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Abstract. This article presents an overview of recent experiments performed on
transport properties of water in the deeply supercooled region, a temperature
region of fundamental importance in the science of water. We report data of
nuclear magnetic resonance, quasi-elastic neutron scattering, Fourier-transform
infrared spectroscopy, and Raman spectroscopy, studying water confined in
nanometer-scale environments. When contained within small pores, water does
not crystallise, and can be supercooled well below its homogeneous nucleation
temperature T}. On this basis it is possible to carry out a careful analysis of the
well known thermodynamical anomalies of water. Studying the temperature and
pressure dependencies of water dynamics, we show that the liquid-liquid phase
transition (LLPT) hypothesis represents a reliable model for describing liquid
water. In this model, water in the liquid state is a mixture of two different local
structures, characterised by different densities, namely the low density liquid
(LDL) and the high-density liquid (HDL). The LLPT line should terminate at a
special transition point: a low-T" liquid-liquid critical point. We discuss the follow-
ing experimental findings on liquid water: (i) a crossover from non-Arrhenius
behaviour at high T to Arrhenius behaviour at low T' in transport parameters;
(ii) a breakdown of the Stokes-Einstein relation; (iii) the existence of a Widom
line, which is the locus of points corresponding to maximum correlation length in
the p-T phase diagram and which ends in the liquid-liquid critical point; (iv) the
direct observation of the LDL phase; (v) a minimum in the density at approxi-
mately 70 K below the temperature of the density maximum. In our opinion these
results represent the experimental proofs of the validity of the LLPT hypothesis.

1 Introduction

Water is certainly the most essential of any molecules on Earth. Understanding the role of
water in many aspects of life represents one of the most challenging research problems in sci-
ence and technology. Despite many centuries of research the properties of water are far from
being completely understood. The large number of anomalies, more than sixty, that distinguish
water from other liquids lack a coherent explanation, so water is considered an “unicum” in
nature. The liquid state of water is unusual especially at low temperatures in the supercooled
regime [1-3]. In this state, thermodynamic response functions such as compressibility, thermal
expansion coeflicient, and specific heat, display counterintuitive trends as the temperature is
lowered. In particular, while the anomalies displayed by liquid water are apparent above the
melting temperature, T, they become more striking as one supercools below T;,. Ordinarily,
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Fig. 1. The phase diagram of water in the p—7T plane (redrawn from [2,3]). T}, denotes the homogeneous
nucleation temperature line, T, the crystallisation line of amorphous water, T}, the melting temperature
line and T},4 the maximum density line. Ty 1 indicates the Widom line locus.

it has been suggested that water behaves as if there exists a singular temperature toward which
its thermodynamical properties diverge [1]. In fact, extrapolated from their values at moder-
ately supercooled states, all these functions appear to diverge at a singular temperature around
Ts = 228K. Over the years, many plausible explanations for these strange behaviours have
been proposed, starting from the two-state and the clathrate models [1-3]. Three hypotheses
are currently of active interest: (i) the stability limit [4], (ii) the percolation [5] and (iii) the
liquid-liquid phase transition (LLPT) [6]. The third approach has received support from various
theoretical studies [7—9]. However, in all of them the key role is played by the local hydrogen
bond (HB) interaction pattern having a tetrahedral geometry. In the liquid state this HB net-
work governs the overall structure and dynamics [3] of water.

Water has also an intriguing pressure-temperature (p — T') phase diagram (Fig. 1), charac-
terised by specific regions of existence of the liquid, solid and amorphous phases. In the Fig. 1,
T, is the melting temperature line, and 7T} represents the homogeneous nucleation tempera-
ture line for bulk water, whereas T;,4 corresponds to the temperature line of maximum density.
Water can exist in a glassy form at the lowest temperatures. Depending on T and p, glassy
water has two amorphous phases with different structures: a low (LDA) and a high (HDA) den-
sity amorphous ice; thus it shows a polyamorphism. LDA can be formed from HDA and vice
versa; LDA if heated, undergoes a glass-to-liquid transition transforming into a highly viscous
fluid, then crystallises into cubic ice at Tx. Thus an experimentally inaccessible T' region exists
in bulk water between T} and T'x. Such a region between glassy and liquid phase of water, in
which bulk water does not exist as a liquid, was named “No Man’s Land” [3]. The existence
of two glassy phases, which correspond to two different local tetrahedral arrangements, is a
characteristic property of water; in typical liquids we do not find two different glassy phases.
The transition from the LDA to the HDA is a first-order phase transition [10,11]. As well
explained in H.E. Stanley’s contribution in the present issue, on the basis of the LLPT
hypothesis there is the reasonable idea that the separation line of the two amorphous forms
of solid water extends into the No Man’s Land and ultimately terminates at a critical point.
Just as the glassy water first-order transition line separates LDA from HDA, its extension into
the liquid region separates a low-density liquid (LDL) from a high-density liquid (HDL) phase.
The existence of a LLPT leads to conjecture that liquid water possesses a low-T' liquid-liquid
critical point, C’, (predicted by the theory to be located at T, =~ 200K p. ~ 1kbar) [2], below
which it can switch from one phase, HDL, to another phase, LDL. The difference between the
two liquid phases lies in the water structure: in the HDL, the local tetrahedrally coordinated
hydrogen-bond network is not fully developed, whereas in the LDL a more open, locally ice-like
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hydrogen-bond network is fully developed [12]. Thus, near T., water is a mixture of both LDL
and HDL phases associated with a diverging density fluctuation. At higher temperatures, the
two liquid phases are indistinguishable. Lowering temperature or increasing pressure will result
in an increase of the LDL phase with respect to the HDL phase. The LLPT approach suggests
to focus careful interest on the so called Widom line, i.e. the locus of the maximum correlation
length [13]. The existence of a critical point induces large fluctuations in a region that extends
to temperatures and pressures far away in the phase diagram. For example, experiments show
that the effect of the gas-liquid critical point C' on the thermodynamic response functions is ev-
ident even at a temperature twice as high than the critical one. A similar behaviour is expected
also for the hypothesised critical point C’. Above T, the response functions have an extreme
(minimum or maximum) at the Widom line. On decreasing T', the Widom line converges to
the critical point, where the correlation length diverges together with the response functions.
Therefore, along the Widom line, the response functions show extremes and finally diverge at
the critical point. Since far above a critical point the maxima of correlation length and the ex-
tremes of response functions become smooth and flat, the Widom line is broadened in a region
whose size increases at higher T'. As a consequence, different response functions show extremes
along different lines, all around the Widom line and all converging at the critical point.

Up to few years ago, the phase diagram reported in Fig. 1, together with the fashioning
physic scenario proposed by the LLPT hypothesis (and in particular the Widom line), especially
for the experimental difficulties to explore the No Man’s Land, remained only hypothesised,
but not completely proved. The power-law approach, considered for many years to explain
water singularities, corresponds to the extension of a first-order transition line beyond the crit-
ical point. Thus the thermodynamical response functions, when experimentally approaching
the Widom line, should behave, as though they are going to diverge with critical exponents
but does not. However, computer simulations, using tried and tested models for liquid water,
confirm the broad features of this phase diagram [14]. Recently, a possibility to enter into the
inaccessible temperature range of water, is shown by confining water in nano-size pores [15-17].
When contained within these pores, water does not crystallise, and can be supercooled well
below T}, = 231 K. Porous hydrophilic silica glass [17], micellar systems or layered vermiculite
clay [15] are examples of confining nano-structures. Using this trick we were able to study,
by means of different experimental techniques like, Neutron scattering, Nuclear Magnetic
Resonance (NMR) and Raman and/or Fourier Transform Infrared (FTIR) spectroscopy, the
structural and dynamical properties of water in the temperature range 170K < 7' < 290 K. In
such a way, in recent experiments [18,19] on confined water as a function of temperature and
pressure we showed that the theoretical LLPT approach is able to describe coherently some of
the strange properties of water. By using the neutron scattering technique, an evidence of the
LL critical point, C’, located at Tc = 200K and pc = 1.6 kbar was obtained.

Subsequently this result was also qualitatively confirmed by an extensive MD simulation
analysis [20]. In particular, in this MD study by using three different models (namely: TIP5P,
ST2 and the Jagla potential) the loci of maxima of the relevant water response functions (com-
pressibility and specific heat), which coincide close to the critical point and give rise to the
Widom line, have been evaluated. These experiments [18-20] are of primary interest because,
for their findings, have stimulated much of the recent work on water. It has been suggested that
a significant change in water dynamics takes place in deeply supercooled state [21-23]. Unlike
other network forming materials, water behaves, in the experimentally accessible window, as a
non-Arrhenius fluid (fragile glass former). Based on analogies with network forming liquids and
with the properties of the amorphous forms of water, it has been proposed that, at ambient
pressure, liquid water should show a dynamical crossover from non-Arrhenius at high T to
Arrhenius (strong glass former) behaviour at low T' [24]. The study of Refs. [18-20] focused on
this fragile-to-strong dynamic crossover (FSC) pointing out, in a general way, the connections
among the Widom line and the FSC and associating the crossing of the Widom line with the
changes in the HB structure of liquid water. It has been evidenced that upon crossing the
Widom line on decreasing T', a breakdown of the Stokes-Einstein relation (BSE) is observed at
T < Twr(P) (where Ty 1, is the Widom line temperature) [25]. Both the phenomena, FSC and
BSE, take place at Ty and are related with the changes in water structural and dynamical
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properties from those of HDL to LDL. The LDL phase has been observed for the first time in a
recent FTIR experiment [26]. It is thus possible that other new phenomena can appear to occur
in water on crossing this line, all of them being related to the changes in the local water structure
that occur when the system changes from the “HDL-like” side to the “LDL-like” side. Beside the
FSC and the BSE, both accompanied by evident changes in the dynamic transport properties,
such as the diffusion coefficient and the relaxation time, it is possible that water presents other
phenomena on crossing the Widom line. Examples are: (i) systematic changes in the static struc-
ture factor S(q), and the corresponding pair correlation function g(r), revealing that, according
to the FTIR results [26], for T < Ty ., the system structure resembles more that of LDL than
HDL, (ii) the appearance, for T' < Ty 1, of a shoulder (Boson peak) in the dynamic structure fac-
tor S(g,w) at a frequency w ~ 60 cm~" [27,28], (iii) a rapid increase in hydrogen bonding degree
for T < Ty, [29,30], (iv) a minimum in the density at low temperature [31,32], and (v) a scaled
equation of state near the critical point C” [33]. In this work, we report recent experimental find-
ings on water related with the hypothesised LLPT, and with the effects on the water properties
induced by the presence of the LDL local structure. In particular we give a review of the FSC, the
BSE, the observation, by means of local vibrational modes of the S(g,w), of the LDL phase and
finally the observation, by means of scattering methods, of a water density minimum in the very
supercooled region at about 200 K. We highlight that these results are entirely connected to the
changes of the water local structure when the system evolves from the HDL to the LDL phase.

2 Experimental methods
2.1 The sample

To confine water we used a micelle template mesoporous silica matrix MCM-41-S (having 1D
cylindrical tubes arranged in a hexagonal structure), synthesised using the methods of zeolite
seeds [18]. The investigated samples have hydration levels of h ~ 0.5 (0.5 grams H5O per gram of
MCM). As shown by X-ray diffraction (XRD) [34], differential scanning calorimetry (DSC) [35]
and NMR [36,37] experiments, this water confining system can be regarded as one of the most
suitable adsorbent models currently available. The geometrical constraints and the chemistry of
the guest material surface may significantly affect the structure and dynamics of confined water.
Examples are pore channel intersections (with networking effects), pore polydispersity, charges
and chemical impurities. These phenomena reveal their presence with a marked hysteresis in a
cooling/warming cycle. In MCM-41 nano-tube samples here studied, as shown by X-ray [34], and
DSC experiments [35], the hysteresis is absent or negligible. DSC shows that repeated freezing
and melting cycles (FMC) did not cause any significant change in the position and shape of
DSC peaks for a given sample; the melting temperature was reproducible even after several
months. Thus, water, in repeated FMC, does not affect the pore walls of these silica samples.
In addition, the XRD data through the diffracted wave-vector, Qq, of the first sharp water
diffraction peak, give the following results: water in MCM-41 with a pore diameter ¢ = 42A
have a sudden freezing at T~ 232 K, whereas for ¢ = 24A, it remains in a liquid state down to
~160 K. Moreover, in the MCM-41-S samples water freezes with a Qg value that is nearly the
same as that of the LDA phase (Qic® = 1,71 A—1) [38], in contrast to the stable ice-h, usually
obtained by freezing bulk water (Qic¢™® = 1,6 A=1) [1]. In both the samples no Bragg’s peaks,
characteristic of crystallisation, are observed.

2.2 Nuclear magnetic resonance

Dynamical properties of water confined in fully hydrated MCM-41-S samples with ¢ = 24,18
and 14 A, were studied at ambient pressure and different temperatures by using a Bruker
AVANCE NMR spectrometer, operating at 700 MHz 'H resonance frequency. In these NMR
experiments, we have measured the self-diffusion coefficient of water D, and the maximum
intensity 1™ of the 'H-NMR spectra (obtained by the free-induction decay (FID)). The
explored temperature range was 190K-298 K with an accuracy of +0.2K. D was measured
with the pulsed gradient spin-echo technique (*H-PGSE).
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Fig. 2. (Colour online) (a) the 'H NMR spectra of water in MCM samples with ¢ = 24 and 14 A,
upon cooling. (b) The normalised NMR intensities, In2* vs. 1/T, for ¢ = 14,18, and 24 A samples,
upon both cooling and heating, corrected for the Curie effect (taken from [19]).

The 'H NMR spectra of water in MCM samples with ¢ = 24 and 14 A, upon cooling are
shown in Fig. 2(a). The full width at half-height of these spectra, Avy /; ~ 1/T5, is the rate of the
so-called apparent spin-spin relaxation time 7%5. As it can be observed, the maximum intensity
of the spectra (I™®*) decreases and the corresponding linewidth increases upon decreasing
T; the crystalline ice phase (characterised by a very large linewidth) is not observed. The
NMR signal intensity is directly related with the system equilibrium magnetisation, My (or
the susceptivity xo) which depends linearly on the total number of mobile spins per unit
volume, the mean square value of nuclear magnetic moment and on 1/7" (Curie law). Fig. 2(b)
shows I™#* for ¢ = 14,18 and 24 A samples, upon both cooling and heating, corrected for
the Curie effect and normalised to the pore volume, as IN3* vs. 1/T. As it can be noticed,
the T behaviour of confined water is independent of the pore size. The figure clearly shows
that there is a steep decrease of IN2* on decreasing T, at around 225K (T7,). This behaviour
indicates that T' ~ 225K is a crossover temperature for the dynamical behaviour of water. In
general, relaxations measured in an NMR experiment are caused by random fluctuations of
the magnetic field at the position of a resonating spin originating by the thermal motion of
neighboring spins. In our case the fluctuating magnetic dipole-dipole interactions between 'H
spins are due to the tumbling of molecules under the local caging structure. Hence, the observed
behaviour of I312% can be related, according to the LLPT hypothesis, to the water structure and
in particular to its packing density. The probability of tumbling of a water molecule is higher
in the HDL phase, compared to that in the LDL phase; the temperature behaviour of I33*
shown in Fig. 2(b) reflects just such a situation, indicating T' ~ 225 K as the possible crossover
temperature between the HDL and the LDL.

2.3 Neutron scattering

The water dynamics has been investigated in the p — T phase diagram with incoherent quasi-
elastic neutron scattering (QENS). Because of the exponential slowing down of water dynamics
upon supercooling, the combined application of a time-of-flight (TOF) and a backscattering
spectrometer has been necessary to study water from T = 235K down to T = 200K. The
collected data have been analysed according to the relaxing cage model (RCM) [40]. QENS
measurements were performed at NIST centre for Neutron Research using a disk chopper (DCS)
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Fig. 3. Typical QENS results of hydrated MCM samples (¢ = 14 A) fitted in terms of the RCM
analysis (Ref. [18]). The temperature dependence of (rr), at different pressures, plotted in a log-lin
scale vs 1/T. A well-defined FSC is observed for p < 1600 bar.

and a backscattering (HFBS) spectrometer. The QENS experiments give the double differential
scattering cross section d?c/df2dw, where E = hw is the energy transferred by the neutron
to the sample and df? is the scattering solid angle. d?c/df2dw is proportional to the dynamic
structure factor S(Q,w), which is the Fourier transform of the self-intermediate scattering
function (ISF) and @ is the scattered wavevector. In such a way the ISF of the hydrogen atoms
Fr(Q,t), that in the investigated Q—t range is F(Q,t) ~ Fr(Q,t)-Fr(Q,t), can be measured.
Fr and Fg are the translational and the rotational ISF, respectively [40]. According to RCM,
the translational and rotational dynamics of supercooled water can be separated in a short-time
and in a long-time part. Thus Fr can be written as Fr(Q,t) ~ F3(Q,t) exp[—(t/rr)?], whereas
the @ — ¢ dependence of Fr can be written in terms of the well-known Sears expansion[41]
as: Fr(Q,t) = > 720(20 + 1)j2(Qb)Ci(t), with j7(Qb) being the Bessel function negligible for
Q < 2A-'. Thus C,(t) = C;(t)exp|—(t/7r)"]. Since translational and rotational dynamics
are strongly coupled, the long-time behaviour of Fr and C) coincide at specific @); values,
independent of T'. The RCM approach has been used to fit the neutron spectra according to the
equation: S(Q,w) = pR(Qo,w) + (1 — p)F.T{Fr(Q,t)R(Qo,t)}, The parameter p represents
the area of the elastic contribution arising from the MCM material. Because it has been
found [40] that 77 obeys to the power law 70 = 79(aQ) ™7, the measured spectra, recorded at
any T, have been fitted, using four parameters 7y, 7g, 7y, and (3, with satisfactory results. From
7o and (3 the average relaxation time (79) = (70/8)I'(1/3) shown in Fig. 3 has been obtained.

2.4 Fourier transform infrared spectroscopy

FTIR absorption measurements were performed at ambient pressure in the HOH bending and
O-H stretching (OHS) vibrational spectral regions, by using a Bomem DA8 Fourier transform
spectrometer. The investigated samples were the same as those of QENS and NMR experiments.
The obtained spectra, are reported in Figs. 4(a) and (b). It must be noticed that the HOH
bending spectra have a Gaussian-like form quite different from the nearly flattened form typical
of polycrystalline ice, revealing that confined water remains in its liquid state in all the studied
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T-range (Fig. 4(a)). Scattering methods have been largely used to study structural and dynam-
ical properties of water and constitute the most used experimental approach to understand its
properties. Indeed, neutron [12,18], X-ray [42], Raman and IR [43-46] scattering, have given
evidence that water is characterised by the presence of two coexisting main HB structural
phases, involving hydrogen bonded (HB) and non hydrogen bonded (NHB) molecules, respec-
tively. Thus, it became customary to analyse OHS spectra by considering two general classes
of O-H oscillators. These classes encompass broad Gaussian components, each referring to
structures that involve a range of bond angles and distances distributed around the component
peak position [46]. The spectral deconvolution was made by using a best fit procedure. In the
fitting process all the spectral parameters were left to be free. We notice that the corresponding
Full Widths Half Maximum (FWHM) and intensities (integrated areas) show changes whereas
the wave-numbers fluctuate within the experimental error (£20cm~1!). Figure 4(c) reports
also the fitting results.

OHS spectra of water, as measured by Raman scattering and Infrared absorption in the
range 30K< T < 647K (i.e. from the LDA phase to nearly the first critical point of water),
have been described by the following Gaussian component peak positions (wave-numbers) [46]:
(I) 3120cm =1, (I1) 3220cm™~1, (111) 3400 cm™1, (IV) 3540 cm ™~ and (V') 3620cm ! (within an
experimental error of +20cm™!). All of them have been unambiguously classified as HB or
NHB OHS oscillators. The situation may be summarised as follows (see e.g. Fig. 4(c)):

(i) component I dominates the intensity of the LDA phase [47] so that it represents the OHS
contribution of water molecules forming the “random tetrahedral network” (RTN);

(ii) components IT and I1T have been associated with water molecules having an average degree
of connectivity larger than that of monomers, but lower than that involved in the HB
networks. Thus, they can be identified as partially HB (PHB) molecules [43,44,46];

(iii) components IV and V, being the only ones present in the Raman and IR spectra of bulk
water in the T region near the first critical point (630K < T < 647K), arise from NHB
monomeric water (or to molecules poorly connected to their environment) [43,46]. The
integrated intensities of PHB and NHB water show an opposite temperature behaviour
for T' > 300K. While the intensities of NHB increase with increasing 7', the ones of PHB
decrease.

The classification of these contributions reflects the one used in the percolation hypothesis for
water (f; species of water, with ¢ indicating the number of bonds) [5]. Thus, the HB component
Tis f4, the NHB components IV and V are fj, and finally PHB components II and III are
f1, fo and f3. We have to stress that according to the LLPT hypothesis, the HDL phase is
represented by both the NHB and PHB.

3 The FSC and BSE

Figure 3 reports, in a log-linear plot, the temperature variation of the average translational
relaxation time (7r) for water molecules, obtained by the QENS spectra using the relaxing
cage model (RCM), at different pressures. Figure 3 deals with the thermal behaviour of (77)
for pressures in the range 1 < p < 1600bar. It can be seen a transition from a Vogel-
Fulcher-Tamman (VFT) law, (t7) = 19 exp(BTo/(T — Tp)), where B is a constant providing
the measure of fragility and T the ideal glass transition temperature, to an Arrhenius law,
(t7) = Toexp(Fa/kpT), where E4 is the activation energy for the relaxation process. This
transition from a VFT to an Arrhenius behaviour is the signature of the FSC dynamic transi-
tion. The crossover temperature Ty, is calculated by 1/T7, = 1/Ty — Bkg/E 4. Summarising all
the results, in Fig. 1 the observed pressure dependence of Tf, (squares) and its estimated contin-
uation, denoted by a dashed line are reported. One should note that the 77, line has a negative
slope, parallel to the T;,4 line, indicating a lower density liquid on the lower T' side. This T7, line
also approximately tracks the Ty line, and terminates in the upper end when intersecting the
Ty line at 1660 bar and 200 K, at which point the character of dynamical transition changes.
According to the previous results, confined water remains in the disordered liquid state both
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Fig. 4. (Colour online) (a) the HOH bending and (b) the O-H stretching (OHS) vibrational spectra
of MCM confined water at the different investigated temperatures (taken from [26]). (c) Examples of
the spectral fitting results.

above and below the FSC. Furthermore, by considering that the obtained activation energy
barrier for initiating the local structure relaxation is F4 = 5.4kcal/mol for the low-T' strong
liquid, it is reasonable to conclude that the high-T' liquid corresponds to the HDL, while the
low-T' liquid to LDL. Thus, according to the MD simulation study [20], the F'SC' transition
observed at T, is caused by the crossing of the Widom line and that T, = Ty . Well different
is the (77) behaviour for p > 1600 bar, Fig. 3. At these high pressures the cusp-like behaviour
characterising the FSC is not observed. In terms of the LLPT, and of its critical point, C’,
above the critical temperature T and below the critical pressure po, we are in the one-phase
region, whereas for p > pc there is the two-phase region. Thus an experiment made in this
“mixed state”, on crossing the LL coexistence line, is not characterised by the large fluctuations
observed in the one phase region. In this latter case the thermal behaviour of (77) does not show
a clear-cut FSC. Such a picture explains the dynamical behaviour reported in Fig. 3, in which
a clear FSC is observed up to 1400 bar and beyond 1600 bar the crossover is rounded off. These
results indicate that the liquid-liquid critical point, C’, can be located at T = (200 £+ 10) K
and pc = (1600 £ 300) bar (Fig. 1).

Figure 5 shows the (rr) (QENS data) as a function of 1/T (Fig. 5(a)) and the inverse of
the self-diffusion coefficient of water 1/D measured at ambient pressure by NMR (Fig. 5(b))
for the fully hydrated MCM-41-S samples with pore diameters of 14 A and 18 A. As it can be
observed, the measured values of D and (77) are independent of the pore size of the samples.
This indicates that NMR field-gradient measurements, having a length scale larger than the sizes
of the pores, are insensitive to the system geometry. In both the figures, the solid line denotes
the data fit to the VFT law whereas the short dotted line denotes the fit to the Arrhenius law.
From the NMR data we have obtained: 1/Dy = 2.4 - 107 (s/m?), B = 1.775, and T = 187K,
E4 = 3.98kcal/mol and Ty, = 224.5 K; whereas from the (rr) data at the ambient pressure the
corresponding measured values are: Top = 200K, E4 = 5.4kcal/mol, and Ty, = 225.8 K. The
agreement between NMR and QENS results is thus satisfactory, especially regarding the two
relevant quantities £ 4 and Tp,. We have to stress that the interpretation of the FSC transition
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Fig. 5. (Colour online) (a) the (rr) (QENS data) as a function of 1/T. (b) The inverse of the self-
diffusion coefficient 1/D of water measured at ambient pressure by NMR for the fully hydrated MCM-
41-S samples with pore diameters of 14 A and 18 A. Solid lines mark fits of the VFT law to the
experimental data, and the dotted lines are fits to the Arrhenius law (taken from [25]).

as a variant of the structural arrest transition (as predicted by the ideal mode coupling theory)
was the essence of the QENS study of the structural relaxation time and MD study of the
self-diffusion coefficient [18,20]. The NMR results presented above thus constitute, by means
of a direct measurement of the self-diffusion coefficient of supercooled water, an independent
confirmation of the existence of FSC in water.

Let us now focus on the Stokes-Einstein relation (SE) that relates the self-diffusion coefficient
D, viscosity 7, and temperature T' as D o< T'/n, which, as it is well known, is usually accurate for
normal and high temperature liquids. Since (7r) is proportional to the viscosity, we examine the
relationship between D and (7r) in the inset of Fig. 6, where the quantity D(rr)/T is reported
as a function of T'. Triangles and squares represent its values coming from the experimental
data of samples with ¢ = 14 and ¢ = 18 A, respectively, whereas the dotted line represents
the same quantity obtained using the corresponding fitting values reported in Figs. 5(a) and
(b). The temperature dependence of D{7r)/T shows that this quantity is constant at higher
T, but increases steeply as T' goes below the FSC temperature. Therefore, in the supercooled
region the temperature behaviour of D and (rr) is inconsistent with SE, signalling a marked
decoupling between these two transport parameters, on decreasing 7. In recent studies on
some supercooled liquids, it has been reported that SE breaks down as the glass transition is
approached. The water self-diffusion coefficient shows an enhancement of orders of magnitude
from that expected from SE [48-52]. These decouplings of the transport coefficients, observed as
a SE violation, have been attributed to the occurrence of dynamical heterogeneities in structural
glass formers [48,50,53,54]. Thus, in supercooled liquids there exist regions of varying dynamics,
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Fig. 6. Scaling representation of the BSE in a log-log scale of D vs. (rr) (taken from [25]). Inset:
D{(rr)/T vs. T, demonstrating the breakdown of the Stokes-Einstein relation.

i.e. fluctuations that dominate their transport properties near the glass transition. Furthermore,
the non-monotonic variation of D(r7) /T around the crossover region agrees with the theoretical
findings reported by a recent study of the FSC using a kinetic lattice gas model [55].

The observed breakdown of the Stokes-Einstein relation (BSE) can be described using
scaling concepts, in particular, the law D ~ 77¢, where ¢ = o(T)/B(T) with a and 8 being
temperature dependent scaling exponents of D and 7, respectively [56]. Recently, it has been
shown that for tris-naphthylbenzene (a fragile glass former) & = 0.77 [50], whereas an MD
simulation of Lennard-Jones binary mixture has given £ = 0.75 [57]. By using such an approach,
we will discuss our SE results for confined supercooled water. Figure 6 shows the D vs. (77)
plot in a log-log scale, triangles represent data corresponding to temperatures above 17, where
water behaves as a fragile glass former, and squares pertain to the strong Arrhenius region.
As it can be observed, the data clearly show two different scaling behaviours above and below
the FSC temperature, in particular £ ~ 0.74 on the fragile side (dotted line) and ~ 2/3 on the
strong side (solid line). These results agree with those of a recent theoretical study in which
the decoupling of transport coeflicients in supercooled liquids was investigated by using two
classes of models, one describing diffusion in a strong glass former, and the other in a fragile
one [56]. The main result of this study is that, while in the fragile case the SE violation is
weakly dependent on the dimensionality d, with £ = 0.73, in the strong case the violation is
sensitive to d, going as D ~ 772/3 for d = 1, and as D ~ 77 %9 for d = 3. On considering
the geometry of the used confining system (1d cylindrical tubes, with a length of some pum and
pore diameters of ¢ = 14 A, and 18 A), the scalings showed in Fig. 6 compare remarkably well
with the findings of theoretical investigation [56], on both the fragile and strong sides.

4 The LDL phase and the water density minimum

The proof that the OHS spectral component (I) 3120 cm ™! represents the LDL liquid phase is
given on considering the temperature behaviour of its full width at half maximum (FWHM)
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Fig. 7. Temperature dependence of the fractioned relative populations, Wipr, of the LDL (diamonds)
and Whupr, of the HDL (triangles and circles) water phases. For the HDL phase, NHB (circles) and PHB
(triangles) contributions are reported separately. Inset: The FWHM values of OH stretching spectral
component I (3120cm ™) vs. T, measured in the confined water and in the LDA phase [26,47].

measured in the LDA phase [47] and the one measured in MCM confined water [26]. The inset
of Fig. 7 reports such a quantity vs. T in the interval 30 K < T' < 290 K. As it can be observed,
the reported data can be certainly connected with continuity, from the liquid to the LDA region,
by means of a unique analytical curve. The behaviour shown, indicates a direct link between
the contribution (I) of the OHS spectrum and the LDL water phase, demonstrating the idea
proposed by the LLPT hypothesis of a striking correspondence between LDA and LDL.

Next considerations are based on the fundamental law of the scattering theory for which
the integrated intensity of the measured spectra I(Q,w) is directly proportional to the number
of the different species of scatterers. Namely, I(Q,w) = (N/V)P(Q)S(Q,w), where P(Q) is the
scatterer form factor, while IV denotes the number of scatterers in the scattering volume V. In
Fig. 7 we report, in the interval 30 K < T < 373 K, the fractional relative populations, Wipr,,
of the LDL (diamonds) and Wypy, of the HDL (triangles and circles) water phases, calculated
as the ratio of the component integrated area to the total OHS area. For the latter phase, NHB
(circles) and PHB (triangles) contributions are reported separately. According to the scattering
theory, the relative populations are defined as W; = N; /N, where N; and N are the number of
the particles of the phase ¢ and the total number of scattering particles, respectively. Data are
collected from different experiments: for the temperature region 30 K-130 K we used the data
coming out from the analysis of OHS Raman of LDA spectra [47], for 183K < T < 303K we
used our FTIR data on supercooled confined water [26], whereas for 253K < T < 373K we
analysed Raman data of bulk water [43,44,46]. It is apparent that the thermal behaviour of
all three species is continuous across the different temperature ranges, although coming from
different data sets. This is of relevant interest, especially for the component (I), because it
confirms the observation, in terms of the corresponding FWHM, that it is the LDL liquid
phase. As it can be observed, the NHB and PHB contributions are present at all temperatures,
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whereas the LDL phase exists only in the range 30K-303 K. The LDA phase is dominated by
the LDL species, whereas in the stable liquid phase for 7' > 303 K only the HDL is present.
The PHB population has a maximum at about 303 K, decreases on decreasing T in the entire
supercooled region, crosses LDL at about 225K, and finally becomes stable (W ~ 0.29) in the
LDA phase.

From these results, it is evident that the HB random tetrahedral network is formed essen-
tially inside the metastable supercooled regime. It is also important to note that NHB and
PHB are also present in the LDA phase, indicating that the dynamics of LDA is not completely
frozen even at T'= 30K, in agreement with experimental observations [58].

The results reported in the Fig. 7, can be used to obtain the HoO density and to explore,
by using optical methods, the possibility of a minimum in this thermodynamical variable. Very
recently, the existence of a density minimum in the supercooled phase has been observed in
confined DO by using neutron scattering at the temperature T),;, = (210 &+ 5) K [31]. The
idea of a minimum, located approximately 70 K below the temperature of the density maxi-
mum 7,4, has been also suggested by MD simulation studies [32], in which both the TIP5P-E
and the ST2 potential models for water have been used [32,59]. Such a possibility may also be
inferred from simple arguments on considering the density data of supercooled bulk water, ice
Ih and LDA water [60]. After the maximum, the density of bulk water decreases rapidly with
decreasing T before Ty, whereas the ice Ih has a smaller density than that of the liquid and,
contrary to supercooled bulk water, has a normal positive expansivity, i.e. density increases as
T decreases. The same behaviour is observed for LDA at its highest temperatures. From the
structural point of view, Ice Th represents the limiting case of a perfectly ordered tetrahedral
network of HB, whereas LDA, that forms from deeply supercooled water, has a structure that
very closely approaches that of a “random tetrahedral network” (RTN). Thus, ice Ih sets a
lower bound for the density that the supercooled water could in principle attain. From these
arguments, if the structure of deeply supercooled water approaches that of a RTN, and if
nucleation can be avoided, it is then possible that a density minimum could occur in the deeply
supercooled liquid.

Since only water contributes to the reported OHS spectra, its total density can be
obtained only from the respective densities of its phases: the LDL and HDL. MD simulations
[2], and proper neutron scattering data give estimated values of the corresponding densities [12]:
pupL ~ 1.2g/ cm® and pLpL ~ 0.88 g/cm3. The density of LDA was experimentally measured
as [61]: prpa ~ 0.94g/cm?. Since the LDL phase exists only for T < 303 K, the HDL water is
only given for 7' > 303 K by the remaining spectral contributions classified as NHB and PHB.

Water density can be calculated from the fractionated populations Wy,py, and Wypr, and
their individual local densities pr,pr, and pypr. The W quantities are T' dependent in all the
studied liquid regime and also the individual densities may in principle change with temper-
ature. This may be verified on considering for instance the region 7' > 303 K, where only the
PHB and NHB species contribute to the OHS spectra [43,44]. Thus, in the interval 303K <
T < 373K, the densities ppuyp and ppyp can be obtained from the bulk water density as:
p,0 = ppasWens + pnusWius, being the pp,o(T) values well known in the range 239K <
T < 423K [62-64]. By considering all the Wpyp and Wxup data points measured in that T'
interval, we obtain: pppp ~ 1.10 £ 0.02g/cm?® and pxgp ~ 0.59 + 0.02g/cm®. As a result,
these values are temperature independent within the reported experimental error. This find-
ing is not surprising, considering the literature data on proton magnetic resonance chemical
shift of liquid water in a temperature range 273 K-363 K. This quantity, that as well known,
entirely reflects the system local structure, does not exhibit any singularity or discontinuity
in the above temperature range [65]. From this analysis we have that: (a) in the considered
T range, p depends on T only through W; (b) pxus =~ 0.59 £ 0.02 g/cm?, according to Kell’s
representation [62] of bulk water density as a function of T', corresponds to the density value
of HoO at T ~ 625K. Such a value is smaller than that used (0.66 g/cm3 for T = 673K, at a
pressure of 800 bar) in a neutron scattering experiment in the supercritical region, where no
distinct HB peaks are observable in the O-H radial distribution function gop [66]. Thus, the
value of pnup reasonably represents that of NHB water, which dominates vibrational spectra
in the region above the critical temperature (C). In addition, ppgp ~ 1.10 + 0.02g/cm?® is
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Fig. 8. The measured pu,0(T) vs. T (squares). The solid and dotted lines refer to bulk densities of
H;0 and D3O, respectively [62-64]. Triangles represent the pp,o(7") measured by means of neutron
scattering [18]. The dots mark the bulk density values calculated by the MD simulation [32]. The open
square represents the density of the LDA water at 7' = 120K [61]. Heavy water densities are properly
scaled with respect to pu,0.-

comparable with the value proposed for the HDL water [12]. Therefore, the contribution of
HDL to the total HoO density, Appr, can be obtained in all the explored T range (30K < T <
373K), by extending the calculation made for pngp and ppup to the lowest temperatures. By
using similar arguments the density value of the pypr, contribution of that phase, Appr, to the
total pm,0 has been calculated. In that case, we have considered the HyO density values at
temperatures around T4 [62], obtaining pr.pr, = 0.87 4 0.02g/cm3 [68], a value that closely
matches that proposed by neutron diffraction data analysis for LDL water [12]. Thus py,o has
been calculated as puy,0 = Aupr + Appr for the temperature interval 30K < T < 370 K.

Figure 8 reports the plot of the obtained water density vs. T. For comparison, we also
report the values measured in bulk water in the range 239K < T < 423K [62,63]. As it can
be observed, there is a good agreement between these “optically-measured” density data and
the literature ones for pm,o in the supercooled regime (where, contrary to the range 273-373 K,
data were not used to extract the values of pnup, ppus and prpr,). Two findings are remarkable:
the minimum at about 203 + 5K and the value of p = 0.940 + 0.003 g/cm? in the LDA phase,
nearly the same as that measured in the LDA ice at T = 120K [61]. This result, together
with those obtained for 7' > 303K, confirms that the LDL and HDL local structures are
essentially temperature independent so that the thermal evolution of water density comes only
from that of Wi,p1, and Wypt,. Looking carefully at the data in the region of deep supercooling
(around 250 K) it is possible to observe that our data, evaluated for confined water, are slightly
lower than those measured in bulk; this may be due to the confinement effect of water inside
the nanotubes. However, the difference is not relevant enough to affect the overall result. In the
same figure the pp,o(7T') data obtained by neutron measurements [18] and the results of the
quoted MD simulation of HyO with the TIP5P-E potential are also reported [32]. The pp,o
data have been properly scaled over the pm,o taking into account the temperature shift of
the corresponding maxima (about 7K) and the absolute value of the 911\3/12 arimum - As it can be
observed there is a good agreement in the overall thermal behaviour between the pp,o(7") and
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p,0(T) data, with the only difference that pp,o(7") includes the densities within the LDA
phase. There is a marked difference between the experimental densities and MD simulation
ones [32]. It is reasonably possible that, with the use of another water potential, MD simulation
might give more reliable results compared with the experimental ones.

5 Concluding remarks

By exploring the dynamical properties of water in the deeply supercooled regime by means of
separated NMR and QENS experiments, we give a conclusive proof of the existence of a FSC.
The coincidence of this singularity with the BSE at the same Ty, supports the LLPT theory
according to which liquid water consists of a mixture of two different local liquid structures (the
LDL and HDL phases). A remarkable result is the presence of the dynamical heterogeneities
accompanying the BSE, that can be reasonably related with the onset of the LDL water phase
dominating the local molecular structure below Tj;. This result certainly constitutes a new
element which can further clarify one of the intriguing properties of water.
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