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scheme[3] Silvestrelli and coworkers suc
ceeded in recovering the molecular de
scription of the liquid.

The encouraging results for pure water
gave the green light for a series of ab initio
MD applications to simple acidic and ba
sic solutions. A milestone here was the de
tailed examination of the excess proton in
water by Tuckerman et al.[4] which con
tributed to resolving the old controversy
about the role of the H 50i (Zundel) and
H90: (Eigen) cation. When these ions are
viewed embedded in the hydrogen bond
ed network of the surrounding liquid, they
turn out to be two phases of the same fluc
tuating complex. The simulation showed
that the dynamical rearrangements in the
pattern ofhydrogen bonds driving the in
terconversion of these two structures are
also the key to the explanation of the
structural (Grotthuss) diffusion of the sol
vated proton. Subsequent investigations of
two prototypical strong aqueous acids,
sulphuric and hydrochloric acid (Laaso
nen et al.) are extensions ofthe excess pro
ton work and confirmed that DFT esti
mates for the pH of these solutions are in
the correct range ofvalues. Recent path in-

tegral ab initio MD calculations by Marx
et al., addressing the role of proton quan
tum effects, have validated and refined this
picture[5]. Weak acids pose more of a
technical problem, because of the highly
activated nature of proton release. A first
attempt to a determination of the pK of
water resulted in a value of 13 (Trout et
al.).

Ab initio MD is ready to be employed in
investigations of reaction mechanisms in
aqueous solution. Examples ofstudies that
have been recently completed, or are cur
rently under way, concern acid catalyzed
addition of water to a carbonyl group
(Meijer et al.), ligand substitution of a cis
platin complex (Carloni et al.) and the
conformation of peroxynitrous acid (Do
clo et al.). In all of these cases the ab initio
MD clearly exposed the concerted nature
of the processes in aqueous chemistry.
Looking ahead, an important task for the
near future will be the quantitative char
acterization of reactivity in water and oth
er protic solvents. In particular the first
principle computation of pK, redox po
tentials, activation energies and, ultimate
ly, reaction rates is a major challenge. A

further topic which is already the subject
of intensive ongoing research is the devel
opment of methods for the evaluation of
the response functions determining opti
cal and NMR spectra of liquids with as a
first result a fully DFT based computation
of the infrared absorption spectrum of
liquid water[6]. Ab initio molecular dy
namics may very well the onlyway to deal
with the level of complexity prevailing in
liquids in which the electronic states are
strongly coupled to thermal disorder.
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A present challenge in condensed mat
ter physics is the understanding of the

microscopic dynamics of liquids, dense
fluids and glasses. The collective dynami
cal properties at wavelengths approaching
inter-particle distances, d, are intimately
related to the determination of many
macroscopic quantities as, for example,
thermal expansion, thermal conductivity,
specific heat and viscosity. In particular, it
is of great interest to study the collective
dynamics in the transition region bridg
ing the long wavelength and long time hy
drodynamic behavior, where a density
fluctuation in the system can be described
as a small perturbation of an isotropic
continuum in thermodynamic equilibri
um, and the single particle regime, where
the dynamics is considered at very short
length- and time-scales and can be pic
tured as that of a free particle among suc
cessive collisions. This intermediate region
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is particularly relevant because it reflects
the properties of the particle-particle cor
relation function at distances approaching
the inter-particle distances and at times
typical ofdensity fluctuations at the inter
particle level, i.e. in the pico-second range.
This dynamics can be investigated by the
experimental determination of the dy
namic structure factor S(Q,E) - the time
and space Fourier transform of the parti
cle-particle correlation function - in the
momentum (Q)-energy (E) regions of0.1
to 20 meVandO.01 to lOnm-1.

In crystalline systems, this is one of the
most successful applications of inelastic
neutron scattering (INS) [1]. In disor
dered systems, the neutron technique has
been successfully used to investigate the
dynamics at momentum transfers typical
lylargerthan 10nm-1 [2].Atwavelengths
longer and comparable to d, due to the
kinematics conditions of available neutron

spectrometers, serious difficulties are
found to probe acoustic excitations with
speeds ofsound, v, larger than V@1500rn/s.
The typicalvalues ofv in liquids and glass
es are either comparable or considerably
larger than 1500 m/s, and this is the main
reason why, in disordered systems, a com
prehensive experimental picture of the
high frequency collective dynamics is still
missing.

Inelastic x-rays scattering (IKS) with
101t20 keV incident energyis, in principle,
a complementary method to INS for
studying acoustic modes at small momen
tum transfers. In fact, providing sufficient
energy resolution and incident beam in
tensity, one can access the desired phase
space.

The IXS technique is a recent develop
ment, made possible by the high spectral
flux density of the new synchrotron radi
ation sources, and by new ideas in x-ray

europhysics news JULY/AUGUST 2000
Article available at http://www.europhysicsnews.org or http://dx.doi.org/10.1051/epn:2000403

http://www.europhysicsnews.org
http://dx.doi.org/10.1051/epn:2000403


optics using Bragg diffraction from per
fect crystals. This combination has al
lowed the construction of a unique IXS
spectrometer, now in routine operation at
the European Synchrotron Radiation Fa
cility in Grenoble. Its main success lies in
its capability to measure S(Q,E) at mo
mentum transfers, Q= 0.5n30 nm-l, with
basically unlimited energy transfer, and
with an energy resolution of 1.5±0.2 meV.

Thanks to the new instrument, it has
been possible to begin to address issues on
the high frequency dynamics of disor
dered materials as the following ones [3]:
1. Collective excitations have been discov
ered in all the investigated liquids and
glasses at wavelengths approaching d. The
Q-dependence of their energy values tes
tify that they are the short wavelength evo
lution of the hydrodynamic sound mode.
Important deviations are observed, how
ever, from phonons in crystals. In particu
lar, their Q-dependent broadening sug
gests that these modes deviate from the
plane waves found in crystals. At present
one is trying to relate these deviations to

the behavior of the sound excitations ob
served in the long wavelength limit, and,
in glasses, to the anomalous specific heat
and thermal conductivity found at low
temperatures. In this respect, one would
like to understand, when compared to the
Debye behavior of the corresponding
crystal, the origin of the excess specific
heat at low temperature and the excess
density of vibrational states found in
glasses.
2. The interference between density fluc
tuations and microscopic structural relax
ation processes have been clearly identi
fied in glass-forming liquids as glycerol,
ortho-terphenyl and in hydrogen bonded
liquids as water. These studies have al
lowed determining experimentally, as a
function of temperature and Q-transfer,
important parameters as the infinte-fre
quency sound velocities. These parame
ters enters in the modeling of the S(Q,E)
of a liquid, and in the current efforts to re
late the liquid-glass transition to a change
in the ergodicity of the system [4].

The possibility to contribute with an
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experimental method to the understand
ing of such problems is creating a world
wide interest towards the IXS technique,
and important results have been already
documented [3]. In this respect, in fact, it
is quite reasonable to expect important
contributions not only on the high fre
quency dynamics ofliquid systems,but al
so on glassymaterials, on supercritical flu
ids, on complex chemical aggregates, on
systems of biological interest, and more
generally, to understand better the collec
tive dynamics of disordered materials.
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One of the "grand challenges" in liquid
state physics is to gain insight into ac

tivated processes on a molecular level.
Why is this such a challenge? First of all:
activated processes are ubiquitous and im
portant. They include homogeneous and
heterogeneous nucleation of liquids and
crystals, cavitation, and conformational
changes offlexible molecules. In addition,
activated processes often control the rate
of transport in condensed phases, e.g. dif
fusion of polymers in porous media or
transport of defects in solids. However, in
order to qualify as a challenge, a physical
phenomenon should not only be impor
tant, it should also be difficult to study. In
this respect, nucleation scores high. The
formation of a novel phase from the
metastable parent phase proceeds through
the formation of a"critical nucleus". Clus
ters of the novel phase that are smaller
than this critical size tend to disappear
spontaneously - clusters that are larger
than critical can continue to grow into a
macroscopic domain of the novel phase.
The rate of nucleation depends strongly
on the free energy of the critical nucleus,
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while its structure and composition deter
mine the nucleation pathway. Classical
Nucleation Theory makes the assumption
that nuclei of the novel phase are small
spherical "droplets" that have the same
properties (density; surface tension etc.) as
the bulk phase.

Unfortunately, direct knowledge of the
critical nucleus is limited. The problem is
precisely that the formation of a critical
nucleus is a fleeting event. Experiments
can probe the rate at which crystallites
form in a supersaturated solution, but by
the time these crystallites are observed, the
critical nucleus stage is long past. It is pos
sible to estimate the size of the critical nu
cleus from experiment but, to my knowl
edge there are, at this stage, no experi
ments that can directly image the critical
nucleus in any nucleation process

At first sight, it would seem that the
problems for simulation are even worse:
events that are rare in a system of 1023
particles are much rarer still in a system of
only a few thousand, or even a few million,
particles. Fortunately, in simulations we
are not forced to wait for a rare event to

happen. Using the techniques pioneered
by Charles BeIUlett and David Chandler
[1], we can make them happen and still get
an accurate estimate for the nucleation
rate in an unperturbed system. Using this
approach, it is now possible to simulate the
early stages of homogeneous (or hetero
geneous) nucleation. The simulations that
now start appearing [2,3] reveal that the
structure and free energy of the critical
nucleus often deviate significantly from
the predictions of Classical Nucleation
Theory. It seems likely that further study,
both numerical and experimental, will
help us to understand how to control (en
hance/suppress) nucleation of specific
phases or, more generally, how to steer ac
tivated processes.
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