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I. INTRODUCTION

The polymorphic nature of supercooled water is a topic of wide
interest where many open questions are still to be addressed.1!4

Two seminal papers5,6 based on molecular dynamics (MD)
simulations have proposed in the supercooled region of water the
existence of a liquid!liquid critical point (LLCP) as the terminal
point of a low-density liquid (LDL)!high-density liquid (HDL)
coexistence line. This LLCP would induce long-range fluctuations
able to justify the existence of the well-known thermodynamic
anomalies of water such as the diverging behavior of the isothermal
compressibility and of the isobaric specific heat.4,7,8 Experimental
evidence compatible with the existence of the LLCP have been
found from the decompression-induced melting curve of ice IV
giving an estimate for the position at PC∼ 100MPaTC∼ 220 K.9

The anomalies of water can be also alternatively framed. In the
singularity free scenario they are due to local density fluctuations
that do not lead to singularities.10 In the critical point free
scenario, the LDL to HDL transition is seen as an order to dis-
order transition with no critical point.11

The LLCP scenario has been found in several MD simulations
on water potentials (see, for example, refs 5,6, and 12!20)
and on spherically symmetric potentials that mimic water
behavior.15,21 Upon tuning the parameters in model potentials
or in theoretical models, it is possible to pass from a singularity
free scenario to a LLCP scenario.22!25

Experimentally, water has never been supercooled below the
temperature of homogeneous nucleation, although the possibility
of reaching the glassy state by a continuous path was experimentally
proven not to be forbidden.26 Starting from its glassy state, the
polymorphic behavior of amorphouswater has been experimentally

demonstrated. Both a low-density amorphous (LDA) and an high-
density amorphous (HDA) phase exist, and the coexistence line
between them has been shown to be first order-like.27,28 Besides,
HDA appears to be thermodynamically connected to HDL, and
LDA has a structure similar to LDL.3,26,29,30

Aqueous solutions can offer the possibility to experimentally
reach the otherwise inaccessible region of the supercooled states
and can lead therefore to an experimental determination of the
LLCP.31!33 In ionic solutions, the metastable region observable
in experiments is extended to lower temperatures with respect to
the bulk.34 DetailedMD studies on the existence and the position
with respect to the bulk system of the LLCP in aqueous solutions
as a function of solute content are therefore of extreme interest
to address experiments. The taxonomy of the LLCP in solutions
of nonpolar solutes has been reported by Chatterjee and
Debenedetti.31 They found that upon properly tuning the
strength of the dispersive interaction in their theoretical model,
it was possible to move the LLCP at higher temperatures with
respect to the bulk. A discrete MD study of hydrophobic solutes
in Jagla water showed that the LLCP continues to exist up to at
least 50% mole fraction of solutes, and it shifts progressively to
lower temperatures and higher pressures.32

We have recently shown in anMD simulation on TIP4P water
and c = 0.67 mol/kg NaCl(aq) that in the aqueous solution the
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ABSTRACT: In this paper we investigate by means of molec-
ular dynamics computer simulations how the hypothesized
liquid!liquid critical point of water shifts in supercooled
aqueous solutions of salt as a function of concentration. We
study sodium chloride solutions in TIP4P water, NaCl(aq), for
concentrations c = 1.36 mol/kg and c = 2.10 mol/kg. The
liquid!liquid critical point is found up to the highest concen-
tration investigated, and its position in the P!T plane shifts to
higher temperatures and lower pressures upon increasing con-
centration. For c = 2.10mol/kg it is also located very close to the
temperature of maximum density line of the system. The results
are discussed and compared with previous results for bulk TIP4P water and for c = 0.67 mol/kg NaCl(aq) and with experimental
findings. We observe a progressive shrinkage of the low-density liquid region when the concentration of salt increases; this suggests
an eventual disappearance of the liquid!liquid coexistence upon further increase of NaCl concentration.
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LLCP shifts to negative pressures and higher temperatures. Its
location, although at negative pressures, should be above the
homogeneous nucleation line.18

In this paper we report extensive MD investigations of the
phase diagram of NaCl(aq) solutions for concentration c =
1.36 mol/kg c = 2.10 mol/kg in the supercooled region, aimed
to understand how the concentration of solutes affects the posi-
tion of the LLCP.

The paper is structured as follows. The MD methods used are
described in section II. In section III the results are presented and
discussed. The last section, section IV, is devoted to the conclusions.

II. METHODS

MD simulations are performed on two NaCl(aq) solutions
with concentrations c = 1.36 mol/kg and c = 2.10 mol/kg.
The results are also compared with bulk water and with c =
0.67 mol/kg NaCl(aq) simulated with the same potential of a
previous study.18 The systems are simulated in the range of
temperatures from T = 350 K to T = 190 K, every ΔT = 5 K, and
in the range of densities from F = 1.10 g/cm3 to F = 0.87 g/cm3,
every 0.01 g/cm3 . The cubic simulation box contains 256
molecules. For the c = 1.36 mol/kg system Nwat = 244 and
NNa+ = NCl! = 6; for the c = 2.10 mol/kg system, Nwat = 238 and
NNa+ = NCl! = 9.

The interaction potential between particles is the sum of the
electrostatic and the Lennard-Jones (LJ) potentials. The solvent
molecules have been modeled using the TIP4P potential.35 This
potential has been shown to reproduce well the phase diagrams
of supercooled6,18,36,37 and crystalline38 water. The ionic LJ po-
tential interaction parameters39 employed belong to a set of
parameters for alkali halides tailored for use with the TIP4P
potential. They were found to reproduce well the structure and
free energy of hydration of ions in water. Ion!water LJ para-
meters were calculated using geometric mixing rules.

Long-range electrostatic interactions are treated using the
Ewald summation method. The cutoff radius is set to 9.0 Å.
The integration time step used is 1 fs. Temperature is controlled
by a Berendsen thermostat.40 We apply the following simulation
protocol. For each fixed density, the initial configuration is
created distributing the particles on a face-centered cubic (fcc)
lattice with random orientation of water molecules. The crystal is
then melted at T = 500 K. From T = 350 K to T = 190 K the
temperature is reduced stepwise every 5 K. For each temperature,
an equilibration and a production run are performed. The last
configuration of one temperature is used as the initial configura-
tion for the following equilibration/production cycle. The equi-
libration and the production times are progressively increased
with decreasing temperature. For c = 1.36 mol/kg, the sum of the
equilibration and production times goes from 0.15 ns for the
highest temperature, T = 350 K, to 30 ns for the lowest
temperature, T = 190 K. For c = 2.10 mol/kg, it goes from
0.30 ns at T = 350 K to 40 ns at T = 190 K.

Total 1584 state points are collected (792 for each system).
The computational time needed to perform the simulations
equals more than 7 years of continues usage of a single 2.2 GHz
CPU. The simulations were performed using the parallel version
of the simulations software DL_POLY.41

The position of the LLCP is estimated from the highest point
of convergence of the isochores in the P!T plane12,21 and from
the development of a flat region in the P!F plane. The LLCP is
also the upper bound of the HDL/LDL limit of mechanical

stability (LMS). The HDL/LDL LMS and liquid!gas limit of
mechanical stability (LG LMS) are calculated from the points
where (∂P/∂F)T = 0. Lines of maxima of thermodynamic re-
sponse functions such as the isothermal compressibility KT and
isochoric specific heat CV also converge to the LLCP, upon
merging onto the Widom line.15,36,42 Maxima of KT are calcu-
lated along isotherms and maxima of the CV are calculated along
isochores. The temperature of maximum density (TMD) points
are calculated from the minima of the isochores, where the
coefficient of thermal expansion RP is zero.

III. RESULTS AND DISCUSSION

In a previous study we determined the position of the LLCP in
bulk TIP4P water and in a c = 0.67 mol/kg NaCl(aq) solution in
TIP4P water.18 The LLCP was located at Tc = 190 K and Pc =
150 MPa in bulk water and Tc = 200 K and Pc =!50 MPa in c =
0.67 mol/kg NaCl(aq). Thus the position of the LLCP moves to
higher temperatures and lower pressures upon adding salt to
water. In this study we extend the analysis to higher concentra-
tions of salt in order to study the direction and the magnitude of
the shift of the LLCP as a function of salt concentration.

In Figure 1 we report the simulated state points for the c = 1.36
mol/kg NaCl(aq) in the isochore P!T plane. The isochores are
reported from F = 1.10 g/cm3 to F = 0.96 g/cm3. The F =
0.96 g/cm3 isochore is the first one not showing a minimum
corresponding to the TMD. The state points are depicted for
temperatures from T = 300 K to T = 190 K. Together with
isochores, the estimated position of the LLCP, the line of KT and
CV maxima, and the points of the TMD, LG LMS, and HDL/
LDL LMS are also shown. The LLCP for c = 1.36 mol/kg is
located at Tc = 205 K and Pc = !75 MPa. Thus the same

Figure 1. Isochores for NaCl(aq) with concentration c = 1.36 mol/kg.
Density spans from F = 1.10 g/cm3 (top isochore) to F = 0.96 g/cm3

(bottom isochore) with ΔF = 0.01 g/cm3. The state points are reported
in the temperature range from T = 300 K to T = 190 K. Along
with isochores are reported the liquid!liquid critical point (LLCP, circle)
located at T = 205 K and P = !75 MPa, the temperature of maximum
density (TMD) points (squares),KT maxima (left pointing triangles), CV
maxima (right pointing triangles), limit of mechanical stability (LMS)
points for liquid!gas (LG LMS, diamonds), low density liquid (LDL
LMS, up pointing triangles) and high density liquid (HDL LMS, down
pointing triangles). Solid lines joining the points are guides for the eye.
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direction of shift of the LLCP, found between bulk water and c =
0.67 mol/kg, is maintained for this concentration. Namely, the
LLCP moves to higher temperatures and lower pressures upon
increasing concentration. The lines of KT maxima and CV maxima
converge very close to the LLCP. Figure S1 in the Supporting
Information shows the state points of c = 1.36 mol/kg NaCl(aq)
for all temperatures, fromT = 350 K toT = 190 K and for densities
from F = 1.10 g/cm3 to F = 0.90 g/cm3, close to the LG LMS.

Figure 2 depicts the analogous quantities shown in Figure 1 for
the c = 2.10 mol/kg NaCl(aq). In this case, the isochores are re-
ported fromF= 1.10 g/cm3 to F= 0.97 g/cm3. The F= 0.97 g/cm3

is the first isochore not displaying a minimum corresponding to
the TMD. The state points are again shown for temperatures
from T = 300 K to T = 190 K. Also for this system, the estimated
position of the LLCP, the line of KT and CV maxima, and the
points of the TMD, the LG LMS, and the HDL/LDL LMS are
reported. The position of the LLCP for c = 2.10 mol/kg moves
further up in temperature and further down in pressure with
respect to the c = 1.36 mol/kg NaCl(aq), being located at Tc =
220 K and Pc = !200 MPa, still maintaining the trend observed
starting from bulk water upon increasing the salt content. In this
system, the position of LLCP is found to be very close to the
TMD. The lines ofKT andCVmaxima are short and confined in a
narrow region of temperature and pressure. Figure S2 in the Sup-
porting Information shows the state points of c = 2.10 mol/kg
NaCl(aq) for all temperatures, from T = 350 K to T = 190 K and
for densities from F = 1.10 g/cm3 to F = 0.94 g/cm3, close to the
LG LMS.

To better visualize how the LLCP shifts in the NaCl(aq)
solutions at the different concentrations, we show in Figure 3 the
positions of the LLCP in bulk TIP4P water and in c = 0.67,1.36

and 2.10 mol/kg NaCl(aq) solutions. For the solutions, the
points of the HDL/LDL LMS line are also shown. The shift of
the LLCP in NaCl(aq) solution is monotonic. For all the
concentrations investigated, the critical temperature increases
and the critical pressure decreases, upon increasing the concen-
tration of salt. A strong reduction of the width of the region
encompassed between the LDL and HDL LMS lines is also
observed, when the concentration is increased. The slope of the
coexistence line located in between the HDL and LDL LMS
seems also to decrease upon increasing concentrations, becom-
ing almost flat at c = 2.10 mol/kg.

Our results indicate a liquid!liquid critical line for the
solution originating at the LLCP. This critical line has been
previously observed in theoretical models of solutions of inter-
acting nonpolar solutes in a water-like solvent31 and in simula-
tions of solutions of hydrophobic solutes in the Jagla water-like
solvent.18 Moreover, it was experimentally found for NaCl(aq)
that a line of liquid!gas critical points also originates from the
liquid!gas critical point.43 Thus the existence of a LLCP in the
ionic solution for concentrations from low to moderate is an
indication of the existence of the LLCP in pure water.

The position of the LLCP of the four systems is also shown in
Figure 4 together with the TMD lines and the points of the LG
LMS . The position of the LG LMS line is very mildly affected by
the increase in the number of ions. Minor changes start to be
noticeable from c = 1.36 mol/kg, but the LG LMS lines lie almost
at the same pressures. On the contrary, the position of the LLCP
moves progressively to lower pressures when the concentration of
solutes is increased. We can roughly estimate the width of the
region of existence of the LDL phase measuring the distance in
pressure (at the respective critical temperature) between the
LLCP and the LG LMS line. If we define this difference as ΔPLDL
= Pc ! PLGLMS at Tc, then for bulk water, ΔPLDL = 510 MPa;
for c = 0.67 mol/kg NaCl(aq), ΔPLDL = 250 MPa; for
c = 1.36 mol/kg NaCl(aq), ΔPLDL = 225 MPa and for

Figure 2. Isochores for NaCl(aq) with concentration c = 2.10 mol/kg.
Density spans from F = 1.10 g/cm3 (top isochore) to F = 0.97 g/cm3

(bottom isochore) withΔF = 0.01 g/cm3. The state points are reported in
the temperature range fromT = 300 K toT = 190 K. Along with isochores
are reported: the liquid!liquid critical point (LLCP, circle) located atT =
220 K and P =!200 MPa, the temperature of maximum density (TMD)
points (squares), KT maxima (left pointing triangles), CV maxima (right
pointing triangles), limit of mechanical stability (LMS) points for
liquid!gas (LG LMS, diamonds), low density liquid (LDL LMS, up
pointing triangles) and high density liquid (HDL LMS, down pointing
triangles). Solid lines joining the points are guides for the eye.

Figure 3. Liquid!liquid critical point (LLCP, circles) for TIP4P bulk
water: T = 190 K and P = 150 MPa; for c = 0.67 mol/kg NaCl(aq): T =
200 K and P =!50MPa; for c = 1.36mol/kgNaCl(aq):T = 205 K and P
=!75MPa and for c = 2.10 mol/kg NaCl(aq): T = 220 K and P =!200
MPa. For theNaCl(aq) solutions the limit ofmechanical stability (LMS)
points for low density liquid (LDL LMS, up pointing triangles) and high
density liquid (HDL LMS, down pointing triangles) are also reported.
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c = 2.10 mol/kg NaCl(aq), ΔPLDL = 90 MPa. Thus we see that
the presence of ions progressively pushes the LDL phase toward
the LG LMS line, reducing the width of its region of existence.
This is to be connected with a favored solvation of ions in the
HDL phase, observed in experiments on LiCl(aq)44!48 and in
computer simulations on solutions of model hydrophilic solutes
in monoatomic mW water.49 From a structural point of view, it
has also been observed in computer simulations on NaCl(aq) on
TIP4P water that chloride ions are able to disrupt the LDL or-
dered network.37 Very recently Longinotti et al.50 studied the
thermodynamics and the dynamics of NaCl(aq) solutions in
TIP5P water at ambient pressure. They also found results compa-
tible with a stabilization of the HDL phase, induced by the ions.

Upon increasing the concentration of salt, the LLCP also gets
progressively closer to the TMD line, reducing the distance
between the onset of the density anomaly and the HDL!LDL
phase separation. In fact, the TMD line globally moves to lower
pressures and lower temperatures when the salt content in-
creases, and at the same time the LLCPmoves to lower pressures
and to higher temperatures. To estimate the magnitude of this
effect, we can define ΔTn = Tn! Tc as the distance between the
“nose” (or turning point) of the TMD and the critical tempera-
ture. For bulk water,ΔTn= 70 K; for c = 0.67 mol/kg NaCl(aq),
ΔTn= 50 K; for c = 1.36 mol/kg NaCl(aq),ΔTn= 40 K; and for
c = 2.10 mol/kg NaCl(aq), ΔTn = 15 K. Therefore we see how
the LLCP and the TMD curves become closer as the concentra-
tion increases.

We now discuss how our results can help the experimental
determination of the LLCP in aqueous systems. Many water
potentials used in MD that are able to qualitatively reproduce
the phase diagram of water, display a shift in temperature and
pressurewith respect to the behavior of experimental water. TIP4P
in particular is able to reproduce very well, albeit with a shift, the
complex phase diagrams of crystalline phases of water.38,51

In our previous work18 we estimated that a shift in tempera-
ture of ΔT = +31 K and ΔP = !73 MPa, causes the TMD of

TIP4P bulk water to coincide with the experimental available
data and the position of the LLCP to be very close to the one
hypothesized by Mishima and Stanley on the basis of experi-
mental results9 on the decompression-induced melting of ice IV:
Tc = 220 K and Pc = 100 MPa. Recently, Mishima proposed a
new estimate of the LLCP of bulk water on the basis of
volumetric measurements on supercooled liquid water:52 Tc =
223 K and Pc = 50 MPa. The position of TIP4P bulk water
LLCP, after the mentioned shift, Tc = 221 K and Pc = 77 MPa,
appears to be compatible with both experimental estimates. The
shifted bulk TIP4P LLCP and the two experimental estimates are
reported in Figure 5.

In Figure 5 we also report the same quantities shown in Figure 4
after the application of the shiftΔT = +31 K andΔP =!73 MPa,
proposed for bulk water, together with the experimental values of
the bulk TMD obtained from refs 53!56 and the experimental
values for the TMD of c = 0.67 and c = 1.36 mol/kg NaCl(aq)
extrapolated for these concentrations from ref 57. We apply the
same shift to the solutions because we observe that the distance
between the simulated TMD of NaCl(aq) and bulk water, at
ambient pressure, ΔTTMD = 10 K for c = 0.67 mol/kg NaCl(aq)
andΔTTMD= 20 K for c = 1.36 mol/kg NaCl(aq) (see Figure 4)
is the same found between the available experimental TMDpoints
at ambient pressure (see Figure 5). We could not extrapolate a
TMD point for c = 2.10 mol/kg NaCl(aq) because, in the range
of temperatures studied in ref 57, the maximum in density as
a function of temperature disappears somewhere between c =
1.487 mol/kg and c = 2.330 mol/kg. Nonetheless, we reported
shifted data for c = 2.10 mol/kg also in Figure 5 for comparison
with the other concentrations. We can also observe that after the

Figure 4. Comparison of the phase diagrams of bulk TIP4P water (black,
circles), c= 0.67mol/kg (red, squares), c= 1.36mol/kg (green, diamonds)
and c = 2.10 mol/kg (blue, triangles) NaCl(aq) solutions. The quantities
shown are the liquid!liquid critical point (LLCP, filled symbols), the
temperature of maximum density (TMD) points, and the liquid!gas limit
of mechanical stability (LG LMS) points. The solid lines are polynomial
fits to the simulated TMD points, meant as a guide for the eye.

Figure 5. Shifted phase diagram (see text) of bulk TIP4P water (black,
circles), c = 0.67 mol/kg (red, squares), c = 1.36 mol/kg (green,
diamonds) and c = 2.10 mol/kg (blue, triangles) NaCl(aq) solutions.
The quantities shown are the shifted liquid!liquid critical point (LLCP,
filled symbols), shifted temperature of maximum density (TMD) lines
from Figure 4 (solid lines), and shifted liquid!gas limit of mechanical
stability (LG LMS). Experimental quantities are reported for compar-
ison: LLCP for bulk water as estimated byMishima and Stanley9 in 1998
(MS98) (black star), LLCP for bulk water as estimated by Mishima52 in
2010 (M10) (black cross); TMD line for bulk water (black + symbols
line), fitted from available data from refs 53!56, TMDpoints at ambient
pressure extrapolated from ref 57 for c = 0.67 mol/kg (red +) and c =
1.36 mol/kg (green +).
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shift the bulk TIP4P TMD line exactly superposes to available
experimental values and that the shiftedTMD lines for c= 0.67 and
c = 1.36 mol/kg NaCl(aq) are found very close to the available
experimental TMD points at ambient pressure.

We previously reported18 that the LLCP of c = 0.67 mol/kg
after the application of the shift, should fall in the experimental
accessible region, being located at Tc = 231 K and Pc =
!123 MPa. In fact, the homogeneous nucleation temperature
TH shifts downward by ca. 5 K in c = 0.67 mol/kg.34,58 Moreover,
large negative pressures have been reached in experiments on
aqueous systems. In particular, for c = 1.00 mol/kg NaCl(aq),
rupture appears to occur below!140( 20 MPa.59 Applying the
same shift to the c = 1.36 mol/kg NaCl(aq), we obtain, for the
LLCP,Tc = 236 K and Pc =!148MPa. Also, this value should be
reachable in experiments. In fact the TH for c = 1.36 mol/kg
NaCl(aq) shifts downward by ca. 10 K with respect to bulk
water,34 TH = 225 K at ambient pressure, and experimental
evidence suggests that pressures as low as as P = !150 MPa can
be reachable in aqueous solutions.59

In Figure 6 we report a schematic picture of the shifted phase
diagram for bulk water and for c = 0.67, 1.36, and 2.10 mol/kg
NaCl(aq). We focus on the P!T region around the LLCP where
we observe a progressive shrinkage of the LDL region upon
increasing the concentration of ions in the solution. At the
highest concentration investigated we observe that the LDL
region has suffered amajor reduction. This suggests that the LDL
region and the coexistence region between HDL and LDL might
completely disappear upon further increase of the salt content.

IV. CONCLUSIONS

In this paper we have extended our previous study on the
influence of salt on water phase diagram in the supercooled
region. We find that the TMD and the LLCP persist in the
NaCl(aq) solutions up to the highest concentration of ions
investigated, c = 2.10 mol/kg. The position of the LLCP shifts
monotonically to higher temperatures and lower pressures, going
from bulk water to the highest concentration c= 2.10mol/kg.We
also observed a progressive reduction of the region of existence of
the LDL phase, upon increasing salt content. For c = 2.10 mol/kg,

the region between theHDLLMS and the LG LMS line becomes
very small; this suggests that the liquid!liquid coexistence will
eventually disappear, upon further increase of NaCl concentra-
tion. The shift of the LLCP and the progressive reduction of the
LDL region can be connected to the disruption of the ordered
LDL structure induced by the ions observed when studying the
structure of NaCl(aq).37 Ions can in fact be more readily
accommodated in the packed HDL structure. The change in
HDL!LDL equilibria induced by the presence of ions in the
solutions causes the LLCP to shift to higher temperatures and
lower pressures, with respect to the bulk. Upon comparing our
data with existing experimental data for the TMD both in the
bulk and in the solutions, we predict that the LLCP should
be measurable in experiments for both c = 0.67 mol/kg and c =
1.36 mol/kg. Although at negative pressures, difficult to reach
experimentally, its location should be above the homogeneous
nucleation line. Thus we have seen that the study of ionic
aqueous solutions could be a very valuable tool for the study of
the LLCP phenomenon in aqueous systems. In fact, the hy-
pothesized LLCP of water, insofar still undetectable experimen-
tally, might be measured in aqueous solutions. To this end, we
plan to extend our study to solutions of other solutes, in order to
see which aqueous system offers themost favorable shift of LLCP
of water for its experimental determination.
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