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The aim of this PhD project is to explore the phase diagram of common electrolyte solutions (LiCl-water, 
LiBr-water, NaCl-water) under the pressure and temperature conditions relevant for icy bodies in the 
Universe, and to search for the existence of high-pressure ice phases containing considerable amounts of 
salt in their lattice. Probing the existence of these salty ices, and characterizing their exotic (pressure-
induced) properties, such as polyamorphism, hydrogen bond symmetrisation, plasticity or ionic 
conductivity is a valuable piece of information for both chemical-physics of water and planetary science. 
We performed this study by the combined use of Neutron and X-ray diffraction, Raman light scattering, and 
Molecular Dynamics simulations.	



We established the existence of other phases of LiCl-ices (ice VI, ice X), with respect to the one already 
discovered (ice VII). 
We developed a new in-lab device to rapidly quench (T cooling rate >104 K/s) viscous solutions, with which we 
succeeded in amorphizing NaCl  R D2O solutions at ambient pressure. 
We investigated the existence of ice VII in NaCl and LiBr solutions under high pressure P>4GPa. Incorporation of 
salt in ice VII lattice is still under study.
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one hydrogen participating in each hydrogen bond (again, see
Fig. 3). Thus, although the oxygen atoms in these ices are
topologically ordered, the hydrogen atoms are not; they can
be considered as decorating the underlying oxygen frame-
work with one hydrogen along each hydrogen bond. This
hydrogen disorder has another consequence that is sometimes
neglected: The oxygen atoms too can show a positional
disorder of several hundredths of an Å around their assigned
high-symmetry crystallographic site as a response to the
local hydrogen configuration (Kuhs et al., 1984; Kuhs and
Lehmann, 1986). This leads in turn to local water-molecule
geometries different from those obtained in a routine crys-
tallographic structure analysis. Earlier contradictions be-
tween diffraction and spectroscopic results were removed
by introducing this additional disorder. Meanwhile it has
been confirmed and quantified by quantum-chemical calcu-
lations considering the very many allowed hydrogen-bond

arrangements in a disordered ice phase using graph invariants
(Kuo et al., 2001; Kuo and Singer, 2003); this method has
been applied to ice VII–VIII (Kuo and Klein, 2004), ice Ih
(Kuo, Klein, and Kuhs, 2005), ice III–IX (Knight and Singer,
2006), and ice VI (Kuo and Kuhs, 2006).

As temperature is reduced, we expect these disordered
phases to order, becoming fully hydrogen ordered, and hence
of lower entropy, at low temperature. This is indeed the case
for ice III and ice VII, which order to ices IX and VIII,
respectively (see Fig. 1). However, for all the other disordered
phases, lowering the temperature does not lead to full hydro-
gen ordering: The molecular reorientations necessary for
ordering to occur become more and more sluggish as
temperature is reduced, freezing in the hydrogen, or orienta-
tional, disorder.

If we want to obtain the ordered, probably ground state,
structures of the other ices, we need to find some way of
unlocking the motions that enable hydrogen atoms to move in

FIG. 3. Rotational hydrogen-bond disorder in ices: the six pos-
sible orientations of a central water molecule and the hydrogen
bonding consequences for its four neighbors.

FIG. 2. The local tetrahedral coordination of water molecules in
ices. Each molecule accepts two hydrogen bonds from and donates
two to its neighbors.

FIG. 1 (color online). The solid-liquid phase diagram of ice (the solid-liquid-gas triple point and liquid-gas coexistence line lie off the
diagram to the left).
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