3 kg/m?® for JC and Madrid models, respectively.
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FIG. 2. The chemical potential of molten NaCl computed using the JC model,
Madrid model, and rerun of the Madrid model with full charges is compared
to the experimental values from NIST-JANAF tables.*! The standard deviations
are up to 0.5%, 2.2%, and 1.2% for the JC, Madrid, and Madrid rerun models,
respectively.

overestimate the chemical potential since the free energy change
of inserting a partial charge is less than that of a full charge.””**"
However, the scaled-charge models give more realistic interactions
between ions, possibly leading to better simulation trajectories. In
previous work, Vega™ suggested that the potential energy surface
used to generate configurations should be different than the one used
to calculate properties. We applied this idea to the scaled-charge
Madrid model by reanalyzing the trajectories generated from the
scaled-charge model with full charges. For each step of the insertion,
the charges on the inserted ion pair were set from 0 to +0.85e (q = [0,
+0.05¢, £0.1e, . .., £0.85¢]) for the generation of the trajectory and
between 0 and +1e (q = [0, £0.05%¢, +0.118e, .. ., +1e]) for the cal-
culation of the potential energy in BAR. For this purpose, we used
the rerun feature in the gmx mdrun tool as implemented in Gro-
macs,”” and therefore the “Madrid rerun” caption is used to describe
the reanalysis of the Madrid model’s trajectories with full charges.
As can be seen, new results for the chemical potential of the rerun
Madrid model are in close agreement with experimental values, and
underestimation is less than 8%. Moreover, chemical potentials at
various pressures, starting from 1 bar and ending with 10 000 bars,
were calculated for three cases; the results can be found in Fig. 2 of
the supplementary material.

C. Liquid-vapor coexistence of NaCl

To study the vapor phase of NaCl, the system-size effect on
the chemical potential results was analyzed first. For this purpose,
1 ion pair of NaCl was simulated in the NVT ensemble in different
sized boxes (L = [2.5 nm, 5 nm, 7.5 nm]). Their chemical potentials
were calculated at temperatures 1200 K, 1500 K, 1800 K, and 2000 K
and then correlated with the reference state pressure, as described in
Sec. I1. The standard deviation of the correlated values is up to 1%,
as shown in Fig. 3. Since the formation free energy is for the ideal
gas state, the effect of the Ewald summation on the calculated value
was removed by extrapolating the value of Ang]aCl to infinite system
size. The effect of the system size on the free energy of inserting an
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FIG. 3. Gibbs free energy of formation correlated with the reference state for (a)
JC, (b) Madrid, and (c) rerun of the Madrid model with full charges.

ion pair is expected to be approximately linear with 1/L at infinite
dilution.”**""

Equating liquid and vapor chemical potentials, the vapor pres-
sures at 1200 K, 1500 K, 1800 K, and 2000 K for the JC and Madrid
models were calculated and compared to experimental measure-
ments by Stull,” as shown in Fig. 4. At high temperatures, the vapor
pressures predicted by the Madrid model are close to the experi-
mental ones, while at lower temperatures, the JC model is in closer
agreement with experimental values. The results obtained from the
rerun of the Madrid model with full charges significantly underpre-
dict the vapor pressure of NaCl. Therefore, even though the liquid
chemical potential becomes more accurate when the Madrid model
is rerun with full charges, this does not translate to more accurate
phase equilibrium properties. All of the models predict a less steep

ARTICLE scitation.org/journalljcp

T (K)
2000 1800 1500 1200
— .
~a
1000 ®e T b
u_ e
= 101} TR e
] e el
s _ - S~o \\I
107%F Expcrimcnt\.\\
-4- JC model \\\
10-3L --k- Madrid model \~\
--¢- Madrid rerun \\‘
00005 0.0006  0.0007 _ 0.0008 _ 0.0009
1T (K™

FIG. 4. Vapor pressure as a function of temperature for the system with 1 NaCl ion
pair is compared to the experimental values by Stull.”!
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FIG. 5. Phase diagram of NaCl computed using JC and Madrid models is com-
pared to the experimental results of Kirshenbaum et al.,*> and simulation results
of Guissani and Guillot (GG),” and Rodrigues and Fernandes (RF).®

slope on Fig. 4 than the experiments, suggesting that the models
predict enthalpies of vaporization that are too low.

Furthermore, part of the molten NaCl phase diagram is con-
structed in Fig. 5 and compared to the experimental measurements
of Kirshenbaum et al.”” and simulation results of Guissani and Guil-
lot” obtained using the BHMFT model and Rodrigues and Fernan-
des’ obtained using the MWG model. While both models under-
predict experimental results for the liquid coexistence density, the
JC model results are consistent with the BHMFT results of Guissani
and Guillot.”

IV. CONCLUSIONS

Although scaled-charge salt models have shown promising
results in predicting properties of electrolyte solutions,” it was not
known how charge scaling affects the vapor pressure of molten
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salts. The chemical potential of a model with scaled-charges has
been reported to be systematically higher than the experimental val-
ues,”**" indicating that these models may incorrectly predict phase
equilibria. Therefore, the liquid-vapor coexistence of NaCl was
studied with non-polarizable full-charge and scaled-charge models.
For this purpose, JC interaction parameters with full charges and
the Madrid model, which employs charges scaled to +0.85e, were
used.

The vapor pressure of the JC model is of a similar order of mag-
nitude to the experimental values, while the scaled-charge Madrid
model was found to have a higher vapor pressure than both experi-
ments and the full charge JC model. This overprediction may be due
to the Madrid model predicting too high of a liquid phase chemi-
cal potential. Although the interactions between ions may be better
represented with scaled charges, when an ion pair is inserted for
the calculation of chemical potential, an incomplete charge expe-
riences less attractive interactions than a full charge. As a conse-
quence, the free energy change upon insertion (chemical potential)
will be less negative for a scaled-charge potential. To attempt to
overcome this issue, we also calculated the chemical potential of the
Madrid model by rerunning the scaled-charge trajectories with full
charges. Using these rerun trajectories improved the performance of
the Madrid model from overestimating the chemical potential by a
factor of two to underestimating it by less than 8%. However, the
prediction of vapor pressure using these rerun trajectories falls an
order of magnitude below experiments and is worse than the vapor
pressure calculated for the Madrid model. Another disadvantage of
using a rerun trajectory to predict the vapor-liquid equilibrium is
that the results will not agree with direct coexistence simulations.
Even though the JC model shows better results for vapor pres-
sure than the Madrid model in the temperature range studied, all
of the models used in the current work underpredict the experi-
mental enthalpy of vaporization and therefore fail to represent the
effect of temperature on vapor pressure. The reason for this may be
due to underprediction of ion—ion interactions by the models since
both the JC and Madrid models were parameterized for electrolyte
solutions.

Although scaled-charge force fields are good for predicting
dynamic properties, they fall short in predicting chemical potentials.
In order to have a model that can accurately reproduce both ion
dynamics as well as vapor-liquid equilibrium, a more explicit rep-
resentation of polarizability is likely required. However, if dynamic
properties are the main objective, scaled-charge models are accurate
enough in predicting phase equilibria that they can be used under
most conditions.

SUPPLEMENTARY MATERIAL

The supplementary material contains tables of interaction
parameters for the JC and the Madrid model and plots of the evolu-
tion of density and chemical potential of molten NaCl as a function
of temperature and pressure.
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