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ABSTRACT
A set of molecular models for the alkali nitrates (LiNO3, NaNO3, KNO3, RbNO3, and CsNO3) in aqueous solutions is presented and used
for predicting the thermophysical properties of these solutions with molecular dynamics simulations. The set of models is obtained from a
combination of a model for the nitrate anion from the literature with a set of models for the alkali cations developed in previous works of our
group. The water model is SPC/E and the Lorentz–Berthelot combining rules are used for describing the unlike interactions. This combination
is shown to yield fair predictions of thermophysical and structural properties of the studied aqueous solutions, namely the density, the water
activity and the mean ionic activity coefficient, the self-diffusion coefficients of the ions, and radial distribution functions, which were studied
at 298 K and 1 bar; except for the density of the solutions of all five nitrates and the activity properties of solutions of NaNO3, which were also
studied at 333 K. For calculating the water the activity and the mean ionic activity coefficient, the OPAS (osmotic pressure for the activity of
selvents) method was applied. The new models extend an ion model family for the alkali halides developed in previous works of our group in
a consistent way.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141331

I. INTRODUCTION

Thermophysical properties of electrolyte solutions are difficult
to model due to the strong electrostatic interactions between the ions
as well as the strong interaction between the ions and the solvent
molecules. Models of the excess Gibbs energy, such as the Pitzer
model1 and its extensions2–5 or the electrolyte–NRTL6 model, build
on the Debye and Hückel7 theory but require the adjustment of
many parameters and are, thus, mainly used as correlation tools.
Also equations of state for electrolytes have been developed, such
as ePC-SAFT,8,9 eCPA,10,11 and SAFT-γ Mie,12,13 which, in con-
trast to the models of the excess Gibbs energy mentioned above,
also describe volumetric properties but still do not give access to
structural and transport properties. Molecular modeling and simu-
lation based on force fields is a viable route for describing electrolyte
solutions. Molecular models are built on a strong physical back-
ground and hence enable robust extrapolations with comparatively
few adjustable parameters. Furthermore, they basically yield all ther-
modynamic and transport properties as well as information on
structural properties. The state of research on molecular modeling
and simulation of electrolyte solutions has recently been reviewed

by Smith et al.14 and Panagiotopoulos.15 In the present work, we
use this approach for predicting the properties of alkali nitrates in
an aqueous solution. The molecular models we combine have not
been trained to data of these solutions and they stem from different
groups. Hence, this work can also be understood as a study of the
predictive power of molecular models of electrolyte solutions.

In a previous study of our group,16,17 we have developed a set of
molecular models for the alkali halide salts in an aqueous solution.
All models of this set consist of a single Lennard-Jones (LJ) interac-
tion site with a superimposed point charge and are non-polarizable.
The alkali halide models were adjusted to the thermophysical and
structural properties of the aqueous solution in conjunction with
the SPC/E water model.18 For the alkali and halide ion models, the
length parameter σ of the LJ potential was adjusted to the den-
sity of the solution at 293.15 K16, and the energy parameter ε has
been adjusted to the self-diffusion coefficients and radial distribu-
tion functions (RDF) at 293.15–298.15 K.17 In the present work, we
wanted to extend this model family by a more complex ion model.
Due its high practical relevance, we have chosen the nitrate anion,
i.e., the aim is to add LiNO3, NaNO3, KNO3, RbNO3, and CsNO3
to the set. Aqueous solutions of nitrate salts are found in nature
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as well as in many industrial processes. Examples include the pro-
duction of fertilizers, nutrition, pharmaceuticals, glass, enamel, and
explosives.19

There is a wide range of water models in the literature, e.g., the
TIP4P,20 SPC,21 SPC/E,18 or OPC22 models. These models yield fair
descriptions of thermophysical properties such as density and dielec-
tric constant, and structural properties at near-ambient conditions.
As a water model for the alkali nitrate model set, we chose the SPC/E
water model, since alkali cation model parameters were adjusted in
conjunction with the SPC/E water model, which leaves us with the
choice of the nitrate model.

Different types of molecular models have been used in the
literature for describing the nitrate ion. We focus here on rigid,
non-polarizable models based on a combination of LJ and point
charge interaction sites, as this is consistent with the alkali ion
models. Three models of that class have been proposed in the lit-
erature: Vchirawongkwin et al.,23–27 Laaksonen and Kovacs,28,29 and
Krienke and Schmeer.30–33 Alternative approaches include flexible
models34,35 and models in which the basic sites are polarizable36–39 or
hard-spheres.40,41 Combining different ion models that were devel-
oped in conjunction with the same water model seems to be a
reasonable approach, but this does not guarantee fair predictions
and was not possible in the case of these three models: The models
by Vchirawongkwin et al., Laaksonen, and Kovacs were developed
and tested in combination with the SPC21 model, while the model by
Krienke and Schmeer was first used in combination with a tailored
water model of the authors and has found no wider applications.
We first expected that the nitrate models from the literature would
serve only as a starting point for a further optimization. How-
ever, preliminary tests showed that the nitrate model of Krienke
and Schmeer30 predicted the density of aqueous solutions of alkali
nitrates as a function of molality most reliable in conjunction with
the set of alkali ions from our previous work16,17 and the SPC/E
water model, without any adjustments. The other two nitrate models
overestimated the solution density by far when applied in the same
way. Hence, we have decided to use the nitrate model of Krienke
and Schmeer in the new model set for alkali nitrates without any
modifications.

Krienke and Schmeer30 adopted the LJ parameters of a hybrid
quantum–classical nitrate model of Lebrero et al.,42 where the hybrid
quantum–classical nitrate model was used in conjunction with the
TIP4P20 and TIP4P-FQ43 water models. Krienke and Schmeer30

derived the distances between the nitrogen and the oxygen inter-
action sites by an ab initio approximation of the second order
Møller–Plesset perturbation theory (MP2/6-31G(d)) and the par-
tial charges of each interaction site by a Mulliken population
analysis. The new nitrate model was used in combination with
a tailored water model in Monte Carlo simulations to investigate
the hydration of anions with oxygen sites.30 The nitrate model
of Krienke and Schmeer has also been used in conjunction with
the SPC/E18 water model and different cation models from the
literature to investigate the hydration,30,31 structure,32 and the self-
diffusion and electric conductivity33 of nitrate salts in aqueous
solutions.

As all models were adopted from the literature and no adjust-
ments were made (the cross interactions were determined from the
Lorentz–Berthelot combining rules), all results are predictions. The
work can also be considered as a case study for the possibility to

combine ion models (of different authors) in a building-block like
manner. A broad range of properties were studied: the density,
the water activity and the mean ionic activity coefficient, the self-
diffusion coefficient, and radial distribution functions. The temper-
ature and pressure were always 298.15 K, 1 bar, with the exception
of the density (for all studied nitrate salts) and the water activity,
and the mean ionic activity coefficient (for NaNO3), which were
additionally investigated at 333.15 K.

The sampling of entropic properties in molecular dynamics
(MD) is a demanding task. Different approaches have been devel-
oped in recent years for sampling such properties.44–49 In this work,
water activity and related properties, such as the osmotic pressure
and the mean ionic activity coefficients, were determined by the
OPAS (osmotic pressure for the activity of solvents) method.50–52

II. MOLECULAR MODELING AND SIMULATION
A. Molecular models

All investigated molecular models in this work have two types
of interaction sites: Lennard-Jones sites (LJ) and point charge sites
(C). The potential energy uij of the interaction of two particles i and
j is, hence, given by

uij = uLJ
ij + uC

ij =
NLJ

i

∑
a=1

NLJ
j

∑
b=1

4εijab

⎡⎢⎢⎢⎢⎣
(σijab

rijab
)

12

− (σijab

rijab
)

6 ⎤⎥⎥⎥⎥⎦

+
NC

i

∑
c=1

NC
j

∑
d=1

1
4πε0

qicqjd

rijcd
, (1)

where N i is the total number of interaction sites of either type on
particle i, a − d are indices for the respective interaction sites, rijab
denotes the distance between the interaction site a on particle i and
the interaction site b on particle j, and εijab and σijab are the energy
and size parameter of the LJ potential. qic and qjd are the magni-
tude of the point charge, and ε0 is the vacuum permittivity. Unlike
LJ interactions are modeled with the Lorentz–Berthelot rules,53,54

σijab =
σia + σjb

2
, (2)

εijab =√εiaεjb . (3)

Figure 1 shows a representation of the molecular model of the
nitrate anion that was used in the present work, which was taken
from Krienke and Schmeer,30 and the corresponding Lewis formula.
The model is planar, rigid, and non-polarizable and consists of one
central nitrogen (N) and three identical oxygen (ON) interaction
sites. Each of the interaction sites comprises a LJ site and a point
charge that is superimposed in the center of the LJ site. The ON sites
are positioned on an equilateral triangle, with the N in its center. The
bond length is rN–ON = 1.27 Å. All three ON sites have the same LJ
parameters and negative point charge, while the parameters of the
N site are different. All four point charges sum up to a net charge
of −1 e.

The nitrate model was used together with a set of alkali16,17 ion
models developed in previous work of our group. All cation models
consist of a single LJ site with a superimposed point charge of +1 e
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FIG. 1. The nitrate anion: depiction of the molecular model used in the present
work (left panel) and Lewis formula (right panel). The + and − signs in the left
panel represent the point charges on the nitrogen (N, yellow) and oxygen (ON,
green) that are placed on the center of the corresponding LJ interaction sites.
The model is planar. The dashed lines between nitrogen and oxygen in the Lewis
formula represent mesomeric bonds.

in its center. We consider the five alkali cations Li+, Na+, K+, Rb+,
and Cs+.

Throughout this work, the SPC/E water model18 was employed,
since cation models were developed for use together with this water
model.17 The SPC/E water model consists of a single LJ site (OW)
and three partial charges, one of which is placed on the center of
OW, while the other two are located a distance of 1 Å apart from the
central OW site and form a bond angle of 109.47 ○ with OW.

The parameters of all molecular models employed in this work
are compiled in Table I.

B. Studied thermophysical and structural properties
1. Reduced density

An essential thermophysical property of electrolyte solutions is
their density. Here, we focused on the concentration dependence,
i.e., the effect of adding nitrate salts to water at constant temperature
and pressure. To characterize the amount of salt, we use the overall
molality b̃AB of the salt AB, which is defined as

b̃AB = ñAB

mW
, (4)

where ñAB is the overall mole number of salt AB in the solution (dis-
regarding the dissociation) and mW the mass of pure water in the

TABLE I. Summary of the parameters of the molecular models used in this work. The
nitrate model is rigid and flat, the angle between the N and the ON sites is 120 ○, the
distance between these sites is r = 1.27 Å. For the SPC/E water model, the angle
between the OW and the H sites is 109.47 ○ and the distance between H sites and
the OW is r = 1 Å.

Species Site σ/Å ε/kB/K q/e Reference

Nitrate N 3.9 100.716 +0.8603 30ON 3.154 78.057 −0.6201

Alkaline cations

Li+ 1.88 200 +1

17
Na+ 1.89
K+ 2.77

Rb+ 3.26
Cs+ 3.58

Water OW 3.166 78.198 −0.8476 18H +0.4238

solution. The overall molality depends linearly on the amount of salt
in the solution in contrast to the mole fraction. Following our previ-
ous work,16,17,55 instead of studying the absolute value of the density
ρ, we study the reduced density ρ∗, which is defined as

ρ∗(T, p, b̃AB) = ρ(m)(T, p, b̃AB)
ρ(m)W (T, p)

, (5)

where the density of the solution ρ(m) is divided by the density of
pure water ρ(m)W . This definition sets the focus on the concentra-
tion dependence and eliminates the influence of the quality of the
description of the density of pure water by the water model. It has
been found for many salts that the density of the solution increases
almost linearly as a function of the overall molality up to quite high
salt molalities.16,56,57 The density of pure SPC/E water as determined
in molecular simulations under the usage of the Ewald summation
as a long range correction from the present work is compared with
experimental literature data in Table II confirming the good quality
of the description.

For comparison with the present simulation data, experimen-
tal data on the density of aqueous alkali nitrate solutions at 298 K
and near ambient pressure were taken from the Dortmund Data
Bank59 and correlated as a function ρ∗(b̃AB) using a second order
polynomial of the form,

ρ∗(b̃AB) = 1 + αAB,1 b̃AB + αAB,2 b̃2
AB, (6)

where αAB,1 and αAB,2 are adjustable parameters. The polynomial is
only used as a reference for the simulation data of this work to the
experimental data from the literature. More information on the fit-
ting procedure to the experimental density data and the handling of
outliers is given in the supplementary material, where also the val-
ues of αAB,1 and αAB,2 for each nitrate salt considered in this work are
reported.

2. Water activity and mean ionic activity coefficient
The overall chemical potential μ̃AB of a salt AB that dissoci-

ates into the cation A+ and the anion B− in an electrolyte solution
is normalized as shown in Eq. (7):

μ̃AB(T, p, x) = μ̃ref b
AB (T, p, x∗) + RT ln( b̃AB

b0 γ̃b∗
AB(T, p, x)). (7)

Herein, μ̃ref b
AB is the overall chemical potential of the electrolyte in the

reference state, b̃AB is the overall molality of the salt AB, and b0 is
set to 1 mol kg−1. The vectors x and x∗ characterize the composi-
tion of the studied mixtures and the mixture in the reference state,

TABLE II. Density of pure water determined in this work for the SPC/E water model
and experimental data from the literature58 at different temperatures. The values
shown here are used as reference for the reduced density, cf. Eq. (5). Statistical
uncertainties are given in parentheses.

T/K ρsim.
W /kg m−3 ρExpt.

W /kg m−3

298.15 1004.3(1) 997.05
333.15 982.9(1) 983.20
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respectively. Furthermore, γ̃b∗
AB is the mean ionic activity coefficient

of the salt AB, which is defined as

γ̃b∗
AB(T, p, x) = [(γb∗

A+(T, p, x))νA+ (γb∗
B−(T, p, x))νB− ]1/(νA++νB−),

(8)

where γb∗
A+ and γb∗

B− as well as νA+ and νB− are the activity coefficients
and the stoichiometric coefficients of the cation A+ and the anion
B−, respectively. The activity coefficients go to 1 for infinite dilution
of the salt.

The water activity aW, on the other hand, is normalized
according to Raoult’s law as

μ̃W(T, p, x) = μ̃ref
W (T, p) + RT ln (aW(T, p, x)). (9)

Herein, the reference state is the pure liquid solvent water at the
studied T and p.

The water activity aW is directly related to the osmotic pressure
Π as shown in Eq. (10),

ln(aW) = − Π
ρ(n)W RT

, (10)

where ρ(n)W is the molar density of the pure solvent, T is the tem-
perature, and R is the universal gas constant. The osmotic pressure
was determined in this work by the OPAS method. The water activ-
ity aW as a function of overall molality b̃AB of an 1:1 electrolyte was
correlated by45,51,60

ln(aW) = −2MW(b̃AB/b0) −MW ln (10)
⎛
⎜
⎝

β(b̃ AB/b0)2

+ 3
4

C(b̃ AB/b0)3 + 2A

B3 + B4
√

b̃AB/b0

+ 4A ln (B
√

b̃AB/b0 + 1)
B3 − 2A

√
b̃AB/b0

B2 − 2A
B3

⎞
⎟
⎠

, (11)

where B, β, and C are adjustable parameters. The parameter A stems
from Debye–Hückel theory48,50,60 and is

A = e3
√

2ρ(m)W Navo

(4ε0εrkBT)3/2
1

π ln (10) , (12)

where εr is the relative permittivity of the pure solvent, kB is the
Boltzmann constant, ρ(m)W is the mass density of pure water, and
Navo is the Avogadro number. In this work, for SPC/E water we use
εr(298 K) = 71,61 εr(333 K) = 62.1,62 and the densities ρ(m)W from
Table II, which results in A(298 K) = 0.5938 and A(333 K) = 0.608.
The correlation shown in Eq. (11) can be used to calculate the mean
ionic activity coefficient γ̃b∗

AB as a function of the overall molality b̃AB
with

ln γ̃b∗
AB = ln(10)

⎛
⎜
⎝
−A
√

b̃AB/b0

1 + B
√

b̃AB/b0
+ β(b̃AB/b0) + C(b̃ AB/b0)2

⎞
⎟
⎠

.

(13)

3. Self-diffusion coefficient
The self-diffusion coefficient Di is a measure for the Brownian

movement of a single particle of the type i in a fluid in equi-
librium. In this work, Di was determined using the Green–Kubo
formalism,63–65

Di = 1
3Ni

∞

∫
0

⟨vk,i(τ = 0) ⋅ vk,i(τ)⟩ dτ, (14)

where N i is the total number of particles of component i, vk,i(τ) is
the velocity of a particle k of component i at time τ, and the angular
brackets denote the ensemble average.

4. Radial distribution function
The radial distribution function gi–j(r) of particles of type

j around particles of type i was used for quantifying the structure
of the studied electrolyte solutions. It is defined as66

gi– j(r) = 1
ρ(n)j

dNj

4πr2dr
, (15)

where r is the distance between the center of particle i (for the nitrate
ion, the center of the ON or the N site) and an infinitesimally thin
shell with a thickness dr, dN j is the number of particles of compo-
nent j inside this shell, and ρ(n)j is the number density of particles of
component j in the bulk.

C. Simulation details
All simulations of this work were molecular dynamics (MD)

simulations and were carried out with the program ms2.61 The num-
ber of particles was 4000 except for the simulations of self-diffusion
coefficients, where it was 16 000, as highly diluted mixtures were
studied. The simulation volume was cubic and periodic boundary
conditions were applied in all directions. Particle positions were ini-
tialized randomly on a cubic grid. The equations of motion were
integrated with a fifth order Gear predictor corrector algorithm,66,67

using a time step of 1.214 fs. A cut-off radius of 15 Å was used
for all interactions. Standard tail corrections were applied for the
LJ interactions.66 Ewald summation68 was applied for the long-
range electrostatics, considering up to 10 k-vectors in each Cartesian
direction, using the real space convergence parameter κ = 5.6, and
conducting boundary conditions. The temperature was controlled
using the velocity scaling thermostat.66 The statistical uncertainties
of the simulation results were estimated with the blocking method
described by Flyvbjerg and Petersen.69

The density was determined from NpT simulations in which
the pressure was held constant by an Andersen’s barostat70 with a
piston mass of 42.65 ⋅ 106 kg m−4. The system was first equilibrated
with NVT boundary conditions for 50 000 time steps, followed by
an NpT equilibration for 800 000 time steps. The length of the
production phase of the NpT simulation run was 1 000 000 time
steps.

The osmotic pressure Π was determined with the OPAS
method,50–52 and then used for calculating the water activity aW

and the mean ionic activity coefficient γ̃b∗
AB. The OPAS method is

described in detail in Ref. 50; it has already been applied successfully
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to aqueous solutions containing the set of alkali and halide ions51

as well as to mixtures of molecular species.52 In the present work,
it is applied to solutions with a multi-center ion, i.e., nitrate, for
the first time. In the OPAS method, the osmotic pressure Π of an
electrolyte solution is determined from a simulation scenario that
introduces a virtual semipermeable membrane through which only
water molecules can pass. An OPAS simulation run consists of two
steps:50 first, the volume of the cubic box is determined in a pseudo-
NpT run in which a desired pressure in the compartment containing
the pure solvent is prescribed. Then, the osmotic pressure Π is sam-
pled in an NVT run with the box volume V obtained in the preceding
pseudo-NpT run. The pseudo-NpT run consisted of an equilibration
phase of 500 000 time steps followed by a production phase of 2 000
000 time steps. The NVT run consisted of an equilibration phase
of 500 000 time steps followed by a production phase of 10 000 000
time steps, in which the osmotic pressure Π was sampled. For further
information, the reader is referred to Kohns et al.50

The self-diffusion coefficients and the radial distribution func-
tions were calculated in the NVT ensemble. The box volume V and,
hence, the density of the NVT simulation run were set according
to a preceding NpT simulation run at the same temperature and
composition. In the NVT simulation run, the system was first equi-
librated for 200 000 time steps before sampling in the production
phase for 2 400 000 time steps. The sampling length of the autocorre-
lation function for the Green–Kubo63,64 formalism was set to 10 000
MD steps and the result of every fifth time step was used for calculat-
ing the autocorrelation function. A time span of 200 time steps was
introduced between the origins of two subsequent auto-correlation
functions, so that in total 11 950 auto-correlation functions were
sampled per simulation. The radial distribution function was deter-
mined and averaged every 10 000 time steps. The radial distribution
function was calculated up to the cut-off radius of 15 Å and was
divided into 500 equally sized bins.

III. RESULTS AND DISCUSSION
In the following, we compare the predictive simulation results

with experimental data for each of the studied thermophysical and
structural properties. For most properties, experimental data were
only available at 298.15 K and 1 bar with the exception of density
as well as the water activity of NaNO3 solutions. Hence, almost all
simulations were carried out at 298.15 K and 1 bar and, additionally,
only some at 333.15 K and 1 bar.

The numerical simulation results are reported in the
supplementary material.

A. Reduced density
Figure 2 shows the reduced densities of all investigated nitrate

salt solutions at 298.15 and 333.15 K. It is difficult to get reliable
information on the solubility of molecular models of salt + sol-
vent systems,14,15,49 and no corresponding effort was made here,
especially as it is known that models that predict fluid proper-
ties of salt solutions well may give poor results for the solubil-
ity.49 The kinetics of the solid formation from liquid solutions are
slow and the simulation times that were used in the present study
are too low to expect observing solid formation even when the
salt concentration is above the solubility (which we do not know

FIG. 2. Reduced density ρ∗ as a function of the salt molality b̃AB for aqueous
solutions of the alkali nitrates LiNO3, NaNO3, KNO3, RbNO3, and CsNO3; at
298.15 K and 333.15 K, 1 bar. Symbols show the simulation results, error bars
are within symbol size. The solid lines represent correlations of experimental data
from the Dortmund Data Bank59 (for details, see the supplementary material). No
experimental data were available for RbNO3 and CsNO3 at 333.15 K.

exactly). Despite this, we have limited the concentration range in
which the simulation studies were carried out to a range in which
the real solutions are still liquid: for LiNO3, NaNO3, KNO3, and
RbNO3 the maximal molality was 3 mol kg−1, for CsNO3 it was
1 mol kg−1.

Figure 2 shows that for all studied solutions and both studied
temperatures, the predicted density matches the experimental data
well, the deviations are generally below 1%. Nevertheless, system-
atic trends of the deviations are observed for both temperatures: the
density is slightly underestimated for LiNO3 and NaNO3, while it
is slightly overestimated for RbNO3 and CsNO3, i.e., the deviations
depend on the mass of the alkali cation. No comparison could be
carried out for RbNO3 and CsNO3 at 333 K, as no experimental data
were available, but we would expect the same trend as for 298 K.
Considering the fact that no adjustments of parameters were made,
the predictions for the density are excellent.

B. Water activity and mean ionic activity coefficients
Figure 3 shows the results for the water activity aW and the

mean ionic activity coefficient γ̃b∗
AB as a function of the overall molal-

ity b̃AB at 298.15 K for all studied alkali nitrate salts. The simulation
results are compared in Fig. 3 to correlations of experimental data
taken from Hamer and Wu.60 The numerical values of the fit para-
meters of the correlation to the simulation results [cf. Eqs. (11) and
(13)] are given in Table III.

In contrast to the vast majority of strong electrolytes in an aque-
ous solution, the mean ionic activity coefficients of the alkali nitrates
do not have a minimum as a function of concentration, with the
exception of LiNO3. The molecular models predict this uncommon
behavior well, however, they fail to predict the minimum for LiNO3.
This deficiency regarding LiNO3 is not surprising, since model para-
meters of Li+ and Na+ are very similar. Consequently, no strongly
differing behavior in terms of the activity coefficient is to be expected
for their nitrate salts. To investigate this more closely, we have con-
ducted a parameter variation study for the Li+ model, the results
of which are reported in the supplementary material. Regarding the
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FIG. 3. Solvent activity aW and mean ionic activity coefficients γ̃b∗
AB as a function

of the salt molality b̃AB for all investigated alkali nitrate salts at 298.15 K and 1 bar.
Open squares show the simulation results for the solvent activity aW. The dashed
lines represent the correlations of the simulation data, from which also the mean
ionic activity coefficients γ̃b∗

AB were calculated [cf. Eqs. (11) and (13)]. The gray solid
lines represent correlations to experimental data taken from Hamer and Wu.60

other nitrate salts, also quantitatively, the agreement between exper-
iment and simulation is good, especially for solutions of NaNO3,
RbNO3, and CsNO3, considering that activities and related prop-
erties are very sensitive and difficult to predict by any other means.
With increasing concentrations, it becomes increasingly difficult to

TABLE III. Summary of the parameters B, β, and C used in Eqs. (11) and (13) for
fitting the solvent activity data obtained with the OPAS method for all alkali nitrate
salts (cf. Fig. 3 and Fig. 4). All parameters are valid for 298.15 K, except for those in
the last row. For the parameter A, cf. the discussion of Eq. (12).

Salt B β C

LiNO3 2.2331 −0.0309 −0.0082
NaNO3 1.5871 0.0173 −0.0131
KNO3 3.8317 −0.4258 0.0976
RbNO3 0.8255 −0.1045 0.0009
CsNO3 2.5551 −0.1909 0.0019
NaNO3 (333.15 K) 1.2762 0.0386 −0.0117

FIG. 4. Solvent activity aW and mean ionic activity coefficient γ̃b∗
AB as a function

of the salt molality b̃AB for aqueous solutions of NaNO3 at 298.15 and 333.15 K;
both at 1 bar. Open squares show the simulation results for the solvent activity
aW. The dashed lines represent correlations of the simulation data, from which
also the mean ionic activity coefficients γ̃b∗

AB were calculated [cf. Eqs. (11) and
(13)]. The solid purple lines represent correlations to experimental data taken from
Hamer and Wu60 at 298.15 K. The orange crosses in the left panel represent
points derived from the experimental vapor pressure data of Galleguillos et al.71 at
333.15 K; the dotted orange lines connect these individual points and are guides
to the eye only.

correctly model the behavior of water activity and mean ionic activ-
ity coefficient for electrolyte solutions. Hence, the simulation results
deviate increasingly from the experimental results for higher con-
centrations. This can be observed especially for LiNO3 and KNO3.
Nonetheless, with the exception of LiNO3, the water activity and the
mean ionic activity coefficient are predicted well, especially at low
concentrations.

Activity data at temperatures other than 298 K are scarce in
the literature, even for important electrolytes such as alkali nitrates.
Molecular simulations are an intriguing option to predict these
properties. To further assess the predictive capabilities of the model
set studied in this work, we studied the water activity and mean ionic
activity coefficient of NaNO3 solutions at 333 K. This system and
temperature were chosen because experimental information on the
water activity can be derived from the vapor pressure data by Gal-
leguillos et al.,71 when assuming an ideal gas phase of pure water and
using the vapor pressure of water of 0.199 bar at that temperature.72

The results of this study are shown in Fig. 4.
The experimental data show almost no temperature influence

on the water activity in the studied temperature range up to a molal-
ity of about 2.5 mol kg−1. The molecular simulations accurately pre-
dict this behavior. At higher concentrations, the experiments suggest
that the water activity is lower at the higher temperature, which the
molecular simulations do not capture. Nevertheless, especially for
the lower concentrations the agreement is quite satisfactory con-
sidering that the molecular models are used in a strictly predictive
manner.

C. Self-diffusion coefficients
The predictions of the self-diffusion coefficients of the potas-

sium ion, the nitrate ion, and water in aqueous solutions of
KNO3 at 298.15 K and 1 bar are compared to experimental data
in Fig. 5. To the best of our knowledge, this is the only alkali nitrate
system for which experimental data are available in the literature.
The self-diffusion coefficient at infinite dilution was determined in
the present work from a linear fit. This self-diffusion coefficient
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FIG. 5. Self-diffusion coefficients of K+, NO3
−, and H2O as a function of salt molal-

ity b̃KNO3
for aqueous solutions of KNO3 at 298.15 K and 1 bar. Open squares show

the simulation results. Solid gray circles show experimental data from the literature
(K+,73 NO3

−,74 and H2O75). For K+, the experimental self-diffusion coefficient at
infinite dilution is given for the system KCl + H2O, due to the lack of data for
the system KNO3 + H2O. The areas shaded in light gray are guides to the eye
indicating the range of experimental data including uncertainties. The filled trian-
gles represent the self-diffusion coefficient at infinite dilution, which is extrapolated
linearly (red line: experimental data, blue line: simulation results).

at infinite dilution is of particular interest due to the fact that the
influence of the counter ion is negligible. Furthermore, at infinite
dilution, the self-diffusion coefficient corresponds to the mutual
transport diffusion coefficient of the ion.

The simulation result for the self-diffusion coefficient of the
nitrate ion is in good agreement with the experimental value, which
is only slightly overestimated. In contrast to the experimental trends,
the simulation results suggest a slight increase in the self-diffusion
coefficient of the nitrate ion with increasing concentration. How-
ever, there are considerable uncertainties of the simulation results,
which arise from the extremely low concentrations studied, mean-
ing that few ions are present in the simulation box despite large
systems containing 16 000 particles that were studied. Hence, this
finding should not be overinterpreted.

For the potassium ion a comparison to experimental data is
only feasible for the infinite dilution due to the lack of experimen-
tal data on KNO3. Again, good agreement between the prediction
from the simulation and the experimental data is observed, which,
again, is only slightly overestimated.

The results from the present work confirm previous findings
from the literature76 that the self-diffusion coefficients of water at
298 K are overestimated by the SPC/E model by about 25%. This
translates directly to the results for the electrolyte solutions. How-
ever, the slight increase in the self-diffusion coefficient of water upon
adding KNO3 is correctly predicted. As first pointed out in a study by
Kim et al.77 and summarized in recent reviews by Panagiotopoulos15

and Panagiotopoulos and Yue,78 many non-polarizable models fail
at predicting this trend correctly, but the present model combination
for aqueous KNO3 solutions does.

In summary, the self-diffusion coefficients of the ion models,
especially of the NO3

− ion, at high to infinite dilution are in good
agreement with the experimental data. The infinite dilution of NO3

−

ions is of particular interest since it is similar in all aqueous solu-
tions of the alkali nitrate model set. For more information as well as
numerical results of the self-diffusion coefficients at infinite dilution,
see the supplementary material.

D. Radial distribution functions
Figure 6 shows the radial distribution functions of different

interaction sites in an aqueous solution of NaNO3 with a molality
of 3.084 mol kg−1 at 298.15 K and 1 bar. For this system, exper-
imental data are available in the literature for the positions of the
first maxima rmax1 of the radial distribution functions. To the best of
our knowledge, this is the only alkali nitrate system for which such a
comparison can be carried out due to a lack of experimental data for
other systems. The molality of the experimental data from Kameda
et al.79,80 is at 6.168 mol kg−1 and Megyes et al.32 report data in a
range from 2 to 10 mol kg−1. The influence of the concentration on
the position of the first maximum is negligible as shown in the work
of Megyes et al.32

FIG. 6. Radial distribution functions of different interaction sites in a NaNO3 solu-
tion with a molality of 3.084 mol kg−1 at 298.15 K and 1 bar. Solid lines show
the simulation results. Experimental data for the position of the first maximum
rmax1 from the literature (gNa–OW

,32 gON–OW
,80 gN–Na,32 gN–OW

79,80) are given by
the shaded vertical bars including statistical uncertainties.
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Overall, the favorable agreement is observed between the exper-
imental data for the locations of the first maxima of the different
radial distribution functions and the predictions from the molecular
simulations. The predictions of the positions of the first maximum in
the ON–OW RDF and the N–OW RDF are almost within the narrow
uncertainty of the experimental results. This indicates that the struc-
ture of water around the NO3

− ion is represented very well by the
model. The results for the Na+ ion are less accurate: the position of
the first maximum of the Na+–OW RDF and the N–Na+ RDF is pre-
dicted too low. This is not unexpected, as RDF involving the Na+ ion
model and SPC/E water have shown similar trends in simulations of
aqueous alkali halide systems.17

A further analysis of the radial distribution functions from
molecular simulation reveals two intriguing aspects. First, compar-
ing gN–Na and gN–OW shows that the Na+ cations get somewhat
more closely to the nitrogen atom of the nitrate anion than water
molecules do. This is a quite surprising finding since both Na+ and
the nitrogen interaction site have positive point charges. Second,
there is a shoulder in gN–Na at about r = 2.9 Å. The position of
this shoulder in gN–Na matches the unlike LJ size parameter of the
N–Na+ interaction, which is also 2.9 Å. Hence, a small number of
Na+ ions coordinate closer to the nitrogen atom of the nitrate anion
in that distance, while the majority of the Na+ ions are found at
around 3.34 Å in the first maximum.

Both peculiarities can be explained by the fact that the posi-
tively charged nitrogen atom on the nitrate anion is surrounded by
three negatively charged oxygen atoms, which strongly attract the
Na+ ions and shield the positive charge on the nitrogen. In addition,
the overall net charge of the nitrate anion is negative, which makes
it attractive for Na+. Finally, the size parameter of the employed
Na+ model is about 40% smaller than that of the SPC/E water model,
so it has a simple geometric advantage in the competition for the
spots closest to the nitrate anion.

In summary, the structure in short range around all investi-
gated interaction sites is well predicted, especially for the NO3

− ion,
which is the main focus of this work.

IV. CONCLUSIONS
In this work, a set of molecular models for alkali nitrate salts in

an aqueous solution is proposed. This set is used for predicting the
thermophysical and structural properties of the aqueous nitrate salt
solutions and the results are compared to experimental data. Fur-
thermore, the water activity and the mean ionic activity coefficients
are predicted in this study in a broad concentration range by molec-
ular simulations for these five alkali nitrates. The models for the
individual species — cations, nitrate, and water — were developed
independently of each other by different groups and are deployed in
a strictly predictive manner using the Lorentz–Berthelot rules. The
alkali cation models were developed for the use in conjunction with
halide ions and the SPC/E water model. The nitrate model on the
other hand has been derived on the basis of quantum mechanical
calculations and developed for usage with a water model developed
by the original authors. Especially, the predictions for the density
and the radial distribution functions are in good agreement with the
available experimental data. The water activity and the mean ionic
activity coefficients of the alkali nitrate solutions are in remarkable

agreement with experimental data, the only exception being solu-
tions of LiNO3. The self-diffusion coefficients are also predicted well
with the exception of water, which is an inherent issue of the SPC/E
water model.

Overall, the good agreement of all investigated properties with
experimental data is surprising, considering the fact that the molec-
ular models for the nitrate anion, and the cations were developed
independently by different authors, and no cross-interactions were
adjusted. The presented set of molecular models is a promising tool
to further investigate the influence of mixtures of different alkali
nitrate salts or mixtures of alkali nitrate and halide salts on ther-
mophysical properties of the aqueous solution, since set is part of
a consistent model family that has provided good predictions for
single salt mixtures.

SUPPLEMENTARY MATERIAL

The supplementary material contains details on the procedure
and parameters of the polynomial fit to the experimental density
data for all considered nitrate salts. Moreover, the supplementary
material contains an OPAS simulation study in which the LJ para-
meters of the Li+ cation model were varied in aqueous solutions
of LiNO3. Additionally, details on the determination of the stan-
dard error for the extrapolated self-diffusion coefficients at infinite
dilution and compilations of the numerical values of the simula-
tion results considered in this work are given in the supplementary
material.
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