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The Boson peak (BP) of deeply cooled confined water is studied by using inelastic neutron scattering
(INS) in a large interval of the (P,T') phase plane. By taking into account the different behavior
of such a collective vibrational mode in both strong and fragile glasses as well as in glass-forming
materials, we were able to determine the Widom line that characterizes supercooled bulk water

within the frame of the liquid-liquid phase transition (LLPT) hypothesis. The peak frequency and

width of the BP correlated with the water polymorphism of the LLPT scenario, allowing us to
distinguish the “low-density liquid” (LDL) and “high-density liquid” (HDL) phases in deeply cooled
bulk water. Moreover, the BP properties afford a further confirmation of the Widom line temperature
Tw as the (P, T) locus in which the local structure of water transforms from a predominately LDL

form to a predominately HDL form.

Keywords supercooled water, liquid-liquid phase transition (LLPT), inelastic neutron scattering

PACS numbers 78.70.Nx, 64.70.Ja, 33.15.Fm

1 Introduction

Glassy materials play an important role in science and
technology. Moreover, glasses and the corresponding su-
percooled liquids, from which glasses are usually pre-
pared, have led to fundamental and challenging ques-
tions that have been the subject of a large number of
studies in the past century. However, it is still not clear
what happens when a liquid is cooled down to its amor-
phous glass phase [1]. Besides the anomalous increase of
more than a factor of 10'® in the transport parameters
(viscosity, self-diffusion, and relaxation times) that re-
sults in the continuous transition from a fluid to a glass,
it is commonly accepted that two characteristic features
dominate the behavior of glassy liquids as they evolve
toward the glass state: i) the appearance of dynamic
heterogeneities [2] and ii) the complicated energy land-
scape [3-7]. Just by observing the transport properties
of a typical glass-forming supercooled liquid, it can be
classified as being a strong (where the activation ener-

*Special Topic: Water Science (Eds. Li-Mei Xu & En-Ge Wang).

gies are well defined) or a fragile liquid [8, 9]; hence, a
nearly Arrhenius temperature dependence is character-
istic of a strong liquid, whereas a fragile liquid shows a
quite non-Arrhenius behavior.

In the context of supercooled materials, water is of
special interest and it presents intriguing and counter-
intuitive chemicophysical behaviors that have not been
clearly explained [10]. However, it is well established from
the various studies conducted on water that the hydrogen
bond (HB) interactions between water molecules are the
key to understand its properties and functions [11-13].
As T decreases, the HB clusters form, leading to an open
tetrahedrally coordinated HB network. This HB cluster-
ing explains the diverging behavior of various water ther-
mal response and transport functions when the tempera-
ture is lowered to the supercooled region. More precisely,
when the T of the stable liquid phase is lowered, both
the HB lifetime and cluster stability increase, and this
altered local structure can, in principle, continue down to
the amorphous region of the phase diagram. Amorphous
water is polymorphic with low-density (LDA) and high-
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density (HDA) phases that can be transformed from one
to the other by varying the pressure [14].

This polymorphism of glassy water and the HB net-
working suggests that liquid water can also be polymor-
phous, i.e., a mixture of a low-density liquid (LDL) and
a high-density liquid (HDL). In the HDL form, which
predominates in the high-T' regime, the local tetrahe-
drally coordinated structure is not fully developed, but
in the LDL form, a more open “ice-like” HB network ap-
pears. Thus, water’s anomalies are caused by the “com-
petition” between these two local liquid forms. At am-
bient pressure, metastable supercooled water is located
on the phase diagram between the melting temperature
Ty = 273 K and the homogeneous nucleation temper-
ature Ty = 231 K; below Ty ~ 130 K, water exists as
glass; above this temperature, it becomes a highly vis-
cous fluid that crystallizes at Tx ~ 150 K. The region
between Ty and Tx is not experimentally accessible to
bulk liquid water and is referred to as the “No-Man’s
Land” of the phase diagram. The crystallization within
this latter region (i.e., the no-man’s land) can be re-
tarded to some extent by confining water within the nar-
row nanoporous structures. Studies on confined water
[15, 16] have shown that the water HB networking and
the HB lifetime greatly increase on decreasing the tem-
perature, indicating the presence of a dynamic crossover
from a fragile-to-strong liquid (FSDC) at Ty, ~ 225 K
and ambient pressure. At this temperature, clear signs of
LDL and HDL are observed [16], confirming that poly-
morphism dominates the water liquid phase; it also sup-
ports the liquid-liquid phase transition (LLPT) hypoth-
esis [18]. In addition, the violation of the Stokes-Einstein
relation is also observed [16, 17]. Furthermore, within the
framework of the LLPT model, the so-called Widom line
(the LDL-HDL coexistence line) is important. It identi-
fies the locus, Ty, of the maximum correlation length,
where the thermodynamic response function have an ex-
trema (maximum or minimum) [19, 20]. On decreasing
T, the Widom line must converge to the liquid-liquid
critical point C’, where the correlation length diverges;
hence, the end point of the Widom line is the water’s
hypothesized second critical point. These experimental
observations on the water FSDC, including the findings
of neutron experiments in a wide P—T interval of the wa-
ter phase diagram [18], confirm that the FSDC locus just
identifies the Widom line so that T;, = Ty . The water
P-T phase diagram proposed for bulk water according
to the polymorphism in the LLPT frame is illustrated in
Fig. 1.

The FSDC, with Ty, > T}, is not limited to water but
also characterizes other supercooled glass-forming liquids
[6, 7, 9, 21, 23]. Its appearance indicates that the sys-
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Fig. 1 The pressure-temperature phase diagram of bulk water in
the frame of its polimorphism and of the LLPT model. The LDA,
the HDA, the LDL and HDL phases and the Widom line (the lo-
cus of Ty, dotted line) are reported together with the melting Ty,
the homogeneous nucleation temperature Ty and the crystalliza-
tion Tx loci. The LL critical point C’ and the line of the density
maxima, T), 4, are also reported. Dark red and green large symbols,
as illustrated in the text, deal with the findings of this work.

tem is approaching the dynamic arrest [6, 7, 9, 21, 22,
37); many special processes occur at the dynamic arrest
(at FSDC) (see, e.g., Ref. [9]), including the violation
of the Stokes-Einstein law [2], orientational-translational
decoupling [4], splitting of the relaxation into primary
() and secondary relaxation times (/3), onset of dynamic
heterogeneities, and onset of the Boson peak (BP) [2, 24—
26).

The BP, one of the most intriguing properties of su-
percooled liquids and glasses, is usually observed in the
terahertz region by Raman or inelastic neutron scatter-
ing experiments [27-33]. The BP, a collective mode, ap-
pears as an excess over the density of vibrational states,
g(E) < E? predicted by the Debye model and is prob-
ably the most intensively studied feature of amorphous
materials. Despite this and the BP ubiquities in disor-
dered systems, the identification of the physical origin of
BP is unclear. Several different models, from harmonic
excitations of a disordered lattice [34] to mosaic struc-
tures related to dynamic heterogeneities and the energy
landscape [26], have been proposed to explain the phys-
ical mechanism of BP. There is a growing consensus on
some BP properties: i) the BP frequency (or energy E)
corresponds to the maximum frequency at which trans-
verse phonons can propagate in the disordered material
[36] (i-e., the Toffe-Regel limit); ii) the BP intensity in-
creases with a decrease in the fragility, hence systems
with a strong BP are those with “strong” liquid char-
acter, whereas fragile glass formers have weak BPs [35,
36).

This latter situation that regards the BP characteris-
tic of low-frequency excitations and the slowest transport
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behavior (another intriguing property of glass-forming
materials) is studied here. In fact, we study the BP at
the water FSDC in order to verify if there is any link
between the BP and the Widom line as recently hypoth-
esized for bulk water by an MD simulation study [37]
and observed in confined water [38, 39]. In other words,
the aim of the present work, by using inelastic neutron
scattering (INS), is to verify in the (P, T) plane whether
deeply cooled water confined in nanopores can provide
confirmation about the appearance of LLPT.

2 Experiments

We report a BP data analysis of INS spectra reported
in our two previous papers [38, 39]. The INS exper-
iments were carried out in the following P-T ranges:
120 K < T' < 230 K and 1 bar < P < 2400 bar (large
symbols in Figure 1). More precisely, for P = 1 bar
we used the HRMECS chopper at the Intense Pulsed
Neutron Source (IPNS) at the Argonne National Lab-
oratory, whereas for the other data we used the Disk
Chopper Spectrometer (DCS) at the National Institute
of Standards and Technology (NIST) Center for Neu-
tron Research and the Cold Neutron Chopper Spectrom-
eter (CNCS) at the Spallation Neutron Source of the
Oak Ridge National Laboratory (ORNL). In order to
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enter the deeply supercooled region of water, we used
a nanoporous silica matrix, MCM-41-S, with 15 A pore
diameter to confine water. Under this confinement, wa-
ter remains in the liquid state at temperatures much
lower than that of homogeneous nucleation. Details on
the experimental procedure and sample preparation are
reported elsewhere [38, 39]. The measured energy spec-
tra for a fixed wavevector @) (the magnitude of the mo-
mentum transfer of the incident neutron) are indicated
as Sy (Q, E). Figure 2(a) reports the self-dynamic struc-
ture factor, S, (@, E), of the confined water measured
for P = 1 bar at T' = 200, 220, 240, 260, and 280 K. A
BP is clearly observable for £ ~ 5.5 meV at T = 200
and 220 K, hence near the water FSDC or Widom tem-
perature, whereas above 220 K, the BP gradually merges
into the quasielastic contribution.

All the spectral contributions S,,(Q, F), measured at a
fixed Q, were analyzed by taking into account the energy
resolution function (R(F)) by means of a Lorentzian (the
quasi-elastic contribution) function and a log-normal dis-
tribution (LND) as
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Fig. 2 (a) The Inelastic Neutron Scattering (INS) spectra at P = 1 bar of the MCM-41 confined water Sy, (Q, E) measured
at 200, 220, 240, 260, and 280 K. The presence of the Boson peak (BP) is evident for 7' < 260 K. The spectra evaluated
according to the Eq. (1) are reported as continuous line (S, (Q, E)). In the inset the obtained BP spectra Spp(Q, E) are
reported. (b) shows the normalized BP spectral contributions, Spp norm(Q,E), for T = 200, 220, and 240K. As it can
be observed the contribution at 240 K (inside the supercooled “fragile” HDL phase T' > Ty > Ty ) is broader than those
corresponding to the “strong” LDL dominant phase located below the Widom line (7" = 200, 220 K. i.e., T < Ty ).
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where opp and Epp relate to the BP width and position,
respectively; A; and As are the amplitudes of these two
parts; and D(F) is the detailed balance factor and is ex-
pressed as exp(E/(2kgT)). The LND well describes the
BP and has been successfully applied to confined water
[40].

3 Results and discussion

The left side of Fig. 2(a) illustrates the BP contribution
of confined water, Spp(Q, E), evaluated from S,,(Q, E)
at P = 1 bar, where Ty ~ 225 K. The continuous lines
in Fig. 2(a) represent the fit, S, (Q, E), of the corre-
sponding data, giving a good representation of the qual-
ity of the data analysis in terms of Eq. (1). The cor-
responding inset reports the evaluated BP contribution
(Spr(Q, E)). As it can be observed, the BP strength
shows a marked increase on decreasing T up to the re-
gion of Ty . Below Ty, it evolves (T' = 220 and 200 K)
with a different rate; at the same time, a spectral nar-
rowing and a shift in the frequency value of the BP maxi-
mum (Fpp) can be observed. The BP physical evolution
is clearer if we consider a normalized representation of
Spp(Q, E) versus Epp and the peak strength. In this
case from the normalized BP spectra, Sppnorm(Q,E)
[Fig. 2(b)], a narrowing in the BP evolution is well evi-
dent when the supercooled liquid water crossovers from
a fragile to a strong “status” of the glass former. This
is an expected situation considering the results of vari-
ous studies on BP dependence as a function of fragility,
but it assumes a more important meaning if we con-
sider that the Widom line also represents a structural
crossover from a predominantly HDL structure to a pre-
dominantly LDL structure [15, 41]. From the dynamic
point of view, the water Ty, also represents the locus
in which the Stokes-Einstein law is violated [16] accord-
ing to the orientational-translational decoupling [4] due
to HB networking and change in the energetic configu-
rations [3-7]. More precisely, the FSDC phenomenon in
the energy landscape framework (inherent structures) is
interpreted as system evolution, by decreasing T', from
multibasin dynamics to molecular trapping in deep en-
ergy basins.

Starting from these results at P = 1 bar, we have
considered a more complete study by exploring other
pressures in order to verify if or not the obtained find-
ings were confirmed. Figures 3(a) and 4(a) report the
Sin(Q, E) obtained by means of the same data analysis
for the INS spectra measured at 450 bar (7' = 200, 210,
220, and 230 K) and 1.2 kbar (T = 200, 210, 220, and 225
K), respectively. The BP behavior for these two pressures
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is similar to that observed in the 1 bar INS spectra (see
the insets of the corresponding figures). From Figs. 3(b)
and 4(b), where the normalized BP spectra are reported,
the main result obtained for the 1 bar INS spectra is fully
confirmed; i.e., the BP spectrum changes on crossing the
Widom line, showing a narrowing just when entering
the LDL phase. We have also measured the BP at the
following additional pressures: 1,1.5,2, and 2.4 kbar
by considering, respectively, the following temperatures:
140,160, and 180 K (1 kbar); 215 and 220 K (1.5 kbar);
165,200,210, and 215 K (2 kbar); and finally 195,205,
and 210 at 2.4 kbar. In the first case (1 kbar), all the
three temperatures of the measured INS spectra lie in
the LDL region, whereas the values of 1.5 and 2.4 kbar
are localized outside the no man’s land and in particular
in the supercooled liquid region dominated by the HDL
phase. The same holds for the highest temperatures at 2
kbar, except for T' = 165 K, a temperature less than that
of the second critical point C’, and at the border line
between the LDL and HDL phases. All these explored
temperatures in which the BP is clearly observed from
the INS spectra, S,,(Q, E), are shown as large symbols
in Fig. 1. More precisely, the dark red symbols identify
the narrow BP inside the LDL phase (below the Widom
line, i.e., T < Tw), whereas the green symbols are all
localized in the supercooled liquid region. Such a situa-
tion is well accounted in Fig. 5, where the values of the
half width at half maximum (HWHMgp ,orm) of the
BP normalized spectra Sppnorm(Q, E) studied herein
are reported as a function of temperature. In particular,
all the data inside the LDL region, i.e., corresponding
to temperatures and pressures for T' < Ty, are reported
as dark red symbols, whereas the others are reported as
green symbols. As it can be observed, the data of BP
spectra measured in the LDL region cover a completely
different area of Fig. 5 when compared with those mea-
sured inside the supercooled region. More precisely, a
sort of crossover can be located at about 1.35, between
the reported HWHM B p ,0rm values. In particular, below
it fall all the BP spectra belonging to the more struc-
tured configurations, in terms of the HB tetrahedrally
coordinated network, i.e., the region of dominance of the
LDL phase, whereas the BP spectral contributions of
the LDL region fall above this value. From Fig. 5, it can
be noticed that the spread in the HWHMpgp yorm val-
ues inside the LDL -dominated phase has a very limited
range, 1.2-1.35, whereas the corresponding quantity of
the data within the HDL region, above the Widom line,
is much larger, ranging from 1.35 to more than 1.7. If
we go back to the starting considerations that the LDL-
dominated region is the “strong” glass-forming region,
contrary to the HDL that is “fragile”, then the obtained

Francesco Mallamace, et al., Front. Phys. 10(5), 106103 (2015)
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Fig. 3 (a) The fitted Inelastic Neutron Scattering (INS) spectra for the MCM-41 confined water Sy, (Q, E) at P = 450
bar measured at 200, 210, 220, and 230 K. The inset illustrates the corresponding BP spectra Spp(Q, E). (b) reports the
corresponding Spp norm(Q, E). In this case according to the used procedure, the Widom line is localized at about Ty, = 220
K; in fact, the obtained Spp norm values are broader for the higher temperature and narrower for lower temperatures.
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Fig. 4 The fitted Inelastic Neutron Scattering (INS) spectra for the MCM-41 confined water Sy, (Q,E) at P = 1.2 kbar
measured for T' = 200, 210, 220, and 225 K. Also in this case the obtained findings are in good agreement with the previous
results corresponding to P = 1 bar and 450 bar. In the present case the Widom line seems to be located between 200 and 210 K.

findings fully agree with the observed BP behavior in
other glasses and glass-forming liquids [2, 24-26, 35, 36; 4 Conclusion
i.e., the corresponding spectra are more localized for the
strong materials, whereas they are broadly distributed
for the fragile materials.

We have considered the experimental INS spectra of
confined water in order to characterize its structural and

Francesco Mallamace, et al., Front. Phys. 10(5), 106103 (2015) 106103-5
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dynamic evolution by studying the properties of the so-
called BP, the well-known collective low-frequency vibra-
tional mode characterizing amorphous glasses and super-
cooled liquids. We took advantage of a universal-like be-
havior observed for the BP width; the peak frequency re-
sults showed marked differences between those of strong
and fragile glasses and glass-forming systems during a
thermodynamic change in their P-T phase [2, 24-26, 35,
36]. In simple words, based on the explanation of the en-
ergy landscape model, the BP width of strong glasses is
narrower [26, 35, 36] and less T—P dependent when com-
pared with the corresponding BP width of fragile glasses
[42].

A recent MD study [37] has proposed “that the onset
of the Boson peak in supercooled bulk water coincides
with the crossover to a predominantly low-density-like
liquid below the Widom line Ty .” In addition, it has
been stressed that the frequency and onset tempera-
ture of the BP of bulk water agree well with the results
obtained from experiments on nanoconfined water [38].
Such a picture has been essentially confirmed by an
accurate INS study [39]. Here, by considering the above-
mentioned “universal-like behavior” of the BP, we es-
sentially confirm the link between the BP and the water
polymorphism, i.e., the BP connection with the “LDL”
and “HDL” phases in deeply cooled water. Moreover, we
highlight that the BP onset is localized not at the Widom
line, but inside the fragile region of water, just above the
homogeneous nucleation temperature Ty = 231 K in a
P-T region dominated by a large concentration of the
HDL with respect to the LDL phase. We conclude by
stressing that the Widom line is detectable by changes
in the BP frequency and width of the crossover from
the fragile to the strong glass-forming region; i.e., on ap-
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proaching a phase region dominated by the LDL phase.
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