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ABSTRACT

The bulk liquid water density data (p) are studied in a very large temperature pressure range including also the glass phases. A thorough
analysis of their isobars, together with the suggestions of recent thermodynamical studies, gives evidence of two crossovers at T* and P*
above which the hydrogen bond interaction is unable to arrange the tetrahedral network that is at the basis of the liquid polymorphism giving
rise to the low density liquid (LDL). The curvatures of these isobars, as a function of T, are completely different: concave below P* (where
maxima are) and convex above. In both the cases, a continuity between liquid and glass is observed with P* as the border of the density
evolution toward the two different polymorphic glasses (low and high density amorphous). The experimental data of the densities of these two
glasses also show a markedly different pressure dependence. Here, on the basis of these observations in bulk water and by considering a recent
study on the growth of the LDL phase, by decreasing temperature, we discuss the water liquid-liquid transition and evaluate the isothermal
compressibility inside the deep supercooled regime. Such a quantity shows an additional maximum that is pressure dependent that under
ambient conditions agrees with a recent X-ray experiment. In particular, the present analysis suggests the presence of a liquid-liquid critical
point located at about 180 MPa and 197 K.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5095687

I. INTRODUCTION

Water and related systems have a central role in science and
technology. At the same time, water is of absolute interest in
many research fields going from chemical-physics to life sciences
such as medicine, biology crossing agriculture, and engineering.'
It has unusual behaviors, if compared with normal liquids. The
first and well known example of these is the density maximum
(pm at 277 K) intuited by Galileo Galilei in 1612 and later dis-
covered by Florence.” Many of these anomalies belong to water in
the metastable supercooled state and characterize the thermody-
namical behaviors of important response functions, e.g., the isobaric

specific heat (Cp = T(9S/0T)p), the compressibilities {isothermal
[kr = (Olnp/0 InP)r] and adiabatic [ks = (O1np/01n P)s]}, and
the expansivity (ap = —(01np/OT)p). All these functions are asso-
ciated with the system microscopic fluctuations, more precisely:
xr with the volume V or density (xr = ((0V)*)/kgTV), Cp
with the entropy S (Cp = ((88)2)/kBT), whereas ap reflects the
volume-entropy cross correlations (ap = (6S8V)/kgTV). Water
can be cooled below its melting temperature (T,) up to the
homogeneous nucleation temperature (T}), and both are pressure
dependent.

The behaviors of these fluctuations give rise to two important
observations.’ The first one is regarding the 8S and 8V difference on
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cooling between a normal liquid and water; in a normal fluid, both
these fluctuations become smaller as T decreases; on the contrary,
in water, they become more pronounced; in most of the normal
liquids, they are positively correlated (an increase in §V is accom-
panied by a similar behavior in 8S); instead for water, below Ty,
they are anticorrelated (an increase in V brings an entropy decrease).
Thus, the water cooling is accompanied by an increase in its local
order, and these anticorrelations become increasingly pronounced
for water inside the supercooled state. In addition to this, another
salient water property, easily observed at ambient pressure, is that
its thermodynamic response functions show, as observed for the
first time by Speedy and Angell,” a diverging (critical) behavior;
extrapolated from their measured values at moderate supercooling
to the lowest temperatures, all these functions appear to diverge at a
singular temperature Ts ~ 228 K.

As it is well known, these results were lately related to the liquid
polymorphism possibility of a first-order phase transition between
two liquids of the same substance.” The possibility of two liquids of
the same substance was proposed by Rapoport in 1967’ by consider-
ing several studies on the continuous change in the liquid water state
over the wide P-T region,” ' based on the idea of multiple species
coexisting in the liquid. However, only after the Mishima evidence
for the existence of the multiple distinct amorphous phases (1985),
the liquid-liquid transition (LLT) hypothesis becomes central in the
water studies.’

The Speedy and Angell observations coming from the response
functions, i.e., the entropy decrease and the diverging behavior, can
be considered at the basis of the water complexity and of the enor-
mous interest in it. Nowadays, whereas we are sure of the existence
of a water molecular local order, with a tetrahedral symmetry driven
by the hydrogen bonding (HB) interaction, the corresponding criti-
cality (inside the supercooled regime) is far from being experimen-
tally proven. This despite the incredible large number of compu-
tational studies made in the years, with their positive and proper
suggestions.'”

The HB is a noncovalent attractive interaction between two
water molecules, ie., an electropositive hydrogen atom on one
molecule and an electronegative oxygen atom on another molecule
[ie., the O:H noncovalent van der Waals bond (~0.1 eV binding
energy BE)]. In contrast to the HB, there is in water also a repulsive
intermolecular interaction: the Coulomb repulsion between electron
lone-pairs on adjacent oxygen atoms. In addition, there are the two
H-O covalent bonds originated by the sharing of the electron lone
pairs, ~4.0 eV. Whereas the HB dominates water in the stable and
supercooled regime, the repulsive lone pairs mainly influence the
water physics from above the boiling temperature (T}) in the sub-
critical and critical region (the water critical point CP is located at
Tc =647.1 Kand Pc = 22.064 MPa).

The tetrahedral symmetry is that of ordinary ice, in which each
water molecule has four nearest neighbors and acts as a H-donor
to two of them and a H-acceptor for the other two. Whereas ice is
a permanent tetrahedral network made by the HB, the liquid water
tetrahedrality is local and transient even if characterized by a life-
time that strongly increases (more than three orders of magnitude)
by decreasing temperature from values of some picoseconds charac-
teristic of the stable liquid phase (T > T,,)."” All of this takes place
in coherence with the response function behaviors on cooling, the
entropy increases (because Cp > 0) as well as the specific volume
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(Vs = 1/p), due to the progressive increase in the tetrahedral order.
In such a way, at ambient pressure, 6V and 8S can become anti-
correlated and ap < 0. However, a pressure increase contrasts these
ordering effects imposing different thermodynamical behaviors so
that proper observations on increasing P certainly can give infor-
mation on the water open questions including its criticality in the
supercooled regime.

Like the structure, also the dynamic or transport water prop-
erties are unusual. When water is sufficiently cold, its diffusiv-
ity increases with pressure, whereas its viscosity decreases; this is
due to the P-effect that tends to deform (or destroy) the tetrahe-
dral HB network (and to change the internal structure of a single
molecule), by increasing consequently the molecular mobility. The
pressure behavior in connection with the HB water network, stud-
ied up to 400 MPa and temperatures near 200 K, by means of a
NMR experiment, reveals that for each isotherm, the self-diffusion
Ds increases with P to a maximum located near 200 MPa after
which it decreases; on the contrary, the temperature behavior can be
described with the same scaling law [Ds(T) = Do((T - Ts)/Ts)™"]
used by Speedy and Angell’ in their pioneering experiment in
which a sort of water criticality in the supercooled regime was pro-
posed. Such a study for the first time supports this latter conjec-
ture in terms of transport parameters, but a careful inspection of
the reported data for both H,O and D,O suggests that ~200 MPa
(where each Ds isotherm has the maximum) is the limit of pres-
sure deformation effects on the HB network, or the pressure value
enough to change it completely. On the other hand, we must
mention that just NMR experiments have revealed that there is
a crossover temperature at T* ~ 315 K for which by decreasing
T liquid, water changes its energetic behavior from Arrhenius to
super-Arrhenius.”” In particular, for T* < 315 K, it is observed that
the Stokes-Einstein relation adequately describes the relative tem-
perature dependence of viscosity and diffusion, but above and in
the vicinity of such a temperature, the spin lattice relaxation does
not follow the viscosity as predicted by this law. Lately, by using
the Adam-Gibbs approach, it has been demonstrated that such a
temperature can be considered as the onset of the HB tetrahedral
network.'®

The knowledge about water characteristics has improved
markedly after the discovery of its polyamorphism, i.e., the exis-
tence of glassy forms with different densities. Depending on P and
T, water has two amorphous phases characterized by different struc-
tures: the high density and the low density amorphous, HDA and
LDA, respectively."”"” HDA can be formed by the LDA, and vice
versa. At the ambient pressure, LDA if heated undergoes a glass to
liquid transition (at about 130 K) into a highly viscous fluid and
then, at T, = 150 K, crystallizes into cubic ice. Hence, in the region
between T and T}, water cannot stably exist in its bulk liquid form.
Such a constraint can be overcome by using some tricks: to confine
water in nanopores (radius 1-2 nm) smaller than nucleation centers,
to study water inside ice, and to melt a multimolecular thickness
of ice surface. Although these tricks have allowed the discovery of
many important water properties, such as the existence of a den-
sity minimum, as predicted more than a century ago by Bridgman,”’
and to give proper models for the supercooled state,'* here we will
not give special focus to these results. This is to avoid any possible
sterile discussions about the difference between confined and bulk
water.
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The HDA glass is obtained, at low temperatures, by the
pressure-induced amorphization of the bulk ice (I,). At 77 K and
P ~ 1 GPa, the HDA density is about 1.31 g cm™>. If the HDA at
ambient pressure is heated, a new transformation occurs at ~117 K; 17
this new amorphous, the LDA, has a density of 0.94 g cm™ at 77 K
and P ~ 0.1 MPa. HDA can be produced at 77 K by compress-
ing ice Ij, at ~1 GPa or by compressing, at the same temperature,
LDA at ~0.6 GPa. For P > 0.8 GPa and T > 130 K, another amor-
phous phase named VHDA (very high density amorphous) has been
obtained.”

The two mentioned water glasses have two different local
arrangements; HDA has a structure very similar to that of the high-P
liquid water, suggesting that, as confirmed by the measured densi-
ties in the P-T plane (see Fig. 2), it is the glass form of the high-P
liquid water, just as LDA may be a glass form of the low-P liquid
water. It must to be mentioned at this point that careful experiments
arranged by the Loerting team have proposed the existence of a first
order transition between these water amorphous phases.”” ** More
precisely, all these three amorphous water states are connected so
that they can be obtained (with a discontinuous transition) along
a single isothermal compression (and decompression) experiment
with the reversible sequence LDA = HDA = VHDA. An example
of this is the compression 2 decompression induced LDA-HDA
transitions in the T-range 138-140 K. In this latter case, the cycling
pressure is about 200 MPa. It must be also stressed that the LDA-
HDA transition is discontinuous, and recently it has been shown that
in the HDA-VHDA transition, there are continuous intermediate
states.”

As discussed above, the water polyamorphism and the rela-
tive transitions led to considering the idea of two distinct liquid
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phases, characterized by different densities, coexisting in liquid
water, namely, the low density (LDL) and the high density (HDL)
liquids. Such an idea benefits by the following experimental assur-
ances: (i) high-T bulk liquid water, if rapidly cooled at ambient
pressure, becomes LDA without crystallization so that LDA appears
directly related to the liquid and” (ii) the HDA is connected with
the liquid at high P, by the melting of crystalline ice on increasing
pressure (the two amorphous having small entropies can be consid-
ered smoothly connected with the liquid state). These facts and the
observed amorphous transitions give increasing support to a liquid-
liquid transition (LLT) and also the possibility of a first-order phase
transition in the liquid. In 1992 by taking into consideration the dis-
continuous LDA-HDA transitions, and the findings of a MD simula-
tion, Poole et al. stressed the large possibility that supercooled water
is really polymorphic, with the two glass phases as their evolution
at the dynamical arrest.” In such a way, it has also opened a possible
explanation on the anomalies in the water’s response functions in the
supercooled state by means of a liquid-liquid critical point (LLCP)
(also named second critical point in distinction to the vapor-liquid
one). For clarity, the same laboratory has proposed an alternative
interpretation for the water anomalies independently of the poly-
morphism.l(' However, these works can be considered as a milestone
because they brought the interest of the scientific community to
the fascinating research subject, which to date is still an open ques-
tion: does water have a second critical point? The LLCP also focuses
the role of the so-called Widom line (WL), that is, the locus of the
maximum correlation length; along this line, the response functions
reach extremes and increase on approaching the critical point, where
they diverge (the WL can also be considered an extension of the
coexistence curve). Figure 1 proposes a water phase diagram made
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according to the LLCP hypothesis. Unfortunately, as it is well
known, any exploration regarding bulk water seems to be forbidden
in the region between Ty and T}, (called the no man’s land) unless,
as said, some tricks would be used, i.e., the water confinement”® or
some special techniques such as the recent pulsed-laser-heating one,
which is able to determine the crystalline-ice growth rate and liquid-
water diffusivity under ultrahigh-vacuum conditions (as made for
temperatures between 180 and 262 K).”’

Our study is addressed just to the verification of this: is there
in water a second critical point and is it dependent from the lig-
uid polymorphism? We will explore such a question just on look-
ing at the liquid water densities (or the specific volumes) in very
large temperature and pressure regions, ranging from those of the
vapor-liquid to the ones in the deep supercooled regime, also includ-
ing the values corresponding to LDA and HDA. We have to men-
tion that the structure and the densities of the HDL and LDL
water have been measured by means of a neutron scattering exper-
iment made at T = 268 K and at the pressures of 26, 209, and
400 MPa.”’

Il. RESULTS AND DISCUSSIONS

The large number of studies made in confined water, by the
use of very different experimental techniques ranging from the scat-
tering (elastic and inelastic) to the calorimetry and including NMR,
ESR, and FTIR spectroscopy, has given many results inside on what
happens in the temperature region between Tx and T}, such as a
density minimum, the evidence of the LDL, the existence of the
Widom line, a minimum with negative values in the expansivity
ap, a maximum in the specific heat Cp and in the isothermal com-
pressibility k7, a dynamical crossover from fragile to strong glass-
former behavior coincident with the Widom line, and the observa-
tion at this crossover of the violation of the Stokes-Einstein relation
(with the consequent onset of the dynamical heterogeneities and the
decoupling between the translational and rotational modes).”’ In
this work, we will not mention these results and the related thermo-
dynamics even if confined water for many aspects is more relevant
than the bulk one. We will use some density data coming from MD
simulations”’""* just for comparison with the results related to the
minimum.” "

Figure 2 illustrates, in the top panel, the isobars of bulk water
densities in the disordered states for a temperature interval from
70 to 700 K (i.e., from the values of the two amorphous phases
LDA and HDA and the supercooled liquid state to the region of the
liquid-vapor critical point); the pressures range from 0.1 to 800 MPa.
The illustrated data come from different experiments arranged in
the years in different laboratories; in particular, the figure reports
data of LDA and HDA'?"**?* and bulk liquid water,”" % and
for the high temperature region, near the CP, data come from the
58-coefficient equation of state.”’ In the bottom panel of Fig. 2,
the same data of the top panel with a low temperature zoom
up to 350 K are reported, including also the data coming from
a simulation of the equation of state by using the TIP4P/2005
water model’’ and for water inside hydrophilic nanotubes.”*”” In
this figure, the density values measured in ice Ih, Ic, and ice III
(in such a case at the pressures of 260 and 350 MPa) are also
reported;””™ this is just for comparison with the water densities
in the supercooled liquid state. From these data, there is direct
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FIG. 2. Top—The bulk water density isobars, from 0.1 to 800 MPa, in the T range
from 70 to 700 K (i.e., from the values of the two amorphous phases LDA and
HDA to the region of the liquid-vapor critical point). The corresponding data come
from some different experiments arranged in the years in different laboratories; in
particular, the figure reports data of the LDA and HDA,'"?"?3%% and bulk liquid
water,”>*5~2 and for the high temperature region near Cp, data come from the
58-coefficient equation of state.*> Bottom—The data are the same as illustrated
above with a low temperature zoom up to 350 K. Are also included the densi-
ties coming from a simulation of the equation of state by using the TIP4P/2005
water model®' and of water inside hydrophilic nanotubes.**> The densities mea-
sured in ice |h, Ic, and IIl are denoted as stars (in such a case for P = 260 and
350 MPa).?"%¢

evidence on the density differences between liquid and crystalline
water.

A careful inspection of the liquid water density data in the
region where T < 350 K up to the amorphous phases evidences some
interesting, important, and not negligible phenomena: (a) the den-
sity maximum, pmax(P, T), decreases with temperature by increasing
its absolute value with P and disappears near 200 MPa; (b) the iso-
bar curvature also changes by increasing P from concave to convex at
about this pressure where pmax(P, T) disappears; (c) another impor-
tant evidence that clearly comes out from the water density behavior
is that 200 MPa is a crossover pressure between two well different
p(P, T) behaviors on cooling. For P > 200 MPa, the water densi-
ties evolve, with absolute continuity toward the values of the HDA
(largely dependent on P in the range 1.15 < p < 1.33 g cm ™, from
200 to 800 MPa), whereas for P < 200 MPa, the density evolution is
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only toward the LDA, but contrary to the previous case, the P depen-
dence of the LDA density ranges from 0.9 g cm™> at 0.1 MPa to
0.93 g cm™ at 200 MPa. Above this latter pressure, the melting
curve in the P-T phase diagram changes its slope from negative
to positive.

In any case, the p(P, T) behavior illustrated by the figure
indicates that the comparatively large density range, 0.93 < p
<ll5g cm™>, is barred for bulk water, not only at 135 K where we
have the measured data of the amorphous phases but also, as con-
firmed by the curvature of the isobars, on going toward the region
of the liquid phase (supercooled and stable). In other words, the
isobars without the thermodynamical anomaly of the density max-
imum (minimum in the specific volume V) evolve with continuity
to the corresponding HDA values. At the opposite side, the isobars
that posses the maximum not only evolve toward the LDA density
values (all located in the limited region of 0.9-0.93 g cm™) but can
also have another anomaly like a minimum (maximum in V). This
is the reason for which in the bottom panel of Fig. 2 we included den-
sity data coming from simulated and confined water. On considering
that volume is a first derivative of the Gibbs free energy G(T, P),
V = (0G/OP)r, such a situation is very interesting in the hypoth-
esis of a LLCP; the fact that Vs has a marked discontinuity from
0.869 to 1.075 g~ ' cm?, at ~200 MPa, might represent a signature of
a first-order phase transition.

We start our discussions on these bulk water density data
(Fig. 2) from the main suggestion coming from the cited NMR
dynamical data, for which the molecular mobility increases with P
up to a maximum just at ~200 MPa. This is due to the fact that pres-
sure stresses the tetrahedral HB network. “Hence, one might con-
sider hydrostatic pressure as a network breaking agent which sup-
presses long-range structural correlations.””” A simple thermody-
namical analysis of Fig. 2 density data fully confirms such a hypoth-
esis. As said, the expansivity ap = —(01lnp/0T)p = (8S6V)/kgTV
represents a direct measure of the volume-entropy cross corre-
lations. From these data, it clearly emerges that at all the iso-
bars in which a density maximum pmax(T) is present for temper-
atures below it (T < Tmax), one has (6S8V) < 0. Hence, for water
in the liquid state, to a cooling process corresponds an entropy
decrease, i.e., the order increases (the tetrahedral structure origi-
nated by the HB and its lifetime). Instead, for the isobars above p*
~ 200 MPa at which the density maximum disappears and its cur-
vature loses concavity (P* ~ 200 MPa, see Fig. 2), (8S8V) becomes
positive together with the entropy giving proof of a structural dis-
order in the system. Such a situation is illustrated in Fig. 3 of
Ref. 44.

At this point, just to avoid misunderstandings, it must be
stressed that such a discussion on the pressures ability to destroy, or
suppress, long-range HB structural correlations applies only to water
in the metastable supercooled liquid state. Certainly, under stability
conditions at the same T, P values, water is in the corresponding ice
crystalline forms and the pressure effects on the system order are
completely different.

The ap(P, T) data highlight a special role for T*;'**** from
Fig. 2, it is also evident that such a temperature is that of the min-
imal density difference between all the reported isobars and of an
ideal elasticity (the reported data change linearly with P). Such a
situation can be better illustrated by plotting Ap™ = p(T) - p(T*),
i.e., the difference between the densities measured at each isobar
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with that measured at the corresponding T*. The obtained result is
illustrated in Fig. 3 for the range 120 < T < 375 K (thus including
the supercooled regime and the stable liquid phase). Certainly, for
T > 375K, on approaching the subcritical and critical regions, where
the dominating interaction is essentially the repulsion between elec-
tron lone-pairs, water dimers and trimers can also form. Instead,
inside the stable liquid phase, the HB contribution increases on
decreasing T and the local structure is made essentially by trimers
and tetramers. As it can be observed, Ap™ is pressure dependent for
T < T* and also for P < P* (200 MPa). This is again an evidence
of the presence of the HB tetrahedral network and of its response
to external stresses (pressure or temperature). At the lowest pres-
sures, Ap* presents the largest variation on cooling. By increasing
pressure, such an effect progressively decreases. In addition, this
local extended water structure is more sensitive to a temperature
decrease in the pressure region where the density is maximum.
Also here, the data deal only with bulk water, whereas the inset
of Fig. 3 also reports the MD TIP4P/2005 and confined ones.”"
These Ap* (T, P) data stress the two separate evolutions, on decreas-
ing T, toward the arrest: liquid water merges in the LDA only if
the applied pressure is P < P*; otherwise, it gives rise to the HDA.
Such a situation can be rationalized by considering the presence in
the corresponding density isobars of the maximum indicating the
increasing dominance on cooling of the LDL, made of HB tetrahe-
dral networks, over the HDL; under such a condition, liquid water
can glassify into the LDA. Instead in the opposite case, P > P*, the
applied pressure is enough to break, or to deform, the HBs, giving
rise to the dominance of HDL over LDL so that because of the data
continuity, water can evolve, on cooling, only into the HDA form.
However, such a situation has the proper confirmation in the cited
neutron scattering experiment on the existence of the HDL and LDL
water liquid phases evaluating, at three different pressures, their rel-
ative population as xgpy: for P = 26 MPa, xap1, = 40%; for 209 MPa,
XHDL = 60%; and for 400 MPa, xapr, = 80%.”” All of this supports, in
terms of the bulk water density, the liquid polymorphism and LLT
hypothesis.

Figure 4, just to have further clarifications on the water ther-
modynamics, and to stress the previous findings especially in the
supercooled regime, reports the corresponding P-V phase diagram
(V = V). Also in this case, as illustrated in the inset, below P*, it
is clear that on decreasing T, the specific volume first decreases and
then increases, whereas for P > P*, only a continuous decrease in
Vs can be observable. In particular, the data inside the supercooled
regime will be treated taking in consideration the compelling evi-
dence, coming from the physical conditions imposed by T* and
P*, i.e., the LLCP could be located in the phase region T < T* and
P < P*. Next, we will use the reported data to evaluate the isothermal
compressibility of bulk water in both the real critical point and the
supercooled regime, where the LLCP may be located.

All the isotherms (continuous lines as a guide for the eyes)
emphasize that in the supercooled region, an isotherm for which
(9*PIOV?) = 0 can be largely probable. The 273 K isotherm (dotted
line) is the highest in which, at low pressures, a T decrease corre-
sponds to a Vs decrease. Below it, any cooling imposes an increase
in Vs that becomes progressively larger on going toward the super-
cooled regime, whereas in the high pressure region, Vs continues
to keep the same decreasing rate. Thus, below 273 K, the inset of
Fig. 4 gives a serious proof that the water isotherms are charac-
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FIG. 3. The difference between each density isobar and that corresponding to T*, i.e., Ap* = p(T) — p(T*). The results are shown in the range 120 < T < 375 K (including
both the supercooled and the stable liquid phases). As it can be observed, Ap* is pressure dependent only for T < T*, and also for P < P* =200 MPa. This is a compelling
evidence of the presence of the HB tetrahedral network and its response to external stresses (pressure or temperature). At the lowest pressure, Ap* presents the largest
variation on cooling, and by increasing pressure, such an effect progressively decreases. In addition, such a local extended water structure is more sensitive on cooling in
the pressure region of the density maximum, i.e., P < P*, if compared with the highest ones. The figure data deal only with bulk water, whereas in the inset, Ap* behaviors

of the MD simulated TIP4P/2005 and confined ones are also reporte

terized by a progressive flattening on decreasing T and have a flex
point. However, even if we do not have data in the no man’s land,
the reported isotherm behavior is fully consistent with the LLCP,
in particular for the presence in the isotherms below 230 K of an
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inflection point; among these, the critical one is that for which
(0*PIOV*) = 0.

Figure 5 reports the bulk water (and LDA) Vs, for some iso-
bars in the intervals 170 < T < 320 K and 0.1 < P < 300 MPa;

FIG. 4. The experimental P-V phase
diagram. The specific volume (V = V)
isotherms are proposed in a very large
interval also including the critical region
[with the critical point (CP) value]. As
shown in the inset, it is evident that below
P*, on decreasing T, the specific vol-
ume first decreases and then increases,
whereas for P > P*, only a Vs contin-
uous decrease can be observable. Such
a singular data behavior gives again evi-
dence that LLT, as far as the HB network,
has extremes in the area delimited by T*
and P*, i.e., the LLCP must be located in
the phase region for T < T* and P < P*.
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the data (open symbols) corresponding to the cited MD simula-
tion (TIP4P/2005 model)”’ and confined water’*”” are also included.
Just on looking only at the bulk water Vs data, it is evident that
the general shape of the isobars follow similar trends as that of
the ambient pressure with the drop between the low and high vol-
ume regions (typical of the LDA or where the LDL dominates) that
becomes increasingly sharper as P increases. Although the behav-
ior of these data as a function of T suggests a continuous evolution
(as proposed by the MD and confined water data), by decreasing
T from the HDL to the LDL and finally to the LDA, a full evalua-
tion of k1 (or ap) cannot be obtained for the unexplored no man’s
land.

A help to overcome this problem comes from the careful
analysis recently made in the study of the diffusion data for the
ambient pressure. The experimental data, also including the ones
obtained by means of the cited pulsed-laser heating techniques,”
have been very recently analyzed under the assumption that, at
high temperatures, they are characteristic of “pure” HDL, whereas
in the deep supercooled regime, they are characteristic of “pure”
LDL. In these terms, a continuity in the evolution of the stud-
ied transport function has been assumed.’® Such an analysis has
been made by using the following form for the relevant observable,
Oo(T):

O(T) =s(T)Orpr(T) + (1 = s(T))Onpr(T),

where Orpr(T) and Ompr(T) are the (temperature dependent)
observables corresponding to “pure” LDL and HDL, respectively,
and s(T) is a Logistic Function (LF), which is used for growth mech-
anisms.”® Such a study has been made for the liquid water self-
diffusion data at ambient pressure in the 126 < T < 262 K range.”
We highlight that such a hypothesis well accounts how liquid water,
on decreasing T, evolves from the disordered HDL to the tetrahe-
dral LDL and then to the LDA. The quality of the obtained results
suggests that such a procedure can be extended to the density data,
directly related to the system structure. Hence, by using such a form

oompqoonE > O
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7] : 30] e FIG. 5. The bulk water (and LDA) isobars
34 = 60 of Vs measured inside the T-region 170
® 3 : ?go < T < 320 K [the data for P = 300 MPa,
A 3d v 12 which (open symbols) corresponding to
o1 & 1w the cited MD simulation (TIP4P/2005
$] 1w model)’" and confined water’**° are
= : oo included]. The curves correspond to a
i 34 e 300 data fit in terms of the same logistic func-
3 o oicasa tion used in Ref. 46 to study the water
o i 0.1(C-39 A) dynamical behaviors related to the onset,
= by cooling, of the LDL phase and accom-
] panied by the underlying growth of the
E HB network structure.
320

that reflects the growth of the HB network structure and the devel-
opment of the LDL phase, we have fitted the specific volume data
(O(T) = Vs(T)) obtained from the liquid water experimental den-
sities shown in Fig. 2. The results for the different isobars from 0.1
to 200 MPa are reported as curves in Fig. 5 together with the mea-
sured data. The only assumption that we did is that for the LDL, Vs
=1.081 g~! cm® at 180 K, as suggested by the data evolution. We
are aware that lacking experimental data inside the no man’s land,
such a procedure can be considered a speculation. However, it can
be noted that the density data of the MD simulations’' and confined
water’ ™" have (i) the same values (within the experimental error) of
that of bulk water measured inside the accessible region and (ii) the
similar trends of the obtained LFs (in the no-man’s land). Therefore,
we thought that, by means of such a working procedure, at least valid
and useful suggestions could be obtained.

In such a way, providing also inside the no man’s land reason-
able volume data, we can calculate 7 in the range 190 < T < 680 K
at different isobars from 0.1 to 400 MPa. The obtained results are
proposed in Fig. 6, whereas it can be observed that the isothermal
compressibility shows two separate maxima. One x7 maximum is
located as expected very near the water liquid-vapor critical point
at about P ~ 20 MPa and T =~ 647 K, and the second one is well
inside the supercooled regime in the interval 225 > T > 195 K, and
in particular, it is observable only for 0.1 < P < 200 MPa (with its
temperature that decreases by increasing the pressure). As it can be
observed, the figure reports xr in alog scale in order to give in proper
way the data details, being the difference between the two max-
ima of about an order of magnitude (~550 and ~4100 10~° bar™?).
In any case, it can be also observed that for all the reported pres-
sures, k7 has the minimum at T*, with a value that decreases by
increasing P. In the figure inset, xr is instead reported in a linear
scale, and it is evident that it has the largest value at 180 MPa and
197.5 K. In summary, such a xr behavior inside the supercooled
regime (where the heights of the maxima increase with pressure
and their positions shift toward lower temperatures) is certainly
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the fingerprint of the approach to a critical point. The density and models, and a comparison of the ¥7** (near the LLCP) obtained in
compressibility behaviors as a function of the pressure and tem- these studies and our present value of ~550 10™° bar™* reveals a sat-
perature have also been studied by means of MD simulations, e.g., isfactory agreement especially with that evaluated by the iAmoeba
the mentioned TIP4P/2005,""" the E3B3’>" and the iAmoeba model.
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FIG. 7. The isothermal compressibility measured by elastic and dynamical scattering experiments (e.g., sound and hypersound propagation) as xr(w, Q), and compared
with its thermodynamical values. Dynamical data are based on the idea that the HB network is a relaxing structure and thus must be dependent of the probe frequency
(w) and wavevector (Q).*" In such a way, xr(w, Q), evaluated at ambient pressure, shows a maximum, x2%%, that is, T and Q dependent: its value increases when these
variables are decreased so that in the hydrodynamic regime, Q — 0, it must correspond to the thermodynamical value. A situation confirmed by the figure where the actual
and literature data are considered. In particular, Brillouin scattering*®? and ultrasound data (US 1°” and US I1°") are reported together with the recent data obtained by
means of femtosecond x-ray experiments.” x7 data obtained with the cited MD (TIP4P/2005) study*""-%? are also reported.
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Before closing the discussion related to the proposed analyses of
the density data, we have to mention that in the past, we have con-
sidered a study of the bulk water compressibility taking into account
not only the hydrodynamic data but also the data coming from
dynamical scattering (e.g., sound and hypersound propagation) on
following the idea that at the basis of the LLT (and thus the LLCP),
there is the presence of the “relaxing” HB network (or the LDL).
Because such a structure grows inside the supercooled regime and
is dynamical in character, it is a structure with precise relaxations
that reasonably may be observed and emphasized by changing the
radiation probe frequency (w) or wavevector (Q). 7 In other words,
we have evaluated xr(w, Q) at the ambient pressure showing that
its maximum 7", observable also at the room temperature, is T
and Q dependent and its value increases when these variables are
decreased (see Fig. 7)."* " With such an analysis, we have proposed,
by using scaling concepts, that the bulk water compressibility hydro-
dynamic value (x7(Q — 0)) has a maximum at T = 228 + 5 K, just
where the ap curves, obtained from the densities of confined water,
have a minimum (at which, according to the thermodynamical rela-
tions among the response functions, must correspond a maximum
in x7). Recently, such a maximum in the water compressibility has
been shown by the Nilsson team in micrometer-sized water droplets
by means of femtosecond x-ray experiments by a direct measure of
the density structure function S(Q) = (p/m)kpTxr, where m is the
molecular mass”” (corresponding data are reported in Fig. 7). How-
ever, the findings of this latter study have been questioned: (i) for an
inappropriate use of the Ornstein-Zernike formalism (which is reli-
able near a critical point), (ii) for the required knowledge of p, not
available for T <239.74 K,” and lately (iii) for the validity of the used
temperature calibration scheme,” giving rise to a controversy.” It
must be stressed that Nilsson et al., together with this compressibil-
ity maximum,”” have also measured the density-density correlation
length observing for such a function a maximum at 229 K, so provid-
ing a direct evidence of the Widom line in micrometer-sized water
droplets (and thus in bulk), which is another support to the LLT. In
the figure, the compressibility data obtained in the present study and
those corresponding to the TIP4P/2005 MD study are also reported.
As it can be observed, there is a good agreement, within the exper-
imental error, with the x-ray data analysis for both the supercooled
region experimental accessible data (T < 239.74 K) and those in the
no man’s land. Instead, the agreement with the MD simulation study

is only for the temperature value of the «p**."*"*

I1l. CONCLUSION

In conclusion, we have to stress that our observations come
only from the measured density data (Fig. 2) of bulk and amor-
phous water (LDA and HDA), as far as the only used conjecture.
Just on looking at the different isobars from the ambient pressure
(0.1 MPa) to 800 MPa as a function of the temperature (from the
critical ~700 K to well inside the glass region ~100 K), one can
observe a clear evidence from the data evolution of the presence,
in the p-T phase diagram, of a phase region limited by two special
values in the thermodynamic variables temperature and pressure,
respectively, T* and P*: (i) T* marks the onset of the HB transient
tetrahedral network (and thus it is accompanied by a density-density
correlation length larger than water intermolecular distance), and
(ii) P* is a crossover pressure between two well separated regions

ARTICLE scitation.org/journalljcp

in which the bulk water has the density maxima (P < P*) or not
(P > P*). In addition, below such a special pressure and on cool-
ing well inside the supercooled regime toward the glass, any bulk
water isobar evolves only and only to the LDA, whereas for P > pP*,
the only possible gelification is in the HDA glass. It can also be easily
observed that the measured density of the LDA glass ranges in a nar-
row interval (0.9-0.93 g cm™?) and the HDA glass, observable only
for P > P*, has densities progressively larger than p ~ 1.15 g cm™>,
as P increases. As evidenced by these behaviors at and around
135 K, the densities (or the specific volumes) in the range 0.93 < p
< 1.15 g cm™? appear barred for glassy water. At the same time, as
evidenced by the density isobars behaviors (P > P*), there is no rea-
son to believe that such a thermodynamical constraint is not valid
near or below the homogeneous nucleation temperature T}, or also
where the Widom line is located (e.g., the region 180-210 K).

Because liquid water is a mixture of LDL and HDL, as also fully
supported by Fig. 2 data evolution, each density isobar behavior on
cooling is due by the HDL continuous evolution toward the LDL by
means of the growth of the HB network and finally in the LDA. This
happens for pressures at which the LDL form is possible; otherwise,
the HDL can evolve only to the HDA as fully demonstrated by the
data behavior for P > P*.

Being the LDL development governed by the HB network
growth, in number and sizes, we have reasonably assumed, for each
density (or volume) isobar, that such a process is governed by the
same logistic function used in the description of the self-diffusion
dynamical response functions'® and that the LDL represents the
largest part of the water liquid polymorphism at about 180 K, where
it has about the same density of the LDA glass toward which the LDL
evolves with continuity by decreasing T. Unfortunately, not having
bulk water data inside the no man’s land, especially for P < P*, it is
possible to evaluate xr (and the LLCP presence) only at such a rea-
sonable conjecture, strongly suggested by the data behavior and also
by the available and accurate MD simulation results.”’ "

By following such an approach, we have evaluated the bulk
water compressibility obtaining support for the presence in the
supercooled regime of a LLCP at around 180 MPa and 197.5 K. The
only problem is that if the xr maximum value is compared with that
of the real water critical point at 647 K, a difference of about one
order of magnitude is observable. On the basis of the illustrated find-
ings, we planned a series of new accurate experiments on the bulk
and amorphous water structure and dynamics in the T-P plane, just
on looking also at the changes in the inter- and intramolecular water
properties as far as to their correlations.
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