PhysicCs

Physics 2, 67 (2009)

Viewpoint
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Experiments on melting of small water clusters open the door to the study of the size-dependent phase diagram

of water.
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Water is the most ubiquitous substance on the surface
of earth. Discoveries related to water typically arouse
the interest of both scientists and the general public.
Much of this interest stems from water’s unusual prop-
erties [1, 2], the existence of a density maximum in the
liquid phase [1], its negative volume of melting [1], and
its increasing diffusivity or molecular mobility under
pressure [3] being some of the most well known. The
study of the extremely rich phase diagram of water [4]
and its anomalous properties [5] is an active field of re-
search, but the number of papers reporting experimen-
tal work lags behind those based on computer simula-
tions.

The structure and dynamics of water in any of its
condensed forms, and their relation to the aforemen-
tioned anomalies, is one of the most prominent open
puzzles in science. In a paper published in Physical Re-
view Letters[6], Christian Hock and colleagues at Univer-
sitdt Freiburg in Germany in collaboration with Univer-
sité Paris Sud in France, study the melting transition of
small clusters of water. From the thermodynamic prop-
erties of these clusters it is possible to extract informa-
tion about their structural and bonding characteristics
(Fig. 1). This experiment opens a path to the study
of the size-dependent phase diagram of water. Such a
phase diagram will help us understand many-body ef-
fects on the hydrogen bond network of water [2]. It is
well known that in water clusters the hydrogen bond
strength increases with increasing cluster sizes [2]. The
cohesive energy of these clusters cannot be decomposed
as the sum of two-body or three-body contributions, an
effect known as hydrogen bond cooperativity [2]. The
size and temperature dependence of this many-body ef-
fect, key to determining the sources of water’s unusual
properties, are related to the structure and dynamics of
local cluster domains in the liquid phase [4].

The authors use infrared spectroscopy to both heat
and characterize size-selected negatively charged clus-
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ters of water. The clusters are heated by infrared exci-
tation of the hydrated electron—an additional electron
added to an otherwise neutral water cluster. The excited
electron decays in less than 200 femtoseconds by cou-
pling to the vibrational modes of the cluster [7]. Using
a laser pulse photofragmentation technique [8], the au-
thors perform calorimetric measurements on these clus-
ters. The specific heat of the cluster at a given tempera-
ture, C(T) = 6U(T) /6T, can be calculated from the tem-
perature dependence of the photofragmentation pattern
of size-selected anion water clusters. The size of the
fragmented pieces is measured using a mass spectrom-
eter. The cluster itself turns out to be a very sensitive
calorimeter. One can increase its internal energy before
the fragmentation by either controlling the number (1)
of photons absorbed (U = nhiw) or increasing the clus-
ter temperature in a temperature-controlled external He
bath (6T). When the fragments are of the same size, in-
dependently of how one heats the cluster, the specific
heat is given by the previous formula.

This method allows the researchers to determine the
onset of the rapid increase of the specific heat (C) as a
function of the temperature T. This sudden change in C
is associated to the cluster melting transition. The tran-
sition T for two well-defined water anionic clusters of
size 48 and 118 molecules is presented in their study.
The results are not altogether surprising; the onset of the
melting temperature (T,;) decreases as a function of the
cluster size.

Previous computer simulation studies had reported
similar values, but until now no accurate experiment
was available to allow comparisons. The quantum na-
ture of the atomic vibrations at these low temperatures
means that the theoretical modeling of the melting of
water clusters is very complex and computationally ex-
pensive, involving the use of path-integral molecular
dynamics [9] with semiempirical interatomic potentials
[10] whose accuracy is limited by the model of the
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FIG. 1: The graph shows the specific heat as a function of T
for bulk ice (blue) and small ice clusters (red). The specific
heat shows the ratio of the system’s internal energy change to
changes in the system’s temperature. In other words, it repre-
sents the amount of energy we need to supply to the system to
increase its temperature by an infinitesimal amount. This ratio
depends on the temperature. As T increases, more vibrational
quanta are available to be excited and therefore, for a small
increase in temperature, more energy can be stored in the Sys-
tem than at lower T. The melting of ice is a first-order phase
transition. There is a discontinuous change in the entropy, as-
sociated to the onset of the large configurational entropy of the
liquid. This discontinuity is related to a peak that appears in
the specific heat curve of the bulk system (blue) as a function
of the temperature—this is called the latent heat peak. The
melting transition observed for the small water clusters (red)
studied by Hock et al. happens at a lower temperature. This
temperature depends on the size of the cluster (the smaller the
size, the lower the melting transition temperature). It also dif-
fers from a normal first-order phase transition because the la-
tent heat peak is not observed. (Illustration: Alan Stonebraker)

water-water interactions itself. Even ab initio potential
energies and forces are limited in their description of lig-
uid water [11] and therefore experiments like this have
been eagerly anticipated.

Many of the anomalies of water are a manifestation
of the fine energy balance between configurational en-
tropy and enthalpy in the underlying network of bonds
that keep the molecules together, the hydrogen bond
(H-bond) network. The configurational entropy of wa-
ter is large; one should think of this as the number of
different structural arrangements that the molecules can
adopt without paying a large energy cost. The H-bond
is relatively weak—more than ten times weaker than
the covalent O-H intramolecular bond. It costs little en-
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ergy to distort the bond, contributing to the large con-
figurational energy of the system. At the same time the
strength of the bond is large enough so that the enthalpy
of the system is strongly dependent on the average num-
ber of bonds broken in the network. At atmospheric
pressure the density of liquid water increases on cool-

ing, reaching a maximum of 0.999972 g/cm? at 277 K.
At this point the density decreases at a much faster rate
and continues decreasing if crystallization is avoided at
273 K and a metastable supercooled regime is entered.
At atmospheric pressure, water in liquid phase below
the freezing temperature is known as supercooled wa-
ter. It is a metastable state because at that temperature
the free energy of the liquid phase is larger than the free
energy of the solid, i.e., ice is the ground-state phase.
However, the difference is small enough to allow the
system to remain in the phase of higher free energy for
a small temperature range. The faster the cooling rate,
the easier it is to enter the metastability region, where
any small perturbation will cause the system to fall to
the ground state and crystallize.

The response of the entropy S and density of any
system to changes in temperature T and pressure P
are represented by the isothermal compressibility (ratio
of density change per applied pressure at constant T)
and the isobaric heat capacity (ratio of entropy change
per temperature change at constant pressure). In lig-
uid water these two quantities present a minimum
within the normal liquid range [2] and show a rapid
increase upon cooling and entering the supercooled
regime—two more of the many anomalies of water. In
bulk systems the melting phase transition is always ac-
companied by a characteristic peak in the heat capacity
as a function of the temperature. The area under this
peak corresponds to the latent heat of melting, which in
bulk water is of the order of 1.4 kcal/mol or 0.05 eV per
molecule. What happens to the structure of ice when it
melts? This energy is mostly used to break about 10%
of the H-bonds in ice; while this might not seem to be
such a large number, it is enough to make the hexago-
nal ice (Ih) structure collapse, setting up the diffusion
of the molecules that characterizes the liquid state. Wa-
ter molecules in ice make four H-bonds each, i.e., they
are tetracoordinated, forming perfect tetrahedral struc-
tures; the 10% of bonds broken at the melting transi-
tion only slightly reduce the average coordination to a
number in between 3.5 and 4. Water molecules conserve
a tetrahedral-like, albeit very distorted, environment.
The perfect tetrahedral H-bond network with hexago-
nal symmetry of ice Ih becomes an amorphous tetrahe-
dral network, with coordination defects that allow the
molecules to continuously diffuse around exchanging
H-bonds.

In insulating crystals such as ice, the heat capacity re-
flects the quantum effects of the atomic vibrations. Both
Einstein’s and Debye’s specific heat models are derived
from the quantum mechanical nature of the phonons in
a system. They predict that the heat capacity should
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decrease with temperature, since vibrational quanta are
harder to excite by a small amount of external heat. The
high values of the three intramolecular, and two of the
three intermolecular vibrational frequencies, only allow
a maximum (at T;,;) of four degrees of freedom to be
active in ice. This is reflected in the value of the spe-
cific heat at a given temperature in units of the Boltz-
mann constant kg. At the temperatures at which Hock
et al. carry out their thermal measurements (of the or-
der of 100 K) only two of these vibrations are excited.
However, in liquids the specific heat is not only a con-
sequence of the molecular vibrations of the system. In
water, in particular, the continuous exchange and distor-
tion of hydrogen bonds within the amorphous H-bonds
network has an unusually large contribution to the heat
capacity [9], which is of the order of 9kp at room tem-
perature. At the melting point of bulk ice the onset of
this liquid configurational entropy is discontinuous, as
expected in a first-order phase transition, which trans-
lates into the aforementioned sharp peak in the specific
heat. However, in Hock et al.’s results this discontinuity
is not seen, because, as explained by the authors, phase
transitions in small size clusters have a different behav-
ior [12, 13].

It is not straightforward to associate the sudden rise
of the specific heat at the so-called “melting” tempera-
ture to an actual melting transition. Two possible sce-
narios are compatible with this behavior. As the authors
point out, they might just be seeing the onset of the la-
tent heat peak, and the heat capacity might decrease at
higher temperatures. The specific heat of small molec-
ular clusters has been theoretically studied and shown
to exhibit a broad peak at temperatures well below the
bulk T}, which tends to sharpen and shift closer to Tj,
with increasing cluster size [12]. This agrees with the ob-
servation that at Ty, the clusters do not become fully lig-
uid, meaning that the difference in entropy between the
solid and “cluster-liquid” state is very small and should
decrease with the size of the clusters, making the phase
transition continuous. Indeed, the structure of ice clus-
ters as small as the ones studied by the authors is most
probably amorphous [14] and not too far from the aver-
age structure of the liquid clusters after the transition. A
further study with larger clusters at this melting transi-
tion should eventually show the appearance of the ex-
pected latent heat peak, confirming this scenario.
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Looking forward, what is needed is a combination
of further experiments like this with theoretical stud-
ies of the temperature dependence of the structure and
dynamical properties of ice clusters. Even if not men-
tioned by the authors, understanding the nature of the
hydrated electron in water clusters may also help to
understand what is happening at the phase transition.
An alternative viewpoint, to explain the lack of the la-
tent heat peak and also the temperature dependence of
the onset of melting, calls for understanding the spatial
localization of the hydrated electron in water clusters.
This is another size-dependent question still under de-
bate [15]. The total or partial melting of the clusters may
depend on whether the extra electron is located at the
surface (a highly possible option for the HyO,q4 cluster
[15]) or inside the cluster. Only pulling together all these
elements may solve this small but central area within the
larger puzzle of the structure and properties of water.
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