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Abstract 
It is widely accepted that ice, no matter what phase, is unable to incorporate large amount of 

salt into its structure. This conclusion is based on the observation that upon freezing of salt 

water, ice expels the salt almost entirely into brine, a fact that can be exploited to desalinate 

seawater. We have shown, by neutron diffraction measurements under high pressure and 

molecular dynamic simulations, that this behaviour is not an intrinsic physico-chemical 

property of ice phases [S. Klotz, L.E. Bove et al., Nature Materials 2009, L.E. Bove, S. Klotz 

et al., PRL 2011]. 

We find that, in spite of the high amount of salt, dense LiCl-water solutions vitrify at ambient 

pressure in an amorphous and  structurally compact form very similar to the relaxed high-density 

amorphous phase of pure water (e-HDA). Under high pressure annealing the system crystallizes 

into the ice VII structure incorporating homogeneously the salt into the ice lattice. Such an 

`alloyed` ice VII has significantly different structural properties compared to pure ice VII, such as 

8% larger unit cell volume, absence of transition to the ordered ice VIII structure, plasticity, and 

most likely ionic conductivity. Our study strongly suggests that there could be a whole new class 

of salt hydrates based on various kinds of solutes and high-pressure ice forms. If these exist in 

nature in significant quantity, their physical properties would be highly relevant for the 

understanding of icy bodies in the solar system. To probe this fascinating hypothesis we will 

explore the phase diagram of electrolyte solutions of geological interest under extreme conditions 

of pressure and temperature, by neutron and x-ray diffraction measurements and MD simulations. 

Techniques utilisées : neutron and x-ray diffraction, MD simulations 

  

Qualités du candidat requises : English spoken,  good experimental skills, good background 

in condense matter physics and/or chemical-physics 

 Detailed Project 

1. Scientific background  

Water, wherever it exists in nature, contains unavoidably significant amounts of dissolved ionic species, and 

most of chemical reactions occurring in water, including various biological phenomena, are mediated by the 

presence of ions. Nonetheless, surprisingly little experimental attention has been paid on the high pressure 

behaviour of electrolyte solutions compared to pure water, a subject which has been studied extensively in the 

last four decades. Pressure is an important thermodynamic variable that has a profound effect on the properties 

of materials. In consequence, there is a broad scientific and technological interest ranging from planetary 

interiors to the recovery to ambient conditions of non-equilibrium structures having novel structural and 
functional properties.  

In a recent experiment, initially devoted to the investigation of polyamorphism in salty water [1], we 

incidentally discovered that a lithium chloride aqueous solution (LiCl:6D2O) crystallizes under pressure in a 



new and unexpectedly simple salt hydrate [2], which can be regarded as an `alloyed' high-pressure ice phase 

(Figure 1). A few hydrates of simple salts are known to exist in nature, such as LiCl:1/3/5H2O, LiBr:H2O, 

LiI:H2O, NaCl:2H2O, NaBr:2H2O, NaI:2H2O, LiI2:H2O, and LiI3:H2O [3-6], but these are structurally unrelated 

to any ice structures. The unique, as far as we are aware, experimental evidence for the incorporation of small 

amounts (2 mol%) of salts (NaCl) into ice VII by compression of the salty liquid has been reported by [7]. For 

this reason, so far the presence of salts dissolved in water has been considered negligible for the various phases 

of ice. The belief was that freezing, either by cooling or by applying high pressure, would expel the salt ions to 

form a mixture of pure ice and some salt hydrate. Our study demonstrated that the situation is strikingly 
different if the ice phase is produced by re-crystallisation of the glassy salt solution under pressure.  

Having shown the existence of LiCl:6D2O ice VII, one might speculate about the existence of other LiCl-

hydrates based on the various other high pressure ice phases. This is indeed likely since their densities are 

considerably lower which makes incorporation of ions easier. This hypothesis strongly calls for confirmation. 

This discovery would be still more valuable if other electrolyte solutions of geological interest such as NaCl-

water, KCl-water, or NaI-water solutions would be involved. The high pressure phase diagram of these systems 

is completely unknown. 

Various studies support the presence of high-pressure ice polymorphs in the interior of Galilean satellites such 

as Ganymed, Europa and Callisto, as well as Saturn's Titan, and there is strong evidence of subsurface salty 

oceans in some of them [8-9]. If ice forms highly loaded with ionic species exist in nature in significant 

quantity (with most likely quite different physical properties compared with pure ices), their physical properties 
would be highly relevant for the understanding of icy bodies in the solar system.  

  

 

2. Methodology  

 Neutron and x-ray scattering provide the best experimental means currently available to probe the atomic 

structure of aqueous solutions. By neutron/x-ray diffraction experiments we can derive the distribution 

functions g(r) of pairs of atoms  and  of the system. Knowledge of these function, either individually or as 

combinations can be used to derive atomic correlation distances, coordination numbers and the periodic 

structural arrangement of the system in study. Complementing the experimental information obtained with the 

results of molecular dynamics simulations based on polarizable force fields would lead to a successful strategy 
to determine the structures of new phases produced under high pressures.  

The production, at ambient pressure, of the salty glasses which act as precursors of the crystalline phases 

produced by temperature annealing under high pressure [2], would require higher cooling rate in the case of 

NaCl and KCl solutions respect to what employed for LiCl solutions. To this scope a new in-vacuum 

quenching system will be developed in our laboratory and the quenched glasses will be firstly characterized in 

situ by mean of a powder x-ray diffractometer, recently equipped with a new cold chamber, available at the 

IMPMC. Once checked the homogeneous glassy structure of the precursor the sample will be transferred under 

nitrogen vapour and loaded in the large volume high pressure PE press. The Paris-Edinburgh press is currently 

adapted both for D20 and D4c  at the ILL and for Pearl at ISIS, which are the ideal instruments for the study of 

the structure of ionic aqueous solutions in their crystalline and amorphous phases. The bulk of the diffraction 

experiments will then be carried on these three instruments. 

From the theoretical point of view, MD simulations will be used in order to obtain a detailed microscopic 

understanding of the structural properties of the solutions undergoing the glass transition and the high-pressure 

transformations. To this end, new polarizable classical potentials for ionic species in the crystal and in solution 

are being carefully tailored by M. Salanne at PECSA, by using ab initio calculations as benchmarks. 

Subsequently, classical MD simulations will be carried out, under the joint supervision of M. Salanne, and A. 



M. Saitta of IMPMC, along the relevant thermodynamic paths in temperature-pressure phase diagram. We will 

calculate the corresponding neutron structure factors, which will allow a direct comparison to experimental 

results, in line with the procedure followed in ref. [1]. In parallel, some exploratory ab initio structural and 

dynamical calculations will be performed to identify and characterize new possible crystalline phases of salty 

ices.  

  

3. Experiments and Simulations Plan 

  

The PhD student will focus on the study, mainly by neutron diffraction techniques, of the P-T phase diagram of 

LiCl:xD2O, NaCl:xD2O and KCl:xD2O solutions, in comparison with MD simulation results.  

The PhD student will actively participate to the development of the in-vacuum quenching system required to 

guarantee the homogeneous amorphisation of the solutions at ambient pressure. He/She will check the 

homogeneous amorphisation of the solutions at ambient pressure by using the new cold chamber installed on 

the x-ray diffractometer at IMPMC. He/She will perform neutron scattering measurements in the PE press to 

explore the phase diagram of the system under high pressure. He/She will finally run the MD simulations and 

analyse the results by using all the in-house computational tools.  

Where necessary, complementary experimental information will be obtained from Raman scattering under high 

pressure, already available at the IMPMC. 

  

4. Project Objectives  

In the first phase, the experiments will focus on establishing the possible existence of other phases of LiCl-ice. 

Neutron diffraction measurements on LiCl:xD2O at intermediate pressures (between 0.5 and 3 GPa), where ice 

phases III, IV, V, VI and XII are stable will be performed. Beamtime for these experiments is already 

scheduled at the Pearl station at ISIS. 

 In a second phase, the possible existence of ice forms highly loaded with other ionic species more common in 

nature (mainly NaCl, KCl) will be explored. For these studies the sample preparation will be less trivial and 

will require the developing of a new rapid cooling system and previous sample characterization as described 
abroad.  
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