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A B S T R A C T 

The perchlorate anion (ClO−
4 ) has garnered increasing interest in recent years due to its presence on Martian soil (and subsoil). In this study, we extend the Madrid

2019 force field (which uses a scaled charge of ±0.85e for monovalent ions and the TIP4P/2005 model for water) to the perchlorate anion. We propose two models 
with identical Lennard-Jones parameters but different charge distributions (i.e., the total charge of the anion is -0.85 in both models, but the partial charges assigned 
to the Cl and O atoms differ in each model). The experimental densities of several soluble perchlorate salts (i.e., LiClO4, NaClO4, KClO4, Mg(ClO4)2 and Ca(ClO4)2) 
are well described up to the solubility limit of each salt with both force fields. The viscosity of Mg(ClO4)2 and Ca(ClO4)2 solutions at 298.15 K and room pressure 
was also determined experimentally. The transport properties show differences due to the charge distribution; specifically, the model with a greater difference in 
partial charges between the ions is less viscous (thus exhibiting higher diffusion) and aligns more closely with experimental results. We also performed experimental 
measurements of density at ambient pressure as a function of temperature for supercooled Mg(ClO4)2 and Ca(ClO4)2 solutions and compared them against simulation 
results to locate the temperature at which the maximum in density occurs (TMD). The two models agree well with the experimental results although the exact location 
of the TMD is sensitive to the internal charge distribution within the perchlorate anion. Additionally, structural features of perchlorate solutions were calculated, 
finding negligible differences between the proposed models. Finally, we tested the possibility of combining the Madrid-2019 force field with the TIP4P/Ice model of 
water showing also excellent predictions of the experimental densities.

1. Introduction

The perchlorate anion is of great importance due to its unique 
chemical properties and potential implications for extraterrestrial hab
itability. One of the most fascinating discoveries of the Phoenix Mission 
to Mars in 2008 was the detection of perchlorate salts in Martian soil 
mixed with water in the North Polar region of the planet [1--9]. Per
chlorates are highly soluble salts capable of significantly lowering the 
freezing point of water. Regarding the salts found on Mars, Mg(ClO4)2
and Ca(ClO4)2, their eutectic temperatures are -57 ◦C and -74.4 ◦C, re
spectively [10,11]. This remarkable decrease suggests that liquid saline 
water or brines could have existed on Mars [12,13], particularly in ar
eas disturbed by the Phoenix Lander, fulfilling key criteria for potential 
habitability. Furthermore, recent experimental observations have been 
interpreted as indicating the presence of aqueous solutions about 1.5 
km underneath the Martian south pole [14,15]. Thus, the properties of 
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supercooled aqueous perchlorate solutions, such as the temperature of 
maximum density (TMD), are of great interest. However, to the best of 
our knowledge, no experimental studies have been conducted on these 
systems, although recent simulations have explored them [16,17].

Besides, perchlorate is a dangerous pollutant [18--22]. Industrial and 
military operations use ammonium perchlorate as a fuel in rockets [23], 
and in some cases, it is also found in fertilizers [24]. Most perchlo
rate salts have high water solubility, and once dissolved, perchlorate 
becomes extremely mobile, taking decades to degrade. The health ef
fects of ingesting low doses of perchlorate-contaminated water are not 
well understood. However, it is known to interfere with the body’s io
dine intake, inhibiting thyroid hormone production [25--27] since the 
ClO4

− ion is similar to iodine in both charge and ionic radius.
As mentioned, one of the main interests in perchlorate salts arises 

from their presence on the soil and subsoil of Mars, where extremely 
low temperatures are reached [28]. In this context, simulations repre
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sent a powerful tool for studying these extreme conditions [16,17,29]. 
However, to accurately simulate aqueous solutions of perchlorate salts, 
a suitable force field is required. Several models are available to simu
late this anion [30--36]. Nevertheless, in recent years, the methodology 
and approach to develop force fields with scaled charges for ions have 
demonstrated excellent accuracy in describing aqueous electrolyte so
lutions [37--56]. Therefore, it is of interest to extend this approach to 
model the perchlorate anion.

The use of scaled charges was first proposed by Leontyev and Stuche
brukhov and was denoted as Electronic Continuum Correction (ECC) 
[57--60]. In their work, they argued that the dielectric constant of non
polarizable models at high frequencies (𝜀∞) was 1, whereas for water, 
it was 1.78. They proposed applying a factor 𝑞𝑠𝑐𝑎𝑙𝑒𝑑 = 1/

√
𝜀∞ to the 

ions leading to a 𝑞𝑠𝑐𝑎𝑙𝑒𝑑=0.75e. Nevertheless, another reasoning was 
proposed by Kann and Skinner [61] which also leads to a scaled charge 
for the ions. In this case, they suggested that the Coulombic energy be
tween ions at infinite dilution and infinitely large distances should be the 
same for experiment and simulation (i.e., recovering the Debye–Huckel 
law). By employing this approach, the charge of the ions depends on 
the value of the dielectric constant of the model. Thus, in the case of 
the TIP4P/2005 water, the dielectric constant is about 57, leading to a 
value of ±0.85e for the ions.

Anyway, both approaches lead to scaled charges, which is a way 
of incorporating a kind of polarizability into the system and also ac
counts for the charge transfer that occurs between ions and surrounding 
water molecules in solution [62,63]. As previously mentioned, many 
properties of aqueous solutions are well described using scaled charges. 
However, there is no a unique scaled charge value that accurately de
scribes all properties, as we have recently shown [64]. Although a scaled 
charge of ±0.85e can serve as a compromise where most properties are 
reasonably well described, transport properties, for example, are bet
ter captured with a lower scaled charge of ±0.75e. Interestingly, in the 
case of polyatomic ions, we have observed that viscosities are well de
scribed -or even underestimated- when using a total charge of ±0.85e 
for the ion. This behavior has been observed in SO2−

4 [65], B(OH)−4
[55], NO−

3 [66], and NH+
4 [66]. We hypothesize that this difference 

arises from the charge distribution within the molecule (i.e., the partial 
charges assigned to each atom), which represents an additional degree 
of freedom not present in monatomic ions. In fact, we recently devel
oped two force fields for the OH− ion, both with the same net charge 
(-0.85e) but different partial charge distributions, and we observed no
ticeable differences in certain properties [53,67]. In fact, the role of the 
internal charge distribution was also studied by McFegan et al. [68] in 
tetramethylammonium iodide solutions, addressing the surface tension 
of the solutions. Hence, it is of significance to further investigate the 
effect of charge distribution in more complex polyatomic ions such as 
ClO−

4 .
In this work, we develop a force field for the perchlorate anion 

(ClO−
4 ), assigning a total scaled charge of −0.85e while employing 

two different partial charge distributions to study the effect of charge 
distribution. First, we adjust the model to fit the experimental densi
ties of five soluble perchlorate salts, namely LiClO4 , NaClO4, KClO4, 
Mg(ClO4)2, and Ca(ClO4)2. Then, we study several properties of inter
est, such as viscosities, diffusion coefficients, temperatures of maximum 
density (where experimental measurements have been performed), and 
structural features. Finally, we evaluate the compatibility of this force 
field with the TIP4P/Ice water model.

2. Simulation details

We have performed Molecular Dynamics (MD) simulations using the 
GROMACS package (version 4.6.5) [69,70]. We used the leap-frog in
tegrator algorithm [71] with a time step of 2 fs. Periodic boundary 
conditions have been employed in all the 𝑥𝑦𝑧 directions. Temperature 
and pressure were kept constant by employing the Nosé-Hoover ther
mostat [72,73] and the Parrinello-Rahman barostat [74], respectively, 

Table I
Summary of the force field parameters for the Lennard-Jones (𝜎𝑖𝑖 and 
𝜀𝑖𝑖 are taken from Ref. [30]) and Coulombic (atomic charges, 𝑞𝑖) con
tributions to the pair potential for the perchlorate anion developed in 
this work. The geometry of the ClO−

4 ion is defined by a 𝑂𝑝𝐶𝑙𝑂𝑝 an

gle of 109.5◦ and a O𝑝--Cl𝑝 distance of 1.43 Å, being O𝑝 and Cl𝑝 the 
oxygen and chloride atoms of the perchlorate anion respectively. The 
O𝑝-O𝑝 distance is 2.335 Å. Both models A and B perform quite well, 
but model A provides a better description of the transport properties.

Model A 
ClO−

4 𝜎𝑖𝑖 (Å) 𝜀𝑖𝑖 (kJ⋅mol−1) q (𝑒) 
Cl𝑝 3.47094 1.108760 +0.3500 
O𝑝 2.95992 0.878640 --0.3000

Model B 
ClO−

4 𝜎𝑖𝑖 (Å) 𝜀𝑖𝑖 (kJ⋅mol−1) q (𝑒) 
Cl𝑝 3.47094 1.108760 +0.0000 
O𝑝 2.95992 0.878640 --0.2125 

both with time constants of 2 ps. The cutoff radius employed for van 
der Waals and electrostatic interactions was 1.0 nm. Long-range en
ergy and pressure corrections were also applied to the LJ part of the 
potential. The smooth PME method [75] is used to account for the long
range electrostatic forces. To maintain the geometry of the molecules 
we used the SHAKE algorithm [76]. The interaction parameters for the 
counterions (i.e., Li+, Na+, K+, Mg2+, Ca2+) were obtained from the 
Madrid–2019 force field [65--67,77,78], while those of the TIP4P/2005 
model are taken from Ref. [79]. In the Madrid-2019 force field the inter
action between ions and ions and water has two different contributions. 
The first one is an electrostatic (coulombic) contribution and the second 
one a van der Waals interaction represented by the LJ potential so that 
the interaction between atom/site i and atom/site j is described as:

𝑢(𝑟𝑖𝑗 ) =
1 

4𝜋𝜀0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+ 4𝜖𝑖𝑗

[(
𝜎𝑖𝑗

𝑟𝑖𝑗

)12
−
(
𝜎𝑖𝑗

𝑟𝑖𝑗

)6
]
, (1)

where, 𝑞𝑖 is the ionic charge, 𝜀0 is the vacuum permittivity, 𝜖𝑖𝑗 the well 
depth energy of the LJ potential, and 𝜎𝑖𝑗 the LJ diameter.

To develop the force field parameters we employed a similar method
ology to that employed in Refs. [65--67,77,78]. In short, we adjust 
the perchlorate-water interactions (deviating when needed from the 
Lorentz-Berthelot (LB) combining rules) to reproduce the experimen
tal bulk densities as a function of the electrolyte molality. Mainly, we 
adjust the 𝜎𝑂𝑤−𝑂𝑝 (where 𝑂𝑤 and 𝑂𝑝 denote the oxygen atoms of water 
and perchlorate respectively) interactions through a trial-and-error pro
cedure. Then, we adjust the densities at high concentrations (i.e., at the 
highest concentration studied for each salt in this work: 5 m for LiClO4, 
15 m for NaClO4, 4 m for Mg(ClO4)2, and 7 m for Ca(ClO4)2), avoiding 
precipitation of the salt by fitting the cation–anion interactions if neces
sary. The geometry of the ClO−

4 anion (i.e., 𝑂𝑝𝐶𝑙𝑂𝑝 angle of 109.5◦ and 
O𝑝--Cl𝑝 distance of 1.43 Å) was fixed according to experimental results 
[80,81] (where 𝐶𝑙𝑝 denotes the chlorine atom of the perchlorate anion). 
We have modeled perchlorate setting four interacting sites at the posi
tions of the oxygen atoms in a tetrahedral arrangement and a massless 
interacting site located on the chloride atom. Details about how to im
plement this geometry in MD programs are provided in the Appendix. 
All the results of this work were obtained with a Rigid version of the 
perchlorate anion but in the Appendix A, a Flexible version of the force 
field of this work is also presented and discussed. The optimized po
tential parameters and charges for perchlorate are collected in Tables I
and II.

Densities, radial distribution functions (RDFs) and diffusion coef
ficients were obtained by simulating in the 𝑁𝑝𝑇 ensemble a system 
comprised of 555 water molecules and the corresponding number of 
ions needed to achieve the desired molality over ∼50 ns.
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Table II
Lennard-Jones 𝜎𝑖𝑗 (in Å) and 𝜀𝑖𝑗 (in kJ/mol) parameters between per
chlorate anion and ions developed in this work. O𝑝 and Cl𝑝 are the 
oxygen and chloride atoms of the perchlorate anion respectively. LJ 
parameters are the same for both models A and B. Parameters for 
TIP4P/2005 water were taken from Ref. [79]. LJ parameters for the 
self- and crossed-interaction between Li+, Na+, Mg2+ and Ca2+ are 
taken from the Madrid–2019 force field [65--67,77,78]. In cases where 
a numerical value is not given, the Lorentz-Berthelot (LB) combination 
rules were followed, as indicated. O𝑤 stands for the oxygen of water 
and O𝑝 and Cl𝑝 represent the oxygen and chloride atoms of the per
chlorate anion respectively.

𝜎𝑖𝑗 (Å) 𝜀𝑖𝑗 (kJ⋅mol−1) 
Atom Cl𝑝 O𝑝 Cl𝑝 O𝑝

O𝑤 LB 3.2570 LB 0.8251 
Li+ LB LB LB LB 
Na+ LB 2.7000 LB 1.1374 
K+ LB LB LB LB 
Mg2+ LB LB LB LB 
Ca2+ LB 2.6500 LB 0.6676 
Cl𝑝 - LB - LB 

For the diffusion coefficients, 𝐷, we used the Einstein relation:

𝐷 = lim 
𝑡→∞

1 
6𝑡

⟨
[𝐫𝑖(𝑡) − 𝐫𝑖(0)]2

⟩
, (2)

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 time average. 
The diffusion coefficients were then obtained, avoiding the subdiffu
sive regime, from the slope of the plot of the mean square displacement 
(MSD), given by ⟨[𝐫𝑖(𝑡) − 𝐫𝑖(0)]2⟩, against time. As shown by Santos et 
al. [82], the diffusion coefficient D can be calculated as an average over 
multiple trajectories to estimate statistical uncertainties. In this work, 
we performed three independent simulations for the 4 m NaClO4 solu
tion, observing differences of less than 0.01⋅10−9 m2⋅s−1. Therefore, we 
consider this value as the statistical error associated with the diffusion 
coefficients reported in this study. See SM for the numerical values of 
the diffusion coefficients of water and for the plots of MSD vs time (Fig. 
S2).

For all the results of this work we applied the hydrodynamic correc
tions of Yeh and Hummer [83] which are described in Eq. (3)

𝐷 =𝐷𝑀𝐷 +
𝑘𝐵𝑇 𝜉

6𝜋𝜂𝐿 
(3)

where 𝐷 is the diffusion coefficient with the applied corrections of Yeh 
and Hummer, 𝐷𝑀𝐷 is the diffusion coefficient initially obtained by 
simulations, 𝜉 is a constant (its value is 2.837), L is the length of the 
simulation box and 𝜂 is the viscosity of the solution at the studied con
centration. We have used the experimental viscosities of NaClO4 and 
Mg(ClO4)2 solutions to correct their respective diffusion coefficients. 
On the other hand, due to the lack of experimental viscosity data for Li
ClO4 solutions, we have employed the viscosities of NaClO4 as a proxy 
to correct the diffusion coefficients of this salt.

A bigger system with 4440 water molecules was employed to calcu
late the viscosities. To compute viscosities we followed the methodology 
proposed by Gonzalez and Abascal [84]. This involves, first, an equili
bration of the system using an NpT simulation to calculate the average 
box volume, followed by a 𝑁𝑉 𝑇 simulation of 50 ns. From the compo
nents 𝑃𝛼𝛽 (𝑡) of the pressure tensor we calculated the viscosity using the 
Green-Kubo formalism:

𝜂 = 𝑉

𝑘𝐵𝑇

∞ 

∫
0 

⟨𝑃𝛼𝛽 (𝑡0 + 𝜏) 𝑃𝛼𝛽 (𝑡0)⟩ 𝑑𝜏, (4)

with 𝑘𝐵 the Boltzmann constant.
Finally, by using the system of 4440 molecules, we checked the ab

sence of salt precipitation during 50 ns at the experimental solubility 

Table III
Experimental salt solubility in water at 298.15 K and 
1 bar in molality units as reported in Ref. [85].

Salt Solubility (mol/kg) 
LiClO4 5.5 
NaClO4 16.7 
KClO4 0.15 
Mg(ClO4)2 4.5 
Ca(ClO4)2 7.9 

limits of each salt. The experimental values of solubility at 25 oC are 
collected in Table III.

3. Experimental procedure

Magnesium and calcium perchlorates were purchased from Sigma
Aldrich with a purity greater than 0.99 in mass fraction. The solutions 
were made using MilliQ water. They were weighed in an AE-240 Met
tler Toledo balance with an uncertainty of 0.1 mg. The uncertainty in 
molality was estimated in 0.004 mol/kg.

Dynamic viscosity 𝜂 was measured at 298.15 K using an Anton Paar 
AMVn falling ball viscometer, which determines it by measuring the 
time 𝑡 it takes for a gold-plated ball to fall through a capillary filled 
with the sample and tilted to a preset angle:

𝜂 =𝐾(𝜌𝑏 − 𝜌)𝑡, (5)

where 𝐾 is the calibration constant, 𝜌𝑏 the ball density (7.85 g⋅cm−3), 
and 𝜌 the density of the sample. 𝐾 was calculated from an experi
ment with MilliQ water, whereas 𝜌 was measured using a DMA 5000 
densimeter from Anton Paar, calibrated with MilliQ water and octane. 
Uncertainty in viscosity measurements was estimated in 2%. More de
tails on the experimental procedure can be found elsewhere [86].

Densities were measured using a pycnometer formed by a flask at
tached to a capillary tube. The density of the sample was determined 
from the height 𝐿 of the meniscus in the capillary:

𝜌 = 𝜌0
𝑉𝑓,0 +𝑆0𝐿0

𝑉𝑓,0(1 + 3𝛿) +𝑆0𝐿(1 + 2𝛿)(1 + 𝛿)
. (6)

Here, 𝑉𝑓,0, 𝑆0, and 𝐿0 are the flask volume, the capillary cross sec
tional area, and the meniscus position at the reference temperature 𝑇0 , 
respectively, obtained by calibration experiments with pure water. The 
𝛿 parameter takes into account the thermal expansion of the pycnome
ter, 𝛿 = 𝛼(𝑇 − 𝑇0), being 𝛼 the linear thermal expansivity of the glass. 
𝜌0 is the density of the sample at the reference temperature, determined 
using the DMA 5000 densimeter. Since this procedure did not allow de
termining the TMD of the Ca(ClO4)2 solution at 0.4 m due to freezing, its 
density at temperatures below -8 ◦C was measured through thin capil
lary tubes of very small volume (approximately 0.007 mL). This prevents 
the freezing of the sample, so density data could be determined at lower 
temperatures. The equation (6) was also used to obtain the density, but 
with 𝑉𝑓,0 = 0. Details about these experimental techniques can be found 
in Ref. [87]. Density was fitted versus temperature to a third order poly
nomial, and by equating the derivative to zero, the TMD is determined. 
Uncertainties were estimated as 0.5 kg⋅m−3 for densities, 0.3 K for the 
TMD of Mg(ClO4)2, and 1.5 K for the TMD of Ca(ClO4)2.

4. Results

As explained in previous sections, we have designed two different 
force fields for the perchlorate anion by modifying the charge distribu
tion. The LJ parameters and the total net charge in both models are the 
same. The only difference lies in the partial charges assigned to each 
atom in the molecule. In Model A, we assign a charge of +0.35e to the 
Cl𝑝 atom and -0.3e to each O𝑝 atom. This charge distribution is based on 
the work of Heinje et al. [32], where they obtained these charges from 
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Fig. 1. Density as a function of molality at T = 298.15 K and 1 bar for different perchlorate aqueous solutions. (a) Results for model A. (b) Results for model B. Blue 
circles and red squares are the simulation results of this work using models A and B respectively. Solid black lines: fit of experimental data at T = 298.15 K and 1 
bar taken from Ref. [89] for LiClO4, from Ref. [90] for NaClO4 and Ca(ClO4)2 and from Ref. [91] for Mg(ClO4)2. In (a) and (b) Results for LiClO4, Mg(ClO4)2 and 
Ca(ClO4)2 were shifted up 200, 400 and 600 density units respectively for a better legibility. c) Comparison with other models: blue circles are the results of this 
work for Model A; cyan diamonds are the results with the model of Nieszporek et al. [30] for NaClO4 which uses a charge of q𝐶𝑙𝑝=1.0786, taken from Ref. [16]; 
magenta diamonds are the results with the model of Agieienko et al. [31] for Mg(ClO4)2 which uses a charge of q𝐶𝑙𝑝=1.309, taken from Ref. [17].

a LCAO-MO-SCF (Linear Combination of Atomic Orbitals -- Molecular 
Orbital -- Self-Consistent Field) calculation. However, given the similar 
electronegativities of Cl and O (3.16 and 3.44, respectively) we propose 
an alternative charge distribution in which the charges assigned to these 
atoms are more similar. In Model B, we assign a partial charge of 0e to 
the Cl𝑝, while a charge of -0.2125e for the oxygens O𝑝. In any case, in 
both cases, the total charge assigned to the perchlorate anion is -0.85e.

4.1. Densities

As previously mentioned, we have adjusted the developed force field 
to reproduce the experimental densities of different perchlorate salts up 
to the solubility limit of each salt. Interestingly, the LJ parameters are 
the same for both models. In Fig. 1 we have plotted the experimental 
densities of the soluble perchlorate salt as a function of salt molality 
(i.e., mols of solute per kg of water). The simulation results are shown 
as a blue circles for model A (Fig. 1(a)) and red squares for model B 
(Fig. 1(b)). In both cases, it is evident that the force field is able to re
produce the experimental densities up to the solubility limit of each 
salt. Notice that for divalent salts (i.e., Mg(ClO4)2 and Ca(ClO4)2) some 
experimental results were extrapolated (dashed black lines) due to the 
lack of available experiments. In any case, the simulations match ex
traordinarily well with experiments, although a slight underestimation 
is observed for Ca(ClO4)2. For KClO4, we have not included the results 
due to its low solubility (0.15 m at 25 ◦C). However, the experimen
tal density [88] of this solution at 0.1 m is 1005.5 kg/m3 , while those 
provided by models A and B are 1006.0 kg/m3 and 1006.1 kg/m3, re
spectively, showing an excellent agreement between experiments and 
simulations. An interesting conclusion arises from these calculations: 
changing the charge distribution does not affect the density as long as 
the total net charge and LJ parameters remain unchanged.

Finally, Fig. 1(c) shows a comparison of our model densities (blue 
circles) for NaClO4 and Mg(ClO4)2 solutions with other models of per

chlorate. The simulation data of these force fields were taken from the 
works of La Francesca and Gallo [16,17], using the models proposed 
by Nieszporek et al. [30] for NaClO4 (which assigns a charge of q = 
1.0786e to Cl𝑝) and Agieienko et al. [31] for Mg(ClO4)2 (which assigns 
a charge of q = 1.309e to Cl𝑝). It can be seen that, at low concentrations, 
the model performs reasonably well. However, for NaClO4, it starts to 
overestimate, and for Mg(ClO4)2, it starts to underestimate densities at 
around 1.5 m, performing worse than our proposed model. This also 
suggests that these models (which assign unit charges to the ions, in 
contrast to ours) would perform even worse at higher concentrations. 
Thus, the two proposed models in this work, with scaled charges for 
the ions, better reproduce the experimental densities across the entire 
concentration range up to the solubility limit of each salt.

4.2. Viscosities and diffusion coefficients

Once densities of perchlorate salts have been calculated, it is interest
ing to analyze some transport properties such as viscosities and diffusion 
coefficients. Starting from viscosities, we have computed them for Na
ClO4 solutions at 2 and 4 m. In Fig. 2, we present the results for models 
A and B. Although both models overestimate the experimental viscosi
ties, significant differences can be observed. Model A, which features a 
greater difference in charge distribution between ions, exhibits better 
agreement with experimental data than Model B. In contrast, Model B, 
with more similar partial charges for Cl and O, shows a larger overes
timation of viscosities. This behavior indicates that, unlike in the case 
of densities, the charge distribution in a polyatomic ion plays a role in 
viscosity. This finding was suggested in previous works [55,65,66] and 
has been observed for a simpler—although not monatomic—ion such 
as OH− [53,67]. Increasing the charge of the chlorine atom of the per
chlorate anion from 𝑞𝐶𝑙𝑝 = 0e to 𝑞𝐶𝑙𝑝 = 0.35e decreases the viscosity 
and improves the agreement with experiment. One could raise the ques
tion of whether further increasing the charge 𝑞𝐶𝑙𝑝 would improve the 
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Fig. 2. Shear viscosity curves as a function of concentration for aqueous NaClO4
solutions at 298.15 K and 1 bar. Model A with 𝑞𝐶𝑙𝑝 = 0.35e is depicted with blue 
circles whereas model B with 𝑞𝐶𝑙𝑝 = 0e, with red squares. Magenta diamond is 
obtained from the work of da Silva et al. [92] (using a force field with a net 
charge of -1e for the ClO−1

4 anion, with 𝑞𝐶𝑙𝑝 = 1.08e and using TIP4P/2005 
for water). The continuous line is the fit of the experimental data taken from 
Ref. [93].

agreement with the experimental viscosity even more. This is not the 
case. Increasing the charge to 𝑞𝐶𝑙𝑝 = 1e (this model will be denoted 
as Model C) increases the viscosity again (results for Model C are pre
sented in the Supplementary Material). Thus, the viscosity presents a 
minimum as a function of 𝑞𝐶𝑙𝑝 and the value of Model A (i.e., 𝑞𝐶𝑙𝑝 = 
0.35e) seems indeed an optimal choice. In Fig. 2 results are presented 
for the viscosity from the force field of Silva et al. [92] which also uses 
TIP4P/2005 for water. As can be seen, this model significantly over
estimates the experimental viscosity. This is due to two reasons: the 
net charge of the perchlorate anion is -1e (and not -0.85e as in the 
Madrid-2019 force field) and the value of the charge 𝑞𝐶𝑙𝑝 = 1.08e is 
high. These two factors contribute to a significantly high value of the 
viscosity.

Based on these results, we decided to further investigate the effect of 
charge distribution in divalent salts (i.e., Mg(ClO4)2 and Ca(ClO4)2). To 
the best of our knowledge, no experimental viscosity data for these salts 
have been published, so we measured them in this study. The experi
mental data are collected in Table IV. In Fig. 3(a), we show the results 
for these two salts up to concentrations of ∼4 m. As with the chloride 
salts [65], we observe that for perchlorates, the magnesium salt exhibits 
higher viscosities than the calcium perchlorate. In Fig. 3(b), we compare 
the experimental results for Ca(ClO4)2 with our simulation data. Simi
lar to the behavior seen with NaClO4, both models tend to overestimate 
the experimental data, but model A shows better agreement with the 
experimental values.

Fig. 3. (a) Experimental shear viscosity curves as a function of concentration for aqueous Mg(ClO4)2 (black solid line) and Ca(ClO4)2 (magenta line) solutions at 
298.15 K and 1 bar. (b) Simulation results for viscosities using Model A with 𝑞𝐶𝑙𝑝 = 0.35e (blue circles) and model B with 𝑞𝐶𝑙𝑝 = 0e (red squares).

Table IV
Experimental (𝜂𝐸𝑥𝑝𝑡) and simulation results (𝜂𝐴 for model A and 𝜂𝐵 for 
model B) measured and computed in this work for the viscosity varia
tion with molality for Mg(ClO4)2 and Ca(ClO4)2 aqueous solutions at 
1 bar and 298.15 K. Simulation results for Ca(ClO4)2 were computed 
at 4 m.

Mg(ClO4)2 Ca(ClO4)2

Expt Expt Sim 
𝑚

(mol/kg)
𝜂𝐸𝑥𝑝𝑡

(mPa⋅s)
𝑚

(mol/kg)
𝜂𝐸𝑥𝑝𝑡 𝜂𝐴 𝜂𝐵

(mPa⋅s) 
1.213 1.246 1.000 1.075 
2.000 1.615 2.001 1.376 
3.797 3.148 3.993 2.535 3.65 4.40 

Fig. 4. Self diffusion coefficients of water as a function of concentration for 
aqueous NaClO4 (black), LiClO4 (red) and Mg(ClO4)2 (blue) solutions at 298.15 
K and 1 bar. Model A with 𝑞𝐶𝑙𝑝 = 0.35e is depicted with circles whereas model 
B with 𝑞𝐶𝑙𝑝 = 0e, with squares. The results include hydrodynamic corrections 
of Yeh and Hummer. [83] The continuous lines are fit of the experimental data 
taken from Ref. [94].

Regarding other transport properties, the diffusion coefficients of 
water have also been computed for both developed models. In Fig. 4, 
we present the diffusion coefficient of water as a function of electrolyte 
molality for LiClO4, NaClO4, and Mg(ClO4)2. It can be observed that in 
all cases, the experimental diffusion coefficients of water (solid lines) 
decrease as a function of concentration, with the decrease being more 
pronounced for Mg(ClO4)2 than for LiClO4 and NaClO4, which are quite 
similar (with sodium being slightly higher). The developed models are 
able to (1) correctly capture the trend of decreasing diffusion as a func
tion of the salt, and (2) provide excellent simulation results in compar
ison with experimental data. It is worth noting that the results from 
model A are slightly higher (and thus closer to the experimental values)
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Table V
Self-diffusion coefficients of the ClO−

4 anion in aqueous solutions of 
NaClO4, at 25 ◦C and 1 bar as a function of molality. Results include 
the hydrodynamic corrections of Yeh and Hummer. [83] At 0 m 
the data have been extrapolated. Experimental diffusion coefficients 
were taken from Ref. [94].

𝐷𝐶𝑙𝑂−
4
⋅109 (m2s−1) 

m (mol/kg) Model A Model B Expt 
1 1.32 1.21 1.44 
0.5 1.51 1.32 1.58 
0 1.71 1.44 1.792 

than those from model B. This is consistent with the lower viscosity ob
served for model A in Fig. 2.

Finally, we have calculated the diffusion coefficients of the per
chlorate anion at infinite dilution (𝐷∞

𝐶𝑙𝑂−
4

). To compute it, we have 
calculated the diffusion coefficients (including the Yeh and Hummer 
corrections) of the perchlorate anion at 1 and 0.5 m and extrapolated 
to 0 m (i.e., infinite dilution), these results are collected in Table V. The 
experimental diffusion coefficient of this anion [94] is 𝐷∞,𝐸𝑥𝑝𝑡

𝐶𝑙𝑂−
4

= 1.792 

⋅10−9 m2s−1. The calculated 𝐷∞,𝑠𝑖𝑚
𝐶𝑙𝑂−

4
for model A and B are 1.71 and 1.44 

⋅10−9 m2s−1 respectively. As expected, model A gives higher values for 
𝐷 than model B. Besides, the diffusion coefficient at infinite dilution of 
perchlorate anion by using model A is very similar to the experimental 
one (1.79 vs 1.71).

4.3. Temperatures of maximum in density and supercooled regime

Another interesting property that serves as an indicator of the perfor
mance of the force field is the temperature of maximum density (TMD). 
It is well known that water exhibits a maximum in density as a func
tion of temperature at 4 ◦C [95] that is related to its overall structure 
[96]. When adding salt this TMD decreases due to the addition of the 
electrolyte [41,87,97--101]. The maximum in density is therefore often 
located in the supercooled region of water, making experimental mea
surements of these solutions challenging. Additionally, due to the low 
temperatures, simulations require long run times (between 300--600 ns 
for 1 m solutions) to accurately determine the TMD of aqueous solutions. 
In the last years we have computed by molecular dynamics simulations 
and experimentally measured the TMDs of a wide variety of aqueous 
solutions ranging for monovalent and divalent salts [87,99], salts with 
more complex ions such as ammonium and nitrate [102] or even bases 
like NaOH and KOH [67].

In most cases, we observed good agreement between simulations and 
experiments when using a scaled charge of ±0.85e for the ions. This 
means that the effect of ions in the solutions is well captured, taking into 
account that the TMD of the water model TIP4P/2005 (277.3 K) is in ex
cellent agreement with the experimental value (277 K) [103]. In sharp 
contrast, unit charges tended to underestimate the TMD, while a charge 
of ±0.75e (which successfully reproduced transport properties) over
estimated the TMD. However, the case of the NO−

3 ion was somewhat 
different, as a charge of ±0.85e consistently underestimated the exper
imental TMD. This suggests that charge distribution, which appeared 
to influence viscosity, may also play a role in determining the TMD. 
Although further studies would be valuable to better understand the ef
fect of charge distribution in nitrate salts, the present work—featuring 
two different charge distributions for the perchlorate anion—serves as 
a representative example of this phenomenon.

In Fig. 5, we have plotted the densities of Mg(ClO4)2 and Ca(ClO4)2
as a function of temperature. Dashed lines represent the experimental 
measurements from this work for Mg(ClO4)2 (orange) and Ca(ClO4)2
(black), with the TMD in each case depicted as a filled triangle. As ob
served in previous studies [87,99], calcium provokes a larger shift in 
the TMD than magnesium, with the TMD of the latter being approxi

Fig. 5. Results (at 1 bar) for temperatures of maximum density for 0.4 m 
Mg(ClO4)2 and Ca(ClO4)2 solutions. The dashed lines are fits of the experimen
tal data measured in this work for Mg(ClO4)2 (orange) and Ca(ClO4)2 (black). 
Experimental TMD is showed as a filled up triangle. Solid lines are fits of the 
simulation results by using model A with 𝑞𝐶𝑙𝑝 = 0.35e for Mg(ClO4)2 (blue) and 
Ca(ClO4)2 (green) and by using model B with 𝑞𝐶𝑙𝑝 = 0e for Mg(ClO4)2 (red) and 
Ca(ClO4)2 (magenta). Simulation TMD is showed as an empty square. Densities 
(both from experiment and from simulations) are explicitly provided in the Sup
plementary Material).

Table VI

Temperatures of maximum in density (TMD) and densities at the TMD 
(𝜌𝑚𝑎𝑥) for 0.4 m aqueous solutions of Mg(ClO4)2 and Ca(ClO4)2, at 1 
bar for models A and B and for experiments. Simulation and experi
mental results have been obtained in this work.

Model A Model B Expt 
Mg(ClO4)2 0.4 m 
TMD (K) 262.1 264.8 262.5 
𝜌𝑚𝑎𝑥

(kg/m3)
1064.5 1063.8 1063.6

Ca(ClO4)2 0.4 m 
TMD (K) 257.3 260.2 259.8 
𝜌𝑚𝑎𝑥

(kg/m3)
1072.6 1071.55 1069.3 

mately 3 K higher than that of the former (∼263 K vs. ∼260 K). Using 
the experimental values of Despretz constant published in Ref. [99], 
we estimate a Despretz constant for perchlorate anion of K

𝐶𝑙𝑂−
4

𝑚 = -13.5 
K⋅kg⋅mol−1, slightly lower than that of the other polyatomic anion SO2−

4
(-15.8 K⋅kg⋅mol−1) [99].

Regarding the simulation results (solid lines), we first analyze the ef
fect of charge distribution before comparing with experiments (all the 
simulation and experimental results are collected in Table VI). Model 
A, which features a greater difference in charges between Cl𝑝 and O𝑝
atoms, consistently predicts a lower TMD than Model B, where the par
tial charges are more similar. This suggests that decreasing the charge 
on the central atom (Cl𝑝), thereby making the partial charges of the 
molecule atoms more similar, leads to an increase in the TMD. To check 
that, we have also employed a force field for Mg(ClO4)2 with the same 
LJ parameters as the others, but assigning a charge of 𝑞𝐶𝑙𝑝 = 1e (model 
C previously presented). The results can be found in the Supplemen
tary Material (Fig. S1 and Table SXI), and it can be observed that the 
increasing charge over the chlorine atom shifts the TMD to lower val
ues deviating significantly from the experimental results. Concerning 
the TMD both models A and B are quite reasonable and provide quite 
good estimates of the location of the TMD (model B predicts slightly 
better the density at the maximum and model A predicts slightly bet
ter the temperatures at the maximum). Thus, concerning densities and 
TMD predictions models A and B perform quite well. It is only when 
considering transport properties that Model A performs better. For this 
reason from the results of this work our recommendation for simulating 
the perchlorate anion is to use Model A.
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Fig. 6. Results (at 1 bar) for densities as a function of temperature for 3.5 m 
Mg(ClO4)2 and 4 m Ca(ClO4)2 solutions. The solid lines are fits of the experimen
tal data measured in this work. Blue circles and red squares are the simulation 
results of this work using models A and B respectively.

Both models A and B describe reasonably well the TMD. Let us start 
by the Ca(ClO4)2, in this case it is evident that model B with 𝑞𝐶𝑙𝑝=0e 
(magenta empty square) provides results in better agreement with ex
periments than model A with 𝑞𝐶𝑙𝑝=0.35e (green empty square). On the 
other hand, for Mg(ClO4)2 this discussion is more difficult, given that 
the location of TMD is better predicted by model A (blue empty square) 
but the density at the maximum is excellently reproduced by model B 
(red empty square). Thus, this choice is difficult, and as we will point 
out at the end of this work, the answer to the charge distribution will de
pend on the studied property. We leave the final decision to the reader.

As one of the main interests in perchlorate salts lies in their pres
ence on the surface of Mars, where extremely low temperatures prevail, 
we have evaluated the performance of our force field under such condi
tions. In fact, the temperature of maximum density (TMD) is already a 
good indicator of the performance of the model in the low-temperature 
regime, as it lies within the supercooled region.

Nevertheless, exploring even lower temperatures is relevant to test 
the broader applicability of our model. To this end, we have experi
mentally measured (see Experimental Procedure section) the densities 
of Mg(ClO4)2 and Ca(ClO4)2 at 3.5 and 4 m, respectively. In both cases, 
temperatures as low as 228.15 K (--45 ◦C) were reached, thus extending 
the applicability of our model into this range.

Subsequently, we performed simulations of both models (A and B) 
at these low temperatures. As shown in Fig. 6, both models accurately 
reproduce the experimental densities, with model A performing slightly 
better for Mg(ClO4)2 and model B for Ca(ClO4)2. The experimental and 
simulated density values are collected in Table VII.

In conclusion, the developed models are capable of reliably repro
ducing the densities of magnesium and calcium perchlorates at low 
temperatures comparable to those found on the Martian surface, at least 
within the 228--298 K range.

4.4. Structural features

The characterization of structural features in aqueous perchlorate so
lutions is also of interest, although experimental studies on this topic are 
scarce. Among the few available studies, the O𝑤-O𝑝 distance is reported 
to be 3.07 Å in an IR study [104] and in the range of 2.4-3.2 Å based 
on neutron diffraction [105]. The radial distribution functions (RDFs) 
for O𝑤-Cl𝑝, O𝑤-O𝑝, and Na-Cl𝑝 calculated with molecular dynamic sim
ulations for both models A (blue solid line) and B (red solid line) are 
presented in Fig. 7 (a), (b), and (c), respectively. The overall structure 
is similar for both models, though some differences can be observed.

In Fig. 7(a), where the O𝑤-Cl𝑝 RDF is plotted, two distinct maxima 
are observed in both models. These peaks are caused by the penetration 
of water molecules into the tetrahedral structure of the perchlorate (the 
first peak at 3.84 Å and 3.68 Å for models A and B, respectively) and 

Table VII

Experimental (𝜌𝐸𝑥𝑝𝑡) and simulation results (𝜌𝐴 for model A and 𝜌𝐵 for 
model B) measured and computed in this work for the density variation 
with temperature for 3.5 m Mg(ClO4)2 and 4 m Ca(ClO4)2 aqueous 
solutions at 1 bar.

Mg(ClO4)2 3.5 m Ca(ClO4)2 4 m 
𝑇 𝜌𝐸𝑥𝑝𝑡 𝜌𝐴 𝜌𝐵 𝜌𝐸𝑥𝑝𝑡 𝜌𝐴 𝜌𝐵

(K) (kg/m3) (kg/m3) 
298.15 1394.8 1394.3 1399.0 1465.0 1458.5 1462.1 
278.15 1409.2 1409.6 1413.5 1483.0 1479.6 1482.1 
273.15 1412.9 1487.5 
268.15 1416.5 1492.4 
263.15 1420.1 1497.0 
258.15 1423.7 1424.0 1427.1 1501.6 1501.6 1502.7 
253.15 1426.8 1506.5 
248.15 1430.2 1511.5 
243.15 1433.6 1434.7 1436.8 1516.2 1518.4 1518.2 
238.15 1436.9 1520.8 
233.15 1440.2 1525.2 
228.15 1443.5 1444.8 1446.1 1529.8 1535.6 1534.9 

the water molecules located outside the tetrahedron (the second peaks 
at 4.62 Å and 4.48 Å for models A and B, respectively). Notably, the 
model with q𝐶𝑙𝑝 = 0 allows water molecules to penetrate more easily 
(resulting in shorter distances) due to the reduced electrostatic repulsion 
between O𝑝 and O𝑤. By integrating these RDFs up to 5 Å we estimate a 
hydration of approximately 15 water molecules around the perchlorate 
anion in both models being 15.3 for model A and 14.8 for model B.

Regarding the O𝑤-O𝑝 RDF (see Fig. 7(b)), we find the same O𝑤
O𝑝 distance for both models, which is 3.28 Å. This value is close�-
although slightly larger—to the experimental distances reported previ
ously [104,105]. Finally, from the Na-Cl𝑝 RDFs presented in Fig. 7(c), 
the existence of contact ion pairs (CIP) can be observed. By integrat
ing both RDFs up to their first minimum, we obtain a similar CIP value 
of approximately 0.3 for both models. However, some differences can 
be observed in the Na-Cl𝑝 RDF, with model A showing a slightly larger 
Na-Cl𝑝 distance than model B (3.30 Å vs. 3.06 Å). This can be easily 
explained by the fact that chloride in model A has a partial charge of 
+0.35e, which leads to electrostatic repulsion between Na and Cl𝑝, in
creasing the distance slightly. In contrast, in model B, where q𝐶𝑙𝑝 = 0e, 
this electrostatic repulsion is absent, and only the Lennard-Jones inter
action plays a role.

4.5. Compatibility with TIP4P/Ice water model

In a recent study, we presented a simple recipe to combine the 
TIP4P/Ice model, specifically designed for modeling ices and hydrates, 
with the Madrid-2019 force field for ions, initially developed in combi
nation with the TIP4P/2005 water model [106]. This combination was 
motivated by the interest in modeling the freezing point depression of 
ice (or the T3 decrease as a function of salt molality in the case of gas 
hydrates) using accurate force fields for both water and ions. Thus, the 
TIP4P/Ice model, with a melting point of 270 K [107,108], and the 
Madrid-2019 force field, which excellently captures the shift in the melt
ing point [37] and in T3 [39] of ices and hydrates, were selected.

The presence of magnesium and calcium perchlorates on Martian 
soil and subsoil, along with the deep eutectic points of both salts, makes 
the study of freezing point depression for these salts of particular in
terest. While this is beyond the scope of the present work, one opti
mal model combination for such research would be the aforementioned 
Madrid-2019 + TIP4P/Ice. In this study, we present the densities of var
ious perchlorate salts at intermediate concentrations using the proposed 
model combination. As shown in Fig. 8 the results closely match exper
imental data (solid lines) and align well with those obtained using the 
originally developed model in combination with the TIP4P/2005 water 
model.
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Fig. 7. Structural features of perchlorate solutions. (a) O𝑤-Cl𝑝 (b) O𝑤-O𝑝 and (c) Cl𝑝-Na radial distribution functions for 1 m NaClO4 solutions at 298.15 K and at 
1 bar obtained with the models A (blue) and B (red) developed in this work.

Fig. 8. Density as a function of molality at T = 298.15 K and 1 bar for different perchlorate aqueous solutions. (a) Results for model A. (b) Results for model B. 
Blue circles and red squares are the simulation results of this work using models A and B + TIP4P/2005 water respectively. Magenta and green up triangles are the 
simulation results of this work using models A and B + TIP4P/Ice water respectively. Solid black lines: fit of experimental data taken from Ref. [89] for LiClO4, from 
Ref. [90] for NaClO4 and Ca(ClO4)2 and from Ref. [91] for Mg(ClO4)2. Results for LiClO4, Mg(ClO4)2 and Ca(ClO4)2 were shifted up 200, 400 and 600 density units 
respectively for a better legibility.

Nevertheless, one can say that density is primarily determined by 
the 𝜎 parameters of the Lennard-Jones potential which are the same 
in both combinations, and thus we cannot ensure the validity of the 
combination with the TIP4P/Ice model for other properties. For that 
reason, we have studied the viscosities of 2 m and 4 m NaClO4 aqueous 
solutions. This study was carried out at room temperature and pressure, 
due to the lack of available experimental data for transport properties 
at low temperatures.

As we showed in our previous work [106], the viscosity of pure water 
using TIP4P/Ice model is nearly twice that of TIP4P/2005. Therefore, 
transport properties should not be calculated using this combination. In 
Fig. 9(a), we now show the viscosities obtained using model A in com
bination with TIP4P/Ice water. As expected, the absolute viscosities are 
significantly higher than those obtained with TIP4P/2005 water. How
ever, in Fig. 9(b) we plot the change in viscosity 𝜂-𝜂0 (i.e., the difference 
between the viscosity of the model at each concentration and the viscos

ity of the model for pure water). It can be seen that this difference does 
not change dramatically, ensuring that the effect of ions in the solution 
is quite similar.

In any case, while we recommend using the perchlorate model in 
combination with TIP4P/2005 for simulations at room temperature and 
for studying transport properties, the combination with TIP4P/Ice is 
more appropriate at lower temperatures, particularly for studying freez
ing point depression, as the melting temperature of TIP4P/Ice is closer to 
the experimental value. Indeed, TIP4P/Ice has a melting point of 270 K, 
(20 K higher than that of TIP4P/2005 (250 K)), and the system dynam
ics are faster at higher temperatures. Therefore, although the TIP4P/Ice 
combination yields higher viscosities, it would be simulated at a tem
perature 20 K higher for the same degree of supercooling. This results in 
comparable dynamics to those obtained with the perchlorate force field 
in combination with TIP4P/2005.
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Fig. 9. (a) Viscosity (𝜂) as a function of molality at T = 298.15 K and 1 bar for NaClO4 aqueous solutions at different concentrations. (b) Difference between the 
viscosity at each concentration (𝜂) and the viscosity of pure water for each model (𝜂0) as a function of concentration for aqueous NaClO4 solutions at 298.15 K and 
1 bar. Blue circles are the simulation results of this work using model A + TIP4P/2005 water. Magenta up triangles are the simulation results of this work using 
model A and TIP4P/Ice water. Solid black lines: fit of experimental data taken from Ref. [93].

Thus, in principle, the model can be used in future studies of freezing 
depression by combining the Madrid-2019 force field and the TIP4P/Ice 
model of water, although for other properties of aqueous solutions, as 
mentioned in this text, it is more appropriate to use TIP4P/2005.

5. Conclusions

In this work, we have developed a force field for the perchlo
rate anion (ClO−

4 ) using a scaled charge of -0.85, in combination with 
the previously developed cations from the Madrid-2019 force field 
[65,66,77,78]. We propose two different charge distributions (i.e., two 
models) for the perchlorate anion. In Model A, the charge assigned to 
the Cl𝑝 atom is q = +0.35e (thus, the charges on the O𝑝 atoms are q = 
-0.30e), and in Model B, the charge on the Cl𝑝 atom is q = 0e (thus the 
charges on the O𝑝 atoms are q = -0.2125e). The Lennard-Jones parame
ters are the same for both models, but the charge distribution influences 
several studied properties. We have adjusted the models to reproduce 
the experimental densities of several soluble perchlorate salts, namely 
LiClO4, NaClO4, KClO4, Mg(ClO4)2, and Ca(ClO4)2, up to the solubility 
limit of each salt.

Once the densities were reproduced by both models, we studied the 
effect of charge distribution on transport properties. We found that both 
models overestimate the experimental viscosities, but Model A, with 
more disparate partial charges, provides lower viscosity values, demon
strating the impact of charge distribution on this property. This effect 
had been previously noted for other ions but it had not been studied in 
detail [55,65--67]. For diffusion coefficients, we also observed the in
fluence of charge distribution, with the computed results for Model A 
being higher than those for Model B. However, in this case, the experi
mental diffusion coefficients are well-described by the simulation results 
of Model A.

The TMD of the developed models was also calculated at 0.4 m 
and compared with experimental data, which were also obtained. The 
comparison shows good agreement with the experiments, with Model 
B (with less disparate charges) performing slightly better. Additionally, 
structural features of these solutions were studied, revealing a hydration 
number of approximately 15 water molecules around the perchlorate an
ion for both models, a number of 0.3 contact ion pairs, and an O𝑤-O𝑝
distance of 3.28 Å for both models, which is close to the experimental 
value of 3.07 Å reported by IR [104]. Finally, we tested the compati
bility of the developed models with the TIP4P/Ice water force field for 
future studies on freezing depression. We observed excellent agreement 
between the simulated densities using the proposed model combined 
with TIP4P/Ice water and the experimental densities.

Taken together, the results of this work present a reliable force field 
for the perchlorate anion in aqueous solutions, which can be used for 
a wide range of studies, particularly given the increasing importance of 

perchlorate due to its presence on Mars and to the property of perchlo
rates to significantly lower the freezing temperature of water in solutions 
[11,14,15]. Additionally, we provide an extensive discussion on the ef
fect of charge distribution in polyatomic ions, observing that mainly the 
TMD and transport properties are influenced by this factor.

Although more properties should be addressed to properly evaluate 
the overall performance of the two proposed models A and B (and the 
worse model C, presented in the Supplementary Material), given the 
results of this work, we suggest the use of model A for the perchlorate 
anion in combination with either TIP4P/2005 or TIP4P/Ice for water.
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Appendix A. Implementing the force field of ClO−
𝟒 in MD 

programs

In this work the perchlorate anion is treated as a rigid body (i.e., 
all bond angles and distances are fixed and the anion exhibits a per
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fect tetrahedral geometry). Imposing a tetrahedral rigid geometry in MD 
runs may be tricky (in Monte Carlo codes it does not introduce any com
plexity). One possibility is to use quaternions to integrate the equations 
of motion for the rotation of the rigid molecules of the system (includ
ing the perchlorate anion). Quaternions are indeed incorporated in MD 
codes such as LAMMPS [109]. However, they are not found in other 
MD programs and besides they are used rarely nowadays. The second 
possibility is to implement the rigidity by using constraints on the bond 
lengths. This is the procedure used in this work. We have done that 
by imposing constraints on the six O𝑝-O𝑝 distances (imposing the value 
2.335 Å) and determining the position of Cl𝑝 as the geometrical center 
of the four O𝑝 positions. This guarantees the rigid tetrahedral geom
etry (with Cl𝑝-O𝑝 distances of 1.43Å and O𝑝-O𝑝 distances of 2.335Å). 
The six constraints on O𝑝-O𝑝 bond lengths are implemented using the 
SHAKE algorithm [76] and Cl𝑝 is treated as a dummy atom of zero mass 
whose mass has been distributed among the four oxygen atoms O𝑝 of 
the perchlorate anion. This mass redistribution affects slightly the rota
tional dynamics of the perchlorate anion (it increases the inertia moment 
of the perchlorate anion and the rotational dynamics becomes slightly 
slower) but has almost no impact on the translational dynamics. Notice 
also that in classical statistical mechanics the thermodynamic properties 
(densities, enthalpies, TMD, freezing point depressions, radial distribu
tion functions, etc) are not affected by the mass of the atoms of the 
system. Thus thermodynamic properties are not affected by this inter
nal mass redistribution. The SHAKE algorithm [76] is implemented in 
LAMMPS and also in versions of GROMACS up to a few years ago. There
fore, the force field presented in this work can be implemented easily 
using either LAMMPS or some GROMACS versions. However, we would 
like to give another extra option for those MD codes without quaternions 
or without the SHAKE algorithm (or simply for users of GROMACS pre
ferring the LINCS algorithm for constraints). For this purpose we have 
generated a new version of the force field where the condition of full 
rigidity is slightly relaxed. This is achieved by imposing constraints only 
to the Cl𝑝-O𝑝 distances, and including intramolecular O𝑝-O𝑝 interactions 
(in the rigid version intramolecular O𝑝-O𝑝 interactions are not included 
but they should be considered in the flexible version of the force field 
in order to keep a tetrahedral flexible geometry). In this case one can 
use for instance LINCS [110] to constraint these four distances (or any 
other algorithm available for constraining bond lengths). The perchlo
rate now has a little bit of flexibility so that it has small deviations from 
the perfect tetrahedral geometry. In this alternative the O𝑝-O𝑝 distances 
are left flexible, resulting in a slightly deformable, but on average tetra
hedral, geometry. This geometry allows for a realistic mass distribution, 
avoiding the need to reassign the Cl𝑝 mass to the oxygen atoms, also 
resulting in a less perturbed rotational dynamics. We shall denote this 
particular implementation as Flexible, and that using SHAKE and a per
fect tetrahedral geometry as Rigid. Notice that with the Flexible version 
it is also possible to use a time step of 2 fs so that the Flexible ver
sion is not slower than the rigid one. We shall now discuss briefly the 
results for Model A, implemented with the ``Rigid'' and with the ``Flexi
ble'' topologies for the densities, viscosities, and diffusion coefficients of 
water. Although results are shown for Model A, the Flexible approach 
can also be used with Model B. In the Supplementary material (first five 
Tables) the densities obtained when using the Flexible and Rigid imple
mentations of Model A are compared. The differences were found to be 
quite small (smaller than 0.2% in all the cases). Thus, the equations of 
state of the Flexible and Rigid implementations are almost identical.

With respect to transport properties in Table VIII the diffusion co
efficient of water at high concentrations is presented for the Rigid and 
Flexible versions of the force field (Model A). Again, the diffusion co
efficients are quite similar in both cases for all the perchlorate aqueous 
solutions considered in this work.

Finally, we have also computed the viscosity for model A of Na
ClO4 at 298.15 K, 1 bar and a concentration of 4 m using the Flexible 
and Rigid implementations of the force field. With the Flexible one 
we obtained 1.38(0.03) mPa⋅s, whereas with the Rigid we obtained 

Table VIII

Diffusion coefficient of water 𝐷𝑤𝑎𝑡 in several perchlorate ionic solu
tions using the rigid and flexible versions of the force field. Results 
were obtained for Model A at 1 bar and 298.15 K. The results include 
hydrodynamic corrections of Yeh and Hummer.

𝐷𝑤𝑎𝑡 ⋅109 (m2s−1) 
Salt m (mol/kg) Flexible Rigid 
LiClO4 5 1.35 1.34 
NaClO4 4 1.59 1.61 
Mg(ClO4)2 4 0.73 0.68 
Ca(ClO4)2 4 0.80 0.83 

1.42(0.03) mPa⋅s, being the experimental value 1.23 mPa⋅s. Therefore, 
the two models (Rigid and Flexible) have almost identical viscosities, 
being slightly lower (but almost within the error bar) for the Flexible 
version and slightly closer to the experimental value.

As a conclusion, both implementations of the force field, the Rigid 
and the Flexible, yield quite similar results for thermodynamic and 
transport properties and can be used with confidence. The user can se
lect the most convenient implementation depending on the available 
software or any other physical reason.

Appendix B. Supplementary material

In the Supplementary Material we have collected the raw simulated 
and experimental data for densities, viscosities, diffusion coefficients of 
water and temperature of maximum in density. Comparison with model 
C is also shown in Supplementary Material. Besides, we provide the 
topology files for the developed models.

Supplementary material related to this article can be found online at 
https://doi.org/10.1016/j.molliq.2025.128035. 

Data availability

The data that support the findings of this study are available within 
the article and in the Supplementary Material.
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