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Abstract 

Results about the structure of liquid water underpressure and using neutron diffraction are presented. 
The structural data are compared with that of low density amorphous ice (LDA) and of high density 
amorphous ice (HDA). The low density amorphous ice which is well accounted for a continuous 
random network model appears as the limit of deeply supercooled water while the high density 
amorphous ice which is a more disordered form of ice appears as the limit of water under high 
pressure and at high temperature. 

1. Introduction 

The structural properties of water are now mostly well understood in some range of temperatures and 
pressures using different techniques such as X-ray diffraction [1-3], neutron scattering [4-9] 
Molecular Dynamics (MD) [10-12 ] and Monte Carlo (MQ [13] simulations. The number of models 
of its structure is very large and the number of experimental results enormous. The result for such an 
interest lies on the fact that water has unusual physical and chemical properties due mainly to the 
presence of H-bonds. An illustration is given by the phase diagram of water [14] presented in Figure 
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Figure 1. Phase diagram of water 



The polymorphism is indeed remarkable and besides all these crystalline phases one must add some 
amorphous solids, the low density amorphous ice (LDA) and the high density amorphous ice (HDA). 
These two forms of amorphous ice nave recently been incorporated in the phase diagram of water 
deduced from MD simulations [15-16] which provides a complete picture of the stable and metastable 
behaviour of water. We have recently obtained by X-ray and neutron diffraction experiments [17] 
tnat structure factors and radial distribution functions of amorphous ice prepared by rapid cooling of 
water droplets on a cryoplate were nearly identical to those of amorphous ice formed either by vapour 
deposition onto substrates cooled at 77 K [ 18] or after heating the high density amorphous ice [19]. 

In this paper, we give the more recent account about the temperature and pressure variation of liquid 
water, in particular, at normal pressure and in the supercooled state down to -31.5°C and under 6000 
bar up to a temperature of 53°C. Some comparison between the structure of liquid water in the 
mentioned thermodynamic states and that of the two forms of amorphous ice (LDA and HDA) will be 
presented. 

2. Theory 

The differential scattering cross section of neutrons by an assembly of fixed nuclei (forming 
molecules or not) is given in the static approximation by [20] : 

where bt,b/ are the coherent scattering lengths and a ; the incoherent scattering cross sections. 

It mav be split into a self 0 = j) and a distinct part : 

da {dQJ \da) 

The self part itself can be split into an incoherent and a self-coherent part 

In the case of pure D2O, tf ; self pan is expressed as 

{da) ~{dnLH\dCiLoh 

where b0 and bD are the coherent scattering lengths relative to oxygen and deuterium atoms, 

b0= 0.585xlO"' 2cm, bD = 0 . 6 6 7 4 x l O - 1 2 c m , and where o f = 2.032bams is the incoherent 
scattering cross section due to deuterium atoms D (the incoherent cross section of oxygen is zero). 

The distinct part can be separated in an intra- and intermolecular part corresponding to correlations 
between atoms within the same molecule or atoms belonging to different molecules, respectively ; 

^distinct / j _ \ i « ' a / j~\inier 
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The differential scattering cross section may thus be expressed by the relation : 
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(6) 



The liquid structure factor S^(Q) is defined from the distinct part of the differential cross section 
for liquid D2O, it is given by : 

SM«2) = 
.distinct 

/(b0 + 2bD)2 (7) 

where Q is the scattering wavevector. 

For a molecular liquid, the structure factor may be split into two parts : 

S„<Q) = fl(Q) + D„(Q) (8) 

f\{Q) is the molecular form factor and theDw(Q)function contains all the intermolecular 
contributions. 

At very large Q values, DM(Q)gocs to zero. Then, the main contribution to the structure factor 
comes from fx(Q). However for hydrogen bonded liquids, the intermolecular contribution 

I wo ) c a n ** o b s c r v e d a t n i 8 n values of G so that it is difficult to define the low limit of Q 
from which this property becomes valid. To overcome this difficulty we used a procedure described 
elsewhere [20]. 

The total pair correlation function g<r) is related to the Fourier transform of SM(Q) by the relation : 

4JIP.W (g<r) - 1 ) = - \QQ{SM{ Q) - SM(oo))sinQrdQ (9) 
Jt 

where SM(oo) = (bg + 1b\) I (b0 + 2bD)2 is the asymptotic value of f\(Q)M large Q and 9M is the 
molecular density. 

The function g(r) is a combination of the different partial correlation functions and includes both the 
intermolecular distances. It is more convenient to remove the intramolecular terms by subtracting the 
molecular form factor from SM(Q) to obtain DM(Q), which may be Fourier transformed in order to 
obtain the pair correlation function gtfr) for intermolecular terms only : 

dL(r) = 4npM{gL(r) -1 ) = ~^QDM(Q)sinQrdQ (10) 
ft 

In this way, no truncation effect arises ; moreover the first peaks due to the intramolecular distances 
disappear in the low r range. 

The composite gL(r) function is thus defined as : 

gL(r) = Q.mgDD{r) + QA2\gOD(r) + 0.<Mgoo(r) (11) 

where the dominant contributions concern the DD and OD spatial correlations. 

3. Experimental procedure 

Neutron scattering experiments were carried out on the 7C2 spectrometer, at the reactor Orphée of the 
Laboratoire Léon Brillouin, Saclay, France. The spectrometer is equipped with a BF3 position 
sensitive detector with 640 cells. The angular step between two adjacent cells is equal to 0.2 degree 
which leads to a maximum diffraction angle of 128 degrees. We selected an incident wavelength of 
\ = 0.7/4 by means of a Cu ( 111 ) monochromator that allowed us to cover a range of magnitude of 



To the pressure generator 

scattering wavevectors iQ = 4rcsin8 / X) extending from 0.3 to 16 A'1. The wavelength and detector 
zero-angle were obtained from standard calibration measurements using a nickel powder. 

According to the temperature range of the experiment, two kinds of samples have been used : bulk 
D2O in the Ti-Zr pressure cell and. at normal pressure, D2O in emulsions in order to increase the 
degree of supercooling. The emulsion was constituted with a mixture of deuteroheptane and CCU 
with sorbitan as a surfactant ; the average size of the water droplets was around some urn [21]. A 
scheme of the Ti-Zr pressure cell is given in fig.2. 
This cell is made with a "null" Ti-Zx alloy [9-
21] which scatters neutron incoherently as the 
mean coherent scattering length for the Ti and 
Zr atoms is zero for the composition of the 
alloy : 34% titanium and 66% zirconium. The 
dimensions of the cell (internal diameter = 
5.70mm, wall thickness = 5.22mm) have been 
determined in order that the cell supports 
pressures up to 10 kbar. 

The data analysis relative to the experiments at 
normal pressure and thus performed in a thin 
walled vanadium cell has been done by using 
the standard procedure [22]. The data analysis 
relative to the experiments performed in the Ti-
Zr pressure cell has been done by using a 
procedure previously applied to He-Xe mixture 
[23] and which allows to correct for the 
multiple scattering either in the cell alone or 
both in the cell and the sample. 
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Figure 2. Scheme of the Ti-Zr high pressure cell 

4. Results and discussion 

4.1. Structure factors SM(Q) 

Fig. 3 gives the structure factors of supercooled water [24], at respectively, -10.5°C and -31.5°C as 
compared with mat of low density amorphous ice. 

When the temperature is decreased it appears that the main peak position of the structure factor of 
supercooled water tends towards the value 1.70 A which is characteristic of low density amorphous 
ice [24]. 

Fig, 4 gives the structure factors of liquid water under 6000 bar and, at respectively, -4°C and 53°C 
as compared with that of high density amorphous ice. Under a pressure of 6000 bar, when the 
temperature is increased up to 53°C, it appears that the main peak position of the structure factor of 
liquid water tends towards the value of 2.20 A which is characteristic of that of high density 
amorphous ice [25]. A very slight increase of the main peak position (from 2.16 A*1 to 2.20 A' 1) is 
obtained while the temperature is raised from -4°C to 53°C. When increasing the pressure, from 
normal pressure to 6000 bar, it means that the effect of temperature becomes smaller which confirms 
that the effect of pressure is to reduce the anomalies of liquid water which evolves to a normal 
associated liquid. 

4.2. Pair correlation functions d, (r) 

The composite pair correlation functions of supercooled water [24] at -10.5°C and -31.5°C are 
displayed in figure 5 and compared with that of low density amorphous ice [23], 

At -31.5°C, in the small-r range, some features characteristic of low density amorphous ice show up, 
in particular, the O-D hydrogen bond distance at 1.82 A and the D-D intermolecular distance at 



2.31 À. In the large-r range one observes additional small oscillations which are not present at 
- 10.5°C and an out of phase behaviour of the broad oscillations for values of r higher than 10 À 
These features are similar to those observed in low density amorphous ice 

OU'*) 

Figure 3. Structure factors S^(Q) of 
supercooled D2O, at normal pressure, as 
compared with that of low density 
amorphous ice (LDA) at 77 K. 

Figure 4. Structure factors SM(Q) of liquid 
D2O, under 6000 bar, as compared with that 
of high density amorphous ice (HDA) at 
77 K. 

Figure 6 gives the composite pair correlation functions of water under 6000 bar and, at respectively 
•4°C and 53°C, as compared with that of high density amorphous ice. When increasing the 
temperature up to 53°C it appears that there is a slight evolution of the dL(r) functions which present 
the characteristics of that of high density amorphous ice [25]. All the peaks are broader, showing that 
interatomic correlations become weaker as the pressure is increased at high temperature. A very broad 
peak is present at 3.34 A and a minimum exists at 5.0 A, i.e. in the region where there is a maximum 
for the low density form. The O-D hydrogen bond distance and the D-D intermolecular distance are 
shifted respectively to 1.84 A and 2.36 A. Moreover, the peaks observed by X-ray [26] at 2.8 A and 
around 4.6 A, appear as small bumps. 

5. Discussion and conclusion 

Neutron diffraction is sensitive to both position and angular correlations and the composite dL(r) 
function is dominated by the partial functions goo(r) a n o " iDD(r) ( s e c equations (10) and (11)). At 
normal pressure. X-ray data [27] show that oxygen-oxygen distances are not strongly temperature 
dependent. Thus, the observed strong temperature evolution of the dL(r) functions is mainly due to 
the temperature dependence of the O-D and D-D correlations. The increased effect of hydrogen-
bonding therefore produces enhanced orientational correlations between neighbouring molecules and 
as die hydrogen-bonded clusters increase in size, there is a greater spatial correlation between second 



and third bonded molecules. However, the assembly still possesses liquid characteristics so that the 
correlations of the transient hydrogen-bonded assemblies [281 are less developed than in the static 
structure of amorphous ice. Moreover, an appropriate description of the structure of low density 
amorphous ice has been given in terms of a continuous random network model [29]. In this model 
the basic building unit is a water pentamer. This is equivalent to a description of the molecular 
arrangement in water by a continuous random network of tetrahedrally coordinated H-bonds [281. 
Under a pressure of 6000 bar, the highest pressure that it was possible to reach during our pressure 
experiments, the dL(r) function of liquid water at 53°C exhibits features which are characteristic of 
high density amorphous ice. If for the supercooled water the structure present between 4.5 and 6.0 
À is connected to the formation of tetrahedrally coordinated patches, it is clear that such patches are 
not present in the high pressure liquid water, either because the hydrogen bonds are broken, i.e. the 
molecular energy is on average too low or, more likely because the hydrogen bond network is 
distorted. 
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Figure 5. Pair correlation functions dL(r) 
of supercooled D2O, at normal pressure, as 
compared with that of low density 
amorphous ice at 77K. 

Figure 6. Pair correlation functions dL(r) of 
liquid D2O, under 6000 bar, as compared 
with that of high density amorphous ice at 
77K. 

On one hand, at normal pressure and low temperature, the measurements confirm the increasing 
spatial correlations in deeply supercooled water as the temperature is decreased and the tendency to 
evolve towards the structure of low density amorphous ice. On the other hand, the structural study of 
liquid water, at 6000 bar and respectively -4°C and 53°C, confirm the tendency that the high density 
amorphous ice appears as the limit of liquid water at high temperature and high pressure. 

Moreover, these results allow to validate in the phase diagram of water obtained by Molecular 
Dynamics computer simulations [15-16], using a ST2 potential, the existence of the two phases of 
amorphous ices (LDA and HDA). 
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