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Using nuclear magnetic resonance and quasi-elastic neutron scattering spectroscopic techniques, we obtain
experimental evidence of a well-defined dynamic crossover temperature 71, in supercooled water. We consider
three different geometrical environments: (i) water confined in a nanotube (quasi-one-dimensional water),
(i1) water in the first hydration layer of the lysozyme protein (quasi-two-dimensional water), and (iii) water
in a mixture with methanol at a methanol molar fraction of x = 0.22 (quasi-three-dimensional water). The
temperature predicted using a power law approach to analyze the bulk water viscosity in the super-Arrhenius
regime defines the fragile-to-strong transition and the Stokes—FEinstein relation breakdown recently observed
in confined water. Our experiments show that these observed processes are independent of the system dimension
d and are instead caused by the onset of an extended hydrogen-bond network that governs the dynamical
properties of water as it approaches dynamic arrest.

Introduction

Understanding the properties of water is essential for a wide
range of physical and biological processes, and is a key point
in many areas of technological development. A number of the
thermodynamic and transport properties of liquid water exhibit
unusual behavior, especially at low temperatures. In the
supercooled regime below the melting point Ty,' > the behavior
of water seems to indicate that there is a singular temperature
at which various thermodynamic response functions and trans-
port properties diverge. Scientists have long sought a coherent
explanation for this behavior. A second and related puzzle
currently being debated concerns how one determines the
vitrification temperature of supercooled water.*

Dynamical studies of glass-forming liquids have shown that
dramatic changes occur in both the macroscopic transport
coefficients (viscosity # and self-diffusion coefficient Dg) and
the microscopic structural relaxation time (alpha relaxation time
7) as the temperature is lowered toward the glass transition (GT)
temperature 7,. Accordingly, a comprehension of the GT in
water has been sought through studying the dynamics of water
at the molecular level, which is not yet completely understood.>”
Experimental observations indicate that when a liquid is
supercooled the viscosity (and the related structural relaxation
time) increases until it crystallizes or vitrifies. More precisely,
on lowering T by merely a few degrees, the viscosity can
increase by more than 10 orders of magnitude, in many cases
resulting in the length of time to reach equilibrium surpassing
experimental measurement time. Upon supercooling, many
liquids exhibit a super-Arrhenius behavior over a large tem-
perature range in such transport parameters as the viscosity and
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the inverse of the self-diffusion constant.® Such behavior is
classified as fragile, in contrast to those of other glass-forming
materials that are classified as strong® when the viscosity and
the inverse of the self-diffusion constant exhibit a pure Arrhenius
behavior.

Despite many years of detailed study, the temperature
dependence of transport coefficients and structural relaxation
times, and their fragile behavior in particular, still remain a hot
topic of debate. The manner in which # approaches its value in
the glass state (solid state) can, in principle, provide information
about the molecular dynamics and structure of the fluid and
the nature of the GT. The Arrhenius behavior, = 1y exp(E/
kgT), is commonly associated with a picture of a single particle
hopping over potential barriers of uniform height. On the other
hand, the super-Arrhenius behavior described by a Vogel—
Fulcher—Tamman (VFT) law 1 = 5, exp[BTo/(T — Ty)], where
Ty (related to the calorimetric 7,) defines the ideal glass
transition temperature and the factor B gives a measure of
fragility of the system, is rationalized by using a free volume
argument.’ As T— Ty, the free volume vanishes and the viscosity
is predicted to diverge. Although both approaches have been
commonly used to describe experimental data, neither one can
be considered, from the theoretical point of view, able to
describe the complete viscosity behavior especially in a tem-
perature region where glass forming fluids also show a clear
viscoelastic behavior.'"!? In this situation, it is necessary to
include cooperative effects in the dynamics of complex super-
cooled fluids, enabling it to take into account the cage and
clustering phenomena originating from the strong interparticle
interaction and packing constraints.!"'>* It is thus very
important to consider the transport properties of these fluids, in
the quasi-arrested supercooled states, in terms of molecular models
including “self-generated”” hopping processes over barriers,'® energy
landscapes, structural frustration, and the onset of heterogeneous
and self-similar structures.!>~1
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Stokes—Elinstein Relation in Confined Water

Very recent mode-coupling theory (MCT) approaches,'? and
other models like hard sphere,?® spin—spin®! and percolation®??
suggest the existence of a transition at which the viscosity
appears to diverge as the power law

r=nfz 1 (1)

X

with 4 = —2. Such a power law describes the 7-dependence of
the viscosity of a very large variety of fluid systems. In the
high T regime, this model is better than the super-Arrhenius
forms commonly used to describe the temperature dependence
of 5(T).% The universality of the exponent x is still a subject of
current research.”® Furthermore, after analyzing much experi-
mental data it has been established that the relationship 7,/T,
< 1.2 exists for fragile liquids. The crossover temperature Ty
(T > Ty > T,) marks the boundary between two types of viscous
behavior: power law behavior for 7> Ty and Arrhenius behavior
for T < Tx. This crossover phenomenon is sometimes called a
fragile-to-strong dynamic crossover. An extremely significant
property of this crossover temperature is that, as the temperature
is lowered toward the glass transition temperature, 7, marks
the beginning of the decoupling of the self-diffusion constant
Ds from the viscosity # (or the structural relaxation time 7).
This change of behavior is also referred to as the breakdown of
the Stokes—Einstein relation (SER). Below T, self-diffusion
is enhanced more than would be expected from the SER (Ds ~
T/n).**72" The temperature of the SER breakdown has been
hypothesized, on the basis of computer simulations, to roughly
coincide with crossing the Widom line, which is the critical
isochore above the critical point in the one-phase region.?8~°
The decoupling of the shear viscosity and the self-diffusion
coefficients indicates the presence of “dynamical heterogene-
ities”. This means that the liquid dynamics are dominated by
specific heterogeneous structures arising from activated mech-
anisms in the vicinity of the dynamical arrest transition.’! ™33
The SER breakdown and the dynamical heterogeneities are thus
intimately connected. It has been demonstrated that the SER
breakdown is an example of the role of dynamical heteroge-
neities in glass formers.** Dynamical heterogeneities have been
observed both experimentally and in numerical simulations of
supercooled liquids.**~3° Molecules in one region of the liquid
translate and rotate with several orders of magnitude faster or
slower than those in neighboring regions. The spatial extent of
these areas is mesoscopic, and the time scale of the slowest
domains increases on decreasing 7, at least as fast as the
system’s relaxation time. Thus dynamical heterogeneities imply
also that the slow dynamics of the arrested systems are
dominated by fluctuations, and that the sudden increase in the
corresponding relaxation times as GT is approached is associated
with growing length scales of dynamically correlated regions
in space. In the case of water, due to the hydrogen bond network
the violation of the SER sets on well above the GT.340
Recent studies, utilizing a number of different theoretical
approaches and MD simulation, have attempted to more
adequately describe the properties of dynamical heterogeneities.
In particular, it has been confirmed that the microscopic dynamic
in supercooled fluids is dominated by fluctuations.’?33 It has
also been hypothesized that the difference between strong and
fragile liquids lies simply in the strength of fluctuation effects
and that strong systems show fluctuation-dominated heteroge-
neous dynamics in a manner similar to those of fragile systems.*!
The growth of length scales and the sudden increase in relaxation
times of supercooled liquids is accompanied, in analogy with
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conventional critical phenomena, by scaling behavior in cor-
relation times, dynamic correlation lengths, and susceptibilities.
This suggests that the SER breakdown can be described using
scaling concepts, and in particular the law Ds ~ 7°¢ (or Dg ~
7% where ¢ = o(T)/B(T), with o and 3 being T-dependent
scaling exponents of the self-diffusion coefficient and the
viscosity, respectively.’

In order to experimentally test the existence of dynamical
heterogeneities in water and to understand the physical origin
of water’s thermodynamic anomalies, we need to study super-
cooled liquid water well below its homogeneous nucleation
temperature Ty ~ 231 K. This is made possible by confining
water inside a nanoporous structure so small that the liquid
cannot freeze.*> Among recent findings concerning water’s
dynamical properties at these low temperatures are the following
phenomena:

(i) the existence of the water polymorphism for which water
is a mixture of two different liquid local structures one
corresponding to a low-density liquid (LDL) and the other to a
high-density liquid (HDL)* that supports the liquid—liquid (LL)
critical point hypothesis;' >

(ii) the existence of a density minimum at about 200 K at
ambient pressure;**

(iii) the presence of a maximum in the thermal expansion
coefficient 9 In p/dT and in the specific heat Cp(T);*** and

(iv) the occurrence of the fragile-to-strong dynamic crossover
phenomenon (FSC)*#773% accompanied by the violation of the
Stokes—Einstein relation (SER) at and below the FSC
temperature. 283!

Phenomena (ii), (iii), and (iv) occur at the same temperature,
and thus 7}, = Ty & 225 K and the maxima in d In p/9T and
Cp(T) provide, for the first time, evidence that the thermody-
namical anomalies in water are not the well-known critical-
point-like divergences.

These results have received some criticism. For example, it
was claimed™” that the structural relaxation may not be observed
for water confined in nanopores and the fragile-to-strong
transition can be due to the vanishing of the cooperative
structural relaxation. It has also been suggested that they can
be attributed to the geometrical constraints of the confining
substrate or to the presence of the interfacial water. In particular,
because the nanopores have a cylindrical geometry characterized
by a diameter of only tens of angstroms and a length of a few
micrometers, one can ask whether these experimental findings
pertain only to a form of low-dimensional water. Moreover, it
has been suggested that there is a possibility that the steep
increase in the relaxation time is not due to the glass transition,
but rather due to extra activation energy stemming from low-
energy local structures stabilized by hydrogen bonding. Thus,
the FSC can be related to a different scenario.”* On considering
such a situation and two very recent experimental studies on
bulk water confirming the occurrence of the phenomena (i) and
(iv),*%* the aim of the present work, by focusing on water
confined on a protein surface and a bulk water—methanol
mixture (of a precise molar fraction), is to confirm definitively
that the observed phenomena, and especially the FSC and the
breakdown of the SER, are characteristic properties of water in
the supercooled metastable phase, independent of any confining
geometry (its dimension) and of any interaction with the
confining material surface.

Results and Discussion

We report data on the dynamical parameters of water, the
self-diffusion coefficient (Ds), and the average translational
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relaxation time {7t) (a quantity proportional to the viscosity 7)*
in the range 280 > T > 190 K, obtained by nuclear magnetic
resonance (NMR)* and quasi-elastic neutron scattering
(QENS),** respectively. For confined water we have used a
micelle-templated mesoporous silica matrix MCM-41-S, which
has quasi-1d cylindrical tubes, with a length of some microme-
ters, arranged in hexagonal arrays.* This water-confining system
is one of the most suitable adsorbent models currently avail-
able.*’ In particular, we have studied fully hydrated MCM-41-S
samples with a pore diameter of ¢ = 18 and 14 A. The
combination of these two experimental methods (NMR and
QENS) shows SER breakdown in water. Furthermore, the FSC
has been observed for the first time by means of a QENS
experiment by studying the {(zr) temperature behavior.*? In fact,
as the T is lowered, a (tr) versus 1/T plot exhibits a cusp-like
crossover from non-Arrhenius to Arrhenius behavior at a given
temperature 77. The same technique, used as a function of the
pressure, P, reveals a very interesting scenario: the crossover
temperature 71.(P) decreases steadily upon increasing P until it
intersects the Ty line of bulk water at P ~ 1.6 kbar. These
results, suggestive of the existence of two liquid phases, have
been explained in a molecular dynamics (MD) simulation study
by considering the possibility that a second critical point exists.
The MD study shows that the FSC line coincides with the line
of the specific heat maxima Cj* (i.e., the Widom line).>°
Moreover, it is observed that crossing this line corresponds to
a change in the 7T-dependence of both the water dynamics and
the structure. More precisely, the calculated water diffusion
coefficient, Ds(T), changes according to a FSC, while the
structural and thermodynamic properties change from those of
the high-density liquid (HDL) to those of low-density liquid
(LDL) phase.%#

In the case of protein we deal with the dynamics of the
hydration water in a powder of the globular protein lysozyme.
For a hydrated protein, there are two categories of water
molecules identifiable in close proximity to the protein: (i) the
bound internal water and (ii) the surface water, usually called
hydration water. In addition, the bound internal water molecules,
located in the internal cavities of the protein, play a structural
role in the folded protein itself. It is well-known that the
hydration has a strong influence on protein dynamics—demonstrated
by experiments and simulations®>—and on biochemical activity.
In lysozyme, enzymatic activity remains very low up to a
hydration level & of about 0.2 (h is measured in grams of water
per gram of dry protein) then increases sharply when 4 increases
from 0.2 to 0.5.% Proteins also show a sharp slowing down in
their functionalities at a transition temperature at about 225 K.
Neutron scattering experiments on hydrated lysozyme demon-
strate that the origin of this characteristic temperature, which
controls both the activity of the protein and the transition in
the behavior of the mean-squared atomic displacement (%), is
the FSC phenomenon in hydration water, which shares the same
crossover temperature with the protein.’’ This neutron study,
combined with a Fourier transform infrared (FTIR) experiment
on the same system (protein hydration water), indicates that such
a dynamic behavior can be ascribed to the hydration water
crossing the Widom line,?® a result also confirmed by computer
simulations.”® These experiments used hydration levels of 7 =
0.30, and 0.32. Hydration level 2 = 0.30 corresponds to a
complete first hydration layer, which allows us to explore the
SER in the case of water molecules distributed on a globular
surface, such as that in a lysozyme protein.

Although all these studies show that the protein glass
transition® is connected to the change of local hydrogen bond
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patterns of hydration water, the underlying microscopic mech-
anisms are still to be unveiled. An explanation of this can be
obtained by taking into account the “amphiphilic” character of
the protein, i.e., the macromolecules have hydrophobic moieties
that repel water molecules and hydrophilic moieties that attract
them. In this way, a complex HB network is generated. The
observation of biological inactivity in anhydrous proteins, as
well as the coincidence of the activation temperature of hydrated
proteins with the Widom line in water,’’”° leads to the
conclusion that understanding the interactions between the
amphiphilic groups and water is fundamental to the comprehen-
sion of biological phenomena.

Aqueous solutions of small amphiphilic molecules can thus
be used as model systems to understand such interactions. The
simplest amphiphilic molecule is methanol, with the chemical
formula CH;0H, which consists of a single hydrophilic (OH)
and a single hydrophobic (CHj) group. Despite the fact that
water and methanol are both relatively simple molecules, the
thermodynamic and transport properties that result when they
are mixed exhibit a behavior that is much more anomalous than
would be expected in an ideal mixture of the pure liquids; e.g.,
the diffusion coefficient and the excess entropy are considerably
smaller, and the viscosity notably larger, indicating strong
interactions between the two liquids.®' %

Neutron scattering and MD studies, mainly performed at room
temperature, enable us to interpret these phenomena. At low
methanol concentration, a slight compressive effect is exerted
on the water structure by the methanol molecules. At high
methanol concentration, a segregation on the molecular scale
takes place (the methyl groups are pushed toward each other
and the methanol hydroxyl groups organize themselves around
small water clusters).®>%+% MD simulations have also confirmed
that water and methanol in solution are not randomly mixed,
but form clusters.®® For some concentrations, these clusters seem
to increase in size and percolate, even when their structures
break and reform very rapidly (in the order of picoseconds).
To be precise, the peculiar characteristic of water is in the
formation, on decreasing temperature, of a well-defined perco-
lating hydrogen bond network.?? In particular, it has been
observed® that both water and methanol appear to form separate
percolating networks. From these studies, a special structural
behavior as a function of the concentration emerges; the value
of x ~ 0.27 (with x being the methanol molar fraction)
determines the approximate alcohol concentration below which
water percolates throughout the mixture while methanol does
not. For x > 0.27 methanol also percolates in the mixture. On
increasing the methanol molar fraction, the spanning water
percolating cluster becomes increasingly isolated. From these
experimental and MD results, there is the indication that, in
the concentration range 0.27 < x < 0.54, both water and methanol
clusters percolate simultaneously, making this a bipercolating
liquid mixture. The fractal dimension d; of the water network
increases on increasing the water content from 1.89 (x = 0.54)
to 2.03 (x = 0.27), evolving at the lowest methanol concentration
toward the values of the volume (3d) random percolation (df =
2.5).

This could imply that the peculiar dynamical behavior of
water—methanol solutions is due to these clustering effects.®’
In fact, depolarized Rayleigh light scattering, by giving the
hydrogen bond relaxation time as a function of temperature and
methanol molar fraction, provides evidence that the water—methanol
thermodynamic anomalies are due to complex hydrogen bond
dynamics (occurring on a picosecond time scale).
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Understanding the anomalies of this water—alcohol mixture
has been the subject of numerous analyses, one of the earliest
being that of Frank and Evans who proposed just a structural
origin for its behavior.®® In particular, they proposed that the
normal water structure is significantly enhanced by the hydro-
phobic entity, resulting in a more ordered ‘“iceberg-like”
structure near the methyl headgroup. It is reasonable to suppose
that water on a hydrophobic surface loses hydrogen bonds,
causing its enthalpy to increase. In order to compensate for this
rise in enthalpy in the vicinity of hydrophobic sites, the local
arrangement of water molecules expands to form low-density
clusters with a resulting lower entropy.®® The folding of proteins
is believed to be principally induced by the entropic loss of
water molecules around their hydrophobic sites.”” Recently,
NMR experiments have been performed to measure the
spin—lattice 7 and spin—spin 7, relaxation times of the three
functional groups in water—methanol mixtures at different
methanol molar fractions as a function of temperature in the
range 205 K < T < 295 K. It has been observed that at all
concentrations these relaxation times are, because of strong
interactions, faster than those of pure water and methanol, and
this results in a complex hydrogen-bonding dynamics that
determines their thermodynamic properties. In particular, it has
been observed how the interplay between hydrophobicity and
hydrophilicity changes with 7 and influences these relaxations.
These results confirm that hydrophobicity at high temperatures
creates stable water—methanol clusters in the mixture, and that
when the temperature is lowered, tetrabonded water clusters
dominate.” Thus, there are in the mixture two different local
structures in competition with each other whose populations
change with the temperature, a situation that may be at the origin
of the heterogeneous dynamics.”!

We performed NMR experiments using a spectrometer
operating at 700 MHz 'H resonance frequency (Bruker
AVANCE). The water Dg in all the studied systems was
measured with the pulsed gradient spin—echo technique ('H-
PGSE),” in the temperature range 190—298 K; the T depen-
dence of the methanol chemical shift was used as a 7 standard.
All details about the NMR experiment and the sample properties
are reported elsewhere;* we stress that the self-diffusion
coefficient values were derived from the measured mean square
displacement (r%(1)) of molecules diffusing along the NMR
pulsed field gradients direction r, during the time interval z. In
the case of the water—methanol mixture, we study separately
the Ds of water and methanol molecules by considering the
water protons and protons of the hydroxyl (OH) and the methyl
(CH3) groups.

We use high-resolution QENS spectroscopy method to
determine the 7-dependence of (zr) for the confined water and
protein hydration water. Because neutrons can easily penetrate
the wall of the sample cell and because they are predominantly
scattered by hydrogen atoms in water, rather than by the matrices
containing it, incoherent QENS is an appropriate tool. The
translational relaxation time from 0.2 to 10* ps was measured
by using two separate high-resolution QENS spectrometers, over
the entire temperature range. The experiments were performed
at both the high-flux backscattering (HFBS) and the disk-
chopper time-of-flight (DCS) spectrometers in the NIST Center
for Neutron Research (NIST-NCNR). The two spectrometers
used to measure the spectra have two widely different dynamic
ranges (for the chosen experimental setup), one with an energy
resolution of 0.8 ueV (HFBS) and a dynamic range of 11
ueV,” and the other one with an energy resolution of 20 ueV
(DSC) and a dynamic range of £5 meV,” in order to be able
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Figure 1. Existence of the FSC and of the SER breakdown in confined
water. (A) A log—linear plot of the inverse of the self-diffusion
coefficient of water 1/Ds measured by NMR (left side)*’ and the QENS
average translational relaxation time {77 (right side)** versus 1/7, for
the fully hydrated MCM-41-S samples with pore diameters of 14 and
18 A. Note that the measured values of Dg and (tr) are independent of
the sample pore sizes. The crossover temperature values are about the
same, in particular 7YY® = 224 + 2 K and 7S = 225 + 2 K. For
both the neutron-QENS and NMR data, the solid lines denote the data
fit with a VFT relation, whereas the short dotted lines denote the fit to
an Arrhenius law. In both fits we have used the same prefactor (1/D,
for NMR and 7, for QENS). (B) The log—log scaling plot of Dg vs
(z1) for MCM confined water.’! The data fit with a red dashed line
correspond to temperatures above 71, when water is in the super-
Arrhenius (fragile) region, whereas the solid blue line corresponds to
the strong Arrhenius region. Two different scaling behaviors exist above
and below the temperature of the FSC. In the fragile region the scaling
exponent is § ~ 0.74 (dashed line) and ~2/3 in the strong region (solid
line). The dotted line represents the situation in which the SER holds,

namely, Ds ~ 77"

to extract the broad range of the relaxation time from the
measured spectra. We have used the relaxing-cage model to
extract the average translational relaxation time (7r).*8 In the
case of water—methanol mixture, just to test the validity of the
SER we have used both the measured self-diffusion coefficients
Ds and viscosities 7 as a function of the temperature.®

Figure 1 shows, for both the QENS and NMR data, the
existence of the FSC phenomenon (Figure 1A) and the evidence
of SER breakdown (Figure 1B) in quasi-1d confined water. In
particular, Figure 1A reports, in a log—linear plot, the inverse
of the self-diffusion coefficient of water 1/Ds, measured by
NMR (left side), and the average translational relaxation time
(tr) (right side), measured by QENS, versus 1/T, for the fully
hydrated MCM-41-S samples with pore diameters of 14 and
18 A.*? Figure 1A also shows that the measured values of D
and (7r) are independent of the sample pore sizes.

We analyzed data using the VFT law, 1/Ds = 1/D, exp[BT,/
(T — Ty)], for the case of NMR data, in the fragile region; in
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Figure 1A the solid lines denote such a fit, whereas in the T
region in which the system is a strong glass-forming liquid the
data are fitted with an Arrhenius law, 1/Ds = 1/Dy exp(Ea/
kgT). The dotted lines denote such a fit. In both experiments
(NMR and QENS) for both the high-7' VFT and low-T Arrhenius
data fitting, we used the same prefactor (1/Dy or 7o) in the
formulas. The consequence of using the same prefactor in both
the super-Arrhenius and the Arrhenius laws results in an
equation determining the crossover temperature 77, in the form

== - = @)

Thus, from the NMR fit we obtain 1/Dy = 2.4 x 107 s/m? B
= 1.775, and T, = 187 K, and in the strong region E5 = 3.98
kcal/mol. For the neutron (1) data by using the same prefactor
7o = 0.077 ps we obtain E5 = 5.4 kcal/mol, B = 1.57, and T
= 200 K. Furthermore, we find that the crossover temperature
values are about the same: TPYR = 224 4+ 2 K and T¢5S =
225 + 2 K (the subscript 1 indicates the system dimensionality,
i.e., d = 1). The agreement between NMR and QENS results is
thus satisfactory, especially regarding 77 ; about the activation
energies E4 the difference between the NMR and QENS results
is that in the neutron case, we have not considered also the
rotodiffusional contributions.”> A FSC occurring at ~ 228 K
has been originally proposed for water,* by observing that water
is fragile at room and moderately supercooled temperatures but
near the glass transition temperature, as shown by dielectric
relaxation measurements, water is a strong liquid.”> Whereas a
fitting, by using the above-mentioned power law, for the super-
Arrhenius temperature region of its viscosity data gives Ty >
=225K3

Since (tr) is proportional to the viscosity, the SER breakdown
in confined water is examined by means of Ds and (rr),
quantities coming out from different experiments and reported
on a log—log scale in Figure 1B. We must stress that in the
theory of simple liquids the correlation time of the velocity
autocorrelation function is directly related to self-diffusion and
not to shear viscosity; thus in terms of the simple liquid theory
the translational ‘““alpha” relaxation time we extracted from
incoherent neutron scattering or NMR experiments is related
to the self-diffusion coefficient. But according to mode coupling
theory (the extended version proposed by Chong!?®) in a dense
liquid, the single particle motion is strongly coupled to the
density fluctuation so that both the incoherent and coherent alpha
relaxation times can be shown to scale in temperature together
nicely with viscosity. The coherent alpha relaxation time is of
course legitimately related to the viscosity. To clarify the SER
breakdown in terms of the current models on this phenomenon
as linked to the dynamical heterogeneities, we use an approach
based on scaling concepts, in particular the above-mentioned
law Ds ~ 77%.3* Depending on the fragile or strong glass-forming
character of the supercooled liquid, experimental results give
different £ values. It has been shown that for a fragile glass
former (trisnaphthylbenzene) { = 0.77,*” whereas an MD
simulation of Lennard-Jones binary mixture has given { =
0.75.7¢ Such results clarify our SER findings for confined
supercooled water. In Figure 1B the dashed line represents data
corresponding to temperatures above 71, where water behaves
as a fragile glass former, and the continuous line pertains to
the strong Arrhenius region. As it can be observed, the data
clearly show two different scaling behaviors above and below
the FSC temperature, in particular £ ~ 0.74 on the fragile side
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Figure 2. Existence of (A) the FSC and (B) the SER breakdown in
the case of the lysozyme hydration water with hydration levels of & =
0.30° and h = 0.32. Part A reports the NMR 1/Ds in a log-lin plot
(left side) and the QENS average translational relaxation time {zt) (right
side) vs 1/T. The obtained crossover temperatures are TH3R = 226 +
2 K and TR5NS = 225 + 2 K. Part B reports the analysis of the scaled
SER, a log—log plot of Ds vs (z1) for both hydration levels. There are
two scaling behaviors above and below 71: in the super-Arrhenius
region we have § ~ 1, whereas in the Arrhenius region § ~ 0.82, the
value predicted by theory and numerical analysis for a quasi-2d system.

(dashed line) and & &~ 2/3 on the strong side (solid line). The
dotted line represents the situation in which the SER holds,
namely, Ds ~ 7~ . These results agree with those obtained in
trisnaphthylbenzene.?” More specifically, they agree with results
of a recent theoretical study in which the decoupling of transport
coefficients 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.** The main result of this
study is that, while in the fragile case the SER violation is
weakly dependent on the dimensionality d, with { = 0.73, in
the strong case the violation is sensitive to d, going as Ds ~
v ¥ ford =1, Dg ~ v ¥?3 for d = 2 and as Dg ~ 77 %% for d
= 3. On considering the geometry of the system that we have
used in our experiment to confine water (quasi-1d cylindrical
tubes, with a length of some micrometers and pore diameters
of ¢ = 14 and 18 A), the scalings shown in Figure 1B agree
remarkably well with the findings of the theoretical predictions,**
on both the fragile and strong sides.

Figure 2 deals with the results obtained in the case of the
lysozyme hydration water with hydration levels of & = 0.30°®
and h = 0.32, corresponding to a complete first hydration layer
of water around the protein, a situation that gives us the
possibility to explore both the existence of the FSC and the
validity of the SER in the case of water molecules distributed
on a globular protein surface (i.e., d = 2). We show in Figure
2A the NMR (1/Ds) and QENS ({z1)) data plotted in a log-lin
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scale as a function of 1/7. The data analysis is the same as in
the case of quasi-1d confined water (water in MCM-41-S).
Results obtained for the significant quantities are the following:
in the NMR case from the data-fitting we obtain 1/Dy = 2.7 x
108 s/m?, B = 2.05, and T, = 185 K, and in the strong region
E, = 4.07 kcal/mol; whereas for the neutron data we have E4
= 4.31 kcal/mol and T, = 191 K. The obtained crossover
temperatures are Thy* = 226 + 2 K and 725™ = 225 + 2 K.
We have to stress that in this case the crossover temperatures
are nearly the same as those found in nanopore confined water;
i.e., 11 for confined water is independent of the dimensionality
of the confining geometry. Figure 2B gives the result of analysis
in terms of the scaled SER, i.e., a log—log plot of Ds vs (tr),
for both the above-mentioned lysozyme hydration levels. Note
that we find two scaling behaviors, above and below 77.. More
precisely in the super-Arrhenius region we have { ~ 1, whereas
in the strong Arrhenius supercooled temperature region § ~
0.82 a value very close to 2/2.3, i.e., the value predicted by
theory and numerical analysis for a quasi-2d system.>* These
latter results give a proof that the dynamical heterogeneities,
and thus the hydrogen-bonding network, have the same effects
for quasi-1d and quasi-2d systems. Hence it may be useful to
test whether such a situation holds also for 3d systems. The
main criticism for the FSC and SER breakdown results in MCM-
41-S quasi-1d cylindrical samples was that these phenomena
are characteristic of a confined water (presumably due to the
interfacial water, i.e. the water layer in proximity of the solid
substrate material). Therefore, one needs to demonstrate that
these properties genuinely belong to the bulk water. Thus an
analysis made in a bulk water—methanol mixture with a
substantial amount of water molecules, with respect to methanol
can help us to clarify such a situation. For this reason we have
considered a water—methanol mixture with a methanol molar
fraction of x = 0.22 (i.e., about 4 water molecules per methanol
molecule). At this concentration in which neutron and MD
experiments® clearly indicate that water is arranged in volume
percolating clusters. Such a concentration also allows us to reach
a temperature of about 210 K, i.e. well below the water crossover
temperature 77, maintaining water in the liquid phase and in a
bulk situation. The aim is thus to give definitive information
that the crossover temperature may be independent of the system
dimension as our experiments in quasi-1d and quasi-2d systems
seem to suggest. Such a hypothesis is of deep and broad interest,
because if true, dynamical heterogeneities, and thus the hydrogen
bonding network, drive at the same way properties of bulk and
confined water. Thus, one can explain processes on the
borderline between physics and biology, as biological matter is
composed mainly of confined water (e.g., water in cells, water
in tissue, water in the brain, etc.).

Figure 3 reports the NMR Dyg values vs 1/T measured in bulk
methanol,”” and water in the water—methanol mixture for x =
0.22; for comparison are reported the data measured in bulk
water’® and in the MCM-41-S sample.* As it can be observed,
the methanol self-diffusion data present a moderately super-
Arrhenius behavior in the entire temperature range studied,
whereas water in the methanol mixture and confined water in
MCM-41-S have an analogous 1/T behavior: super-Arrhenius
in the high-temperature region and Arrhenius at the lowest 7;
both data show a marked crossover at about the same temper-
ature. It must be also noticed that at higher T the water self-
diffusion in the solution is slightly smaller than that of water,
whereas in the low-temperature regime it is higher than that of
confined water. The T at which these Ds values overlap is about
250 K, the same one in which the measured NMR spin—Iattice
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Figure 3. Ds vs 1/T measured in the water—methanol mixture for x
= 0.22. For comparison the data measured in bulk water’® and in bulk
methanol,”’ and water in the MCM-41-S sample* are reported. The
methanol self-diffusion presents a moderately super-Arrhenius behavior
in the whole studied 7 range, whereas water in the methanol mixture
and confined in MCM have an analogous 1/7 behavior: super-Arrhenius
in the high-temperature region and Arrhenius at the lower reported 75
both show a marked crossover at about the same temperature. In fact,
we obtain from the fit of the water—methanol mixture Ds data: 7Y¥R
=223 +2 K.

T, and spin—spin 7, relaxation times evidence the change in
the clustering processes dominated by hydrophobicity (7> 250
K) and hydrophilicity (7 < 250 K).”

The VFT fit of these data gives 1/Dy = 3.73 x 10 s/m?, B
= 0.7275, and Ty = 192 K, whereas in the Arrhenius region
we calculate E5 = 4.28 kcal/mol. The fitting gives also TH3R
= 223 4+ 2 K. Note that for the data fit in the super-Arrhenius
region we consider, as is evident from Figure 3, only the self-
diffusion values in the temperature region 7' < 250 K. The reason
lies in the fact that we must consider the results obtained, for
the same system, from the NMR relaxation times 7 and 75,
for which below 250 K, the system properties are dominated
only by the tetrabonded water clusters without the influence of
the methanol hydrophobic groups. The crossover temperature
is about the same for all three considered cases, and so is
independent of the dimensionality of the water host. Such a
result suggests that the FSC is entirely due to the onset of the
water hydrogen bond network.**”! Before discussing this
important point we observe that Figure 4 reports the SER
breakdown in two separate ways: a plot of Dsy/T vs T (Figure
4A) and in the scaling representation as a log—log of Dg vs 57
(Figure 4B). Figure 4A reports the quantity Ds»/T as a function
of T (in the range 200 < 7 < 300 K) for bulk water, bulk
methanol, water in the actual water—methanol solution (x =
0.22), water confined in MCM-41 quasi-1d nanotubes, and
protein hydration water. The Dgn/T values for these latter two
systems are properly scaled, being calculated by considering
instead of the viscosity 7 (actual case) the average longitudinal
relaxation time (7). Note that only water systems show a clear
SER breakdown at about the same crossover temperature 7, &
225 K, whereas the pure methanol remains for all the investi-
gated T range nearly constant. For bulk water are available Dg’®
and 77 data only for T'> 243 K. Figure 4B shows in the scaling
plot Ds vs 7 data coming out from bulk methanol, bulk water
and water in the actual studied solution. We see that pure bulk
methanol and pure bulk water fall in a region of validity of the
SER (¢ ~ 1, solid line), whereas the water—methanol solution
with x = 0.22 data clearly show two different scaling behaviors
above and below the FSC temperature. In particular, { ~ 1 on
the fragile side (solid line) and £ ~ 0.9 on the strong side (dotted
line). This latter measured value of the exponent ¢ ~ 0.9 agrees
well with the value theoretically proposed for a 3-d glass
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Figure 4. Water SER breakdown reported as (A) Dsy/T vs T and (B)
in the scaling representation as a log—log of Dg vs 7. Part A shows, as
a function of 7, the quantity Dgsn/T for bulk water, bulk methanol, water
in the actual water—methanol solution (x = 0.22) on the left side, and
the quantity Ds(z1)/T for water confined in MCM quasi-1d nanotubes
and the protein hydration water (properly scaled) on the right side.
Only water systems evidence a clear SER breakdown at about the same
crossover temperature 71, &~ 225 K, whereas the pure methanol remains
nearly constant for all the investigated 7 range. Part B shows Dg vs i
in the scaling plot for bulk methanol,*”” bulk water,’®’ and water in
the actual studied solution. For bulk methanol and bulk water in the
studied region the SER is valid (§ ~ 1, solid line), whereas for the
water—methanol solution with x = 0.22 it takes on two different scaling
behaviors above and below the FSC temperature, in particular  ~ 1
on the fragile side (solid line) and & ~ 0.9 on the strong side (dotted
line). This latter measured value of the exponent ¢ ~ 0.9 agrees well
with the theoretically proposed value for a 3d glass-forming liquid.**

forming liquid.** A common result of our analysis is that, for
all the three different dimensions in which we have considered
water, the crossover temperature 71 of the FSC is the same
within the experimental error: 7y, =~ 225 K. Although we have
studied pure bulk methanol for the same temperature range as
water, we do not observe the FSC and a corresponding crossover
temperature (Figure 4A,B). For a proper explanation of both
these results, it is useful to consider the power law approach
proposed some time ago to study the viscosity behavior of super-
Arrhenius fluids. An approach that defines the crossover
temperature Ty (or 7p).® Figure 5 shows an analysis of the
viscosities of pure bulk methanol and water made by using the
previous mentioned power law model, 7 = 5o(7T/Ty. — 1)*. Here
we report the quantity (7/170)"# as a function of 7/T. In such a
plot we consider all the available viscosity values in the
temperature range in which both the fluids are in the liquid state,
i.e., from the metastable supercooled region to the thermody-
namically stable phase. However, contrary to the VFT model
used to fit the data with an aim to obtain the value of the ideal
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Figure 5. Scaled viscosities (17/770)"* as a function of T/Ty, of bulk

water”? and methanol.® This plot considers for the viscosity of these

two liquids the power law approach, 7 = 5o[(T — T1.)/T.]*, which gives
T, = 225 K, u = —1.81 for water, and 7, = 126 K, u = —2.16 for
methanol. The colored arrows indicate the melting temperature of the
two liquids.

glass transition temperature 7,, we have used the power law
form to fit the experimental 7(7) data by assuming that the
“nonuniversal” exponent u ranges in the interval —2 4+ 0.2.823
We obtain 77, = 225 and 126 K for water and methanol,
respectively, whereas we find ¢ = —1.81 for water (a value
slightly different from the one measured for the isothermal
compressibility®’) and 4 = —2.16 for methanol.

The crossover temperature (77, = 225 K) value we obtain in
this way for bulk water is interesting because it is the same as
that obtained (for confined water in all the dimensions studied
here) by means of different transport parameters like Ds and
(t1y used to verify the existence of the FSC, the SER breakdown,
and the onset of the dynamical heterogeneities. It is surprising
that such a power law approach, which defines the existence of
T, is also able to give its exact value by merely using viscosity
data that are located in a temperature range far from the region
where 71, lies. This suggests that the power law approach may
have a larger temperature range of validity compared to the VFT
model approach for studying a wide range of supercooled glass
forming liquids.

Conclusions

We have considered the dynamical parameters such as the
self-diffusion constant, the translational relaxation time, and the
shear viscosity of water confined in different environments with
different effective dimensions. Our purpose is to verify that
recently observed important phenomena, taking place in deeply
supercooled regime, such as the FSC and the violation of SER,
are the consequence of a transition to more open hydrogen bond
network structure. We observe from these physical phenomena,
detected separately by means of different experimental tech-
niques, that these processes are independent of the dimension
of the water hosting structure and thus are due only to the
characteristic properties of water. In particular, we observe that
the FSC and the SER violation occur, in all the studied systems,
at the same crossover temperature 71, &~ 225 K. According to
recent theoretical models of water and MD simulations,>? 3¢ this
is a temperature at which a supercooled glass-forming fluid is
characterized by the onset of dynamical heterogeneities. Dy-
namical heterogeneities are mesoscopic heterogeneous structures
generated by density fluctuations that are also origin of the
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decoupling of the two transport coefficients as seen in the
breakdown of SER.

Another result coming out from our analysis described above
is worth stressing. Below the crossover temperature 77, where
the quantities Ds, (T1), and 1 grow many orders of magnitude
for a relatively small change of temperature, the same quantities
are related to each other, according to the theory, by a scaling
law Dg ~ 7°¢ (or Dg ~ 5~%). The exponent & depends both on
temperature and on the dimensionality d = 1,2,3 of the
system.** We note that our { values agree well, within the
experimental errors, with those predicted by theory.

Finally, using a power law approach, instead of the VFT
equation, to fit the viscosity data in the high-temperature regime,
one can define well the crossover temperature 77 for both water
and methanol (Figure 5). Such an approach is surprising and
deserves attention by people working in glass transition
phenomena. If its universality is confirmed definitively,®* it
may influence the way researchers study dynamically arrested
matter and jamming phenomena.
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