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ABSTRACT
The isothermal compressibility and self-diffusion coefficient of water in Li+, Na+, K+, Mg2+ and Ca2+
chloride and sulfate salts aqueous solutions is calculated by means of molecular simulations using
the Madrid-2019 force-field, that uses TIP4P/2005 model for water and assigns scaled charges for
ions. Our simulations predict that the isothermal compressibilities of these salts retain the anoma-
lous behaviour of water, i.e. compressibility increases as temperature decreases, contrary to the
behaviour of normal liquids. Amaximum in the isothermal compressibility, analogous to that of pure
water, is observed for someof the salt solutions. For the 1mNaCl solution, simulations are performed
at several pressures up to 1000 bar to estimate the location of the second critical point. We estimate
that the liquid-liquid critical point is located at 190 K and 1000 bar, i.e. it is shifted to slightly higher
temperatures and lower pressureswith respect to themost accurate estimationof its location in pure
TIP4P/2005 water (172 K and 1861 bar). Regarding the self-diffusion of water, all salts increase water
mobility in the very supercooled regime (at temperatures within 200–230 K), with K2SO4 producing
the largest increase in water mobility, while MgCl2 and MgSO4 are the least effective in enhancing
the self-diffusion coefficient of water.
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1. Introduction

Liquid water exhibits unusual behaviour in the super-
cooled regime. The maximum in density at 4◦C (at
room pressure) is the best-known anomaly, but there
are many others. The isothermal compressibility, the iso-
baric heat capacity, the thermal expansion coefficient,
the diffusion constant, the viscosity, the proton and oxy-
gen spin relaxation time and dielectric relaxation time,
all follow a power-law behaviour with temperature, sug-
gesting an apparent singularity at −45◦C [1,2]. These
observations had led to the hypothesis of the existence
of a second liquid-liquid critical point corresponding
to a transition between a high density liquid (HDL)
and a low density liquid (LDL), located in the high
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supercooled regime below the temperature of homoge-
neous ice nucleation [3], making its experimental iden-
tification challenging. According to this conjecture, the
extrema in the above mentioned properties occur when
the Widom line emanating from the critical point is
crossed [4]. The existence of such second critical point is
supported by the experimental observation of a seemly
first-order phase transition between two glass states of
water, known as high-density amorphous (HDA) and
low-density amorphous (LDA) ices [5–7]. Further sup-
port comes from recent simulation studies that show that
realistic models of water (TIP4P/2005 [8], TIP4P/ice [9],
as well as the machine learning Deep Potential MD [10])
indeed present liquid-liquid phase separation, with the
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critical point being located at about T ∼ 170–240K
and p ∼ 400–2600 bar, depending on the model poten-
tial [11–15]. For example, for TIP4P/2005 it appears at
172K and 1861 bar [12] and for TIP4P/Ice at 188.6 K and
1725 bar [14].

Several strategies have been proposed to experimen-
tally confirm the existence of this liquid-liquid critical
point (LLCP). For example, by confining liquid water
or using nanometric size droplets, it is possible to lower
the crystallisation temperature [16]. Alternatively, it has
also been shown that solutes can shift the critical point
to higher temperatures and the homogeneous ice nucle-
ation line to lower temperatures, facilitating the direct
observation of the second critical point [17]. Diluted salt
aqueous solutions have allowed to observe a transition
between LDA and HDA with an associated volumetric
change [18]. A few simulation studies have also addressed
the effect of adding salt on water anomalies and the loca-
tion of the LLCP [19–21]. Initial simulations using the
TIP4P model for water and the Jensen and Jorgensen
model, which assigns integer charges to the ions, indicate
that a moderate concentration of NaCl shifts the critical
point to higher temperatures and lower pressures [22]. A
LLCP was also found in simulations (using the Madrid-
2019 model, which assigns scaled charges to the ions,
together with the TIP4P/2005 model for water) of a low
concentrated LiCl solution, which again was located at
slightly higher temperatures and lower pressures than in
bulk water [23].

The addition of salt also changes the dynamic
behaviour of water both at room conditions and in the
supercooled regime. At normal pressure, the diffusion
of pure water decreases by up to five orders of mag-
nitude from room temperature down to 200K [24,25].
Simulations using the E3B3 model, which reproduce this
result, also predict that the diffusion constant exhibits
a sigmoidal shape as the Widom line emanating from
the second critical point is crossed, which becomes a
discontinuity at pressures above the critical one [26].

Salts have been classified as ‘structure breakers’ or
‘structuremakers’ depending on the change they effect on
the self-diffusion of water: the latter induce a reduction
of water mobility as concentration increases, whereas
in the former, water self-diffusion first increases upon
the addition of salt until it reaches a maximum before
decreasing for high salt concentrations. However, this
classification is not straightforward. For example, Kim
and Yethiraj showed by simulations that NaCl acts as
a structure maker at room temperature, but becomes a
structure breaker at temperatures below freezing [27].
Further combined simulation and experimental stud-
ies on the diffusion of water in several electrolyte solu-
tions at room temperature revealed the deficiencies of

several model potentials in reproducing the experimen-
tal behaviour [28]. Whereas in experiments some salts
induce a reduction of the self-diffusion of water, oth-
ers, such as KCl, KBr, KI, CsCl, CsBr and CsI lead to
an enhancement of water mobility. However, none of
the considered model potentials (including two polaris-
able models) capture the increased diffusion of water in
these salts. Using ab initio molecular dynamics simula-
tions, Ding et al. were able to qualitatively reproduce the
experimental findings, but with some quantitative differ-
ences [29], highlighting the need to incorporate the elec-
tronic degrees of freedom to capture the experimental
behaviour.

Kann and Skinner [30] revisited the problem and,
inspired by the works of Leontyev and Stuchebrukhov
[31–33], assigned scaled charges to the ions. This scal-
ing allows to incorporate in a implicit way the screening
of the electric continuum: qeff = q/√εel, with εel being
the high frequency dielectric constant. These authors
demonstrated that the dependence of self-diffusion on
salt concentration aligns with experimental results when
scaled charges are assigned to the ions. This adjustment
successfully recovers the enhanced diffusion of water
observed for certain salts in experiments. A recent sys-
tematic study showed that scaled charges can be fitted
to reproduce transport properties quite accurately but at
the cost of loosing some accuracy on thermodynamic
properties [34,35]. Following a different approach, which
uses simple models that allow charge transfer between
molcules [36], Yao et al.managed to reproduce the exper-
imental water diffusion coefficient of NaCl and KCl solu-
tions as a function of concentration at ambient condi-
tions [37]. But it remains to be seen how charge transfer
force-fields perform when dealing with thermodynamic
properties, such as densities, solubilities, etc [38].

The use of scaled charges has been adopted by
several research groups and is becoming increasingly
widespread. Indeed, the recently proposed Madrid-2019
force-field [39,40] employs scaled charges and offers
parameters for all alkaline and halogen ions in solu-
tion parameterised in conjunction with the TIP4P/2005
model for water. This force-field provides a rather good
overall description of electrolyte solutions, reproducing
fairly well the densities, viscosities and diffusion coef-
ficients of salt solutions up to the solubility limit at
room conditions [39]. It also captures the shift in the
temperature of maximum density at low salt concen-
tration [41,42], and the freezing point depression [43],
among other properties. Still, it is important to recog-
nise that a single parameterisation is unable to predict
all the properties accurately [34,44]. In view of this, some
authors suggest that further improvementwill come from
machine learned potentials [45,46]. Nevertheless, further
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studies using simple potentials with scaled charges can
provide valuable insights into the origin of their successes
and failures which can be useful for further force-field
development.

The main goal of this work is to investigate by com-
puter simulation the effect of adding salt on the anoma-
lous behaviour of supercooled salt solutions. As men-
tioned before, the anomalous behaviour of water might
persist upon the addition of low concentrations of salts,
and certain salts might even shift the LLCP to higher
temperatures and lower pressures, facilitating its exper-
imental verification. The study is performed using the
Madrid-2019 force-field [39] in which water is mod-
elled with TIP4P/2005 [8]. TIP4P/2005 reproduces rea-
sonably well the properties of supercooled water [47].
TIP4P/2005 is able to capture the shift to lower temper-
atures of the maximum density and the isothermal com-
pressibility maximum, as pressure increases [47–49]. It
also reproduces rather well the dynamic behaviour, find-
ing good agreement with experiments for the diffusion
coefficient and viscosity [47,50]. Given the good over-
all performance of Madrid-2019 force-field, in this work,
we explore the properties of supercooled salts solutions,
focussing in particular, in the isothermal compressibility
and in the self-diffusion coefficient of water. The shifts
effected by the salts on the location of the isothermal
compressibility (which defines the Widom line emanat-
ing from the LLCP) can be used to infer the location
of the hypothetical LLCP. Our exploratory study of self-
diffusion of water in supercooled salt solutions indicates
that all the salts increase the diffusion of water at low
temperatures. The enhancement in water mobility in salt
solutions in the supercooled regime is corroborated by
the few available experimental studies, but we hope that
this article stimulates further experimental studies on
this topic.

2. Simulation details

Molecular Dynamics simulations were performed with
GROMACS [51]. The simulations were carried out in
the NpT ensemble. Newton’s equations of motion were
integrated with a leap-frog algorithm using a time step
of 2 fs. Temperature and pressure were controlled using
the Nose-Hoover [52,53] thermostat and the Parrinello-
Rahman [54] barostat, bothwith a relaxation time of 2 ps.
Interactions between water molecules were described
using the rigid non-polarisable TIP4P/2005 [8] and ions
were modelled using the Madrid-2019 [39] force-field
which was parameterised specifically for TIP4P/2005.
A cutoff radius of 1 nm was employed for the disper-
sive and the real part of electrostatic interactions. Long
range electrostatic interactions were taken into account

using the Particle Mesh Ewald Method [55,56]. Stan-
dard long-range corrections to Lennard-Jones energies
and pressures were applied [57]. The geometry of the
water molecules was constrained using the LINCS [58]
algorithm except when the system included the sulfate,
in which case SHAKE [59] was used as it has been proven
more efficient. The high symmetry of the sulfate anions
poses some technical problems for the geometry con-
straint algorithms [40]. These can be avoided by treating
sulfur as a massless atom and redistributing its mass on
the remaining atoms of the ion. Thermodynamic prop-
erties are not affected by mass. The mass redistribution
leads to a higher moment of inertia of the sulfate anion
and, hence, to a lower rotational dynamics. However,
since the total mass is conserved, we do not expect the
translational dynamics to be significantly affected.

Simulations were performed in a cubic simulation box
containing 555 water molecules and the corresponding
number of ions to achieve 1 molal (i.e. 1 mol of salt per
kg ofwaterwhich corresponds in practice to 10molecules
of salt into 555 molecules of water) and 2 molal (cor-
responding to twenty molecules of salt) concentrations.
Periodic boundary conditions were applied in the three
directions of space.

The isothermal compressibility and self-diffusion of
water in sodium, lithium, potassium, magnesium and
calcium chloride and sulfate salts aqueous solutions at
1m and 2m concentrations were calculated over a broad
range of temperatures, down to about 200K. Notice that
all simulations below 240K are metastable with respect
to crystalisation of water as the freezing temperature of
the TIP4P/2005 model is 250K, and for the solutions
and concentrations of this work we expect decreases of
about 4–8K of the freezing temperature [43]. They are
also likely to be metastable with respect to salt precipita-
tion at the lower temperatures and, some of them, even
over the whole range of temperatures. Even though the
solubility of these salts modelled with the Madrid-2019
model has only been calculated for NaCl at room pres-
sure, some salts (K2SO4 andCaSO4) are known to be very
poorly soluble at room conditions. However, we did not
observe either ice formation or salt precipitation, as these
are activated processes that must overcome a free energy
barrier.

The isothermal compressibility is defined as:

κT = 1
ρ

(
∂ρ

∂p

)
T

(1)

It is related to volume fluctuations in the isothermal-
isobaric ensemble:

κT = 〈V2〉 − 〈V〉2
kBT〈V〉 (2)
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where 〈V〉 is the average volume of the system and kB
is the Boltzmann constant. We used the fluctuation for-
mula Equation (2) to obtain κT . Rather long simulations
were needed to reduce statistical errors in the estimation
of κT . Typically, simulations are run by hundreds of ns at
the higher temperatures (T �240K) and up to 3 µs at the
lower temperatures (T �240K). We checked that at the
lower temperatures, water molecules diffuse a distance
larger than itsmolecular diameter over a period of 100 ns,
which is a requirement that ensures that a reasonable
sampling is achieved in our simulations.

The self-diffusion of water in the salt solutions was
estimated using the Einstein relation:

D = lim
t→∞

1
6t

〈
1
N

N∑
i=1

[ri(t) − ri(0)]2
〉

(3)

where ri(t) and ri(0) are the vector positions of the water
molecule i (taken as the vector position of the oxygen) at
time t and at the initial time, N is the number of water
molecules, and the brackets denote an ensemble average.
The diffusion coefficient was estimated from a linear fit of
the mean squared displacement (MSD), averaged using
multiple time origins along the simulations, as a func-
tion of time. For temperatures above 215K, the linear
fit was typically done after 2 ns, whereas for T � 215K
after 10 ns was taken to ensure that the diffusive regime
had already been established. Previous simulations have
shown that, at low temperatures, the mean square dis-
placement of water exhibits a plateau region between the
ballistic and diffusive regimes, caused by the fact that,
at low temperatures, water molecules need more time to
escape from their neighbour cages [60]. Further details
about this issue are given in Section 3.3.

It is well known that the estimation of the diffu-
sion coefficient by simulations is affected by finite-size
effects [61]. Yeh and Hummer proposed an analytical
expression to account for this effect [62]. However, since
the viscosity of the solution as a function of temper-
ature needs to be known to calculate such correction,
and considering the wide range of thermodynamic states
studied in this work, we have evaluated the outreach of
system size effects for three systems containing 555, 2220
and 4440 water molecules (Nw) for NaCl at 298.15K
1m and 2m. We found that for pure water and NaCl
solutions, when the largest system is taken as a refer-
ence, the difference in diffusion for the smallest system
is around 6 %, and about 1.5 % for the intermediate box.
This might seem a non-negligible deviation. Neverthe-
less, throughout this work, we evaluate the relative water
diffusion D/D0, where D is the diffusion of water in the
solution and D0 stands for the self-diffusion of (pure)

water. The evaluation of the relative diffusion shows devi-
ations below 1.5 and 0.1 % for the systems Nw = 555 and
Nw = 2220 respectively. Furthermore, since the size cor-
rection is directly proportional to the temperature and
inversely proportional to the viscosity (which increases
as T is lowered), we expect that the correction will actu-
ally be smaller at lower temperatures. Note that the low
dependency of the ratio D/D0 with the system size in
salt solutions has been previously reported in the liter-
ature [28].

3. Results

3.1. Effect of pressure on the density and κT of a
NaCl solution

The variation of the density with temperature of a 1m
NaCl solution along a few isobars within 1–1000 bar is
shown in Figure 1(b). As already reported in our previous
work [41], at room pressure the density exhibits a maxi-
mum at 260.7 K, which is in fairly good agreement with
the experimental estimation (262.7 K). The values of den-
sities are also very close to themeasurements available for
temperatures within 270–300K [41]. The simulated den-
sity at room pressure exhibits a minimum at about 195K.
The existence of a minimum in the density of pure water
has been reported in experiments [63] (of water confined
in narrow pores) and in simulations using several water
models (TIP4P/2005 [47], TIP4P/ice [14], TIP5P and
ST2 models). TIP4P/2005 locates the minimum in den-
sity at 200K at room pressure, i.e. the addition of 1m of
NaCl displaces theminimumby about 5 K,which ismuch
lower than the shift of about 16K in the temperature of
maximum density (TMD).

The density of the 1m NaCl solution increases with
pressure and the TMD shifts to lower temperatures, from
260.7 K at roompressure to 240.4 K at 1000 bar. This gives
a roughly constant shift of about 15–17K with respect
to the TMD of water for all pressures. The location of
the TMD in the solution at different pressures is given in
Table 1, together with that of pure TIP4P/2005water. The
Madrid-2019 provides fairly accurate results of the exper-
imental densities, which are available only (at 400 bar and
higher pressures) forT>273K. Theminimum in density
was only observed at roompressure. It is possible that this
minimum still exists in the NaCl solution for p>400 bar
but at lower temperatures than those explored in this
work. However, exploration of the configurational space
becomes prohibitively expensive for temperatures below
T =190–180 K due to the slow dynamics of the system.

The isothermal compressibility is shown inFigure 1(a).
At temperatures above 273K, the isothermal compress-
ibility becomes lower as pressure increases both in pure
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Figure 1. (a) Isothermal compressibility as a function of temperature along the 1, 400, 700 and 1000 bar isobars. For comparison, results
for pure TIP4P/2005 water from Ref. [48] are also shown (dotted lines). Circle-filled lines: 1m NaCl solutions (Madrid-2019); diamonds:
experimental data from Ref. [64]. (b) Density of a 1m NaCl solution as a function of temperature for the same isobars. Symbols are the
same as in panel (a). Squares: experimental data from Ref. [41].

Table 1. Temperature of maximum density (TMD) and temper-
ature of maximum κT (TMκT ) as a function of pressure for
TIP4P/2005 water and the 1m NaCl solution simulated with the
Madrid-2019 force-field.

TMD (K) TMκT (K)

p (bar) Water 1m NaCl Water 1m NaCl

1 277.3 260.7 229.6 217.5
400 270.4 255.5 221.8 207.0
700 265.0 247.8 211.4 198.0
1000 256.2 240.4 201.7 190.0

water and in the salt solution. The magnitude of κT
decreases with the addition of salt. At the same thermo-
dynamic conditions κT is lower in the 1m NaCl solution
than in pure water. In this temperature regime, isother-
mal compressibilities obtained with the Madrid-2019
model are in very good agreement with the experimental
measurements [64]. Moving now to the highly super-
cooled regime, at room pressure, the isothermal com-
pressibility κT of pure TIP4P/2005 water exhibits a max-
imum at about 230K that becomes more pronounced
and shifts to lower temperatures as pressure increases.
The location of the maxima at room pressure is in fairly
good agreement with experiments, although the peak
in the isothermal compressibility is about twice more
pronounced in experiments than in the TIP4P/2005
model [14]. The 1m NaCl solution exhibits a similar
qualitative behaviour to that of pure water, but the max-
ima are shifted about 10K to lower temperatures (see
Table 1) and themagnitude of κT is lower in the 1mNaCl
solution as compared to that of pure water at tempera-
tures above 273K and at the maximum. Thus, in NaCl
solutions at 1m, the TMD is shifted by about 15K with
respect to that of pure water for pressures up to 1000 bar,

but the maximum in compressibility determining the
Widom line is shifted by a smaller amount (around 10K).

The maxima in κT mark the location of the Widom
line emanating from the second critical point, but, by
itself, this line does not provide an estimation of the
LLCP. With the aim of locating the LLCP in the 1m
NaCl solution, the maxima (along the isobars) in the iso-
baric heat capacity (Cp) are also drawn in Figure 2. Heat
capacities were calculated from the fluctuations in the
instantaneous enthalpy [57]. It is known that the Cp of
water can only be properly described in simulations that
explicitly incorporate nuclear quantumeffects [65]. Thus,
we do not expect a good agreement between the Cp pro-
vided by the Madrid-2019 force-field and experiments.
Nevertheless, the maxima in Cp are useful to obtain an
estimate of the LLCP in the salt solution, as the lines
of maximum κT and Cp should converge at the critical
point. Extrema in the response functions as the Widom
line is crossed do not occur at the same thermodynamic
conditions but they should merge at the critical point. As
can be seen in Figure 2, both lines converge at T = 190K
and p = 1000 bar, i.e. the LLCP shifts by about 18K
to higher temperatures and by about 800 bar to lower
pressures with respect to that of pure water (located at
T = 172K and p = 1861 bar [12]). This shift is quali-
tatively consistent with previous estimates for a 0.67m
NaCl solution derived from simulations with using the
Jensen and Jorgensen force-field with integer charges in
the ions and the TIP4P for water [20,22]. The shift pre-
dicted by Corradini et al. is similar in temperature (about
10K) but significantly larger in pressure (about 2000 bar,
occurring at negative pressures) than the shift predicted
in this work using the Madrid-2019 force-field. It has
been suggested in the literature that adding salt produces
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changes in the hydrogen bond network of water similar
to those observed by applying pressure [67,68]. However,
this view has been recently challenged by simulations
using machine learning force-fields (trained with ab ini-
tio calculations), which indicate that distortions caused
by the ions are restricted to the first coordination shell
and are different from those observed by applying pres-
sure [69]. A detailed microscopic analysis of the effect of
ions on the structure water is beyond the scope of this
work. However, our results on the TMD and κT do not
to support that the effect of salt is analogous to that of
pressure. As can be seen in Figure 2, the shift in the TMD
when adding 1m NaCl of salt at room pressure is simi-
lar in magnitude to that observed by applying a 1000 bar
pressure to pure water. However, the evolution of κT with
temperature is significant different (see Figure 1(a)). The
maximum of κT in pure water at 1000 bar occurs at lower
temperatures than in the 1mNaCl solution at room pres-
sure, and the height of the peak is substantially higher
in water at 1000 bar. Thus, our results also indicate that
the parallelism between addition of salt and applying
pressure should be taken with care.

3.2. Effect of chloride and sulfate salts on κT

The isothermal compressibility as a function of tempera-
ture at roompressure for various chloride and sulfate salts
at 1m and 2m concentrations is shown in Figure 3.

Let us start by discussing the results at 1m concentra-
tion. At temperatures above 273K, all the chlorides lower
κT , with the extent of this reduction correlating with the
valency of the cations.Monovalent cations (Li+, Na+ and
K+) decrease κT by around 10%,whereas divalent cations
(Mg2+ and Ca2+) reduce it by about 15%. However, this
trend does not hold for the sulfates. In this case, all the
cations decrease κT by about 20%, regardless of their
valency. For 1m sulfate salts, the compressibility seems
to follow a universal behaviour above 240K regardless of
the cation. The same is true for the 2m sulfate solutions,
although in this case the K2SO4 deviates somewhat from
the universal behaviour. One possible explanation for the
stronger dependence of κT on the cation in chloride salts
compared to sulfate salts is that, due to the large size of
the sulfate anion relative to the cations, the thermody-
namic behaviour is primarily dominated by the sulfate
anion, with the cations playing a secondary role. Fur-
ther research is needed to confirm this hypothesis. For all
1m salt solutions, κT exhibits an anomalous dependence
on temperature. As in pure water, κT increases when the
temperature decreases, contrary to what occurs in simple
liquids. In the supercooled regime, κT exhibits a max-
imum for the majority of the salts. These maxima are
shifted to lower temperatures compared to themaximum

Figure 2. Pressure-temperature diagram showing the maximum
isothermal compressibility and maximum density lines for pure
water (red lines and red symbols) and a 1m NaCl solution (blue
lines and blue symbols). Dashed lines are fits to the simulation
results. For the salt solution, the line of maximum heat capacity
(Cp) is also drawn. Thepoint atwhich themaxima inκT andCp con-
verge provides an estimate of the LLCP,marked by the blue square
(190 K, 1000 bar). The red square signals the LLCP in TIP4P/2005
water (172 K, 1861 bar from Ref. [12]). Simulation results for pure
water were taken from Ref. [48] and experimental data of the
water TMD line were taken from Ref. [66].

of κT in purewater. The exceptions areCaCl2 and Li2SO4,
for which a pronounced enhancement of κT is observed
at the lower temperatures simulated, but not amaximum.
If κT exhibits a maximum in those solutions, it is shifted
to very low temperatures. The maximum value of κT is
lower in the chloride salts than in pure water. This is
specially evident for MgCl2, which produces only a very
mild peak around 235K. However, in the sulfate salts, the
opposite is observed. Themaximum value of κT is higher
than that of pure water.

For the 2m solutions, at temperatures above 273K, the
magnitude of κT is further reduced compared to that of
the 1m solutions (see the right panels of Figure 3). But
the trends observed in the effects exerted by specific ions
at 1m also hold at 2m, with a few exceptions. For the
chloride salts, the extent of the reduction of κT is again
correlated with the valency of the ions, as observed at
1m. The drop of κT is higher for divalent ions, but the
difference between the κT in the MgCl2 and CaCl2 solu-
tions is somewhat larger than that observed at 1m. All
sulfate salts have a similar κT in this temperature regime,
also in keeping with the trends observed at 1m. K2SO4
represents a notable exception, with a somewhat larger
κT than the remaining sulfate salts. Focusing now on the
dependence of κT on temperature, the variation of κT
at temperatures between 273–300K is quite mild for all
salts. Indeed, except for MgCl2 and CaCl2, the results
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Figure 3. Isothermal compressibility of aqueous electrolyte solutions at 1m (left) and 2m (right) as a function of temperature along the
1 bar isobar, as calculated in MD simulations using the Madrid-2019 force-field. The top panels show results for chloride salts and the
bottom panels for sulfate salts.

can be coherent with a scenario in which κT reaches a
minimum in this temperature range, although further
simulations are needed to confirm this. Note that the
minimum of κT in pure TIP4P/2005 water is estimated
to occur at about 310K [47]. Our results suggest high
concentrations of salt might shift the minimum to lower
temperatures.

For the 2m solutions and temperatures below 273K,
κT retains its anomalous behaviour, with κT increasing
as temperature lowers for all the salts. For the chlorides,
maxima are only observed for NaCl and LiCl. In both
solutions, the maximum in κT is further shifted lo lower
temperatures in comparisonwith that of the 1m solution.
As for the sulfates, MgSO4 is the only salt that retains the
maximum in κT , which is shifted again to lower temper-
atures and adopts a lower height than in the 1m solution.
The case of K2SO4 is also quite remarkable, as it exhibits
a rather steep increase as temperature approaches 200K.

Unfortunately, we are not aware of many experimental
results on the isothermal compressibility of salt solu-
tions. We only found some data for a few salts (NaCl,
MgCl2 NaSO4 and MgSO4), restricted to temperatures
above 273K [70]. The values of κT obtained with the

Madrid-2019 model are compared to experimental mea-
surements in Table 2. As can be seen, the Madrid-2019
model correctly reproduces the drop in κT when salt
is added, and the magnitude of κT is also rather close
to the experimental data, with relative differences lower
than about 5%. Remarkably, theMadrid-2019 force-fields
predicts the right order in which those salts reduce κT
as compared to experiments, with NaCl exhibiting the
largest value of κT andNa2SO4 the lowest value of κT (see
Table 2). Additionally, experiments predict a mild varia-
tion of κT with temperature within 273K–318K, which
is also consistent with the results of the simulations.

3.3. Water self-diffusion coefficient in salt solutions

The self-diffusion ofwater in the solutions (D) is reported
with respect to the self-diffusion of pure water (D0)
at the same thermodynamic conditions, represented as
D/D0. The TIP4P/2005 model provides a reliable esti-
mate of water diffusion at room conditions, leading to
a slight underestimation of the experimental results (or
a 1% overestimation when finite-size effects are taken
into account) [8,72]. In this work, we evaluated the water
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Table 2. Comparison of the isothermal compressibility for some
salt solutions at roompressure and at 273 K asmeasured in exper-
iments [70] and obtained with the Madrid-2019 force-field. The
experimental concentration of each solution is shown in paren-
theses in the first column. The experimental value ofκT purewater
is taken from Ref. [71].

105 κT (bar−1)

System Exp. Madrid-2019 %Err

Pure water 5.09 5.00 1.8
NaCl (1.0615m) 4.40 4.29 2.5
MgCl2 (0.9837m) 4.01 3.79 5.5
MgSO4 (0.9247m) 3.84 3.74 2.6
Na2SO4 (1.0020m) 3.64 3.54 2.7

diffusion constant down to 200K. The mean square dis-
placement (MSD) of water for some selected tempera-
tures is shown in Figure 4(a). As reported in previous
work [60], at the lower temperatures three regions can
be differentiated in the evolution of MSD with time.
Between the ballistic and diffusive regime, there is a
stage in which the MSD remains constant for some time,
reflecting that water molecules reside for some time
within cages formed by its neighbours before reaching
the diffusive regime. This caging is also present in the
salt solutions (although in some cases it occurs at shorter
times than those used to calculate the MSD). Figure 4
clearly shows that the times from which the slope was
measured (larger than 2 ns for T>215K and than 10 ns
for T<215K) is in the diffusive regime and it is not
affected by caging.

Only the diffusive regime was taken into account to
calculate the diffusion constant from the Einstein relation
Equation (3). As can be seen in Figure 5, TIP4P/2005 suc-
cessfully captures the experimentally observed reduction
of the diffusion constant by up to four orders of magni-
tude from room temperature to 200K. TIP4P/2005 pro-
vides estimates of D0 somewhat higher than the exper-
imental values below 240K. But, in general, it can be
derived that using TIP4P/2005 for water ensures that
the scaling of D with respect to D0 does not introduce
a significant error due to a poor prediction of D0, nor
does it mask a potential cancellation of errors between D
and D0.

3.3.1. Dependence of D/D0 on salt concentration
The effect of salt concentration on the diffusion of water
for the chloride salts at ambient conditions is shown
in Figure 6, together with experimental data [75]. The
Madrid-2019 force-field tends to overestimate the effect
of salt concentration for all the chloride salts, but it suc-
ceeds in predicting the correct order of the magnitude of
the slowing effect exerted by different ions. The order,
from the strongest to the weakest effect, is consistent
between experiments and simulations: MgCl2, CaCl2,

LiCl and NaCl. The exception is KCl that, according to
experiments, slightly increases the diffusion coefficient
of water, but simulations predict a slight deceleration. As
shown in Ref. [34], better agreement with experiments is
likely to be found using a +0.75e scaled charge (instead
of +0.85e as in the Madrid-2019 force-field used in this
work). However, that deteriorates the prediction of ther-
modynamic properties, and that it is the reason why the
Madrid-2019 force-field was chosen in this study. In any
case, the predictions are significantly better than those
obtained using force-fields with integer charges [34,40],
and even with some polarisable models [28]. Unfortu-
nately, we have not been able to find a similar experi-
mental study on the effect of salt concentration on water
dynamics for sulfate salts. Previous work has shown that
at ambient conditions the Madrid-2019 force field pre-
dicts that for sulfate salts the effect of the cation is less
relevant than in the chlorides, finding thatwater diffusion
is rather similar for all sulfate salt solutions when com-
pared at the same concentration [40]. Finally, the D/D0
ratios for systems with 4440 water molecules and the cor-
responding number of ions for achieving 1m and 2m
concentrations of NaCl are displayed in Figure 6, show-
ing that the size effects of water’s relative diffusion are
insignificant, thereby validating the main conclusions of
this work.

3.3.2. Dependence of D/D0 on temperature in NaCl
solutions
The effect of temperature on the self-diffusion of water in
a 1mNaCl solution is shown in Figure 7, which compares
the results of the Madrid-2019 force field with experi-
mental data [76]. Experimental measurements indicate
that the effect of NaCl on the diffusion of water changes
with temperature, and below a certain temperature, it
actually facilitates the diffusion of water. The Madrid-
2019 model qualitatively reproduces this temperature
dependence, but the temperature at which NaCl starts
to enhance the diffusion of water is significantly lower
in the simulations (T ∼ 245K) compared to the exper-
iments by Garbacz et al. [76] (T ∼ 295K). Notably, at
the lowest temperature at which experiments were per-
formed (T ∼ 230K), a 1m NaCl solution can increase
the diffusion of water by a factor of two. Simulations
with the Madrid-2019 model indicate that the enhance-
ment of water diffusion becomes more pronounced as
temperature decreases. The diffusion coefficient of water
increases by more than a factor of 3 at 210K.

To gain further insight on the effect of temperature on
water diffusion, the ratio D/D0 as a function of NaCl con-
centration at different temperatures is shown in Figure 8.
According to our simulations, at the two highest shown
temperatures (T = 298.15 K and T = 255 K), D/D0
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Figure 4. Mean square displacement at 1 bar for water TIP4P/2005 water, NaCl and K2SO4 solutions at 1 and 2m as a function of time.

decreases monotonically as salt concentration increases
up to a 4m concentration. However, at lower temper-
atures, D/D0 initially increases until it reaches a maxi-
mum at moderate concentration (between ∼1–1.5 m,
depending on the temperature), beyond which it falls
again. At T = 225 K, D/D0 falls below one at high salt

concentrations, indicating that adding salt concentra-
tions above 3.5m leads to a reduction of water diffu-
sion. An analogous plot built using a fit to experimental
data given in Ref. [76] is shown in the lower panel of
Figure 8. As can be seen, simulations reproduce qual-
itatively the experimental results, but the agreement is
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Figure 5. Diffusion coefficient for TIP4P/2005 water as a func-
tion of temperature at room pressure (this work) compared to
experiments from Refs. [24,73,74].

Figure 6. Ratio of the self-diffusion of water in chloride solutions
(D) to the self-diffusion of pure water (D0) at 298.15 K as a func-
tion of salt concentration. Down-triangles represent the ratios
obtained for NaCl with systems containing 4440 water molecules
instead of 555 (circles). Experimental data (solid lines) are taken
from Ref. [75].

not quantitative. As already mentioned in the Introduc-
tion, the transition from ‘structure maker’ to ‘structure
breaker’ of NaCl has already been reported in a previ-
ous simulation study using TIP5P and a force field with
integer charges for the ions [27]. Our simulation agree
qualitatively with those findings.

3.3.3. Dependence of D/D0 on temperature in
chloride solutions
The water self-diffusion coefficient as a function of tem-
perature for 1 and 2m chloride and sulfate solutions at
ambient pressure is shown in Figure 9. The more strik-
ing result is that all the considered chloride and sulfate

Figure 7. Ratio of the self-diffusion coefficient of water in 1m
NaCl solutions to the self-diffusion of pure water (D/D0) as a
function of temperature at room pressure for the Madrid-2019
force-field and fromafit to experimental data taken fromRef. [76].

salts lead to an increase of water diffusion at low tem-
peratures both in the 1m and 2m solutions. The factor
by which the diffusion increases is different for each
salt.

As can be seen in Figure 9(a), at 1m all chloride
salts, except for MgCl2, enhance water diffusion by a fac-
tor of about 4–5 at temperatures around 210K. MgCl2
is less efficient in enhancing water diffusion, leading
to a increase by a factor of 2. The crossover from the
reduction to the enhancement of water diffusion occurs
at different temperatures depending on the cation. It
is observed that cations retain the same order when
classified according to the factor by which they reduce
water mobility at ambient conditions down to tempera-
tures of about 230K. Indeed, the temperature at which
the crossover takes place follows this same order. How-
ever, at lower temperatures, there are several crossings
between the curves of different salts. In chloride solu-
tions, the efficiency of the various cations to reduce the
coefficient diffusion of water at room conditions does
not correlate with its efficiency to increase it at very low
temperatures.

When the concentration increases from 1m to 2m,
chloride salts further hinder water diffusion in the higher
temperature regime. The crossover from water diffusion
reduction to enhancement occurs at somewhat lower
temperatures than in the 1m solutions. In general, all the
salts produce a similar increase at the lowest temperatures
at the two concentrations. The exceptions are KCl that
leads to a larger rise in water diffusion in the 2m than
in the 1m solution, and MgCl2 for which an enhance-
ment of water mobility does not occur at the considered
temperatures.
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Figure 8. D/D0 for NaCl solutions as a function of concentration for different isotherms at room pressure. Solid lines are a guide for the
eye. (a) simulations with the Madrid-2019 force field, (b) fits to experimental data taken from Ref. [76].

Figure 9. Self-diffusion of water in salt solutions relative to self-diffusion of pure water (D/D0) as a function of temperature at room
pressure. Chloride solutions at (a) 1m and (b) 2m, and sulfate solutions at (c) 1m and (d) 2m. Insets show enlarged views to better
visualise the crossing from reduction (D/D0 < 1) to increase (D/D0 > 1) of water diffusion coefficient. The dotted line marks D/D0 = 1.

3.3.4. Dependence of D/D0 on temperature in sulfate
solutions
As shown in Figure 9 sulfate salts lead to a significantly
higher enhancement of water diffusion at lower temper-
atures than in the corresponding chloride salts. This is
specially notable for K2SO4 and CaSO4, which increase

water diffusion coefficient by a factor of about 12 and 10,
respectively, at 200K. This enhanced diffusion constant is
already visible from the MSD graphs shown in Figure 4.
Except for K2SO4, all the sulfate solutions reduce water
movement by a similar factor at room temperature.
K2SO4, however, hardly modifies water mobility at room
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Figure 10. Self-diffusion of water (in cm2/s) as a function of inverse temperature at room pressure. (a) Chloride solutions at (a) 1m and
(b) 2m, and sulfate solutions at (c) 1m and (d) 2m.

temperature but is very efficient at increasing D/D0 in the
supercooled solution. The crossover from a reduction to
an increase of water diffusion coefficient occurs at tem-
peratures around 240–250K for all the cations, except
again for K2SO4 for which the crossover occurs already at
around 280K.

The main trends observed for the 1m sulfate solu-
tions still hold for the 2m solutions, except for a few
differences. All the cations reduce water mobility by a
similar factor at room temperature, except for K2SO4
which again is significantly less efficient in reducingwater
mobility than the rest of the salts. All the salts, except
K2SO4, are almost coincident down to about 260K.
Below this temperature, the effect of each salt starts to
slightly differ, and the crossover from the reduction to
the enhancement of water diffusion occurs at tempera-
tures within 230K–225K depending on the salt, which

is about 10–15K lower than in the 1m solution. The
factor by which they accelerate water at 200K is some-
what larger than that observed at 1m. The behaviour of
K2SO4 is again distinctly different from the remaining
cations. For sulfates at 1 m the crossover from reduced
to increased water diffusion constant occurs at signifi-
cantly higher temperatures (T>265K) and below this
temperature K2SO4 becomes really efficient and at 200K
increases water diffusion by a factor close to 25.

It is important to keep in mind that even though
simulations predict that salt increases water mobility in
the supercooled solution, the self-diffusion coefficient of
water at those temperatures is 4–5 orders of magnitude
lower than at room conditions. Thus, even adding the
more efficient salt in enhancing water movement (K2SO4
which increases D/D0 by a factor of 25), the diffusion of
water is still very low at these temperatures.
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3.3.5. Arrhenius plot of water self-diffusion in salt
solutions
The effect of temperature on the self-diffusion of pure
water is often represented using an Arrhenius plot that
allows to identify dynamic transitions from Arrhenius
to super-Arrhenius behaviour [77]. At high temperature
(typically above 270K), water diffusion follows Arrhe-
nius law [77,78] and can be fitted to the following expres-
sion:

D = A exp
(

− Ea
RT

)
(4)

where A is a fitting parameter and Ea is the activa-
tion energy. At moderate super-cooling the dynamic
behaviour is well represented by Mode Coupling Theory
of glass dynamics, but as supercooling increases, there is
a transition to Arrhenius behaviour characterised by an
activation energy associated to hopping [79].

The logarithm of water self-diffusion as a function of
the inverse temperature is shown in Figure 10. From this
plot it becomes evident that whereas at high temperature
the diffusion coefficient of water is higher in pure water
than in salt solutions, in the deeply supercooled regime
the diffussion coefficient of water is smaller in pure water
than in salt solutions for all the solutions considered in
this work (for the 2m MgCl2 this is also true but the
crossing occurs at lower temperatures). Thus, without
any exception, at low temperatures, the presence of a
salt accelerates the dynamics of water in contrast to the
behaviour exhibited at high temperatures. It is also inter-
esting to note that water diffusion inmost of the salt solu-
tions exhibits a rather linear behaviour at high temper-
atures, which is indicative of Arrhenius behaviour, con-
sistent with previous findings [28]. At moderate super-
cooling there is a deviation from linearity, which is again
recovered at high supercooling. It would be interesting to
locate the dynamic transitions in the salt solutions, but a
proper identification would require extending the simu-
lations both in the high and low temperature regime. We
leave this analysis for further work.

4. Conclusions

To summarise, we have performed an exhaustive simula-
tion study using theMadrid-2019 force-field on the effect
of chloride and sulfate salts on the anomalous behaviour
of supercooled water, focusing on the isothermal com-
pressibility and on the water self-diffusion coefficient.
One of the main conclusions of this work is that the
anomalous behaviour in the isothermal compressibility
is still present in these salt solutions (at least up to a
2m concentration), and that almost all salts are able to
enhance the diffusion coefficient of water in the highly

supercooled regime. A more extensive study was per-
formed for the 1m NaCl solution, which includes simu-
lations at different pressures, and that allowed us to locate
the LLCP from the convergence of the lines of maximum
isothermal compressibility and maximum heat capacity.
The LLCP is shifted to slightly higher temperatures and
lower pressures than in pure TIP4P/2005 water. Another
important finding is that addition of salt induces an
enhancement of water mobility of almost all salts in the
highly supercooling regime. This effect is specially sig-
nificant in the K2SO4 solution. However, it is important
to keep in mind that this study is performed at 1m and
2m concentrations, which significantly surpass the solu-
bility of this salt at room pressure which is only of about
0.65m at room temperature and pressure [80]. In any
case, the experimental verification of the effect on adding
small concentrations of K2SO4 on enhancing water dif-
fusion in the high supercooled regime would be of great
interest.

Unfortunately, there are not much experimental mea-
surements on salts under supercooled conditions which
can be used to test the predictions of the model. In that
sense, we hope that this work will stimulate further work
on the experimental side. If a salt is found that shifts
the LLCP to higher temperatures and the homogeneous
nucleation line to lower temperatures, this might provide
an opportunity to experimentally observe the LLCP.

Comparison of the effect of the various salts on the
shifts on the TMDs and on the isothermal compressibility
reveals a certain correlation between both properties. At
1m, CaCl2 does not exhibit a maximum in κT within the
considered temperature range, which is consistent with
the fact that this chloride salt is the one resulting in a
larger shift of the TMD to lower temperatures.With a few
exceptions, the 2m solutions do not exhibit (for the tem-
peratures considered in this work, namely above 200 K) a
maximum in κT , which is consistent with a larger shift in
the TMD to lower temperatures than in the 1m solutions.
Note, however, that correlation between both properties
is far from being perfect. For example, it is surprising that
Li2SO4 TMDoccurs at relatively high temperatures, but it
does not exhibit a maximum in κT . Correlations between
the behaviour of the isothermal compressibility and den-
sity, and the self-diffusion of water are even harder to
identify. But given that previous work have found a corre-
lation between the region where structural and dynamic
anomalies occur in supercooledwater [81], it is likely that
some correlation also exists in supercooled salt solutions.

In future work, it would be interesting to perform a
detailed microscopic analysis to try to explain the differ-
ent behaviours depending on the salt added. In particular,
we aim to understand why different salts produce differ-
ent shifts in the isothermal compressibity and why some
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salts and more efficient than others in increasing the self-
diffusion coefficient of water in the highly supercooled
regime.

The influence of José Luis Abascal on this work and
our scientific careers can hardly be overemphasised.
Besides being one of the leading authors in the proposal
of TIP4P/2005 and Madrid-2019 force fields, he has also
contributed to the evaluation of the Widom line and the
properties of supercooled water for TIP4P/2005, which
served as inspiration for this work. With his optimistic
personality and his ever availability to lend a hand to
anyone knocking on his door, we feel privileged to share
many wonderful times with him.We learnt recently (Liq-
uid Matter Conference 2024, Mainz) about some recent
experimental work leaded by Prof. Caupin showing that
NaCl reduces the viscosity of water at low tempera-
tures, a behavior fully consistent with the predictions of
this work. “From structure-maker to structure-breaker:
Viscosity of supercooled NaCl solutions”, Jan Eichler,
Johannes Stefanski, Florian Schulz, Bruno Issenmann,
and Frédéric Caupin.
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