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ABSTRACT

In this work, we present a parameterization of Sr** and Ba®" cations, which expands the alkali earth set of cations of the Madrid-2019 force
field. We have tested the model against the experimental densities of eight different salts, namely, SrCl,, SrBrs, Srl,, St(NOs),, BaCl,, BaBr,,
Bal,, and Ba(NO3),. The force field is able to reproduce the experimental densities of all these salts up to their solubility limit. Furthermore,
we have computed the viscosities for two selected salts, finding that the experimental values are overestimated, but the predictions are still
reasonable. Finally, the structural properties for all the salts have been calculated with this model and align remarkably well with experimental

observations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0186233

When simulating aqueous electrolyte solutions using classical
Molecular Dynamics (MD) or Monte Carlo (MC) simulations, both
a force field for water and a force field for ions are needed. In the
case of liquid water, we have shown in previous works that the
TIP4P/2005 model is able to predict a wide range of properties, such
as the density, viscosity, temperature of maximum density (TMD),
and interfacial tension.! In the case of ions, the story is some-
what different and there is a great variety of force fields to choose
from.” "

Among these force fields, some use scaled charges for ions
(i.e., an effective charge lower than +1 per unit of formal charge).
The use of scaled charges was proposed by Leontyev and Stuche-
brukhov”” who suggested a value of +0.75 (in electron units) for the
charge of the ions. Later, Kann and Skinner”! also recommended the
use of scaled charges, but they proposed different charges depending
on the employed water force field. The use of scaled charges has been
supported by different authors in recent years,"”'**** leading to
models with scaled charges between +0.75 and +1 for describing the
potential energy surface but with formal charges when describing
the dipole moment surface.”**’

Indeed, we also started to develop force fields for ions opti-
mized for use with the TIP4P/2005 water model and based on the
idea of using a scaled charge of +0.85 for monovalent ions. In this

context, we started the Madrid-2019 force field, which now com-
prises a wide variety of ions, including, among the cations, all the
alkali metals, amonium and the alkaline earth Ca** and Mg** and,
in the case of the anions, all the halogens as well as the sulfate and
nitrate ions.'””*"" All salts resulting from the combination of these
ions can be modeled by using the Madrid-2019 force field, which
has been shown to be able to reproduce a wide variety of proper-
ties of aqueous solutions much more accurately than unit charge
models.”’ *” For these reasons, in this work, we have developed a
force field for Sr** and Ba* using scaled charges to expand the set
of alkali earth metals. The parameters developed here should help
advance examinations of Sr** and Ba®* in a variety of applications,
including as tracers of elemental cycling in Geosciences’ "’ and
as target elements in synchrotron x-ray characterizations of metal
coordination in a wide variety of materials.”’ **

We have adjusted the cation-water interactions to reproduce
the experimental densities of eight water-soluble salts [i.e., SrCl,,
SrBr;, Srl,, Sr(NOs),, BaCly, BaBr;, Bal,, and Ba(NO3),]; then, we
have adjusted the cation-anion interactions to keep a low num-
ber of contact ion pairs (CIPs) and to avoid precipitation at the
experimental solubility limit of each salt. In Table I, we present the
force field parameters for barium and strontium; the parameters for
the rest of the ions can be found in Refs. 17, 24, and 30 and in the
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TABLE |. Force field parameters for strontium and barium salts. O, and O, refer to
the oxygen atom of nitrate and water, respectively, and Nj, refers to the nitrogen atom
of the nitrate group. Numbers in boldface indicate that the interactions follow the LB
rules. The parameters for the rest of the ions are found in Refs. 17, 24, and 30.

Sr** Ba**
q= +1.7 q= +1.7
Atom i (A) €;j (kJ/mol) 0jj (A) €;j (kJ/mol)
Srt 3.0500 0.4550 3.1578 0.4293
Ba** 3.1578 0.4293 3.2656 0.4050
ClI™ 3.3000 0.8000 3.8000 0.5000
Br™ 3.5800 0.6000 3.9000 0.4000
I 3.6000 0.4000 4.2000 0.3000
O, 2.9550 0.6321 3.3000 0.5900
N, 3.1000 0.5688 3.2078 0.5366
Ow 2.6800 4.5000 2.9680 3.4000

supplementary material or in the topology file provided within this
article. It is important to mention that following the philosophy of
the Madrid-2019 original force field, the ion-water and the ion-ion
interactions in general do not follow Lorentz-Berthelot (LB) com-
bining rules. Thus, these interactions are explicitly defined. Notice
that the sulfate and fluoride barium and strontium salts have not
been studied in this work because their solubilities are less than 107>
mol/kg at room temperature and pressure.

To calculate densities and structural properties, we employed
a system comprised of 555 water molecules and the correspond-
ing number of ions for the desired molality, m (defined as moles of
solute per kilogram of water). The hydration number (HN) and the
number of contact ion pairs (CIPs) were computed from the cor-
responding radial distribution function (RDF). For instance, CIPs
were calculated as follows:

CIP = 47rpifrmm ge(r)rdr, (1)
0

where g i(r) is the cation-anion RDF, rn;, is the position of the
first minimum of the integrated RDF, and p, is the lower number
density after dissociation (in this work, the number density of the
cation). The results quantify the number of cations in contact with
a single anion (the number of anions in contact with a single cation
can be obtained by multiplying reported CIP numbers by 2). Note
also that it is important to simultaneously plot the cation-anion
and cation-Ow RDFs to determine if one is really evaluating the
CIP or a solvent separated ion pair (SSIP). For the case of the hydra-
tion number, the evaluation is similar, but we used the cation-water
RDF and the number density of water. In the case of viscosity cal-
culations, we employed a larger system of 4440 water molecules and
the corresponding number of ions. To compute the viscosity, we fol-
lowed the methodology developed by Gonzalez and Abascal.* First,
we performed a NpT simulation of 20 ns to calculate accurately the
volume of the system. After that, we carried out a NVT simulation
of 50 ns using the average volume obtained in the NpT simulation.

pubs.aip.org/aip/jcp

The pressure tensor p,, was calculated every 2 fs. Finally, we used
the Green-Kubo formula for the shear viscosity #,

V oo
= ﬁ_/o <p“ﬁ(0) pa[a’(t»to dt, )

where V is the volume of the system, k is the Boltzmann constant,
T is the temperature, and p,; is the non-diagonal components of the
pressure tensor. The upper limit of the integral was usually between
10 and 20 ps.

For all simulations, we used the GROMACS package.”® The
leap-frog integrator algorithm®’ was employed with a time step of
2 fs. We also applied periodic boundary conditions in all direc-
tions for all runs. To keep constant the temperature and pressure,
we employed the Nosé-Hoover thermostat'®*’ and an isotropic
Parrinello-Rahman barostat,” both with a coupling constant of 2 ps.
For electrostatic and van der Waals interactions, we used a cutoff
radius of 1.0 nm with long-range corrections in the energy and pres-
sure applied to the Lennard-Jones (L]) part of the potential. The
particle mesh ewald method (PME)’! was used to account for the
long-range electrostatic forces. We used the LINCS algorithm™” to
maintain water geometry.

As previously mentioned, our force field, following the method-
ology of previous works,'””*”" was developed to reproduce the
densities of all the salts considered in this work up to their sol-
ubility limit (see the supplementary material where experimental
solubilities for each salt have been collected). In Fig. 1, we show the
densities as a function of concentration for the different strontium
and barium salts studied. For the strontium salts [Fig. 1(a)], pre-
dicted densities accurately reproduce the experiments with a slight
overestimation for SrCl, and SrI, at high concentrations. Note that
for Srl,, there were no available data close to the experimental sol-
ubility limit and we show an extrapolation of the experimental data
(dashed line). To assess the impact of system size and cutoff on our
calculations, we performed a simulation of a 2 m SrCl, solution.
This simulation involved a system eight times larger, consisting of
4440 water molecules, and employed a cutoff of 1.6 nm. Remarkably,
we observed nearly identical results compared to those obtained
with a smaller system and a 1.0 nm cutoff [see Fig. 1(a) and the
supplementary material]. This reaffirms that there are no discernible
finite size or cutoff effects influencing the density calculations of this
work. For the case of barium salts [Fig. 1(b)], experimental densi-
ties are also well reproduced, with a slight overestimation at high
concentrations for BaBr, and Bal,.

Once we have verified that the force field reproduces experi-
mental densities, we examine the viscosities of the salts. In previous
works, we have shown that scaled charge models improve the
description of viscosities compared to unit charge models. However,
even a charge of +0.85 leads to a overestimation of the experimental
viscosity and we found that for monovalent ions it was necessary to
use a charge of +0.75.”""" If this is true, one can ask why we have
chosen a charge of +0.85 (i.e., £1.7 for the divalent cations Sr** and
Ba“) for our force field. The answer is that this charge, on average,
yields a better overall description of several properties of aqueous
solutions. Based on our previous work, it is expected that our new
force field for Sr** and Ba®* should overestimate the experimental
viscosities but in a reasonable way. In Fig. 2, we present viscosity
results for both SrCl, and BaCl,. As anticipated, an overestimation
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FIG. 1. Densities of (a) strontium and (b) barium salts at T = 298.15 K and 1 bar by using the Madrid-2019 force field. Blue circles: Madrid-2019 force field. Red square:
system of 4440 water molecules and simulated with a cutoff of 1.6 nm. Black solid lines: fit of experimental data taken from Refs. 55 and 56. Bromide, iodide, and nitrate salts
values were shifted up 200, 400, and 1000 density units, respectively, for better legibility. Confidence intervals on model predictions are smaller than the symbol size. The
concentration of salt is given in molality units, m (i.e., number of mol of salt per kg of water).
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TABLE |l. Structural properties for strontium and barium electrolyte solutions at
298.15 K and 1 bar: number of contact ion pairs (CIPs) per anion, hydration num-
ber of the cation (HNc), and position of the first maximum of the cation-water RDF

m (mol/kg)

FIG. 2. Viscosities of SrCl, and BaCl, salts at T = 298.15 K and 1 bar by using the
Madrid-2019 force field. Blue circles: Madrid-2019 force field. Black solid lines: fit
of experimental data taken from Ref. 55. BaCl, values were shifted up 1.5 viscosity
units for better legibility.

of the experimental results is observed. This aligns with the con-
clusion of our recent work,”” which showed that no single charge
scaling factor is able to simultaneously reproduce all structural and
dynamic properties of salt solutions, and in this case, a lower scaled
charge would enable an improved match to experimental viscosity
results.

Finally, we have studied the structural features of the model
(see Table IT) focusing on the number of CIP, the cation-water dis-
tance, and the hydration number of the cation. First, it is evident
that our model exhibits a low number of CIP, effectively prevent-
ing salt precipitation. If we now examine the cation-water distances
calculated from the first peak of the corresponding RDF, the pre-
dicted ds;—0w value of 2.60 A falls within the range reported by
experiments.”” *’ Barium, owing to its larger size, naturally exhibits

(de— 04 )- Experimental data from Refs. 56-63 are given in parentheses.

Salt m (mol/kg)  CIP HNc de_ow (A)

SrCl, 3.0 0.14 7.7(7.3-10.3)  2.60 (2.50-2.64)
StBr, 35 001 8.0(7.3-10.3)  2.60 (2.50-2.64)
Srl, 2.5 0.04 8.0(7.3-10.3) 2.60 (2.50-2.64)
Sr(NOs), 1 0.04 7.8(7.3-10.3) 2.60 (2.50-2.64)
BaCl, 1.5 0.02 9.0(7.8-9.3)  2.85(2.75-2.90)
BaBr, 3 0.13 8.6(7.8-9.3)  2.84(2.75-2.90)
Bal, 5 0.12 8.5(7.8-9.3) 2.85 (2.75-2.90)
Ba(NOs), 0.3 0.06 8.9(7.8-9.3) 2.84 (2.75-2.90)

a larger distance, with dps—ow of 2.84 A. Importantly, even in
the case of barium, the model-calculated distances remain consis-
tent with experimental observations. Likewise, the cation hydration
calculations yield insightful results. Strontium ions are typically sur-
rounded by an average of eight water molecules, whereas barium
ions, due to their greater size, exhibit a slightly larger hydration
shell, encompassing ~8.7 water molecules. Remarkably, these hydra-
tion numbers closely align with experimental data, mirroring the
consistency observed in cation-water distances. Note that when the
CIP increases, HNc decreases reflecting the fact that some water
molecules of the first hydration layer are replaced by anions. In
summary, our force field successfully reproduces the structural char-
acteristics of these cations, achieving congruence with experimental
findings. Indeed, in the supplementary material, we present the
cation-water RDFs and draw comparisons with the findings of Pap-
palardo et al.°® We note favorable agreement not only in the posi-
tioning of the first peak but also in that of subsequent peaks. While
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our study exhibits slightly higher intensity in peak heights compared
to their work, the overall results remain remarkably similar.

As a conclusion, in this work, we present an extension of the
Madrid-2019 force field expanding the set of alkali earth metals with
the Sr** and Ba®* cations. The model presented in this study is able
to reproduce the experimental densities of strontium and barium
halide salts up to their solubility limit. The force field also accurately
reproduces the experimental structural features of the studied salts
and provides reasonable results for viscosities. We hope that this
extension of the Madrid-2019 force field will be a valuable resource
for the scientific community engaged in modeling electrolyte solu-
tions. The force field now includes F~, CI~, Br™, I, SO4%>~, NO5 ™,
Li*, Na*, K*, Rb*, Cs* Ca**, Mg®*, Sr**, Ba®*, and NH,".

In the supplementary material, we have collected the numerical
densities and viscosities of the studied salts and the RDFs mentioned
in the main text and we also provide a topology file of the complete
Madrid-2019 force field.
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