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TOPICAL REVIEW

Recent experimental aspects of the structure and dynamics of liquid and supercooled water

José Teixeira*

Laboratoire Léon Brillouin (CEA/CNRS), CEA Saclay, 91191 Gif-sur-Yvette Cedex, France

(Received 4 October 2011; final version received 22 November 2011)

Liquid water, the most familiar liquid, is still not completely understood, even less so all the processes in which it
participates. The directionality of the bonds and quantum aspects make the establishment of a complete theory
difficult, particularly in the case of effective potentials built with spherical electrostatic forces. Recent work has
focused on the hydrogen bonds formed between water molecules or with hydrophilic substrates. We describe the
present situation of research concerning the so-called anomalies of liquid water at low temperature. Although
without direct applications, this problem is consistently an object of discussion, enhanced by results from
molecular dynamics simulations. Conversely, because in many situations where water plays a major role, such as,
for example, in biology, only a few molecules are involved, the study of confined water is extremely important,
sometimes decoupled from the more fundamental studies of bulk water. A short, but far from exclusive, summary
of some of the more active domains of research concerning liquid water is given, mainly concerning interactions
with other media.

Keywords: water; neutron scattering

1. Introduction

Liquid water is an omnipresent substance that covers a

large part of the Earth’s surface. It is also the only

substance present in all physical states, familiar to

everyone as well as the associated phase transitions.

Excluding liquids produced by human activities or

extracted from the Earth’s crust, water is practically

the only natural liquid, which makes it unrealistic to

call it an ‘unusual’ or ‘anomalous’ liquid [1]. The

reason for such an inappropriate denomination is that

the theory of ‘simple’ liquids [2] starts from hard

spheres with interactions reduced to excluded volume

effects, while water molecules form chemical bonds

very easily that are complex and still not fully

understood.
The interest in water and its properties dates back

to antiquity, but, until the Age of the Enlightenment,

water was seen as a single ‘element’. However, despite

their having been much progress in our knowledge of

hydrogen bonds, current models of liquid water remain

based on ad hoc concepts that, within a window of

external conditions, can reproduce some of the main

properties approximately. On the other hand, knowl-

edge of such properties is essential in many scientific

and engineering domains, from chemistry to biology,

geophysics, weather forecasting and hydrodynamics.

Consequently, the amount of available data (and their

accuracy) is far greater than for any other substance.

Within this context and taking into account the

apparent simplicity of the molecule, it may appear

strange that many fundamental aspects remain the

subject of debate and that a real theory of the

intermolecular bonds is still lacking.
In this paper, we summarise the more recent results

on aspects that will likely have fruitful development.
We separate pure bulk water from other situations
such as aqueous solutions or behaviour under confine-
ment. This is because the latter are very diverse, as
water molecules interact in many different ways with
other molecules and solid substrates.

In Section 2, present knowledge on the physics of
bulk water is summarised. Section 3 is dedicated to
situations of confinement, namely the particularly
important case of water in the vicinity of biomolecules.

2. Bulk water

When compared with simpler fluids, the properties of
water are unique, in particular their anomalous
dependence on temperature and applied pressure.
The best known ‘anomaly’ is the density maximum at
4.2�C (at atmospheric pressure) and the associated
lower density of the solid, the hexagonal form of ice
(Ih). The order of magnitude of these ‘anomalies’ is
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modest. For example, the densities at 0�C and 4�C
differ by only 0.013% and the density of ice at the
melting temperature is 8.3% lower than that of the
liquid at the same temperature. Many other thermo-
dynamic and transport properties (but not all) show
anomalous temperature and pressure dependences
compared with other liquids. The anomalies are
enhanced with decreasing temperature, at least in the
region of metastability accessible to experiment, typ-
ically down to �30�C, which suggests eventual critical
behaviour or the presence of a spinodal line at �42�C
[3]. One of the most striking properties is the decrease
of the shear viscosity with applied pressure observed at
low temperature.

Liquid water is the only known simple liquid
showing a maximum of the density versus temperature
and the associated negative expansion coefficient in the
region extending from 4.2�C to the lowest attainable
supercooling temperature [4]. Several solids
(e.g., zirconium tungstate) and metallic alloys (for
example, some metals), show negative expansion coef-
ficients, which could suggest that liquid water is also a
mixture of two liquids. This idea was introduced in
1892 by Röntgen [5] and has survived under many
variant forms until the present day. However, several
experimental features are not compatible with these
‘mixture models’.

The long series of ‘continuous’ (in contrast to
‘mixture’) models was initiated by Pople [6] and agree
better with experiments performed on the molecular
scale. Consequently, if the thermodynamic anomalies
may be explained by mixture models, a description at
the molecular level must be able to be made by models
focusing on the intermolecular bonds.

More recently, due to an improvement in the
knowledge of molecular bonds, attention has been
focused more on the molecular structure of the liquid,
particularly on the remarkable feature that the coor-
dination number of water molecules is always between
four and five, and that, in many of the ice forms, the
number of nearest neighbours of a molecule is four.
This is due to the strongly anisotropic potential with
attractive components pointing in directions that form
between them angles very close to the angle formed by
the diagonals of a cube, 109�. This coincidence between
the molecular shape of the molecule determined by the
hybridisation of the molecular orbitals and the tetra-
hedral angle is a key point of the properties of water.
Intermolecular bonds may exist pointing in different
directions, but they are distorted and can ‘break’ if the
O–H � � �O misalignment is too large.

The intermolecular hydrogen bond (HB) between
water molecules can be defined in terms of a few
distances and angles (Figure 1). The distance between

two neighbouring water molecules is 0.28 nm with the
hydrogen at almost one-third of the distance. The
energy of the bond can be evaluated by different
methods [7], and is of the order of 8 kJmol�1,
i.e. around 1000K, substantially above the domain of
existence of the liquid phase at atmospheric pressure.
Despite this high energy, the dynamics of the bond is
very rapid. Depending on the way it is defined [8], the
lifetime of the HB in liquid water is of the order of 1 ps
or less, a short time that largely compensates for the
important number of ‘intact’ bonds linking molecules
in a network well above its percolation threshold [9].
A more detailed description of the properties of the
bonds, particularly the mechanisms that determine
their dynamics, although absolutely necessary, is still
lacking.

Theoretical research in the last few decades has
been dominated by the development of numerical
simulations that, starting from ad hoc potentials,
reproduce as well as possible either some thermody-
namic properties or the molecular structure. More than
50 potentials have been proposed and several are
currently in use [10,11]. Facing the problem of the
classical description of molecules with an almost
spherical electronic distribution interacting via a
strongly anisotropic potential, the simulations use
effective potentials where fictitious anisotropic charged
molecules interact via spherical Coulombic forces.
Parameters such as intramolecular distances and
angles, magnitude of charges, and eventual additive
dipoles are optimised in order to find a compromise
between the measured structure and the thermody-
namic properties [12]. A remarkable feature of some
effective potentials is that they predict the existence at
very low temperatures of two metastable liquids with
domains of existence separated by a pseudo-first-order
transition line ending on a critical point [13]. However,

Figure 1. Schematic view of the inter-molecular bonds
between water molecules. Oxygen atoms are represented by
large circles and the hydrogen atom is the small circle. The
potential is strongly anisotropic directed along the broken
line between the two oxygen atoms. Due to the light mass of
hydrogen and the free space available, librational motion is
particularly effective in breaking the bonds. Despite the
relatively high intensity of the potential, the typical lifetime
of the bonds in liquid water is of the order of 1 ps. The larger
mass of deuterium is associated with smaller-amplitude
librational motion, yielding more stable bonds in D2O and
a global shift of the temperature dependence of the thermo-
dynamic properties towards higher temperatures.
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this domain of metastability, located between the
homogeneous nucleation temperature and the glass
transition, is not accessible to experiment. Also,
depending on the details, one or several critical
points are predicted at high or negative pressures.

Experimentally, there is an extended region of the
pressure–temperature phase diagram that remains
inaccessible to experiment coverings about 100K at
atmospheric pressure. Indeed, at atmospheric pressure,
the homogeneous nucleation temperature of pure
water is 234K [14] while the glass transition is observed
at 135K or slightly above [15]. The properties of liquid
water in such a large domain of temperature remains
one of the main themes of debate, often speculative
because of the absence of experimental data. However,
it is not excluded that, with the advent of new
techniques, particularly the very intense radiation
sources, some information can be extracted from
measurements performed during quenching proce-
dures, which are not necessarily extremely rapid [16].

In parallel, several amorphous forms of ice have
been identified with different structures and densities
depending on the amorphisation method and thermal
history. The more striking feature was the discovery in
1984 of a dense amorphous form of ice (HDA)
obtained by the pressurisation of crystalline ice at the
temperature of liquid nitrogen and its transition to the
classical low-density form (LDA) at 125K [17]. X-ray
measurements of the structure of HDA [18] show that
the pair correlation function of HDA is not very
different from that of LDA ice or liquid water up to
values of the order of 0.3 nm but, in the region between
the two peaks characteristic of the local hexagonal
arrangement of the molecules at 0.28 and 0.45 nm, a
new intermediate peak appears at 0.35 nm. The tetra-
hedral symmetry is lost beyond the first neighbour
shell, a feature that explains the higher density, and can
be seen as a manifestation of a disruption of the
hydrogen-bond network, which appears strongly dis-
torted in this form of amorphous ice. Since that time,
other forms of high-density amorphous ice have been
identified, revealing a rich polyamorphism. More
recently, the discussion has focused on the transitions
observed between amorphous states and the associated
enthalpies, namely the co-existence of the two phases
or the possibility of intermediate short-lived phases
[19,20]. Indeed, the locus of the reversible transition
between HDA and LDA is well defined in a pressure–
temperature diagram of the metastable phases. The
discussion is related to the results from computer
simulations because a well-defined first-order transi-
tion might represent an argument in favour of the
existence of a metastable critical point. However, the
reversibility is not total because one goes from LDA to

HDA on increasing the pressure and from HDA to
LDA on increasing the temperature. HDA is stable at
low temperature and atmospheric pressure, and LDA
is stable at all temperatures below the transition
temperature to the metastable crystalline form Ic [21].

The intercalary peak at 0.35 nm seen in the pair
correlation function of HDA ice is also observed for
liquid water at high pressure [22], which may suggest
the presence of two configurations or molecular
arrangements that include the second neighbour shell.
It is tempting to elaborate mixture models for which
two structures replace two types of molecules.

In classical mixture models, low-density clusters are
embedded in a continuous higher-density liquid phase.
More recent mixture models consider instead that
water molecules arrange locally in two different
geometries corresponding to LDA and HDA, the
latter with a higher density due to an interstitial
molecule between the first and second neighbours of
LDA. This picture is often presented like a mixture of
two structures. However, the linear combination of the
pair correlation functions is certainly unphysical and
can be seen at best as an interpolating method.
Moreover, the fact that the pair correlation functions
of HDA and LDA differ only beyond the first
neighbour distance implies that relatively large clusters
should be identified.

The real structure of water during quenching,
between the temperatures of homogeneous nucleation
and the glass transition, remains the subject of debate
that has hardly been resolved by experiment. It is our
opinion that the two structurally different liquids and
the associated critical point of some simulations may
result from effective pair potentials, implying two
characteristic lengths, due to extrapolation to temper-
atures below their domain of application. As a matter
of fact, the idea of a potential with two length scales in
the attractive branch has been proposed [23], applying
to computer simulations the idea of a double-well
potential [24].

Another idea is that the line separating the HDA
and LDA forms of ice can be extrapolated beyond the
hypothetical critical point by a line called the ‘Widom
line’ [25]. This line can be heuristically defined as the
locus where some thermodynamic function passes
through an extreme (for example, the maximum of
the thermal capacity or that of the isothermal com-
pressibility). However, the line is not necessarily the
same for each property, which weakens its possible
physical significance.

These most recent versions of mixture models
hardly remain compatible with some experimental
features, namely the fact that quenching of water
produces only LDA ice with a structure quite similar to
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that of supercooled water, without any intercalary
peak in the pair correlation function [26]. The more
important experimental result in this context remains
the experiment of Hendricks et al. [27], who, by small-
angle X-ray scattering, showed that all the scattered
intensity is due to density (number) fluctuations
associated with isothermal compressibility. This result
has been confirmed, even in the supercooled region
down to –20�C [28]. The crossing of the curves of the
scattering function S(Q) between 2.5 and 5 nm�1 is an
obvious consequence of the anomalous temperature
dependence of the isothermal compressibility, which
passes through a minimum at 46�C. Depending on the
way the data are analysed, a different value of the
correlation length can be calculated, but it does not
exceed the second-neighbour distance, which can be
explained by a local correlation on the formation of
intermolecular bonds generating a short length coher-
ence of the fluctuations. This fact can be explained
simply within geometric concepts [29].

As stated before, a deeper knowledge of the physics
of water cannot exclude a detailed study of the
intermolecular bonds, which are taken empirically in
most of the present molecular dynamic simulations. An
excellent review of the situation is given in Ref. [10].
However, current approaches remain relatively crude.
Both experiment and simulations distinguish between
‘intact’ and ‘broken’ bonds, but based on relatively
arbitrary criteria. For example, a bond is considered
intact if the distance between the two neighbouring
oxygen atoms is smaller than a certain distance
(typically 0.35 nm) and if the O–H � � �O angle falls
inside certain limits (typically 150� and 180�). In other
cases, the definition is made as a function of the
interaction energy without taking into account the
geometrical criteria. Of course, the arbitrariness is not
total and finds partial justification in some experimen-
tal data.

The physical processes that break a bond linking
two water molecules are multiple. However, given the
high anisotropy of the potential, motions perpendicu-
lar to the O–H � � �O axis are particularly efficient
(Figure 1). On the other hand, because of the very
small mass of the hydrogen atom and the large
available free volume due to the small coordination,
the librational motion has a large amplitude, con-
firmed by the relatively large value of the Debye–
Waller parameter (0.005 nm2 [30]), which measures the
extension of atomic delocalisation.

The crucial question of the relation between this
quantum effect and the breaking of the bond has not
been treated extensively. Quasi-elastic incoherent neu-
tron spectra of supercooled water [30] with a rotational
component were interpreted as being representative of

the hydrogen-bond dynamics, although the measured
times are two to three times longer than the rotational
relaxation times measured by NMR, also on super-
cooled samples [31].

This discrepancy remains open to discussion, but
two important contributions have been made recently.
In a very precise analysis of neutron scattering data
based on computer simulations, Qvist et al. [32] also
identify two motional components corresponding to
fast structural fluctuations within dynamical basins
and slower inter-basin jumps. The average length of
the jumps increases from 0.15 to 0.19 nm and the
average basin size increases from 0.071 to 0.075 nm as
the temperature increases from 253 to 293K. An
apparent dynamical singularity at 220K corresponds
to the freezing of the slower dynamics, while the glass
transition corresponds to the freezing of the fast
dynamics.

In another approach, Laage [33] proposes a mech-
anism for the process of hydrogen-bond breaking. In
this model, the main pathway for OH reorientation is
the exchange of hydrogen-bond acceptors, where once
the environment has reorganised to offer a new viable
H-bond acceptor, the water OH executes a 67� angular
jump from a next neighbour to another. The amplitude
of the jump is also extracted from computer simula-
tions and is reminiscent of the idea of short-lived
bifurcated bonds [34].

It is unlikely that a single model can describe all the
complexity of hydrogen-bond dynamics and the exist-
ing continuity between vibrational, rotational and
diffusional motion implying different couplings at
different temperatures. However, the anomalous tem-
perature dependence of the transport properties can be
understood by taking into account the dynamics of the
hydrogen bonds, together with the very high depen-
dence of the number of intact bonds on the temper-
ature, incidentally responsible for the large heat
capacity of liquid water [29]. At high temperature,
when the number of intact bonds is relatively small (of
the order of 50%), the translational and rotational
dynamics are not very different from that of an atomic
liquid. Instead, the lower the temperature, the longer
the time necessary for breaking a sufficient number of
bonds allowing for molecular motion. At 0�C the
number of intact bonds is of the order of 70% and self-
diffusion is drastically reduced, an effect amplified in
the supercooled region generating the apparent critical
behaviour. This temperature dependence was first
interpreted by Pruppacher [35] in 1972 as an activation
energy that increases with decreasing temperature,
corresponding to an increase in the number of intact
bonds. It is worth noting that extrapolations yield the
freezing of the self-diffusion at the temperature of
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homogeneous nucleation [3]. Similarly, the extrapola-

tion of some features of the structure factor, such as

the position of the first structural peak, corresponds to

the structure factor of LDA, for which the local

structure is also similar to that of crystalline ice Ih.

Indeed, the formation of bonds, necessarily with the

right tetrahedral symmetry and reduced dynamics,

converges towards crystallisation at a relatively high

temperature. However, other motions subsist because

the glass transition takes place at a temperature 100K

lower, as pointed out before.
A possible interpretation is that the dynamics of the

hydrogen bonds is frozen only around 135K. This

argument is based on the relaxation mechanisms of

polymers, where side-chains maintain fast dynamics

below the macroscopic Tg that determine the main

thermodynamic properties [36]. With decreasing tem-

perature, a crossover is observed from �-macroscopic,

eventually non-Arrhenius, to �-microscopic Arrhenius

behaviour.
Similar relaxation processes also occur for bulk

water, the crossover taking place in the vicinity of the

homogeneous nucleation temperature when the build-

up of an ice-like tetrahedral network structure is

completed [37–39] (Figure 2).
This � relaxation, in the case of bulk water, is that

of the intermolecular bonds. As pointed out above, a

complete theoretical description based on quantum

mechanics is still lacking. There are not many dedi-
cated experiments and they are not devoid of ambigu-
ity because they are based on simplified models.
However, it is noticeable that all attempts to determine
the dynamics of hydrogen bonds in low-temperature
and supercooled water yield Arrhenius temperature
dependences. One of the first experiments was based on
depolarised Rayleigh scattering [40]. More directly, a
natural probe of the motion of hydrogen atoms is
incoherent neutron scattering because of the very large
cross section of the proton. Analysis of the quasi-
elastic scattered intensity, if performed with two
components, yields a short intramolecular component
with an Arrhenius temperature dependence down
to �20�C [30]. Between room temperature
and �20�C, the linewidth of the � component increases
less than 60% while the � relaxation related to
molecular self-diffusion increases more than a factor
of 4 in the same temperature range [3,30,35]. As
mentioned above, a different model has been used
more recently that is based on comparisons with
molecular dynamics simulations performed with the
effective potential SPC/E and again two types of
dynamics are identified, and also a local one with
relaxation times of the order of 1 ps [32].

Beyond incoherent neutron scattering and NMR,
two techniques that couple directly with hydrogen
atoms, infra-red absorption and Raman scattering,
address directly the properties of intra and intermole-
cular bonds. As we have seen above, librational motion
likely plays an important role in the mechanisms of
hydrogen-bond dynamics. However, this line is not
very intense optically. Conversely, it is extremely
intense for the incoherent scattered neutron intensity
at energies extending from 50 to 120meV (400 to
1000 cm�1).

The attention of experimentalists has focused
almost exclusively in the region of 3000 cm�1, where
the two main intramolecular stretching components �1
and �3 are located. Femtosecond pump–probe spec-
troscopy allows real-time measurement of relaxations
taking place on time scales of the order of 0.1 ps. Based
on models coupling the OH distance and the vibration
frequency, several experiments have provided interest-
ing information concerning population and bond
relaxation times [41]. Some results have succeeded in
modelling the hydrogen bond by a Brownian oscillator
[42]. The study of other vibrational bands, in particular
the librational band, and of their coupling is less
developed despite their importance.

In large domains of application, several properties
of water play a major role. As an example, many
modern devices imply a detailed description of the
electrical properties, namely proton conductivity that

Figure 2. Arrhenius plot of some dynamic processes in
supercooled water. The squares are residence times, Tres,
obtained from neutron scattering experiments at tempera-
tures above �20�C. They represent the strongly non-
Arrhenius behaviour of the transport properties of water at
low temperature. The solid line represents � processes, in this
case the hydrogen-bond dynamics which follow an Arrhenius
temperature dependence. Above �20�C, this characteristic
time, T�, is obtained from the same experimental results. Tm,
TH and Tg are the melting, homogeneous nucleation and
glass transition temperature, respectively.
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takes place by hopping processes first described by
Grothuss [43]. The orders of magnitude of proton
hopping times and hydrogen-bond lifetime are
identical, explaining the high mobility of protons in
the liquid state. It has been shown [44,45] that the
molecular mechanism behind the mobility of protons
involves a periodic series of isomerisations between the
Eigen H9O

þ
4 and the Zundel H5O

þ
2 cations, the first

triggered by hydrogen-bond cleavage of a second-shell
water molecule and the second by the reverse hydro-
gen-bond formation process. The importance of the
mechanisms of conductivity in electrochemistry,
polyelectrolytes and biophysics implies a better
knowledge of the underlying mechanisms, again
involving hydrogen-bond analysis. For example, the
mobility of protons is the key to the performance of
fuel cells [46].

3. Confined water

In Nature, pure water does not exist. The consequence
of its ability to dissolve salts and other substances is
that, in the real world, water contains a substantial
number of ions, dissolved gases, organic materials and
particles in suspension. On the other hand, as a result
of the ready formation of hydrogen bonds between
water molecules and many other compounds, most
substances in our environment are hydrated, meaning
that one or more layers of water are attached to the
surfaces. This is the case, for example, of silica or of
several organic materials and most metals. Also, water
occupies small volumes in porous, granular materials
and living cells. In all these cases, water is ‘confined’,
meaning that its properties, its structure, and its
dynamics are very different from that of bulk water,
depending on the nature of the interactions with the
environment. A particularly important case is that of
biomolecules, which can be seen as polyelectrolytes
containing hydrophobic and hydrophilic sites. In such
cases, the functions or activities of these molecules is
extremely dependent on water, as is their conformation
in the native state.

The study of ‘confined water’ has been a major
subject of activity in recent years. The variety of
situations is huge with problems at all scales.
Although, most of the time, intermolecular hydrogen
bonds and the tetrahedral structure are important
ingredients of the description of confined systems, the
specificity of each case cannot be ignored, meaning
that general descriptions are not easily established.

To start, one must clarify the notion of confine-
ment. Actually, in the case of water, it is not necessarily
related to volume effects. This is because the local

order is at relatively short range despite the extended
intermolecular connectivity [9]. This important feature
is apparent from the pair correlation function [47],
which shows a very well defined first neighbour shell
corresponding to a coordination of four to five and a
very broad second shell because of the large space
available for the fluctuation of the OOO angles. The
pair correlation function at the third neighbour
distance hardly stands out from the bulk density of
the liquid. A possible exception may be infrared
absorption, which is more sensitive to the hydrogen-
bond connectivity [48].

Consequently, except in the case of extremely tiny
pores, say of the order of 1–2 nm, the effects of
confinement are seen at interfaces and depend almost
exclusively on their physico-chemical properties.
Experiments are often performed with porous mate-
rials in order to maximise the total interfacial area in
the volume of the sample.

An exception to this general statement concerns the
nucleation of crystalline forms in porous matrices at
low temperature. This is because the formation of a
crystallite implies the nucleation of a sufficiently large
embryo. Most of the time the nucleation of the
hexagonal form Ih of ice is observed but, in some
cases of small volumes, typically below 4 nm, the
formation of cubic crystalline Ic or amorphous forms
of ice has been observed. An excellent review has been
published in this domain [49].

Many studies of water on the mesoscopic scale
address the problem of the wetting of more or less
hydrophobic surfaces. Also, super-hydrophobic sur-
faces have been studied in detail because of their
important applications [50].

The evaporation of water confined between two
hydrophobic surfaces at distances of the order of or
smaller than a few hundred nanometres has been
predicted by theory and molecular dynamics simula-
tions [51,52], although experimental results are often
less conclusive [53]. Of these, the observation of a
hydrophobic gap at the interface of water and a
hydrophobic substrate is a remarkable result obtained
by X-rays reflectivity [54].

The density of water in the vicinity of an interface is
also a matter of debate, although the notion of density
is sometimes not well defined. At hydrophilic inter-
faces, water can form bonds with the solid substrate.
Porous silica and silica nanotubes have been studied in
great detail. Water is an acceptor of hydrogen atoms
on silanol groups formed at the interface, constituting
an intermediate layer with specific structural and
dynamic properties. In general, the residence times,
i.e. the time during which a water molecule remains
continuously bound to the substrate, is longer than
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that between water molecules in a bulk sample, which
does not mean that the associated binding energy is
larger. Instead, local volume effects play a major role
limiting the efficiency of the mechanisms of breaking of
the bonds. Because, as described above, the main
mechanism of hydrogen-bond breaking is due to
librational motion, a smaller free volume reduces the
probability of the hydrogen atom exiting the narrow
cone where the potential is sufficiently large to form a
bond. In other words, the hydrogen-bond lifetime,
which is a crucial parameter of liquid water, is
extremely sensitive not only to the intensity of the
interaction, but also to local volume conditions.

As a consequence, as far as dynamics is concerned,
the dynamics of molecular water within these interme-
diate regions is slowed, corresponding, in practice, to a
reduction of the real temperature by 30�C [55]. More
detailed studies can be performed on the density of
water confined in tiny pores at very low temperatures.
A density minimum has been observed [56], although
more careful experiments [57] measuring density pro-
files in cylindrical pores in MCM-41 silica showed that
interpretation of the experimental data depends dras-
tically on such profiles and their temperature
dependence.

The molecular dynamics of water molecules in
confined homogeneous media is a very important
subject currently studied by several methods covering
several time scales. A distinction is made between local
rotational motion, for example around a long-lived
hydrogen bond, and translational diffusion at the
interface. Such a distinction is partly arbitrary because
the two motions are coupled. However, a change of the
temperature dependence of the mean square displace-
ments of hydrogen atoms is clearly observed at
relatively well defined temperatures. Incoherent
quasi-elastic neutron scattering, a technique extremely
sensitive to the motion of hydrogen atoms, shows that,
below 150K, the only contribution to the scattered
intensity is due to the quantum delocalisation of
atoms, called the Debye–Waller factor. Actually,
inelastic spectra show that the largest contribution to
these vibrations comes from librational motion. At
higher temperatures, local rotational motion is
observed and, typically around 200K, one observes
the onset of translations, interpreted as a liquid–liquid
transition [58]. These observations were made on
samples where water was confined and should not be
applied mutatis mutandis to bulk water. Still, it is
possible to conclude that the onset of molecular
dynamics is at 150K and reduces to local rotational
motion from this temperature up to 200 or 220K,
depending on the local conditions. Translational dif-
fusion is possible only at higher temperatures

depending on the environment, the formation of
bonds with a substrate or the existence of large
hydrophobic regions. One can argue that, for bulk
water, this temperature is of the order of that of
homogeneous nucleation, as discussed above.

A different situation of confinement is that of water
hydrated at the surface of biomolecules, a subject
studied by biologists. Indeed, the role of water in many
biological processes is key at different levels, from the
conformation of the native state to enzymatic reac-
tions. The variety of situations is extremely large
because several parameters must be taken into account
simultaneously. In living cells, biomolecules are in a
confined aqueous medium also containing several ions.
The membranes that surround the cells and the nuclei
are formed by layers of surfactant molecules with the
external polar heads hydrated by ionic solutions. In the
important processes of ion transfer across membranes,
the role of water is important, but a complete
description is lacking, although several simulations
suggest specific mechanisms [59]. The conformation of
the native state of proteins is partly a result of the
hydrophobicity of segments of the polyelectrolyte that
forms the backbone. However, the extension of the
hydrophobic segments must be large enough to gener-
ate an effect on the secondary and tertiary structures.
Indeed, only relatively extended regions, say beyond
1 nm, can generate a local structure of the intermole-
cular bonds of hydration water. An isolated hydro-
phobic region, such as a methyl group, has a small
effect on the hydration water. Generally, 3% of the
mass of a protein is that of water molecules forming
strong bonds with the amino-acids. The consequence
of their suppression is the irreversible denaturation of
the protein. In order to be functional, a large quantity
of hydration water is necessary, as shown by the
pioneering work of Careri et al. [60].

Dynamics studies are difficult and, sometimes, too
specific. The large variety of situations is not compat-
ible with a universal model. In particular, the priority
of the action of water on the structure of a protein or
of the protein on water is a subject of debate [61,62].
Incoherent neutron scattering, taking advantage of the
relatively easy substitution of hydrogen by deuterium
atoms, in principle allows discrimination between the
motion of the protein and those of water molecules.
However, because, for a given molecule, many situa-
tions are present simultaneously, the final results may
be ambiguous as they report only average values.

NMR spectroscopy [63] can be more specific
because, in a few cases, the identification of a specific
site is possible. However, a complete description is
prevented by the superposition of too many equally
important parameters.
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Another approach consists of selecting representa-
tive amino-acids or very simple peptides, focusing the
study on less complex entities. This was done for an
assembly of five alanine molecules (Ala5) synthesised
ad hoc [64]. Alanine is a hydrophobic amino-acid that,
in powder form, can be hydrated step by step giving
information about the very different behaviour of the
first added water molecules, which form stable bonds
with the only hydrophobic site of the sequence, and
that of the last added molecules, which display fast
translational motion explained by the hydrophobicity
of the ensemble of the peptide that avoids the
formation of bonds with hydration water.

This kind of systematic approach allows a com-
parison of some representative cases from which
general conclusions may emerge. Although not neces-
sarily performed in a systematic way, such studies are
long because they imply several techniques and the
preparation of samples under conditions sometimes far
from physiological. For example, the study of hydra-
tion from dry proteins to diluted solutions may be
necessary to understand the water interactions.
Physiological conditions are indeed those of an
optimised biological functionality, but the knowledge
of elementary mechanisms cannot be achieved without
detailed study of situations sometimes far from such
ideal conditions.

An example of this kind of study performed in a
sequence of studies of alanine and Ala5 is that of the
two small peptides NALMA (N-acetyl-leucine-methy-
lamide) and NAGMA (N-acetyl-glycine-methylamide).
They differ by the two amino-acids leucine and glycine.
Because the first contains a hydrophobic chain, com-
parison with the second is an ideal way of studying the
effects of hydrophobicity in real peptides [65]. Again,
quasi-elastic neutron scattering, together with molec-
ular dynamics simulations, allow the study of the
dynamics of the water-hydrating powers of these two
peptides.

More recent studies show that the temperature
dependence of the diffusive dynamics of water mole-
cules is the same for both hydrophilic and hydrophobic
peptides. The comparison between hydrated powders
and highly concentrated solutions reveals similar
behaviour, particularly for hydrophobic peptides. The
hydrogen bond lifetime differs in hydrated powders
and in solution due to the dimensionality of the space.
It is observed that the effects of hydrophobicity depend
strongly on the extension of the hydrophobic regions.
Indeed, the effects of hydrophobicity on the dynamics
of hydration water are observed only when the
hydrophobic region is large enough to generate a
local organisation of water molecules that form a
network of hydrogen bonds parallel to the interface.

This network can be relatively long lived at low
temperature. All these experimental results suggest a
change in the plasticity of the hydrogen-bond network
depending on its extension [66].

Studies of the hydration water molecules of hydro-
philic peptides show that their vibrational density of
states is remarkably similar to that of high-density
amorphous ice, whereas for hydrophobic biomolecules,
it is comparable to that of low-density amorphous ice
[67]. This result is supplementary support for the
argument that the local volume of water molecules at a
hydrophilic interface is smaller than in a hydrophobic
environment. This is certainly due to the more
distorted bonds formed between water and a hydro-
philic substrate.

From such comparisons, it is clear that the study of
confined water can shed light on the complex problem
of supercooled water, although not in a too naive
transposition of experimental results or of simulations.

The great challenge of water physics is the estab-
lishment of models covering the large variety of
behaviour under different external parameters (tem-
perature, pressure), solubility or confinement condi-
tions. We have focused, somewhat arbitrarily, on some
situations that currently appear important, although
they represent a very small part of research on the
physics of liquid water. The general conclusion is that
more detailed and reliable models must focus on the
study of hydrogen bonds, formed either between water
molecules or between themselves and other substrates.
This will be the main goal of forthcoming research.
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