
Salty	  water	  under	  pressure:	  	  
polyamorphism,	  crystalliza7on	  and	  l-l transi7on	  

L.	  E.	  Bove1,2,	  S.	  Klotz1,	  A.A.	  Ludl1,	  A.M.	  Sai7a1	  
1 IMPMC, CNRS & Université P&M Curie-Université Paris-Sorbonne, Paris, France 

2 EPSL, Institute de la Matière Condensée- EPFL, Lausanne, Suisse 
  



Why	  salty	  water?	  

The	  interac=on	  between	  water	  and	  ions	  modifies	  the	  
local	  structure	  and	  promotes	  disordered	  phases	  of	  water 
 
 
 
 
 
 
 
 

Salty	  water	  under	  pressure	  could	  have	  different	  
proper=es	  with	  respect	  to	  pure	  water:	  relevant	  for	  ice	  
bodies	  
 
 

Movie S2. A bromide (Br!) ion being pulled out of a water droplet, and the associated energy curves from Fig. 1 in the main text.

Movie S2 (MOV)
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Most	  of	  the	  chemical	  reac=ons	  occurring	  in	  water,	  
including	  various	  biological	  phenomena,	  are	  mediated	  by	  
the	  presence	  of	  ions.	  
	  



The	  common	  belief	  was	  that	  freezing,	  expels	  the	  salt	  ions	  to	  form	  a	  mixture	  
of	  pure	  ice	  and	  some	  salt	  hydrate….	  

Why	  salty	  ice	  has	  never	  been	  studied?	  

3

FIG. 2: Time evolution of the water oxygen density profiles and positions of sodium and chloride ions. The density scale (in
arbitrary units) is on the right hand side. (a) Ice melting simulation. Note the melting process of the structured ice phase on
the left hand side after about 50 ns. (b) Water freezing simulation. Note the gradual freezing of the unstructured liquid water
phase taking hundreds of nanoseconds. (c) Salt water (0.15M) freezing. (d) Salt water (0.3M) freezing. Trajectories of Na+

and Cl− ions are shown as black lines. Note in C and D rejection of the ions as the freezing front progresses.

FIG. 3: Snapshots from the freezing simulation of the 0.3M salt solution. (a) 1 ns, (b) 200 ns, (c) 400 ns, (d) 600 ns. Na+

and Cl− are given as light green and dark brown spheres, respectively.

from snapshots from the simulation (see Figure 3 for rep-
resentative snapshots for the most concentrated system)
it is clear, that both sodium and chloride ions are re-
jected by the advancing freezing front into the remainder
of the liquid phase. Eventually, the system freezes as
neat ice almost completely, the ions being expelled into
a small volume of unfrozen or partially frozen concen-

trated brine. Simulation with higher salt concentration
shows that an ion can be sometimes trapped inside the
ice crystal (Fig. 2d), in qualitative accord with the low
solubility of salts in ice. The fact that we observe a chlo-
ride anion (but not a sodium cation) deposited in the
top layer of ice also nicely correlates with results of re-
cent simulations of NaCl ions placed at the ice/water

The presence of salts dissolved in water was considered irrelevant for ices 

Observa=onà	  salts	  excluded	  from	  the	  “open”	  structures	  of	  ice	  (Ih,	  Ic,	  LDA)	  

L.	  Vrbka,	  et	  al.	  PRL	  95,	  148501	  (2006)	  



q  Hints	  on	  poly-‐amorphism	  in	  ice	  

q Observa=on	  of	  poly-‐amorphism	  in	  salty	  ice	  

	  

q 	  The	  making	  of	  salty	  ice	  VII	  under	  pressure	  

	  

q 	  Consequences	  and	  prospec=ve	  

Outline	  



:	  obtained	  by	  low-‐T	  compression	  of	  ordinary	  ice,	  can	  be	  recovered	  at	  AP	  
	  

:	  annealing	  of	  HDA	  at	  low-‐P	  (115	  K)	  or	  hyperquenching	  at	  AP	  
	  

:	  high-‐P	  annealing	  of	  HDA,	  can	  be	  recovered	  at	  AP	  

Ice:	  a	  very	  rich	  phase	  diagram	  

Ice	  has	  an	  open	  structure	  
and	  H-‐bonds	  are	  very	  
flexible	  à	  16	  crystalline	  
phases	  
	  

:	  3	  phases	  
differing	  for	  density	  and	  
local	  structure	  

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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Polyamorphism	  @	  liquid/liquid	  transi7on	  

Are	  LDA	  and	  HDA	  the	  amorphous	  
proxies	  of	  LDL	  and	  HDL?	  

    No	  man’s	  landà	  second	  cri=cal	  point?	  
…not	  accessible	  to	  experiments!!!	  

	  	  	  	  
	  	  	  	  	  	  	  
 

Confinement,	  Hydra=on,	  Solva=on	   
Alterna=ve	  methods	  to	  undercool	  water:	  	   Poole et al., Nature 1992 

J. Phys.: Condens. Matter 21 (2009) 504108 P Kumar et al

Figure 2. Schematic of liquid water confined between two surfaces
separated by 1.1 nm. The effective width due to excluded-volume
interaction between the water molecules and the surfaces is 0.8 nm,
which can hold two to three molecular layers of water, depending on
the density.

Intuitively kT should decrease upon decreasing the tempera-
ture. In the case of water, instead, it increases like CP and
seems to diverge with a power law at a lower temperature in
experiments [40].

2.4. Coefficient of thermal expansion

The coefficient of thermal expansion, !P , is the measure of
cross fluctuations of volume and entropy:

!P = ! 1
V

!
"V
"T

"

P
= P

kB
2T

"#V #S#, (3)

Figure 1(c) shows the behavior of !P . !P is positive for
normal liquids. However, in the case of water it becomes
negative at the temperature of maximum density TMD at
constant pressure, suggesting that below this as the volume
is increased the entropy decreases. Like other response
functions, !P also seems to diverge with a power law at low
temperatures in experiments. Dashed curves in figure 1 are the
schematic representations of the behavior of normal liquids for
comparison.

Since the experiments on bulk liquid water cannot be
performed below the homogeneous nucleation temperature
TH $ !38%, where the crystal formation is inevitable, it
is not possible to test for bulk water whether the seeming
divergence of response functions at low temperatures is indeed
a divergence or something else. Recent experimental [41–43]
and computational studies [44] find that the response functions
do not diverge but have a maximum at low temperatures.

2.5. Diffusion anomaly

The dynamics of simple liquids becomes slower upon
pressurizing: however, the dynamics of water becomes faster
as the pressure is increased, reaching a maximum at a constant
temperature. The region of this dynamic anomaly is wider
than the density anomaly region in the (T, P) plane. The
anomalous increase of diffusion upon pressurizing is attributed
to the breaking of hydrogen bonds. As the pressure is increased
more and more hydrogen bonds are broken, making the water
molecules diffuse free from their neighbors and hence the
increase of diffusion.

2.6. Dynamic crossover at low temperatures

Recent experiments on water confined in nanoscale pores [41]
and hydration water [42] around biomolecules find that the
behavior of the dynamics of water changes from ‘non-
Arrhenius’ at high temperatures, where the activation energy
changes with temperature, to ‘Arrhenius’ at low temperatures,
where the activation energy varies little with temperature. This
behavior of the dynamics of liquid water is in contrast to
the presumed behavior of the dynamics (such as viscosity
or diffusion constant) which would follow a non-Arrhenius
behavior as a function of temperature all the way down to the
glass transition.

3. Thermodynamic and dynamic anomaly of liquid
water in smooth hydrophobic confinement

We perform molecular dynamics (MD) simulations of a system
composed of N = 512 water-like molecules confined between
two smooth walls. The molecules interact via the TIP5P pair
potential [35] which, like the ST2 [45] potential, treats each
water molecule as a tetrahedral, rigid and non-polarizable unit
consisting of five point sites. Two positive point charges
of charge qH = 0.241e (where e is the fundamental unit
of charge) are located on each hydrogen atom at a distance
0.095 72 nm from the oxygen atom; together they form an
H O H angle of 104.52%. Two negative point charges (qe =
!qH ) representing the lone pair of electrons (e!) are located
at a distance 0.07 nm from the oxygen atom. These negative
point charges are located in a plane perpendicular to the H O H
plane and form an e!Oe! angle of cos!1(1/3) = 109.47%,
the tetrahedral angle. To prevent the overlap of molecules,
a fifth interaction site is located on the oxygen atom, and is
represented by a Lennard-Jones (LJ) potential with parameters
$oo = 0.312 nm and %oo = 0.6694 kJ mol!1.

The TIP5P potential accurately reproduces many water
anomalies when, for example, its structural properties compare
well with experiments [35, 46–48]. TIP4P and TIP5P are
known to crystallize [46, 49] within accessible computer
simulation timescales, showing a ‘nose-shaped’ curve of
temperature versus crystallization time, a feature found in
experimental data on water solutions [50]. TIP5P simulations
also show a van der Waals loop in the P–& plane at the
lowest T accessible with current computation facilities [46].
This loop indicates the presence of a first-order LL transition.
Reference [46] estimates that an LL transition line ends in
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Text

Proteins (Lysozyme, ....) 
surrounded by water molecules

DNA (also RNA,...)
surrounded by water molecules

Text

Q:  Are anomalies of confined “water” due to silica MCM41walls? 
A. Consider “wall-free” protein hydration water: same Widom temp.

EXPTS: Chen/Mallamace and their many gifted students: same Angell Temp
MD SIMS:   Kumar,Yan,Xu,Mazza,Buldyrev,Chen,Sastry,Stanley(PRL 06)
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liquid	  water	  confined	  between	  two	  surfaces	  
separated	  by	  1.1	  nm.	  	   Hydra:on	  water	  of	  lysozyme	   Solva:on	  water	  around	  a	  polar	  solute	  
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Salty	  aqueous	  solu7ons	  
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2) What is the origin of !"?#

!"  is presumably related to the surface 
molecules of the clusters, which exchange 
energy with the bath faster than the other 
molecules.#

τ α
/β
 (n

s)
 

Salty	  aqueous	  solu7ons:	  a	  long	  history!	  

II H-D Transient Grating, a recap 
Experiments,  a recap 
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equations: from eq 20, for K 1  >> 1 

kB T 
h 

T , - ]  = 3.6 X 108 = k ,  = -emI*/RgA’fI’/RT (22) 

from eq 16, for K ,  >> 1 
AH-l* AHl AH,* S = -3956 = -- - - -  - -- 

R R R 
AHl* = 7.9 kcal/mol 

(23) 

and from 

k B  a 1 *  I = 27.32 = In - + - 
h R  

AS,’ = 7.1 kcal/mol 

Also from eq 19, for K ,  >> 1 
-1792 = A H , / R  (25) 

AH, = -3.6 kcal/mol 

It is obvious, in discussing the kinetic and thermodynamic 
parameters of cryptand 222 in PC, that they are different from 
those derived above for the same cryptand in the protic solvents 
MeOH and MC. 

Hence, there is no way to give an unambiguous assignment of 
the observed process in PC to be due to either the endo-endo s 
endo-exo or the endo-exo $ exo-exo conformational change. The 
only difference from the process in the protic solvents, which results 
from the above analysis, is that, in the protonated solvents, two 
normal modes (two Debye processes) are necessary to describe 
the spectrum. 

One can observe, however, that the position of the relaxation 
frequency for the PC solutions of cryptand 222 resembles more 
thefI’s than thefIl’s of the protic solvents. Therefore, unless in 
PC both nitrogen rotations occur simultaneously, one would be 

tempted, by analogy, to identify the process in PC with the “fast” 
process observed in the protonated solvents. 

We have attempted to alter the situation by using cryptand 21 1 
in PC as reported above (Figure 4). Evidently, when two of the 
ethereal chains of the cryptand are shortened, the energy barrier 
for nitrogen inversion must increase (enthalpically, entropically, 
or both) since the relaxation frequency is considerably lower for 
cryptand 211 in PC with respect to cryptand 222 in the same 
solvent a t  25 OC. 

Another experiment, as mentioned above, has been carried out 
by blocking the -OH group of MC by a -CH3 group, using 
1,2-DME as the solvent for cryptand 222. As shown in Figure 
5A,B, a single relaxation (as in PC) suffices to describe the data 
a t  variance with the case of MC solvent. The position of the 
relaxation frequency in DME resembles the upper relaxation of 
the same cryptand in MC. 

One could then surmise that, in the aprotic solvents studied so 
far, only the “fast” process is visible. This would be associated 
with the nitrogen inversion process requiring the lowest energy 
barrier of activation, as mentioned above. 

This guess would be in line with evidence6 that cryptands form 
hydrogen bonds in protic solvents with the appearance of endc-exo 
and exo-exo configurations. In aprotic solvents these confor- 
mations would be present in lower concentrations with the con- 
sequent appearance of only one relaxation process, corresponding 
to the endo-endo s endo-exo equilibrium. 
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Double Glass Transitions in Aqueous Lithium Chloride Solutions Vitrified at High 
Pressures: Evidence for a Liquid-Liquid Immiscibility 
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Glass formation study of aqueous lithium chloride solutions ( R  = 8, 12 and 20, R is mol of water/mol of salt) has been 
made at high pressures (up to 400 MPa). A double glass transition phenomenon was observed for solutions vitrified above 
100 MPa. We took the phenomenon as evidence for a liquid-liquid immiscibility occurring at high pressures and low 
temperatures. It is inferred that water and liquid silicon dioxide share the basic mechanisms for their anomalous liquid properties. 

Introduction 
There exists a remarkable degree of similarity between water 

and liquid silicon dioxide in their thermodynamic and transport 
properties.14 Both water and liquid silicon dioxide exhibit a 
volume minimum in their isobaric volume curve1*2 and an anom- 

(1) Angell, C. A.; Kanno, H. Science 1976, 193, 1121. 
(2) (a) Douglas, R. W.; Isard, J. 0. J .  SOC. Glass Technol. 1951,35, 206. 

(b) Bruckner, R., J.  Non-Crysr. Solids 1971, 5, 281. 
(3) Kanno, H.; Angell, C. A. J.  Chem. Phys. 1979, 70,4008. 1980, 73, 

1940. 
(4) Kushiro, I. J .  Geophys. Res. 1976, 81, 6347. 

alous pressure dependence in their transport properties (viscosity, 
d i f f u s i ~ i t y ) ~ ? ~  although in liquid silicon dioxide an increase in 
fluidity under pressure is observed only in the results of molecular 
dynamics computer simulation works5 An experimental finding 
of the dramatic increase in fluidity of liquid germanium dioxide 
with increasing pressure6 and the presence of a similar pressure 
dependence in the viscosities of several liquid silicate systems4.’ 

~ 

(5) Angell, C. A.; Cheeseman, P. A.; Tamaddon, S.  Science 1982, 218, 

(6) Sharma, S.  K.; Virgo, V.;  Kushiro, I. J .  Non-Cryst. Solids 1979, 33, 
885. 

235. 
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ABSTRACT: We use large-scale molecular dynamics simulations
to investigate the phase transformation of aqueous solutions of
electrolytes cooled at the critical rate to avoid the crystallization
of ice. Homogeneous liquid solutions with up to 20% moles of
ions demix on cooling producing nanophase segregated glasses
with characteristic dimensions of phase segregation of about
5 nm. The immiscibility is driven by the transformation of
water to form a four-coordinated low-density liquid (LDL) as it
crosses the liquid-liquid transformation temperatureTLL of the
solution. The ions cannot be incorporated into the tetrahedral
LDL network and are expelled to form a solute-rich water nanophase. The simulations quantitatively reproduce the relative amounts
of low and high-density liquid water as a function of solute content in LiCl glasses [Suzuki and Mishima, Phys. Rev. Lett. 2000, 85,
1322-1325] and provide direct evidence of segregation in aqueous glasses and their dimensions of phase segregation.

1. INTRODUCTION

Water is a poor glass former and ice formation in pure water
can only be avoided by hyperquenching micrometer-sized drop-
lets at rates of about 106 K/s.1 Slower cooling rates result in
crystallization of ice at or above !232 K, the temperature of
homogeneous nucleation of ice (TH). While glasses have the
structure of the liquids from which they form, the structure of the
water glass, low-density amorphous ice (LDA), is signi!cantly
di"erent from liquid water at ambient temperature: the number
of molecules in the !rst neighbor shell decreases from about 5.1
to 4.0, the density drops by 7%, and the environment of the
molecules becomes more tetrahedral.2-6 Structurally, LDA
resembles more the crystal, ice I, than the high temperature
liquid. Like ice, water molecules in LDA are four-coordinated.3,4

Di"erent from ice, the orientation of neighboring tetrahedra is not
correlated in LDA, resulting in an absence of long-range order.7

Compression of LDA leads to the formation of a distinct high-
density amorphous phase (HDA).5,6 The polyamorphic transi-
tion is sharp and reversible and appears to be !rst-order.6,8 Based
on experiments and simulations, it has been hypothesized that
these two glass phases correspond to two distinct liquids of water,
low-density liquid water (LDL) and high-density liquid water
(HDL), and that these two liquids interconvert through a !rst
order liquid-liquid phase transition located deep in the super-
cooled region of water's phase diagram, below the temperature
of homogeneous nucleation of ice.9-11 Thermodynamic ana-
lyses of the properties of liquid water above TH and in the glass
indicate that the structural transformation from high temperature
liquid to LDA is continuous at room pressure,12,13 consistent
with the existence of a liquid-liquid critical point (LLCP) at
positive pressures.11,14-17

As the structure of liquid water changes dramatically on
cooling, a key question is how this a"ects the properties of liquid
water as a solvent. It has already been demonstrated that the
solubility of small hydrophobic molecules or atoms increases
signi!cantly on cooling, as the density of the liquid decreases.18-24

Increased ion pairing has been reported for dilute aqueous solu-
tions of salts as their temperature drops from 300 to 235 K.25 The
extremely low solubility of salts in ice and the structural similarity
between ice and LDA suggests that salts are not soluble in
LDA26-30 and prompts the question of what is the structure of
glasses of aqueous solutions of salts.

It has long been known that the addition of salts to water
favors vitri!cation.31 Little is known, however, of themicroscopic
structure of these glasses. Already more than forty years ago, the
identi!cation of two distinct glass transitions in calorimetric
experiments of LiCl-water glasses prompted Angell and Sare to
hypothesize the existence of liquid-liquid immiscibility in super-
cooled aqueous solutions analogous to that already known to
occur in silicates.32 These authors assigned the lowestTg to a salt-
rich phase and the highest Tg to a water-rich phase. The
concentration and pressure dependence of the two glass transi-
tions was subsequently investigated by Kanno.33 It should
be noted that, in all cases, the highest Tg is not readily observable
(its heat capacity signature is too weak) but it is deduced to
appear just before the exothermic peak associated with the
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What	  about	  polyamorphism?	  

pressure and as the amount of LDA increases gradually. The
“delay” of the low-temperature phase separation explains
why the volumetric increase occurred suddenly and rapidly.

Detailed x-ray measurements that show the phase sepa-
ration have not been done yet. However, the Raman profile
of the decompressed LiCl solution !B of the left panel of Fig.
4"b#$ could be regarded as a mixture of the LDA spectra and
the spectra of the concentrated HDA:LiCl glass that has a
broad peak around 3400 cm!1. This is because the Raman
profile of the decompressed solution !spectrum B of the left
panel of Fig. 4"b#$ resembled the spectra of the glassy solu-
tion that was made by rapid cooling of the %4.8 mol % so-
lution near ambient pressure.7 The spectra of this hyper-
quenched solution could be regarded as a mixture of LDA
and HDA:LiCl.7–9

The present study on the thermodynamic phase separa-
tion of the dilute LiCl–H2O solution does not prove the first-
order nature of the LDL-HDL transition of pure water be-
cause of the crystallization. However, as for the pure water,
the smooth connectivity between the TH line and the HDL-
to-LDL transition line is easily expected from the obvious
analogy of the phase behavior between the LiCl–H2O solu-
tion and pure water. Then, it is natural to think of the hys-

FIG. 3. "Color# Sample temperatures during decompression of the emulsi-
fied 4.8 mol % LiCl–H2O solutions. The colors correspond to those of Fig.
2. The hypothesized LDL-HDL equilibrium-phase-separation boundary
"Ref. 8# is shown by the black broken line with an arrow. The volumetric
change “delayed” and occurred at the red broken line. The solution samples
recovered at 115 K "A# was HDA:LiCl. The x-ray and Raman measure-
ments indicated the existence of LDA-like form, Ic, and Ih in the sample
recovered at 148 K "B#, 153 K "C#, and 195 K "D#, respectively. On decom-
pression above %170 K, the sample volume and the sample temperature
gradually increased simultaneously along the TH line.

FIG. 4. "Color online# Identification of the solution samples A, B, C, and D
of Fig. 3. "a# The x-ray photos taken at 77 K. The samples were placed in a
special liquid-nitrogen glass-vacuum flask and exposed to Zr-filtered Mo
characteristic x rays "Ref. 9#. A Polaroid film was exposed to the x rays
diffracted from not only the solution sample but also the liquid nitrogen, thin
glass walls of the flask, and emulsion-matrix materials. Although it was
difficult to distinguish HDA and LDA precisely, it was possible to find
whether ice crystals exist in the sample and to suppose the ice phase.
Samples A and B show halo patterns, and C and D show the diffraction lines
of ice Ic and ice Ih, respectively. "b# The Raman spectra of the emulsified
LiCl–H2O solutions and the emulsified pure H2O. The spectra were mea-
sured at 27 K with an argon-ion laser "wavelength, 488.0 nm# "Refs. 7, 9,
and 11#; the laser power in a spot "%20 !m in diameter# on the sample is
%10 mW. The emulsion matrix showed notable peaks below %3000 cm!1.
Left: the spectra of the samples A, B, and C of Fig. 3. When sample A was
heated, its spectrum changed to the B-like spectrum between 130 and
140 K, and it further changed to the C-like spectrum between 150 and
160 K "not shown#. When sample B was heated, its spectrum changed to the
C-like spectrum between 150 and 160 K "not shown#. Center: the spectra of
the emulsified HDA made by pressure-induced amorphization of ice Ih at
77 K and heated to 120, 145, and 160 K in vacuum. The HDA-to-LDA and
LDA-to-ice Ic transitions occurred between 120 and 130 K and between 150
and 160 K, respectively. Right: the spectra of the emulsified HDA made by
rapid cooling of emulsified liquid water at &0.3 GPa and heated to 120,
140, and 170 K in vacuum. The HDA-to-LDA and LDA-to-ice Ic transitions
occurred between 120 and 130 K and between 160 and 170 K, respectively.
The results of all the three successful cooling runs were the same and agreed
with the previous results "Ref. 11#. The slightly higher crystallization tem-
perature suggested the existence of various LDA states.
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Dilute	  solu=ons:	  emulsions	  show	  LDA-‐HAD	  poly-‐amorphism	  

Concentrated	  solu=ons:	  no	  LDA	  to	  HDA	  poly-‐amorphism	  

A.M. Saitta, et al, unpublished 

LiCl:6H2O	  MD	  simula=ons:	  
	  

!Fig. 1". When C was larger than 3.2 mol %, the solution
vitrified below Tg !the gray lines7,16 in Fig. 1" during the
high-pressure cooling. No crystalline diffraction line was ob-
served in the x-ray photos of the 3.2 mol % sample that was
recovered at 77 K, 1 bar. The heat evolved below #150 K in
the 3.2 and 4.8 mol % panels of Fig. 1 was distinctively
small and, in the 7.7 mol % panel, it might be vaguely ob-
served; on further decompression and heating at 1 bar after
this small evolution, another sharp heat evolution occurred
!not shown". The P-T locus of the large heat evolution above
#150 K continues to the P-T points of the small evolution
below #150 K smoothly. This result was unaffected when
the cooled solution was compressed to 1 GPa before the de-
compression. When the solutions !3.2, 4.8, and 7.7 mol %"
were decompressed at 77 K and heated in the cylinder at
20 K/min near 1 bar, they showed a relatively small heat
evolution at #140 K and a large evolution at #150 K, as
already reported;16 the heat at #140 K appeared to be
smaller as C increases.

The P-T points at which these decompression-induced
evolutions begin are plotted in the P-T-C diagram of Fig. 2.
As C increased, the onset P of the heat evolution decreased,
making a smooth and monotonous P-T-C surface. The
decompression-induced heat evolution at high temperatures
was regarded as the homogeneous nucleation of the ice I. In
Fig. 2 are also shown the published P-T-C data of the ho-
mogeneous nucleation of ice I below 0.2 GPa !the thick solid

lines",10–13 together with the temperatures at which heat evo-
lution was detected with our differential scanning calorim-
eter during cooling of the emulsified LiCl solutions at
20 K/min at 1 bar !the open squares in Fig. 2". The locus of
the large heat evolution induced by decompression above
#150 K extrapolates smoothly to these homogeneous nucle-
ation points at high temperature, and they are identical at 0
and #2 mol %.

The P-T region of the known decompression-induced
HDA-to-LDA transition of bulk pure water,15 as well as the
temperature change of emulsified pure water at this
polyamorphic transition, is also shown in Figs. 1 and 2. The
HDA was made by compression-induced amorphization of
ice Ih at 77 K. When the presently observed small-heat evo-
lution of solutions below #150 K is extrapolated to
0 mol %, it appears to correspond to the HDA-to-LDA tran-
sition. Then, these heat evolutions at low temperatures are
considered to begin by the same mechanism; the appearance
of LDA-like ice in an HDA-like glassy solution is suggested.
Indeed, by vitrifying the bulk 3.2 mol % solution !as well as
the emulsified pure water" during rapid cooling under pres-
sure and by measuring its Raman OH spectra on heating at
1 bar, we have already obtained the result consistent with the
appearance of LDA-like ice at #135 K followed by crystal-
lization at #155 K !Refs. 17 and 18". This temperature-
induced change of the Raman OH profile was reconfirmed in
this work on 1-bar heating of the quenched 3.2 mol % emul-
sion solution in spite of the low quality of the profiles caused
by the emulsification. Therefore, by obvious analogy with
pure water, the two successive events of the heat evolution,
observed in the low-temperature solutions made under pres-
sure, seem to correspond to the two transitions of pure water:

FIG. 1. Some decompression-induced changes in temperature of emulsified
LiCl aqueous solution. The emulsion sample !1–10 !m in particle size" was
made by stirring together a LiCl-H2O solution !1 cm3", methylcyclohexane
!0.75 cm3", methylcyclopentane !0.75 cm3", and sorbitan tristerate !50 mg",
and about 1 cm3 of the sample was confined in an indium cup and com-
pressed in a steel piston-cylinder apparatus. Pressure was changed at
0.2 GPa/min. Errors of absolute pressure and absolute temperature are
±0.01 GPa and ±1 K, respectively. Initial concentrations are indicated. The
emulsion matrix without the LiCl-H2O solution was also compressed for the
background check, and no heat evolution was observed. The dotted lines and
the hatched region of the 0 mol % panel are, respectively, temperature
changes of the emulsified HDA made by compression-induced amorphiza-
tion of ice Ih at 77 K and the location of the known HDA-to-LDA transition
of pure bulk water !Ref. 15". Gray lines: the glass transition region of the
solutions !Ref. 7". When the 3.2 mol % sample just after the small heat
evolution below 150 K was compressed again, it showed heat evolution
around 0.3 GPa. On the succeeding decompression below 150 K, the small
heat evolution similar to those of the 3.2 mol % panel was observed at a
seemingly slightly higher transition pressure. This is consistent with the
expected LDA-HDA behavior of LDA separated from the solution.

FIG. 2. The P-T-C relation of the homogeneous nucleation and the HDA-
to-LDA transition in the LiCl-H2O solution. Th: the reported homogeneous
nucleation lines !Refs. 10–13". Tm: the melting lines !Refs. 12 and 14".
Empty and solid circles: the onset points of the large and small heat evolu-
tions of Fig. 1. Open square: the Th points of this work. Short vertical lines
at 0 mol %: the region of HDA-to-LDA transition of pure bulk water !Ref.
15". Thin solid and thin broken Th lines !guide to the eye" are drawn by
interpolation and extrapolation. The gray region represents the region of the
suggested decompression-induced polyamorphic transitions. The broken line
with arrows indicates smooth change of liquid states.
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In situ neutron scattering under HP: 
Paris-Edinburgh Press (50 kg) 

Increase load up to 20 GPa 

10 mm 

Cool down  to liquid nitrogen  

Recovered sample 

40 mm3 *P measured by 
employing a 
calibrant (Pb) 

Pearl-Isis 



Neutron Diffraction under HP: 

How to Get Started
• Read the “comic strip version” at www.mrl.ucsb.edu/~pynn

Protons hit a heavy metal
producing neutrons by 
spallation

Neutrons are scattered
by nuclei in matter

Scientists measure the angle through which neutrons are
scattered and deduce the atomic arrangement of the sample

Neutrons are slowed down
by interacting with cold H2More Basics

At pulsed spallation sources like the SNS, the neutron
speed is measured using time-of-flight

Sometimes we just determine how
atoms are arranged in crystalline matter

Sometimes, atomic vibrations
in materials cause the neutrons
to speed up or slow down
when they are scattered. This
tells us how strong the “springs”
are between the atoms.

Pearl-‐ISIS	  
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Crystal –long range order 
Amorphe –short range order 

What is a PDF? 
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Comparing	  the	  salty-‐glass	  at	  HP	  @	  HDA	  in	  water	  

Cooling	  the	  salty	  solu=on	  at	  AP	  we	  
obtain	  a	  relaxed-‐HDA	  
......how	  does	  it	  work?!!	  

Leberman	  and	  Soper,	  Nature	  378	  1995	  

    electrostric=ve	  effect	  of	  ionsà	  
equivalent	  internal	  pression	  

L.E.B., S. Klotz et al, PRL 108 (2011) 
 

e-‐HDA	  
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HDA-‐VHDA	  polyamorphism:	  annealing	  under	  HP	  

Isochoring heating at 1.8 GPa 

Density	  change!	  

Abrupt	  change	  (occurring	  at	  at	  120K	  
at	  1.8	  GPa)	  in	  the	  P-‐T	  diagram	  during	  
isochoric	  annealing	  under	  pressure	  

Structural	  change!	  
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Reversible!	  

s-‐HDA@s-‐VHDA	  
L.E.B., S. Klotz et al, PRL 108 (2011) 
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The	  metastable	  phase	  diagram	  of	  salty	  water	  

s-‐VHDA	  stable	  at	  HP!	  

Salty	  water	  

Large	  MD	  simula7ons	  
	  
3456	  water	  TIP4P	  2005	  
576	  LiCl	  polarizable	  pot.	  

cristallisa=on	  

Pure	  water	  
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Annealing	  salty-‐VHDA	  up	  to	  RT	  at	  4	  GPa	  

Amorphous-‐Crystal	  transforma=on	  
during	  annealing	  under	  pressure	  
	  
Abrupt	  pressure	  varia=on	  during	  
crystalliza=on	  	  

 A	  new	  phase	  crystallizes	  at	  273K!	  
S. Klotz, L.E.B. et al, Nature Materials (2009) 
 

VIII	  

*P	  measured	  by	  employing	  a	  
calibrant	  (Pb)	  in	  the	  sample	  
chamber	  



The	  making	  of	  salty	  ice	  VII	  under	  pressure	  

Ø  Diffrac=on	  pa7ern:	  fi7ed	  with	  ice	  VII	  structure	  with	  2.8%	  larger	  lahce	  parameter	  
Ø  Presence	  of	  `tails'	  at	  the	  strongest	  (110)	  reflec=on:	  Huang	  sca7ering	  

Ø  Large	  Debye	  Waller	  factor:	  large	  posi=onal	  disorder	  
Ø  No	  transi=on	  to	  H-‐ordered	  ice	  VIII	  on	  cooling	  

S. Klotz, L.E.B. et al., Nature Materials 2009 
 

Salt	  included	  
in	  ice	  labce!	  



How	  Li	  and	  Cl	  are	  included	  in	  ice	  structure?	  

Ø  Centre	  of	  the	  unit	  cell	  faceà	  can	  be	  occupied	  by	  Li	  	  

Ø  Li	  is	  in	  an	  octahedral	  coordina=on	  in	  s-‐VHDA	  and	  in	  	  all	  known	  	  
hydrates	  	   Li 

Cl 

Tested	  by	  
ab-‐ini7o	  
simula7ons!	  

Incorpora=on	  of	  Li	  and	  Cl	  in	  the	  ice	  VII	  structure	  
à	  local	  distor=ons	  of	  ~0.35	  Å	  (exp	  0.34	  Å)	  

Volume	  expansion	  8%!	  

Water	  orienta=onal	  disorder	  

Ø  Cl	  ion	  has	  the	  same	  molar	  volume	  as	  H2O	  à	  
	  	  	  	  	  	  Subs=tu=on	  of	  O	  by	  Cl	  on	  bcc	  lahce	  sites	  
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Ø  Existence	  of	  polyamorphism	  in	  salty	  ice	  
l-l transi7on	  in	  salty	  water?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Conclusions	  and	  on-‐going	  work	  

 
Proposed Experiment 
We propose to measure the evolution of the static structure factor of a LiCl:6D2O solution as a 
function of pressure along the 180 K isotherm on the ILL diffractometer D20. The access to a 
wide wavevector range with high flux will assure the visibility of possible local structure 
modifications due to a liquid-liquid transition [4,5].  
We will cool the solution down to 180 K and compress it up to a maximum pressure of 12 kbar 
(i.e. safety in the undercooled liquid state) in the high pressure Paris-Edinburg cell (PE), available 
on the facility. The PE- cryostat is required to reach the desired temperature. Relying to 
simulations and the probed amorphous-amorphous transition in the glass, the liquid-liquid 
transition should occur in the 5-7 kbar range at this temperature.  
In a first step we would collect the diffraction pattern for the LiCl:6D2O solution from 2 to 12 
kbar with 2 kbar steps (6 pressure points) for 4 hours each. This would lead to 1 day of beamtime 
plus 0.5 days of installation/cooling of the PE press. In a second step we would collect the 
diffraction pattern for the LiCl:6D2O in the two states just before and after the transition, if it 
occurs, in order to grasp the details of the local structure modification. This second phase will 
cost 1 day of beamtime.  The sample container measurement and calibration runs require 
another 0.5 day. We thus ask for 3 days of beamtime. 
 

 
Figure 1. The instantaneous Li-(O,Cl) coordination 
nLi, calculated by MD simulations, under isothermal 
compression at 140 K. Blue and red symbols indicate 
the high- and very-high-pressure forms, while the 
shadowed region indicates the transition region. The 
most found local structures around the Li ion before 
(upper panel) and after (lower panel), the salty-HDA 
to salty-VHDA transition under isothermal 
compression at 140 K are also showed. 
 

 
Figure 2. Structure factor of salty-HDA, after 
compression at 2 GPa at 80 K (blue dots) compared 
with the simulated spectrum (solid line), and the 
structure factor of salty-VHDA, after annealing at 
180 K at 2 GPa (red dots). Arrows indicate the 
position of the first (solid) and of the second (dash) 
diffraction peak. Insert: tentative metastable phase 
diagram of salty water, sketched on the basis of the 
thermodynamic paths explored by our previous 
neutron scattering measurements [5] (color lines). 
The bold blue arrow indicates the thermodynamic 
path we propose to explore.
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[3] A.K. Soper and M.A. Ricci, Phys. Rev. Lett. 84, 2881 (2000). 
[4] S. Klotz, L.E. Bove et al., Naure Materials 8, 405 (2009). 
[5] L.E. Bove, S. Klotz, and M. Saitta, Physical Review Letters 106, 125701 (2011)! 
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Polyamorphism	  but	  no	  hints	  of	  l-l transi7on!	  
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temperature of!90 K a detectable stepwise of its position
is observed [inset Fig. 2]. This stepwise shift is the ambient
pressure counterpart of the salty-HDA to salty-VHDA
transformation observed at 120 K under annealing at
high pressure.

To check the reversibility of the transition, we recom-
pressed the recovered salty HDA at 140 K up to 2 GPa. As
shown in Fig. 3 we recover the static structure factor of salty
VHDA obtained by annealing at high pressure of the origi-
nal salty HDA phase. The possibility of recovering the same
state by a cyclic thermodynamic path in the P-T phase
diagram indicates the reversibility of the transformation.

In order to go further in the interpretation of experimental
data, we performed molecular dynamics simulations, using
both classical and ab initio methods. Classical molecular
dynamics (MD) simulations were carried out on supercells
containing 3456 water molecules, and Li" and Cl# ions in
the LiCl:6H2O stoichiometric proportion. The interaction
was modeled by using a TIP4P rigid molecule potential for
water, and describing the ion-ion and water-ion interaction as
in Ref. [24]. Results at significant thermodynamic states
were counterchecked by ab initiomolecular dynamics simu-
lations, carried out starting from the smaller (108-H2O
molecules) configurations by adopting a Perdew, Burke,
and Ernzerhof density functional theory scheme, ultrasoft
pseudopotentials, and a plane-wave scheme as implemented
in QUANTUM-ESPRESSO [25]. The MD and ab initio simula-
tions were first carried out on the small boxes to identify the
most interesting pressure-temperature thermodynamic paths
to be followed by the experiments. We then performed MD
simulations on the largest supercells along those paths to
allow the interpretation of the experimental results. At each
thermodynamic state the system evolves in time for 1–2 ns,
while between different states, pressure is increased by steps
of 0.1 GPa.
We first checked that the average structures of the two

amorphous states under the experimental conditions are
well reproduced by our calculations. Fig. 1(b) and Fig. 3
show a comparison between the simulated and experimen-
tal static structure factors of the salty-HDA and salty-
VHDA phases for similar thermodynamic conditions.
Indications of the occurrence of a salty-HDA to salty-
VHDA transition have been found in the enthalpy variation
(or equivalently in the relative volume change) and in the
average first neighbors’ distributions variation as a function
of pressure under isothermal densification. The enthalpy vs
pressure variation at constant temperature, which has been
calculated from the largest-box simulations along the
140 K isotherm, shows sharply different behaviors occur-
ring in the<0:5 GPa and>2 GPa ranges, further confirm-
ing that salty HDA and salty VHDA are well-distinguished
states. A key parameter to disclose the structural changes at
the basis of the observed transition is the Li-X (with X $
O, Cl) pair distribution function. In the simulations, the
first neighbors’ shell of the Li ion is very well defined, with
a deep minimum at around 3.0 Å between the first and
second shell of neighbors. This allows a simple description
of the structural changes during the transformations under
P and T variation. As showed in Fig. 4, at ambient pressure
the favorite local structure around the Li ion consists
mainly of tetrahedral configurations (!70%). The instan-
taneous Li-(O,Cl) coordination nLi, calculated within the
same sphere, indicates that the tetrahedral coordination at
ambient pressure (nLi % 4:25) varies only slightly under
pressurization up to ca. 0.5 GPa (nLi % 4:34), where a
dramatic change of behavior is observed, with a much
steeper increase of the Li coordination with pressure,
which continues up to about 2.0 GPa (nLi % 5:05). Here,
another abrupt change of slope seems to indicate that the
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FIG. 2 (color online). Salty-VHDA to salty-HDA transition
under annealing at ambient pressure. Inset: the peak positions,
as derived from a Lorentzian fit of the main diffraction peak, are
reported, as a function of temperature. Dashed lines in the main
panel correspond to dashed lines in the inset.
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FIG. 3 (color online). The structure factor of salty VHDA
produced by isothermal compression of salty HDA at 138 K
(experiment: grey dots; simulation: full line) is compared with
that of salty VHDA produced by isochoric annealing up to 138 K
of salty HDA at 2 GPa [(red) dots]). Inset: Tentative metastable
phase diagram of salty water, sketched on the basis of the one of
pure water [18], and of the thermodynamic paths explored
[(color) lines].
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Conclusions	  and	  on-‐going	  work	  

Ø  Existence	  of	  salty	  ice	  VII	  (salt	  incorpora7on	  in	  ice!)	  under	  P	  
Existence	  of	  other	  LiCl-‐HP	  ice	  phases?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   

Ice VI 
 

 
Existence	  of	  salty	  ices	  relevant	  for	  planet	  interiors:	  NaCl,	  KCl…	  
	  	  	  	  systems	  harder	  to	  
	  
	  
	  
	  
	  

! !"#$%&$%'&!("#)%&$(*&+(),$,-.&/0"#*&
1"2"-$(&"%&#3*"(&4$#*(&)5*$%1&&

! !3*&)5*$%&"1&#3)063#&#)&,*&
1$%'4"53*'&,*#4**%&-)4&+(*110(*&
"5*1&)%&#)+7&$%'&3"63&+(*110(*&"5*1&
801#&$,)9*&#3*&()5:.&5)(*&

! ;22)%"$&$5#"%6&$1&$%&$%#"<(**=*&
5$%&$--)4&<)(&$&'**+*(&)5*$%&

! >9"'*%5*&)<&5(.9)-5$%"12&)%&
10(<$5*&&

!
'*5)0+-*'&<()2&10(<$5*&$%'&()#$#*1&
$#&$&1-"63#-.&'"<<*(*%#&($#*?&

! >-*5#("5$-&<"*-'&'*#*5#")%&
"%#*(+(*#*'&$1&*9"'*%5*&<)(&-"/0"'&
)5*$%&

&

!"#$%&@&!("#)%&



      
 
 

Long term Perspectives: 
	  
Ø  Characterize	  new	  dynamic	  proper7es	  in	  salty	  ices:	  plas7city,	  	  
superionicity……	  

ILL-‐Long	  Term	  
2013-‐15	  

probe	  Hydrogen	  dynamics	  under	  HP-‐HT!	  

Salty ice VII 4 GPa 300K 
 
    MD: plastic at 400 K! 

MD: Salty ice VII could 
become superionic at 800 K, 10 
GPa 
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Long term Perspectives: 

ANR	  JCJC	  HP-‐QENS	  0135:	  HP-‐QENS	  up	  to	  5	  GPa,	  600	  K	  
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QENS	  under	  HP:	  H	  dynamics	  

HP-‐conduc=vity	  measurements:	  H+	  conduc=vity	  

!
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Scattering fundamentals
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What is QENS, and what 
does it look like?
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