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The aim of this paper is to discuss the relationship between the dynamics and thermodynamics of
water in the supercooled region. Reviewed case studies comprehend bulk water simulated with the
SPC/E, TIP4P and TIP4P/2005 potentials, water at protein interfaces, and water in solution with
electrolytes. Upon supercooling, the fragile to strong crossover in the α-relaxation of water is found
to occur when the Widom line emanating from the liquid-liquid critical point is crossed. This appears
to be a general characteristic of supercooled water, not depending on the applied interaction potential
and/or different local environments.
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1 Introduction

Water is one of the most abundant and, at the same time,
anomalous compound in the world [1–5]. The study of
the thermodynamic and dynamical properties of this liq-
uid is important for several reasons. Water, indeed, has
a primary role in the field of biology [6, 7] and in var-
ious technological processes [2, 8]. Moreover, water ex-
hibits more than 60 anomalies compared to other liquids,
whose origin is still a matter of debate [2–5, 9]. In partic-
ular, a locus of temperature of maximum density, called
TMD, exists and marks the region of the phase diagram
where density decreases upon cooling the system, which
is different from the case of simple liquids. Furthermore,
thermodynamic response functions, such as the isother-
mal compressibility and isobaric specific heat, increase
anomalously when temperature is lowered isobarically,
and they seem to be asymptotically diverging in the su-
percooled regime, in contrast with the monotonic behav-
ior of normal liquids [10, 11]. Although several theoret-
ical and experimental studies have been conducted to
understand the peculiar behavior of water [1, 3, 5], the
increase of the nucleation rate in the deep supercooled
regime makes difficult the exploration of an entire ther-
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modynamic region called the “no man’s land” [12].
Several scenarios have been developed to explain the

thermodynamic anomalies of water [1]. Among these,
the Liquid–Liquid Critical Point (LLCP) scenario, for-
mulated by Poole, Sciortino, Essmann, and Stanley [13]
is able to explain both the increase of thermodynamic
response functions and glassy water polyamorphism the-
oretically. Indeed, a large number of experimental works
on the amorphous phase of water confirmed the exis-
tence of two distinct forms of glassy water, Low-Density
Amorphous Ice (LDA) and High-Density Amorphous Ice
(HDA) [12, 14]. Furthermore, a first-order-type phase
transition has been observed between HDA and LDA
[15–18].

The central idea of the LLCP hypothesis is that super-
cooled liquid water can exist in two different phases: the
Low Density Liquid state (LDL) and High Density Liq-
uid state (HDL). LDL is a supercooled liquid state that
is more open and ordered and it exhibits a network of hy-
drogen bonds with a local tetrahedral order extending to
the second coordination shell. In comparison, HDL has a
more disordered hydrogen bond structure with a coordi-
nation number of NOO > 4 and the tetrahedral order is
limited to the first coordination shell. A first order phase
transition between LDL and HDL occurs in the “no
man’s land” and ends in a second order LLCP. The HDA-
LDA phase transition is the low-temperature and high-
pressure section of the LDL-HDL coexistence line, whose
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negative slope indicates that HDL is a more entropic
phase compared to LDL. Hence, on one hand, the LLCP
hypothesis is compatible with the LDA-HDA phase tran-
sition and, on the other hand, interprets the anomalous
increase of thermodynamic response functions in terms
of the increase and asymptotic divergence that occurs
upon approaching the critical point. Evidence support-
ing the presence of the LLCP has been found both by
computer simulations and experimental studies. In par-
ticular, Mishima and Stanley located the LLCP at ap-
proximately T ∼ 220 K and P ∼ 100 MPa [15].

Within the framework of the LLCP scenario, a line of
maxima of the correlation length, defined as the Widom
Line (WL), is expected to emanate from the LLCP, at
which the correlation length diverges, into the one-phase
region [19, 20]. This line can be considered as a signa-
ture of the existence of the LLCP, and marks the tran-
sition of the liquid from a high-temperature, more HDL-
like region toward a low-temperature phase, where the
structure and dynamics of the system are more LDL-like.
Expressed as power of the correlation length close to the
LLCP, thermodynamic response functions also show loci
of maxima in the one-phase region, which should collapse
onto the WL, close to the critical point. From this, it fol-
lows that these maxima can be used as a proxy for the
WL [20–22].

Apart from the thermodynamic behavior of water in
the mild and deep supercooled regime, the dynamical
properties of this liquid have been investigated in the
last years as well. In 1996, computer simulation studies
on SPC/E supercooled bulk water [23, 24] show that wa-
ter follows the Mode Coupling Theory (MCT) of glass-
forming liquids [25, 26]. The agreement between MCT
and supercooled water dynamics was further confirmed
by other computational and experimental studies [27–
35].

In particular, it has been experimentally demonstrated
that in mild supercooling water, the structural relaxation
time increases as a power law, as predicted by MCT [35].
Nevertheless, upon further cooling, the presence of ac-
tivated processes, called hopping processes, causes the
increasing trend of the relaxation time from the MCT
to change from power law to an exponential Arrhenius
law. This deviation is called Fragile to Strong Crossover
(FSC) and is interpreted as a transition from a region,
where water behaves as a fragile liquid, toward a state
where diffusivity is typical to that of a strong liquid. The
presence of FSC has been found by computer simulations
of both bulk [20, 27, 36] and confined [31, 32] water, and
by experimental measurements of confined water [37–42]
and more recently in layered ice/water samples [43]. The
role of FSC is extremely important, as its existence has
been connected to the thermodynamic features of the
system, particularly to the WL. Indeed, FSC has been

found to happen at the crossing of the WL both by com-
puter simulations and experiments [20, 37–39, 41, 44].
Several water potentials, such as ST2 and TIP5P show
FSC in correspondence to the WL [20]. Moreover, it has
been shown that FSC occurs at the WL in TIP4P [27]
and TIP4P/2005 bulk water [33]. A similar phenomenon
has been observed in confined water [31, 32, 45] and in
aqueous solutions [28] as well. From an experimental
point of view, measurements made on water confined in
nanoporous materials have shown a connection between
FSC and a peak of the specific heat [40].

This evidence of the relation between the WL and FSC
reveals a clear indication of a strong connection of dy-
namics and thermodynamics in supercooled water, and
motivates the further analysis of this aspect of the liquid.

In the present paper, we review results from molec-
ular dynamics (MD) simulations of supercooled water,
from bulk water to aqueous solution and hydration wa-
ter, where the relation between FSC and the WL is ev-
ident, demonstrating that this phenomenon is transver-
sal and independent of the particular water potential.
The paper is structured as follows: in Section 2 the de-
tails of the simulations used in this work are presented.
Section 3 describes FSC in several systems analyzed by
our group, from TIP4P and TIP4P/2005 bulk water, to
SPC/E bulk and hydration water and TIP4P aqueous
solution. In Section 4 a comparison of the locations of
FSC and the WL between various potentials and systems
is given. In Section 5 the conclusions are summarized.

2 Systems details

TIP4P bulk water. In the next section a review of
results on TIP4P bulk water is presented, obtained by
MD simulations in a series of papers [21, 27]. The TIP4P
[46] geometry consists of three sites placed on the atomic
positions. The hydrogen sites are charged, while the oxy-
gen site is a neutral Lennard-Jones (LJ) site. The charge
of the oxygen is placed on a fourth site, not coincid-
ing with any of the atomic positions, along the H–O–H
angle bisector, and coplanar with the oxygen and hydro-
gens atoms. Therefore globally, TIP4P is a rigid four-site
model of water. The LLCP in TIP4P water is located
at Tc = 190 K, pc = 150 MPa and ρc = 1.06 g/cm3 [21].
The densities investigated were ρ = 0.95, 1.00, 1.03, 1.05,
1.10 g/cm3 from T = 300 K down to T = 190 K.

TIP4P/2005 bulk water. In the next sections, a re-
view of results on TIP4P/2005 bulk water obtained in
Ref. [33] by MD simulations is given. The TIP4P/2005
[47] is a reparametrization of the TIP4P model of wa-
ter that keeps the geometry of the water molecule un-
changed and yields to several improvements. The LLCP
in TIP4P/2005 water is located at Tc = 193 K, pc = 135
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MPa and ρc = 1.012 g/cm3 [22]. Cubic simulation boxes
of 512 water molecules modeled with the TIP4P/2005
potentials were simulated at four different densities ρ =
0.95, 0.98, 1.00, 1.03 g/cm3. The temperatures investi-
gated were in a range from 300 K to 195 K.

SPC/E bulk water and protein hydration wa-
ter. In the next sections, a review of results on SPC/E
bulk water and SPC/E hydration water obtained in
Ref. [48] by MD simulations is given. The SPC/E [49]
is a rigid three-site model of water, consisting of three
fixed charged sites on the atomic positions, and one LJ
site coinciding with the oxygen position. A cubic simu-
lation box containing 500 water molecules modeled with
this potential was simulated along the p = 1 bar iso-
bar in the 300 K−200 K temperature range. The results
of hydration water were obtained for a system contain-
ing one lysozyme protein modeled by CHARMM [50, 51]
force fields, and 13982 water molecules modeled with
the SPC/E potential. The box also contained eight Cl−
counter ions to neutralize the charged lysozyme residues.
The temperatures investigated in this system were rang-
ing from 300 K to 200 K at a constant pressure of p = 1
bar. Hydration water is defined as water molecules lying
at a distance less than or equal to 6 Å from any protein
atoms.

The LLCP in SPC/E water is estimated at Tc = 130 K,
pc = 290 MPa, and ρc = 1.10 g/cm3 [52]; consequently,
the isobaric path simulated for bulk water should lie in
the one-phase region below the critical point.

TIP4P aqueous solutions. In the next sections, a
review of the results on NaCl water solution at a con-
centration c = 0.67 mol/kg obtained in a series of pa-
pers [21, 28, 53, 54] is given. Both water molecules and
ions were described by using a combination of Coulom-
bic and Lennard-Jones potentials. Water–water interac-
tion parameters were those of the TIP4P [55] model and
ion–ion interaction parameters were taken from Jensen
and Jorgensen [56]; cross interaction parameters were
calculated by using geometric mixing rules. These simu-
lations were performed with a fixed number of 500 water
molecules, six Na+, and six Cl−, along constant density
paths at temperatures ranging from 300 K to 190 K.
The LLCP from this solution is located at Tc = 200 K,
pc = −50 MPa and ρc = 0.99 g/cm3 thus, its position
moves to higher temperatures and lower pressures com-
pared to those of bulk water [21]. The densities studied
were ρ = 0.92, 0.95, 0.97, 0.98, 1.05 g/cm3, where the
latter density path lies above the LLCP.

3 Fragile to strong transition

Supercooled water dynamics was shown to be well de-
scribed by the MCT, both from a computational and
experimental viewpoint. In particular, its structural re-

laxation time τ increases as a power law well fitted by
the following Equation predicted by MCT:

τ ∼ (T − TC)
−γ , (1)

where TC is the Mode Coupling Temperature and γ the
power law exponent. Equation 1 shows clearly that τ
asymptotically diverges at TC . At this temperature, the
ideal version of MCT predicts an ideal phase transition
of the liquid from an ergodic phase, where the system
is able to structurally rearrange to a non- ergodic phase
where the dynamics is completely arrested and the liquid
becomes a glass.

Although the range of validity of MCT is wide, by fur-
ther cooling, the progressive appearance of activated pro-
cesses not taken into account by the ideal MCT, called
hopping processes, allows the system to relax through
a mechanism different from the cage breaking predicted
by MCT, and it restores the ergodicity to the system
also below TC . The relaxation of the liquid also through
hopping phenomena causes a crossover of the relaxation
time increase, from the fragile MCT power law behavior
to a strong Arrhenius exponential law:

τ = τ0eEA/(kBT ), (2)

where EA is the activation energy. The FSC represents
the transition of the system from a region where the re-
laxation mechanism is dominated by Brownian diffusion
of the particles after the relaxation of the cages formed
at intermediate times, to a region where the cages are al-
most completely frozen and particles escape from them
by hopping processes. As it is shown in the following
Sections the FSC in water is not only a dynamical phe-
nomenon, but it is strongly related to the peculiar ther-
modynamic features of supercooled water.

3.1 TIP4P bulk water

To study the dynamical behavior of TIP4P bulk water
and the eventual occurrence of FSC, MD simulations
were performed on a cubic box of 512 molecules at differ-
ent densities of ρ = 0.95, 1.00, 1.03, 1.05, and 1.10 g/cm3

in temperature ranges from T = 300 K to T = 190 K [27].
For all the densities and temperatures investigated, the
self-intermediate scattering functions (SISF) were calcu-
lated, showing a two-step relaxation scenario predicted
by MCT [26]. The SISF are well fitted by the equa-
tion [23, 24]:

FS(Q, t) = [1−A(Q)]e−(t/τs)
2

+A(Q)e−(t/τ)β , (3)

where A(Q) is the Lamb–Mossbauer factor, τs the fast
relaxation time, τ the long α-relaxation time and β
the exponent of the stretched exponential describing the
α-relaxation. As an example, Fig. 1 shows the oxygen
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FS(Q, t) for TIP4P bulk water in the high-temperature
and low-temperature regimes. At high T , the behavior
of FS(Q, t) is that of a normal liquid and after the ini-
tial ballistic behavior, the particle changes to a diffusive
behavior. For low temperatures, the correlator devel-
ops a plateau due to the transient caging of the nearest
neighbors molecules. When the cages relax, the correla-
tor decays in a stretched exponential fashion.

The results of the fits with Eq. (3) for the temperatures
and densities analyzed show a progressive increasing of τ
upon cooling the system. In Fig. 2 the α-relaxation time
as a function of inverse temperature is plotted for three
selected densities ρ = 0.95, 1.00, and 1.10 g/cm3. For all
densities the α-relaxation time increases with decreas-
ing temperature. This trend indicates that upon lower-
ing the temperature, liquid dynamics gradually becomes
slower and the capability of the system to structurally
rearrange decreases. Moreover, as a consequence of the
diffusion anomaly of water, τ isothermally increases with
the decreasing density. Lower densities, indeed, corre-
spond to more locally ordered structures, and with less
mobility compared to higher densities.

The solid and dashed lines in Fig. 2 are results from
the fits with the power law of Eq. (1) and the exponen-
tial law of Eq. (2), respectively. Figure 2 shows that the
data are well fitted by the MCT power law in the high-
temperature range. Consequently, for all densities inves-
tigated, the dependence of τ on temperature in the mild
supercooled regime follows the fragile behavior predicted
by MCT. Upon cooling the system, deviations from this
trend can be observed for all densities except for the
highest ρ = 1.10 g/cm3, and the low temperature behav-
ior of the α-relaxation time is well fitted by the expo-

Fig. 1 Oxygen self-intermediate scattering functions
(SISF) of TIP4P bulk water calculated at the maximum value
Q0 of the static structure factor for the density of ρ = 1.00
g/cm3 in the high (T = 300 K) and low (195 K) temperature
regimes. Data from Ref. [27].

Fig. 2 α-relaxation time as a function of inverse temper-
ature for ρ = 0.95, 1.00, and 1.10 g/cm3 in the range of
temperature investigated. The solid lines correspond to the
MCT fits with the power law of Eq. (1) and the dashed lines
correspond to the Arrhenius exponential fit of Eq. (2). Data
from Ref. [27].

nential Arrhenius law of Eq. (2). This deviation implies
the existence of FSC from the high-temperature regime,
where the system behaves as a fragile liquid, toward a
deep supercooled regime where the system has a strong
character. It is evident from Fig. 2, that the structural
relaxation time increases as a power law with decreas-
ing temperature only for ρ = 1.10 g/cm3 in the whole
range of temperatures simulated. The values of temper-
atures and densities of FSC (see Ref. [27]) have been
compared with the values at which the isochoric specific
heat cV has a maximum, along each isochore. This line
of cV maxima is reasonably assumed to be a proxy for
the WL. The calculation of cV for all the state points
investigated reveals the presence of a single maximum
for all the densities studied except for ρ = 1.10 g/cm3.
The temperatures at which the maxima occur coincide
with the FSC temperatures. This result is a convincing
evidence of a strong connection between dynamics and
thermodynamics in supercooled bulk water, and it is dis-
cussed in detail in Section 4.

3.2 TIP4P/2005 bulk water

Following the same line of the previous Section, the dy-
namical behavior of supercooled bulk water has been also
studied for the widely used water potential, TIP4P/2005.
In particular, MD simulations were performed on a cubic
box of 512 molecules in the mild and deep supercooled
regime, for four different densities, ρ = 0.95 g/cm3,
ρ = 0.98 g/cm3, ρ = 1.00 g/cm3, and ρ = 1.03 g/cm3.
For all densities investigated, SISF were computed and
fitted with Eq. (3). As in the case of TIP4P, SISF are
well fitted by Eq. (3) and exhibit a fast β-relaxation and
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a slow α-relaxation, together with an intermediate cage
regime [33]. The α-relaxation times for all the simulated
state points have been calculated and plotted in Fig. 3
as a function of the inverse temperature for three se-
lected densities ρ = 0.95 g/cm3, ρ = 0.98 g/cm3, and
ρ = 1.03 g/cm3. As shown Fig. 3, the relaxation time
τ increases on decreasing the density. This behavior re-
flects the diffusion anomaly of water. In the mild su-
percooled regime, the relaxation time, for all densities
investigated, increases following the MCT power law of
Eq. (1) (solid lines in the Fig. 3) and, consequently, the
system exhibits a fragile character of the relaxation pro-
cess. In the low-temperature region and for all densities
below the critical density ρ = 1.012 g/cm3, a crossover
from the fragile MCT power law to the Arrhenius ex-
ponential law of Eq. (2) (dashed lines in Fig. 3) occurs.
As in the case of TIP4P and also for TIP4P/2005 the
FSC points out the transition of the system from a frag-
ile regime, where the liquid relaxes only structurally to
a region where the relaxation process is more difficult to
be carried out and hopping intervenes.

The dynamical aspects analyzed through the study
of SISF in supercooled TIP4P/2005 water, were com-
pared with the thermodynamic phase diagram in the
same range of temperatures and densities. In particu-
lar, the isochoric specific heat cV was calculated, and it
was observed that all densities except ρ = 1.03 g/cm3 it
exhibit a single maximum. Importantly, each maximum
occurs at values of temperature and density coincident
with the location of the FSC, evidencing an underlying
relation between dynamics and thermodynamics. This
feature is examined in more detail in Section 4.

Fig. 3 α-relaxation time as a function of inverse temper-
ature for ρ = 0.95, 0.98, and 1.03 g/cm3 in the temperature
range investigated. The solid lines correspond to the MCT
fits with the power law of Eq. (1) and the dashed lines corre-
spond to the Arrhenius exponential fit of Eq. (2). Data from
Ref. [33].

Fig. 4 α-relaxation times of bulk and hydration water as
a function of inverse temperature. Solid lines are MCT fits
via Eq. (1), and dashed lines are Arrhenius fits via Eq. (2).
Data from Ref. [48].

3.3 SPC/E bulk and protein hydration water

This subsection deals with the α-relaxation of water sim-
ulated with the SPC/E potential. The dynamical be-
havior of bulk water and hydration water was character-
ized by the calculation of the density-density correlation
functions. SISF of bulk water are well described by the
model of Eq. (3). It was shown that SISF of hydration
water cannot be described by the same model because
of the coupling with the biomolecule, which causes the
onset of a second, slower relaxational phenomenon called
long [48, 57, 58]. In this case, the model has to be mod-
ified as follows:

F (q, t) = (1− fα − flong)e−(t/τs)
2

+ fαe−(t/τα)βα

+flonge−(t/τlong)
βlong

, (4)

where the added stretched exponential function describes
the new, long relaxation. This relaxation occurs over a
longer and well separated time scale with respect to the
α-process; by fitting hydration water SISF via Eq. (4), it
is possible to extract both τα and τlong. Relaxation time
τlong is due to the coupling of water with the protein
motion and it is not analyzed in this paper (see Ref. [48]
for a detailed analysis).

The extracted α-relaxation times, τα of both bulk
water and hydration water are shown in Fig. 4. At a
given temperature the α-process of hydration water is
slower compared to bulk water; the slowing down is
more evident at low temperature. The temperature be-
havior upon cooling is similar: the α-relaxation times of
both bulk and hydration water show a fragile to strong
crossover. In protein hydration water, this occurs five
degrees higher than in bulk water. The FSC in bulk wa-
ter is also accompanied by a maximum in the constant
pressure specific heat cp, calculated along the simulated
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isobar. This point is discussed in Section 4.

3.4 TIP4P aqueous solutions

Here, a review of the results for a NaCl water solution
at concentration c = 0.67 mol/kg [28] is given. For
studying the dynamical behavior of the water contained
in electrolyte solutions, oxygen-oxygen SISF were calcu-
lated for different density values as a function of tem-
perature. Structural α-relaxation times of water were
then extracted from the fit via Eq. (3) of the self-density
auto-correlation functions in the (Q, t) space. They are
shown as a function of inverse temperature for three se-
lected densities ρ = 0.92, 0.97, 1.05 g/cm3 in Fig. 5.
The behavior of the dynamics upon varying the density
of the system is similar to that of bulk water: at fixed
temperature, the dynamics is slower at a lower density.
For each density, the MCT power law of Eq. (1) well de-
scribes the temperature dependence of τα upon cooling;
however, the fit via Eq. (1) can only be done by exclud-
ing the lower temperature points at ρ = 0.92 g/cm3 and
ρ = 0.97 g/cm3. Along these two isodensity paths, the
relaxation times deviate from the MCT law upon cooling
toward the Arrhenius law of Eq. (2). A FSC actually oc-
curs along all density paths investigated in Ref. [28] and
its crossover temperature coincides with the temperature
of the maximum of the constant volume specific heat cV ,
along the considered path calculated in Ref. [21]. The
only exception to this phenomenology is the path corre-
sponding to the highest density value ρ = 1.05 g/cm3,
which can be described by the MCT power law for the
whole simulated temperature range, as shown in Fig. 5,
similar to the results in the bulk phases of TIP4P and
TIP4P/2005 water for the highest densities. We note

Fig. 5 α-relaxation time of the water contained in NaCl
solutions as a function of inverse temperature. Solid lines are
the MCT fits via Eq. (1), and dashed lines are the Arrhenius
fits via Eq. (2). Data from Ref. [28].

that along ρ = 1.05 g/cm3, no maximum in cV was ob-
served. This phenomenon is discussed in the next sec-
tion, together with the same phenomenon observed in
bulk TIP4P and TIP4P/2005 water.

4 FSC and Widom line

Figure 6 shows the location of FSC, the maxima of the
specific heat and the LLCP for all systems analyzed in
this paper. From Figure 6, it is evident that TIP4P
and TIP4P/2005 bulk water have similar behaviors in
the mild and deep supercooled regime. Indeed, for both
potentials, FSC occurs in the same region of the phase
diagram. Considering the location of the Widom line at
the maxima of the specific heat, it can be seen that the
two lines, the WL and FSC line, coincide. This result
implies that, even if the phase diagrams of these two po-
tentials are strongly different in the high temperature
range, these differences tend to disappear upon super-
cooling.

For the same pressure, FSC for SPC/E bulk water
is located at a lower temperature compared to that of
TIP4P and TIP4P/2005, transition of the liquid from a
fragile-like state, where it is more fluid and dynamically
faster, toward a strong-like phase, where the liquid has
a lower capability of rearrangement, happens later upon
supercooling. This is consistent with the fact that the
LLCP for SPC/E water is supposedly located at a lower
temperature compared to TIP4P and TIP4P/2005. Fur-
thermore, for this potential the occurrence of FSC and
WL, calculated from the peak of the isobaric specific
heat, coincides. From the position of FSC for SPC/E
protein hydration water it can also be seen that the in-
teractions of SPC/E hydration water with the lysozyme
have the effect of isobarically translating FSC at higher
temperature.

Finally, it can be seen in Fig. 6 that the location of
FSC and the peaks of the specific heat for NaCl water
solutions lie in a temperature and pressure range which
is significantly different than that of bulk and hydration
water. However, also in aqueous solutions, water exhibits
a correspondence between dynamical FSC and the peaks
of the isochoric specific heat, used as a proxy for the WL.
Structural studies confirm this picture [54].

Overall, the analysis shows that the interconnection
between FSC and the WL appears to be a universal phe-
nomenon, independent of the particular geometry of the
water potential, and not influenced by interactions with
surfaces or ions. This result is extremely important as
it proves the existence of a relation between the thermo-
dynamic and dynamic properties of supercooled water.
This connection can be interpreted in terms of phase di-
agram features for water in the supercooled regime. As
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Fig. 6 Location of FSC (star), cV maxima (triangle up),
cP maxima (triangle down), and LLCP (solid circle) in the
P–T plane for TIP4P bulk water [21, 27] (red symbols),
TIP4P/2005 bulk water [22, 23] (blue symbols), SPC/E bulk
water [48, 52] (green symbols), SPC/E hydration water [48]
(purple symbol) and NaCl aqueous solution [21, 28] (magenta
symbols). The experimental LLCP is the estimated value in
Refs. [12, 15]. The LLCP for SPC/E bulk water estimated in
Ref. [52] is shown in the inset of the figure. The maximum
error bars for the temperatures of the maxima of specific heat
and FSC temperatures are estimated as 10 K and 5 K, re-
spectively.

already mentioned, the WL marks the transition between
a high-temperature HDL-like region, where water has
greater mobility to a LDL-like state where the dynam-
ics is slower and more frozen. Correspondingly, water
changes from a phase where the relaxation mechanism
is dominated by cage breaking and dynamics is more
fragile-like, to a region where the system is more struc-
turally arrested and relaxation happens through hopping
processes, leading to a dynamical strong-like behavior.

5 Summary and conclusions

In this review, the dynamical and thermodynamic prop-
erties of supercooled water are considered. In TIP4P
and TIP4P/2005 models of water, for which the posi-
tion of the liquid–liquid critical point can be determined
precisely, a comprehensive analysis of dynamical prop-
erties such as structural relaxation times and thermody-
namic properties for pressures above and below the crit-
ical point can be performed. For water, modeled with
these two potentials, the fragile to strong crossover of
α-relaxation times at p < pc coincides with the cross-
ing of the Widom line. Above the liquid–liquid criti-
cal point pressure, no maxima of the response functions
are observed, and no fragile to strong crossovers of α-
relaxation times occur. The latter point is valid at least

down to the lowest temperature investigated upon cool-
ing at p > pc and ρ > ρc. It should be emphasized that
those paths were all within the high-density phase of su-
percooled water, and therefore, they did not cross either
the coexistence line or the mechanical stability limit line
of the high-density liquid.

In electrolyte aqueous solutions at c = 0.67 mol/kg,
the water phenomenology is qualitatively unaffected by
the presence of ions. The existence of the liquid–liquid
critical point, and consequently, the Widom line is pre-
served in these conditions. The net effect on the com-
plex thermodynamic behavior of water can be seen as a
shift toward lower pressures and higher temperatures by
a similar phenomenology of the fragile to strong crossover
above and below the critical point pressure.

For SPC/E bulk water, the fragile to strong crossover
of α-relaxation times along the p = 1 bar isobar occurs
at the same temperature at which the thermodynamic
response function shows a maximum. This behavior is
expected in the one-phase region p < pc, in analogy to
the other investigated systems, and also in accordance
to free-energy based calculations for the position of the
liquid–liquid critical point in this model of water [52].
Upon cooling, hydration water exhibits a fragile to strong
crossover in its α-relaxation time as well, but the ther-
modynamic response function cannot be calculated di-
rectly for this system. However, the strong evidence pro-
vided by other systems leaves the possibility open that a
Widom line can also exist in hydration water, and conse-
quently, a transformation between high density and low
density in the structure of the water belonging to the
closest layers of proteins. The occurrence of the fragile to
strong crossover at the maximum of the specific heat has
been observed only in the mono-layer water surrounding
the hydrated powder model of lysozyme proteins [59, 60].

As a summary, the fragile to strong crossover, which
can be measured in experiments probing translational
dynamics, represents the smoking gun for the existence
of a liquid–liquid critical point in water, not only in the
bulk phase but also in solution, where supercooling is
easier to obtain.
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