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Abstract: The hydrogen density of states (DOS) in confined water has been probed by inelastic
neutron scattering spectra in a wide range of its P–T phase diagram. The liquid–liquid transition
and the dynamical crossover from the fragile (super-Arrhenius) to strong (Arrhenius) glass forming
behavior have been studied, by taking into account the system polymorphism in both the liquid and
amorphous solid phases. The interest is focused in the low energy region of the DOS (E < 10 meV)
and the data are discussed in terms of the energy landscape (local minima of the potential energy)
approach. In this latest research, we consider a unit scale energy (EC) linked to the water local order
governed by the hydrogen bonding (HB). All the measured spectra, scaled according to such energy,
evidence a universal power law behavior with different exponents (γ) in the strong and fragile glass
forming regions, respectively. In the first case, the DOS data obey the Debye squared-frequency law,
whereas, in the second one, we obtain a value predicted in terms of the mode-coupling theory (MCT)
(γ ' 1.6).
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1. Introduction

The knowledge of a liquid cooled into its amorphous phase still represents for the scientific
community an open and not completely clarified problem and the recent studies have led to basic
chemico-physical questions that are the focus of a large number of theoretical and experimental
studies [1]. All of this beyond the fact that the technological applications of the glasses and the
corresponding supercooled liquids are of paramount importance. Because the liquid supercooled
below its melting temperature, and its glass phase, is an out of equilibrium (metastable) system, it will
be characterized by complex behaviors, in particular in its dynamical properties; a situation evidenced
by the thermal behavior of the transport functions such as viscosity, self-diffusion, relaxation times [2]
and the excess over the intermolecular density of states (DOS). The physical origin of the so-called
fragile-to-strong dynamic crossover (FSDC) remains unclear, although many aspects have been clarified
by means of the transport functions. An example of this is the Angell’s classification of supercooled
liquids (and glasses) in two categories: strong and fragile [3]. In the first case, the activation energies
are well defined between characteristic stages by means of an Arrhenius T-dependence (with a single
exponential relaxation), whereas the second ones have a multi-relaxation super-Arrhenius behavior
described by a stretched exponential form. These special aspects in the liquids behavior on going
toward the glass state are accompanied by other phenomena, such as the dynamic heterogeneities
(DH) onset [2], the existence (and the role) of a complex energy landscape [4–8] and the FSDC.
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The FSDC usually takes place at a temperature higher than that of the glass transition (TL > Tg)
inside the supercooled state. This marks relevant features of the dynamic arrested state [7–13]
being accompanied by special events including: the violation of the Stokes–Einstein relation [2],
the orientational–translational decoupling [5], the splitting of the relaxation into primary (α) and
secondary relaxation processes (β) and the onset of DH [2,14–16].

In disordered systems, the study of the vibrational spectrum, being related with the polarizability
tensor fluctuations, is traditionally performed by infrared and Raman scattering spectroscopy in the
energy range 0 < E < 500 meV (or frequency ω = 0–100 THz) and the main region of interest for
the DOS is 0–100 meV where one can observe the effects directly related with the vibration modes
(phonons) like the boson peak (BP) and the librational contribution (whereas the stretching modes
are located at the highest E). It is well known that neutron scattering is a competitive and more direct
technique to study the DOS related with the incoherent self-dynamic structure factor Sinc(q, E) (with q
and E as the scattered wave-vector and energy).

The continuum Debye model, proposed as g(E) ∝ E2, describes the behavior in the low-energy
region. Supercooled liquids and glasses show excess in such a behavior represented by a collective
mode known as the boson peak. The BP appears to be a ubiquity in disordered systems, and many
models have tried to interpret its physics although only few have been clarified. Examples of these
theories are that of harmonic excitations of a disordered lattice [17] and that of mosaic structures
(linked to the DH and the energy landscape) [16]. The findings related with its intensity behavior
and energy position are of interest. Similar to the FSDC, the BP appears far from Tg and its intensity
is proportional to the strong character of liquids: strongest liquids have the most intense BP and
vice versa [18,19]. The energy position was instead associated with the lowest frequency at which
transverse phonons can propagate in disordered and soft materials [19–21]. All of this also reflects
the BP dependence on thermodynamic variables such as T and density ρ (or pressure P). While T
affects the DOS mainly in the deep supercooled regime near the dynamic arrest, a P increase can cause
significant BP changes such as a shift toward higher energies and on its shape, height, and width [22].
Other differences may be expected in the BP behavior of strong and fragile glasses. In some molecular
liquids [23], the BP has its onset inside the stable liquid phase far from Tg, an example is water where
it is observable above its melting point [24].

An actual datum of glass forming liquids is that both transport functions and the BP can have
in the energy landscape frame a common description despite the fact that the underlying time-scales
near Tg are completely different: i.e., hundreds of seconds in the first case and the picoseconds
range for BP. The DOS and thus the BP, being intermolecular processes, are usually studied by
means of Raman or inelastic neutron scattering experiments in the energy range 0.2 < E < 20 meV
(ω = 0.02–4 THz) [25–31]. In specific heat experiments, Cp(T), the BP can be observed in the same
systems at low T, as an additional contribution to the Einstein–Debye theory prediction for solid of
Cp ' T3.

The aim of the present study is to explore the DOS by means of the incoherent inelastic neutron
scattering in confined water and in particular its behaviors as a function of T and P. Our interest, as
discussed in the next section, is focused essentially in the region 0.2 < E < 10 meV where the DOS is
also sensitive to the translational contributions. Water in confined space is a subject of considerable
interest for different reasons [32–36]. Firstly, it is due to the role of water in life sciences where it plays
a fundamental role in the biological activity starting from the microscopic scales typical of proteins,
the cells and membranes and their functions up to the macroscopic one of the living organs, thus
involving directly many sciences from biology to chemistry and physics [21,37–39]. Secondly, confined
water with porous media such as silica gel and zeolites is of special importance for technological
applications [40]; other systems that impose spatial constraints to water molecules are polymers,
polymer gels, clays, vesicles, microemulsions and micelles where the balance between hydrophilic
and hydrophobic originates structural self-organization [25,41–43]. However, confined water is also of
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interest because it can be considered as a model for water inside the deep supercooled regime where
bulk water cannot be studied [44].

Liquid water, especially in its supercooled state, presents intriguing and counterintuitive
behaviors that have not yet been understood in detail. Beyond this, it is however well established
that the hydrogen bond (HB) interactions between water molecules are the key to understand water
properties [32,45–48]. It is noteworthy that HB promotes the formation of a tetrahedrally-coordinated
HB network of water that grows in size and stability as the temperature decreases. The HB lifetime
increases on decreasing the temperature up to the amorphous phases. A relevant, and well known,
characteristic of water is its polymorphism not only in the solid crystal but also in the disordered
glass; water in fact possesses a low density amorphous phase (LDA) and a high density amorphous
phase (HDA) that form depending on the applied pressure [49]. Starting from the density maximum,
this networking is at the origin of many water thermodynamic anomalies and of the apparently
diverging behavior of its response functions and transport coefficients observable into the supercooled
metastable region. For these reasons, liquid water is the most studied glass forming material [3].

To understand such a special thermodynamics, it has been hypothesized that liquid water can be
a mixture of two liquids [37,50–53]. The polyamorphism discovery [49] and the new findings related
with the HB networking have confirmed that liquid water is really a mixture (dynamical in character)
of two liquids with different densities: a low density (LDL—made by the HB tetrahedral network) and
a high density (HDL—monomers, dimers and trimers) liquid, whose predominancy depends on the
temperature and pressure [54,55]. At high T, the HB lifetime is too small and the water structure is
more disordered with respect to low T where, instead, the tetrahedral structure (more open and indeed
less dense) dominates. With such a reality, and from the observation of a reversible transition from
LDA to HDA [49,56], this current study extends the idea of the presence in water of a liquid–liquid
phase transition (LLT) and also of a liquid–liquid critical point (LLCP) [57,58].

As shown by the T–P water phase diagram, see Figure 1, the metastable supercooled water
is located between the homogeneous nucleation temperature TH and the melting temperature TM
(that at the ambient pressure are 231 and 273 K, respectively). Quenched at temperatures lower than
Tg ≈ 130 K, water is amorphous and, if heated, crystallizes into cubic ice at TX ≈ 150 K. Therefore,
in the temperature range between TX and TH , known as the “No-Man’s Land”, liquid bulk water
cannot be studied experimentally. One method to go inside this region, avoiding crystallization, is
to confine water within nanostructures. With such a stratagem it was found, with experiments on
the transport functions of confined water, the occurrence of a FSDC at TL ' 223 K (and 1 bar) as the
result of the increase in the HB networking ability of water [59,60]. The FSDC was associated with a
domination of LDL over HDL [60], by confirming indeed the existence of the water polymorphism and
supporting the scenario of the LLT. It is worth noting that the Stokes–Einstein relation is violated just at
TL [60,61]. The FSDC also identifies the LDL-HDL coexistence line, where the thermodynamic response
functions of water assume their extremum value (maximum or minimum) [33,62], known as the Widom
line [12], whose end point is the water’s hypothesized second critical point C′. We have to stress
here that the dynamical crossover at TL was just explained in terms of the dynamical heterogeneities
(or inherent structures) originally proposed just for water [5]. Recently, it has been proposed that there
is a temperature line, T∗, that signs the onset of the water tetrahedral structure [46,63]; as far as such a
structure is fully destroyed by the pressure if P > P∗ ∼ 200 MPa [64]. Hence, above T∗, liquid water is
made only of HDL, whereas for T < T∗ is a mixture of HDL and LDL and any temperature decrease
means an increase of the LDL fraction. We also must note that T∗ is the temperature in which, the
isobars of the isothermal compressibility κT have its minima and those of the expansivity αP cross in a
unique point [46]. Another important observation, made by using NMR and viscosity data, is that T∗

is also the locus of another FSDC in the sense that for T > T∗ water rediscovers an Arrhenius behavior
so that the pure HDL is a strong liquid.

These confined water studies were the subject of some criticisms based on the idea that for the
surface effects (and constraints) confined water is different from the bulk one. However, in a recent
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study, by using a pulsed-laser-heating technique, the growth rate of crystalline ice, G(T), was measured
from 126 to 262 K and from G(T) the self-diffusion of supercooled liquid water has been obtained by
using the Wilson–Frenkel model of crystal growth [65]. Such experiment conducted essentially on
bulk water (25 molecular monolayers) clearly indicates a fragile-to-strong crossover at ∼233 K and
a “strong-to-stronger” crossover at ∼180 K, which fully confirms the corresponding NMR data on
confined water [60,61]. Thus, we can stress that such results highlight that confined water can be used
to test water dynamics also for T << TH .

Figure 1. The T–P water phase diagram [49,54,56]. The metastable supercooled water is located
between the homogeneous nucleation TH (dark blue dashed) and the melting TM (blue dotted-dashed)
temperature lines. At ambient pressure, below its glass transition Tg ≈ 130 K water is amorphous
and on heating crystallizes at TX ≈ 150 K (dark gray dashed line). The region between TX and TH is
the “No-Man’s Land”, where liquid bulk water cannot be studied experimentally. TL (dotted red line)
represents the fragile to strong dynamical crossover FSDC line coincident with the Widom line and with
the isothermal compressibility, κT , maxima (κT ,max). This latter line ends at the water’s hypothesized
second critical point C′, reported as a large red circle. The FSDC temperatures (TL), measured at
different pressures using the neutron scattering technique [33], are indicated as red diamonds; these
data suggest that C′ is located at TC′ ' 200 K and PC′ ' 160 MPa. The line of the density maxima,
ρmax, ending at about 180 MPa (green dotted line) and that of the κT minima (blue dotted line), are also
reported. The main areas of water polymorphism are indicated as LDA, HDA, LDL, HDL and that of
the mixture as LDL+HDL (the only region where liquid water is a fragile former) [59,63]. The large
blue circles represent the points of the measured inelastic neutron spectra (INS) [33,59,60,64,66,67].

Recently, some link between the BP and the Widom line was hypothesized for bulk water by a
MD simulation study [13], but experimentally it was observed in confined water [66,67].

The aim of the present work is to study the DOS properties and its relations with the water
polymorphism well inside the supercooled liquid regime, and at different pressures, by using inelastic
neutron scattering (INS). In detail, we analyzed INS data in silica nanotubes (MCM) confined water.
By assuming the central role of the energy landscape and the corresponding inherent structures,
with potential minima and saddle points, which determine the physical properties of supercooled
systems [7,8], we want to verify these effects in the water DOS; in particular on approaching the FSDC
where the system dynamics, on decreasing T, it evolves from a super-Arrhenius to a pure Arrhenius
temperature dependence. For more clarity, having verified that the energy landscape determines the
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behavior of the transport functions, here we would like to understand if it plays some role on the local
vibrational modes.

In this framework, it has been proposed that the g(E) can give the signature of a phase transition
in the space of the stationary points of the energy, from a minima dominated phase (phonon-like
region) to a saddle point dominated phase, without phonons [17]. On approaching this phonon-saddle
transition, the boson peak goes toward lower frequencies and its intensity shows a critical diverging
behavior. In such a frame, the phonon-saddle transition is related to a crossover energy, EC, from
the phonon dominated scaling E2 of g(E) to an Eγ characterizing the critical region (γ < 2). Within
this approach, based on the Mode-Coupling Theory (MCT), it is assumed that EC reflects the local
molecular order just in terms of an intermolecular distance σ0 that we assume for water to be the
oxygen–oxygen distance dOO.

2. Experiments

We already reported [33,59,60,64,66,67] numerous DOS data analyses of incoherent inelastic
neutron scattering (INS) spectra. The INS experiments here presented were carried out in the following
P–T ranges: 120 < T < 280 K and 0.1 < P < 240 MPa (the data are shown in large circles in Figure 1,
where the large red circle is the water’s hypothesized second critical point C’, and the red diamonds
represent the experimental locations (measured by neutron scattering [33]) of the Widom line reported
as a dotted red line). The HRMECS chopper at the Intense Pulsed Neutron Source (IPNS) at the
Argonne National Laboratory, was used for P = 0.1 MPa; and for the other pressures the Disk Chopper
Spectrometer (DCS) at the National Institute of Standards and Technology (NIST) Center for Neutron
Research and the Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source of
the Oak Ridge National Laboratory (ORNL) were used. To study the deep supercooled region, water
was confined in a nanoporous silica matrix, MCM-41-S, with 15 Å pore diameter. In these conditions,
water remains in the liquid state at temperatures much lower than that of homogeneous nucleation
TH . Details on the experimental procedure and sample preparation are reported elsewhere [66,67].
The measured energy spectra for a fixed wave-vector q = 2 Å−1 (the magnitude of the momentum
transfer of the incident neutrons) are indicated as S(q, E). The used wave-vector ensures an energy
resolution of about 0.2 meV. In our study, we used the anti-Stokes spectral contributions as in other
past works aimed to investigate the BP properties [67]. As it is well known, the neutron spectroscopy
probes the molecular motions and the main experimental quantity is the dynamic structure factor
S(q, ω) (i.e., the Fourier transform of the van Hove correlation function, G(r, t)) obtained from the
measurement of the double differential cross section d2σ/dΩd(h̄ω), where Ω is the detected solid
angle and the transferred energy is E = h̄ω (h̄ is the Dirac’s constant).

In this present study, we measured spectra that, for the large incoherent cross section of the
hydrogen atoms, are essentially incoherent so that the reported spectra basically correspond to the
Sinc(q, E) given by the incoherent (self) double differential cross section:

d2σinc
dΩd(h̄ω)

=
Nσinc
4πh̄

(
E0 − E

E0

)1/2
Sinc(q, E) (1)

where N is the number of atoms in the sample, and σinc = 4π(b2 − b
2
) is the atomic incoherent

scattering cross section (with b the corresponding scattering lengths); E0 is the incident energy and
E the energy transfer. For heavy water instead, the measured spectrum contains both coherent and
incoherent scattering contributions. It must be noted that such a contribution gives the q-dependent
density of states (and also the boson peak) of an atom in a liquid or amorphous system as:

Ginc(q, E) =
M

kBT

(
E
q

)2
exp

(
− E

kBT

)
Sinc(q, E) (2)
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For an isotropic disordered system, the above function approaches a genuine density of states
G(E) as q → 0 (or the reduced density of states g(E) = G(E)/E2), and for a molecular liquid this
limit is practically satisfied for q < 3 Å−1. Therefore, a customary way to report the Ginc(q, ω) is:
G(E) = (E2/q2)Sinc(q, E).

Figure 2a shows the measured spectra of confined water, S(E), at ambient pressure (0.1 MPa) and
different temperatures, T = 200, 220, 240, 260 and 280 K (top) and at a fixed temperature T = 160 K
and different pressures, P = 100, 200, 300, 400 and 470 MPa (bottom); the corresponding G(E) are
illustrated in Figure 2b. From the spectra one can note the BP presence also under ambient conditions
and, how the P–T changes influence its shapes and energy positions. As proposed in the phase
diagram (Figure 1) in the first case, fixed P, the T changes cross the FSDC at about 223 K and in the
second one, fixing T and changing P, the LLT is crossed at about 200 MPa. The difference between
these transitions is that the FSDC is a transition from a region in which the system is a mixture of
LDL and HDL (i.e., a fragile region dominated by the energy landscape) to one (strong-Arrhenius)
dominated by the LDL. Instead in the second one by increasing the pressure, a transition between the
two liquid water phases, LDL to HDL, is induced. All of this marks the evolution and the differences
observable in the corresponding G(E).

Figure 2. (a) Top panel: The INS incoherent spectra S(E) measured at the fixed pressure of 0.1 MPa
(T = 280, 260, 240, 220 and 200 K). Bottom panel: The S(E) spectra measured at the fixed temperature
of 160 K (P = 100, 200, 300, 400 and 470 MPa). (b) The corresponding intermolecular density of states
(DOS).

As can be observed, in both cases, the DOS is influenced by changes in the liquid water
thermodynamics. For the LLT, the corresponding P effects are more substantial and remarkable than
those of T at the FSDC. However, for the strong water phase, the G(E) is more intense than that of the
fragile and a P increase behaves, for its maximum, both a growth and a shift toward the higher energies.
All of this well agrees with previous observations in glasses and supercooled liquids [18,19,22], even
though our proposed G(E) data deal only with liquid water and its polymorphism. From a simple
inspection of the reported water DOS, beside the BP defined from its maxima in intensities and energies,
a significant difference emerges in the low energy evolution of G(E), |E| < 8 meV, above and below the
FSDC (or the LLT), i.e., between the two water liquids that are essentially characterized by a different
local order (density). A situation toward which we address our interest just to highlight how the
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energy landscape approach, used to interpret the physical properties of the water transport functions,
can clarify the G(E) thermodynamics.

Before starting such a discussion, we show in Figure 3, for the purpose of comparison, the G(E)
measured with INS in bulk (T = 298 K) [34] and confined water near the room temperature. In the
second case, the DOS for water confined in Vycor (pore size 50 Å T = 300 K) [34], in MCM (actual data
T = 280 K) and for the cement hydration one (T = 300 K) [68,69] are illustrated. As can be observed,
a boson peak is observable at about the same energy for bulk and confined water, although under
confinement such a contribution is attenuated.

Figure 3. The figure reports, in the energy region −30 to 0 meV, at about the ambient conditions
(0.1 MPa and about 300 K) the DOS of bulk [34] and confined water. In the confined case, the G(E)
data for water confined in Vycor (300 K) [34], silica MCM nanotubes (280 K) and the cement hydration
water (300 K) [69] are reported. For the first three cases, a strong similarity can be observed.

Here, we notice the clear difference of the DOS of the cement hydration water showing a
strong contribution at higher energies. This is presumably due to the hindrance of the proton
librational motion caused by the chemical constraints. All of this, just to stress that, as for the
self-diffusion [60,65], also in librational modes (|E| < 15 meV) there are good similarities between bulk
and silica confined water.

3. Results and Discussion

The water local properties were the subject of many studies; throughout the years, the water
density as far as the related thermodynamical functions (e.g., the isothermal compressibility κT and the
expansivity αP) have been detailed from both the experimental [46] and theoretical approaches [70,71]
in the whole P–T phase diagram for the amorphous [49,56] and liquid phases [72–79]. Furthermore,
by following Bridgmann’s suggestion [72] recently a water minimum has been discovered in confined
water (at 0.1 MPa) by means of different experimental approaches [35,36,80]; although the density
values are in magnitude about the same, a little difference, depending on the pore sizes, has been
observed for temperature of the minimum (some Kelvin). Therefore, the water density ρ(P, T) is well
known from 70 to 700 K (i.e., from its amorphous phases to the region of the liquid–vapor critical
point) and for 0.1–800 MPa [45,46].

One oxygen originates the water molecules by means of two H–O covalent bonds, by sharing the
electron lone pairs ('4.0 eV binding energy (BE)) and filling the rest two orbits with its nonbonding
lone pairs by forming the intermolecular O:H non-covalent van der Waals bond, or the HB ('0. 1 eV BE).
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Water thermodynamical properties are thus the effects of its molecular interactions: (i) a noncovalent
attractive interaction between two water molecules, the HB, i.e., an electropositive hydrogen atom,
on one molecule and an electronegative oxygen atom on another molecule; and (ii) a repulsive
intermolecular interaction, the Coulomb repulsion between electron lone-pairs on adjacent oxygen
atoms. As a consequence, whereas the HB dominates water in the stable and supercooled regime,
the repulsive lone pairs mainly influences the water physics from above the boiling temperature
(Tb) in the sub-critical and critical region (the water critical point CP is located at: TC = 647.1 K,
PC = 22.064 MPa). To describe the consequent structures, some distances (three) and angles (two)
are necessary. Two distances are intermolecular, the oxygen–oxygen dOO and the HB dH = d(O:H),
and one is the covalent intramolecular dL = d(O−H) that can be assumed as the molecular size. In a
vectorial representation, it is: dOO = dH + dL. The two angles include the internal θ (the H–O–H)
and the intermolecular ϕ (the HB or H:O–H). The changes in θ are related to the so-called molecular
flexibility. Each oxygen atom, according to the Bernal and Fowler ice rule, always tends to have
four neighbors by forming a stable tetrahedron (in the higher cubic C3 group symmetry), except for
water under high temperature and high pressure, also inside the liquid phase [81]. According to these
structural considerations, dOO is a quantity directly connected with the density (certainly it evolves
as dOO ≈ ρ−1/3) and from the ρ(P, T) values it can be evaluated; taking in consideration the C3 cubic
structure, the molecular mass and that at ambient pressure at its density maximum ρ = 1 g/cm3, it is
dOO = 2.6950ρ−1/3 [82]. In addition, these interacting water molecules involved in the HB inside the
tetrahedron form an asymmetric, coupled, H-bridged oscillator whose relaxations in length and energy
(as far as in the local charge distribution) determine the dynamical properties of water in the liquid,
amorphous and solid phases, including the vibrational motions.

A common situation experimentally verified is that the BP is an excess in the DOS low frequency
region (0.1–10 terahertz) that departs from the Debye law. Originally, some BP interpretations have
been proposed on the idea that in such a frequency (or energy) region the phonon dispersion relation is
still linear. Instead, in fragile supercooled liquids, such as water, the sound propagation shows marked
wave-vector dependence just inside the mesoscopic region (1–10 nm−1) due to the multirelaxing
networking structure [8,83]. The explanation of this is in the inherent structures (or energy landscapes)
approach. The associated local minima, maxima and saddle points determine the way in which the
system vibrational dynamic evolves, up to the transition at the Arrhenius strong phase.That is, similar
to the FSDC phenomenon, the system evolves, by decreasing T, from a multibasin dynamics with
many minima to a molecular trapping in a two steps energy configuration, with a single saddle.

Based on such interpretation, in the past it has been proposed, in terms of the Mode-Coupling
Theory (MCT), that the BP is a signature of a phase transition in the energy space from minima
(phonon-like region) to a saddle point phase, without phonons; and on approaching this transition
it moves toward lower frequencies and the intensity diverges [17]. The transition is also signed by
an energy crossover, EBP, from the phonon dominated scaling E2 of G(E) to an Eγ characterizing the
critical region (MCT gives γ = 1.6). Within this MCT approach, the reference energy EC assumes a
special role, determining the short scale vibrational excitations, obtained from the local molecular
order just in terms of the intermolecular distance σ0 = dOO as EC = (Mσ0/TkB)

−1/2, where M denotes
the water atomic mass, kB is the Boltzmann constant and σ0 is obtained from the measured density
ρ = σ−3

0 .
Our study only deals with a test of the DOS in terms of the energy landscape. Our interest, taking

profit from these theoretical suggestions is to give evidence of a different scaling behavior between the
fragile and strong phases of liquid water. For such a reason, we measured the DOS in the low energy
region at many different P and T inside the different liquid regions: that of HDL, that of LDL where
water must be a strong fluid and that between TL and T∗ where water is a mixture of both its liquid
forms and shows a super-Arrhenius behavior. At the same time, we used separate pathways only to
meet the FSDC. In one case, see Figure 1, working at constant pressure, 100 MPa, and changing T,
we also studied the transition between the LDL and the corresponding amorphous LDA.
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Having calculated the energy EC corresponding to the local order by means of the corresponding
densities, we evaluated the spectral behavior of the measured DOS after plotting G(E) as a function of
the reduced energy |E|/EC. For this, we considered, except for the data at ambient pressure below
240 K, and P = 45 MPa and T < 230 K where we used the confined water value, only the bulk water
densities. Figure 4 (upper side) shows a log-log representation of these energy scaled G(E) in the case
of the ambient pressure at several temperatures above and below the corresponding temperature of
the FSDC (about 223 K).

Figure 4. (Top side) A log-log representation of the energy scaled DOS (G(E) vs. |E/EC|) obtained
from the INS spectra for confined water at the ambient pressure and several temperatures above and
below the corresponding temperature of the FSDC (about 223 K). The bottom side instead deals with
the same representation of the scaled G(E) for a fixed temperature of 160 K and different pressures in
the range 100 < P < 470 MPa.

As can be observed, the reported G(E) has a different evolution in the fragile region with respect
to the strong. In the first case the spectral slope is γ = 1.5± 0.1, whereas in the strong regime is about
2 (γ = 2.05± 0.10). Such a result agrees with the cited theoretical suggestions of a MCT criticality
in the DOS due to an energy landscape configuration, but also suggests that all of this is a specific
property of fragile glasses or liquid glass formers. For strong systems, instead, the low energy behavior
of the corresponding G(E) is the one predicted by the continuum Debye model. Certainly these
results are strongly coherent with the many experimental observations that water quantities in the
supercooled regime, starting from the isothermal compressibility [84] to the other thermodynamical
functions [85,86] (including transport [32,45,65]), are characterized by a MCT criticality. In particular, in
such a phase, super-Arrhenius temperature behaviors, or in the time scales multirelaxations processes,
are observed. The G(E) energy scaling, at the fixed temperature of 160 K, by changing the pressure in
a very large interval from 100 to 470 MPa, i.e., by crossing the LLT from LDL to HDL (bottom side
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of Figure 4), confirms the above results. Here, in fact, the different energy scaled G(E) regards liquid
water inside the strong regions, so that in both cases the slopes have about the same Debye behaviors
(γ ' 2). These findings agree with dielectric experiments, made at the low temperature regime
(110 < T < 150 K), which have shown the strong character of both the pure LDL and HDL phases [87].
To be clear, in the first case, a transition from a fragile phase, dominated by dynamical heterogeneities
that imply correlations between time and length scales [2], to a strong phase, stable in elastic mechanical
properties and dominated by phonon-like excitation, is observed. In particular, Figure 4 also shows
that, for the EC reduced spectra, the energy of the G(E) maxima moves to lower values.

As previously said, we also studied the DOS under different P–T conditions and the resulting
G(E) spectra are illustrated in Figure 5. More precisely, in three cases, 45, 120 and 200 MPa, we again
reconsidered, by changing T, the water crossover from a fragile to strong liquid, and, for 150 and
240 MPa, we studied the supercooled liquid, at different T, inside a precise phase: fragile and strong,
respectively. Finally, in one case, 100 MPa, the data deal with a transition, obtained by decreasing T,
from the low density liquid into the low density amorphous (LDL to LDA).

Figure 5. The DOS under different P–T conditions. For three cases, P = 45, 120 and 200 MPa, we
observed the water crossover from a fragile to strong liquid (obtained by changing T), whereas, in two
other cases, P = 150 and 240 MPa, we studied, at different T, the supercooled liquid inside a precise
phase: fragile and strong, respectively. Finally, in one case, P = 100 MPa, the data deal with a transition,
obtained by decreasing T, from the low density liquid to the low density amorphous (LDL to LDA).

Figure 6, where all the corresponding DOS are reported as a function of the reduced energy
|E|/EC, fully confirms the previous observations of a MCT scaling evolution only when the system is
in the fragile, super-Arrhenius, status dominated by the inherent structures with an energetic landscape
configuration. The case of the LDL transition to the LDA measured at 100 MPa is of particular interest.
Here, the data behaviors suggest that the amorphous LDA, obtained by decreasing temperature from
the corresponding strong glass forming liquid LDL, will maintain the same energetic configuration.

A reason of the observed scaling inside the fragile region lies in the increase of the time scale
observed in the supercooled liquid dynamics, as the arrest is approached, which leads to a growing
length scale of dynamically correlated regions in the space domain [88], accompanied by a dynamical
scaling. This situation is also related with the dynamical decoupling (roto-translational) that takes
place just in the saddle region of the energetic landscape [5] implying changes in the system dynamics
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and also in the associated DOS. It must be stressed that the observed MCT scaling in the LDL + HDL
fragile region, is also connected to the incipient growth of the HB lifetime (many orders of magnitude
on approaching the FSDC) with an increased stability on the clustering and to a localization of the
water dynamics. These tetrahedral HB clusters are dynamical in character, strongly correlated and
dependent on the system thermodynamics.

Figure 6. The DOS measured at the different P and T are reported in a log-log scale as a function of
the reduced energy |E/EC|. The plot fully confirms the observations of a MCT scaling evolution only
when the system is in the fragile, super-Arrhenius, status dominated by the energetic landscape.

If we go back to the starting considerations that the pure LDL and pure HDL dominated regions
are those of a “strong” glass forming liquid, contrary to the mixture HDL + LDL, which is “fragile”, we
argue that the obtained findings fully agree with the observed BP and DOS behavior in other glasses
and glass forming liquids [2,14–16,18,19]: the corresponding spectra are more localized for strong
materials rather than broadly distributed for fragile ones.

4. Conclusions

We have studied the INS spectra measured for water confined in nanotubes to explore the protons
low energy vibrational motions and the boson peak in the P–T phase diagram from the ambient
conditions (T = 280 K, P = 0.1 MPa) to well inside the supercooled regime and for pressures up to
470 MPa. The main target of the present work was to explore the link between the DOS with the water
polymorphism and its liquid–liquid transition that, as evidenced by the recent literature, determines
its structural and dynamical properties in the liquid and amorphous phases [55,71]. Our starting
point was also based on two considerations: (i) the universality of the fragile-to-strong dynamic
crossover (FSDC), characterizing the glass forming supercooled liquid, explained just in terms of the
energy landscape [4–8]; and (ii) the observed marked differences in the boson peak between those of
strong and fragile glasses and glass-forming systems during a thermodynamic change in their P–T
phase [2,14–16,18,19].

These observations have been interpreted in terms of Mode-Coupling Theory (MCT) concepts,
for which the DOS is a signature of a phase transition in the energy space from a minima (phonon-like
region) to a saddle point phase [17]. Moreover, the transition is evidenced by an energy crossover
between two different energy scaling dependent on the local order: an E2 (phonon dominated) G(E)
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scaling and an Eγ one, characterizing the critical region (MCT gives γ = 1.6). In the model, the local
order role lies in the energy EC, determining the short scale motions, and obtained in terms of the
intermolecular distance σ0, which for water is just the oxygen–oxygen distance dOO.

After the EC calculation, at the proper P–T values, we have scaled all the energies of INS spectra
obtaining the evidence of well different behaviors depending if water is in its fragile or strong glass
forming energetic configurations. More precisely, in the strong region, the G(E) spectra scale as E2,
otherwise in the fragile phase the observed scaling is Eγ with the exponent value of γ = 1.6 (i.e., the
proposed MCT value [17]). Such a situation holds for liquid and amorphous water in the entire
phase diagram.

It must be stressed that the fragile region, being a mixture of the two water liquid forms (LDL
plus the HDL), can be assumed, according to such MCT approach, to be a transient critical region,
dominated by multirelaxation (super-Arrhenius) processes, where the HB tetrahedral network is not
fully developed. In particular, it is a mixture of polydisperse HB clusters and the other water molecules
not belonging to these structures, represented by the HDL. The cluster size increases by decreasing T,
also accompanied by a decreasing in their number distributions as far as the HDL molecules, evolving
in the pure LDL phase where the energetic behavior is Arrhenius. A P increase behaves oppositely.

New incoherent inelastic neutron scattering and Raman experiments are being planned as a
function of P and T, especially for water contained inside emulsions with a diameter of some microns,
a condition where water behaves as in bulk, to study if the DOS intensity shows the predicted MCT
critical diverging behavior [17].

Author Contributions: Supervision, S.-H.C. and F.M.; and Writing—review and editing, S.-H.C., C.C., F.M., E.F.
and D.M.

Funding: S.-H.C.’s research cited and data utilized for this paper throughout the years were work at MIT
supported by the DOE Office of Basic Energy Sciences (BES) under the Award No DE-FG02-90ER45429 since 1990
to May 2017.

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

Abbreviations

The following abbreviations are used in this manuscript:

DOS Density of States
FSDC Fragile-to-Strong Dynamic Crossover
DH Dynamic Heterogeneities
BP Boson peak

References

1. Kennedy, D.; Norman, C. What Don’t We Know? Science 2005, 309, 75. [CrossRef] [PubMed]
2. Ediger, M.D. Spatially Heterogeneous Dynamics in Supercooled Liquids. Annu. Rev. Phys. Chem. 2000,

51, 99–128. [CrossRef] [PubMed]
3. Angell, C.A. Formation of Glasses from Liquids and Biopolymers. Science 1995, 267, 1924–1935. [CrossRef]

[PubMed]
4. Goldstein, M. Viscous Liquids and the Glass Transition: A Potential Energy Barrier Picture. J. Chem. Phys.

1969, 51, 3728–3739. [CrossRef]
5. Stillinger, F.H. A Topographic View of Supercooled Liquids and Glass Formation. Science 1995,

267, 1935–1939. [CrossRef]
6. Laio, A.; Parrinello, M. Escaping free-energy minima. Proc. Natl. Acad. Sci. USA 2002, 99, 12562–12566.

[CrossRef]
7. Mallamace, F.; Branca, C.; Corsaro, C.; Leone, N.; Spooren, J.; Chen, S.H.; Stanley, H.E. Transport properties

of glass-forming liquids suggest that dynamic crossover temperature is as important as the glass transition
temperature. Proc. Natl. Acad. Sci. USA 2010, 107, 22457–22462. [CrossRef]

8. Yip, S.; Short, M.P. Multiscale materials modelling at the mesoscale. Nat. Mater. 2013, 12, 774–777. [CrossRef]

http://dx.doi.org/10.1126/science.309.5731.75
http://www.ncbi.nlm.nih.gov/pubmed/15994521
http://dx.doi.org/10.1146/annurev.physchem.51.1.99
http://www.ncbi.nlm.nih.gov/pubmed/11031277
http://dx.doi.org/10.1126/science.267.5206.1924
http://www.ncbi.nlm.nih.gov/pubmed/17770101
http://dx.doi.org/10.1063/1.1672587
http://dx.doi.org/10.1126/science.267.5206.1935
http://dx.doi.org/10.1073/pnas.202427399
http://dx.doi.org/10.1073/pnas.1015340107
http://dx.doi.org/10.1038/nmat3746


Int. J. Mol. Sci. 2019, 20, 5373 13 of 16

9. Martinez-Garcia, J.C.; Martinez-Garcia, J.; Rzoska, S.J.; Hulliger, J. The new insight into dynamic crossover
in glass forming liquids from the apparent enthalpy analysis. J. Chem. Phys. 2012, 137, 064501. [CrossRef]

10. Mauro, J.C.; Yue, Y.; Ellison, A.J.; Gupta, P.K.; Allan, D.C. Viscosity of glass-forming liquids. Proc. Natl. Acad.
Sci. USA 2009, 106, 19780–19784. [CrossRef]

11. Hecksher, T.; Nielsen, A.; Olsen, N.; Dyre, J. Little Evidence for Dynamic Divergence in Ultraviscous
Molecular Liquids. Nat. Phys. 2008, 4, 737–741. [CrossRef]

12. Mallamace, F.; Corsaro, C.; Stanley, H.E.; Chen, S.-H. The role of the dynamic crossover temperature and the
arrest in glass-forming fluids. Eur. Phys. J. E 2011, 34, 94. [CrossRef] [PubMed]

13. Kumar, P.; Vikfeldt, K.T.; Schlesinger, D.; Petterson, L.G.M.; Stanley, H.E. The Boson peak in supercooled
water. Nat. Sci. Rep. 2013, 3, 1980. [CrossRef] [PubMed]

14. Ediger, M.D.; Angell, C.A.; Nagel, S.R. Supercooled Liquids and Glasses. J. Phys. Chem. 1996,
100, 13200–13212. [CrossRef]

15. Ediger, M.D.; Harrowell, P. Perspective: Supercooled liquids and glasses. J. Chem. Phys. 2012, 137, 080901.
[CrossRef]

16. Lubchenko, V.; Wolynes, P.G. Theory of Structural Glasses and Supercooled Liquids. Annu. Rev. Phys. Chem.
2007, 58, 235–266. [CrossRef]

17. Grigera, T.S.; Martín-Mayor, V.; Parisi, G.; Verrocchio, P. Vibrational Spectrum of Topologically Disordered
Systems. Phys. Rev. Lett. 2001, 87, 085502. [CrossRef]

18. Sokolov, A.P.; Calemczuk, R.; Salce, B.; Kisliuk, A.; Quitmann, D.; Duval, E. Low-Temperature Anomalies in
Strong and Fragile Glass Formers. Phys. Rev. Lett. 1997, 78, 2405–2408. [CrossRef]

19. Shintani, H.; Tanaka, H. Universal Link between the Boson Peak and Transverse Phonons in Glass. Nat. Mater.
2008, 7, 870–877. [CrossRef]

20. Schirmacher, W.; Schmid, B.; Tomaras, C.; Viliani, G.; Baldi, G.; Ruocco, G.; Scopigno, T. Vibrational
excitations in systems with correlated disorder. Phys. Status Solidi C 2008, 5, 862–866. [CrossRef]

21. Cicerone, M.T.; Soles, C.L. Fast Dynamics and Stabilization of Proteins: Binary Glasses of Trehalose and
Glycerol. Biophys. J. 2004, 86, 3836–3845. [CrossRef] [PubMed]

22. Monaco, A.; Chumakov, A.I.; Monaco, G.; Crichton, W.A.; Meyer, A.; Comez, L.; Fioretto, D.; Korecki, J.;
Rüffer, R. Effect of Densification on the Density of Vibrational States of Glasses. Phys. Rev. Lett. 2006,
97, 135501. [CrossRef] [PubMed]

23. Steffen, W.; Zimmer, B.; Patkowski, A.; Meier, G.; Fischer, E. Depolarized light scattering studies of the boson
peak and the transversal phonons in a glass-forming liquid: OTP. J. Non-Cryst. Solids 1994, 172-174, 37–42.
[CrossRef]

24. Walrafen, G.E. Raman spectrum of water: Transverse and longitudinal acoustic modes below ≈ 300 cm−1

and optic modes above ≈ 300 cm−1. J. Phys. Chem. 1990, 94, 2237–2239. [CrossRef]
25. Frick, B.; Richter, D. The Microscopic Basis of the Glass Transition in Polymers from Neutron Scattering

Studies. Science 1995, 267, 1939–1945. [CrossRef] [PubMed]
26. Novikov, V.; Sokolov, A. A correlation between low-energy vibrational spectra and first sharp diffraction

peak in chalcogenide glasses. Solid State Commun. 1991, 77, 243–247. [CrossRef]
27. Malinovsky, V.K.; Novikov, V.N.; Parshin, P.P.; Sokolov, A.P.; Zemlyanov, M.G. Universal Form of the

Low-Energy (2 to 10 meV) Vibrational Spectrum of Glasses. Europhys. Lett. 1990, 11, 43–47. [CrossRef]
28. Sokolov, A.P.; Buchenau, U.; Steffen, W.; Frick, B.; Wischnewski, A. Comparison of Raman- and

neutron-scattering data for glass-forming systems. Phys. Rev. B 1995, 52, R9815–R9818. [CrossRef]
29. Wuttke, J.; Hernandez, J.; Li, G.; Coddens, G.; Cummins, H.Z.; Fujara, F.; Petry, W.; Sillescu, H. Neutron and

light scattering study of supercooled glycerol. Phys. Rev. Lett. 1994, 72, 3052–3055. [CrossRef]
30. Hehlen, B.; Courtens, E.; Vacher, R.; Yamanaka, A.; Kataoka, M.; Inoue, K. Hyper-Raman Scattering

Observation of the Boson Peak in Vitreous Silica. Phys. Rev. Lett. 2000, 84, 5355–5358. [CrossRef]
31. Wuttke, J.; Kiebel, M.; Bartsch, E.; Fujara, F.; Petry, W.; Sillescu, H. Relaxation and phonons in viscous and

glassy orthoterphenyl by neutron scattering. Z. Phys. B Condens. Matter 1993, 91, 357–365. [CrossRef]
32. Mallamace, F.; Baglioni, P.; Corsaro, C.; Spooren, J.; Stanley, H.E.; Chen, S.H. Transport properties of

supercooled confined water. Riv. Nuovo Cimento 2011, 344, 253. [CrossRef]
33. Liu, L.; Chen, S.H.; Faraone, A.; Yen, C.; Mou, C.Y. Pressure Dependence of Fragile-to-Strong Transition and

a Possible Second Critical Point in Supercooled Confined Water. Phys. Rev. Lett. 2005, 95, 117802. [CrossRef]
[PubMed]

http://dx.doi.org/10.1063/1.4739750
http://dx.doi.org/10.1073/pnas.0911705106
http://dx.doi.org/10.1038/nphys1033
http://dx.doi.org/10.1140/epje/i2011-11094-7
http://www.ncbi.nlm.nih.gov/pubmed/21947896
http://dx.doi.org/10.1038/srep01980
http://www.ncbi.nlm.nih.gov/pubmed/23771033
http://dx.doi.org/10.1021/jp953538d
http://dx.doi.org/10.1063/1.4747326
http://dx.doi.org/10.1146/annurev.physchem.58.032806.104653
http://dx.doi.org/10.1103/PhysRevLett.87.085502
http://dx.doi.org/10.1103/PhysRevLett.78.2405
http://dx.doi.org/10.1038/nmat2293
http://dx.doi.org/10.1002/pssc.200777584
http://dx.doi.org/10.1529/biophysj.103.035519
http://www.ncbi.nlm.nih.gov/pubmed/15189880
http://dx.doi.org/10.1103/PhysRevLett.97.135501
http://www.ncbi.nlm.nih.gov/pubmed/17026042
http://dx.doi.org/10.1016/0022-3093(94)90414-6
http://dx.doi.org/10.1021/j100369a008
http://dx.doi.org/10.1126/science.267.5206.1939
http://www.ncbi.nlm.nih.gov/pubmed/17770103
http://dx.doi.org/10.1016/0038-1098(91)90341-R
http://dx.doi.org/10.1209/0295-5075/11/1/008
http://dx.doi.org/10.1103/PhysRevB.52.R9815
http://dx.doi.org/10.1103/PhysRevLett.72.3052
http://dx.doi.org/10.1103/PhysRevLett.84.5355
http://dx.doi.org/10.1007/BF01344065
http://dx.doi.org/10.1140/epjst/e2008-00747-2
http://dx.doi.org/10.1103/PhysRevLett.95.117802
http://www.ncbi.nlm.nih.gov/pubmed/16197049


Int. J. Mol. Sci. 2019, 20, 5373 14 of 16

34. Bellissent-Funel, M.C.; Chen, S.H.; Zanotti, J.M. Single-particle dynamics of water molecules in confined
space. Phys. Rev. E 1995, 51, 4558–4569. [CrossRef]

35. Liu, D.; Zhang, Y.; Chen, C.C.; Mou, C.Y.; Poole, P.H.; Chen, S.H. Observation of the density minimum in
deeply supercooled confined water. Proc. Natl. Acad. Sci. USA 2007, 104, 9570–9574. [CrossRef]

36. Erko, M.; Wallacher, D.; Hoell, A.; Hauß, T.; Zizak, I.; Paris, O. Density minimum of confined water at low
temperatures: A combined study by small-angle scattering of X-rays and neutrons. Phys. Chem. Chem. Phys.
2012, 14, 3852–3858. [CrossRef]

37. Némethy, G.; Scheraga, H.A. Structure of Water and Hydrophobic Bonding in Proteins. I. A Model for the
Thermodynamic Properties of Liquid Water. J. Chem. Phys. 1962, 36, 3382–3400. [CrossRef]

38. Mallamace, D.; Fazio, E.; Mallamace, F.; Corsaro, C. The role of hydrogen bonding in the folding/unfolding
process of hydrated lysozyme: A review of recent NMR and FTIR results. Int. J. Mol. Sci. 2018, 19, 3825.
[CrossRef]

39. Mallamace, F.; Corsaro, C.; Mallamace, D.; Stanley, H.; Chen, S.H. Water and biological macromolecules.
Adv. Chem. Phys. 2013, 152, 263–308.

40. Soni, P.; Gaba, V.K. Comparative analysis of Silica-gel/Water and Zeolite/water Pair on adsorption
Refrigeration System. J. Phys. Conf. Ser. 2019, 1240, 012067. [CrossRef]

41. Lobry, L.; Micali, N.; Mallamace, F.; Liao, C.; Chen, S.H. Interaction and percolation in the L64 triblock
copolymer micellar system. Phys. Rev. E 1999, 60, 7076–7087. [CrossRef] [PubMed]

42. Hussein, Y.; Youssry, M. Polymeric Micelles of Biodegradable Diblock Copolymers: Enhanced Encapsulation
of Hydrophobic Drugs. Materials 2018, 11, 688. [CrossRef] [PubMed]

43. Mallamace, F.; Corsaro, C.; Mallamace, D.; Chen, S.H. The fragile-to-strong dynamical crossover and the
system viscoelasticity in attractive glass forming colloids. Colloid Polym. Sci. 2015, 293, 3337–3349. [CrossRef]

44. Cerveny, S.; Mallamace, F.; Swenson, J.; Vogel, M.; Xu, L. Confined Water as Model of Supercooled Water.
Chem. Rev. 2016, 116, 7608–7625. [CrossRef] [PubMed]

45. Mallamace, F.; Corsaro, C.; Mallamace, D.; Vasi, C.; Stanley, H.E. The thermodynamical response functions
and the origin of the anomalous behavior of liquid water. Faraday Discuss. 2013, 167, 95–108. [CrossRef]

46. Mallamace, F.; Corsaro, C.; Stanley, H.E. A singular thermodynamically consistent temperature at the origin
of the anomalous behavior of liquid water. Sci. Rep. 2012, 2, 993. [CrossRef]

47. Stokely, K.; Mazza, M.G.; Stanley, H.E.; Franzese, G. Effect of hydrogen bond cooperativity on the behavior
of water. Proc. Natl. Acad. Sci. USA 2010, 107, 1301–1306. [CrossRef]

48. Martelli, F. Unravelling the contribution of local structures to the anomalies of water: The synergistic action
of several factors. J. Chem. Phys. 2019, 150, 094506. [CrossRef]

49. Mishima, O. ‘Melting’ Ice I at 77 K and 10 kbar: A New Method of Making Amorphous Solids. Nature 1996,
384, 546. [CrossRef]

50. Rapoport, E. Model for Melting-Curve Maxima at High Pressure. J. Chem. Phys. 1967, 46, 2891–2895.
[CrossRef]

51. Davis, C.M.; Litovitz, T.A. Two-State Theory of the Structure of Water. J. Chem. Phys. 1965, 42, 2563–2576.
[CrossRef]

52. Jhon, M.S.; Grosh, J.; Ree, T.; Eyring, H. Significant-Structure Theory Applied to Water and Heavy Water.
J. Chem. Phys. 1966, 44, 1465–1472. [CrossRef]

53. Kamb, B. Structure of Ice VI. Science 1965, 150, 205–209. [CrossRef] [PubMed]
54. Debenedetti, P.G.; Stanley, H.E. Supercooled and Glassy Water. Phys. Today 2003, 56, 40. [CrossRef]
55. Stanley, H.E. Liquid Polymorphism; Rice, S.A., Ed.; Wiley: New York, NY, USA, 2013.
56. Amann-Winkel, K.; Böhmer, R.; Fujara, F.; Gainaru, C.; Geil, B.; Loerting, T. Colloquium: Water’s

controversial glass transitions. Rev. Mod. Phys. 2016, 88, 011002. [CrossRef]
57. Poole, P.H.; Sciortino, F.; Essmann, U.; Stanley, H.E. Phase behaviour of metastable water. Nature 1992,

360, 324. [CrossRef]
58. Palmer, J.C.; Martelli, F.; Liu, Y.; Car, R.; Panagiotopoulos, A.Z.; Debenedetti, P.G. Metastable liquid–liquid

transition in a molecular model of water. Nature 2014, 510, 385–388. [CrossRef]
59. Mallamace, F.; Broccio, M.; Corsaro, C.; Faraone, A.; Majolino, D.; Venuti, V.; Liu, L.; Mou, C.Y.; Chen, S.H.

Evidence of the existence of the low-density liquid phase in supercooled, confined water. Proc. Natl. Acad.
Sci. USA 2007, 104, 424–427. [CrossRef]

http://dx.doi.org/10.1103/PhysRevE.51.4558
http://dx.doi.org/10.1073/pnas.0701352104
http://dx.doi.org/10.1039/c2cp24075k
http://dx.doi.org/10.1063/1.1732472
http://dx.doi.org/10.3390/ijms19123825
http://dx.doi.org/10.1088/1742-6596/1240/1/012067
http://dx.doi.org/10.1103/PhysRevE.60.7076
http://www.ncbi.nlm.nih.gov/pubmed/11970647
http://dx.doi.org/10.3390/ma11050688
http://www.ncbi.nlm.nih.gov/pubmed/29702593
http://dx.doi.org/10.1007/s00396-015-3713-6
http://dx.doi.org/10.1021/acs.chemrev.5b00609
http://www.ncbi.nlm.nih.gov/pubmed/26940794
http://dx.doi.org/10.1039/c3fd00073g
http://dx.doi.org/10.1038/srep00993
http://dx.doi.org/10.1073/pnas.0912756107
http://dx.doi.org/10.1063/1.5087471
http://dx.doi.org/10.1038/384546a0
http://dx.doi.org/10.1063/1.1841150
http://dx.doi.org/10.1063/1.1696333
http://dx.doi.org/10.1063/1.1726878
http://dx.doi.org/10.1126/science.150.3693.205
http://www.ncbi.nlm.nih.gov/pubmed/17787274
http://dx.doi.org/10.1063/1.1595053
http://dx.doi.org/10.1103/RevModPhys.88.011002
http://dx.doi.org/10.1038/360324a0
http://dx.doi.org/10.1038/nature13405
http://dx.doi.org/10.1073/pnas.0607138104


Int. J. Mol. Sci. 2019, 20, 5373 15 of 16

60. Chen, S.H.; Mallamace, F.; Mou, C.Y.; Broccio, M.; Corsaro, C.; Faraone, A.; Liu, L. The violation of the
Stokes–Einstein relation in supercooled water. Proc. Natl. Acad. Sci. USA 2006, 103, 12974–12978. [CrossRef]

61. Xu, L.; Mallamace, F.; Yan, Z.; Starr, F.; Buldyrev, S.V.; Stanley, H.E. Appearance of a Fractional Stokes-Einstein
Relation in Water and a Structural Interpretation of Its Onset. Nat. Phys. 2009, 5, 565–569. [CrossRef]

62. Xu, L.; Kumar, P.; Buldyrev, S.V.; Chen, S.H.; Poole, P.H.; Sciortino, F.; Stanley, H.E. Relation between the
Widom line and the dynamic crossover in systems with a liquid–liquid phase transition. Proc. Natl. Acad.
Sci. USA 2005, 102, 16558–16562. [CrossRef] [PubMed]

63. Simpson, J.H.; Carr, H.Y. Diffusion and Nuclear Spin Relaxation in Water. Phys. Rev. 1958, 111, 1201–1202.
[CrossRef]

64. Mallamace, F.; Corsaro, C.; Mallamace, D.; Fazio, E.; Chen, S.H. Some considerations on the water
polymorphism and the liquid-liquid transition by the density behavior in the liquid phase. J. Chem. Phys.
2019, 151, 044504. [CrossRef] [PubMed]

65. Xu, Y.; Petrik, N.G.; Smith, R.S.; Kay, B.D.; Kimmel, G.A. Growth rate of crystalline ice and the diffusivity of
supercooled water from 126 to 262 K. Proc. Natl. Acad. Sci. USA 2016, 113, 14921–14925. [CrossRef]

66. Chen, S.H.; Zhang, Y.; Lagi, M.; Chong, S.H.; Baglioni, P.; Mallamace, F. Evidence of dynamic crossover
phenomena in water and other glass-forming liquids: Experiments, MD simulations and theory. J. Phys.
Condens. Matter 2009, 21, 504102. [CrossRef]

67. Wang, Z.; Le, P.; Ito, K.; Leão, J.B.; Tyagi, M.; Chen, S.H. Dynamic crossover in deeply cooled water
confined in MCM-41 at 4 kbar and its relation to the liquid-liquid transition hypothesis. J. Chem. Phys. 2015,
143, 114508. [CrossRef]

68. Li, H.; Chiang, W.S.; Fratini, E.; Ridi, F.; Bausi, F.; Baglioni, P.; Tyagi, M.; Chen, S.H. Dynamic crossover
in hydration water of curing cement paste: The effect of superplasticizer. J. Phys. Condens. Matter 2012,
24, 064108. [CrossRef]

69. Mallamace, F.; Corsaro, C.; Mallamace, D.; Chen, S.H.; Fratini, E.; Baglioni, P. The Boson peak interpretation
and evolution in confined amorphous water. Sci. China Phys. Mech. Astron. 2019, 62, 107004. [CrossRef]

70. Saul, A.; Wagner, W. A Fundamental Equation for Water Covering the Range from the Melting Line to 1273
K at Pressures up to 25 000 MPa. J. Phys. Chem. Ref. Data 1989, 18, 1537–1564. [CrossRef]

71. Palmer, J.C.; Poole, P.H.; Sciortino, F.; Debenedetti, P.G. Advances in Computational Studies of the
Liquid–Liquid Transition in Water and Water-Like Models. Chem. Rev. 2018, 118, 9129–9151. [CrossRef]

72. Bridgman, P.W. Water, in the liquid and five solid forms, under pressure. Proc. Am. Acad. Arts Sci. 1912,
47, 441–558. [CrossRef]

73. Grindley, T.; Lind, J.E. PVT properties of water and mercury. J. Chem. Phys. 1971, 54, 3983–3989. [CrossRef]
74. Kell, G.S. Density, Thermal Expansivity, and Compressibility of Liquid Water from 0◦ to 150 ◦C: Correlations

and Tables for Atmospheric Pressure and Saturation Reviewed and Expressed on 1968 Temperature Scale.
J. Chem. Eng. Data 1975, 20, 97–105. [CrossRef]

75. Kell, G.S.; Whalley, E. Reanalysis of the density of liquid water in the range 0–150 ◦C and 0–1 kbar.
J. Chem. Phys. 1975, 62, 3496–3503. [CrossRef]

76. Sorensen, C.M. Densities and partial molar volumes of supercooled aqueous solutions. J. Chem. Phys. 1983,
79, 1455–1461. [CrossRef]

77. Hare, D.E.; Sorensen, C.M. Densities of supercooled H2O and D2O in 25 µ glass capillaries. J. Chem. Phys.
1986, 84, 5085. [CrossRef]

78. Hare, D.E.; Sorensen, C.M. The density of supercooled water. II. Bulk samples cooled to the homogeneous
nucleation limit. J. Chem. Phys. 1987, 87, 4840. [CrossRef]

79. Mishima, O. Volume of supercooled water under pressure and the liquid-liquid critical point. J. Chem. Phys.
2010, 133, 144503. [CrossRef]

80. Mallamace, F.; Branca, C.; Corsaro, C.; Broccio, M.; Mou, C.Y.; Chen, S.H. The anomalous behavior of the
density of water in the range 30 K < T < 373 K. Proc. Natl. Acad. Sci. USA 2007, 104, 18387–18391.

81. Bernal, J.D.; Fowler, R.H. A Theory of Water and Ionic Solution, with Particular Reference to Hydrogen and
Hydroxyl Ions. J. Chem. Phys. 1933, 1, 515–548. [CrossRef]

82. Huang, Y.; Zhang, X.; Ma, Z.; Li, W.; Zhou, Y.; Zhou, J.; Zheng, W.; Sun, C. Size, separation, structural order,
and mass density of molecules packing in water and ice. Sci. Rep. 2013, 3, 3005. [CrossRef] [PubMed]

83. Mallamace, F.; Corsaro, C.; Stanley, H.E. Possible relation of water structural relaxation to water anomalies.
Proc. Natl. Acad. Sci. USA 2013, 110, 4899–4904. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0603253103
http://dx.doi.org/10.1038/nphys1328
http://dx.doi.org/10.1073/pnas.0507870102
http://www.ncbi.nlm.nih.gov/pubmed/16267132
http://dx.doi.org/10.1103/PhysRev.111.1201
http://dx.doi.org/10.1063/1.5095687
http://www.ncbi.nlm.nih.gov/pubmed/31370513
http://dx.doi.org/10.1073/pnas.1611395114
http://dx.doi.org/10.1088/0953-8984/21/50/504102
http://dx.doi.org/10.1063/1.4930855
http://dx.doi.org/10.1088/0953-8984/24/6/064108
http://dx.doi.org/10.1007/s11433-018-9380-x
http://dx.doi.org/10.1063/1.555836
http://dx.doi.org/10.1021/acs.chemrev.8b00228
http://dx.doi.org/10.2307/20022754
http://dx.doi.org/10.1063/1.1675455
http://dx.doi.org/10.1021/je60064a005
http://dx.doi.org/10.1063/1.430986
http://dx.doi.org/10.1063/1.445908
http://dx.doi.org/10.1063/1.450660
http://dx.doi.org/10.1063/1.453710
http://dx.doi.org/10.1063/1.3487999
http://dx.doi.org/10.1063/1.1749327
http://dx.doi.org/10.1038/srep03005
http://www.ncbi.nlm.nih.gov/pubmed/24141643
http://dx.doi.org/10.1073/pnas.1221805110
http://www.ncbi.nlm.nih.gov/pubmed/23483053


Int. J. Mol. Sci. 2019, 20, 5373 16 of 16

84. Speedy, R.J.; Angell, C.A. Isothermal compressibility of supercooled water and evidence for a thermodynamic
singularity at −45 ◦C. J. Chem. Phys. 1976, 65, 851. [CrossRef]

85. Angell, C.A.; Sichina, W.J.; Oguni, M. Heat capacity of water at extremes of supercooling and superheating.
J. Phys. Chem. 1982, 86, 998–1002. [CrossRef]

86. Angell, C.A.; Shuppert, J.; Tucker, J.C. Anomalous properties of supercooled water. Heat capacity, expansivity,
and proton magnetic resonance chemical shift from 0 to −38◦. J. Phys. Chem. 1973, 77, 3092–3099. [CrossRef]

87. Amann-Winkel, K.; Gainaru, C.; Handle, P.H.; Seidl, M.; Nelson, H.; Böhmer, R.; Loerting, T. Water’s second
glass transition. Proc. Natl. Acad. Sci. USA 2013, 110, 17720–17725. [CrossRef]

88. Pan, A.C.; Garrahan, J.P.; Chandler, D. Heterogeneity and growing length scales in the dynamics of kinetically
constrained lattice gases in two dimensions. Phys. Rev. E 2005, 72, 041106. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1063/1.433153
http://dx.doi.org/10.1021/j100395a032
http://dx.doi.org/10.1021/j100644a014
http://dx.doi.org/10.1073/pnas.1311718110
http://dx.doi.org/10.1103/PhysRevE.72.041106
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Experiments
	Results and Discussion
	Conclusions
	References

