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ABSTRACT
The importance of nitrate and ammonium salts both in the environment and in biological processes cannot be questioned. In this work,
using the TIP4P/2005 water model, aqueous solutions of nitrate and ammonium electrolytes are parametrized using scaled charges while
keeping a rigid structure and nonpolarizable charge distributions. The models are optimized by systematically testing a set of properties for
twelve electrolytes—eight nitrate and four ammonium salts—thus, enlarging the number of potential chemical species encompassed within
the Madrid-2019 force field for ions. The capacity of the force field for predicting densities, ion–ion and ion–solvent structures, and transport
properties of the solutions comprised by the trial batch of salts was tested and discussed. Both the dependence of the densities with the
salt concentration and the solution structure were nicely reproduced by the models in the whole concentration range without any trace of
precipitating events and with improved accuracy in comparison with recently reported models, while the agreement of the simulated transport
properties with experimental data ranges from good to reasonable, depending on the ion/counterion pair. These scaled charge models might
be considered as force fields embodying a reasonable compromise between exactness and general applicability and also as an important step
in the development of accurate models for polyatomic ions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177363

I. INTRODUCTION

Nitrogen is the main component of the atmosphere, but only a
small percentage is disposable for its biological fixation in the form
of essential amino acids after the action of cosmic rays (to form
NOx) and N2 reduction to NH+4 by the biochemical processes carried
out by certain microorganisms (Rhizobium, Azobacter, Cyanobacte-
ria, and Actinomycetes), the so-called nitrogen-fixing bacteria. The
ammonium fixed in lithosphere is then oxidized in a two-step
process termed nitrification: (a) nitrosation, by the Nitrosomonas,
and (b) a final oxidation to NO−3 , by the genus Nitrobacter. The pro-
cess is compensated by the reduction (or denitrification) of oxidized
species by the Pseudomonas. Definitely, both NO−3 and NH+4 play
an active role in the nitrogen cycle, one of the most relevant bio-
geochemical cycles for life and environmental preservation.1 Both

chemical species are of key biological importance, since they are
metabolites in a multitude of biochemical pathways of amino acids,
such as nitrate assimilation by photosynthetic eukaryotic organisms2

or the transfer of ammonium in the glutamate cycle.3 In the case
of ammonium, its natural source is the abundant NH3 gas, one of
the few components in the atmosphere with a basic character, which
plays a double role from the perspective of global health: It partly
alleviates the effects of acid rain provoked by HNO3 among other
acids, but, once dissolved, it is a main component of aerosols in
the form of (NH4)2SO4 and NH4NO3, consequently contributing to
climate change.4 Additional sources of nitrogenated molecules are
of anthropogenic nature. From an industrial point of view, nitrate
and ammonium salts such as NaNO3, KNO3, or NH4NO3 are
widely used in the pharmaceutical and chemical industries.5 Other
sources are emissions from combustion engines and, much more
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importantly, fertilizers, whose use, generalized after the discovery of
the Haber–Bosch process, allowed for global population growth and
initiated, at the time, the acidification of soils and the eutrophication
of oceans and sweet-water reservoirs.6

To provide with a robust and accurate force field for the most
important nitrogenated species, i.e., NO−3 and NH+4 in water envi-
ronments, two ingredients are logically needed: a versatile force
field for water and a recipe for succeeding in the parametrization
of ion–ion and ion–solvent interactions. The development of mod-
els for water has a long history. The very first attempt of Bernal
and Fowler7 paved the way for the development of TIP models
of Jorgensen and co-workers in the 1980s8,9 and the subsequent
polarization-corrected SPC/E model of Berendsen and co-workers.10

Within this panorama, throughout the years some groups have gath-
ered the most salient features of both model families to generate a
new improved set of force fields. From all of them, the TIP4P/2005
stood out for being capable of reproducing a wide variety of water
properties, including density, viscosity and diffusion coefficients,
surface tension, and even anomalies such as the temperature of the
maximum in density.11

Concomitant to the development of water models, in recent
years many force fields for ions have been reported.12–34 While
most of these models predict hydration-free energies accurately,
they failed when dealing with other properties. For instance, some
authors35,36 showed that at high concentrations, all force fields
overestimate the decrease in diffusion coefficient of water due to
the addition of a soluble salt. In this context, some of us started
to develop the so-called Madrid-2019 set of force fields,37,38 con-
structed by using a scaled charge of 0.85 electron units, in the
spirit of the works by Leontyev and Stuchebrukhov39–41 to effectively
account for the solvent screening of the electrostatic interactions.
Scaled charge models have also demonstrated to be useful in sim-
ulations of biological systems.42,43 The ion force fields enclosed in
the Madrid-2019 model have been employed to successfully study
the specific shifts of temperature of maximum in density44,45 after
adding salts to water, the freezing depression of ice,46 the phase dia-
gram of aqueous solutions of LiCl,47 the salting out effect of methane
in water,48 the adsorption behavior of electrolytes at interfaces,49 the
three-phase equilibrium of methane hydrate in NaCl solutions,50 or,
very recently, the electrical conductivity of electrolytes,51 to mention
a few.

Since the importance of these two ions (nitrate and amonium)
has not gone unnoticed in the field of molecular simulations, sev-
eral models for both nitrate and ammonium have been reported.
Among the nonpolarizable models for the nitrate ion, we high-
light the following: (i) flexible or rigid all-atom models used for
modeling ionic liquids,52–55 surfaces,56 bulk aqueous solutions or
solids,57 all employing a charge distribution based on ab initio cal-
culations; (ii) non-charged models based on a Buckingham potential
for solutions58 or molten salts;59 (iii) a force field family in which
the Lennard-Jones–Coulomb potential parameters are derived from
a hybrid quantum mechanics–molecular mechanics approach60 that
has been widely employed for exploring the experimental results for
the structure of NaNO3 solutions as obtained from x-ray and neu-
tron diffraction or the hydration of AgNO3

61 or nitrate salts62 such
as NaNO3

63 and KNO3;64 (iv) transferable and multipurpose rigid
models for use in solid and solutions;65 and, finally, (v) force fields in
which the optimization of the van der Waals interaction parameters

is sought by employing the hybrid RISM-SCF-SEDD method.66,67

The most recent report on the simulation of nitrate salts68 exploited
the parameters obtained in the framework of the Self-Consistent
Field-Site-Site–Ornstein–Zernike method in Ref. 69 for electrolytes
in SPC/E water to optimize a force field where densities, activities,
and diffusion coefficients in the dilute regime were selected as target
properties.

Surprisingly, the growth of nonpolarizable force fields for
NH+4 has been comparably limited in the literature. Some exam-
ples are those using the ab initio restrained electrostatic poten-
tial for studying the ion pair dynamics70 and those handling
hybrid methods71 or Optimized Potentials for Liquid Simulations
(OPLS)-like models72 to provide insight into the crystallization of
NH4Cl,73 ionic liquid properties,74 ammonium nitrate solutions,75

surface properties of ammonium electrolytes,76 or its hydration-free
energies.72

Herein, we will develop accurate force fields for both NH+4
and NO−3 in a solution of TIP4P/2005 water as solvent. The poten-
tial parameters are optimized with the aid of experimental values
of several properties of twelve electrolyte solutions with the goal
of enlarging the number of ions in the Madrid-2019 force field by
incorporating the optimized interaction parameters for nitrate and
ammonium. The models are able to reproduce the curvature of den-
sity with the concentration and the structure of solutions in the full
concentration range, while exploring the predictions of the trans-
port coefficients paves the way for obtaining hints about how to
play with the relationship between the scaled-global charge and the
charge distribution in polyatomic ions that might be further stud-
ied when developing force fields for chemical species with complex
charge densities.

II. SIMULATION DETAILS
Molecular dynamics simulations have been carried out using

the GROMACS package77,78 in the isobaric–isothermal (NpT) and
canonical (NVT) ensembles. Unless otherwise mentioned, all sim-
ulations were run at 298.15 K and atmospheric pressure (1 bar).
We have employed the leap-frog integrator algorithm79 with a time
step of 2 fs. Periodic boundary conditions have been employed in
all the xyz directions. The pair potential u(rij) between two atoms
(i, j) in different molecules a distance rij apart can be described as a
Lennard-Jones (characterized by a length, σij, and energy, εij, para-
meters) and a Coulombic interaction (characterized by the atomic
charges, qi) as follows:

u(rij) = 4εij

⎡
⎢
⎢
⎢
⎢
⎣

(
σij

rij
)

12

− (
σij

rij
)

6⎤
⎥
⎥
⎥
⎥
⎦

+
1

4πε0
⋅

qiqj

rij
, (2.1)

with ε0 being the vacuum permittivity. The temperature and
pressure were kept constant by employing the Nosé–Hoover
thermostat80,81 and the Parrinello–Rahman barostat,82 respectively,
both with time constants of 2 ps. The cutoff radii for both electro-
statics and van der Waals interactions were fixed at 10 Å. Analytical
long-range corrections were applied to the Lennard-Jones contri-
butions to the energy and pressure. The smooth particle–mesh
Ewald method83 was used to account for the long-range electrostatic
forces. The interaction parameters for the counterions (i.e., halogen
anions and SO2−

4 for NH+4 and alkali ions and Mg2+ and Ca2+ for
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NO−3 ) were obtained from the Madrid-2019 force field,37,38 while
those of the TIP4P/2005 model are set according to Ref. 84. The
geometrical constraints of these polyatomic ions were maintained
using the LINCS algorithm85,86 for nitrate salts and the SHAKE
algorithm87 for electrolytes containing ammonium or sulfate
ions.

The force field was developed as follows. The atomic charges
describing the Coulombic part of the pair interaction of NH+4 were
selected from the OPLS-based model derived in Ref. 88 for the study
of ion hydration, while those NO−3 were obtained from Refs. 52
and 53, in which the charges were obtained by fitting the gas-phase
potential energy surfaces derived from high-level quantum chem-
ical calculations and employed for exploring the thermodynamics
of ionic liquids. These charges were afterward scaled by a factor
0.85 in our approach. The LJ parameter εii was also obtained
from these references, but, for simplicity, σii was fixed to 3.15 Å
for both the nitrogen atoms in the ammonium and nitrate ions.
The geometry of the NO−3 and NH+4 models were set from Ref. 75
and collected in the caption of Table I. Those parameters defining
the cross-interaction between the atoms of the nitrate with those
of the ammonium group, and the interactions of the nitrate and
ammonium groups with their counterions (σij and εij) were fit-
ted by optimizing the match between simulated and experimental
data of a selected set of experimental properties without assum-
ing the Lorentz–Berthelot (LB) or other combination rule, following
Refs. 37 and 38. The optimized potential parameters are collected in
the topology file for GROMACS provided as supplementary material
and also in Tables I and II, Tables S1 and S2. Particularly, in Table I
we present the pair potential parameters for the nitrate–nitrate
and ammonium–ammonium interactions, while in Table II the
ion–counterion interactions are described. In Table II, we omitted
the numerical values of those interactions for which they were set
to the value obtained with the LB rule. The whole set of numerical
values are provided in S1 and S2. To avoid confusion, the O and
H atoms of water are indicated by a subscript w, O atoms from

TABLE I. Summary of the force field parameters for the Lennard-Jones (σ ii , εii ) and
Coulombic (atomic charges, qi ) contributions to the pair potential for nitrate and
ammonium ions, as developed in this work. The atomic charges were extracted from
Ref. 88 for NH+4 and Refs. 52 and 53 for NO−3 and later scaled to a global charge of
±0.85e. The LJ parameters (σ ii and εii ) were mainly obtained from Refs. 52, 53, 88
and 75, but σ ii for both the nitrogen atoms in the ammonium and nitrate ions is fixed
to 3.15 Å. The geometry of the NO−3 ion is defined by a ̂ONO angle of 120○ and a
On–Nn bond distance of 1.256 Å. Similarly, for NH+4 the ĤNH angle is 109.5○, and
the Na–Ha bond distance is 1.010 Å. See Fig. S4 for a schematic model of these ions
and Table II, Tables S1 and S2 for the numerical parameters defining the interactions
between NO−3 , NH+4 , water, and counterions.

NO−3 σii (Å) εii (kJ mol−1) qi (e)

Nn 3.15 0.711 +0.6749
On 2.86 0.878 −0.5083

NH+4 σii (Å) εii (kJ mol−1) qi (e)

Na 3.15 0.711 −0.3400
Ha 0.00 0.000 +0.2975

TABLE II. Lennard-Jones σ ij parameters (in Å) between nitrate, ammonium, and the
counterions. Notice that σHa is zero and, consequently, not included in the table. Para-
meters for TIP4P/2005 water were taken from Ref. 84. LJ parameters for the self-
and cross-interaction between Li+, Na+, K+, Rb+, Cs+, Mg2+, Ca2+, F−, Cl−, Br−,
SO2−

4 , and water are taken from the Madrid-2019 force field.37,38 In cases where a
numerical value is not provided, we suggest to use the LB combination rules for the
description of multielectrolyte solutions. LB (boldface) means that LB rules were used
and tested against experimental data for binary solutions. The LB rule was always
followed for the εij parameter. See Tables S1 and S2 in the supplementary material
for specific numerical values. The sulfate ion is split into S and OS moieties.

Atom Nn On Na

Ow LB 3.23 3.054
Li+ LB 3.30 LB
Na+ LB 3.00 LB
K+ LB 3.30 LB
Rb+ LB 3.20 LB
Cs+ LB 3.40 LB
Mg2+ LB 3.40 LB
Ca2+ LB 2.76 LB
Na 3.90 LB a
F− LB LB 3.54
Cl− LB LB LB
Br− LB LB LB
Nn a LB 3.90
On LB a LB
S LB LB LB
OS LB LB 3.30
aThese values are reported in Table I.

sulfate group by a subscript s, those atoms belonging to ammonium
with a subscript a and, finally, those of nitrate are marked with a
subscript n.

During the simulations, bulk densities (ρ) and radial distri-
bution functions [g(r) or RDFs] were obtained by the appropriate
average over the trajectories generated in NpT simulations of boxes
comprised by 555 water molecules and the corresponding number
of ions needed to achieve the desired molality (i.e., the number of
moles of salt per kilogram of water) over ∼50 ns. Statistical uncer-
tainties in ρ amounts to 0.25%. The hydration number (HN) and
the number of contact ion pairs (CIPs) are evaluated from the corre-
sponding RDF. For instance, the cation–anion CIP (CIP±) is defined
as follows:

CIP± = 4πρ±∫
rmin

0
g±(r)r2dr, (2.2)

where g
±
(r) is the cation–anion RDF, rmin the position of the first

minimum of the integrated RDF, and ρ
±

the lower number den-
sity after dissociation (i.e., in a salt of the type MX2 it would be
the number density of the cation, M, while in a salt with stoi-
chiometry M2X, ρ

±
equals the number density of the anion, X).

Details about how to distinguish CIP and solvent-separated ion pairs
will be provided below. As it will be shown, the nitrogen–nitrogen
CIPN is also key in explaining the structural features of nitrates. It
will be defined as

CIPN = 4πρN∫

rmin

0
gN−N(r)r2dr, (2.3)
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TABLE III. Experimental salt solubility in water at 298.15 K and 1 bar in molality units
as reported in Ref. 89.

Salt Solubility (mol kg−1)

LiNO3 14.8
NaNO3 10.7
KNO3 3.8
RbNO3 4.4
CsNO3 1.4
Mg(NO3)2 4.8
Ca(NO3)2 8.8
NH4F 22.5
NH4Cl 7.4
NH4Br 8.0
NH4NO3 26.6
(NH4)2SO4 5.8

where ρN is the number density of the nitrogenated ion and gN−N(r)
the nitrogen–nitrogen RDF. Finally,

HN = 4πρw∫
rmin

0
g(±)−Ow

(r)r2dr, (2.4)

where ρw is the number density of water and g(±)−Ow
the

cation/anion–Ow RDF. For the polyatomic ions optimized here, the
RDF is taken by considering the central nitrogen atom.

A bigger system with 4440 water molecules was simulated also
for 50 ns in the NVT ensemble for visually evaluating the absence
of precipitation of the salts close to the experimental solubility limit.
The experimental values of the solubility limits at 25 ○C are shown
in Table III for the sake of completeness. Cells of the same size were

also employed for computing the diffusion, D, and shear viscosity, η,
coefficients. Briefly, we performed a preliminary NpT simulation of
20 ns to calculate an average box volume V . After that, a NVT simu-
lation of 50 ns with a pressure tensor Pαβ(t) was saved on disk every
2 fs. The shear viscosity was evaluated following the recipe of Gon-
zalez and Abascal for rigid models90 via the self-correlation func-
tion of the five translational and rotational invariants constructed
from the Pαβ(t) components, as formulated in the Green–Kubo
formalism,

η =
V
kT∫

∞

0
⟨Pαβ(t) Pαβ(0)⟩ dt, (2.5)

with k being the Boltzmann constant. For the diffusion coefficients,
D, we used the Einstein relation,

D = lim
t→∞

1
6t
⟨[ri(t) − ri(0)]2⟩, (2.6)

where ri(t) and ri(0) are the position of the ith particle at time
t and at a certain origin of time, respectively, and ⟨⋅⟩ is the aver-
age. The diffusion coefficients were then obtained, avoiding the
subdiffusive regime, from the slope of the plot of the mean square
displacement (MSD), given by ⟨[ri(t) − ri(0)]2⟩, against time. The
so-obtained values of D were subsequently modified with the
hydrodynamic correction of Yeh and Hummer,91

Dcorr = D + ξ
kT

6πηL
, (2.7)

where Dcorr is the corrected diffusion coefficient, ξ = 2.837, η is the
simulated viscosity at the studied concentration, and L is the length
of the simulation box.

FIG. 1. Density as a function of the molality for aqueous solutions of different ammonium salts. (a) NH4F, NH4Cl, NH4Br, and (NH4)2SO4. For NH4F, both the experimental
and simulated data correspond to T = 291.15 K. Molecular Dynamics results are represented as full circles and the experimental data are shown as a continuous line.
Experimental data for NH4SO4 and NH4Cl were obtained from Refs. 92–94 and for NH4F and NH4Br they were extracted from Ref. 95. In the cases where experimental data
covered a concentration range below the solubility limit, they have been extrapolated with a cubic spline (dashed lines). (b) Volume occupied by a solution comprised by 555
water molecules as obtained from experimental densities of monovalent ammonium salts as a function of m. See text for details.
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III. RESULTS AND DISCUSSION
A. Bulk densities

Figure 1(a) shows the Molecular Dynamics simulation results
for the bulk density of the set of ammonium salts considered in this
work, i.e., NH4F, NH4Cl, NH4Br, and (NH4)2SO4 as a function of
molality up to their experimental solubility limit, except for NH4F,
for which the experimental density data are scarce. For all these salts,
this is, to the best of our knowledge, the first time that the change
of density with concentration is predicted with molecular simula-
tions. In the case of monovalent salts (NH4F, NH4Cl, and NH4Br),
we observed a remarkable agreement between the experimental data
(solid lines) and the results obtained from simulations (filled cir-
cles), with deviations of ∼0.4% at most in the whole molality range.
The results for each salt are shown in individual graphs (Fig. S1)
and tabulated in the supplementary material. Since mass densities
are not too useful to describe physical changes (as they are affected

by the precise values of the atomic masses), mass dependencies of
the density curves are bypassed to assess the volume effect of the
anion size in the observed trend for monovalent salts. To that aim,
in Fig. 1(b) the volume occupied by a solution comprised by 555
molecules of water at a given molality is presented as obtained from
experimental densities. The volume of the solutions increases with
the molality and with the anion size at a given concentration. Hence,
the fact that the experimental curves do not follow a trend accord-
ing to the ionic size of the counterions (the densities of NH4F and
NH4Cl being slightly inverted) indicates a mass effect rather than a
shrinking of the solution. For the divalent salt (NH4)2SO4, the pre-
dicted density and the experimental data are also in good agreement
in the whole range of densities until their solubility limit. The rela-
tive percentage deviations are generally below 0.1% (see Table SVI
of the supplementary material).

In Fig. 2, we show a comparison between the experimental den-
sities of the selected nitrate salts and Molecular Dynamics simulation

FIG. 2. Density as a function of the molality for aqueous solutions of different nitrate salts. (a) Highly soluble LiNO3, NaNO3, and NH4NO3 salts. For the latter, data at 323.15 K
are also included. (b) Intermediate-to-poorly soluble KNO3, RbNO3, and CsNO3 salts. (c) Divalent Mg(NO3)2 and Ca(NO3)2 salts. The Molecular Dynamics results are shown
with filled circles, while continuous lines stand for the experimental data, except for NH4NO3 at 323 K where experimental results are shown as a black dashed line. The
experimental data are obtained for most salts from Refs. 92–94, but the experimental information for RbNO3 and CsNO3 were extracted from Refs. 96 and 97, respectively.
In the cases where experimental data covered a concentration range below the solubility limit, they have been extrapolated with a cubic spline (see dashed red and blue lines
for CsNO3 and RbNO3, respectively). (d) Volume occupied by a solution comprised by 555 water molecules as obtained from experimental densities of alkaline nitrates as a
function of m. See text for details.
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results. This comparison is done for concentrations up to the exper-
imental solubility limit, as in the previous cases. We have developed
a force field for eight different salts, including the combination with
the NH+4 cation previously optimized. The nitrate salts are formed
combining the NO−3 anion with the cations of the Madrid-2019 force
field and its extended version37,38 (i.e., Li+, Na+, K+, Rb+, Cs+, Mg2+,
and Ca2+). As can be seen in Fig. 2, the agreement between experi-
mental and Molecular Dynamics simulation data, even for the highly
soluble salts, is remarkable in the whole concentration range and in
better agreement with experiments than those reported in Refs. 68
and 75. A detailed comparison with those simulation data is pro-
vided in the supplementary material (see Figs. S2 and S3), where the
plots of the bulk density against molality for each salt are individually
shown in comparison with literature data. Particularly, in Fig. 2(a)
we show the density results for the highly soluble LiNO3, NaNO3,
and NH4NO3 electrolytes. The predicted density for NaNO3 and
NH4NO3 closely matches the experimental data with deviations gen-
erally below 0.3%. The NH4NO3 salt deserves special attention, as it
constitutes a nice test for both NH+4 and NO−3 force fields. For that
reason, in Fig. 2(a) we have incorporated simulation data at 323.23 K
in comparison with experimental information as an additional con-
firmation of the performance/transferability of the new force field
when working at temperatures different from those for which it has
been optimized. In this case, the Molecular Dynamics simulation
results accurately reproduce the experimental densities of NH4NO3
up to a concentration of 26 m at 298.15 K and are in better agreement
than those recently reported in Ref. 98. At a higher temperature,
the agreement is identically remarkable as observed in Fig. 2(a). The
densities of CsNO3, RbNO3, and KNO3 are shown in Fig. 2(b). We
observed that the predictions are also in good agreement with the
experimental data for all three cases with deviations below ∼0.25%
for all salt concentrations. Identically, in Fig. 2(c) we provide satis-
factory predictions for the divalent salts Mg(NO3)2, and Ca(NO3)2,
which are often considered more challenging to be modeled.

In Fig. 2(d), we also plot the volume occupied by 555-water
molecules solution. The volumes increase with the counterion size,
as previously described for ammonium salts. This result is discor-
dant with those found from simulation (see Refs. 44, 45 and 99 and
references therein), where it was found that the ordered hydration
shell of Li+ is responsible for a solution expansion, and indicates that
the NO−3 –solvent interaction strongly competes with the expanding
effect arising from the cation–water coordination.

Overall, the extension of the Madrid-2019 force field for nitrate
and ammonium salts presented here provides satisfactory predic-
tions compared with experimental data for densities in the entire
molality range. In the following sections, the computed structural
and transport properties of nitrate and ammonium electrolyte solu-
tions are tested against experiments to further prove the accuracy
and reliability of the proposed force fields.

B. Ion coordination and radial distribution functions
The nonspherical symmetry of polyatomic cations NH+4 and

NO−3 and their H-bonding features in water environments entail
a complex hydration scenario that hampers the collation among
experimental data and computational results, since the coordina-
tion of the ions is studied by means of RDFs, that seems not to
be best selection among the pair distribution functions not only

because their anisotropic geometry but for the occurrence of three-
body arrangement.100 In this section, the relevant features of the
ion–ion and ion–water structure are discussed in the light of the
dispersed data found in the literature. For the sake of discussion,
in Fig. S5 we present the simplified structure of the ion-counterion
structure of either CIP or solvent-separated ion-pair (SSIP) arrange-
ments, together with the RDFs pattern expected for such molecular
distributions for all the potential cases, i.e., (a) NH4X (ammonium
and atomic anion, X), (b) MNO3 (nitrate and atomic cation, M),
and (c) NH4NO3/(NH4)2SO4 (polyatomic anion and cation). In
(a), the existence of CIP± can be verified by the partial overlap of
the Na ⋅ ⋅ ⋅X and Na ⋅ ⋅ ⋅Ow RDFs, while the Na ⋅ ⋅ ⋅X RDF is sepa-
rated from RDFs related with the ammonium or X hydration in
the SSIP arrangement. If the structure of MNO3 presents CIP then
the Nn ⋅ ⋅ ⋅M and Nn ⋅ ⋅ ⋅Ow RDFs overlap, at least partly, while the
maximum of the Nn ⋅ ⋅ ⋅M RDF is shifted to higher distances in the
SSIP configuration. Finally, in the polyatomic cases considered here,
the anion–cation structure by a RDFs pattern in which the RDFs of
interest are clearly distinguishable because solvation water precludes
the intermolecular proton–bond between the nitrogenated ions.

We shall start the discussion with the nitrate ion. NO−3 has
a planar D3h geometry that allows the coordination with water
to be possible in both radial and axial directions. This fact leads
to a complex situation in which the ion–water interaction might
be partly feeble and distorted. There are many simulations and
experimental data on the coordination of nitrate, but some are
at odds between them. Infrared spectroscopy suggests that the
nitrate group is coordinated with four molecules of water.102

However, the analysis of neutron diffraction data rather sug-
gests a pentacoordination of the nitrate group with water,103 with
∼1 molecule in the axial position, at distances of Nn ⋅ ⋅ ⋅Hw ∼

2.05 Å and Nn ⋅ ⋅ ⋅Ow ∼ 2.65 Å on average, and the remaining
at Nn ⋅ ⋅ ⋅Ow ∼ 3.4 Å. Such distinct water arrangements around
a nitrate ion are observed in the simulated Nn ⋅ ⋅ ⋅Ow RDF as a
double peak: The first corresponds to direct or axial Nn ⋅ ⋅ ⋅Ow

interactions, while the second (describing molecules of water in
the direction of the nitrate plane) is the indirect Nn–On ⋅ ⋅ ⋅H–Ow

coordination. However, the Nn ⋅ ⋅ ⋅Ow distance of the axial water
obtained from the simulations is not in agreement with the exper-
iments. X-ray scattering of NH4NO3 solutions104 determined the
On⋅ ⋅ ⋅Hw distance to be 2.885 Å, while a value of ∼3.5 Å is pro-
posed for the Nn ⋅ ⋅ ⋅Ow distance. Most reliable data are those
obtained from time-of-flight neutron diffraction of NaNO3 solu-
tions,105leading to a pentacoordination scenario with a Nn ⋅ ⋅ ⋅Hw

distance of 2.80 Å and of 3.8 Å for that of the Nn ⋅ ⋅ ⋅Ow pair.104,105

In fact, more recent wide-angle x-ray scattering experiments on
aqueous KNO3 confirmed a Nn ⋅ ⋅ ⋅Ow distance of 3.63 Å106

and a decacoordinated structure, in agreement with the results pre-
viously established in the work of Megyes et al.63 using x-rays
and neutron diffraction of aqueous NaNO3 solutions. Older data
on x-ray diffraction on Zn(NO3)2 solutions lead to a coordina-
tion value of ∼18.107 All these results are in sharp contrast with
the value of 0.5 obtained with NMR experiment data presented
in Ref. 108. Neutron diffraction data from Ref. 109 lead to val-
ues in the range 15–20. Simulation values of the first maxima of
the Nn ⋅ ⋅ ⋅Ow RDF range from the 3.4–3.5 Å provided by polar-
izable models,110,111 the 3.65 Å calculated with ab initio Molec-
ular Dynamics112 or the 3.68 Å obtained within the RISM-SCF
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method.113 Classical simulations employing nonpolarizable models
lead to Nn ⋅ ⋅ ⋅Ow distances of 3.5 Å for rigid114 and 3 48 Å for flex-
ible models,75 respectively. However, the coordination number of
nitrate in aqueous solution obtained from computational methods
spans values from 6 to 20.63,115–117 Within this complex panorama,
our models predicted roughly constant values for the peaks of the
Nn ⋅ ⋅ ⋅Hw and Nn ⋅ ⋅ ⋅Ow RDFs of ∼2.8–3.0 and 3.6–3.7 Å respec-
tivel, which are in very nice agreement with both the previous
simulation results and experimental data within the uncertainties
reported in the literature. In this work, the calculated HNN values
fall between 15 and 20 for all the nitrate salts. Taking into account
the variability of experimental measurements, our results are rec-
oncilable with those experiments that can be considered reliable.
The particular case of NH4NO3 has been recently studied employing
classical and ab initio Molecular Dynamics study.98 They demon-
strated that at 0.05 m dilution, NH+4 hydration involves around
6 water molecules, while at an increased concentration of 11 m,

the hydration number drops to ∼3.6. Interestingly, our results at 26
m exhibit a similar trend, with ∼3 water molecules surrounding NH+4
(see Table IV where all structural results of this work are presented).
Turning to the hydration of NO−3 in this electrolyte, authors of the
work of Patil et al. reported smaller hydration in comparison with
alkali nitrates, with HNN ∼ 10.5 for substantially diluted solutions
and ∼7 for more concentrated ones. Our findings similarly indicate
a higher hydration number of the nitrate anion compared to the
ammonium cation, but with a notably larger hydration number of
12, both ions being substantially less hydrated in comparison with
solutions in which they are present with atomic (alkali or halogen)
counterions (see below for NH+4 ). This said, it becomes apparent
that the difference between the homogeneous structure obtained for
alkali nitrates and ammonium nitrate hides a few specific relations
on the nuanced hydration dynamics of the nitrate and ammonium
ions that are unexpectedly well grasped by the Molecular Dynamics
study performed within the proposed force field.

TABLE IV. Structural properties for nitrate and ammonium electrolyte solutions both at the lowest molality considered and in the solubility limit of each salt. The selected features
are the ion–counterion structure (i.e., CIP or SSIP), the values of CIP± (i.e., cation and anion contacts) and CIPN (nitrate–nitrate or ammonium–ammonium contacts), the
hydration numbers of the nitrate or ammonium ion (HNN ), or of the counterion (HNCI), and the position of the first maximum of the nitrogen–Ow (dN⋅ ⋅ ⋅Ow

), nitrogen–water
hydrogen (dN⋅ ⋅ ⋅Hw ), and the counterion–water oxygen (dCI⋅ ⋅ ⋅Ow

) in the corresponding radial distribution functions. In the case of NH4NO3, the ammonium is considered to be
the counterion. For nitrates, the cation-On RDF is selected to evaluate the CIPs. In the latter case, a factor of three must be included to account for the three On atoms of the
nitrate ion. The value of δ = dOw ⋅ ⋅ ⋅Ow

− 0.5 ⋅ (dN⋅ ⋅ ⋅Ow
+ dCI⋅ ⋅ ⋅Ow

), as defined in Ref. 101, is also included. Note that the distance dOw ⋅ ⋅ ⋅Ow
is 2.80 Å. The molality is given

in units of mol/kg and distances in Å. We include a line for each parametrized ion in which we collect the experimental interval for HNN , dN⋅ ⋅ ⋅Ow
and dN⋅ ⋅ ⋅Hw , when available.

Discussion about the counterion–water structures can be found in Refs. 37 and 38. Notice that a rigurous calculation of the CIP± in the case of nitrates would require a specific
evaluation of the spatial distribution of the cation around the nitrate anion to account for both axial and in-plane ion-counterion interactions.

Salt m
Cation–Anion

structure CIP± CIPN HNN HNCI dN⋅ ⋅ ⋅Ow dN⋅ ⋅ ⋅Hw dCI⋅ ⋅ ⋅Ow δ

LiNO3 1 SSIP 0 0.3 24.5 4.0 3.66 2.82 1.84 0.05
14 SSIP 0 3.7 14.0 4.0 3.61 2.81 1.83 0.08

NaNO3 1 CIP 0.1 0.3 20.9 5.5 3.68 2.81 2.34 −0.21
10 CIP 0.6 2.8 14.6 5.2 3.61 2.87 2.32 −0.17

KNO3 1 CIP 0.2 0.2 24.0 6.7 3.62 2.80 2.74 −0.38
4 CIP 0.7 1.2 18.9 6.5 3.63 2.79 2.73 −0.38

RbNO3 1 CIP 0.9 0.6 20.9 5.7 3.58 2.80 2.74 −0.36
4 CIP 2.3 2.1 16.2 4.6 3.68 2.76 2.74 −0.41

CsNO3 0.2 CIP 0.5 0.0 26.0 6.5 3.69 2.71 2.84 −0.47
1 CIP 0.7 0.4 22.3 6.1 3.65 2.73 2.86 −0.46

Mg(NO3)2 1 SSIP 0 0.2 20.2 6.0 3.66 2.79 1.93 0.01
5 SSIP 0 3.2 14.2 6.0 3.60 2.78 1.91 0.04

Ca(NO3)2 1 CIP 0.9 0.7 20.9 7.5 3.63 2.74 2.41 −0.22
10 CIP 1.3 5.2 10.1 4.9 3.65 2.94 2.39 −0.22

NH4NO3 1 CIP 0.5 0.3 22.0 5.6 3.67 2.76 2.65 −0.36
26 CIP 3.8 4.3 9.7 3.0 3.58 2.74 2.66 −0.32

NO−3 (expt.) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ [5–20] ⋅ ⋅ ⋅ [2.65–3.8] [2.05–2.9] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

NH4F 1 CIP 0.2 0 5.4 5.4 2.65 3.18 2.76 0.10
5 CIP 0.7 0 4.7 4.8 2.66 3.18 2.77 0.09

NH4Cl 1 SSIP 0 0 5.5 5.8 2.66 3.22 3.05 −0.06
7 CIP 0.1 0 5.3 5.6 2.65 3.20 3.04 −0.05

NH4Br 1 SSIP 0 0 5.6 6.2 2.66 3.22 3.14 −0.10
7 CIP 0.1 0 5.2 5.6 2.66 3.20 3.15 −0.11

(NH4)2SO4 1 CIP 0.4 0 5.2 7.7 2.64 3.18 3.76 −0.40
6 CIP 1.0 0 4.1 5.3 2.68 3.16 3.75 −0.42

NH+4 (expt.) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ [4–5] ⋅ ⋅ ⋅ [2.91–3.06] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
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FIG. 3. Nn or Na–counterion (black), Nn or Na-Ow (blue) and counterion–Ow (red) radial distribution functions for (a) NaNO3 10 m, (b) KNO3 4 m, (c) NH4NO3 26 m, and (d)
NH4Cl 7 m electrolyte solutions. In the case of NH4NO3, the ammonium is considered to be the counterion.

In relation with the ion-counterion structure the three RDFs
of interest are not overlapping for LiNO3 and NaNO3 as shown
in Fig. 3(a) for NaNO3. Identically, this is the RDF pattern for
Mg(NO3)2. From the 3D models and the scheme of the RDFs
shown in Fig. S5, the ion-counterion structure of LiNO3 and
Mg(NO3)2 is predominantly of the SSIP type, although some
CIP± are observed in NaNO3. With increase in the counterion
size, the solubility diminishes (although non-monotonously) and,
hence, a CIP structure with an appreciable value of the CIP±
number is expected. This is the case of RbNO3, CsNO3, and
also for the soluble Ca(NO3)2 and NH4NO3 salts. KNO3 can be
considered a salt with a SSIP-to-CIP transition structure, as can
be seen in the double peak in the Nn ⋅ ⋅ ⋅K+ RDF in Fig. 3(b).
Similarly, the RDFs of NH4NO3 also display a CIP structure
[see Fig. 3(c)]. The presence or absence of CIP± can be veri-
fied by examining the behavior of HNCI : When CIP± are present,
they increase with concentration, thus reducing the value of
HNCI because the hydration water within the first hydration
shell is partly substituted by counterions. Consequently, a marked
decrease in HNCI as the salt concentration increases, as seen for

instance in NH4NO3 or RbNO3, indicates a substantial presence of
CIP± at elevated concentrations, as confirmed from the RDFs.
Interestingly, the strong dependence of HNN with concentration
is apparent and surprising but might explain the heterogeneous
experimental data found in the literature. The structural features
indicated that nitrate–nitrate contact ion pairs are present in a
T-shape configuration sustained by electrostatic Nn ⋅ ⋅ ⋅Ow interac-
tions and, consequently, the CIPN number increases with the salt
molality. Such clustering has been previously observed by Molecu-
lar Dynamics in relation with the conductivity of NaNO3 in aqueous
solutions.118 In Fig. S9, we report the Nn–Nn RDF and Nn–Ow RDF
for LiNO3 14 m, as an example of this dimerizing effect. Moreover,
in Table IV the CIPN is shown in order to provide a quantita-
tive measurement of this salient feature. A difference of one order
of magnitude between the limits of the considered concentration
range is observed in all cases. Since the direct effect of such arrange-
ments is of excluded volume nature, the diminution of HNN with
m is quickly understood. The presence of CIP± in some salts con-
tributes to the decrease in HNN as well. The remaining question is
whether the incorporation of the dimer structures into the molecular
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models employed to deconvolute and interpret the structure fac-
tor obtained in diffraction experiments might clarify the entan-
gled panorama related with the structure (either coordination or
hydration) of aqueous nitrate solutions.

We close the section with the results for the quasi-spherical
ammonium ion. While the NH+4 ion is of simple tetrahedral geome-
try (point group Td), their hydration geometry is still under scrutiny.
Seminal classical Molecular Dynamics simulations of NH4Cl solu-
tions established a coordination of distinctly oriented 8 water
molecules located at a Na ⋅ ⋅ ⋅Ow distance of ∼3.05 Å.119 In contrast,
some ab initio120 and classical121 Molecular Dynamics simulations
lead to a coordination number of 5 water molecules (one of them
not strongly bonded), while recent first principles ab initio Molec-
ular Dynamics employing accurate functionals, classical Molecular
Dynamics,122,123 and quantum Monte Carlo calculations124 show
an hexacoordinated structure sustained in a weak and bifurcated
hydrogen bond network. A contrasting value of 13 water molecules
per NH+4 based on purely ab initio calculation has also been
reported.125 The two main sets of experimental data on the structure
of NH+4 in water also lead to disparate results. The x-ray scattering
for NH4Cl solutions123 established a position of 3.06 Å for the first
maximum in the Na ⋅ ⋅ ⋅Ow component of the structure factor. More
reliable experiments come from the neutron diffraction data of a
5 m aqueous solution of ND4Cl provided in Ref. 126 that estab-
lished that the number of waters in the first hydration shell is 4,
and the number of water molecules within the first two hydra-
tion shell of ammonium is around 10. The deconvolution of the
structure factor leads to a first maximum of the Na ⋅ ⋅ ⋅Ow RDF
at ∼2.8 Å, in nice agreement with more recent soft-x-ray spec-
troscopy121 and a few Molecular Dynamics75 and Monte Carlo72

simulation results. Additional information obtained also from x-ray
scattering on ammonium halide salts127 determined that the aver-
age water–anion distance is 3.2 Å for the chloride and 3.3 Å for the
bromide solutions, with an average Na ⋅ ⋅ ⋅Ow distance of 2.91 Å.
The coordination number in these experiments was determined to
be ∼5. Thus, after taking all the reported information with caution,
our simulation results (collected in Table IV predict a roughly con-
stant value of ∼2.7Å for the first maximum in the Na ⋅ ⋅ ⋅Ow RDF i.e.,
the location of the first coordination shell is slightly underestimated
by ∼0.1–0.2 Å in comparison with experimental and numerical
results in Ref. 126, and also is the counterion⋅ ⋅ ⋅Ow distance, but
finding that the average predicted value of HNN ∼ 5.25 nicely match
the most confident experiments.

Finally, in Fig. 3(d) we present the Na ⋅ ⋅ ⋅Ow , Cl⋅ ⋅ ⋅Ow

Na ⋅ ⋅ ⋅Cl RDFs for NH4Cl. Similar behavior is observed for NH4Br
(see the supplementary material). In both cases, we observed that
the peak of the Na ⋅ ⋅ ⋅X RDF is located far from the Na ⋅ ⋅ ⋅Ow

and X⋅ ⋅ ⋅Ow RDFs. According to the schematic representation
of Fig. S5, the ion–ion structure in these electrolytes should be
of the SSIP type (see the supplementary material), but some
CIP± are observed. However, the peaks of the three RDFs over-
lap with each other in the NH4F solution, thus forming a
CIP± that is calculated to be about 0.5 on average. A similar structure
is found for the divalent (NH4)2SO4. However, no CIPN were found
in these salts. The link between the relatively more homogeneous
experimental data and the absence of nitrogen–nitrogen contacts in
the solutions seems to be direct and coherent.

C. Transport coefficients
1. Viscosities

After studying densities and structural features, the estima-
tion of the shear viscosity is a robust test for the performance of
a force field, especially because there are precise experimental data
that allow a straightforward comparison with simulations. However,
since its evaluation is computationally expensive, we selected seven
representative cases to discuss. Particularly, we calculated the vis-
cosities of the moderately to highly soluble nitrate salts NaNO3 and
NH4NO3, the common and moderately soluble NH4Cl and KNO3,
the divalent (NH4)2SO4 and, finally, we assessed RbNO3 and CsNO3
as benchmarks to evaluate larger polarizable cations.

Recent studies demonstrate that, for monoatomic ions, the vis-
cosities (along with other transport properties such as diffusion
coefficients or electrical conductivities) are accurately captured by
employing a force field with a net ion charge of q = ±0.75e51,128,129

(the so-called Madrid-Transport model). However, although in
principle one may expect that a global charge of ±0.85e might result
in a comparatively poorer agreement with experimental data, it is
important to note that during the development of the Madrid-2019
force fields,37 the outcomes for polyatomic anions, such as SO2−

4 ,
differed from those of atomic species. In such cases, the simulated
viscosities underestimated the experimental results, in contrast to
alkali, alkaline-earth metals, or halogenated salts of 1:1 stoichiom-
etry. In this context, authors of the work of Habibi et al.130 recently
developed a force field for B(OH)−4 , providing a better description
of transport properties when dressing the anion with a net charge
of ±0.85e. These observations suggest that the charge distribution
within these polyatomic anions (in addition to the value of the net
charge of the polyatomic ion) can play a crucial role in the transport
coefficients of these salts.

Moreover, the relationship between viscosity and structure
might be briefly discussed. Intuitively, shear viscosity in aqueous
solutions is expected to be strongly mediated by the ion–water
interactions and the potential ability to disrupt the hydrogen bond
network established in the solution. This assumption is, in fact, fea-
tured in some phenomenological models as the classical Jones–Dole
model131,132 in a first attempt to rationalize the parabolic-like behav-
ior of the viscosity with the concentration of some salts. Briefly, it
is implicit in the model that while the solvent–ion interaction is
very specific and dominates in the low concentration regime, from
a certain concentration on, viscosities always increase because the
purely electrostatic ion–ion interactions (or Falkenhagen contribu-
tion) surpassed the ion–solvent contribution. Another more recent
and successful model is the multiparametric empirical model of
Laliberté,92–94 recently extended in Ref. 133 for some other ions.
From a microscopic viewpoint, not without an active and long-lived
debate, it is enshrined in the literature that some species are able to
enhance (structure maker ions or kosmotropes) or weaken (struc-
ture breaker ions or chaotropes, usually, big ions as Cs+ or NO−3 )
the hydrogen bond strength.134,135 However, predicting the influ-
ence on the viscosity of a certain ion requires one to understand the
interplay among size, hydration, and polarizability of the chemical
species in relation with these so-called Hofmeister effects, an issue
that has been and still is under scrutiny in the field.136,137 Moreover,
experiments were in conflict in regard to the nature and intensity
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of the perturbation of ions on the water “structure.”138–141 For
instance, Corridoni et al.101 established a robust structural parameter
based on neutron diffraction experiments in a formal attempt to
establish a relationship between the water structure and its effects
on the viscosity of ionic solutions but claiming the effects of the ions
in the H-bond network are independent on the ion, while, more
recently, the differential effect of ions on the solvent H-bond has
been proved by quasielastic neutron scattering experiments.142

After considering all this puzzling information, what can we
learn from simulations? First, in Table IV we have incorporated
the structural δ parameter defined in Ref. 101 to evaluate the pre-
dicted structure maker or breaker nature of the electrolyte as a
whole, i.e., the kosmotropic/chaotropic balance. The values of δ
are roughly constant with the concentration range, being precisely
KNO3, RbNO3, CsNO3, and NH4NO3 those monovalent salts within
the selected set the ones with the smaller values of δ, in agreement
with the kosmotropic behavior experimentally observed (see Fig. 4).
Notice that, because NO−3 acts as a structure breaker, the counte-
rion might be strong enough to counterbalance their effect in the
direction of increase in viscosity with concentration. In Fig. 4, the
Molecular Dynamics results for the viscosities of the selected salts
are presented, and it is apparent that this is only observed in the
case of NaNO3 [Fig. 4(a)], for which the curvature of the viscosity
with concentration is accurately reproduced with the proposed force
field with accuracy values below 8%. However, the smooth mini-
mum at intermediate concentrations present for KNO3 [Fig. 4(b)]
becomes deeper in the alkali series. For KNO3, we observed features
akin to minimum, rough to be asserted within the computational
uncertainties, but the viscosities are underestimated only by at most
∼8%. As it will be discussed in Sec. III C 2, this minimum seems
to be reliable provided the Stokes–Einstein relations is fulfilled. For
RbNO3 and CsNO3 salts [depicted in Fig. 4(c)], a monotonous incre-
ment and a roughly constant viscosity value are predicted, with
deviation from the experiments below 4%. This trend is expected
because both Rb+ and Cs+ cations act as a significant structure
breakers due to the high polarizability of ions and this points to

assumption that nonpolarizable models are not able to capture the
minimum in the viscosity–concentration plot for strong structure
breaker salts, even when the simulated values of δ agree with the
qualitative experimental behavior.

Because the minimum is rather smooth for NH4NO3, a nice
quantitative agreement is also found for this salt [see Fig. 4(d), devi-
ations below 4%], although, again, the minimum is not observed
in simulations. This behavior aligns with the earlier discussed
outcomes for polyatomic ions, where a better agreement was
obtained using an ion charge of ±0.85e. Similar results are found
for the divalent (NH4)2SO4 salt. Since in the Madrid-2019 force
field, the viscosities of sulfate salts were consistently underesti-
mated and considering the reliable performance of the ammo-
nium, we anticipate an underestimation of experimental viscosities
for (NH4)2SO4, as observed, with comparably higher deviations
of ∼10%.

Moreover, the structural parameter δ seems not to be useful in
the prediction of viscosity variation with m either because of the
stoichiometry of excluded volume reasons. When confronting an
atomic ion of non-integer charge with a polyatomic ion, the effects
of the distribution of charge in the latter can be palliated by tuning
the ion–solvent interaction appropriately. However, if both ions are
of polyatomic nature, the important Coulombic contribution to the
potential energy should strongly depend on the value of the atomic
charges. Thus, one may expect that if both charge distributions are
not selected within the same method, the compensation obtained
by the modification of the LJ part of the potential to the ion–ion
and ion–solvent contributions might be insufficient to relieve the
electrostatic interactions (particularly in multivalent species), and
its potential influence on the predictions of dynamic and thermody-
namic properties at a given concentration is hard to be anticipated.
Moreover, as we pointed out in a recent study on the tempera-
ture of maximum in density,45 the lack of polarization effects in
the model also has influence on the reliability of the model to make
quantitative predictions about salts comprised by highly polarizable
species.

FIG. 4. Shear viscosity coefficients as a function of the molality for aqueous solutions of different nitrate and ammonium salts developed in this work. (a) NaNO3, (b) KNO3,
(c) RbNO3 and CsNO3, (d) NH4NO3, (e) (NH4)2SO4, and (f) NH4Cl. Filled circles stand for simulation results, while continuous lines stand for the experimental data taken
from Refs. 96 and 97 for RbNO3 and CsNO3 were extracted from, respectively, and from Refs. 92–94 for the rest of salts.
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Nevertheless, for the NH4Cl salt the experimental viscosity
remains nearly constant across the entire concentration range, in
agreement with a δ value close to zero. However, simulations do
not predict such behavior and largely overestimate the experi-
mental results. This discrepancy arises due to a complex interplay
between the NH+4 cation, which attempts to reduce viscosity, and the
Cl− anion, which has a more dominant influence in increasing
the viscosity coefficient when employing a charge of ±0.85e, as we
have shown in previous works.38,128,129 At this point, it is worth
mentioning that assigning formal charges to electrolytes is artificial
from a quantum perspective, since ion-to-solvent charge transfer
events are known to dominate the water diffusivity in electrolytic
solutions.143–145 Since this chemical effect cannot be captured in
classical force fields, including a dynamic charge is a desirable,
yet computationally expensive, effective way of incorporating such
effects into a classical simulation method. Nevertheless, the descrip-
tion of viscosity can be considered as quantitative in most cases, thus
lengthening the applicability of the Madrid-2019 force field extended
anew in this work for nitrogenated polyatomic ions.

2. Diffusion coefficients
Experimental values of the non-limiting diffusion coefficients

of individual ions in water or water in the presence of ions are hard
to be found in the literature. To the best of our knowledge, the only
electrolytes comprised by NH+4 and/or NO−3 for which there exist
experimental data are NH4Cl, KNO3 and (NH4)2SO4, reported by
Tanaka146 in the low concentration range (m ≤ 1). These datasets
will be our playground for testing the simulation data for diffusion
coefficients. Before comparison, the calculated diffusion coefficients
of water at various salt concentrations (DH2O) have to be corrected
due to finite size effects as pointed out in previous works147,148 and
detailed in the Sec. II. Furthermore, experimental measurements of
diffusion coefficients show a non-negligible degree of uncertainty.
For instance, the diffusion coefficient of pure water reported in Ref.
149 is 2.3 × 10−5 cm2/s, while the diffusion coefficient of pure water
measured by Tanaka is close to 2.2 × 10−5 cm2/s. To counterbal-
ance these uncertainties, the experimental data were normalized by
a factor 2.2 × 10−5 cm2/s and the simulation outcomes by 2.3 × 10−5

cm2/s, which corresponds to the corrected diffusion coefficient of
water in the TIP4P/2005 model computed here.

Figure 5 illustrates the experimental normalized self-diffusion
coefficients of water in solutions containing KNO3, NH4Cl, and
(NH4)2SO4 as continuous lines, while full symbols stand for the
simulation results. The diffusion coefficients of KNO3 exhibit
remarkable agreement with the experimental results. The model
successfully reproduces the experimentally observed increment of
the diffusion coefficient, which represents a remarkable achieve-
ment, especially considering that, to the best of our knowledge,
only ab initio Molecular Dynamics simulations of CsI solutions
have previously reproduced an increasing trend of D with m.150

Such degree of confidence is anticipated considering the appli-
cation of the Stokes–Einstein relation and the favorable results
achieved for viscosities using the newly optimized force field. In
the case of NH4Cl salts, the normalized diffusion coefficients of
water in NH4Cl solutions are significantly underestimated, a dis-
crepancy that is consistent with the overestimation of the viscos-
ity coefficient [as shown in Fig. 4(f)] and with the fault of self-
diffusion of anions modeled within the Madrid-2019 force field

FIG. 5. Normalized self-diffusion coefficients of water in electrolyte solutions in the
experimentally available concentration region. Simulation results are shown with
filled circles. These data were corrected using the methodology proposed by Yeh
and Hummer.91 Solid lines are fits of the experimental data from Ref. 146.

(see Ref. 38). As previously highlighted, we have observed that
the ammonium cation tends to yield accurate results for viscos-
ity coefficients [see Figs. 4(d) and 4(e)]. Nonetheless, in the case
of NH4Cl, the viscosities were predominantly overestimated, pri-
marily because of the presence of chloride anions. Our final case
study involves the divalent (NH4)2SO4 salt. The simulations show
an overestimation of water diffusion coefficients in this solution,
rougly consistent with the underestimate of the viscosities after
considering the Stokes-Einstein relation. However, the disagree-
ment is, on percentage terms, more important than those found in
the predictions of viscosity coefficients. The reason of these devi-
ations might be a dissimilar selection of the distribution of charge
for polyatomic species. Another possible explanation could be that
rotational degrees of freedom affect differently the diffussion coef-
ficient values and the viscosities. It is clear that further work is
needed to analyze the impact of ions having rotational degrees
of freedom on transport properties such as viscosity or diffusion
coefficients. Lastly, it is worth noting that despite the deviations
observed in the last two salt cases with respect to experimental
results, our findings effectively reproduce the order of experimental
diffusion coefficients of water within the various studied electrolyte
solutions, which follows the following sequence: KNO3 > NH4Cl
> (NH4)2SO4.

Finally, the self-diffusion coefficients of ions at infinite dilu-
tion are, however, well documented in the literature. For NO−3 and
NH+4 , their values are D∞,exp

NO−3
= 1.90 ×10−5 and D∞,exp

NH+4
= 1.98 ×10−5

cm2/s, respectively.151 These values are not influenced by the pres-
ence of the counterion and are a good test of the performance of
the force field in determining ion transport properties. The values of
D∞ were estimated by a linear extrapolation of the simulated values
of D for NH4NO3 to m→ 0, and it was found that they are accurately
reproduced: D∞,MD

NO−3
= 1.91 ×10−5 cm2/s (deviation of 0.5%) and

D∞,MD
NH+4

= 1.91 ×10−5 cm2/s (deviation of 3.5%).
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TABLE V. Summary of the simulation results for a ternary aqueous solution com-
prised by NH4NO3 (2 m) and NaCl (2 m) employing the Madrid-2019 (A) and the
hybrid model described in the main text. For evaluating the Yeh–Hummer corrections
to the diffusion coefficients, the shear viscosity was approximated as the average
computed for each salt at 4 m concentration. The experimental value of the den-
sity was obtained by interpolating the experimental densities reported in Ref. 152.
The experimental value of the diffussion coefficient of water was estimated from the
experimental viscosities reported in Ref. 152 after appliying the Stokes-Einstein rela-
tion which implies that the product of viscosity and diffussion coefficient of water is
the same in pure water and in the solution.

Model ρ (kg/m3) DH2O ⋅ 105 (cm2/s)

A 1115.5 1.75
B 1115.9 1.91
Exp. 1116.7 1.93

D. Binary salt mixtures
Although we have focused on single salt solutions so far, in

principle the force field proposed in this work should be able to
deal with ternary system (i.e., water and two salts). Moreover, since
experimental data on such ternary systems are scarce, simulations
could help to provide some estimates of the thermodynamics prop-
erties of interest. Such an approach was followed in Ref. 37 for a
few common mixtures. We performed additional simulations for
a solution comprised by NH4NO3 2 m and NaCl 2 m (i.e., an
electrolytic solution 4 m) at 298.15 K. In one simulation (A), the
charge of all ions is set to ±0.85e (Madrid-2019 force field). In
the second simulation (B), we followed a hybrid model in which
the charge of NH4NO3 was kept at ±0.85e while those coming from
the dissociation of NaCl are set to ±0.75e (i.e., using the so-called
Madrid-Transport model for NaCl). This selection of charge for
NaCl is based on the previous experience of the group showing
that for NaCl, the Madrid-Transport model provides an excellent
description of densities, viscosities, and diffusion coefficients of
water in the salt solution. The results for densities and diffusion coef-
ficients are shown in Table V. The results for density were found to
be very close, with the charge effect being noncritical (1115.45 kg/m3

for A and 1115.87 kg/m3 for B). The predictions for the density from
simulations are in excellent agreement with the experimental result
from Ref. 152 (see Table V). In the case of model B the prediction
for the diffusion coefficient of water is also in excellent agreement
with experiment. We hope that in the future the force field of this
work can indeed provide reliable estimates of different properties
for systems having two salts and water.

Although the density obtained with this hybrid force field
(Madrid-2019 for NH4NO3 and Madrid-Transport for NaCl) is in
agreement with that obtained for the Madrid-2019 force field for
both salts, when using the charge ±0.85e for NH4NO3 the vis-
cosities of a 2 m solution are nicely predicted, but the value for
a NaCl solution is slightly overestimated.37 This suggests that the
diffusion coefficient of water in the study of the ternary system
could be underestimated. As observed in Table V and as antici-
pated in the text, a notable difference was observed in the diffusion
coefficient of water in the solution when combining both models,
with the value being ∼13% higher when employing the Madrid-
Transport model for NaCl. This fact indicates that combining both
models is a feasible route for accurately describing the transport
properties while maintaining precision in the evaluation of liquid

densities. This opens the door to the study of ternary systems using
different charges for different salts, provided they do not have a
common ion.

In the case of solutions with salts with common ions, one can
figure out that it has no physical meaning to have two “species”
(in charge terms) for the same ion in a mixture, even when the sys-
tem is electroneutral. We have found no simple recipe for how to
proceed in this situation so far, although the possibility of describing
the charge of a common ion in a sort of “mean field” approach could
provide reasonable estimates. However, any possible guess coming
from molecular simulations about the performance of this or other
approximations should be speculative without any experimental
data to be compared with.

IV. CONCLUSIONS
In this work, the Madrid-2019 force field has been extended to

the polyatomic ions nitrate and ammonium. Although the models
are built using the distribution of charge reported for OPLS mod-
els, the water–ion and ion–ion interactions were tuned either using
the LB combining rules or by sidestepping them to improve the
description of experimental results. Both the concentration depen-
dence of the densities and the ion–ion and ion–solvent structures
of the whole set of electrolyte solutions are in quantitative agree-
ment when compared to experimental information, thus conferring
enough precision upon the model for being of general applicability.
The predictions of the solvent–ion structure are quite good, pro-
vided the strong intermolecular hydrogen bonding effects occurring
in the complex coordination structure of the modeled ions. How-
ever, as expected for a scaled charge model with a net charge of
±0.85e, transport properties are not always nicely predicted, partic-
ularly when the counterion owns a marked kosmotropic character.
It is foreseen that the experimental–simulation correspondence for
viscosity coefficients might be potentially improved by tuning the
global ion charge or charge distribution, as recently reported by
some of us.128 However, diffusion coefficients at infinite dilution are
accurately reproduced, indicating that the global charge and charge
distribution of the ions properly describe the ion–solvent poten-
tial energy surface. Despite this drawback, additional properties are
expected to be correctly predicted with these models, such as the
temperature of maximum in density,44,45 the effect of the salt on the
melting point of ice,46 interfacial phenomena,153 or the triple point
temperature of hydrates in the presence of these electrolytes.50 Such
properties can be analyzed in future studies.

Overall, through combining the ability of the model to repro-
duce experimental behaviors for some salts and the drawbacks
found for others, the tunable force fields proposed here constitute
a valuable tool for unraveling the complex interactions that gov-
ern ion–water and ion–ion interactions in polyatomic electrolytes
from a microscopic point of view and to strengthen the relia-
bility and predictive capabilities of the model while providing a
simple and accurate description for all densities, structure, and
transport properties. Moreover, the confidence level provided by
the proposed models paves the way for exploring either homoge-
neous or heterogeneous processes that are extremely important in
the parametrization of aerosol contribution in general circulation
models.154
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SUPPLEMENTARY MATERIAL

In the supplementary material, we compile the numerical
(raw data) and graphical information of the simulation results
of all nitrate and ammonium salts considered in the main body
of this work for the following properties: (i) the results for the
Lennard-Jones parameters, σij and εij of the force field; (ii) simu-
lation results for the density (ρsim) as a function of the molality (m);
(iii) simulation results for the viscosity (ηsim) as a function of the
molality (m); (iv) simulated atom–atom RDFs of interest for the
whole set of electrolyte aqueous solutions considered in this work.
We include a schematic representation of the expected RDF pattern
for different types of ion–ion arrangements and of the geometrical
features of the NO−3 and NH+4 ions.
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