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Abstract: We review our simulation results on properties of supercooled confined water. We consider
two situations: water confined in a hydrophilic pore that mimics an MCM-41 environment and
water at interface with a protein. The behavior upon cooling of the α relaxation of water in both
environments is well interpreted in terms of the Mode Coupling Theory of glassy dynamics. Moreover,
we find a crossover from a fragile to a strong regime. We relate this crossover to the crossing of
the Widom line emanating from the liquid-liquid critical point, and in confinement we connect this
crossover also to a crossover of the two body excess entropy of water upon cooling. Hydration water
exhibits a second, distinctly slower relaxation caused by its dynamical coupling with the protein.
The crossover upon cooling of this long relaxation is related to the protein dynamics.
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1. Introduction

The properties of water affect almost every phenomena occurring in nature. Water in all its states,
ice, liquid and vapor, influences many chemical and biological processes [1,2]. A huge number of
technological, agricultural and medical research activities are based on the use of water, water solutions
or water embedded in different environments [3–5]. Water shows a number of anomalies in all its
thermodynamic space [6], the most well-known among them is the presence of a temperature of
maximum density (TMD), corresponding to 4 ◦C at ambient pressure. Water expands its volume upon
cooling below TMD. How the anomalies of water affect its properties in solution or in confinement is
still not well understood. The anomalous behavior becomes more relevant in metastable supercooled
liquid state [6–8]. With special techniques it is possible to avoid crystallization and keep water in a
liquid metastable condition. There is however an experimental limit to supercooling determined by
the homogeneous nucleation temperature TH . At ambient pressure TH ≈ −42 ◦C. Only very recently,
new experimental techniques using nanodroplets, nanoconfinement and association with biomolecules
have successfully shifted this limit down to ≈ −46 ◦C [9].

Thermodynamic response functions, like the isobaric specific heat and the isothermal
compressibility, were found to anomalously increase in supercooled liquid water. An apparent
universal divergence at around 228 K has been extrapolated [10,11].

Although water cannot be supercooled below TH it is possible to obtain amorphous ice by fast
cooling from high temperatures. It was found that glassy water exhibits polyamorphism with a low
density amorphous (LDA) ice that coexists with an high density amorphous (HDA) ice [12]. LDA and
HDA have different short range order and a first order phase transition is observed between the two
states [13–17]. Both LDA and HDA can be heated up to a pressure dependent temperature TX where a
spontaneous crystallization takes place. The region between the TH-line and the TX-line is called “no
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man’s land” [12,18,19], since it is extremely difficult to perform experiments on supercooled water in
this region.

The apparent divergence of the thermodynamic response functions, mentioned above, takes place
in the no man’s land. This makes difficult the interpretation of the phenomenon. After the pioneering
work of Speedy who hypothesized that the increase of the response functions was due to an approach
to a liquid retracing spinodal [20], later it was formulated the hypothesis of a second critical point.
According to this point of view the line of the first order transition between the two amorphous ice states
would enter in the region of supercooled liquid water and terminate at a critical point. The LDA and
HDA would evolve respectively in a low density liquid (LDL) and an high density liquid (HDL) phases.
The second critical point is interpreted as a liquid-liquid critical point (LLCP) [21]. The experimentally
observed increases in liquid thermodynamic response functions would be determined by the presence
of this critical point. The scenario of a LLCP in supercooled water opened a line of research to confirm
this hypothesis [6]. The presence of a LLCP would provide a systematic explanation for phenomena
in supercooled liquid water [22,23]. The existence of two distinct forms of liquid water would also
account for the polyamorphism of glassy water [23]. Due to the difficulty in performing experiments
in that region, only computer simulation studies of different models of water have observed the LLCP
and the liquid-liquid coexistence [21,24–33]. There are however a number of indirect experimental
results that are compatible with the LLCP scenario. In particular extrapolations of data outside the no
man’s land locate the LLCP at the temperature Tc ≈ 220 K and pressure pc ≈ 100 MPa [19].

The divergence of quantities like the specific heat and the isothermal compressibility at a critical
point implies that these functions show maxima in the one phase region above the LLCP [34]. The loci
of these maxima are expected to collapse on the Widom line [35,36], the line of the maxima of the
correlation length, in approaching the LLCP from the one phase region. The Widom line is the
prolongation of the coexistence curve above the critical temperature and plays an important role in the
location of the phase transition.

The presence of the LLCP profoundly affects also the dynamics of water in the supercooled regime.
It has been shown both experimentally and computationally that supercooled water dynamics is well
described by the Mode Coupling Theory (MCT) of glassy dynamics [37–39]. This theory [40,41] in its
basic formulation predicts that upon supercooling a liquid undergoes a crossover from an ergodic
regime to a structurally arrested state, this crossover would take place at a temperature TC called the
Mode Coupling Temperature.

According to MCT, water in the supercooled regime structurally relaxes by means of Brownian
diffusion of particles within the liquid after a transient “cage regime”. In particular the structural α

relaxation time is predicted to increase by decreasing temperature with a fragile power law behavior
τ ∝ (T − TC)

−γ, where γ is a universal exponent.
Experiments and simulations have found that water exhibits a fragile character in the mild

supercooled region [39,42]. The temperature dependence of τ can be fitted with the MCT power law or
with an alternative formula, the Vogel-Fulcher-Tammann (VFT) equation τ = τVFT

0 exp[BT0/(T− T0)],
where B is the fragility parameter and T0 is an ideal glass transition temperature.

Experiments on water confined in a silica pore medium, called MCM-41 in a deeply supercooling
region found a crossover from the fragile regime to a strong regime [43–48], where the relaxation time
is fitted with an Arrhenius formula τ = τA

0 exp[EA/(kBT)], indicating the appearance of activated
processes with an average activation energy EA. Computer simulations on pure water and confined
water confirmed the experimental findings [35,49–51].

It is of particular interest that, in simulations, the fragile to strong crossover (FSC) was found
to occur along the isobaric path in coincidence with the crossing of Widom line emanating from the
LLCP [43,50,52]. Results of experiments on water in MCM-41 give support to this result [43,46].

As said above, the LLCP is expected to reside in a region that is very hard to directly investigate
by experiments. In this respect it is possible that the no man’s land can be accessed in water in solution
or confined. The FSC indeed was really observed in water confined in MCM-41 [48].
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In this framework we here devote special interest to confined water. Both the behavior of water
inside hydrophilic pores and hydration water around molecules of biological interest like proteins
is analyzed. We want to address the issues discussed above of supercooled bulk water and see how
much they are preserved in different kinds of confinement. In the case of bioconfinement we also want
to see if water’s peculiar behavior can influence the substrate.

Confined water gives experimentally the possibility to explore the no man’s land by allowing to
cool water down to lowest temperatures with respect to the bulk phase. It has been shown that water
confined in a hydrophilic silica pore has bulk-like properties apart the molecules in a layer close to the
substrate [51]. Moreover these studies are of great importance for numerous applications.

The role and properties of interfacial water in contact with hydrophilic surfaces is central in many
biological systems, such as living cells, biopolymers, membrane and a wide variety of gel-forming
substances. Hydration water is also most important from the biological point of view [1,53]. The first
layers of water that hydrate macro-biomolecules, seem to play actually the leading role in the
biochemical activity. For proteins and polynucleotides hydrated above 30% by weight a change in
flexibility, characterized by a rapid increase in the mean square atomic displacement, happens upon
increasing temperature and this occurs at an approximately universal temperature of 220 K–240 K, in the
supercooled region of water. This universal temperature is called protein dynamical transition (PDT).

Both confined and hydration water show the FSC of the α relaxation time at the Widom
line, therefore keeping unchanged peculiar dynamical and thermodynamical features of the bulk
water [43,51,54,55].

Here, without the aim of giving an exhaustive overview on this topics, we review our recent
molecular dynamics (MD) results on these two systems concerning the structure and translational
dynamics of water molecules upon cooling, configurational entropy of the confined water and protein
coupled structural relaxation of hydration water. Special attention is paid on the occurrence of dynamic
crossovers of these quantities and their reciprocal connections.

Alternative reviews on similar topics, presenting different points of view, have been recently
published in, e.g., [56,57].

2. Results and Discussion

2.1. Confined Water

A very accurate study of confined water has been performed in a series of computer simulation
of water in a silica pore that mimics the properties of MCM-41 [51,58,59]. Water is represented with a
three-site rigid model, the SPC/E potential, other simulation details are in Section 3. A snapshot of the
system is shown in Figure 1.

An important issue in this research is to understand how the confinement changes the properties
of bulk water. In the case of water embedded in MCM-41 the substrate shows a strong hydrophilic
character. This is the cause of the layering effects with the formation of a double layer of water
molecules close to the interface, as shown in the inset of Figure 2 [51,58,59].

Due to the strong hydrophilicity of the material, a double layer of water extending circa 0.3 nm
from the inner surface of the pore is evident in the density profile. Water in this layer is referred as
bound water and it exhibits a dynamics almost completely arrested as a result of the hydrogen bonds
between water molecules and silica molecules. Water residing within a distance of 0.55 nm from the
center of the pore, called free water, presents instead features similar to bulk water. Calculations of
the Self Intermediate Scattering Functions (SISF) of the inner core molecules [51] have shown that the
dynamics of free water follows the Mode Coupling Theory in the mild supercooled temperature region.
The dynamics deviates from the MCT behavior in approaching the deep supercooled region where it
was found a FSC of the structural relaxation time. The FSC temperature lies around TL ∼ 215 K in
agreement with experiments [51,59]. The α relaxation times as a function of temperature and the FSC
is shown in Figure 2.
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Figure 1. Snapshot of the silica confining pore simulated in this work. Red, yellow and blue points are
respectively the oxygen, the silicon and the acidic hydrogen atoms. Water molecules are red (oxygen
atoms) and light grey (hydrogen atoms).
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Figure 2. Temperature dependence of the α relaxation times extracted from the Self Intermediate
Scattering Functions of the free water. The red solid line is the fit with the Vogel-Fulcher-Tammann
formula τ = τVFT

0 exp[BT0/(T− T0)] where B is the fragility parameter and T0 is an ideal glass transition
temperature. The blue dashed line is the fit with the Arrhenius formula τ = τA

0 exp[EA/(kBT)] with EA

the activation energy. In the inset the density profile along the pore radius is shown. Data from [51].

It was found that the FSC happens in correspondence with the temperature of maximum of
the isochoric specific heat [51]. This maximum can be considered as a proxy of the Widom line and
this result shows an important relation between the dynamics and thermodynamics in supercooled
confined water.

Further analysis on the structure of free water have shown similarities with bulk water.
The oxygen-oxygen radial distribution functions (RDF) computed for free water and SPC/E bulk water
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at ρ = 1.00 g/cm3 at different temperatures are displayed in Figure 3. The RDF are obtained with a
procedure that takes into account the cylindrical geometry, the periodic boundary conditions along the
central axis and the irregularity of the surface of the pore [60].
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Figure 3. Left panel: Normalized oxygen-oxygen radial distribution functions at different temperatures
of free water in MCM-41. Central panel: Comparison between the normalized oxygen-oxygen radial
distribution functions (OO-RDF) of free water and bulk water at T = 300 K. Right panel: Comparison
between the normalized OO-RDF of free water and bulk water at T = 200 K. Data reprinted from [60],
with the permission of AIP Publishing.

The behavior of the OO-RDF upon decreasing temperature (left panel of Figure 3) is similar
to bulk water. The position of the peaks remains unaltered. The first minimum shifts towards
smaller distances by cooling. Overall, both the maxima and the minima become sharper at lower
temperatures, evidencing that the liquid is more structured and ordered with respect to higher
temperatures. Comparisons between the OO-RDF of confined free water in MCM-41 and the OO-RDF
of SPC/E bulk water at 300 K and 200 K are shown respectively in the central and right panel of
Figure 3. In both the temperatures, the first minimum of the RDF of free water is shallower than
bulk water and fills in upon confinement. Therefore, confinement induces major penetration of water
molecules between the first and second shell. This effect has been reported also in water confined in
Vycor [61]. The positions of the peaks are equal to the bulk and the differences between the RDF of
free water and bulk water tend asymptotically to disappear at larger distances.

Through the study of the radial distribution functions of free water in MCM-41 we have further
found a relation between the FSC found in [51] and the thermodynamic properties of the system.

From the oxygen-oxygen RDF the two body excess entropy can be calculated as

s2 = −2πρkB

∫
{gOO(r) ln [gOO(r)]− [gOO(r)− 1]} r2dr , (1)

based on the idea that the excess entropy is related to the number of the phase space configurations
available to the system at a specific thermodynamic state [62]. It was proposed a relation between the
two body entropy and the diffusion with the empirical equation

D ∼ D0e(αDs2/kB) (2)
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This equation was tested by computer simulation in different liquid systems [62–70].
We considered in our work an equation similar to Equation (2) for the relaxation time τ in connection

with the MCT. This relation in the dynamics of supercooled liquids was recently discussed [71] in the
framework of MCT and compared with a different formulation where the Adam and Gibbs formula is
considered with the use of the configurational entropy instead of the excess entropy.

We assume here that the structural relaxation time τ can be expressed in terms of s2 through the
empirical formula:

1
τ
= Aeαs2/kB (3)

Equation (3) implies that the temperature dependence of the α relaxation time and the two
body excess entropy are directly related. This shows that thermodynamics and dynamics are two
interconnected aspects of the system. By inverting Equation (3), the two body excess entropy is
expected to follow the equation:

s2/kB = a + b ln (T− TC) (4)

where TC is the Mode Coupling Temperature. This relation between the two body excess entropy and
the structural relaxation time was already verified in bulk TIP4P water [72]. In [60] we have computed
s2 from the radial distribution functions at different temperatures as discussed above. The results of
this calculation are displayed in Figure 4.

The behavior of s2 is well fitted by Equation (4) in the high temperature range, as clear from
the agreement between the data and the red line generated from the fit. Nevertheless, in the low
temperature regime, s2 exhibits a deviation from the logarithmic dependence of Equation (4). The
temperature at which this deviation occurs coincides roughly with the FSC temperature found in [51].

This result shows the existence of a strong connection between the thermodynamic and dynamical
properties of confined water.
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Figure 4. Two body excess entropyas a function of the logarithm of temperature. The red solid line is the
fit to Equation (4). The temperatures investigated are T = 300, 280, 260, 250, 240, 230, 220, 210, 205, 200 K.
The value of the Mode Coupling Temperature is TC = 195 K. Figure reprinted from [60], with the
permission of AIP Publishing.
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2.2. Protein Hydration Water

We review now results obtained from molecular dynamics simulation of one fully-hydrated
lysozyme protein immersed in water [73,74] (see Section 3 for simulation details). We focused on the
lysozyme hydration water, defined as the 6 Å thick shell of water around the protein. In Figure 5,
a slice of the cubic simulation box shows the lysozyme, the shell of hydration water and the remaining
water molecules in distinct colors.

The translational dynamics of hydration water, as characterized by calculating the SISF upon
cooling, reveals the onset of new relaxational phenomena of supercooled water at the protein interface.
At a given temperature the long temporal evolution of the SISF, differently from the free-water confined
in MCM-41 pore, can not be reliably described by one relaxational process, but two different structural
processes are needed to reproduce the long time behavior of such curves [73]. Consequently two
structural relaxation times can be extracted from the SISFs. The time-scale of the two processes remains
well separated upon cooling [74]. One relaxation is the analogous of the typical α-relaxation of bulk
and confined water and other glass-forming liquids. The other one, that we named long, corresponds
to a much slower process respect to the α, and arises only in hydration water because it is the effect of
the coupling of the protein internal dynamics and the motion of its hydration water. Two relaxation
processes have been observed computationally [75] and experimentally [76,77] also in total correlators
of the water contained in biological solutions, i.e., when both hydration water and bulk-like water
of the solution are analyzed as a whole. In these cases, while it was possible to uniquely assign to
hydration water the long relaxation because of the absence of the long process in bulk water, it was
not possible to exclusively assign the α-relaxation to only those water molecules not in direct contact
with the biomolecule (bulk-like water) or to the hydration layer or to both of them. Here we excluded
from the analysis bulk-like water showing that hydration water itself relaxes trough two different
processes, the α-relaxation reminiscent of the bulk phase and the long relaxation, and that thus the
dynamics is most complex and can not be seen by a single bulk-like relaxation happening on a longer
time scale. The extracted α- and long- relaxation times are shown in Figure 6. They behave differently
upon cooling.

The temperature behavior of the α relaxation time, τα, of hydration water (see Figure 6-left panel)
can be well interpreted within the MCT. Analogously to what found in bulk and in confinement,
the MCT power law, τ ∝ (T − TC)

−γ, describes the behavior of τα from high temperatures upon
cooling and it deviates toward the low-temperature Arrhenius regime. The FSC occurs in protein
hydration water at TL ∼ 215 K, about 5 degree above the FSC occurring along the 1 bar isobar
of bulk SPC/E water [74,78]. The occurring of the FSC in hydration water in coincidence of the
crossing of the WL has been confirmed for the monolayer coverage of water both in experiments and
in simulations [54,55,79,80]. We note that the net effect of considering water in different environment
is characterized by the shift of the dynamics in temperature: in both confinement and protein interface
the shift is toward high temperature.

The behavior of the relaxation time of the long process, τlong, differs from the α relaxation
temperature behavior. See Figure 6-right panel. It can be described already at higher temperature by
an Arrhenius law with activation enrgy Elong

HighT , and by another Arrhenius law with activation energy

Elong
LowT > Elong

HighT at low temperature. The crossing between the two regimes occurs at ∼ 240 K. This is
found to occur in our system in coincidence with the PDT of the lysozyme [74]. At low temperatures
the protein is stiffened, the activation energy of the long process increases following the suppression of
conformational motion of lysozyme and reduced softness of the protein below the PDT.
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Figure 5. Snapshot of the protein immersed in water. The image corresponds to a 10 Å slice of the
simulation box centered on the protein, which is shown entirely. Lysozyme is colored according to its
tertiary structure. Water molecules are depicted as spheres. Red spheres correspond to hydration water.
Water molecules at distance longer than 6 Å from the lysozyme are shown in blue. In this paper we
focused on the dynamical behavior of the red colored water molecules only.
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Figure 6. Left panel: Arrhenius plot of the α-relaxation times τα of lysozyme hydration water.
The points fit the Mode Coupling Theory (MCT) power law at high temperatures and the Arrhenius
law at low temperatures. These two regimes cross at TL ∼ 215 K. Right panel: Arrhenius plot of the
long-relaxation time τlong of hydration water. The points fit two Arrhenius laws with different activation
energies at high and low temperatures. These two regimes cross at ∼ 240 K, in coincidence with the
protein dynamical transition (PDT) that we found for the lysozyme (not shown). Data from [74].

3. Methods

Confined water. A cylindrical pore of diameter 1.5 nm was carved from a cubic silica cell of
length L = 4.278 nm. 380 water molecules were placed inside the pore to get an average density of
1.0 g/cm3 in its inner part. The water was simulated with the SPC/E potential. The interactions of
water molecules with the substrate atoms are described using the empirical potential model of [81].
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Simulated temperatures range from T = 300 K to T = 190 K. See [51,60] for further details on
simulations and [51] for details of the construction of the glassy silica matrix. Equation of motion were
integrated with a time step of 1 fs within the GROMACS 4.5.5 [82] simulation package.

Hydration water. The system contains 1 lysozyme protein, 13982 water molecules and 8 Cl−

counterions neutralizing the lysozyme charged residues. The system occupies at T = 300 K and
p = 1 bar a cubic simulation box with linear dimension L = 75 Å. MD simulations were run using the
GROMACS 4.5.5 [82] package. Protein interaction are described by the CHARMM [83,84] force field
and water is modeled with the SPC/E [85] potential. Equation of motion were integrated with a time
step set to 1 fs. The p = 1 bar isobar has been simulated on the 300 K–200 K temperature range. Further
computational details can be found in [73,74]. Hydration water has been defined by the following
criterio: each water molecules lying at a distance minor than or equal to 6 Å from any protein atoms.

4. Conclusions

Here we reviewed our recent work about the dynamical and structural properties of SPC/E
supercooled water in confined environment and at protein interface. We focused on the α-relaxation
of these types of water and we highlighted the analogies of the temperature dependence of the
α-relaxation with respect to its analogous in bulk water. A fragile-to-strong crossover of τα is found
in the deep supercooled region in both the systems. This crossover can be related to the crossing
of the Widom line and consequently to the LLCP of water. Upon cooling, the two body entropy of
confined water changes its behavior in correspondence of the FSC of its relaxation time τα, meaning
that structural, dynamical and thermodynamical properties are strictly related. Hydration water
has the α-relaxation and a second relaxation process happening on a longer time scale and absent
in bulk water. This arises from the dynamic coupling between hydration water and the protein and
it exhibits a change in the temperature trend in coincidence with the PDT. We have shown that the
phenomenology of water when it is confined or close to the surface of a protein retains many of the
features of the bulk phase.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

LLCP Liquid-Liquid Critical Point
LDA Low Density Amorphous
HDA High Density Amorphous
LDL Low Density Liquid
HDL High Density Liquid
MCT Mode Coupling Theory
VFT Vogel-Fulcher-Tammann
FSC Fragile to Strong Crossover
PDT Protein Dynamical Transition
MD Molecular Dynamics
SISF Self Intermediate Scattering Function
RDF Radial Distribution Functions
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