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We investigate the phase diagram and the structural behaviour of magnesium perchlorate solutions in supercooled
TIP4P/2005 water via molecular dynamics numerical simulations for solute concentrations of 2.95wt% (mole
fraction 2.45x 103) and 24.4 wt% (mole fraction 25.4 X 10~3). These solutions hold particular significance due to
recent experimental findings about the presence of liquid water in perchlorate solutions underneath the Martian

surface. Upon increasing the concentration of the solutes, an interplay between the high-density liquid (HDL) and
the low-density liquid (LDL) phases of water is found. Similar to the pure phase of water, at low concentration the
system shows a liquid-liquid critical point. No liquid-liquid critical point was found for the higher concentration.
Nonetheless, several water anomalies persist in both solutions. We observe that the LDL region shrinks as the
concentration is increased. The structural analysis confirms the interplay between HDL and LDL, albeit HDL local
structure prevails in the solutions more than in pure water.

1. Introduction

One of the most fascinating topics in statistical mechanics and con-
densed matter physics is the study of the structural and thermodynamic
behaviour of water. Water, indeed, exhibits a significant number of
anomalies, whose origin is still not entirely clear [1-6].

Such anomalies are even more striking when water is supercooled,
i.e. kept liquid below its freezing temperature. Molecular Dynamics
(MD) simulations on the ST2 model for water [7] led, in 1992, to the
formulation of the hypothesis of the existence of a second-order liquid-
liquid critical point (LLCP) in the supercooled region of water [8]. Under
this hypothesis, at temperatures below the critical point, water exists in
two separate phases: high-density liquid (HDL) and low-density liquid
(LDL).

Simulations have rigorously shown that the LLCP exists in the ST2
model for water [9-14], Jagla [15] as per [16], and TIP4P/2005 [17]
and TIP4P/Ice [18] as per [19]. An experimental proof of the hypoth-
esis is particularly challenging because of nucleation. Nonetheless, its
existence has been indirectly shown in several experiments [20-24].

While no impediment prevents liquid water to reach the glassy state
through supercooling [25], the presence of impurities favours the nucle-
ation process that occurs naturally in systems undergoing a first-order
transition (such as the liquid-to-ice transition). The LLCP is estimated
to be located in a region referred to as the “no man’s land”, where nu-
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cleation occurs so rapidly for water that experiments cannot access it.
Recently, however, the experimental borders of the no man’s land have
been shrunk [21,26,27].

Because of their fast cooling rates, simulations make it possible to
explore the entire phase diagram of supercooled water, hence playing a
key role in investigating supercooled regions not experimentally acces-
sible [28,6].

Through MD simulations, a singular Ising-like behaviour for the LLCP
was proven to occur at T, = 172K and pc = 186 MPa for the TIP4P/2005
[19], which together with the TIP4P/Ice is one of the most realistic wa-
ter models currently available to reproduce the phase diagram of water.

The theory of critical phenomena predicts that when a second-order
critical point is approached from the single-phase region, a line of cor-
relation length maxima emerges, the Widom Line. Both simulations and
experiments have proven its existence in the supercooled region of wa-
ter’s phase diagram, providing further evidence for the existence of the
LLCP [29-33,21,34]. We note that this line has also been proven to
be clearly detectable in water above the well-known liquid-gas critical
point in experiments and simulations [35].

The research of water anomalies is inherently interconnected to that
of supercooled aqueous solutions, as water is not only typically found
in solutions, but is often easier to supercool in them [36-39].

More to the point of aqueous solutions, we have recently used MD
simulations to show that the LLCP persists at least for concentrations
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Table 1

Number of ions and water molecules of the two systems investigated
and the corresponding concentrations reported both in weight per-
centage and in mole fraction.

NMgu NClo; NH20 Conc. (Wt%) Conc. (mole frac. x107%)
10 20 4072 2.95 245
100 200 3838 24.4 25.4

from low to moderate and shifts to higher temperatures and lower pres-
sures upon increasing the concentration of the solute when considering
aqueous solutions of sodium perchlorate [40]. Furthermore, in the same
study, we have shown that water anomalies, like the Temperature of
Maximum Density (TMD) line, the Temperature of Minimum Density
(TmD) line and the Widom Line pointing to the LLCP, persist.

Aqueous solutions of perchlorates are highly topical, as they are be-
lieved to be the key to explaining the recent radar detection of subglacial
liquid water on Mars [41,42].

In our previous study [40], the anomalous properties of water have
been shown to play an important role. In particular, compared to the
pure phase, aqueous (TIP4P/2005) NaClO, solutions were found to be
stabilising the HDL region of water upon increasing the solute concen-
tration by inducing a contraction of the LDL phase, where nucleation is
favoured [1].

Experiments have shown that while aqueous solutions of sodium
perchlorate can be supercooled down to 223 K, this temperature shifts
to approximately 150 K for magnesium perchlorate (Mg(ClO,),) [43].
Moreover, even at high concentrations, the hydrogen-bonded network
of water is not completely disrupted by perchlorate ions, the effect of
which on water is akin to a compression [44-46]. In dilute sodium per-
chlorate solutions water anomalies persist up to 2M [47].

In this paper, we show the results of MD simulations performed on
aqueous solutions of Mg(ClOy),, a salt that is significantly present on
Mars.

The structure of the paper is the following: in section 2 we ex-
plain how we built the system, in section 3 the phase diagrams are
reported, in section 4 we report the structural results, in section 5 we
compare sodium and magnesium perchlorate solutions and in section 6
we present the conclusions.

2. Methods

MD simulations were carried out in the canonical ensemble using the
GROMACS 5.1.4 software suite [49-51]. Two concentrations were con-
sidered, C; =2.95wt% (mole fraction 2.45 x 1073) and C, =24.4wt%
(mole fraction 25.4 x 1073), obtained with the number of particles re-
ported in Table 1.

Water was modelled using the TIP4P/2005 potential [17] and
Mg(ClO,), using the potential defined in [52] with a Lennard-Jones
cutoff radius of 0.95nm and Lorentz-Berthelot combination rules. For
the potential defined in [52], the Lennard-Jones parameters for Mg were
derived from aqueous (SPC) ionic solution data in Ref. [53], and those
for perchlorate were based on aqueous (ST2) solutions of sodium per-
chlorate [54]; the Lorentz-Berthelot mixing rules were then applied by
Ref. [52]’s authors to determine the cross-interaction parameters.

The simulation time-step for the leapfrog algorithm was set to 1 fs
[28]. Periodic boundary conditions were applied. Electrostatic interac-
tions were considered using the Particle-Mesh Ewald method [55]. The
v-rescale thermal coupling [56] was employed.

We simulated 27 isochores at concentration C;, spanning from
880kg/m> to 1140kg/m?3, and 28 isochores at concentration C, span-
ning from p = 970kg/m3 to 1200kg/m?>. For each isochore, we simu-
lated state points at temperatures ranging from 400 K to 170 K, while
the simulation times were increased from 100 ps for the highest tem-
perature to 40 ns for the lowest. The equilibration times were chosen by
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Fig. 1. Snapshot of a 24.4 wt% (mole fraction 25.4 X 1073) aqueous magnesium
perchlorate solution at p = 1200kg/m? and T = 200K. The water molecule is
shown in pink (oxygen) and grey (hydrogen), the magnesium ion in green, and
the perchlorate ion in teal (chlorine) and red (oxygens). Created using VMD
[48].

ensuring that at the conclusion of each run the state points were suitably
equilibrated as the energy had reached its minimum value.

For each concentration, we progressively lowered the density until
we reached the liquid-gas limit of mechanical stability (LG-LMS), which
in our simulations was characterised by the occurrence of cavitation,
with a consequent sudden increase of the pressure resulting from the
formation of vapour bubbles [57]. A total number of 1455 state points
was simulated.

A snapshot of the C, solution is presented in Fig. 1 which, upon
visual inspection, shows that the ions are well mixed with the water.

3. Phase diagrams

In this section, we report the thermodynamic results of our simula-
tions.

3.1. Findings for the C; solution

In Fig. 2 we report all the isochores calculated for the C; solution,
covering densities ranging from 880kg/m> to 1140kg/m>3. Each line
corresponds to an isochore.

In the figure, we can locate the region of density anomaly, which is
undoubtedly the most well-known among the water anomalies. When
water undergoes isobaric cooling, it exhibits a TMD. Below this tem-
perature, it expands down to a TmD, restoring upon further cooling the
normal simple liquid behaviour [58-60].

From the following relation
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Fig. 2. Equation of state for the C, solution. Isochores at densities ranging from
p=1140kg/m> to p = 880kg/m? with increments Ap = 10kg/m?> are plotted
in the (p,T) plane for temperatures from T = 400K to 170K. Symbols repre-
sent the state points obtained from the simulations and the lines are polynomial
fits to the simulated state points. The TMD curves for the solution are depicted
using red-filled triangles up, whereas the empty teal ones correspond to pure
TIP4P/2005. The convergence of the isochores, in conjunction with the flatten-
ing of the curves in Fig. 3, as well as the highest peak in Fig. 4, provides an
estimated position of the LLCP at T, = 175K and p; = 173 MPa (yellow circle).
The pure TIP4P/2005 LLCP [19] is symbolised by a teal-filled circle and the
Widom line of the C,; solution is represented by dark yellow filled diamonds.
The LG-LMS 880kg/m? isochore is the thick magenta line at the bottom. Addi-
tionally, the 980kg/m? isochores for the C; solution (black-filled circles) and
the pure phase (black empty circles) are highlighted.
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Fig. 3. Equation of state for the C, solution plotted in the isotherm plane. The
175K isotherm curve can be seen flattening at 1052kg/m? and 173 MPa.
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Fig. 4. Isothermal compressibility for the C, solution.
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Fig. 5. Equation of state for the C, solution. In the (p, T') plane we plot isochores
at densities ranging from p = 1200kg/m> to p = 970kg/m’ with increments
Ap=5kg/m? in the range [1120kg/m?, 1160kg/m?] and Ap = 10kg/m? else-
where, for temperatures from 7' =400K to 170K. Symbols represent the state
points obtained from the simulations and the lines are polynomial fits to the sim-
ulated state points. The TMD curves for the solution are depicted using red-filled
triangles up, whereas the empty teal ones correspond to pure TIP4P/2005. No
critical points were detected in the range of temperatures investigated. The pure
TIP4P/2005 LLCP [19] is symbolised by a teal-filled circle and the isothermal
compressibility maxima curve of the C, solution is represented by dark yellow
filled diamonds. The LG-LMS 970kg/m? isochore is the thick magenta line at
the bottom. Additionally, the 980kg/m? isochores for the C, solution (black-
filled circles) and pure water (black empty circles) are highlighted.
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Fig. 6. The equation of state for the C, solution is plotted in the isotherm plane.
Lines are polynomial fits to the simulated state points.
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Fig. 7. Isothermal compressibility for the C, solution.

it results that the isochores’ stationary points provide the location of the
state points corresponding to the temperatures of density extrema.

In particular, from the isochores’ minima, it is possible to determine
the TMD curve, while the TmD curve can be similarly determined by
their maxima.

We observe from Fig. 2 that both the TMD and TmD lines are still
present in the C; solution and these lines are shown alongside the cor-
responding ones known for the pure phase in the literature [61].

We note that at this low concentration of Mg(ClO,),, the TMD and
the TmD of the C; solution appear to have shifted to lower temperatures
and that the difference between the two curves is small.

In Fig. 2 we also display the isochore for the pure phase at 980kg/m?>
which we calculated. This isochore is to be compared with the one at
the same density for the C; solution here analysed. We can see that
the 980kg/m? isochore for the C; solution is slightly shifted to lower
pressures.

The last isochore plotted in the figure corresponds to the LG-LMS,
which was identified as described in Section 2. Below this line, the liquid
mixture is mechanically unstable.
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Fig. 8. Phase diagram for both the solutions without the isochores.

A second-order critical point between two condensed phases is char-
acterised (see ref. [6]) by the condition

%

=0, (2)
oplr,

indicating the presence of an inflexion point with a horizontal tangent
in the isotherm plane, which will be investigated here below.

Within the (p,T') plane, instead, when considering a discrete set of
isochores, the Eq. (2) leads to

p(Tc,p)  p(Ig,p+ Ap)

Ap Ap ’
implying that the critical region is located at the crossing of the iso-
chores occurring at the highest temperature within the region of density
anomaly.

In the (p,T) plane of the phase diagram that we show in Fig. 2,
the isochore curves can be seen converging and the corresponding state
points mark our estimate for the location of the critical region at ap-
proximately 7 ~ 175K and p ~ 1050kg/m>.

This estimate is confirmed, in the (p, p) plane (Fig. 3), by the hor-
izontal flattening of the isotherms around the inflexion point that at
T = 175K occurs at p = 1052kg/m?>.

In order to provide an estimate of the Widom Line and to improve
our understanding of the critical behaviour, it is possible to analyse the
isothermal compressibility

3

1 oV
=% 4
kT Vv 0p T ( )

as a function of the pressures at the simulated state points.

We report the xp curves calculated from our simulations in Fig. 4.
We see from Fig. 4 that x has the typical behaviour expected for a
critical phenomenon with the peak intensity strongly increasing at the
critical point, confirming that the LLCP is also present in the C, solution.

The peaks of these curves provide a proxy for the location of the
Widom Line [30]. The state points corresponding to the peaks are also
reported in Fig. 2. The observed divergence of the 175 K peak indicates
a critical pressure of p(CC’) =173 MPa.

On the basis of these results, we estimate the position of the LLCP
for the C; solution at T, C(Cl) = 175K, p(CC‘) = 173MPa and p(ccl) =
1052kg/m3.
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Fig. 9. Schematic phase diagrams for the two investigated solutions. The LDL region shrinks upon increasing the solute concentration.
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Fig. 10. Water-water (Oy, — Oy) RDFs for pure water and for the C; and the C, solutions, corresponding to three sets of densities. The densities were chosen by

matching isochore curves with similar pressures at low temperatures.

We report this point in Fig. 2. For reference, in the same figure we
also report the pure TIP4P/2005 LLCP which was rigorously located at
T C(pure) =172K and p(cpure) = 186 MPa by Debenedetti et al. in [19].

We note that in the C; solution the LLCP is shifted to a slightly lower
pressure while the critical temperature is approximately the same.

3.2. Findings for the C, solution

We now discuss the thermodynamic results of the C, solution. All
the isochores calculated for this system, with densities ranging from
970kg/m? to 1200kg/m? are plotted in Fig. 5.

For reference, the black-highlighted 980kg/m?3 isochores for both
pure TIP4P/2005 and the solution are plotted, a direct comparison be-

tween which shows for pure water a much more pronounced curvature
than any of those plotted for the solution under investigation.

The TMD and TmD curves for the solution and pure TIP4P/2005 are
also shown in Fig. 5. In particular, for the C, solution, these curves have
shifted towards lower temperatures, while there has been no significant
shift in terms of pressure.

The LG-LMS was identified, as discussed in the previous section, with
the 970kg/m? isochore. No significant shift in pressure of this line was
observed with respect to the C;-solution.

Looking at Fig. 5, we observe no evidence of crossing of isochores in
the range of temperatures that could be investigated for the C, solution,
although the 1145kg/m?> and the 1140kg/m? curves appear to be very
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close at the lowest temperature investigated, which was 170 K. In Fig. 5
we report for reference the position of the pure TIP4P/2005 LLCP [19].

To gain a better understanding of the system’s behaviour at lower
temperatures, the solution was investigated in the (p, p) plane reported
in Fig. 6. At variance with the analogous results of the C; solution, we
see no flattening of the curvature of the isotherms, which further rein-
forces the evidence of the absence of critical points in the regions of the
phase diagram investigated.

However, the trend of the isothermal compressibility as a function
of pressure highlighted in Fig. 7 shows an increase in the peaks with
decreasing temperature. This trend, therefore, does not exclude the ex-
istence of an LLCP, which might possibly have shifted to lower tem-
peratures, although the small increase of the isothermal compressiblity
between 180 and 170K seems to show that the anomalous behaviour
has some residual characteristic but it is smeared out.

The state points corresponding to the k- peaks are also reported in
Fig. 5.

3.3. Comparison

A comparison between the two phase diagrams is reported in Fig. 8
without the isochores. Upon increasing the concentration of the solute,

the TMD curve shifts to lower temperatures, as does the TmD curve,
albeit by a smaller amount. This translates into a shrunken region of
density anomaly.

In the C; solution, the LLCP has a minor downward shift in pressure
while the critical temperature is approximately the same. No critical
points, instead, are evident in the region considered for the C, solution.

No significant displacement in pressure was observed in the LG-LMS.

The pressure of the isothermal compressibility peaks, which for the
C, concentration also serve as a proxy for the Widom Line, decreased
as the concentration increased.

The Widom Line separates the HDL-like region from the LDL-like
region. Although no critical points (and therefore no Widom Line points)
are observed in the C, solution, the isothermal compressibility peaks
there observed still serve as an estimate of the state points at which the
HDL-LDL correlation is highest. Hence, as a result of the thermodynamic
findings, the LDL-like region shrinks upon increasing the concentration
as reported in Fig. 9.

4. Structural results

The structural properties of the systems studied can be analysed
through the radial distribution functions (RDFs) g(r) [28,6].
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Table 2

Sets of densities to be compared for the Oy, — Oy, RDFs.
The density values were chosen by picking the isochores
with similar thermodynamic behaviour at low tempera-

tures.
Ppure Pc, Pc, (kg/m?)
High density triplet 1110 1110 1200
Medium density triplet 990 990 1130
Low density triplet 930 930 1040

The water-water, water-ion and ion-ion RDFs will be considered in
the following.

Our analysis is especially focused to understand how LDL and HDL
environments are modified in these solutions.

4.1. Water-water RDFs

First, we analyse the water-water RDFs 80w—-Oy (r) for the two
solutions and compare them with the corresponding RDFs for pure
TIP4P/2005.

As the isochore curves at the same density exhibit markedly different
curvatures and a pressure shift upon increasing the concentration, in
order to evaluate the structural results we chose to consider for the three
systems three sets of densities exhibiting comparable thermodynamic
behaviour at low temperatures.

The densities to be compared in triplets are reported in Table 2.

The HDL and the LDL-like structural behaviour of water can be in-
ferred by analysing the water-water (oxygen-oxygen) RDF: relative to
the HDL phase, the LDL phase exhibits a deeper first minimum and a
sharper second maximum [62-64].

The water-water RDF is reported in Fig. 10 at the three triplets of
densities previously defined and at different temperatures.

Down to 300 K, all the solutions under consideration exhibit charac-
teristics typical of the HDL phase. As the temperature further decreases,
a shift towards a more LDL-like behaviour gradually occurs.

This behaviour is particularly evident for pure TIP4P/2005 at all
investigated densities and it is only slightly less pronounced for the
C, solution. In fact, apart from the lowest panel in Fig. 10a (at T =
170K, ppure = pc, = 1110 kg/m3, where water is very LDL in pure
TIP4P/2005), the go,, o, () RDF of the C; solution closely resembles
that of pure TIP4P/2005 at every density and temperature, with minor
deviations that can be attributed to slight ion-induced shifts in pressure.

In contrast, the C, solution, whilst retaining a trend not dissimilar
to that of the other systems, shows a clearer LDL-like behaviour only at
low temperatures and low densities.

In Fig. 11 the first shell coordination number is reported for the two
solutions.

For both solutions, as densities increase, the coordination numbers
show a rising trend. The curves shift downwards as the concentration
increases, as more ions are solvated by water molecules.

In the C; solution, the coordination among the oxygens of water
at lower densities and, particularly, at lower temperatures is typical of
LDL water, as inferred by the first-shell Oy, —Oy; coordination number
approaching 4.

At concentration C,, the tetrahedral structure shows a tendency to
distort and therefore the coordination number is not 4. A similar down-
ward shift was observed for other solutions, see for example ref. [38].

4.2. Perchlorate coordination shells

Fig. 12 illustrates the alternating arrangement of ions and water
within the C, Mg(ClO,),-TIP4P/2005 solution around the Cl atom of
the perchlorate ion. This is achieved by examining the Cl — H, Cl1 - Mg,
Cl—Oy, and Cl—CI RDFs at high density, pc, = 1200kg/m? (panel (a)),
and low density, Pc, = 1040kg/ m3 (panel (b)). Because of the low num-
ber of ions in the C; solution, only the data for the higher concentration,
being statistically more representative, will be presented and discussed.

When considering the Cl-Water RDFs, the perchlorate ion is always
surrounded by a cage of water molecules, as H is the first atom to appear,
followed in order by the magnesium ion, the oxygen of water, and the
chlorine of the perchlorate ion.

Moving on to the Cl — Mg RDFs, we observe that as the tempera-
ture falls, there is a significant rise in the first peak of the Cl — Mg ion
pairing. This aligns with the observation of reduced ion solubility in the
LDL phase, leading to closer proximity between the ions, as observed
in Sec. 4.1. Nonetheless, since hydrogen is the first ion present in the
coordination shell, we deduce that there is no aggregation. Due to the
Coulomb interaction between the two ions, Mg?* and ClOy, only a mild
increase in the first peak is observed upon reducing the density. We fur-
ther observe that the first peak of the Cl-Mg RDFs falls in the solvation
shell of water, being in between the first hydrogen and the first oxygen
peak.

Relative to the Cl-Cl RDFs, we note that upon lowering the temper-
ature, at sole high density, an increase can be observed for the CI-Cl



P. La Francesca and P. Gallo

35 T T T T T T T
400K ——
300K
30 r 20K — ]
170K ———
25 1
)
| 20 1
-
— 15 1
>
50
10 B
5 | 4
0 & 1 ﬁ‘-ﬂ* 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
r (nm)
(a) Mg — Ow RDFs atp = lZOOkg/m3
2.5 T T T T T T T
400K ——
300K
5 L 220K —— |
170K ———
s
|
% 1.5 F 1
]
5
o 1t
=
bo \
05 4
O 1 1 1 1 1 1 1

01 02 03 04 05 06 07 08 09
r (nm)

(¢) Operchlorate — H RDFs at p = 1200 kg/m?

Journal of Molecular Liquids 417 (2025) 126673

35 T T T T T T
400K
300K
30 F 220K 1
170K
25 + E
S
[ 20 - E
-
— 15} E
>
%)
10 + E
5 F 4
0 1 A7 1 I — 1
01 02 03 04 05 06 07 08 09
r (nm)
(b) Mg — Ow RDFs at p = 1040 kg/m>
25 T T T T T T
400K
300K
s | 220K 1
170K
T
I
% 1.5 |
<
5
o 1}
=
o0
05 F
O 1 1 1 1 1 1 1

01 02 03 04 05 06 07 08 09
r (nm)

(d) Operchlorate — H RDFs at p = 1040 kg/m?3

Fig. 15. lon-water RDFs for the C, solution at densities p = 1200kg/m? and p = 1040kg/m?>.

first g(r) peak, which always happens at 0.48 nm. No sign of ordering is
observed across the considered ranges of density and temperature.

4.3. Ion pairing

In addition to the Cl-Mg RDFs, which we report again in Fig. 13a and
Fig. 13b, we can consider the Mg — Operchiorate 100 pairing (Figs. 13c¢
and 13d). As for the previously commented ion pairing, we note that
the first peak becomes spikier and more structured particularly with
decreasing temperature and to a lesser extent with decreasing density,
consistent with the observed tendency of water to exclude ions in LDL
which we described in Sec. 4.1.

As further confirmation of the prevalence of the Coulomb interaction
with regard to ion pairing, we can observe in Fig. 14 how the ion-ion first
shell coordination numbers are substantially unperturbed by density and
temperature.

4.4. Ions hydration shells

In Fig. 15 we report the Mg—Oy, and the Ope;cpiorate — H RDFs which,
together with the C1—H and the Cl — Oy, RDFs, can be used to describe
the ion-water structural behaviour.

By analysing the first coordination shell of the perchlorate ion
(Fig. 12), it was observed that the Mg ion is located within the solvation
shell of the Cl.

The reverse is not true, as the first solvation shell of the Mg is posi-
tioned at the first minimum of the gy,_o,, () (Figs. 15a and 15b) at
around 0.21 nm, while the gc_ypg(r) remains close to zero at 0.3nm
(Figs. 13a and 13b). This phenomenon is also computationally observed
in NaClO, [65,40].

The first peaks of the goperchlorate_H(r) suggest the presence of struc-
tured hydrogen bonds between the anion and water. The height of the
first peak increases as the temperature decreases, indicating that hydro-
gen bonds are stronger and more persistent at lower temperatures. As T'
increases, the greater thermal mobility results in decreased first peaks.

4.5. Ion-water coordination numbers

Fig. 16 shows the ion-water first shell coordination numbers for the
C, solution.

The Cl— Oy, coordination number (Fig. 16a) exhibits a similar trend
in density and temperature to that observed for Oy, — Oy (Fig. 11). Upon
reducing the volume of the system, the C1-Oy, RDF first minimum be-
comes less structured, until it disappears at high density (see Figs. 12 and
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17a). In order to compute the number of first neighbours, we chose to
use a fixed 0.43 nm radius to compute the C1—-Oy;, coordination number.

The Cl1 - H (Fig. 16b) coordination numbers are slightly lower than
those for Cl — Oy, due to the greater peak heights in the g(r)ci_o,,
(Fig. 12) and the wider Cl — Oyy first shell. The CI-H RDF always ex-
hibits a well structured first minimum at about 0.34nm (Fig. 17b), at
variance with the Cl-Oyy. Furthermore, concerning the Cl — H coordi-
nation, there appears to be a statistical trend indicating an increase in
the coordination number with temperature, attributed to higher thermal
mobility upon increasing the temperature, while the number remains
essentially unchanged with increasing density. This last phenomenon is
related with the ion pairing coordination numbers of Fig. 14. In fact,
when we look at the alternation of ions around the perchlorate, Fig. 12,
we see that the positive charges closer to the perchlorates are both hy-
drogens and magnesium ions, the hydrogen being closer. The strength
of the ion-pairing between the ions appears to trap the hydrogen in a
shell that does not change when density changes. Related to what just
observed we find that essentially constant across temperatures and den-
sities are also the Op,cpiorare — H (Fig. 16¢) coordination numbers.

The Mg —Oyy (Fig. 16d) first shell coordination numbers are substan-
tially unaffected by changes in temperature and density. This is likely
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related to the fact that the stronger Coulomb interactions of the Mg over-
shadow the influence of thermal and density fluctuations.

5. Comparison with NaClO,

A similar study on aqueous solutions of sodium perchlorate (NaClO,)
was performed in [40], with concentrations C; NaClOs = 1.63wt%
and C,N¢1% = 154 wt%. In mole fractions, the two concentrations
are C; NaClOy — 9 43 % 103 (similar to the C Mg(ClOy): golution) and
CzNaClo4 =26.1 % 1073 (similar to the CzMg(CIO“)? solution).

Sodium perchlorate is among the salts known to be present on Mars,
although the role of magnesium perchlorate in the presence of liquid
water on Mars could be more relevant than that of sodium perchlorate
[41,42].

A comparable number of water molecules was considered in the four
systems, but while the C; NaClO4 golution contains 20 ions (10 sodium,
10 perchlorates), the C, Mg(Cl04)2 golution contains 30 ions (10 magne-
sium, 20 perchlorates). Likewise, the C2NHCIO4 solution contains 200
ions, while the C,M&(C102 solution contains 300 ions.

The persistence of several thermodynamic and structural water
anomalies reported in this study was also observed in [40]. In addition
to the downward shift in temperature, the TMD and the TmD curves
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were observed shifting to lower pressures, maxima in x were also ob-
served, as well as an LG-LMS substantially unchanged in position.

A liquid-liquid critical point was observed in the C;N4“104 and in the
CZN"‘CIO4 solutions in [40], and only in the ClMg(CIO4)2 solution in this
paper. We observe that upon increasing the NaClO, concentration, the
LLCP was observed shifting to higher temperatures and lower pressures.

From a structural point of view, a shift from an HDL-like to an LDL-
like behaviour was observed across the four solutions. Apart from slight
differences at high densities and low temperatures, the C;N21%4 so-
lution, like the C;M&1042 one, behaved essentially the same as pure
TIP4P/2005. An increase in the first peak of the ion pairing was observed
for the NaClO, solutions both upon lowering the temperatures (as for
the Mg(ClO,),) solutions) and the densities (unlike the Mg(ClO,),) so-
lutions). The difference in the behaviour is explained by the higher
Coulomb interaction between the magnesium and the perchlorate ions.

Unlike the current study, the chlorine ions were observed ordering
for the C,N*“104 solution at low density and low temperatures, there-
fore implying a more stabilised supercooled region of water for aqueous
solutions of magnesium perchlorate.

6. Conclusions

Given the growing interest in perchlorate aqueous solutions, driven
by recent experimental evidence on the presence of supercooled liquid
water in these solutions beneath the Martian soil [41,42], it was crucial
to investigate their thermodynamic and structural features and the role
of water anomalies in this context.

A concentration-dependent thermodynamic and structural study of
aqueous solutions of magnesium perchlorate based on MD simulations
[6,28] was carried out in the canonical ensemble. Two concentrations
were considered, 2.95wt% (mole fraction 2.45 x 1073) and 24.4 wt%
(mole fraction 25.4 x 1073).
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The phase diagram analysis highlighted the persistence of several
water anomalies. The hypothesised LLCP [8] was found to be present at a
low concentration of the solute, although with a minor shift in pressure,
while the temperature was substantially the same.

A shift towards lower temperatures was observed for the TMD and
the TmD curves. No evidence of LLCP was found in the C, solution.

A significant anomaly shared with pure water, observed in all solu-
tions, was the occurrence of maxima in the isothermal compressibility.
This finding holds considerable weight as lines of maxima in thermody-
namic response functions near the LLCP (and, generally speaking, near
second-order critical points) tend to converge towards the Widom Line.
The Widom Line serves as a precursor to the LLCP, converging to it be-
fore extending into the two-phase region as the HDL-LDL coexistence
line, in the case of supercooled water.

The existence of a line of maxima for isothermal compressibility
for the C, solution, characterised by increasingly prominent peaks as
the temperature decreases towards the lowest achievable equilibration
point with MD, does not exclude the potential presence of a second-order
critical point at lower temperatures.

The state points corresponding to the isothermal compressibility
maxima were observed shifting to lower pressures upon increasing the
concentration of the solutes. The LG-LMS curve, on the other hand, was
observed to be substantially unaltered in pressure by the solutes.

Therefore, we noted a contraction of the LDL region of water, where
nucleation is more likely [1], as the concentration of the solute is in-
creased. Hence, as the concentration is increased, the supercooled phase
extends its region of existence.

The persistence of water anomalies is further corroborated by the
water-water, water-ion, and ion-ion radial distribution functions (RDFs).
Notably, ion pairing was found to be favoured by a reduction in tem-
perature. Such behaviour typically occurs in the LDL region, whereas in
HDL water the ions tend to be more favourably solvated.
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The water-water RDFs also revealed an interplay between the HDL
and LDL phases of water, with water exhibiting a less LDL-like behaviour
upon increasing the concentration.

Similar to pure TIP4P/2005, the water-water RDFs exhibited a shift
from HDL to LDL behaviour at lower densities and temperatures. In-
terestingly, at high concentrations, LDL features only emerged at very
low temperatures and densities, and were less pronounced than in pure
water.

Further evidence for a more extended region of existence of the su-
percooled water phase comes from the analysis of Cl-Cl RDFs in the
magnesium perchlorate solution. At low densities and temperatures,
these functions do not exhibit ordered structures.

In light of recent discoveries regarding the presence of liquid water
on Mars, our results have shown that water can retain its anomalous
properties even when mixed with magnesium perchlorate, a typical
Martian salt. These anomalies could be a key factor in explaining the
existence of supercooled liquid water on Mars. In particular, the LLCP
issue and the related thermodynamic lines, like the Widom line, are
most important to assess the tendency of water to avoid crystallisation
in solutions. The prevalence of HDL helps water to remain liquid.
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