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The idea that a second crifical point in the liquid water phase diagram at
220Kand 0.1 GPa could explain the anomalous properties of wateris a
Major current issue in water science. Below this femperature it is
proposed that a line of first order phase fransitions separates low and
high density liquid water [1]. Unfortunately this behaviour occurs at
temperatures where non-crystaline water (either amorphous or
supercooled liquid) crystallises (Fig 1.). Hence, the principal
experimental tests of this model involve studies of the two forms of
amorphous ice — low density amorphous ice (LDA) and high density
amorphous ice (HDA) — based on the assumpfion that these amorphs
are representative the glassy forms of the respective liquids.

The two amorphs can be reversibly interconverted by pressure af 130 K
and the character of this fransformation is a crucial test of the two-liquids
model. Early volumetric studies show a discontinuous volume change
at 0.3 GPa on upstroke and 0.05 GPa on downstroke [2]. More recent
detailed microscopic investigations have explored the thermal
decomposition of metastable HDA recovered to ambient pressure and
the various studies have reached diametrically opposed conclusions.
Visual observation and Raman [3], and neutron diffraction studies [4]
concluded that the fransition was a simple first-order fransition, while
neutron and x-ray diffraction studies [5] found evidence for intfermediafe
stafes between LDA and HDA and hence concluded that the fransition
was continuous.

The situation was further complicated by the proposal that the densified
state produced by warming HDA at pressures above (~1 GPq) is a third
distinct amorphous state — very-high density amorphous ice (VHDA) [6].
Recent molecular dynamics studies have concluded that VHDA and not
HDA is the representative glassy form of the high density liquid [ 7].

Since almost all of the microscopic investigations of amorphous ices
have been performed af ambient pressure , the effect of pressure and
the relationships between the various forms remain unclear. We have
now completed a detail investigafion of the P-T behaviour using the Paris-
Edinburgh cell and neutron diffraction.

To examine the in-siftu behaviour of HDA we followed the
posifion of the first diffraction peak as a function of pressure
and femperature to monitor the state of the sample. We first
explored the behaviour of HDA produced by slow
compression at femperatures below 85K. Under these
condifions provided the sample is kept below 85 K then the
ambient pressure peak position is 2.98(2) A (the generally
accepted value for HDA) and the peak has an upstroke
pressure dependence snown as a black dofted line in
Figure 3. We call this unrelaxed form u-HDA

When warmed at pressures in the range 1.4-2.0 GPa the
peak moves to shorter d-spacing and sharpens as the
sample anneadls o form VHDA (light blue friangles) and these
anneadled samples when recovered 1o ambient pressure at
85 K had a peak position of 2.75 A characteristic of VHDA. It
IS interesting to note that the difference between u-HDA and
VHDA af the pressures at which VHDA is formed are much
smaller than when recovered to ambient pressure.

We next explored the behaviour on warming at pressures
comparable fo that of the LDA to HDA transformation. The
filled red circles in Figure 3 show the behaviour of a sample
of u-HDA on warming at ~0.1 GPa. As can be seen thereis a
stfrong expansion of the position of the first peak to a position
well beyond that of u-HDA at ambient pressure 1o a form
which we denote expanded or e-HDA. On pressure increase
the peak moves rapidly and becomes coincident with the
u-HDA line at about 0.6 GPa. Samples of VHDA also expand
when warmed af low pressure (solid and open blue squares)
to form e-HDA and LDA transforms under pressure 1o form
this same e-HDA (openred circles).

On recovery 1o ambient pressure e-HDA shows very different
behaviour to u-HDA . Instead of moving strongly to longer a-
spacings when warmed and then transforming 1o LDA in the
range 105-110 K as Tulk et al [6] and Koza et al found [4]
(open symbals), the first peak shows almost no movement
(particularly for the sample produced at the lowest pressure
shown as red squares) and transforms at a much higher
temperature of ~128 K. Futhermore, the fransformation to
LDA appears to be a simple discontinuous transition.
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Position of the first diffraction peak in high densify amorphous ices, as a function of P
and I. Doffed lines: estimated upsfroke peak positions for un-annealed u-HDA (upper) and VHDA
(lower) at 85 K. Filled (red) circles: annealing of u-HDA to e-HDA on warming, and subsequent Diffraction patferns of amorphous ice
compression of e-HDA. Open (blue) squares: recompression of VHDA at 85 K and warmingto 130 ~ collected as a funcfion of increasing load
K. Filled (blue) squares: e-HDA made from VHDA at 130 K. Open (req) circles: e-HDA made from  Qpplied 1o the pressure cell af ~0.3 and 130 K.
LDA af 130K.
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LDA can be transformed into HDA by the application of ~0.3 GPa
af 130 K. At this temperature the kinetics are much faster and
hence there is no need to decouple changes due to the transition
fromn the effects of relaxation or glass ageing as is necessary in
the ambient pressure studies. Figure 2 shows diffraction pafterns
collected as a funcftion of increasing load. Inifially the main peak
of LDA shifts indicating that the pressure increased (panels a to b).
Once the fransition starfs and HDA appears then the position of
the main HDA peak remains fixed (padnels b to e) indicating that
the pressure is constant throughout the transition. Only when all of
the LDA has gone does the position of the HDA peak change
indicating that the pressure has begun fo increase (panel f).
Furthermore, as can be seen in panel d, at the mid point of the
fransition peaks of LDA and HDA can be resolved which is not the
06 08 10 12 14 16 18 case in the ambient pressure studies [4,5]. Al of the diffraction

Pressure (GPa) oatterns shown can be fitted by a linear combination of the
diffraction patfterns of LDA and HDA (shown in the inset). This
behaviour with the conversion of one form info another at a fixed
pressure and femperature is exactly what would be expected for
a simple first-order like fransition.
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Ihe phase diagrarn on non-crysialline warer.
Ihe upper and low doired lines denore respeciively the |P-
I condlifions ar which super-cooled warer crysrallises on
cooling and amaorphous ice crysiallises on warming. Ihe
gor-aashed line denores the proposed line of liquid-
Iguld phase Transiiions exiragpolared Inio 1he esiimaied
ooundaary beiween LDA and HDA.
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The solid lines are a fit using aQ linear
combination of the diffraction patterns of LDA
and HDA (shown in the inserf).

In-situ sfudies demonstrate clearly and unambiguously that the LDA to HDA
transition has first-order character in contrast to previous work at ambient pressure.

Low-pressure annealing reveals an unexpected expansion to form e-HDA and that
e-HDA not VHDA or u-HDA is the form of amorphous ice relevant to the transition.

e-HDA shows different annealing behaviour at ambient pressure from u-HDA or
VHDA and even under these metfastable conditions appears to transform
discontinuously fo LDA

The existence of e-HDA means that all previous ambient pressure work was
misconcieved since it looked atf the wrong form of amorphous ice.

Experimental evidence now strongly supports the two-liquids model of water

Work needed to characterise e-HDA and to demonstrate therrmodynamic
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Behaviour of recovered high-density amorphous ices on warming at
ambient pressure. Diffraction patferns obfained, af the femperatures shown in the
keys, from e-HDA samples annealedto 130K af 0.18 GPa (A) and af0.30 GPa (B)
as they are warmed up fo and through the fransformation fo LDA. Sharp peaks are
from the lead pressure calibrant and the sinfered diamond of the pressure-cell
anvils. The lower plot (C) shows the variafion of d-spacing (and &) of the first

diffraction peak for the samples shown in (A) by filled (red) squares and in (B) as
filled (blue) friangles. Open symbols show fhe behaviour of u-HDA samples
Tulk et al [5] H,O reported in previous work: samples made from D,0 and H,O in Tulk et al [5]

(squares and circles, respectively); and a sample made from D,O in Koza ef al [4]
(friangles). Arrows mark the onset of the fransformations fo LDA.
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