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ABSTRACT

Nitrate salts are widely used in agriculture, industrial chemistry, and food preservation. Using computer simulations based on the intermolec-
ular parameters of the extended Madrid-2019 force field [V. M. Trejos et al, J. Chem. Phys. 159(22), 224501 (2023)], we examine the effect of
intramolecular partial charge distributions of the nitrate anion on the temperature of maximum density (TMD) of aqueous NaNO3, KNO3,
and NH4NOs solutions. A specific internal charge distribution improves agreement with experimental TMD data relative to the original force
field and enables predictions for systems lacking experimental measurements. Densities are largely insensitive to the charge distribution, while
transport properties (diffusion coefficients and viscosities) show only minor variations. In contrast, structural properties are sensitive to the
choice of the charge distribution. The original force field provides better agreement with neutron diffraction structural data than the model
yielding the most accurate TMD. An intermediate charge distribution is therefore selected as a compromise, providing a balanced description
of all properties. Empirical force fields cannot reproduce all properties simultaneously; however, an appropriate parameter selection, includ-
ing the intramolecular charge distribution as an additional degree of freedom, yields a consistent description of thermodynamic, transport,
and structural properties.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0329408
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I. INTRODUCTION

From a commercial perspective, nitrate salts such as NaNOj3,
KNOs3, and NH4NO3 are widely used in the chemical and phar-
maceutical industries."” A major application of nitrate salts is
their role as nitrogen sources in agriculture. For example, calcium
nitrate and ammonium nitrate solutions are commonly employed
to supply nitrogen directly to plants, thereby enhancing growth
and improving soil productivity.” These solutions provide read-
ily available nitrate nitrogen, which is particularly beneficial for
rapid plant growth and in nutrient-poor soils. In addition to agri-
cultural applications, sodium nitrate is used as an oxidizing and
clarifying agent in glass production, where it helps remove bubbles
and impurities. The nitrate ion also participates in redox pro-
cesses, including its chemical reduction in aqueous solution, that is

relevant in several industrial and environmental contexts.” More-
over, increased concentrations of nitrate and ammonium ions in
acid rain have significantly affected precipitation pH, leading to
important environmental consequences.” Water contamination by
nitrate is another major global concern. Continuous monitoring
of nitrate levels in groundwater and drinking water is essential to
ensure water safety. Elevated nitrate concentrations can adversely
affect human health and disrupt ecological systems. Therefore, the
development of reliable detection and quantification methods for
nitrate ions in aqueous environments remains a pressing need.”
Despite their widespread use and environmental relevance, the
accurate calculation of thermodynamic, structural, and dynamic
properties of aqueous nitrate salt solutions remains challenging.
This difficulty arises primarily from the complex nature of elec-
trostatic interactions between ions, as well as between ions and
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water molecules. In this context, molecular simulations have become
increasingly important in chemistry, biology, and biophysics.” In
particular, computer simulations can complement experiments by
providing detailed microscopic information that is often inacces-
sible experimentally. In many cases, the scarcity, limited accuracy,
or inconsistency of experimental data (i.e., differing results reported
by independent groups without clear consensus) further complicates
reliable theoretical predictions. In this context, molecular simulation
approaches based on well-constructed force fields provide a valuable
and practical framework for describing nitrate salt solutions over a
wide range of concentrations. Such molecular models also enable
reliable extrapolations to temperature and pressure conditions for
which experimental data are unavailable. Among these approaches,
molecular dynamics (MD) simulations represent a powerful tool for
studying aqueous nitrate solutions, particularly in regimes where
experimental information is limited. However, the accuracy of MD
simulations depends on the availability of suitable force fields.

Several models have been proposed to simulate the NO3
anion.”” In recent years, the use of scaled charges for ions in water
has demonstrated excellent accuracy in describing aqueous elec-
trolyte solutions,'’ " and this approach has been extended to nitrate
ions as well."” The use of scaled charges effectively incorporates
polarization effects and accounts for charge transfer between ions
and surrounding water molecules in solution.'® "’ As a result, the
use of scaled charges has been shown to provide a reliable descrip-
tion of many properties of aqueous electrolyte solutions.”” It is
worth noting, however, that different scaled charges may accurately
reproduce certain properties while performing less satisfactorily for
others.'” For instance, while a scaled charge of +0.85¢ provides a
good compromise for reproducing a wide range of thermodynamic
and structural properties, the transport properties are often better
described using lower scaled charges, such as £0.75e.' "

The motivation for the present work comes from our ear-
lier work on the extension of the Madrid-2019 force field for the
parametrization of nitrate and ammonium ions in aqueous solu-
tions using the TIP4P/2005 water model (see Ref. 15). In that study,
we proposed a force field capable of accurately predicting densi-
ties, ion-ion and ion-solvent structural properties, and transport
properties for a wide range of nitrate salt solutions. The force field
was tested for eight different nitrate salts and exhibited excellent
performance. Notably, to the best of our knowledge, that work rep-
resented the first attempt to predict the concentration dependence of
the density and transport properties of nitrate salt solutions at high
concentrations using MD simulations with the TIP4P/2005 water
model. At that time, the temperature of maximum density (TMD)
was not investigated, primarily due to the absence of experimental
TMD data for aqueous nitrate salt solutions in the literature. Conse-
quently, the force field developed in Ref. 15 was not optimized with
respect to this property. Later, some of the authors of the present
work reported experimental measurements of the TMD at 1m and
room pressure for several aqueous nitrate salt solutions. The corre-
sponding TMD values were also computed using MD simulations
with the force field proposed in Ref. 15. These results revealed an
anomalously large deviation in the predicted TMD for 1m NaNO;
solutions, amounting to ~6.3 K.>* This deviation is larger than those
typically observed for other electrolyte solutions modeled with the
Madrid-2019 force field, for which deviations are usually on the

order of 2-3 K for atomic ions.'>”"”” This unexpected discrepancy

ARTICLE pubs.aip.org/aipl/jcp

between the MD results and the experimental TMD values moti-
vated the present study. It is worth noting that the TIP4P/2005
water model reproduces the TMD of pure water almost exactly,
indicating that the observed deviation arises exclusively from the
force field used for the nitrate salts. For polyatomic ions, in contrast
to monoatomic ions, there exists an additional degree of freedom
beyond the choice of the global scaled charge: multiple partial charge
distributions can yield the same net ionic charge. Typically, these
partial charges are derived from quantum chemical calculations, as
was the case in our previous force field.”” However, the present
results clearly indicate that this charge distribution fails to reproduce
the experimental TMD of nitrate solutions. This observation raises
the question of whether the intramolecular charge distribution itself
plays a significant role in determining the TMD.

In this work, we explicitly address this question by exploring
the effect of the intramolecular charge distribution on the TMD
of aqueous nitrate solutions. We demonstrate that the charge dis-
tribution has a strong impact on the predicted TMD and propose
several charge-distribution models that improve the agreement with
the experimental data while preserving the overall accuracy for ther-
modynamic and dynamic properties. There are few studies analyzing
how the internal charge distribution in polyatomic ions affects prop-
erties. Recently, Blazquez et al.”® showed that, for the perchlorate
anion (ClOy), the internal charge distribution affects the TMD as
well as other thermodynamic, structural, and dynamic properties.
Similarly, de Lucas et al.”” developed two force fields for the hydrox-
ide ion (OH™) with identical net charges but different partial charge
distributions, observing noticeable differences in several properties.
These findings highlight the importance of investigating the effects
of intramolecular charge distribution of polyatomic ions, such as the
planar nitrate ion (NO3).

It is reasonable to anticipate that the impact of intramolec-
ular charge distribution on the TMD will be more pronounced
for planar ions such as NOj than for tetrahedral ions such as
ClOj .”° In the case of ClOy, water molecules interact primarily with
the oxygen atoms, whereas for NO3, water molecules can interact
with both nitrogen and oxygen atoms, leading to distinct solva-
tion/coordination structures. The purpose of this work is, therefore,
to develop a new force field for the nitrate ion by assigning a net
scaled charge of —0.85e while optimizing the intramolecular charge
distribution to enhance the prediction of the TMD. We also demon-
strate the strong impact of the intramolecular charge distribution
on the predictions of the TMD for planar polyatomic ions. If the
TMD of pure water is becoming a key target property in the devel-
opment of water force fields over the past two decades, it is clear that
it should also be considered a target property in the development of
force fields for electrolyte solutions.

This paper is organized as follows. In Sec. II, we describe the
intermolecular pair potential, the MD simulation details, the quan-
tum chemistry calculations, and the theoretical framework used to
compute dynamic properties such as self-diffusion coefficients and
viscosities. In Sec. I, we examine the role of the intramolecular
charge distribution on the TMD of aqueous NOj solutions. We
then present results for thermodynamic properties (TMDs, bulk
densities), dynamic properties (self-diffusion coefficients and shear
viscosities), and structural properties [radial distribution functions
(RDFs)], obtained using an optimized nitrate nitrogen charge dis-
tribution. In Sec. IV, we present the results for the suggested force
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field of the nitrate anion resulting from this work. Finally, Sec. V
summarizes the main findings and provides concluding remarks.

Il. MOLECULAR SIMULATIONS
A. Intermolecular pair potential

In this work, we consider a system composed of water and
nitrate salts. The intermolecular interactions between atoms are
described as the sum of a Lennard-Jones (L]) contribution and an
electrostatic term arising from Coulombic interactions. The pair
potential, u(r,j), between two atoms i and j in different molecules
and separated by a distance r;; is given by

o 12 o 6 1 qiq;
Noaed (%) (% T 2.1
u(rij) 8:][(”],) (r,.j 4mey 1if D

where 0j; and ¢; are the L] diameter and well depth, respectively;
q; and g; are the partial charges of atoms i and j; and & is the

vacuum permittivity. The nitrate anion (NOj3) and its correspond-
ing counterions (ie., Na*, K*, NH}, Rb*, Cs*, Li*, Ca**, and
Mg**) were modeled using the extended Madrid-2019 force field,'®
which builds upon the original Madrid-2019 model.!' This force
field has been successfully applied to ionic systems in combination
with the TIP4P/2005 water model, using a net scaled charge of g ;.4
= £0.85e. The L] parameters (oj; and ¢;;) and the Coulombic para-
meters (atomic charges, q,) for the nitrate ion and its counterions
are reported in Tables I and IT of Ref. 15.

B. Molecular dynamics simulations

All molecular dynamics (MD) simulations were performed
using the GROMACS simulation package (version 4.6.5).""”
Thermodynamic properties, such as densities and the TMD, as
well as structural properties, including radial distribution func-
tions (RDFs), were obtained from simulations carried out in the
isothermal-isobaric (NpT) and canonical (NVT) ensembles. The
simulated systems consisted of 555 water molecules and the cor-
responding numbers of nitrate ions and counterions required to
achieve the target molalities. For example, a system containing 555
water molecules requires ten molecules of salt to represent a 1m solu-
tion, where m is the molality defined as the number of moles of salt
per kilogram of water. Temperature and pressure were controlled
using the Nosé-Hoover thermostat’”’" and the Parrinello-Rahman
barostat,’ respectively, both with coupling time constants of 2 ps.
The equations of motion were integrated using the leap-frog algo-
rithm?® with a time step of 2 fs. Periodic boundary conditions were
applied in all three spatial xyz directions. As discussed in Sec. IT A,
the intermolecular pair potential consists of L] and Coulombic con-
tributions. A cutoff radius of 1.0 nm was employed for both van der
Woaals and short-range electrostatic interactions. Long-range correc-
tions to the energy and pressure were applied to the L] contribution,
while long-range electrostatic interactions were treated using the
smooth Particle Mesh Ewald (PME) method.** The L] parameters
and atomic charges for the nitrate anion (NOj3) and the corre-
sponding counterions (monovalent ions Na*, K*, Cs*, Li*, Rb™,
and NH}, and divalent ions Ca*" and Mg2+) were taken from the
Madrid-2019 force field'”” and its recent extension for nitrate and
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ammonium ions."” It should be mentioned that we have recently
extended the Madrid-2019 force field to the ferrous Fe** cation™
so that the force field of this work could also be used to study aque-
ous solutions of ferrous nitrate [Fe(NO3),]. Water molecules were
modeled using the TIP4P/2005 model.” Geometrical constraints for
nitrate salts were maintained using the LINear Constraint Solver
(LINCS) algorithm,”””" while the Systematic Holonomic Algorithm
for constraining bond lengths (SHAKE) algorithm®’ was applied
to salts containing the ammonium ion. For the nitrogen atoms in
both the ammonium and nitrate ions, the L] size parameter was
fixed to 3.15 A. The nitrate ion (NOj) was modeled as a pla-
nar molecule with an ONO angle of 120° and an O,-N, bond
length of 1.256 A, where O, and N,, are the oxygen and nitro-
gen atoms of the nitrate anion, respectively. For the ammonium
ion (NHI), the HNH angle was set to 109.5°, and the N,-H,
bond length to 1.010 A, as reported in Ref. 15, where N, and H,
denote the nitrogen and hydrogen atoms of the ammonium ion,
respectively. The crossed L] parameters (0, &;) do not follow the
Lorentz-Berthelot combination rules. All parameters are reported in
Ref. 15, along with the corresponding topology file (topol.top) con-
taining the original parametrization for the intramolecular charge
distribution.

For simulations in the density-molality plane, production runs
of ~50 ns (for each thermodynamic state) were performed, whereas
simulations in the density-temperature plane were extended to
~200 ns (for each thermodynamic state) to accurately determine the
TMD. For the determination of the TMD, a third-order polyno-
mial fit to the MD data was employed. To illustrate and familiarize
the reader with the concept of intramolecular charge distribution in
the nitrate ion (NOj3), Table I summarizes the L] parameters and
partial charges of the model reported in Ref. 15, as well as those
of the model that best reproduces the experimental TMD, here-
after referred to as Model 5. Both models use a net scaled charge
of g,_eq = £0.85¢. In the original parametrization, the nitrate nitro-
gen charge is g, = 0.6749¢,"” whereas in Model 5, the corresponding
value is g = —0.1000e, which corresponds to the modified model
that best reproduces the TMD.

TABLE I. Summary of the force field parameters for the Coulombic (atomic charges,
q;) and LJ (aj, &) contributions to the pair potential for the nitrate anion (NO3'). The
geometry of the NO3 is defined by an O;N,Op angle of 120° and an Op-N, bond
length of 1.256 A, where O, and Nj, are the oxygen and nitrogen atoms of the nitrate
anion, respectively, as reported in Ref. 15. The LJ parameters oj; and ¢;; are presented
in units of A and kJ/mol, respectively, while the Coulombic charges are presented in
electron units (e). In both models considered, the nitrate anion has a net charge of
+0.85e, in accordance with the Madrid-2019 force field. See Ref. 15 for a complete
description of the LJ parameters and for a GROMACS topology file.

NO; aii (A) &ii (kJ/mol) qi (e)

Original parametrization from Ref. 15

Nu 3.1500 0.7110 0.6749

(OM 2.8600 0.8786 -0.5083
Modified parametrization

Nu 3.1500 0.7110 -0.1000

Oy 2.8600 0.8786 -0.2500
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C. Quantum chemistry calculations

To obtain the intramolecular quantum charge distribution
of the nitrate ion (NO3), quantum chemistry calculations were
performed based on geometry optimizations using the Gaussian
software package.”’ Density Functional Theory (DFT) calculations
were carried out at the B3LYP/6-311++G(d,p) level of theory. The
resulting wavefunction file was subsequently used as input for the
Multiwfn program,’' where atomic charges were evaluated using
several methods. When using the Atomic Dipole Moment Corrected
Hirshfeld (ADCH) charge analysis approach, the quantum-derived
partial charges for the nitrate ion were found to be g, = 0.5577
for the nitrogen atom and g, = —0.5192¢ for each oxygen atom.
Since the Madrid-2019 force field uses a net scaled charge of +0.85e,
the corresponding scaled charges used in our MD simulations
are gy = 0.4740¢ and q, = —0.4414¢ for the nitrogen and oxygen
atoms, respectively. These values provide a reliable reference for the
intramolecular electronic charge distribution of the nitrate ion from
a quantum-mechanical perspective and serve as a physically mean-
ingful baseline for the force-field parametrization explored in this
work.

It is worth noting that in our previous force field,"” a nitrogen
charge of gy = 0.6749¢ was used.”” This atomic charge was taken
from Refs. 8, 42, and 43 for the NOj3 ion and subsequently scaled
to yield a global charge of +0.85e. Specifically, the original value
of gy =0.7940e was rescaled to gy = 0.6749¢ in Model 1."> This
example illustrates how different quantum chemical calculations can
lead to different partial charges for the nitrate nitrogen atom (e.g.,
0.7940e vs 0.5577¢). When scaled to a total charge of +0.85¢, these
values result in nitrogen charges of 0.6749¢ and 0.4740e, respectively.
As will be shown below, neither of these two values of the charge
provides a satisfactory description of the TMD of aqueous nitrate
salt solutions.

It must be emphasized that, in classical non-polarizable force
fields, the assignment of atomic partial charges remains one of the
main sources of uncertainty, since these quantities are not direct
quantum mechanical observables and depend strongly on the cho-
sen partitioning scheme. Different methodologies (e.g., Hirshfeld,
CMS5, RESP, MK, VDD, and MBIS) can vyield significantly differ-
ent charge distributions even when based on the same underlying
electronic density, leading to a wide spread of physically reason-
able parametrizations (see Table II). Several strategies have been
proposed to mitigate this ambiguity. A widely used approach is the
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scaling of charges derived from electronic structure calculations to
effectively account for polarization effects in condensed phases.*!
This procedure has been shown to improve the description of ther-
modynamic and transport properties, although the optimal scaling
factor may depend on the property of interest. Alternatively, more
recent methods aim to constrain the charge distribution using phys-
ically motivated quantities such as the molecular dipole moment
or dielectric properties of the fluid, providing a more consis-
tent link between microscopic charge assignment and macroscopic
observables.*”

Despite these advances, there is currently no consensus on
a universally optimal charge derivation scheme for condensed-
phase simulations. In practice, different approaches present distinct
advantages and limitations. For instance, Hirshfeld-based meth-
ods tend to yield smaller and more transferable charges but often
require empirical scaling, while electrostatic potential-based meth-
ods (e.g., RESP, MK) can better reproduce molecular electrostat-
ics but may lead to overpolarized descriptions in condensed
phases.

In this context, our approach follows a pragmatic strategy:
rather than relying on a single charge derivation method, we system-
atically explore different charge distributions and assess their impact
on experimentally accessible properties. This allows us to iden-
tify charge distributions that provide an optimal balance between
thermodynamic, structural, and dynamic accuracy, while remaining
consistent with quantum chemical trends.

D. Dynamic properties
1. Self-diffusion coefficients

The self-diffusion coefficient of each species (D;) was obtained
from the mean square displacement (MSD) of the particles using the
Einstein relation, given by

D = lim é([ri(t) —r(0)]), (22)

where r;(¢) and r;(0) are the positions of the i-th particle at time
t and at a reference time origin, respectively, and (---) denotes
the ensemble average of the MSD. The diffusion coefficients were
determined from the linear regime of the MSD as a function
of time, avoiding the initial subdiffusive regime. To account for

TABLE II. Partial charge distributions for the nitrate ion (NO;) obtained from quantum chemistry calculations using dif-
ferent charge derivation methods. The table reports the atomic charges on nitrogen and oxygen (qy, o), as well as the

corresponding scaled values (qy x 0.85, gg x 0.85).

Method qn(e) qo(e) gy (€)% 0.85 go(e)x 0.85 References
ADCH 0.5577 -0.5192 0.4740 -0.4414 46
MBIS 0.9694 —-0.6564 0.8239 -0.5579 47
Hirshfeld 0.2265 —-0.4088 0.1925 —-0.3475 48
CM5 0.0951 —-0.3650 0.0808 -0.3103 48
VDD 0.3177 -0.4397 0.2700 -0.3737 49
RESP 1.0030 -0.6676 0.8526 -0.5675 50
MK 1.0053 —-0.6683 0.8545 -0.5681 51
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finite-size effects, all diffusion coefficients were corrected using the
hydrodynamic correction proposed by Yeh and Hummer,

T
Deorr = D + 2.837kL, (2.3)
6mnL

where Dcorr is the corrected diffusion coefficient, D is the uncor-
rected value obtained from the MD simulations, T is the tempera-
ture, kp is the Boltzmann constant, # is the simulated viscosity at the
corresponding concentration, and L is the length of the simulation
box.

2. Shear viscosity

The shear viscosity was computed following the method-
ology proposed by Gonzilez and Abascal™ for rigid molecular
models, using the time autocorrelation functions of the five inde-
pendent components of the pressure tensor, [Pag(t)], within the
Green-Kubo formalism,

V oo
1= f (Pas(t) Pp(0)) dt, (2.4)

where V is the system volume. The methodology of Gonzalez and
Abascal®® consists of first performing NpT simulations of 50 ns to
obtain the average equilibrium volume V for each aqueous nitrate
salt solution at the desired molality. Subsequently, NVT simulations
of 50 ns were carried out using this average volume, during which
the pressure tensor components P,g(t) were saved on disk every
2 fs. The shear viscosity was then calculated from the time inte-
gral of the corresponding pressure autocorrelation functions using
the Green-Kubo approach. All calculations of shear viscosities and
self-diffusion coefficients were performed using larger systems con-
taining 4440 water molecules and the corresponding ions and coun-
terions in order to reduce finite-size effects and improve statistical
accuracy.

I1l. RESULTS

As mentioned in the Introduction, we developed a set of
different force fields for the nitrate ion (NO3) by modifying its
intramolecular charge distribution. In all models, the L] parameters
and the net scaled charge of the nitrate group and of monovalent
cations were kept identical (g,,.q = £0.85¢), allowing us to iso-
late the effect of the nitrate intramolecular charge distribution on
the predicted thermodynamic, structural, and dynamic properties
of aqueous solutions of planar molecular ions, such as nitrate salts.
The only difference among the models lies in the value of g, that
modifies the partial charges assigned to the oxygen atoms within
the nitrate ion (i.e., all models of this work use the L] parameters
that were proposed in our previous work'”). Table Il summarizes
the six force-field variants proposed in this work, all of which dif-
fer exclusively in the value of gy. The explored range spans from
gy = 0.6749¢ to g = —0.2125e, thereby covering a wide range of
charge distributions on the nitrogen atom.

In addition to the intramolecular charge distributions of the six
force fields, we report in Table IV a summary of the quadrupole
moments corresponding to the different charge distributions con-
sidered for the nitrate ion, including those obtained using the
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TABLE lIl. Summary of the proposed intramolecular charge distributions for the
nitrate ion (NO3 ). All models share the same LJ parameters and a net scaled charge
of Gsealeq = £0.85€; only the partial charges assigned to the nitrogen and oxygen
atoms are changed.

Model qn(e) qo(e) Source

1 0.6749 —-0.5083 Reference 15
2 0.3700 -0.4067 This work
3 0.1700 —-0.3400 This work
4 0.0000 —0.2833 This work
5 —0.1000 —0.2500 This work
6 -0.2125 -0.2125 This work

TABLE IV. Values of the component Qyy of the quadrupolar traceless tensor of the
nitrate ion NO5 (with the origin of coordinates on the N atom, locating the z-axis per-
pendicular to the plane of the anion and taking into account that for the D3, symmetry
of the nitrate anion Qy, = Q). Values are reported for several charge distributions.
The value obtained from ab initio calculations at the MP2 level using the CEP basis
set, as reported in Ref. 54, is presented in the last row. For Models 1-6, which
have a net anionic charge of —0.85e, we report the true value of Qxx (0.85€) in the
fourth column, as well as the corresponding values that would be obtained for a unit
charge, Qx(€) (i.e., assuming a net charge of —1e), which are obtained by simply
dividing the values in the fourth column by 0.85. For ADCH and MBIS charges, this
renormalization is not needed, as the net charge of the anion is —1e.

Qxx(D : A) Qxx(D : A)
Model 2O dol) (4= -085) (4=-1e)
1 0.6749  -0.5083 -2.89 —-3.40
2 0.3700  —0.4067 -2.31 =272
3 0.1700  —0.3400 -1.93 -2.27
4 0.0000  —-0.2833 -1.61 -1.89
5 -0.1000  -0.2500 -1.42 -1.67
6 -0.2125  -0.2125 -1.21 -1.42
ADCH 0.5577  —0.5192 -2.95
MBIS 0.9694  —-0.6564 -3.73
MP2 Ref. 54 -3.84

ADCH and MBIS methods. According to the IUPAC definition, the
quadrupole moment tensor is given by

1
Qup = EZ qi(37’i,a7’i,ﬁ - f’z‘zaa/?)x G.D

where q;is the charge of particle i, 14 and rip are the Cartesian com-
ponents (a, 8 € x,y,z) of the position vector of atom i with respect
to the chosen origin, 7 is the squared distance of atom i from the
origin, and 8,,4; is the Kronecker delta.

As shown in Table IV, Model 1 (when renormalized to the
formal charge of the anion) exhibits a quadrupole moment of
Q.. = —3.40 D- A, which is close to the value of Q,, = -3.84 D-A
reported in Ref. 54 from MP2 ab initio calculations. However, it is
important to note that these ab initio values correspond to an iso-
lated nitrate anion in the gas phase, whereas in aqueous solution,
the electronic density cloud of the ion of the ion is strongly modi-
fied by solvation and many-body polarization effects. As a result, the
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quadrupole moment of the nitrate ion in the liquid phase may differ
significantly from its gas-phase counterpart.

The quadrupole moment provides physically meaningful infor-
mation, as different intramolecular charge distributions with iden-
tical net charge map onto distinct multipolar representations of
the ion. These differences directly affect the spatial distribution of
the electrostatic potential and, consequently, the interaction of the
nitrate ion with surrounding water molecules. Nevertheless, the
good agreement of Model 1 with the gas-phase quadrupole does
not necessarily imply a more accurate description of thermody-
namic, structural, or dynamic properties in solution. In fact, as
shown below, models that deviate significantly from the ab initio
quadrupole (e.g., Models 5 and 6) yield a substantially improved
description of the TMD, highlighting the limitations of directly
transferring gas-phase electrostatic properties into condensed-phase
force fields. A similar situation is observed for water. The dipole
moment of an isolated water molecule is ~1.85 D, while in
the liquid phase, it increases to about 2.7 D.””"®" In contrast,
widely used non-polarizable water models employ effective dipole
moments in the range of 2.2-2.4 D,"*** which do not correspond
exactly to either the gas-phase or liquid-phase values, but instead
provide an optimal compromise for reproducing macroscopic
properties.

These observations illustrate that quantum chemical electro-
static moments should be regarded as a useful reference, but not as
strict targets for parametrization. Ultimately, the quality of a force
field must be assessed based on its ability to reproduce a consis-
tent set of experimental thermodynamic and structural properties,
rather than on its agreement with gas-phase multipole moments
alone.
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A. Temperature of maximum density (TMD)
and density at the TMD

Figure 1 shows the density as a function of temperature for
aqueous NaNOj solutions at a concentration of 1m and room pres-
sure, obtained using the six intramolecular charge distributions
listed in Table III. In addition to the original charge distribution
proposed in Ref. 15 (Model 1), we propose five additional charge-
distribution models. The first three models are close to the original
parametrization, while the remaining ones explore more substan-
tial changes in the nitrate intramolecular charge distribution. As
shown in Fig. 1(a), all models reproduce the overall temperature
dependence of the solution density well. However, noticeable differ-
ences are observed in the prediction of the temperature of maximum
density (TMD). For instance, deviations of 6.3 and 4.2 K with
respect to the experimental TMD are obtained for Model 1 (origi-
nal model'”) and Model 3, respectively. Importantly, the deviation
from the experimental TMD can be reduced by ~2 K compared to
the value previously reported in Ref. 15. In Fig. 1(b), three addi-
tional models are analyzed, motivated by assigning a neutral charge
to the nitrate nitrogen atom (Model 4) or a more negative charge
(Model 6). In these cases, the predicted TMD values show signif-
icantly improved agreement with experimental data, highlighting
the sensitivity of the TMD to the intramolecular charge distribu-
tion of the nitrate ion. Specifically, deviations of 3.0 and 2.2 K with
respect to the experimental TMD are obtained for Models 4 and 6,
respectively, representing a substantial reduction compared to the
original parametrization of Model 1, which yields a deviation of
6.3 K for NaNO3.”’ Consequently, Models 5 and 6 reproduce the
experimental TMD of the NaNO3 aqueous solution at a concentra-
tion of 1m with significantly improved agreement.
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TMD=254.7 K ]
b —*~/~ T™Mp=2ss3k  NaNO;

1063 Raad */K TMD=253.9 K 7
e el S *
’ = ~ N ~
4

Exp. Data A
Model 4, qy = 0.0000e e
Model 5, qy = -0.1000e —
Model 6, g =-0.2125¢ 4

05 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1
%40 245 250 255 260 265 270 275 280
T(K)

FIG. 1. Density as a function of temperature for aqueous NaNOs solutions at a concentration of 1m and room pressure, for different values of gy in the pair potential of the
nitrate ion (NO3 ). Panel (a): gy = 0.6749,'5 0.3700e, and 0.1700e; panel (b): g = —0.2125¢, —0.1000e, and 0.0000e. MD results are shown as filled symbols and dashed
lines, while continuous lines represent experimental data taken from Ref. 23. In both experimental and simulation results, the TMD is shown by stars. For all simulations,
dashed lines correspond to third-order polynomial fits to the MD data. The MD simulations were performed using a net scaled charge of g4 = +0.85€ for both the nitrate

anion and the Na* cation.®
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Once the TMD of NaNOs3 has been calculated using six dif-
ferent values of gy it is of interest to further analyze the behavior
of the TMD by considering two additional values of g, charges,
namely g,; = 0.474 04e (the partial charge obtained in this work from
the ADCH method, as described in Sec. IT C), and a large posi-
tive value, g = le. Figure 2 shows the TMD and the corresponding
density at the maximum as functions of g, for aqueous NaNOj3 solu-
tions at 1m for all the models considered in this work. As shown
in Fig. 2(a), the TMD exhibits a minimum near the original nitrate
nitrogen charge, qy = 0.6749e."” As N decreases, the TMD increases
and gradually approaches the experimental TMD value. It is worth
noting that, although the quantum-derived ADCH charge distribu-
tion (gy = 0.474 04e) slightly improves the TMD prediction relative
to Model 1, the improvement is modest, from 250.65 to 251.06 K.
This corresponds to a shift of only about 0.4-0.5 K compared to
the experimental TMD value (256.9 K). Overall, decreasing the par-
tial charge on the nitrogen atom relative to the value obtained in
our original force field (Model 1) leads to improved agreement
with experimental data, with the most accurate TMD predictions
obtained when gy adopts negative values. Finally, we have also
estimated the TMD for the charge distribution obtained from the
quantum MBIS approach”’ (scaled to a net charge of 0.85e for the
ion) as it has been suggested to be a good method for parameter-
izing classical non-polarizable force fields. As shown in Table II, the
nitrogen charge obtained for the nitrate ion using this method (when
scaled to 0.85) is gy = 0.8239%. According to Fig. 2(a), for this model,
the TMD is ~250.9 K, which is very close to the value obtained using
the quantum-derived charge distribution from the ADCH method
(gy = 0.474 04e) but still 6 K below the experimental value.

Figure 2(b) presents the density at the TMD as a function of
qy- As gy increases, the value of the density at the maximum density
exhibits mild oscillations, while the deviation from the experimen-
tal density remains similar across all models. This indicates that the
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value of the density at the maximum density is significantly less
sensitive to variations in the ax than the TMD itself. Finally, for
completeness, we include in Fig. 2 two additional MD simulation
points obtained using a reduced scaled charge, g, ;.4 = +0.80e. For
these models, all the L] parameters were kept identical to those of
the force field with g .4 = +0.85e (except the value of ¢ for the
Na*-0,, interaction, where we used the value optimized for Qscaled
= +0.80e from our previous work'?). Although a dedicated repa-
rameterization for the nitrate group would likely be required
to accurately describe densities at high concentrations for g .4
= +0.80e¢, our purpose here is illustrative. Notably, the model with
Qscateq = £0.80e reproduces both the experimental TMD and den-
sity more accurately across the entire range of gy values for NaNOs.
These results suggest that a reduced scaled charge (g,,..q = £0.80e)
could provide an improved description of the TMD for nitrates
when compared to the commonly used value of +£0.85e.

It is worth noting that the ADCH quantum-derived charge
distribution (g, = 0.474 04¢) provides a useful initial estimate of
how the electronic charge is distributed within the nitrate ion from
the quantum-mechanics perspective. However, although extracting
atomic charge information from quantum calculations is very use-
ful for the development of force fields for polyatomic ions, it should
be mentioned that different methods yield different values. More-
over, since partial charges are not observable quantities, the models
obtained in this way should be tested with respect to their ability to
reproduce thermodynamic, structural, and dynamic properties. In
this context, the conclusion from the present work is clear. Using
a water model that accurately reproduces the TMD of pure water
and using the partial charge on the N atom obtained from quan-
tum chemistry calculations made it impossible to reproduce the shift
in the TMD for nitrate salts. From our perspective, the TMD is an
experimentally observable property, and a properly designed force
field should reproduce it as closely as possible to the experimental
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FIG. 2. Panel (a): The TMD as a function of gy in the pair potential of the nitrate ion (NO3) for aqueous NaNOj solutions at 1m and room pressure. Panel (b): The same as
in panel (a), but for the corresponding density at the TMD. The MD results are shown as filled symbols, while dashed lines are included as guides to the eye. MD simulations
were performed using two scaled charge values for both the nitrate anion and the Na* cation, gg.,q = +0.85e and £0.80e.
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results while maintaining accuracy in the structural properties.
Accordingly, we argue that the intramolecular charge distribution
can be treated as an additional degree of freedom in MD simulations
that allows the improvement of properties without compromising
the physical meaning of the charges within the molecule. However,
selecting a force field using just one property does not seem to be
a good strategy. It seems more reasonable to compute several prop-
erties before selecting the “best” model. We therefore perform an
extended comparison between Model 1, our original force field, and
Model 5, which provides a significantly improved prediction of the
TMD of NaNOs solutions. Model 6 is not considered in this com-
parison, as assigning identical negative charges to both nitrogen and
oxygen represents an extreme and physically less justified scenario.
A first relevant test is to analyze the behavior of the TMD for other
nitrate salts, since the previous discussion focused exclusively on
NaN03.

Figure 3 shows the density as a function of temperature
for aqueous salt solutions at a concentration of 1m and room
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pressure for three different salts. In panel (a), the TMD prediction
for NaNOs is shown. A positive shift in the TMD of ~4 K (relative
to Model 1) is observed, leading to significantly improved agree-
ment with experimental data. In addition, Model 5 provides more
accurate density predictions at temperatures below the TMD. In
contrast, at temperatures above the TMD, a crossover behavior is
observed, with Model 1 being slightly closer to the experimental
density than Model 5, by ~0.1%. Panel (b) shows the correspond-
ing results for KNOs3, showing an improvement of about 3.5 K in
the location of the TMD. Finally, panel (c) presents the results for
the more complex salt NH4NOs3. In this case, Model 5 exhibits a
remarkable agreement with experimental data for both the TMD and
the corresponding density predicted with errors below 1%. Over-
all, an improvement of up to 4 K in the predicted TMD represents
a significant step forward. All results obtained with Models 1 and
5 and shown in Fig. 3 are summarized in Table V. An important
conclusion from these calculations is that modifying the charge dis-
tribution from Model 1 to Model 5 consistently improves the TMD
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FIG. 3. Comparison between Models 1 and 5 for the density as a function of temperature in agqueous salt solutions at a concentration of 1m and room pressure. Panel (a):
NaNOs; panel (b): KNO3; and panel (c): NHsNO3. MD results are shown as symbols and dashed lines, while continuous lines represent experimental data taken from Ref.
23. In both experimental and simulation results, the TMD is shown by stars. For all simulations, dashed lines correspond to third-order polynomial fits to the MD data. The
MD simulations were performed using a net scaled charge of g4 = +0.85€ for both the nitrate anion and the Na* cation.'>

TABLE V. Comparison between Models 1, 3, and 5 for the TMD and the density at the TMD (p,,,) of aqueous salt solutions at a concentration of 1m and room pressure.
The systems considered are NaNO3, KNO3, and NH4NOj3. Experimental data were taken from Ref. 23. The quantities dev. and dev.(%) denote the absolute deviation
between experimental and simulated values and the corresponding relative percentage deviation, respectively, defined for TMD as dewv.(%) = 100]TMD®*P — TMDS™|/TMD®*?.
Uncertainties of the TMD from simulation are about 0.5 K.

Salt Model TMD®™ (K) TMD®® (K) dev. dev.(%) o™ (kg/m?) PP (kg/m?) dev. dev.(%)

1 250.60 256.90 6.3 2.5 1062.6 1059.3 33 0.3
NaNO; 3 252.70 256.90 42 1.6 1062.0 1059.3 2.7 0.2

5 254.30 256.90 2.6 1.0 1062.6 1059.3 33 0.3

1 255.70 261.10 5.4 2.1 1066.0 1062.8 3.2 0.3
KNO; 3 257.80 261.10 3.3 1.3 1065.3 1062.8 2.5 0.2

5 259.10 261.10 2.0 0.8 1064.3 1062.8 1.5 0.1

1 261.20 263.40 22 0.8 1034.8 1033.5 1.3 0.1
NH4NO; 3 263.90 263.40 0.5 0.2 1034.4 1033.5 0.9 0.1

5 264.60 263.40 1.2 0.5 1033.5 1033.5 0.0 0.0
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predictions for NaNOs, KNOsz, and NH4NO3 with respect to
experimental data.

As Model 5 significantly improves the prediction of the TMD
compared to Model 1, it seems of interest to use this model to esti-
mate the TMD of salts for which no experimental or simulation data
have been reported in the literature before. Accordingly, Fig. 4 shows
the density as a function of temperature for aqueous nitrate salt solu-
tions at a concentration of 1. Panel (a) presents the results for the
monovalent salts CsNO3, RbNO3, and LiNO3, while panel (b) shows
the corresponding MD results for the divalent salts Mg(NO3), and
Ca(NO3),. For aqueous solutions, the lowering of the TMD of water,
denoted as A, is defined as

A= TMDsolution — TMDuyaters (32)

where the subscripts refer to the TMD of the aqueous solution and of
pure water, respectively. For dilute aqueous solutions, this quantity
follows the Despretz law,””*° which states that A varies linearly with
the molality m according to

A = Kyum, (3.3)
where m is the molality of the solution and K, is the Despretz con-
stant, expressed in units of K kg mol™'. The Despretz law can be
interpreted within a group-contribution framework, in which each
ion contributes independently to the macroscopic property. Accord-
ingly, the Despretz constant of a salt can be decomposed into the
individual ionic contributions (K;)** as follows:

K = (v+ Ky + v-K,), (3.4)
where v, and v_ are the stoichiometric coefficients of the cation
and anion, respectively. For example, in the case of NaNOs3, the
salt dissociates into Na* (v4 = 1, Kj; = —=11.6 K kg mol™'*) and
NO; (v- =1, K;, = -11.4 K kg as obtained from the results of this
work for Model 5), yielding a total Despretz constant of K,, = —23
K kg mol ™! (Model 5). For the particular case of LiNOs at 1m,
shown in Fig. 4(a), the TMD can be estimated using Eq. (3.4).
Decomposing the salt into Li* (v4 =1, K =-30K kg mol™!2%)
and NOj (v- = 1, K, = —11.4 K kg mol ™" ?*) yields K, = —14.4 K kg
mol™". Using the TMD of pure water predicted by the TIP4P/2005
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model, TMDyater = 277.3 K,** the estimated TMD for LiNO; at 1m
is TMDLino, = 262.9 K. The MD simulations yield a value of TMD
= 263.6 K [see Fig. 4(a)], which is in reasonably good agreement
with the estimate based on the Despretz law. Applying the same
procedure, the estimated TMDs for Mg(NO3), and Ca(NOs), are
obtained by considering Mg** (v4 = 1, K}, = 8.3 K kg mol™'**)
and Ca** (v+ =1, K} =-176 K kg mol ™12 "), respectively, together
with two nitrate anions. This yields TMDy(no,), = 246.2 K com-
pared to the MD result TMDyg(no,), = 251.7 K for the 1m solution
of Mg(NO3)2) and TMDc,(no,), = 257.1 K compared to the MD
result TMDcy(no,), = 258.9 K for the 0.5m Ca(NO3 ), solution. The
agreement obtained from the estimate of the Despretz law and from
simulations is quite good (notice that the Despretz constant for
the cations is the same as that reported in previous work, as the
use of Model 5 instead of Model 1 only affects the value of the
Despretz constant of the nitrate group). In fact, the Despretz con-
stant obtained in this work for nitrate in Model 5 is —11.4, whereas
the Despretz constant of Model 1 for the nitrate was reported to
be —15.1. Since the Despretz constant for Model 1 is too large (in
absolute value), the predictions of Model 1 for the TMD of divalent
cations (i.e., Mg** or Ca**) are expected to deviate significantly from
experimental values, when available.

B. Bulk densities

In Fig. 5, we present a comparison between Models 1 and 5
for the prediction of the density as a function of molality for aque-
ous nitrate salt solutions at 298.15 K and 1 bar. In panel (a), we
show the density predictions for three salts, NaNOsz, KNO3, and
NH4NO3, over a range of molalities up to the solubility limit of each
salt, which are 10.7, 3.8, and 12 mol/kg, respectively. In all cases,
Model 5 reproduces the experimental densities with essentially the
same level of accuracy and deviations as Model 1."° Notably, for
these salts, the predictions obtained with Model 5 show excellent
agreement with experimental data, indicating that the modification
of the intramolecular charge distribution does not affect the density
as long as the total charge and the L] parameters remain unchanged.
For completeness, we have also included additional density simula-
tion points obtained using a reduced scaled charge, g4 = +0.80e.
In this case, as mentioned in Sec. III A, all L] parameters were
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FIG. 5. Density as a function of molal-
ity for aqueous nitrate salt solutions
J at 298.15 K and 1 bar. Panel (a):
NaNO3, KNO3, and NH4NO3; panel (b):
Ca(NOs), and Mg(NOs),. The simulation
1 results are shown with symbols, while
- continuous lines stand for the experi-
mental data taken from Refs. 67-69. The
MD simulations were performed using
the Models 1, 3, and 5 using a net
1 scaled charge of g = +0.85e for
both the nitrate anion and the cation. !>
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kept identical to those of the force field with g, .4 = +0.85e, except
for the value of ¢ for the Na*-0,, interaction, which was previ-
ously optimized for g4 = £0.80e."” As can be seen, the density
predictions are only weakly affected by the intramolecular charge
distribution over the entire range of molalities considered. In addi-
tion, Fig. 5(b) shows the density predictions for two divalent salts,
Mg(NOs3); and Ca(NO3),, obtained using both models. For mag-
nesium nitrate, Model 5 provides a remarkable agreement with
experimental densities up to 5m, demonstrating the robustness and
transferability of the proposed nitrate nitrogen charge without the
need to modify the L] cross parameters (although this option is
always possible if needed). The same is true for Ca(NO3),. Over-
all, these results indicate that Model 5 provides a robust description
of the density behavior of nitrate solutions without sacrificing the
physical consistency of the original model. Once we have discussed
the TMD and bulk densities, it seems of interest to compare Models
1 and 5 with respect to their transport properties. Model 5 would be
of limited usefulness if it failed to accurately reproduce dynamical
properties.

C. Transport properties
1. Self-diffusion coefficient

As shown in the previous figure, the TMD of aqueous nitrate
salt solutions is sensitive to the intramolecular charge distribution
of the nitrate ion. It is therefore of interest to assess how dynam-
ical properties, such as self-diffusion and viscosity, are affected by
this modification. To this end, the self-diffusion coefficients of water
were computed for both Models 1 and 5 considered in this work.
Accordingly, Fig. 6 presents a comparison between Models 1 and
5 for the self-diffusion coefficient of water, Dy, 0, as a function of
molality for aqueous solutions of NaNO3, KNO3, and NH4NOs. For
these three systems, experimental data for the water self-diffusion
coefficient are scarce; the only available measurements correspond
to KNOs. As can be seen from Fig. 6(a), in the case of NaNOs,
both models predict a decrease in Dy,0 (dotted and dashed lines)
with increasing salt concentration. Over the entire concentration
range, the self-diffusion coefficients predicted by Models 1 and 5
are very similar. This behavior indicates that, for NaNOj3, the water

3 4 5 6 7 cation.
m (mol/kg)

self-diffusion coefficient is only weakly affected by variations in the
nitrate nitrogen charge distribution. In the case of KNOs, how-
ever, Dy,0 initially increases with molality, reaching a maximum
around 1m, and then decreases as the salt concentration continues to
increase. To the best of our knowledge, experimental measurements
of the water self-diffusion coefficient in KNOj3 solutions are lim-
ited to the studies by Tanaka’ at 298.15 K in the low-concentration
regime and by McCall ef al.,”! at 296.15 K up to 2.5m. For KNO3
[panel (b)], both models reproduce the experimental trend of the
water self-diffusion coefficient at low concentrations, and a similar
behavior of Dy, is observed for molalities in the range 1 < m < 3.
The experimental data at 296.15 K are included to illustrate that the
simulation results follow the same overall concentration dependence
observed experimentally. However, notice that these two experimen-
tal studies are not mutually consistent in the absolute values of the
diffusion coefficient of water in the solution (two degrees cannot
explain the difference in D for pure water in these two experimen-
tal studies). Nevertheless, the trend (i.e., the increase in the diffusion
coefficient of water) is indeed found in both studies.

In contrast, for NH4sNOs3 [panel (c)], the self-diffusion coeffi-
cient of water is more strongly influenced by the nitrate nitrogen
charge distribution. In this case, Models 1 and 5 exhibit similar
overall trends, but noticeable differences in Dy,0 emerge at high
molalities, indicating an enhanced sensitivity of water dynamics
to the intramolecular charge distribution of the nitrate ion in the
presence of the ammonium cation. In all cases, the values of Dy,0
obtained from the MD simulations at different salt concentrations
were corrected for finite-size effects, as described in Sec. II D 1, by
applying the hydrodynamic finite-size correction proposed by Yeh
and Hummer.>”

We have also calculated the diffusion coefficient of the
nitrate anion at infinite dilution (D§°O;), including YH corrections.
This quantity was obtained by computing the self-diffusion coef-
ficient of the nitrate anion at low molalities, that is, for con-
centrations below 1m. For NOj, the experimental self-diffusion
coefficient at infinite dilution is D;o(’)e;XP =1.90x107° cm?/s.”? A
comparison between the simulated values obtained with Models
1 and 5 and this experimental reference provides a good test of
the force fields, as the experimental value is not influenced by the
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FIG. 6. Comparison between Models 1, 3, and 5 for the self-diffusion coefficient of
water (D,0) as a function of molality in aqueous nitrate salt solutions at 298.15 K
and 1 bar. Panel (a): NaNO3; panel (b): KNO3; panel (c): NH4NO3. MD results are
shown as filled symbols, while dashed and dotted lines are included as guides to
the eye. The MD simulations were performed using a net scaled charge for the
nitrate anion and the cation of g4 = +0.85€.'® Experimental data (continuous
line) are shown in panel (b) for KNO3, taken from Ref. 70 at 298.15 K and Ref. 71
at 296.15 K. All MD results include the hydrodynamic finite-size correction of Yeh
and Hummer.>?

presence of counterions. The simulated values of D;;’O;, obtained by
linear extrapolation of DNO; for NaNOs in the limit m — 0, show

excellent agreement with experiment: D§°C’)S,im =1.987 x 107° cm?/s
3

(deviation of 4.6%) for Model 1 and D;‘gfm =1.874x 107 cm?/s
3
(deviation of 1.4%) for Model 5.

2. Viscosities

After analyzing the TMD, densities, and the self-diffusion coef-
ficient of water, the estimation of the shear viscosity constitutes the
last dynamic property used to assess the performance of Model 5 in
comparison with Model 1. For nitrate salt solutions, accurate exper-
imental viscosity data are available over a wide range of molalities,
allowing for a direct and meaningful comparison with MD simu-
lations. Figure 7 shows a comparison between Models 1 and 5 for
the shear viscosity as a function of molality at 298.15 K and 1 bar
for NaNOs3, KNO3, and NH4NO3. In the case of NaNO; (panel a),
both models yield very similar viscosity values across the entire range
of molalities studied. Consistently with the self-diffusion results, the
dynamical properties of this salt in water are only weakly affected
by the nitrate intramolecular charge distribution, indicating that
the viscosity remains essentially unchanged between the two mod-
els. Figure 7(b) shows the shear viscosity for KNOs. In this case,
Model 5 significantly improves the prediction of the viscosity at
both low and high concentrations, exhibiting excellent agreement
with experimental data over the full molality range. The devia-
tions from experimental values are below 2%, which is remarkable
for a complex transport property such as shear viscosity. In panel
(c), the results for NH4NO; are shown. Here, Model 1 provides
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FIG. 7. Comparison between Models 1, 3, and 5 for the shear viscosity as a func-
tion of the molality in aqueous solutions of nitrate salts at 298.15 K and 1 bar. Panel
(a): NaNOs; panel (b): KNO3; panel (c): NH;NO; nitrate salts. MD results are
shown as filled (g = —0.6749¢'%) and empty symbols (gy = —0.1000e), while
continuous lines represent experimental data taken from Ref. 23. The MD simu-
lations were performed using a net scaled charge of gg,.q = +£0.85¢ for both the
nitrate anion and the cation.

slightly better agreement with experimental data at molalities above
3m, where the influence of the intramolecular charge distribution
becomes more pronounced and larger deviations are observed for
Model 5. Overall, these results indicate that Model 5 constitutes
a reliable and transferable force-field parametrization for aqueous
nitrate salt solutions. In most cases, the modified intramolecular
charge distribution improves the prediction of both the TMD and
shear viscosity, supporting its use in future studies. On the other
hand, the ammonium ion (NH}) is a multi-atomic species, and in
principle, its properties could be influenced by its intramolecular
charge distribution. However, unlike the nitrate ion, the ammonium
ion has a non-planar, nearly tetrahedral geometry. This structural
feature tends to reduce the sensitivity of its properties to variations
in the charge distribution, as the charge is more symmetrically dis-
tributed. Recent work by Blazquez et al.”° on a structurally similar
non-planar ion, namely perchlorate, has shown that variations in
the intramolecular charge distribution have only a minor impact on
the predicted thermodynamic, structural, and dynamic properties.
As a result, the system properties are expected to exhibit reduced
sensitivity to the ammonium charge distribution. Furthermore, in
ammonium nitrate (NH4NO3) solutions, the nitrogen atom of the
ammonium ion does not interact with water as strongly or direction-
ally as the nitrogen atom in the nitrate ion. As a result, the system
properties are expected to be less sensitive to the ammonium charge
distribution. Nevertheless, we acknowledge that a systematic analy-
sis of the effect of charge distribution in ammonium could provide
additional insights, but this aspect is beyond the scope of the present
work and will be addressed in future studies.

The main conclusion of this section is that both models (Model
1 and Model 5) provide a reasonably accurate description of the
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transport properties of aqueous nitrate solutions. The two mod-
els are essentially equivalent for NaNOs; Model 5 performs slightly
better for KNO3, whereas Model 1 shows a slight advantage for
NH4NO:;s. Since Model 5 yields superior predictions for the TMD,
it appears to be the stronger candidate in the comparison between
the two models. Nevertheless, before reaching a final decision, it is
necessary to examine another key property in detail: the microscopic
structure of the solutions.

D. Characterization of structural features
1. Radial distribution functions

The characterization of structural features in aqueous nitrate
salt solutions is also of considerable interest, although experimental
studies in this area remain scarce. A detailed analysis of struc-
tural properties, including radial distribution functions (RDFs),
cation—anion organization, contact ion pairs, and hydration num-
bers for NaNO3, KNO3, and NH4NOs3 has been previously reported
in Ref. 15. For a system such as NaNOsj, there are 15 distinct
atom-atom RDFs, making it impractical to display all of them.
Therefore, we focus on correlations between the atoms of the nitrate
group and the remaining species in the solution. In Fig. 8, we present
the RDFs obtained with Models 1 and 5 for an aqueous NaNOj3 solu-
tion at a concentration of 4m, 298.15 K, and 1 bar. In Fig. 8(a),
the top panel shows the N,-Na® correlations, while the bottom
panel displays the O,~Na* correlations. The peak located around
5 A corresponds to a solvent-shared ion pair (i.e., a Na* ion sepa-
rated from the nitrate by a single water molecule). The shoulder at
shorter distances provides evidence of some contact ion pairs, which
appear in greater proportion for Model 5 than for Model 1. This
behavior can be attributed to the negative charge assigned to the
nitrogen atom in Model 5, which enhances electrostatic attraction.
For the O,-Na* interaction (bottom panel), a similar overall RDF
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is observed for both Models 1 and 5, indicating that the structural
differences between the models are more pronounced in the N,-Na
correlations than in the O,—Na ones.

Regarding the O,-O,, RDF [Fig. 8(b), top panel], both models
predict similar first-peak positions, namely 3.01 A for Model 1 and
3.11 A for Model 5. Neutron diffraction experiments’”* suggest that
this distance should be close to 2.9 A (it is important to note that
the experiments do not allow a direct determination of the O,-Oy,
distance; instead, it must be inferred from some type of geometri-
cal model). For reference, this value is shown as a vertical line in the
top panel of Fig. 8(b). In the bottom panel of Fig. 8(b), the O,—Hy
RDF exhibits first-peak positions at 2.05 A for Model 1 and 2.22 A
for Model 5. Since the L] parameters are identical in both models,
the observed differences arise solely from the distinct charge distri-
butions. In particular, the H,, atom approaches the O, atom more
closely in Model 1 than in Model 5 due to the larger (in absolute
value) negative charge assigned to O, in Model 1 (go, = —0.5083¢)
as compared to Model 5 (go, = —0.2500¢).

Probably the most interesting discussion refers to correlations
involving the nitrogen atom of the nitrate group, shown in Fig. 8(c).
As expected, it is for these two correlation functions (N,-O.: top
panel and N,-H,,: bottom panel) where the results of the two mod-
els in this work differ more significantly (notice that Model 1 assigns
a positive charge to the nitrogen atom, whereas Model 5 assigns a
small negative charge). Consequently, the differences found in these
RDFs reflect different ways of water solvating the nitrate anion. We
show in the top panel of Fig. 8(c) with vertical lines the experimental
positions of the first and second peaks of the N,-O,, RDF, located
at 2.65(5) and 3.40(10) A, respectively, as reported by Neilson and
Enderby.”* In their paper, these authors propose a simple solvation
model compatible with these peaks (see Fig. 3 of Ref. 74). Accord-
ing to this scheme, the peak at 2.65 A is the distance between a
molecule of water on the axial plane of the nitrate group (i.e., just on
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FIG. 8. Comparison between Models 1, 3, and 5 for the radial distribution functions (RDFs) for 4m NaNOj solutions at 298.15 K and at 1 bar. Panel (a): N,—~Na and O,—Na
correlations; panel (b): 0,—O,, and O,-H,,, correlations; and panel (c): N;—O., and N,—H.,, correlations. The MD simulations were performed using a net scaled charge
of yeaeq = £0.85€ for both the nitrate anion and the Na* cation.’® Continuous lines represent the RDFs obtained from the simulations, while dashed lines indicate the
positions of the first and second peaks in the experimental RDFs. Experimental data are taken from Refs. 73 and 74 for the 0,—0,,, interaction and from Ref. 74 for the
Nn-O., and N,—H,,, interactions. In panels (a)—(c), RDFs obtained with Model 3 are also included to illustrate its intermediate behavior. In the upper panels, the RDFs have

been vertically shifted by two units for clarity.
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the top of the nitrogen atom), while the distance 3.40 A corresponds
to the distance between the nitrogen and a molecule of water on the
equatorial position (the reported uncertainty for the precise loca-
tion of these peaks is ~0.1 A). Note that Model 5 is compatible with
these experimental findings (i.e., the first peak exhibits a shoulder
at short distances compatible with the existence of two peaks). The
first peak of Model 5 reflects the molecules of water directly solvating
the nitrate anion, whereas the second peak (at 4.40 A) corresponds
to the second solvation shell. In contrast, Model 1 displays a broad
peak involving molecules of the first and second solvation shells
and is unable to describe the experimental peak found at 2.65 A.
Previous simulation studies report a wide range of values for the
position of the first maximum of the N,~O,, RDF: 3.4-3.5 A from
polarizable force fields,””’° and 3.68 A from reference interaction
site model self-consistent field (RISM-SCF) calculations.”” Classi-
cal nonpolarizable simulations yield N,-O,, distances of ~3.50 A
for rigid models’® and 3.48 A for flexible models.® However, almost
all these studies use force fields with a large positive charge on the
location of the nitrogen group, thus resembling our results here
for Model 1. The negative charge assigned to the nitrogen atom
in Model 5 (g, = —0.1000e) enhances nitrate-water interactions,
allowing water coordination in both radial and axial directions, and
leads to shorter N,,—O., distances as a result of reduced electrostatic
repulsion. Finally, in Fig. 8(c) (bottom panel), we present the RDF
for the N,,-H,, interaction. For comparison, we include the experi-
mental positions of the first and second peaks of the N,-H,, RDF,
located at 2.05(2) and 2.65(10) A, respectively, as reported in Ref.
74. According to Neilson and Enderby,”* these two distances corre-
spond to the distance of the nitrogen atom to the hydrogen on the
axial position (2.05 A) and to the hydrogens of the water molecules
on the equatorial positions (2.65 A). Our results for Model 5 are
compatible with these two distances, as the first peak contains a clear
shoulder and can be described as the result of two contributions.
The second peak in Model 5 corresponds to hydrogens not point-
ing toward the nitrate group within the first solvation shell, as well
as contributions from the hydrogens of the second solvation shell.
We now proceed to compute the hydration number of the
nitrate anion. For this purpose, an expanded version of the N,-
O and N,-H,, RDFs is presented in Fig. 9. The number of water
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molecules around the nitrate group can be obtained by integrating
the N,,-O,, RDF [see Fig. 9(a)] up to its first minimum. For Model
5, there is a well-defined minimum in this RDF at 3.9 A, so that we
shall integrate until the first minimum, resulting in a coordination
number of 5. Therefore, Model 5 predicts a hydration number of five
water molecules, in excellent agreement with the structural picture
described by Neilson and Enderby,”* namely, three water molecules
solvating in the equatorial plane and two of them solvating in the
axial plane of the nitrate group. Typically, when computing the
hydration number one integrates the RDF until the first minimum
(as we have done with Model 5). However we do the same for Model
1, where the first minimum is located at 5.5 A, one would obtain an
unrealistically large hydration number, which is obviously wrong.
The problem is that in Model 1, the first and second solvation shells
overlap. It makes more sense to integrate for Model 1 only up to
the distances where the minimum appears in Model 5 in order to
compute the hydration number. Using this criterion, Model 1 also
yields a hydration number of 5. Notice also the existence of a small
shoulder in the first peak of Model 1 located around 3.9 A, probably
indicating the crossing from the first to the second solvation shells.
Thus, our results strongly suggest 5 as the hydration number of the
nitrate group (i.e., the number of water molecules in contact with the
anion).

Let us now try to estimate the hydration number from the
number of hydrogen atoms around the N,, atom. For Model 5, we
obtained 4.15 by integrating up to the first minimum. The physi-
cal picture is that the three water molecules solvating the O, in the
equatorial position have one hydrogen atom pointing toward the O,
atom. On the other hand, for the two axial molecules of water, half
of the time they have one hydrogen pointing toward the N, and
half of the time they have both two H atoms pointing toward the
solution. In this way, one can explain 5 molecules of water and 4
H atoms for the solvation around the N,. However, in the case of
Model 1, the first minimum appears at larger distances and the inte-
gral yields a number of seven. In this case, again 3 hydrogens of water
points toward the O, in the equatorial plane, and the two molecules
of water of the axial plane have their hydrogens toward the solu-
tion and not toward the N, atom, so that one obtains a total of 7
hydrogen atoms. It is clear that Models 1 and 5 differ significantly
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in the way the water molecules are solvating the nitrate group,
especially in the orientation of the water molecules located on the
perpendicular to the plane of the anion.

Overall, the results of Model 5 provide a more consistent
description of the experimental results reported by Neilson and
Enderby.”* However, the paper of Neilson and Enderby is rel-
atively old (1982), and in addition, their interpretation involves
assigned peaks in the neutron diffraction to a certain RDF, which
involves some degree of uncertainty. Furthermore, obtaining all
RDFs from diffraction techniques is practically impossible. Fortu-
nately, in 2018, there was a new experimental study on neutron
diffraction of a nitrate salt’” that allowed for the determination of the
global G(r) for O, and N,, [the meaning of G(r) will be explained in
Sec. 111 D 2], so that one can compare without ambiguity the global
G(r) from simulations with the global G(r) from experiments. This
comparison is presented in Subsection 11 D 2.

2. Comparison with neutron diffraction

Over the past decades, experimental techniques such as X-ray
and neutron diffraction have been increasingly employed to obtain
detailed structural information on aqueous solutions, particularly
regarding how atoms interact at the microscopic level, as char-
acterized by RDFs. Among these techniques, neutron diffraction,
especially when combined with isotope substitution, provides direct
access to partial pair correlation functions and offers valuable insight
into the hydration structure of dissolved ions. Consequently, neu-
tron diffraction data constitute an important benchmark for validat-
ing MD simulations of aqueous electrolyte solutions. In particular,
neutron diffraction with isotopic substitution (NDIS) is especially
powerful for disentangling specific atomic correlations.”’* By per-
forming diffraction experiments with two nitrogen isotopes in the
nitrate group dissolved in deuterated water, the difference of the
structure factors is due uniquely to five atom-atom correlation func-
tions, two of which have a large weight, namely, the N-O,, (where
the subscript w refers to the oxygen of water) and the N-D (D being
the deuterium atom). That was done for nitrate anions by Neilson
and Enderby for the first time,”* and followed by others.”””” A sim-
ilar approach can be used by replacing two isotopes of the oxygen
atom in the nitrate group.”” The problem with the NDIS technique
is that what one obtains is the total RDF, G(r), which is a combina-
tion of several atom-atom RDFs, so that one must “interpret/assign”
each peak to a certain atom-atom RDF or to a combination of them.

Recently, NDIS experimental diffraction results have been pub-
lished for aqueous KNOs3 at a concentration of 3.4m, T = 298.15 K,
and 1 bar,”” using both isotope replacement for the N in one set
of experiments and for the O, in another set. In the case of iso-
tope substitution of Oy, the experimental diffraction data allow the
determination of Go, (r) defined as (weights are provided for the
particular case of the KNOj3 3.4m solution)

Go, (r) = 0.63go,-,, (1) +0.28g0,-0,, (r) + 0.05g0,-0, (1)
+0.03g0,-n, (1) + 0.01g0,-x (1), (3.5)

where go,-a(r) is the RDF distribution function between the oxygen
atom of the nitrate group O, and an atom of type « in the system.
In the case of isotope substitution of N, the experimental diffrac-
tion data allow the determination of the function Gn(r) defined
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as (weights are provided for the particular case of the KNO;3 3.4m
solution)

Gn(r) = 0.64gn,-n,, () + 0.28¢n,-0,, (7) + 0.05¢n, -0, (1)
+ 0.0ZganN" (7’) + O.OlgNFK(T‘), (3.6)

where gn,—q« is the RDF between the nitrogen atom of the nitrate
group and an atom of type « of the system.

To determine the functions Go,(r) and Gy(r) from simula-
tions, we performed MD simulations of aqueous KNOs at 3.4m,
T =298.15K, and 1 bar for Models 1 and 5, and computed all atom-
atom RDF distribution functions in the system, and calculated the
corresponding G(r). We can now compare the simulation with the
experimental results. It should be mentioned, though, that the exper-
iments are performed with D,0O, and the structure of DO is not
identical to that of H,O, which could slightly impact some of the
results. Panels (a) and (b) of Fig. 10 show the five individual con-
tributions to Go,(r) arising from correlations between the nitrate
oxygen atoms (O,) and Hyy, O, Oy, K*, and N,, for Models 1 and
5, respectively, and the sum of all of them (red line), which can be
compared with the experimental results (black solid line and open
circles). The results of both models are similar, although it seems
that the results of Model 1 are somewhat superior. At short distances
(below 2.5 A), the only non-zero RDF is the O,-H,, RDF contribu-
tion. It seems that in experiments, the hydrogen atoms get closer to
the O, group than in the results of the simulations using the two
force fields of this work. As the hydrogen atom of water has no L]
center, to improve the agreement with experiment, a slightly lower
value of ¢ for the O,-O,, interaction would be beneficial. Panels
(c) and (d) display the corresponding contributions involving the
nitrate nitrogen atom (N,) and the same species. In this particular
case, the agreement found for Model 1 seems to be better than that
found for Model 5. In Model 5, the hydrogen atoms get closer to
the Ny, probably due to the positive charge of hydrogen in the water
force field and to the negative charge of N, in Model 5. Having a pos-
itive charge on the nitrogen and probably increasing slightly the o for
the N;,—O,, could improve agreement with experiment. In any case,
the results shown in Fig. 10 indicate that, overall, Model 1 provides
a more accurate structural description than Model 5.

IV. SUGGESTED FORCE FIELD

The TMD has recently emerged as a key thermodynamic
benchmark for assessing force-field performance for pure water
and aqueous salt solutions. Improving its prediction has therefore
become an important target in force-field development, subject to
the availability of reliable experimental data. As reported by the
authors in Ref. 23, the extended parametrization of the Madrid
model for nitrate salts (NaNOj;, KNO;, and NH4NO3, referred
to as Model 1) exhibits deviations of 6.3 K at 1m in the predic-
tion of the TMD. Deviations of this magnitude had not previously
been observed in TMD predictions for electrolyte solutions using
the Madrid-2019 force field.'">***" This issue motivated the present
study, in which we explored whether modifying the intramolecular
charge distribution of the nitrate ion could improve the predic-
tion of the TMD while preserving the overall quality and physical
consistency of the force field.
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the same as in panels (a) and (b) but for
the corresponding contributions involv-
ing the nitrate nitrogen atom (N,) and
the same species. Experimental data are
taken from Ref. 79.

Then, we reparametrized the nitrate ion (NOj3) by proposing
five intramolecular charge distributions, while maintaining a net
scaled charge of g4 = £0.85¢ and keeping the cation parameters
unchanged from the Madrid-2019 force field.""'”*” Based on the
TMD predictions, we identified Model 5 (g, = —0.1000¢) as the one
providing the best agreement with experiment for the TMD. In this
model, the nitrogen atom carries a partial charge of g, = —0.1000e,
while the oxygen atoms carry charges of go, = —0.2500e. This is in
contrast with our original model for the nitrate anion, Model 1,
(gy = 0.6749¢),'” that differs only in the intramolecular charge dis-
tribution of the nitrate ion. The L] parameters are the same for all
models, highlighting that the observed differences arise exclusively
from changes in the charge distribution. Using Model 5, we provide
predictions of the TMD for several nitrate salts for which experi-
mental values have not yet been reported. Furthermore, we estimate
the Despretz constant for the nitrate group as —11.4 K kg mol™". To
further test whether the improvement in the TMD deteriorates other
properties, we tested the densities of concentrated nitrate solutions
and found that Model 5 provides results as good for densities as our
original Model 1. Thus, the global density is not very sensitive to the
intramolecular charge distribution. We then tested transport prop-
erties and found that transport properties of Model 1 and Model

5 were also similar (although not identical). It seems that, in gen-
eral, the viscosities of Model 1 were slightly lower than those of
Model 5 (with almost identical results for NaNOs3, somewhat better
agreement with experiment for Model 5 in the case of KNOs3, and
slightly better agreement with experiment for Model 1 in the case of
NH4NOj3). We were even able to describe an increase in the diffu-
sion coefficient of water with the addition of KNO3, in agreement
with the experimental results reported some time ago.

An intermediate model (such as Model 3 in this work) can
therefore be considered a reasonable choice for the nitrate force
field, as it improves the prediction of the TMD relative to Model
1 while preserving structural features more accurately than Model
5. Figure 11 shows the total contributions to Go,(r) and Gn(r),
obtained from the sum of individual pair correlations involving
nitrate oxygen atoms (O,) with Hy, Ow, Os, K', and N, for
Models 1, 3, and 5. The results correspond to a KNO; aqueous
solution at a concentration of 3.4m. As observed in panel (a), all
three models yield similar trends; however, Models 1 and 3 exhibit
slightly better agreement with the experimental data than Model
5, particularly in the first coordination shell. In panel (b), Model
1 shows the best overall agreement with the experimental curve,
although Model 3 provides a more accurate description in the region
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FIG. 11. Panel (a): Contributions to G(r)
arising from correlations between the
nitrate oxygen atoms (O,) and H,,, O,
Oy, K*, and N, for Models 1, 3, and
5, respectively. Panel (b): the same as
in panel (a) but for the corresponding
contributions involving the nitrate nitro-
gen atom (N,) and the same species.
The results correspond to a KNO3 aque-
ous solution at a concentration of 3.4m.
Experimental data are taken from Ref.
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of the main peak. Model 5, in contrast, displays larger deviations
in both panels. Overall, Model 3 represents a balanced compro-
mise: while it does not consistently outperform Model 1 in struc-
tural predictions, it significantly improves upon Model 5 and offers
a better combined description of thermodynamic and structural
properties.

This conclusion is consistently supported throughout the
manuscript. First, in Table V, we present a comparison of the TMD
and the corresponding density at the TMD for the three studied salts
using Models 1, 3, and 5. Second, in Fig. 5, density calculations for
all studied monovalent and divalent salts are reported, showing that
Models 1, 3, and 5 provide almost identical and accurate density
predictions. Third, in Fig. 6, we include calculations of the self-
diffusion coefficient of water for the NHsNOj3 system using Model
3, while Fig. 7 presents shear viscosity results for the three salts
using the same model. In all cases, Model 3 exhibits intermediate
behavior relative to Models 1 and 5. Thus, both transport properties
and densities predicted by Model 3 fall between those obtained with
Models 1 and 5, indicating that it provides a reasonable compro-
mise between accuracy and transferability. In Fig. 8, we include RDF
predictions obtained with Model 3, demonstrating that the struc-
tural properties are also reasonably well reproduced by this model.
Finally, we have computed (for Models 1, 3, and 5) the water-water
and jon-water energies in a 1m solution of KNO; at 298.15 K and
1 bar, as it has been shown recently that these energies are useful to
understand the structural changes that ions provoke in the structure
of water (see details in Ref. 84). Results are presented in Table V1.
Both water-water and ion-water energies are similar for the three
models. Model 1 disrupts the water-water energy more (as com-
pared to pure water) and exhibits a slightly less favorable ion-water
energy when compared to Model 5, with the behavior of Model 3
being intermediate.

The partial charges of Model 3 are similar to those that would
have been obtained from quantum chemistry when using the Hir-
shfeld method. Model 3 uses the same L] parameters as Model 1,
as densities and the rest of the properties are well predicted even
after changing the partial charges. In the supplementary material,
we have included the TMD by using Model 3 with slightly modified
L] parameters showing that the conclusions of this work would not

TABLE VI. Water-water and ion-water interaction energies at 298.15 K and 1 bar
for a 1m KNO3 aqueous solution, obtained using Models 1, 3, and 5. Energies (in
kJ/mol) are normalized per mol of water molecules (except in the last column where
the ion-water energy is also presented per mol of salt). In pure water, the water-water
interaction energy under these conditions is —47.85 kJ/mol. Note that the ion-water
energies include contributions from both nitrate and potassium ions.

Model Water-water Ton-water Ton-water

1 —41.77(2) ~11.76(4) -652(2)
-41.79(2) -11.77(4) —653(2)

5 ~41.83(2) ~11.91(4) —661(2)

be modified by an additional optimization of the L] parameters for
Model 3.

V. CONCLUSIONS

One of the main conclusions of this work is that the over-
all density is not highly sensitive to the intramolecular charge
distribution, while transport properties are only moderately affected.
In contrast, the TMD is significantly influenced by the charge dis-
tribution, particularly considering that the nitrate ion is a planar
molecule where all the atoms of the ion are in contact with water.
With all this information together, one concludes that Model 5 is
as good as Model 1 for all properties, but it has the advantage of
improving the predictions of the Temperature of Maximum Density
(TMD). However, after analyzing structural properties, it was found
that Model 5 modified the way water solvates the nitrate group.
Although in both Models 1 and 5 the partial charges of the oxy-
gen atoms of the nitrate ion are negative, the charge on the nitrogen
atom is positive in Model 1 and negative in Model 5. This difference
modifies dramatically the way water is solvating the nitrate anion.
Although Model 5 seems to be consistent with the structural model
proposed many years ago by Neilson and Enderby’* from the anal-
ysis of neutron diffraction data, it is clear that when one analyzes
the more recent experimental’” results (obtained from NDIS), the
structural predictions of Model 1 seem superior. Thus, this strongly
suggests that the predictions of Model 1 for structure are superior to
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those of Model 5. This result indicates that improvements in ther-
modynamic properties do not necessarily translate into uniformly
better agreement with all structural observables (in agreement with
arecent study of CaCl, aqueous solutions where similar conclusions
were reached®”). We should also mention that NDIS describes the
structure of water around the ions, but this is only half of the story,
as it is also necessary to take into account the structural changes of
water provoked by the presence of the ions to have a complete per-
spective of the structural changes. For instance, the ion-oxygen of
water distances of the Madrid-2019 are in general slightly smaller
than the experimental values for alkaline metals and for halogens.
However, this small “shift” is compensated by an overall better per-
formance, thus reflecting that it is not only important to describe the
behavior of the water in contact with the ion but also that of water
beyond the first hydration layer.

Although additional properties, such as freezing-point depres-
sion, dielectric constants, and, recently, aqueous solubility,”® should
be investigated as important targets to fully assess the overall perfor-
mance of the force field, the results presented here support the use
of Model 5 for nitrate ions when the accurate prediction of the TMD
is a primary objective. Conversely, Model 1 may be preferred when
the primary objective is an accurate description of the structural
properties of the system. Unfortunately, neither of these two models
is capable of describing both properties simultaneously. A similar
situation was found in a recent paper dealing with force fields for
CaCl, in water, which showed that the model better describing the
thermodynamic properties was not the best when describing struc-
tural properties.®® This limitation reflects the inherent constraints of
non-polarizable force fields. That said, both Model 1 and Model 5
perform reasonably well in describing the densities of concentrated
solutions and their transport properties. At first sight, the results of
this work are somewhat deceptive, as no model is able to reproduce
all the experimental properties of nitrate solutions. It is worth noting
that even for pure water, it has proven impossible to develop non-
polarizable models that simultaneously reproduce both the TMD
and the melting temperature, which highlights the limitations of this
class of models when describing aqueous electrolytes. That being
true, it must also be stressed that both Models 1 and 5 are able to
describe reasonably well the densities, the infinite dilution diffusion
coefficient, the viscosities, and the TMD of many nitrate salts, and
they can be taken as reasonable force fields for nitrate. Then, we
recommend Model 3 as a reasonable choice for the nitrate group
force field, as it improves the predictions of the TMD with respect
to Model 1 while preserving its structural predictions; that is, Model
3 represents a compromise. Note that, although Model 3 (and the
Madrid-2019 force field in general) was originally optimized for the
TIP4P/2005 water model, it has recently been shown that it can also
be used with the TIP4P/ICE water model,’” provided that the same
L) parameters are applied for the ion-water cross interactions.®

Recently, machine-learning-based potentials have experienced
remarkable growth in the study of ionic solutions and water-like
systems, combining electronic structure calculations with the com-
putational efficiency of empirical force fields.*” These advances have
enabled significant progress in modeling water and aqueous systems
across different length and time scales. It remains to be seen the
success of these methods to reproduce all the properties addressed
in this work: TMD (both temperature and density at the maxi-
mum), densities of solutions up to high concentrations, viscosities,

ARTICLE pubs.aip.org/aipl/jcp

diffusion coefficients, and the description of the structure as
obtained from NDIS techniques. Time will tell how these new
approaches perform in reproducing all these properties simulta-
neously. For the time being, Model 3 provides a reasonably good
description of the behavior of ionic aqueous solutions containing the
nitrate anion.
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SUPPLEMENTARY MATERIAL

In the supplementary material, we provide the raw simulated
data and graphical results obtained from the MD simulations of
the nitrate salts investigated in this work for different values of the
nitrate nitrogen charge (g ). The following properties are shown:
(i) Contributions to G(r) arising from correlations between nitrate
oxygen atoms (O,) and nitrate nitrogen atoms (N,;) with Hy, O,
O,,, K*, and N, for Models 3 and 4. (ii) Raw simulated densi-
ties as a function of temperature for aqueous NaNOj solutions at
a concentration of 1m and room pressure, for different values of
the nitrate nitrogen charge (g ). (iii) Raw simulated temperature
of maximum density (TMD) and the corresponding density at the
TMD as a function of g for aqueous NaNOj solutions. (iv) Raw
simulated densities as a function of temperature for aqueous salt
solutions of KNO3 and NH4NOs. (v) Raw simulated densities as
a function of molality for aqueous nitrate salt solutions (NaNOs3,
KNOs3, NH4NO3;, Ca(NO3),, and Mg(NO3),). (vi) Raw simulated
self-diffusion coefficient of water (Du,0) and shear viscosity (#)
as a function of molality in aqueous nitrate salt solutions (NaNOs3,
KNOs3, and NH4NO3). (vii) Raw simulated shear viscosity (7) as
a function of molality in aqueous nitrate salt solutions (NaNOs3,
KNO3, and NH4NO3) using the Model 5. (viii) Raw simulated densi-
ties as a function of temperature for aqueous salt solutions of CsNO3,
RbNO;3, LiNO3, Ca(NOs3),, and Mg(NOs),. (ix) Summary of the
crossed L] (0y, &;j) parameters for the original force field and for a
modified trial version (L] modified). (x) Contributions to G(r) aris-
ing from correlations between nitrate oxygen atoms (O,) and nitrate
nitrogen atoms (N,) with Hy,, O, Oy, K%, and N, for Models 1, 3, 3
(L} modified), and 4. (xi) Density as a function of molality for aque-
ous nitrate salt solutions (NaNOj3, KNOs3, and NH4NOj3) at 298.15 K
and 1 bar. (xii) Raw calculated values of the TMD and the corre-
sponding density at the TMD (p, . ) for aqueous salt solutions at 1m
concentration and room pressure, for NaNO3, KNO3, and NH4NOs.
In addition, the MD input files, topol.top and conf.g96, are included
for reference and to ensure reproducibility of the simulations.
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