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Abstract

Pure water forms 15 crystalline ices at different temperatures and pressures, and its solutions containing small molecules form three crys-
tallographically distinct clathrates. Its vapours deposited on a substrate at 7< 100 K produce a porous amorphous solid and pure water vitrifies
(T = 136 K) when hyperquenched in micron-size droplets. At a temperature below 140 K, hexagonal and cubic ice collapse when pressure exceeds
~1 GPa to a ~30% denser amorphous solid, which on heating at ambient pressure transforms to an amorphous solid with density similar to that of
hexagonal ice. In this essay, we describe (i) the thermal conductivity of the ices and clathrates and the thermal conductivity and heat capacity of
water’s amorphous solids, their thermodynamic paths and their transformations, and (ii) the dielectric relaxation time of ultraviscous water formed
on heating the amorphous solids. We also describe the characteristics of pressure collapse and subsequent amorphization of hexagonal and cubic
ices that occurs over a period of several days according to a stretched exponential kinetics and a pressure-, and temperature-dependent rate constant.
This process is attributed to the production of lattice faults during deformation of the ice and the consequent distribution of the Born instability
pressures. This ultimately produces a kinetically unstable high-energy amorphs in the same manner as random deformation of crystals produces
kinetically unstable high-energy amorphs, with density and properties depending upon their temperature—pressure—time history. On heating at
1 GPa pressure, the pressure-amorphized solid relaxes to a lower energy state, becoming ultraviscous water at 140 K. But on heating at ambient
pressure, it irreversibly transforms slowly to a low-density amorph that differs from glassy water and vapour-deposited amorphous solid.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Pure water is known to form 15 crystalline phases. It is
believed that it forms also at least three amorphous solids,
although like any amorphous solid state of a material, the number
of its amorphous solids may be virtually infinite. The crystalline
phases have been named hexagonal ice (ice Ih) and cubic ice
(ice Ic), both of which are bulkier than water, and ices 11-XIl,
as reviewed in Ref. [1], and two recently found phases ices XllII
[2] and X1V [3] all of which are denser than water. Regions of
their thermodynamic stability and the metastable conditions in
which ices Ic, IV and XII have been formed are shown in the
temperature—pressure phase diagram in Fig. 1. Ice X, which is
not shown, has a centrosymmetric structure of hydrogen bonds.
It forms at pressures higher than ~44 GPa [4]. At ambient pres-
sure, bulk water freezes to ice Ih, but sub-micron size droplets
of pure water freeze to ice Ic, as described in Ref. [5]. Only
ices I11-VII and XII have been made by compressing bulk water
and therefore these are shown to have a phase boundary with
liquid water, except ice XII. Ice IV is formed by nucleation with
organic molecules [6] and it is a metastable phase in the temper-
ature and pressure range of ice V. Ice XlI is also a metastable
phase formed directly from water in the presence of silica fibres
which presumably act as a nucleating surface [7]. Many of the
high-pressure ices have recently been produced by crystalliza-
tion of a high-density apparently amorphous solid water or by
heating the metastable ice XII [8].

300|\\\‘\\\||||||||||\
liquid VI
Nl
250 |- Xl
200 — Vi
X I : \
Ich:
- 1'% 1x proton
ke B0 & ordering  (XIl)
B proton 7]
i ordering
% ’ /
%
0.0 0.5 1.0 15 2.0
p/GPa

Fig. 1. Phase diagram of water and ice showing the regions of stability of 15
crystalline phases and three amorphous phases. The amorphous phases have
been made by hyperquenching of water, pressure-amorphization of ices Ic and
Ih and heating of the pressure-amorphized solids. HoO molecules are orienta-
tionally disordered in the structure of metastable ice Ic, and also in the structure
of all those stable or metastable ices that have an equilibrium phase boundary
with liquid water, even when they form in the domain of another ice by freezing
water containing nucleating agents. All of these hydrogen-atoms or protons dis-
ordered phases have a finite configurational entropy. All these ices are expected
to become orientationally ordered on cooling with a change in the crystal sym-
metry. The shaded region of the diagram is for the temperature—pressure range in
which high-density and low-density amorphs and hyperquenched glassy water
are stable for a long enough period to be studied.

In the crystal structures of the ices, each H,O molecule
forms four hydrogen bonds with its four neighbours. Two hydro-
gen bonds are formed by a molecule donating protons, one
each to two neighbouring H,O molecules, and two by accept-
ing protons, one each from the other two neighbouring H,O
molecule [9]. Thus, an H,O molecule is hydrogen-bonded in
a tetrahedral arrangement in the ice structures, resembling the
structure of covalent bonds in silica. The angle between the
oxygen atoms of the H,O molecules in ices Ih, Ic and VIII is
nearly tetrahedral and the hydrogen bonds between two H,O
molecules are linear. This angle varies greatly in other ices
and the hydrogen bonds between two H,O molecules are non-
linear. This variation allows for the increase in the density
of their structures. In the crystal structure of all the ices that
form directly by cooling water, HoO molecules at the lattice
sites are randomly oriented. Therefore, these ices are said to
be orientationally disordered, or proton-disordered. There is
no long-range order for the hydrogen atom positions in their
structures. It is probably correct to say that ice Ih is the most
abundant orientationally disordered crystal phase on the Earth
and in its atmosphere, and clouds occasionally contain crys-
tals of ices lh and Ic along with water droplets and water
vapour.

Because of the orientational or proton-disorder of H,O
molecules, ices Ih, Ic, I11I-VII and possibly XII have a finite
value of the configurational entropy. The maximum value of
this entropy is equal to R In(3/2) (=3.27 J (mol K)~1), where R
is the gas constant [1]. Except for ice Il that forms by vary-
ing the temperature and/or pressure of ices Ih, Ic, Il and V, the
remaining crystalline phases, ices V111, IX, XI, X1Il and X1V are
made by orientationally ordering, or proton-ordering, of respec-
tively, ices VII, 11, Ih, V and XII. Ice VIII forms gradually
on cooling of ices VII and 1X on cooling of ice Ill, whereas
orientational ordering of ice Ih is achieved by isothermal, long
time annealing of the pure or doped ice Ih to produce, some-
what slowly, significant amounts of ice XI. Ice X is produced by
pressurizing ice VII at 100 K to above 62 GPa. In its structure,
protons are symmetrically placed between two oxygen atoms
[1]. Finally, ice XII1 [2] and ice XIV [3] have been produced
by cooling of HCI-doped ices V and XIlI, respectively, and the
transformation has been found to be thermally reversible in a
short duration.

Water containing certain small molecules freezes to produce
crystals of ice clathrates. In their structure, H,O molecules form
hydrogen bonds to produce cage-like structures which confine
the small molecules. Three such crystalline forms of clathrates
are known, two have cubic structures in different space groups
[10,11] and one hexagonal [12]. Some of the clathrates contain
methane and other hydrocarbons, and are found to occur in vast
quantities in the cold regions of the Earth and in submarine
sediments [13-15]. Recently, it has been found that clustered
hydrogen molecules can be stored in the cages of the clathrate
structures [16—18]. These clathrates are of practical importance
[19,20].

Water also forms at least three amorphous solids. The oldest
known amongst these was made by depositing water vapours on
a substrate held at a temperature below 100 K [21]. As formed,
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this solid is relatively porous and it exothermally anneals on
heating [22]. Water droplets of less than 3 um diameter dis-
persed as an aerosol in N2 gas have been rapidly quenched to
77 K to produce 2-3 mm-thick opaque layer of hyperquenched
glassy water [23-25]. In their annealed states both the vapour-
deposited amorphous solid and hyperquenched glassy water
show identical thermodynamic behaviours, the same T 0of 136 K
for the heating rate of 30 Kmin—! [26] and become ultravis-
cous water at 140 K. The other two forms of amorphous solid
water have been produced by pressurizing ices Ih and Ic at a
temperature below 140K to ~1 GPa [27-33]. The density of
the pressure-amorphized state thus obtained by the collapse of
the (bulkier) ices lh and Ic structures is 1.17 gml~1 at ambi-
ent pressure and 77 K [27]. This solid has therefore become
known as the high-density amorph or HDA. Studies in recent
years have shown, and it is now agreed, that the term HDA
is generic. It refers to all amorphous solids of unknown den-
sity produced by pressure collapse of ices Ih and Ic at different
temperature, pressure, and time conditions [34-36]. When this
solid HDA is recovered at ambient pressure and is then heated at
ambient pressure, it transforms irreversibly (and exothermally)
to another amorphous solid whose density is 0.93gml~! at
77K [28], which is similar to the density of ices Ih and Ic.
Because of its low-density, this third form has been called the
low-density amorph (LDA). When LDA at a low temperature
is pressurized to ~0.4 GPa, it converts to HDA. A thermo-
dynamic state analysis has shown that this HDA differs from
the HDA formed by pressurizing ice lh to 1 GPa [37]. When
LDA is heated at ambient pressure, it transforms exothermally
to ice lc with negligible change in the density. Amorphous
solid water has been found occasionally in the atmosphere,
and it is estimated that large quantities of both crystalline and
amorphous solid forms of water are present in the nuclei of
comets and interstellar dust, and in satellites and giant planets
[38-43].

Crystalline and amorphous solid states of water are remark-
able examples of hydrogen bonding and are therefore of general
interest. They are also of practical importance in the discipline
of cryobiology, food sciences, astrophysics and geophysics of
planets and satellites. In this essay we describe some of the vibra-
tional properties of the ices, as well as of water’s amorphous
solids, particularly their thermal conductivity and heat capacity.
We also describe how calorimetry and dielectric spectroscopy
have been used for characterizing crystalline and amorphous
solids and discovering new forms. Finally, we describe the
mechanism of pressure-amorphization of ices Ih and Ic, and the
thermodynamics and relaxation of the amorphous forms. As the
emphasis here is on thermal properties, most of the information
on water’s amorphous solids obtained by X-ray and neutron
scattering studies is excluded. For the sake of completeness,
we include a brief description of the rather unusual experimen-
tal methods used for measuring the thermal conductivity, heat
capacity and dielectric relaxation time of these solids at high
pressures and low temperatures. Studies of the water’s amor-
phous solids by diffraction methods and by computer simulation
have been reviewed recently [44], and therefore are mentioned
only briefly here.

2. Experimental methods for measurements at high
pressures

In our studies of water and other materials, a hot-wire method
has been used to measure both the thermal conductivity, «,
and the product of the density and heat capacity [34,45-50].
The method is based on a mathematical solution of the time-
dependent equation for heat conduction and has been described
in detail earlier [51]. In this solution, the temperature rise AT
of an infinitely long, infinitely conducting wire immersed in an
infinitely large specimen is given by [52]

2
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where ¢ is the constant heating power input per unit length,
a=2pCpl(pwCw), B= Kt/(,OCprz), t the time, r the radius of the
hot-wire, p and C, the density and heat capacity of the specimen,
pw and Cy the density and heat capacity of the hot-wire, Jy and
J1 Bessel functions of the first kind of zero and first order, and
Yo and Y7 are Bessel functions of the second kind of zero and
first order.
The hot-wire sample cell, illustrated in Fig. 2(A), is made of
Teflon. The hot-wire itself is a 0.1 mm diameter 40 mm long Ni-
wire. The Teflon container is ~30 mm deep and 37 mm internal
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Fig. 2. (A) The high-pressure cell assembly for measuring the thermal conduc-
tivity and heat capacity (left) and the dielectric relaxation time (right). (B) The
arrangement of the high-pressure vessel showing the application of the uniax-
ial stress and arrangement that allows the use of helium cryostat in a massive
assembly.
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diameter with a tightly sealing Teflon cover. It closely fits inside
the piston-cylinder assembly of internal diameter 45mm of a
high-pressure assembly illustrated in Fig. 2(B). In order to best
use the limited space available in high-pressure equipment, the
wire is placed harizontally in a ring of constant radius within
the Teflon cell. At each heating event, the hot-wire probe, which
is surrounded by the material under investigation, is heated by a
1.4 long pulse of nominally constant power during which the
wire resistance is measured as a function of time. The temper-
ature rise of the wire is then calculated by using the relation
between its resistance and temperature, i.e. the wire acts as both
the heater and the sensor for the temperature rise. Eq. (1) for
the temperature rise with time is fitted to the data points for
the hot-wire temperature rise, thereby yielding « and pC,. The
inaccuracy in « and pC, thus measured are +2% and +59%,
respectively, at 298 K. It should be stressed that for measuring
x and pC, by this method the wire and the sample must remain
in good thermal contact. In the studies of the ices and amor-
phous solid water, good thermal contact with the hot wire is
ensured only at pressures higher than ~0.05 GPa, and therefore
the low-pressure limit of the study is 0.05 GPa. Also, as the tem-
perature coefficient of electrical resistance of the nickel hot-wire
decreases with decrease in the temperature, the inaccuracy of «
measurements increases to about +4% at 40 K. The standard
deviations of the data obtained in these measurements are an
order of magnitude smaller than the inaccuracy.

Dielectric measurements at high pressures are performed by
using two types of dielectric cells, one isa parallel plate capacitor
of nominally 125-150 pF air capacitance, and the second a con-
centric electrode capacitor of nominally 19 pF air capacitance
[53,54]. The parallel plate capacitor consists of six plates con-
structed from either stainless steel or brass, each separated from
the other by poly(ether-etherketone) spacers. A similar capacitor
but only with four plates is illustrated in Fig. 2(A). The concen-
tric electrode cell is constructed from a Cu alloy. The capacitor
used in the study is placed inside the Teflon container described
above, filled with water, sealed with the Teflon cover and inserted
into the high-pressure piston-cylinder apparatus in which it fit-
ted closely. The capacitance and conductance of the dielectric
capacitor immersed in the ice sample are measured by means of
a Solartron 1260 impedance analyser in the frequency range of
100 Hz to 1 MHz. For measurements at frequencies in the range
10 mHz to 100 Hz, a Hewlett-Packard model 33120A function
generator is used to provide a sinusoidally varying signal to both
the capacitor containing the sample and a reference capacitor
placed in series. The voltages over the capacitors are measured
simultaneously by two Hewlett-Packard 3457A voltmeters dur-
ing at least one period by collecting 100 data points, and the
capacitance and conductance of the sample are determined for
each frequency. The measurement assembly is based on the one
used by Forsman [55], but with a new function generator and
electronics.

The limiting high-frequency dielectric permittivity o, and
dielectric loss during the pressure collapse of ice Ih and the effect
of similar pressure increase on an ice clathrate were measured by
Johari and Jones [56] who used a concentric electrode capacitor
with the cell constructed from a 2% Be—Cu alloy with the outer

electrode acting also as a pressure vessel. In their study the inter-
electrode distance increased with increase in pressure, which
changed the cell geometry by an amount that had been estimated
earlier in the study of dielectric properties of ice VI and later of
ice V, where details may be found [57,58]. A similar change
in the geometry of the concentric electrode cell had occurred
also on raising the pressure from ambient to 1 GPa in our stud-
ies. For reasons given earlier [56-58], this change is regarded as
insignificant. After including the measurement errors, the dielec-
tric permittivity and loss measured at high pressures are accurate
to better than 3%.

In the general experimental procedures for measuring «,
pC, and dielectric properties, the Teflon cell is filled with
~20ml of pure water (tissue-culture grade water purchased
from Sigma-Aldrich, or the water purified by using Milli-Q®
Ultrapure WaterSystems) and then sealed with a tightly fitting,
5mm thick, Teflon cover. This hermetically sealed assembly is
mounted inside a piston-cylinder type pressure vessel of 45 mm
internal diameter, as illustrated in Fig. 2(B) and the load is
applied using a hydraulic press. The whole pressure vessel is
kept under vacuum and cooled by the refrigerator using a closed
helium gas cycle, as illustrated in Fig. 2(B) and described earlier
[59]. Pressure is determined from the load/area with a correction
for friction which is established using the pressure dependence
of the resistance of a manganin wire. The inaccuracy in pres-
sure is estimated as +40 MPa at 1 GPa and 298 K and, due to
increased friction, 60 MPa at 40K and 1 GPa. The temper-
ature is measured inside the Teflon cell by using an internal
chromel-alumel thermocouple. The inaccuracy in temperature
is estimated as +-0.5 K.

This high-pressure assembly and equipment for measur-
ing the dielectric properties, ¥ and pCp, also allows one to
measure continuously the temperature difference between the
sample and the Teflon cell wall. This is equivalent to differ-
ential thermal analysis performed at a very slow heating rate.
Thus very slow crystal—crystal transformation and crystal amor-
phization can also be studied with ease simultaneously with
the «, pC,, and dielectric measurements. For caution, it should
be noted that experiments on pressure-amorphization of ice
in this assembly are particularly prone to failure because the
slow rate of pressure and temperature change causes the amor-
phous solid to frequently crystallize, particularly in the broad
pressure-amorphization range of 0.8—1.1 GPa. In our experience
an average of only one in five experiments is successful in pro-
viding the required data. This has not been the case in the studies
by other groups who have used ~10 times higher pressurization
and cooling rates, and in which the pressure in most studies was
raised from 0.1 MPa to 1.5 GPa in 5 min.

3. Vibrational properties of the crystalline and
amorphous ice

3.1. The thermal conductivity of crystalline and amorphous
solid water

Like a normal crystal, an amorphous solid at low tempera-
tures has no configurations available to its structure. Therefore,
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its properties are seen to be entirely vibrational in origin. These
are determined mainly by the intermolecular distances, which
usually decrease with increase in density as the pressure is
increased or the temperature is decreased. In this respect, the
phonon heat capacity, C,, of an amorph changes in a manner
similar to that of a crystal, i.e. decreases with decrease in tem-
perature T and increase in pressure p. But as structural disorder
changes the mean free path for propagation of phonon with
temperature differently from that in a crystal and other phonon
scattering modes become prominent, thermal conductivity, «,
of amorphous solids changes quite differently from those of
the crystalline state. It seems that of all the non-configurational
thermodynamic properties of solid states of water, only « of its
crystalline and amorphous solids has been studied in detail at
high pressures. It was done by the Umea University group as
part of their comprehensive study of the solid forms of water, of
the equilibrium crystal—crystal, irreversible crystal-noncrystal,
and noncrystal-crystal transitions, as well as crystal melting.
They have also studied the effect of temperature on « of water’s
crystalline and amorphous solid phases. Since the magnitude of
« depends upon both the frequency of phonons and the distance
of their propagation through the structure of a material, first we
describe its characteristic features.

For convenience of discussion, the measured « data for the
solid forms of water and liquid water are plotted against the tem-
perature in Fig. 3, together with the results previously reported
by Ross et al. [45-47]. The various solids and liquid water are
indicated next to the plots. Of the total of 15 crystalline phases
of water, « of all except ices 1V, X, XIIl and X1V has been stud-
ied. It now seems that « of ice XII had probably been studied
recently [49], but as it still needs a confirmation of the ice struc-
ture by determining the diffraction studies of the sample, we
have referred to it as metastable ice/ice Xl in Fig. 3.

A cursory examination of Fig. 3 shows that « of the ices
is determined not only entirely by their density and structure,
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Fig. 3. Thermal conductivity of most of the crystalline ices, the ice clathrate con-
taining tetrahydrofuran as guest molecules in the (a) ordered and (b) disordered
states, and two amorphous solid phases of water is plotted against the tempera-
ture. The crystalline and amorphous ices and the pressure at which measurements
were made are as indicated. Data are taken from Refs. [46-50,67].

which in turn determine the phonon frequencies, but also by the
Umklapp scattering and other anharmonic effects that decrease
«. For example, the higher density ice V (1.23 gcm~2 [60]) has
a lower « than the lower density ice 1 (0.93gcm—2), as seen in
Fig. 3,and ice VIl with a higher density (1.46 g cm—2[60]) hasa
higher « value than ice V. More clearly, ice Ih and ice Ic have the
same density, phonon frequency and heat capacity, and yet « of
ice Icis remarkably less than that of ice Ih. Thermal conductivity
of an ice clathrate containing tetrahydrofuran as guest molecules
in the proton-ordered state is plotted as curve (a) in Fig. 3, and in
the proton-disordered state in curve (b). The plots show that « of
the ice clathrate is the lowest amongst all the solid forms of water
and appears to be somewhat continuous with « of liquid water
at higher temperatures. Since « has been found to depend only
weakly on the crystal structure of a clathrate and also weakly
on the type of guest molecules in its symmetrical cages [61,62],
it seems that « of the ice clathrates would be generally lowest
among these solids.

As is seen in Fig. 3, « and its temperature dependence is
characteristic of the ice crystalline phases and that different crys-
talline phases can be distinguished by both the magnitude of «
and its temperature dependence. The thermal conductivity val-
ues are well described by an empirical relation, « ~ T—*, where
x is a constant specific to the ice and its value for different ices is
in the range 0.6-1.4 [33]. Such temperature dependence is typi-
cal for crystalline phases [62]. Moreover, theoretical discussions
have concluded that « of mono-atomic crystals at temperatures
near and above their Debye temperature would vary linearly
with the reciprocal temperature. In terms of the Debye theory,
this temperature dependence is written as [63]

K= %pCvZIS 2
where C is the specific heat capacity contribution from phonons,
v the phonon velocity and ts is the time between scattering
events. At high temperatures, above the Debye temperature, the
main source for phonon scattering is known to be three-phonon
Umklapp scattering [64]. In such a process, two phonons com-
bine into a third, which has a wave vector that is outside the first
Brillouin zone. Consequently, this phonon is physically equiv-
alent to a phonon inside the Brillouin zone, which moves in a
significantly different direction than that indicated by the vector
sum of the original two phonons. The number of phonons with
energies near the Brillouin zone boundaries, which can partic-
ipate in such an event, increases proportionally to temperature.
It follows that the probability for Umklapp scattering events
increases proportionally with T and the time between scatter-
ing, or the Umklapp scattering time, which is now equal to
varies as 7~1. As the quantities p, C and v in Eg. (2) vary with
the terqperature much less than s, this leads to the relation,
k~T"".

However, deviations from the « ~ 71 relation have been
commonly observed in crystalline solids [62,63], and in some
cases the deviations are relatively strong. This is the case also
for the crystalline ices, as is evident in Fig. 3, which seem to
follow the variation, x ~ T—*, with x in the range 0.6-1.4. The
deviations of course are related to the structure of the ices and the
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hydrogen bonding in them, and it is not expected that they would
follow the Debye theory for thermal conductivity. Nevertheless,
for ices Ih, Il and XI, the value of x is close to 1, and therefore
they seem to follow the Debye equation. Thermal conductivity
of ice VIII has an unusually strong temperature dependence as
indicated by the high value of 1.4 for its x. For ices Ic, I1, VII,
and IX, x is in the range 0.8-0.9, which is a weaker tempera-
ture dependence than that expected from the Debye equation,
x~T~1. For the metastable phase ice XII, and high tempera-
ture stable phases of ices V and VI, x is in the range 0.6-0.8
which indicates the weakest temperature dependence. Despite
the anticipated less validity of the Debye equation for most of the
ices, the stronger temperature dependence of « on 7, i.e., when
x>1, may be attributed to the higher-order phonon processes
and/or to a finite thermal expansion which is determined by the
anharmonic forces, whereas a weaker temperature dependence
is attributed commonly to scattering arising from structural dis-
order. The reason for these differences is not well established
but one source for a low value of x can also be a somewhat poor
crystallinity and/or the orientational-disorder in the structure of
some of the ices. However, the latter possibility seems to be
excluded by the finding that the large x for the orientationally
disordered ice lh is almost the same as for the orientationally
ordered ice XI [48].

Thermal conductivity of a liquid and solid is known to almost
invariably increase with its density, and a high-density crys-
talline phase has often been found to have a higher « than a
low-density crystalline phase [65]. But « of ices Ih and Ic has
been found to decrease with increase in pressure at a fixed tem-
perature, making these two as exceptions to this general pattern
of behaviour. In relation to the crystalline ices, with increasing
density, « of ices VII and VIII, the highest density phases, is
higher than of all other phases, and despite the same density
of the two, « of the orientationally ordered ice VIII is about
1.8 times the value for the (orientationally disordered) ice VII.
The structure of these two ices consists of two interpenetrating
cubic lattices and it is not certain how 5 in Eq. (2) is changed by
interpenetration of two independently hydrogen-bonded lattices.
Moreover, the lowest density, ambient pressure phases: ices Ih,
Xl and Ic have a higher value of « than most of the other high-
pressure (high-density) ices. It is apparent that these ambient
pressure ice phases, whose structure contains linear hydrogen
bonds with a tetrahedral angle between the neighbouring oxy-
gen atoms have a highest mean free path or lowest scattering
of phonons, and hence the highest «. Only, ices VII and VIII at
2.4 GPa pressure, which are much denser have a higher value
for «.

In the crystal structure of the ambient pressure ice clathrates,
hydrogen bonds are non-linear and the angle between the neigh-
bouring oxygen atoms varies considerably for different water
molecules [11]. In addition, the symmetrical cage-like structures
formed by H,O molecules in the clathrate structures contain
small inorganic and organic molecules. These guest molecules
neither lie exactly at the centre of the cage nor have the same
orientation from one cage to the other. Thus the guest molecules
in the clathrate structures have a long-range order neither for
their molecular positions nor for their orientations. But at low

temperatures, long range orientational order of tetrahydrofuran
(THF) molecules inside the cages of the ice clathrate has been
detected by dielectric measurements by Davidson [11], who sur-
mised on this clathrate’s potential for polarization-cooling in the
same manner as magnetic cooling. This ordering has been stud-
ied in detail by Suga et al., by using calorimetry [66]. Even at
high temperatures these clathrates have a much lower « than the
ices and a remarkably different variation of its value with tem-
perature. Briefly, in contrast with crystals, whose « decreases
with increase in the temperature, « of ice clathrates increases, as
is seen in Fig. 3. Thus, in their x against temperature behaviour,
they mimic glasses and other amorphous solids and not the
crystalline ices. The plot of « against temperature for the ice
clathrate, containing tetrahydrofuran (THF) as guest molecules,
17 H,O-THF and 1.8 x 10~*:1 molar ratio of KOH:H,0 [67,68]
in Fig. 3, are shown in curve (a) for the low temperature ori-
entationally ordered and in curve (b) for the high temperature
orientationally disordered phases that x is negative, equal to
—0.60 and —0.24 for the low and high temperature phases,
respectively. The ~15% difference between « of the two phases
was attributed to proton-ordering, which seems to decrease the
scattering rate slightly, possibly through a decrease in the anhar-
monicity [67]. A similar change in the magnitude of « has been
observed at the temperatures of ices Ih to X1 transition where «
increases by ~20%, but without a significant change in x. This
may also be explained in terms of decrease in anharmonicity
[48] on orientational ordering of ice Ih.

Amongst the ice clathrates containing different guest
molecules in their cage-like structures, « changes by a rela-
tively small amount when the guest molecules are changed in the
same crystal structure of the clathrate [61,62,68]. This indicates
that, as for an amorphous structure, phonon propagation distance
becomes also strongly limited in the ice clathrates. This glass-
like behaviour of the (crystalline) clathrates has been explained
by using a resonance scattering model [69,70], according to
which interactions between the encaged molecules and phonons
cause strong phonon scattering. It is worth noting that the glass-
like phonon scattering of a crystal was originally observed in
1981 by Ross et al. [71]. It is now being used [72] to obtain
thermoelectric materials [64] with improved characteristics for
use in technology.

We now discuss the magnitude of « of the pressure-
amorphized solid water, HDA. In our study, this solid was
produced by very slowly pressurizing ices Ih and Ic at 130 K
and taking several hours to reach 1.2 GPa. This is in contrast to
the HDA made by rapidly pressurizing ices Ih and Ic at 77 K to
1.5GPa in a few minutes. Since the pressure-amorphization is
both pressure and time-dependent [73], and reaches completion
more quickly at higher temperatures, the amorph produced by
slow pressurization of ice Ih at 130K in our study is likely to
be the ultimate state of the high-density amorph. This aspect
is to be stressed because there is a confusion regarding the
identity of various “HDASs” that had been produced by pres-
surizing ice Ih at different temperatures to different pressures
over a relatively short and often unspecified time period. More-
over, an ultimate, presumably highest density “HDA” seems
to have been produced when the amorphous solid formed by
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pressurizing ice lh at 77 K was heated to 160 K while under
a pressure greater than 0.8 GPa [74]. The plots in Fig. 3 show
that amongst the solid forms of pure water, « is lowest for the
highest density HDA produced in our experiments. The lower
« value of a disordered solid is generally attributed to the lack
of long-range propagating phonons, at least for high-frequency
excitations, and this is likely to be the case for this HDA. Its «
increases with the temperature, as for most glasses and amor-
phous or structurally disordered solids, but the increase is less
pronounced, as is indicated by its lower value of the quantity
x~ —0.03, than is normally found for glasses, of which amor-
phous SiO> is a well-known example [75]. (Note that SiO, has
a high Debye temperature, which should be taken into account
in a discussion of “weak” or “strong” dependence of « on tem-
perature.)

Although Eq. (2) had been derived for an ideal crystalline
solid, we use it here to interpret qualitatively the change of «
as the structure of a material changes from crystalline to amor-
phous, as occurs on pressure-amorphization of ices Ih and Ic.
To do so, we consider the grain boundary scattering time g
whichiswritten as, tps = ¢/v, where £ is the inter-grain distance
or the linear dimension of the crystal [63]. Since the charac-
teristic times for various scattering processes are assumed to
be independent of each other, the resulting scattering time is
obtained by the sum: ;! = rb_sl + 1 for the boundary and
for the Umklapp scattering denoted by tps and tyms, respec-
tively. One reasonable approach thus is to consider that the solid
formed by pressure-amorphization of a crystal has a vanish-
ingly small crystal size. In this approach, as the size of crystals
decreases, ts becomes smaller and finally reaches a temperature-
independent, limiting value. In that case, ;1. can be neglected
in comparison with the large Tb_sl value and hence « would be
determined by p, C and v in Eq. (2). The quantities p, C and v
vary with the temperature but much less than . To elaborate,
at temperatures near the Debye temperature, C increases slowly
with increase in the temperature, whereas the phonon velocity
decreases, and thus the two partially compensate. In this respect,
the relatively small increase in « with increase in the temperature
indicates that increase in C of HDA with increasing temperature
is only slightly more than the concurrent decrease in the phonon
velocity.

Thermal conductivity of the low-density amorph, LDA,
which has been produced by heating HDA at ambient pressure or
at p <0.07 GPa, is also plotted against the temperature in Fig. 3.
It shows that « decreases with increase in the temperature. This
is inconsistent with the generally held view that a roughly con-
stant, or even slightly increasing « with increasing temperature
is a characteristic of a disordered solid and a strongly decreas-
ing « with increasing temperature is a characteristic of a crystal.
It is also remarkable that as far as the temperature dependence
of « is concerned, HDA behaves like an amorphous solid and
LDA behaves like a crystal [50]. For comparison, « of vapour-
deposited amorphous solid water has been calculated by Yu and
Leitner [76], who used the term “glassy water”, and by Klinger
[77] by using molecular dynamics simulations and Eqg. (2) and
a pre-factor of 1/4 instead of 1/3. Both approaches have yielded
« values slightly higher than 0.2Wm~1 K~ at 100 K. More

distinctively, the calculations have shown that « increases with
increasing temperature, opposite of that found for LDA.

Thermal conductivity of LDA is distinguished from that of
other amorphous solids in one more aspect. Not only it varies
according to, x ~ T—* with x being close to 0.6, as for a crystal,
but also its « decreases with increase in pressure. This feature
has been observed for a very few crystalline phases and for
ices Ih and Ic, but not for an amorphous solid. At first sight,
it seems that the mechanism that determines « of LDA has a
close relation with the mechanism that determines « of ices Ih
and Ic, particularly in view of the fact that the density [28] of
the three solids is the same, and their specific heat [78,79] has
been found to differ only by a small amount, if any. The effect
of the proton- or hydrogen-atom disorder on « has been evi-
dent from the observed increase by ~20% in « when hydrogen
atoms in ice Ih become partially ordered to produce ice XI, but
the temperature dependence remains approximately the same on
hydrogen-atom ordering, as seen in Fig. 3. In going from LDA
to ices Ih or Ic, the hydrogen-atom disorder is maintained while
the oxygen atoms become ordered and « increases by a factor of
6-7, but the qualitative dependence of « upon the temperature or
pressure does not change. Such asimilarity between LDA and ice
Ic has also been observed from inelastic incoherent neutron scat-
tering [80,81] and inelastic X-ray scattering [82] studies, which
indicates phonon propagation up to unusually high frequencies,
as is generally found for crystals. It also seems significant to
consider here whether or not there is continuity between « of
LDA and that of liquid water in a temperature plane. In Fig. 3,
the plot for « of liquid water against temperature shows that, as
for a disordered solid, it has a positive slope, and that this plot
is not continuous with the plot for LDA, which has a negative
slope. This seems to be a further demonstration that LDA is
not a solid that would be obtained by cooling water at ambient
pressure.

It is already known that thermodynamic properties of LDA
differ from those of vapour-deposited amorphous solid and
glassy water [83]. The lack of continuity between « of LDA and
ambient water in a temperature plane and the known thermody-
namic differences between LDA and glassy water [83] provide
additional evidence against the validity of the two-liquid model
of water [44], which had assumed that ambient pressure water
is a liquid counterpart of solid LDA.

3.2. Heat capacity of water’s high-density amorph

To complete this section we now discuss the C, of HDA.
It increases with increase in the pressure, which increases the
density. This is particularly significant because HDA at a fixed
p>0.5GPa has also been found to become gradually denser
on heating from 77K, and then to explosively crystallize at
~160K when p is ~1GPa [74,84]. Increase in pressure on
water’s amorphous solids may cause both the oxygen—oxygen
distances and the O—H-O angles in its structure to change by dis-
torting the structure differently in different parts of bulk phase.
This change would differ from the manner in which increase in
pressure causes the distances and angles in the crystalline ices
to change without distorting the structure. It is generally known
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that C,, of a solid decreases with increase in the density and,
although it has not been measured for the high pressure forms
of the ices, experiments have shown that the frequency of trans-
lational lattice vibrations of all high pressure ices, including ice
VI (at pressures of the high-density amorphous ice formation)
increases as the density increases with increase in the pressure
[85]. The origin for the observed decrease in C,, with increase
in pressure and density has consequences for the recent finding
that some of the vibrational features of HDA, as studied by neu-
tron scattering, are crystal-like [86]. In relevance to the structure
of HDA, these findings need to be interpreted together with the
above-mentioned changes observed in C, of the ices.

The measured « of the HDA at 130K is plotted against
the pressure in Fig. 4(A). The plot shows an asymptotic
increase with pressure, which is well described by the equa-
tion: x =0.5856 +0.1708p — 0.0781p2. The anharmonic part of
C, that is associated with the thermal expansion is given
by the relation, C, — C, = TVa?/B, where V is the molar
volume, « the volume thermal expansion coefficient and 8
is the isothermal compressibility. The quantity C, — C, has
been estimated as ~0.025Jmol~1 K~1 at 100 K [87]. By using
V=15.4 x 10~ m3mol~1 [27], 8=0.10GPa~! [32], and « of
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Fig. 4. (A) Typical plots of the thermal conductivity of the amorph measured
at 130K against the pressure. (B) The specific heat per mole of water’s high-
density amorph (HDA) measured at 130 K is plotted against the pressure. The
notations refer to different runs in which each time a new sample of the amorph
had been prepared and studied. Smooth curves show the calculations based on
the Debye model for thermal conductivity and heat capacity. Data are taken from
Ref. [35].

HDA equal to that for ice lh at 100K (@ =3 x 107> K1) [88],
we determine the term TVa?2/B as ~0.015Jmol~1 K1, which
seems negligible in comparison with its C,, of ~23 Jmol~1 K1
[35].

The C,, of HDA at 130 K measured as a function of pressure is
plotted in Fig. 4(B). The plot shows that C,, decreases asymptot-
ically as the volume decreases when the pressure is increased.
But its value is not expected to become constant at very high
pressures because compressibility, a measure of decrease in vol-
ume, does not become zero at high pressures. The decrease
in C, with increase in pressure for solids, or a negative value
of (3C,/dp)r , indicates that the phonon frequency increases
with increase in pressure. It is thermodynamically related to the
thermal expansion by (3C,/dp)r = —T(8%VIdT?2),,. Since the ther-
mal expansion coefficient, o = V—l(avlaT),,, a negative value of
(3C,/0p)r indicates that « increases as T increases. This indi-
cates that the o-determining Griineisen parameter would have a
positive value and, consequently, a decrease in V with increase
in p increases the frequency of the phonon modes. In a recent
study, we have deduced that the average for the low-frequency
Griineisen parameters is positive for HDA but negative for ice
Ih [89].

The Debye model has also been used to estimate how « and
C, vary with the pressure. This is done by calculating the Debye
temperature, 6p = viz/lqg(an,o/M)l/3 where v is the average
sound velocity, which increases from 2300 m s~ at atmospheric
pressure to 2600 ms~1 at 1 GPa pressure [32,35], and M is the
mass of the vibrating unit, taken as the molecular weight [35].
The Debye temperature was found to increase from 230K at
0.01 MPa to 271K at 1 GPa, which corresponds to a decrease
in C, by ~1.1Jmol~1 K. For comparison, we note that the
Debye temperature of ice Ih is 220 K at atmospheric pressure
[90]. Since this decrease is ~2% less than the decrease in C,, for
an equally large pressure increase [35], and since the TVa?/g
term is negligibly small, the measured decrease in C, agrees
with the calculated decrease in C,, within the measurement
and analytical errors. This shows that increase in the frequency
of the phonon modes with increase in pressure can account
for the decrease in C, of HDA. Hence, we conclude that an
increase in pressure does not greatly affect the anharmonic part
of Cp.

In the theoretical details of the Debye model for the frequency
dependence of phonon scattering, Eq. (2) for « is written as [63]

op/T x4ex
/0 7(x) m dx 3)

4
o kT3
2vm2h3

where v is the phonon velocity, z(x) the resultant relaxation
time and x = hw/kg T with w being the phonon angular frequency.
We used an earlier finding of phonon-like excitations in the HDA
[86] extending up to high frequencies and evaluated « by using
Eg. (3). Its value, which is plotted against p as a continuous line
in Fig. 4(A), is significantly less than the measured «, but the
plot is qualitatively similar to that of the measured «. The rate
of increase (d«/dp) is however much smaller than that observed
experimentally, which may indicate a change in the scattering
strength with increase in pressure.
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The results for HDA at 130 K, shown in Fig. 4(A) and (B),
refer to the state of a solid produced by a much slower isothermal
pressurization of ice lh at 130 K than has been used to produce
HDA in all other studies, and it is therefore denser than the
state obtained by pressurizing at 77 K. As a consequence, the
properties such as «, C,, v and 6p would also be somewhat
different. For example, its Debye temperature and sound velocity
would be higher than that of HDA produced by the usually rapid
pressurization at 77 K. The difference in density itself could have
a large effect on some properties, and must therefore be taken
into account in a discussion of HDAs properties by appropriately
describing the sample’s preparation and history. As shown in
Fig. 4(A) and (B), « and C,, of the sample do not vary strongly
with pressure (and density). However, the ultimate dense form
of HDA should have a lower C,, and higher « than the samples
of HDA produced by rapid pressurization at 77 K. Moreover,
the pressure-induced changes in « and C, would be slightly
less pronounced as the compressibility would be smaller for the
denser forms of HDA and lowest for the ultimate or the densest
form.

On the basis of the preceding analysis, we conclude that
when the internal energy of HDA is increased by increasing
the pressure, the frequency of phonon modes increases and the
Debye energy and the anharmonicity decrease. While the Debye
phonons can explain the decrease in C, of HDA by ~5% per
GPa, and also the increase in « towards a plateau value, they do
not quantitatively describe the increase in « within the approxi-
mation of a constant phonon scattering strength. Its quantitative
description would require that a term for pressure-dependent
scattering strength, which would be consistent with the pressure-
induced decrease of the anharmonicity, and/or a term for other
pressure-dependent processes be included.

4. Relaxation properties of the amorph and conversion
to ultraviscous water

Consequences of molecular self-diffusion that allows a solid
or a liquid to explore different configurations are usually deter-
mined by calorimetry and dielectric spectroscopy. Differential
scanning calorimetry yields a glass transition temperature, Tg,
which is taken as either the onset of the sigmoid-shape rise in
the heat flow signal (or equivalently C,) for a given heating
rate, or occasionally as the mid-temperature of the sigmoid-
shape rise. Dielectric spectroscopy yields the relaxation time
of the ultraviscous liquid formed on heating the glassy state. For
materials, whose vitreous state rapidly crystallizes on heating,
the endotherm is not clearly observed and alternative proce-
dures have been used for determining whether or not they
are truly amorphous, particularly when diffraction methods are
unable to distinguish an amorphous solid from a microcrys-
talline solid. Discussion of this subject has been provided in
an earlier paper in relevance to the majority of hyperquenched
metal-alloys, glassy water, and amorphous solid state of low
molecular weight hydrocarbons [91]. In the following sections
we first describe how the various amorphous solid waters are pro-
duced, and then how their relaxational properties change with
temperature.

4.1. Preparation of water’s amorphous solid and glassy
states

It is well known that water does not supercool easily to form
a vitreous solid. Therefore its amorphous solids have been pre-
pared in different ways. Briefly, vapour-deposited amorphous
solid water (ASW) is made by slow deposition of water vapours
on a few millimeter thick copper plate kept at a temperature
below 100 K. This copper plate is held by screws in close con-
tact with another copper plate that forms the bottom of a 6-8 cm
diameter glass tube containing liquid nitrogen. The other end
of the glass tube is kept open to atmosphere for replenishing
with liquid nitrogen. In this home-made assembly, vacuum is
maintained and the path of vapours from water contained in
a flask is interrupted by a baffle. Thus only a fraction of the
amount of vapours is allowed to deposit on the copper plate.
After sufficient deposition in a period of 34 h, the vacuum is
released, the glass tube containing liquid nitrogen is taken out
of the vacuum assembly, and quickly immersed in a bath of
liquid nitrogen. The ASW sample is then dislodged from the
copper plate into a liquid nitrogen bath by using a scraper, and
thereafter all handling of the sample is done by using thermally
insulated tools with the sample immersed in the liquid nitrogen
bath. Hyperquenched glassy water (HGW) is also made by using
ahome-builtassembly. In its preparation, pure water droplets are
produced by means of an ultrasonic nebulizer and dispersed as
an aerosol in nitrogen gas. The aerosol is confined to a large
glass tube and the droplets are then allowed to enter a high vac-
uum cryostat through a 200 or 300 wm aperture. The droplets
that enter into the vacuum assembly through this aperture gain
a supersonic speed and hit a 35 mm diameter 4 mm thick copper
plate kept at ~77 K. This copper plate is mounted at the end of
a flat bottom tube containing liquid nitrogen whose one end is
open to the atmosphere for replenishing it with liquid nitrogen.
The droplets thus splat on the surface of the copper plate and cool
at a rate higher than 10° K s~1. After several hours, a porcelain-
like, 2-3 mm thick layer of HGW is thus obtained. Details of
the procedure are given in Refs. [23-25] and micrographs of the
rather irregular shape of the splat-cooled droplets of HGW have
appeared in Refs. [92,93]. The procedures for recovering HGW
sample and its handling in a liquid nitrogen bath are the same as
described above for ASW.

Preparation and recovery of HDA and LDA are less tedious.
HDA is made by first freezing water at ambient pressure inside
a piston cylinder assembly kept immersed in liquid nitrogen and
then uniaxially compressing the ice Ih formed isothermally at
~T77K to ~1.5GPa, or else (nonisothermally) at temperatures
below 130K to ~1.5 GPa. As mentioned earlier here the HDAs
produced in this manner differ in properties depending upon
the temperature pressure and time profiles used in the prepara-
tion. The HDA sample is depressurized to ambient pressure at
a low temperature and then extracted from the piston-cylinder
assembly by pushing it out of the cylinder into liquid nitro-
gen. LDA is produced by heating HDA to a temperature range
of 115-130 K at ambient pressure [28] or at a pressure below
0.07 GPa [34,50]. Water’s amorphous solids are produced by
two more methods: one is by irradiation of ice lh at low tem-
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peratures by high energy photons or other particles [94-96] and
second is by decompression of ice VII to ambient pressure at
77 K and heating to T >120 K, which produces LDA [97].

4.2. Calorimetric behaviour, relaxation and glass-softening

Ambient pressure differential scanning calorimetry studies
have shown that the enthalpy of both ASW and HGW decreases
on isothermal annealing in vacuum for several hours, as dis-
cussed earlier [26]. In the case of ASW the surface area rapidly
decreases and as sintering proceeds any pores in itbecome closed
and isolated from each other. When the initial heating is carried
out in the presence of N2 or other gases, the adsorbed gases
become enclosed in the pores during sintering. Once enclosed
in the pores the gases cannot be removed by pumping at low tem-
peratures but are released when the sample is gradually warmed
up to 273 K. This release of gases causes the appearance of
additional features in the DSC scans which become further mod-
ified by the different thermal conductivities of the gas that is
used as purge gas. To minimize the exothermic effects due to
reduction of surface area on initial heating, ASW samples are
first heated in vacuum up to 113 K, which decreases the sur-
face area by several hundred m? g—1 and no gas is enclosed in
the pores during the sintering of the micro-porous solid [26].
Annealing at higher temperature or slow heating to higher tem-
peratures causes weakly hydrogen-bonded water molecules to
become mobile and any dangling OH groups in the structure to
form hydrogen bonds with the neighbouring molecules’ oxygen
atoms. This occurs in addition to the structural relaxation that
densifies a vapour-deposited amorphous solid and reduces its fic-
tive temperature, Tt, the temperature at which the glass and the
equilibrium liquid would have the same thermodynamic proper-
ties. Annealing or slow heating of HGW decreases its enthalpy
almost entirely as a result of structural relaxation and reduces
its 75 with time.

Until 1987, all attempts to detect the glass-softening
endotherm for ASW and HGW had been unsuccessful, because
the samples rapidly crystallized to ice Ic even when heated
at a high rate in a DSC experiment [98], and it was puz-
zling how use of adiabatic calorimetry in an earlier study
[99] could have shown an (endothermic) rise in C, of ASW
by ~35Jmol~1 K~1 at a temperature of 135K. Further DSC
studies showed [26,98,100] that there were two partly overlap-
ping exotherms in the differential scanning calorimetry (DSC)
heating scans for both ASW and HGW. The low temperature
exotherm was due to structural relaxation of the solid and the
high temperature and deeper exotherm was due to the rapid crys-
tallization of the ultraviscous water, formed on heating ASW
and HGW, to ice Ic. It appeared that part of the heat released
on structural relaxation could cause ASW and HGW to rapidly
crystallize in the glass-softening endotherm region. Therefore,
it was deduced that a procedure that eliminated the relatively
large exotherm during the scanning could help reveal the glass-
softening endotherm in a DSC scan. This led to development of
an anneal-and-scan procedure for determining 7 of ASW, HGW
[25,26] and hyperquenched metal alloy glasses [91,101]. In this
procedure, the sample is first annealed at a certain temperature

for a period long enough to allow its structural relaxation and to
lose its relatively high enthalpy, then cooled to a lower temper-
ature and finally heated to obtain its DSC scan. As a result, the
enthalpy release on structural relaxation during heating is negli-
gibly small, and therefore does not interfere with the appearance
of the Ty endotherm. The procedure has been useful for deter-
mining Ty of materials that cannot be vitrified by the normal
method of cooling at a rate of up to 100 K s~%, and whose vit-
reous state once produced rapidly crystallizes on heating prior
to showing a Ty endotherm in a normal DSC scan [91,101], as
well as for determining whether a solid is microcrystalline or
amorphous, particularly when diffraction methods are unable to
do so [101].

A detailed discussion of the entropy and enthalpy of ASW,
HGW, HDA and LDA has appeared in Ref. [102], where the
temperature dependence of their enthalpy and the irreversible
but cyclic thermodynamic paths and crystallization have been
discussed. As mentioned above, a quantitative comparison of the
properties of ASW, HGW and LDA must take into account the
heat effects resulting from their spontaneous relaxation. Nev-
ertheless, to describe some of these features briefly here, the
DSC scans of ASW, HGW and LDA obtained by heating at
30 K min~! rate are shown in Fig. 5(A). The top two plots show
the scans for the as-made samples of ASW and HGW. The ini-
tial, broad exotherm observed for ASW is due to the release
of enthalpy on reduction in the surface area as well as due to
structural relaxation. This exotherm is much less pronounced
for HGW in which only enthalpy relaxation occurs. The deep
exothermic feature with a minimum at 7 near 160K is due to
crystallization of ASW and of HGW to ice Ic. After the onset of
crystallization, the exotherm for HGW has a slightly lesser slope
than for ASW, as if there are two steps involved in crystallization
of HGW. It has been speculated that this may be related to the
anomalous behaviour of supercooled liquid water, but its reason
is not understood [26,103]. The samples discussed in Ref. [102]
were then structurally relaxed by annealing at a temperature
below their crystallization onset temperature or else by heating
to a temperature just below their crystallization onset, cooling
and then reheating to obtain a DSC scan. The arrows in the plots
show their Ty. Its value is 136 + 1 K for ASW and HGW [26]
and 129 + 1 K for LDA for the heating rate of 30 K min—1 [104].
The increase in C,, is 1.6 Jmol~* K~ for ASW and HGW and
2.0Jmol~1 K~1 for LDA [104]. This increase occurs over an
unusually broad temperature range, which indicates an excep-
tionally large distribution of relaxation times and, as discussed
earlier [105,106], a low value for the relaxation’s nonlinearity
parameter. Moreover, the relatively small increase in C,, in the
glass-transition range has been interpreted in terms of a small
rate of entropy change of a state whose configurational entropy
is already small [107]. Further studies of the hyperquenched
glassy states of dilute solutions of inorganic and organic sub-
stances showed that T varies with both the nature of impurities
and their concentration [108,109] in the glassy state and that 7§
shows a minimum value for a certain concentration.

We recall that like all physical properties, the enthalpy of
ASW, HGW, HDA and also of LDA depends on the sample his-
tory and, therefore, is not likely to be the same for samples of
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Fig. 5. (A) DSC scans showing the glass—liquid transition endotherms and
crystallization exotherms for vapour-deposited amorphous solid water (ASW),
hyperquenched glassy water (HGW) and low-density amorph (LDA). The Ty
endotherm is masked by the heat released on enthalpy relaxation and surface area
decrease in the top two curves, which also show sharp crystallization exotherms.
The bottom three show the glass-liquid transition endotherms with Ty marked
by the arrow. (B) An illustration for the temperature dependence of the enthalpy
of ASW, HGW and LDA. The Ty s are 1364+ 1K for ASW and HGW and
129+ 1K for LDA, and the increase in C, is 1.6 Jmol~1 K~ for ASW and
HGW and 2Jmol~1 K~1 for LDA. Arrows show the direction of transforma-
tion (two arrows opposite in direction denote the reversibility of the path). The
temperature and pressure conditions are marked, and the notation for the paths
is described in the text. The plots for the enthalpy are drawn such as to show the
measured magnitude of gjrrey for HDA — LDA, LDA — ice Ic and HGW — ice
Ic transformations. The vertical axis has no scale because the absolute value of
the enthalpy is not known. The data are replots from Figs. 2 and 3 of Ref. [102].

different thermal and pressure histories. In the cases of ASW and
HGW, the rapid cooling rate necessary to avoid crystallization
to ices Ih or Ic inevitably produces a high-enthalpy state, which
relaxes to a lower-enthalpy disordered state on annealing at T
slightly below Tj. In the case of HDA, a high-enthalpy state is
formed on pressurization of ices Ih or Ic at 77 K, and it relaxes
to a lower-enthalpy state on heating at a fixed pressure of e.g.
~1GPa to T above 130 K. Consequently, the exact manner in
which the enthalpy varies with T on heating at ~1 GPa depends
on the heating rate. In terms of the enthalpy, lowering of the tem-
perature for producing HDA by isothermally pressurizing ices Ih

and Ic is analogous to increasing the cooling rate for producing
the glassy state at a fixed pressure. Nevertheless, we have shown
the variation of the enthalpy of HDA, LDA, ASW, HGW and ice
Ic over the temperature range of interest in Fig. 5(B), where the
respective Tgys have been indicated. Here, the change in slope at
T4 has been made consistent with the relative change in C,, of the
amorphs, and the manners of irreversible transformation from
ices Ih and Ic to HDA on compression to 1 GPa has been indi-
cated. Also, the irreversible path for HDAs conversion to LDA,
the LDAs glass—liquid transition and finally the crystallization
to ice Ic have all been indicated by arrows. It is shown that the
cyclic path for ice Ic via HDA and LDA has three irreversible
transformations, (i) from ice Ic to HDA, (ii) from HDA to LDA
and (iii) from the high temperature state of LDA to ice Ic.

It should be stressed that in Fig. 5B, the paths of LDA and
HGW (and ASW) follow different enthalpy—temperature curves,
and these curves do not meet. This means that the hydrogen bond
network structure of LDA at T above its Ty of 129 K does not
convert on heating or cooling to the hydrogen bond network
structure of HGW. Also, the hydrogen bond network structure
of ultraviscous water formed on heating HGW does not convert
on cooling to the hydrogen bond network structure of LDA. We
infer that there is a difference between the short-range order,
not necessarily limited to first near neighbours in the structures
of LDA and HGW. Similar differences have been indicated by
the thermal conductivity data of LDA [50], whose temperature
dependence is more like that of a crystalline than of an amor-
phous solid. More recently this difference is also found from
dielectric relaxation measurements of LDA [110].

Studies of deuterated LDA have shown that Ty increases from
129 K to ~133 K on deuteration, an increase of 4 K, but ~3-5K
for differently prepared samples [111], which is significantly
higher than the increase of ~1K observed for the deuterated
HGW [112]. This also indicates the difference between the dif-
fusion kinetics of LDA from HGW. Further detailed studies of
LDA have been performed by adding different impurities that
dissolve inice Ih and are incorporated in its lattice structure, and
further by varying the impurity components such as to alter the
rate of orientational diffusion of water molecules in LDA, as is
known to occur in ice Ih [111]. Briefly, LDA made from ice lh
containing HF, NH3 and NH4F, which are expected to produce
proton-deficient and proton-rich topologically disordered struc-
tures, have shown that the glass-softening endotherm for LDA
containing HF becomes too broad to yield its 7. The Tg of LDA
containing NH3 decreases to 127 K and of that containing NH4F
remains at 129 K. Since NHs in the hydrogen-bonded network
structure increases the number of protons, and is hence seen to
increase the dielectric relaxation time [113], it is expected that
if orientational diffusion of HoO molecules were to contribute
to the increase in the number of configurations accessible to the
LDA structure, Tq of the NH3-doped LDA would be higher than
129K, the value for pure LDA. For the same reason, introduc-
tion of NH4F is seen not to introduce any extra protons in the
hydrogen-bonded structure and therefore should not effect the
dielectric relaxation time or, for the reason given above, LDAS
Ty. The Ty of NH4F-doped LDA does remains at 129 K [111].
Thus not only the thermodynamic vibrational and relaxational
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properties of LDA differ from those of ASW and HGW, but
also the effects of deuteration and impurities on their dynamics
differ.

4.3. Dielectric relaxation of amorphous solid and glassy
states of water

Initially dielectric loss factor measurements were performed
on ASW [114] and HGW [115] in order to investigate if the
relaxation time of its ultraviscous state could be determined
in the same manner as for other glasses. But it was observed
that the relatively slow rate of heating needed for such mea-
surements always crystallized the sample to ice Ic and this
crystallization also yielded a peak in the loss factor against
temperature plots. Although dielectric measurements did not
allow measurement of their crystallization kinetics to ice Ic, the
crystallization kinetics of ASW made from H,O and DO has
been studied by both calorimetry and FTIR spectroscopy in real
time [116,117]. It has been found that crystallization follows
the Avrami equation and the activation energy for the crystal-
lization is 51 kJmol~! for H,0 and 66 kI mol—?1 for D,O with
an uncertainty of £10 kJ mol~. It has also been suggested that
the exponent of the Avrami equation can be seen also to indicate
a temperature-dependent activation energy or barrier height to
the ASWs crystallization to ice Ic [116,117].

More recently, the measured change in the dielectric loss
tangent, tan 8, of both ASW and HGW with temperature has
been analysed in detail, and it has been shown that approximate
value of the dielectric relaxation time of ultraviscous water can
be estimated from an analysis of the data available at only two
frequencies [118,119]. In this analysis, the measured value of
the dielectric loss tangent, tan §meas at two frequencies, w1 and
wy, s given by

tan dmeas(w1) — tan dpackground <0)2> P
tan Smeas(w2) — tan dpackground

4)
w1

where tan Spackground is the frequency-independent but temp-
erature-dependent value of the dielectric loss which contributes
to tan dmeas, B the asymmetric distribution of relaxation time
parameter of the Davidson—Cole equation [120] and the fre-
quencies w1 and wy are much greater than 1/tgje|, Where tgiel
is the dielectric relaxation time. For a reasonable choice of
B, tan dpackground Can be determined from the tan Smeas val-
ues measured at two frequencies. For the same w? 721
condition at a fixed temperature, the dielectric loss, &”, and
tan 8q-relaxation (@) = [tan dmeas(w) — tan dpackground] are related to

Tdiel by
1/B
) ©)

p Ag 1 ( Ag
Tdiel = —
where g is the limiting high frequency permittivity. Since,

(wTdiel)ﬂ,  \ Eco tan Sy-relaxation

T
2w+ny ©

wmaxTdiel Z 1, in this distribution of relaxation times [120,121].
The dielectric relaxation time, tgjel, therefore determined from

wmax Tdiel = tan {

Eq. (6), as described in detail earlier [119]. The dielectric relax-
ation time of ASW has thus been estimated as 23s at 140K
and that of HGW as 355, with a factor of two uncertainty in
both estimates [119]. This analysis, however, did not indicate
the temperature dependence of the dielectric relaxation time of
ultraviscous water.

Reorientational and translational diffusion motions of H,O
molecules in liquid water with tetrahedral hydrogen bonding
require that hydrogen bond break and then reform with a new
neighbour or the same neighbour. Therefore, thermally activated
rotational and translational motions of molecules in disordered
and predominantly network structures, such as those of ultravis-
cous water and molten SiO,, occur together. Since the dielectric
relaxation time, the self-diffusion time, and the structural relax-
ation time estimated from the Ty endotherm are usually found
to differ by about one order of magnitude or less, the above
given estimate of the dielectric relaxation time of ~30s clearly
established that heating ASW and HGW to 140 K produces an
ultraviscous state of water at 140 K, and their Tys are 136 K for
the 30 K min—1 heating rate.

In contrast, the dielectric relaxation time of HDA and LDA
has been determined directly by measuring the dielectric per-
mittivity and loss, ¢ and &”, spectra, as their states at high
temperatures seem to be stable for long enough time to allow
such measurements [53,54,110]. For this study, the HDA sam-
ple was made by amorphizing ice Ih at 130K by raising the
pressure to 1.2 GPa at a rate of 0.1 GPah—1, and then keeping
the amorphized state near 1 GPa and 130K for 1 h. The pres-
sure on the amorph at 130 K was slowly decreased from 1.2 to
1 GPa and thereafter its dielectric relaxation spectra at 130 K
was measured in the 0.01 Hz to 1 MHz range [53,54]. Typical
spectra of the dielectric loss, &”, for the pure and KOH-doped
amorphized-ice at 1 GPaare shown in Fig. 6(A). These show that
the ¢” peak moves to higher frequencies when HDAs temper-
ature is increased, showing that the relaxation becomes faster.
At a temperature near 150 K, the height of the &” peak begins
to decrease, indicating that the sample has begun to crystallize
and the process becomes faster on heating above 150 K. This
also indicates that the solid formed on crystallization does not
significantly contribute to ¢” in the frequency range of measure-
ments, not necessarily that the orientation polarization of the
state formed is less.

To confirm that crystallization occurred, the temperature dif-
ference between the sample and the Teflon vessel, AT was also
determined simultaneously in the same experiment, and it is
plotted against the sample’s temperature in Fig. 6(B). It shows a
small, slowly growing exothermic effect which reaches a local
maximum at ~150 K. Thus slow crystallization had begun at
T<150and itaccelerated at 7> 150 K. It has been found already
that on slow heating at a pressure of ~1 GPa, the fully dense
pressure-amorphized state crystallizes at 7 near 165 K [84]. In
view of that, the temperature of one sample was decreased from
138 K to 132 K, which is well below the above-mentioned crys-
tallization onset temperature and the ¢” spectra were measured
again. The spectra measured at 132K after this cooling was
found to be identical to the spectra that had been measured at
132K after heating the HDA sample to 132 K, confirming that
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Fig. 6. (A) The dielectric loss spectra for pure amorph (open symbols) and
KOH-doped amorph (symbols filled with a cross) at 1 GPa at the temperatures
indicated, and an analysis in terms of the Cole—Cole symmetrical distribution
of relaxation times (dashed line). (B) The temperature difference between the
sample and the sample cell AT, as observed on heating of the pure HDA and
1.7 x 10~* mole fraction KOH-doped HDA. A baseline has been subtracted
from the data, and the curves have been shifted vertically for clarity. Data are
taken from Refs. [53,54].

the spectra did not change on thermal cycling. Therefore, we
conclude that the HDA sample is thermodynamically in the fully
relaxed state already at 7 close to 130 K.

As shown in Fig. 6(A), the &” spectra are described by a sym-
metrical distribution of relaxation times function given by the
Cole and Cole [122]: £*(w) = 0o + (€0 — €00 ) [1+(iwTdiel) 1],
where w (=27f) is the angular frequency and tgje is the character-
istic dielectric relaxation time. (Note that this type of distribution
has been found for water also in the range 273-323 K [123].
For a detailed discussion see Ref. [54].) The tgjel value was
calculated from the reciprocal of the peak frequency in the &”
spectrum, i.e., tgiel :(wapeak)_l, and it is plotted against the
temperature in Fig. 7. At 150 K, tgjel is 30 + 5 ms for both pure
and KOH-doped water, which shows that this amount of doping
has no discernible effect on t4ie) of HDA at 1 GPa, although it
has a very large effect on the relaxation of time of ice Ih [124].
These findings are consistent with the general observation that
the relaxation time of liquid water is not greatly affected by the
addition of small amounts of electrolytes.

The temperature dependence of t4je| is described well by the
Arrhenius relation, i.e., logio(zgier) Vvaries linearly with 1/T, as
is shown by the solid line in Fig. 7. The relaxation time is 55
at 130K and 30 ms at 150 K, which is surprisingly shorter that
tdiel Of HGW and ASW, which has been estimated as 30s at

350 T T T T T T T

In(z,,/s)

L © 1 GPa (sample 1)

O 1 GPa(sample 2)

A 1 GPa (sample 2, cooling)
“41"m 1GPa(doped sample) "

——— Arrhenius fit u
L OrRe i 1y g Wy
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Fig.7. Therelaxationtime of pure HDA at 1 GPa plotted against the temperature.
The line is the best fit of the Arrhenius equation. Data are taken from Refs.
[53,54]. Insert is the phase diagram of the ices. The temperature—pressure region
in which amorphization studies of ice Ih have been performed is indicated. The
path that leads to an ultraviscous liquid state is shown by arrows. The path
from the liquid water to ultraviscous state shown by the dashed line requires
supercooling at 1 GPa. This path has not been experimentally achieved.

140 K and ambient pressure. Moreover, tgig| at 130 K is signif-
icantly shorter than 100s to 1ks, a value normally taken to be
the calorimetric relaxation time at Ty of glass-forming liquids.
These results therefore indicate that HDA at 1 GPa becomes an
ultraviscous liquid well before it crystallizes on heating to 150 K.

In this context, it is noteworthy that t4je 0f LDA [110] has
been found to be longer than that of HDA by more than a factor
of 10, despite the fact that its density is ~25% less than that
of HDA which should decrease zgje;. More significantly zgiel
of LDA is in between that of HDA and ice Ic [110]. Now, it is
known that among the different states of water, zgje Of the state
with a fully bonded hydrogen-bonded structure, with hydrogen
atom distributed according to the ice rules is longer than zgie|
of a structure that does not obey the ice rules, as is known from
a comparison of tgje Of ice Ih and that of liquid water. (The
ice rules are that there are two hydrogen atoms adjacent to each
oxygen atom, and there is only one hydrogen atom per hydro-
gen bond.) By analogy, therefore, the higher tgje value for LDA
relative to that of HDA would indicate formation of a hydrogen
bond structure in LDA in which the ice rules are obeyed. Thus
HDA may appear to be a densified state of water in which ice
rules are not obeyed. It is possible that the crystal-like tempera-
ture dependence of thermal conductivity of LDA is a reflection
of its structure in which there are two hydrogen atoms adjacent
to each oxygen atom, and there is only one hydrogen atom per
hydrogen bond, as is the case for thermal conductivity for all
the crystalline ices whose « value is plotted in Fig. 3. Therefore,
the decrease in the density on the irreversible transformation of
HDA to LDA is also accompanied by a change in the manner
of hydrogen bonding from that in water to that in the crystalline
ices.

We conclude that zgjel 0f 30 =5 ms for HDA at 150 K shows
that it becomes an ultraviscous high-density liquid on heating.
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It is in an equilibrium but metastable state, the one that would
be obtained by supercooling water at a pressure of 1 GPa across
its phase boundary with ice VI, which is shown in the phase
diagraminFig. 1, and discussed later here. Since LDA is not ther-
modynamically connected to the (low-density) water obtained
by heating ASW and HGW [83], it seems that it does not form
the (low-density) water on heating. This is also evident from
the finding of the crystal-like variation of its thermal conductiv-
ity with temperature as shown in Fig. 3, from the analysis of the
inelastic neutron scattering data [80,81] and inelastic X-ray scat-
tering data [82] and from the thermodynamic, vibrational and
Tq-related properties [37,83,110-112], as discussed earlier here.
Thus it does not seem that the low-density liquid water is related
to LDA. This puts into question the conjecture of HDA-LDA
equilibrium and the transition between their corresponding lig-
uid states, in particular the conjecture that HDA and LDA may
be vitrified states of two distinct liquid states of water whose
densities differ by ~25% [44].

It should be noted that a DSC feature resembling the Tg-
endotherm of the type observed for ASW, HGW and LDA shown
in Fig. 5(A) has also been observed in the calorimetric studies
of purposely aged samples of ice Ic [107,125], ices V and VI
[126,127] and of tetrahydrofuran-ice clathrate [107,128]. During
the ageing at a low temperature, these crystalline solids undergo
proton-ordering, which should be an exothermic process. When
the obtained partially proton-ordered state is heated, it gains
enthalpy in a time-, and temperature-dependent manner and the
DSC scan shows a peak whose area is equivalent to the enthalpy
lost on annealing. An estimate for the extent of orientational-
or proton-ordering in the ices has been obtained from the mea-
sured gain in enthalpy on heating. But in the case of ASW and
HGW, unannealed samples have shown the T4-endotherm on
thermal cycling over a limited temperature range, and isother-
mally annealed samples for different periods have shown little
change in the onset temperature of the endotherm or its height,
as has been discussed in Ref. [129]. So, the endotherm observed
in the DSC scan is unambiguously attributable to the glass-
softening of ASW and HGW. A recent study seems to confirm
it [93].

There has been a further development, which came from the
use of DSC scans in the calorimetric study of ice XII. Salzmann
et al. [130] found that both the unannealed ice XII and annealed
ice XII recovered at ambient pressure show an endothermic fea-
ture in their DSC scans obtained by heating at 30 K min~—1. They
concluded that this is “in line” with Handa et al. [126] obser-
vations by C, measurements of the unannealed and annealed
ices V and VI, and therefore Salzmann et al. [130] used it as
a criterion to speculate that similar features observed for LDA
[29,104] could have been possibly made on ice XII. However,
their Fig. 4 in Ref. [130] shows that the DSC scan’s peak height
and probably also the area do not show a systematic change with
increase in the annealing time. They also repeated Handa et al.’s
[126] study for ice V by DSC and the scans for ice V in their
Fig. 9 also show no systematic change of the peak height or
area with the annealing time. This is contrary to the findings by
Handa et al. [126] who had found clear and systematic changes
in the peak height and area on annealing of ices V and VI [127].

To resolve this aspect further, it seems necessary to determine
the relaxation time of LDA at ambient pressure by dielectric or
NMR methods.

Since Salzmann et al’s [130] conclusion has a bearing on the
earlier studies of LDA [29,104,131], another more recent obser-
vation is worth mentioning here. In a paper on proton-ordering
of HCI-doped ice V, Salzmann et al. [132] have concluded that
proton-ordering in pure ice V “could not be confirmed by Raman
spectroscopy” and “...similar endothermic events were also
found for ice XI1”. This conclusion creates doubts regarding the
source of the endothermic feature observed for ices V and XII.
In our view, this restores the interpretation of the DSC feature
for LDA [29,104,131].

There have also been attempts to observe molecular mobility
in HDA and LDA by neutron scattering methods. Koza et al.
[133] have performed a detailed and elegant study of HDA and
LDA by measuring the intensity at w =0 (see their Fig. 2). They
have found that a pronounced drop-off in this intensity was not
detected in the temperature range of crystallization of LDA to
ice Ic at 7> 135K, where they had expected to find its 7. On
the basis that such a drop-off of intensity is a “fingerprint for an
enhancement in molecular mobility of the sample”, they deduced
that its absence indicates that there is no molecular mobility in
the LDA sample in the 135-155K range at time scales of less
than a few nano-seconds. Further studies of the energy scans
obtained by the incoherent scattering technique confirmed that
translation diffusion of molecules over intermolecular distances
in LDA on a time scale of less than ~4 ns does not occur during
its transformation to ice Ic on heating through the 130-150 K
range. They also found that LDA as well as ice Ic behave as
harmonic solids.

The experiment time scale in the neutron scattering stud-
ies is of course longer than in the DSC studies of 30 Kmin—1,
which had showed its Ty to be first ~129 K [29,104,131], and
later ~135 K [130]. Therefore, one expects that the enhancement
of molecular mobility in LDA in the neutron scattering studies
would be observed at a much lower temperature than 130 K.
But the intensity at =0 in Fig. 2 of Ref. [133] also does not
show a pronounced drop-off at lower temperatures. Since crys-
tallization is usually a thermally activated process, the lack of
any indication of molecular mobility in the temperature range of
crystallization indicates that LDAs crystallization is a diffusion-
less process and thus unrelated to the viscosity of the material. In
that case, the Johnson—-Mehl-Avrami equation would not fit the
crystallization kinetics data of LDA, and this aspect can be tested
for LDA. There seem to be difficulties in resolving the issue of
molecular translational diffusion in LDA and perhaps it may be
worthwhile to determine if the harmonic solid behaviour of LDA
found in these studies [133] is consistent with LDAs coefficient
of thermal expansion in the 75-135 K temperature range.

In another aspect of the study, Johari [134] has argued that
Fisher and Devlin’s [135] findings of isotopic exchange can
be explained by a mechanism in which H,O clusters diffuse
by first breaking hydrogen bonds from the neighbours, diffus-
ing as whole and then reforming hydrogen bonds with other
neighbours. It is also uncertain whether or not the presence of
short-range order arising from hydrogen-bonded OH, tetrahedra
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has an effect on the interpretation of scattering measurements in
terms of molecular mobility [133]. This can be tested by study-
ing SiO, and GeO, glasses which have a similar short-range
order, but of SiO4 and GeQOy4 tetrahedra.

Studies have shown that a blunt indentor penetrates through
2-3mm-thick sample of LDA on heating through the 142K
range [136], and therefore LDA deforms by viscous flow. In
support of an alternative conclusion, it has been suggested that
this finding is an effect described as “Indeed a tungsten wire can
slice rather rapidly through crystalline ice samples, at tempera-
tures several degrees below bulk melting point” [137]. We point
out that a wire under a load traverses through ice Ih because
dTyn/dP of ice Ih is negative. The ice refreezes after the wire has
traversed through it, thus leaving the ice unsliced. This is not the
case for LDA, which has no melting point, and it is well known
that Ty of materials usually increases with increase in pressure.
More experiments and/or interpretation are needed to resolve
this issue. This is particularly important in view of the recent
dielectric relaxation time measurements of LDA [110].

Finally, we consider a recent ultrafast microcalorimetry study
of 1 £0.1 pwm thick film of vapour-deposited, porous amorphous
solid water (PASW) by calorimetric scans obtained by heating
the film at a rate of (1.3+0.2) x 10 > Ks~1 [137]. The study
has concluded that most of the earlier findings on sintered amor-
phous solid water (ASW), hyperquenched glassy water (HGW)
and low-density amorph (LDA) are inconsistent with the new
data [137], and consistent with a disputed conjecture that the T
of water is 165 K and cannot be measured. It was also reported
that PASWs enthalpy relaxation time is greater than 10 —°s at
205+ 5 K. We note that, in contrast to earlier studies in which
10-20 mg samples were used, experiments on PSAW in Ref.
[137] were performed on ~1-2 um thick films and the conse-
quent large surface effects in the porous samples are difficult to
interpret. However, there are certain basic aspects of the study
that have been overlooked. We briefly describe these here. In
doing so, we, unlike in Ref. [137], do not use the terms ASW,
HGW and LDA interchangeably. As discussed above, Hall-
brucker et al. [26] had already shown the importance of sintering
ASW prior to obtaining the DSC scans. In the Introduction sec-
tion of that paper they reviewed the earlier studies in which
the various time-dependent thermal effects observed on heating
unsintered ASW or PASW were either confused with a promi-
nent Tg-endotherm, or else taken for a lack of observation of a
Tq-endotherm in the DSC scans. This paper may be consulted
for details [26].

One aspect that has been overlooked in Ref. [137] is
an unusually large increase in the temperature-width of the
structural-unfreezing endotherm (not the 7y endotherm as
reported in Ref. [137]) for toluene, which was used asa test liquid
for ascertaining the merits of the ultrafast calorimetry technique.
Briefly, the width of the endotherm, taken from its designated
“Ty” and the peak position, for vapour-deposited porous toluene
measured for heating at 1.3 x 10 ®Ks~! rate in Fig. 3, Ref.
[137] is ~30 K. We point out that this width is 10 times the
width of ~3 K observed for bulk toluene [138] in the range of
its structural-unfreezing at normal Ty of 117.5 K, as determined
by heating at 10 Kmin—1. One realizes that a decrease in the

temperature sensitivity of the relaxation time with increase in
temperature may make the endotherm somewhat broader for a
higher heating rate as well as shift it to a higher temperature. But
the distribution of relaxation times is also less at higher tempera-
tures, which would make the width smaller. This is a well-known
calorimetric effect and has been discussed in Ref. [139]. The 10-
fold increase in the temperature-width of the Ty-endotherm for
toluene is unusual and seems to indicate extrinsic effects associ-
ated with the ultrafast measurement technique used. To further
elaborate, if we use this factor to scale the corresponding width
of 14 K reported for the Ty endotherm for ASW [26], and ignore
a possible decrease in the width due to decrease in the distri-
bution of relaxation times, or assume the decrease to be about
the same as for toluene, the expected width for PASW would be
140K for heating at 1.3 x 10° Ks~! rate.

We recall that C,, of ASW is within 2% of the C,, values for
ices Ic and lh up to a temperature of 125K [99,140,141], and
their C, values are expected to remain close to each other as long
asstructural-unfreezing of ASW does not occur. The net increase
in C,, for the 136 K Ty-endotherm is found to be only 8% higher
than that of ice at its maximum value reached at 147 K [141],
when ASW was heated at 30 K min—!. It would be less if the
sample was not fully amorphous. This is important because the
PASW sample was stated to be at least 50% amorphous [137].
In that case, the sample would show a very broad Tg-endotherm,
as explained above, with C, rise of significantly less than 8%
above the value for the ice. The noise in the data reported in Fig.
6 of Ref. [137] is comparable with that, and therefore it would
obscure any slow increase of the wide C;, endotherm before the
sample crystallizes.

The issue of the apparent absence of C,-rise was considered
in Ref. [137] in order to infer that the expected C,-rise is enough
to be observable. But in that consideration, interpolated paths of
conjectured C,, in its plots against 7 in the supercooled region
of water given in Ref. [142] were used. The three C,, — T paths
conjectured there had been originally used for analysing the con-
tinuity of states between HGW and ambient water [142] and they
are valid only if the C,, of HGW is 2Jmol~1 K= higher than
that of ice Ih at 153K, as shown in Fig. 4 of Ref. [142]. If it
is less than that, as Chonde et al.’s data [137] apparently sug-
gest, then the paths in that Fig. 4 are inappropriate for resolving
this issue. Moreover, as the ultrafast microcalorimetry technique
broadened the structural-unfreezing endotherm for the test lig-
uid, toluene, it would also broaden the corresponding endotherm
for PASW and thus further reduce the C,-rise of PASW before
it crystallizes. It has also been stated that [137], “...the ASW
content in our vapour-deposited ice films is at least 50%, which
is sufficiently high to observe endothermic heat capacity vari-
ation”. The amount of PASW in the sample is not known, but
even if it is taken to be 70%, the reduced fraction of PASW and
the exceptional broadening of the Tg-endotherm would make
the endothermic signal smaller and hence even more difficult
to discern by ultrafast technique used. Above all, we find that
the data for the relaxation time of toluene used for testing the
method’s validity were compared by mistakenly using at least
100-times higher values than those in the literature they had
cited.
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Recent studies of the dielectric relaxation time of ASW
and HGW have made it clear that their Ty is less than 140 K
[118,119]. There is no experimental evidence to support the
conjecture that ASWs Ty is ~165K. Since Hallbrucker et al.
[26] had found it necessary to sinter the ASW sample prior to
studying its DSC scans in order to reveal the Tq-endotherm, it
may also be necessary to perform accurate measurements on
sintered ASW samples using ultrafast microcalorimetry.

5. Characteristic changes during
pressure-amorphization of ice

It has been known since the 1960s that a variety of materials
can be converted from their crystalline solids to an amorphous
state isothermally by uniaxial compression and most of those
may be retained in the apparently amorphous state at very low
temperatures atambient pressure. The pressure-induced collapse
of crystals may result from natural or man-made impact, from
a shock wave generated by it, or from a sustained stress as in
geological occurrences. Historically, as early as 1963, Skinner
and Fahey [143] had reported that stishovite, a form of crys-
talline silica, becomes amorphous by the simple procedure of
mechanical grinding, and others had reported similar observa-
tions for other crystals soon thereafter [144]. In his compilation
of the properties of silica, Primak [145] had noted that under
a shock pressure of more than 20 GPa, SiO, becomes amor-
phous. In 1972, Brixner [146] reported that Gd2(M2QO4) crystals
become amorphous when subjected to pressure. Since 1981,
there have been a number of systematic studies of shear-induced
mechanical amorphization of metal crystals in a high-speed ball
mill, in which crystals were subjected to high impact [147,148].
Hemley et al. [149] reported that «-quartz and coesite crys-
tals at 300 K transform to amorphous solids at 25-35 GPa and
300 K, indicating the thermoelastic instability of tetrahedral net-
work structures at high compression. Their amorphous structure
has been generally deduced from the observation that their
X-ray and neutron diffraction features lack sharp features or
Bragg peaks, or their vibrational features show exceptional
broadening of the peaks. A brief description with relevant ref-
erences to earlier studies of pressure-amorphization of a host
of materials is given in the Introduction of a recent article
[150].

During the course of the collapse of a crystal, topological
arrangement of atoms or molecules is forcibly altered by the
applied pressure, which in the case of ices Ih and Ic would
correspond to a value greater than the value of their Young’s
moduli. But, more significantly, while the density decreases
on amorphization of a crystal, the density increases on pres-
sure collapse and subsequent amorphization, while the internal
energy increases in both cases. When the resulting change in
the molecular arrangement leads to random displacement of
molecules in the structure, the collapsed solid may appear amor-
phous in the X-ray and neutron diffraction spectra. But when it
leads to formation of nanometer size crystals of high-pressure
phases of ice, with a very large net surface area, the product
formed after the collapse has a higher density and would still
appear amorphous in the X-rays and neutron diffraction spectra.

In this context, it should be noted that recent studies of HDA
and LDA have shown a considerable scattering of neutrons at
small angles, i.e., at low ¢ values [36] that has been attributed
to the heterogeneous disordered structures of HDA at a meso-
scopic scale. This is similar to a feature that had been observed
earlier in the neutron scattering studies at small angles when
water was confined to the nanopores of a polymer [151]. Koza
et al. [36], have linked this low angle scattering feature to the
diversity, heterogeneity and kinetics of the HDAs and LDA, and
have suggested that there may be only one HDA. The latter
is consistent with an earlier conclusion [34,152] that there are
only two solid amorphs, one is known as LDA and the other is
known as “very high-density amorph” (VHDA), both are seen
as mesoscopically homogeneous phases. Other HDAs of inter-
mediate densities are therefore mesoscopically heterogeneous
structures. Density of VHDA has been measured at ambient
pressure and 77 K by recovering a sample that had formed when
HDA at 1.1 GPa had been heated to 165 K [74]. It has also been
determined by using the piston displacement data during pres-
surizing of LDA at 125 K to 1.5 GPa [153,154]. In both cases, it
seems doubtful that the ultimate density had been reached. It is
known that the volume does not change at glass—liquid transi-
tion, and therefore the density of the ultimately formed VHDA
would be close to that of the ultraviscous water at 140 K and
~1 GPa, but this density is not known, even though its dielec-
tric relaxation time is known [53,54]. Although the density of
VHDA has been determined by the buoyancy method at ambi-
ent pressure and also piston displacement measurements at high
pressures have been reported, these values have been revised and
more recent data indicate that VHDA produced on pressurizing
LDA at 125K does not reach the limiting high-density value
[153,154]. Whichever state of HDA has been formed by pres-
sure collapse of ices Ih and Ic, most studies have shown that
properties of this state change irreversibly with pressure and
temperature.

In this context we recall that HDA was accidentally discov-
ered when ice lh contained in a piston cylinder apparatus at 77 K
[27,28] was found to irreversibly collapse on raising the uniax-
ial pressure on it to ~1.5 GPa. The experiments were similar to
those performed on ice clathrates a few years earlier by Ross et
al. [71]. Since tetrahedral hydrogen bonding in the open struc-
tures of ices Ih and Ic is much weaker than the covalent bonding
in SiOy, the structure of these ices at 77 K collapses at a rel-
atively low-pressure of ~1 GPa with a density increase from
0.93 to 1.31gcm—2 at 77K and 1 GPa [27,28]. It was earlier
thought that at 77 K, ice Ih slowly melted irreversibly at ~1 GPa
pressure, and the slow crystal-liquid transformation was thermo-
dynamic in nature. If so, it was expected that tetrahydrofuran ice
clathrate would show a similar transformation at a much lower
pressure of 0.3—-0.4 GPa of its extrapolated phase boundary [56].
But studies of volume and dielectric properties of tetrahydrofu-
ran ice clathrate showed no indication of its pressure collapse.
A further study showed that it was not possible to recover the
high-density phase of the ice clathrate at zero pressure, as it
reverted to the original crystalline structures when the pressure
was released [155]. It is still unclear why a high-density amorph
cannot be obtained from pressure collapse of an ice clathrate,
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whose structure is as bulky as that of ices Ih and Ic, and, if a
high-density amorph does form, why it cannot be recovered at
ambient pressure at 77 K.

It is to be noted that when the pressure on the collapsed
state (of unknown structural details, homogenous or inhomoge-
neous, highly deformed or nano-crystalline mixture of various
ices, mixture of the ices with non-crystalline solid, or even
mostly non-crystalline solid, showing no Bragg reflections) is
decreased, the sample does not transform back to ice Ih and
the state recovered at ambient pressure remains amorphous. A
noteworthy parallel to this occurrence is mechanical deforma-
tion of crystals in a high-speed ball mill, which also amorphizes
acrystal if vitrification temperature of the amorph is much lower
than the ball-milling temperature. In either case, the collapse of
ices Ih and Ic, occurring at low temperatures when the prod-
uct is a rigid solid, produces a structure of fixed configuration,
like that of a nonergodic state. Therefore, only the vibrational
or non-relaxational properties of the sample change as a result
of changing structure of the sample during its collapse. Also, as
long as the temperature of the collapsed state is kept low, the
change in its properties on cooling and heating is vibrational in
origin, occurring reversibly, as the structure does not change.
X-ray and neutron diffraction features of the HDA samples
recovered at ambient pressure at 77 K have shown differences
in the details of the structure factor studied by the same group
as well as by different groups, as was discussed earlier [34]. It
was concluded that lack of control of pressure, temperature and
time conditions has led to such differences, and that there is no
single HDA that is produced by pressure collapse of ice 1h [34].
Ice Ic has also been found to collapse under pressure to produce
HDA, but the pressure is slightly less than that for collapse of
ice Ih [31].

In addition to measuring the volume from piston displace-
ment data, progress of the collapse of ice Ih has been investigated
by measuring the thermal conductivity, the ultrasonic sound
velocity and the limiting high-frequency permittivity, a mea-
sure of the infrared-red polarization. The plots for the piston
displacement in a pressure vessel containing ice lh at 77 K are
shown in Fig. 8(A), of the limiting high-frequency permittiv-
ity at 77K in Fig. 8(B), of the thermal conductivity at 130 K
in Fig. 8(C) and of the velocity of transverse sound waves of
5 MHz frequency at 77 K in Fig. 8(D).

To determine if the pressure collapse of ice is influenced by
the crystal size, experiments have been performed by freezing
water, which produced up to 0.5mm size crystals, by trans-
forming ice Ic to microcrystalline ice Ih, and by allowing the
micron-size crystals of ice Ih formed from ice Ic to grow to
a relatively large size. These experiments have revealed that
millimeter-size crystals begin to collapse at ~1 GPa at 77 K and
micrometer-size crystals at ~0.7 GPa. This shows that the pres-
sure needed to collapse the structure of ice Ih decreases as the
crystal size is decreased or as the ratio of surface to bulk energy
is increased. Johari has reported [31] that in his crude attempt,
a nominally 2 mm diameter, 3mm long single crystal of ice Ih
at 77 K did not collapse at ~2 GPa pressure, thereby suggest-
ing that polycrystallinity of a sample has a role in its pressure
collapse.
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Fig. 8. Changes in the properties of ice Ih on increase in the pressure showing
the effect of collapse or amorphization of ice under a uniaxial pressure that is
expected to become hydrostatic by mechanical deformation of ice. (A) Volume
decrease indicated as displacement of the piston in the pressure vessel containing
ice Ih crystals of millimeter size and micrometer size at 77 K. Data are taken
from Ref. [31]. (B) Increase in the limiting high-frequency permittivity at 77 K.
Data are taken from Ref. [56]. (C) Decrease in the thermal conductivity of ice
Ih at 130 K. Data are taken from Ref. [152]. (D) The increase in the velocity of
transverse sound wave at 77 K. Data are taken from Ref. [32]. Note that increase
in pressure irreversibly transforms crystalline ice to an amorphous structure,
i.e., it does not transform back to the crystal phase on removal of pressure.
Nevertheless, the transformation is cyclic in that the amorphous solid can be
heated to obtain the original crystal phase which then can be cooled and pressure-
amorphized again.

During the pressure collapse of ice Ih, the limiting high-
frequency dielectric permittivity, ., which contains no relax-
ational contribution, has been found to increase gradually in
a sigmoid-shape manner from 3.1 to 3.4, as seen in Fig. 8(B).
Decompression of the sample does not restore the original value,
and ¢/, of the pressure-amorphized solid remains at about 3.36
[56]. This increase from 3.14 to 3.40 on pressure collapse is
partly due to the increase in the square of the optical refractive
index from 1.73 to 1.79, as the density increases from 0.93 to
1.17gcm~2, but it is mainly due to the increase in the infrared
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(vibrational) contribution to &, i.e., the frequency of transla-
tional vibrations in the pressure collapsed solid is lower than in
ice Ih and/or the absorptivity associated with these vibrations is
higher. This observation led to the inference [56] that the near
neighbour distance between the water molecules in HDA should
be greater than in ice Ih, which was confirmed from determina-
tion of the near neighbour distance from X-ray diffraction of the
pressure-amorphized solid by Bosio et al. [156], but there have
been no studies of the infrared spectra during the pressure col-
lapse of ice Ih to confirm the inferred lowering of this vibrational
frequency.

Yoshimura and Kanno [157] have performed an in situ study
of the Raman spectra of ice lh during the course of its pressure-
amorphization. They found that the 3082 cm~1 peak which is
the most prominent peak of ice Ih at ambient pressure and 77 K
decreases in height and shifts to lower frequencies as the pressure
is increased slowly to 0.9 GPa, and then vanishes at 1.2 GPa,
while the 3200cm~1 small peak broadens and become most
prominent at 1.2 GPa. Yoshimura and Kanno [157] attributed
this finding to formation of strong hydrogen bonds in HDA. They
further concluded that amorphization of ice Ih to HDA is not a
transition to a glassy state of high-density water at 1.2 GPa, but is
a process of collapse of the structure at high pressures. Heating
of HDA at 1.2 GPa to 218 K produced ice VI (ice IV written in
their paper is probably a transcription error) and heating HDA
at 1.2 GPato 153 K and also at 0.7 GPa to 153 K made the broad
peak and the high-frequency shoulder more prominent, with a
slight shift of both features to a higher frequency, indicating
densification of HDA. These observations were reflected in a
dilatometric study [74], which led to the naming of densified
sample as VHDA.

There is, however, an interesting feature in Fig. 2 of
Yoshimura and Kanno [157], which is worth noting. During
the shifting of the ice Ih 3082cm~1 peak to lower frequen-
cies on increase in pressure at 77 K, the shift is highest when
p is increased from 170 to 260 MPa. It is also much greater
than the total shift on raising p from 260 to 900 MPa, sug-
gesting that something other than simple compression occurs
in the 170-260 MPa range. But if the pressurization rate was
not constant and more time elapsed in raising p from 170 to
260 MPa than at other pressures, the additional change in the
sample’s state would be due to the longer time taken in the
170-260 MParange. Significance of this observation would per-
haps be made clearer in future experiments using the same or
another technique.

Andersson and coworkers [34,50] have studied the progress
of pressure collapse of ices lh and Ic by measuring the ther-
mal conductivity in real time, and Brazhkin and coworkers
[158-160] have studied the velocity and attenuation of ultra-
sound waves. Thermal conductivity, «, of both ices Ih and Ic has
been found to decrease on increase in the pressure according
to broad inverted sigmoid shape plot, as shown in Fig. 8(C), in
remarkable similarity to the shape of the piston displacement or
the volume against pressure plot for the ices shown in Fig. 8(A).
The plot of « against pressure at 130 K in Fig. 8(C) shows about
the same onset pressure of ~0.8 GPa for the collapse of the
structure as the plot of the piston displacement of micron-size

crystals of ice Ih. This indicates that the effect of increase in
the temperature on the onset pressure for collapse is similar to
the effect of decrease in the crystal size, or increase in the net
surface (interfacial or grain-boundary) energy of the ice sam-
ple. This is a remarkable finding in that it suggests that thermal
energy has a role qualitatively similar to the surface energy. We
conclude that in terms of the high pressure needed, it is easier to
collapse ice Ih by either decreasing the crystal size or increasing
the temperature of the sample.

Gromnitskaya et al. [32] have reviewed in detail the stud-
ies of the velocity of sound waves performed by their group.
They showed that the velocity of sound waves and shear mod-
ulus increase sharply as the ice lh structure at 77 K collapses
under pressure, and the bulk modulus increases [32]. The plot of
the (transverse) ultrasonic velocity against pressure constructed
from Gromnitskaya et al.’s data [32] in Fig. 8(D) shows that the
ultrasonic velocity increase is abrupt, and much sharper than
the changes observed in the volume, thermal conductivity and
limiting high-frequency permittivity, as seen in Fig. 8(A)—(C).
This indicates that the pressure collapse of ice Ih in their exper-
iments is initially very sharp. This is quite the opposite of the
spread-out pressure range for the collapse indicated by the broad-
shape plots observed in the volume, thermal conductivity and the
high-frequency permittivity measurements. The reason for such
a sharp change has remained unclear.

Crystals of ice Ih are mechanically anisotropic. They deform
more easily along the basal plane than along a plane normal to it
[113] and thus it seemed plausible that, owing to this anisotropy,
pressure causes stress concentration at some grain junctions,
and thus collapses its polycrystalline sample. But experiments
performed on mechanically isotropic crystals of ice Ic [29,30]
have shown that its polycrystalline sample at 77 K and at higher
temperatures [50] also collapses under pressure. Fig. 9(A) shows
the plots of « against pressure for ice Ih at 115K and 129K
and for ice Ic at 129 K. An LDA sample was also made by
depressurizing HDA at ~130K to a pressure below 0.05 GPa.
Its « at 129K is also plotted in Fig. 9(A). Here, the sigmoid-
shape decrease in x on pressure collapse of the two ices and
LDA is clearly evident, but the plots also show that this shape
becomes narrower when the temperature of ice Ih is raised from
115 to 129 K and the onset pressure for the collapse decreases
from 0.9 GPa at 115K to 0.8 GPa at 129 K. (Note that a further
effect appears here as a jog at a pressure of ~0.9 GPa for the
115K plot. This jog from the smooth, sigmoid-shape curve was
caused by the inadvertent waiting at this pressure for an unknown
period. Its occurrence is significant, as it indicates that pressure
collapse continues isothermally at a fixed pressure, and it has led
us to study the time-dependence of the pressure collapse of ice
Ih, which would be described later here.) The onset pressure for
collapse of ice Icat 129 K is ~0.1 GPa less than that for ice Ih, the
grain size in both cases remaining large. Thus loss of mechanical
anisotropy in going from ice Ih crystals to ice Ic crystals serves
to lower the collapse-pressure of their structures, not increase it.
This is also borne out by the finding that the disordered bulkier
structure of LDA, which is mechanically isotropic, collapses at
a much lower pressure of ~0.35 GPa at 129 K, as is seen as the
small sigmoid shape decrease in « in Fig. 9(A). The decrease in
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Fig. 9. (A) Thermal conductivity of ice Ihat 115 and 129 K and of ice Icat 129 K
is plotted against the pressure showing their respective collapse or amorphiza-
tion ranges, and the thermal conductivity of the pressure-amorphized solid on
lowering the pressure to ambient. The jog from the smooth sigmoid shape in the
plot for 115 K near 0.9 GPa is caused by the inadvertent waiting at this pressure
for an unknown period. The plots show that the onset pressure for amorphization
decreases with increase in the temperature and is about 0.1 GPa lower for ice Ic
at 129 K than for ice Ih. Data are taken from Refs. [50,152]. (B) Thermal con-
ductivity of ice Ih at ~130 K is plotted against the pressure. The vertical arrows
during the course of amoprhization are for fixed pressure conditions of 0.8 and
0.85 GPa at which the sample was kept for 1 h after the pressure-amorphization
had begun. Data are taken from Ref. [34].

the collapse onset pressure on increase in temperature of ice lh is
particularly significant, as it means that this pressure decreases
when thermal energy of ice Ih is increased. This is the opposite
of the effect observed for vitrification of liquids, because the
pressure required to vitrify a liquid increases as the temperature
is increased. The plot in Fig. 9(A) shows that « of the pressure
collapsed solid decreases when the pressure is decreased, an
aspect discussed here in connection with the results in Fig. 3.

6. Time-, pressure- and temperature-dependence of the
extent of amorphization

The plot of « against the pressure in Fig. 9(B) shows the
stepwise manner in which ice Ih collapses, when the pressure is
raised incrementally. In this experiment, « of an ice Ih sample
at 130 K was first measured as its pressure was slowly raised to
0.8 GPa, which is a higher pressure than the onset pressure for

the collapse leading to amorphization, and then measured with
time for 1h as the sample was kept at 0.8 GPa. The decrease
in « is shown by an arrow. The sample’s pressure was raised
to 0.85GPa and the measurements made for another 1 h. The
decrease observed is also shown by an arrow. Finally the pressure
was slowly raised to completely amorphize the ice. For com-
parison, another sample of ice Ih was studied by continuously
increasing the pressure at the same rate and its results are shown
by filled squares in Fig. 9(B). The study shows that once ice Ih
has been brought to a pressure in the (collapse) amorphization
range and kept at that pressure isothermally, the amorphization
process becomes time-dependent at a fixed 7 and p and that the
amount amorphized in 1 h, as indicated by the vertical decrease
in «, is more at 0.85 GPa than at 0.8 GPa.

This time dependence is an important aspect of the pressure-
amorphization mechanism, particularly as it contradicts the
currently held presumption that ice Ih to HDA is a thermody-
namic transformation with an equilibrium pressure of 0.5 GPa
at 77 K for the purpose of constructing the equilibrium phase
diagram [44,161]. Merit of this phase diagram was questioned
in Ref. [83] where it was shown that HGW and LDA are two
solids with different thermodynamic properties. Since HDA is
not the equilibrium state, but only one of the intermediate states,
transformation between ice Ih and HDA is not an equilibrium
transition at 0.5 GPaand 77 K. It also shows that the state formed
depends on the thermal and compression histories of the sample.
Because of its significance, the time-dependence of this process
has been studied in detail by continuously measuring « of ice
Ih in real time at a fixed temperature and fixed pressure over a
period of several days. In a typical experiment, ice Ih was kept
at 128 K and 0.8 GPa and its x was measured over a period of
110ks (30.6 h). Its value is plotted against time in Fig. 10(A). It
shows a much larger decrease in « over time and the decrease
itself occurs in an asymptotic manner, but with little indication
of an approach to a limiting low value in an experimentally con-
venient time. Further experiments were performed on ice Ih for
other p—T conditions and for different time periods. The data
obtained for six such conditions are shown in Fig. 10(B) and
©).

In general, the time-dependence of a property during the
pressure collapse indicates one or several of the four follow-
ing occurrences: (i) crystallites in the polycrystalline sample
collapse at different rates by a mechanism that continuously
changes the conditions required for their collapse with time, (ii)
the sample becomes a mixture of crystallites and their collapsed
state at its initial stages, (iii) all the crystalline sample has col-
lapsed but the state formed is kinetically unstable and is tending
toward a more stable state at high pressures, and (iv) highly
deformed crystallites or else a mixture of nanometer-size crys-
tals of high pressure polymorphs of the material have formed
whose deformation or composition continuously changes with
time. In occurrences (i) and (ii), the rate of approach to a stable
state is expected to be very small in the early period immediately
after the onset of collapse because the amount of the collapsed
state formed would be negligibly small. It would become signif-
icant only when most of the sample is in the collapsed state. In
their physical manifestation, occurrences (iii) and (iv) are analo-
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Fig. 10. (A). Thermal conductivity of partially collapsed or amorphized state of
ice Ih at 0.8 GPa and 128 K. The line is calculated from stretched exponential
relation given here. Data are taken from Ref. [73]. (B) Thermal conductivity of
several samples plotted against time. Data are taken from Ref. [73]. (C) Nor-
malized values of the measured thermal conductivity with respect to the initial
(zero time) value of the samples kept at different pressures and temperatures are
plotted against time. The pressure and temperature conditions are as labelled.
Data are taken from Ref. [152].

gous to structural relaxation of the state obtained by mechanical
amorphization of crystals in the high speed ball-milling process,
to structural relaxation of a glass formed by hyperquenching the
melt, or to structural relaxation of an amorphous solid made
by vapour-deposition. All the three states have high energy and
high fictive temperatures. They become denser spontaneously
with time, as their amorphous states approach asymptotically an
amorphous structure of lower energy and lower fictive temper-
ature. In the plots in Fig. 10(B), « at various conditions of fixed
p and fixed T is also seen to decrease asymptotically with time
towards a limiting low value. It is clearly evident that « of the
sample as well as the rate of the asymptotic decrease in x with
time varies with the p—T conditions.

To help discuss specifically the pressure collapse and amor-
phization of ice Ih, each set of measurements given in Fig. 10(B)

is converted to the normalized value [« (¢)/x(0)],,r, and is plotted
against the time, 7, in Fig. 10(C). It is evident that [«(#)/«(0)],, 7
decreases with time, and tends toward [«(c0)/k(0)],, 7, that is
different for different p—T conditions. The plots in Fig. 10(C)
also indicate that [«(r)/«x(0)],,r values at a given time differ even
when the p-T conditions are almost the same, as for the plots
at 0.86 GPa and 130K and 0.85GPa and 129 K. This finding
means that the collapse-rate, which probably but not necessarily
reflects amorphization rate, differs even when p—T conditions
are closely similar. (As increase in density increases « of HDA
[50], a process involving only relaxation of HDA to a higher
density would be inconsistent with the observed decrease in «
with time.) Moreover, the plot for 0.85 GPa and 129 K and that
for 0.88 GPa and 127 K cross over, thus showing that there is
a time reached at which [«(z)/k(0)],,r is the same for different
p—T conditions, although the rate of decrease in [«(£)/k(0)],,r
with time differs. Clearly, a given value of « of the sample can
be reached by different p—7T—t paths. Altogether, these findings
indicate that the initial p, T conditions determine the rate of ice
Ih structure’s pressure collapse and that the amount of the col-
lapsed state or the extent of amorphization at a given p, T and
t, as indicated by the « value, is determined by more variables
than have so far been considered in such studies.

The asymptotic nature of the decrease in thermal conductiv-
ity with time at 0.8 GPa and 128K seen in Fig. 10(A) can be
described by a stretched exponential relation,

B
(1) = K(00) + [€(0) — k(o0)] exp [— (t) ] ™

70,k

where «(0) is the value of « at the instant when the fixed pres-
sure experiment at 0.8 GPa was begun, «(oo) the limiting long
time value of «, and 7o, the characteristic pressure collapse
or amorphization time. The fit of Eq. (7) to the data is shown
by the smooth line in Fig. 10(A). The normalized value of the
same data is plotted against logarithmic time in Fig. 10(C).
The values obtained from this fit are «(0)=3Wm—1K™1,
k(00)=1.8Wm~1K™L, 79, =90.9ks (1500 min) and =0.6.
From these parameters we calculate that, at 0.8 GPa and 128 K,
it would take 120h to reach a state whose « value is within
5% of the «x(co) value of 1.8 Wm~1 K~1, Moreover, the plots
in Fig. 10(C) show that at 0.8 GPa and 128 K, « of the state
formed would not decrease to the same value as that of the
state formed at 1.15GPa and 129K in the plot of Fig. 9(A).
To elaborate, « of the state formed at 1.15GPa and 129K is
~0.7Wm~1K=1 in Fig. 9(A), but x(co) of the state formed
at 0.8GPa and 128K is 1.8Wm—1K™! ie, 1L.1Wm~1K™?
higher. Therefore, it would seem that either the collapsed state
of ice Ih or the HDA formed after keeping for a formally infinite
time at 0.8 GPa and 128 K would be different from that formed
at 1.15GPa and 129K, or Eq. (7) does not apply for the entire
transformation. In this context two findings are significant: (i) «
of the state formed by slow pressurization to 1 GPaat 129 K [34]
increases only slightly on heating, which is due to an inherent
increase of HDA's « with Tand not due to a concurrentincrease in
the density on HDAs conversion to VHDA [74], because VHDA
was formed already during slow pressurization at high temper-
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atures in our experiments, and (ii) the denser state recovered
at ambient pressure has different X-ray diffraction features (see
Ref. [152] for discussion). Based on these findings, we con-
clude that the final state attained on pressurizing ice Ih depends
upon the p-T conditions. If the sample is kept at 0.8 GPa and
~130K even for an almost infinite time, the final state would
likely be inhomogeneous. However, the extent of inhomogeneity
would decrease with annealing time and with increase in pres-
sure, and the state formed after long-time annealing at 1.15 GPa
and 130K is likely to be homogeneous and close, or identical,
to that recently referred to as VHDA [74].

As part of further analysis, «, the extent of conversion of ice
Ih to the collapsed state has been calculated by using the thermal
conductivity data measured with time in the relation,

NECE
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and the plot of @ against time has been found to have an extended
sigmoid shape, resembling the shape of the extent of crystal-
lization, phase transformation, chemical reactions and structural
relaxation against time plots. This feature has been discussed in
detail earlier [152].

It should be noted that equations similar to Eq. (7) have been
fitted generally to the relaxation spectra in studies of molecu-
lar relaxation processes, to the enthalpy and volume changes in
structural relaxation studies, and to the extent of transformation
in chemical reaction kinetics. In all these studies, the quantity
B has been found to be less than 1 and interpreted in terms of
a broad distribution of relaxation times [162-164]. The distri-
bution has been suggested to be due to microscopic dynamic
heterogeneity in ultraviscous liquids and glasses [165-167]. In
chemical reaction kinetics, it has been interpreted in terms of a
diffusion-controlled kinetics, dispersive Kinetics, or a distribu-
tion of the reaction rate constants. This latter idea was developed
by Plonka [168], who has developed the concepts of disper-
sive kinetics of such (transformation) reactions [168], in which
homogenization at a molecular level (in viscous liquids and
glasses) does not occur over the time scale of the transformation.
Consequently, a molecular level heterogeneity of the reactants
and products develops within the bulk of a sample on the trans-
formation time scale. An extension of Plonka’s theory [168] to
the amorphization process of ice Ih would mean that molecular
level regions of the amorph and ice Ih exist in the bulk of the
sample over the transformation time scale.

Raman spectra of ice Ih at 135K and 0.7 GPa have shown
features attributable to the presence of both ice Ih and HDA
[169]. As expected, the OH-stretching peak of ice lh shifts to
a lower frequency [170]. The spectral sampling time and other
parameters for measurements are usually kept the same in order
to allow direct comparison of the spectra, and if that is the case
then it is worth pointing out that the OH stretching peak inten-
sity of ice Ih relative to that of pure HDASs broad peak at 1.2 GPa
in Fig. 2, Ref. [169] indicates that at least 50% ice Ih remains
with HDA at 135 K and yet the intensity for pure HDAs peak at
1.2 GPa is surprisingly not much more than that of the sample
at 0.7 GPa. On pressurizing from 1.2 to 3.5 GPa, pure HDA at

135K transforms to ice VII, and on depressurizing on ice VII at
135K, the sample converts to LDA without forming HDA [169].
Since real time studies of the Raman and far infra-red spectra of
ice Ih isothermally at a fixed pressure or with slowly increasing
pressure are not available, we can only qualitatively discuss the
types of changes occurring at various times during the pressure
collapse or amorphization of ice Ih at a sustained high pressure.
During this occurrence at, for example, 0.8 GPa and 129 K, the
solid, as already noted in general terms above, may be, (i) a mix-
ture of ice Ih and a certain unknown amount of the collapsed state
or amorph whose «(co) is ~1.8 W m~—1 K1, (ii) a mixture of ice
Ih and a certain unknown amount of a collapsed state or amorph
whose x(c0) is ~0.7W m~1 K1, (iii) entirely a collapsed state
or an amorph that gradually transforms to its own «(oo) value
of ~1.8Wm~1 K1 at 0.8 GPa and 129K, or (iv) a mixture of
highly deformed ice Ih crystals, or else a mixture of nanometer-
size crystals of high-pressure ices whose deformation and/or
composition continuously changes with time. Of these, occur-
rence (iii) and (iv) may have produced “HDAs” with different
X-ray and neutron diffraction and other features, as discussed
earlier [34], and which would have led to a further increase in
density to a state named VHDA, when an HDA state already
formed by pressure collapse of ice Ih at 77 K and 1.45 GPa was
isobarically heated at ~1 GPa to 160 K [74].

To determine the relative merits of these possibilities, we
recall that Hemley et al. [171] had reported changes occurring
in the texture of the ice Ih at 77 K, as the pressure was increased
in their diamond anvil high-pressure cell containing ice lh. In
particular, they observed extensive fracturing of the sample at
~0.5 GPa and development of turbidity by the time the pressure
had reached ~1 GPa, and a new phase appearing along the frac-
ture faults [171]. This indicates that ice Ih exists initially with
a texturally different, turbid solid at least up to a pressure of
~1 GPa. Salzmann et al. [130] have reported that X-ray diffrac-
tion spectra of the recovered sample at ambient pressure and
77 K contained distinctive features of both the amorphous solid
and ice Ih, which means that their sample was a mixture of the
amorph and ice Ih, as in (i) and (ii) above, and ignoring the pos-
sibility that some of the ice could have also formed during the
handling of the samples.

The above-given occurrence (iii) requires that all ice Ih sam-
ple collapse or amorphize abruptly. But no study has shown that
complete collapse or amorphization of ice Ih occurs abruptly and
it seems inconceivable that near the onset of this occurrence, ice
Ih and the collapsed state or the amorph would have the same
thermal conductivity, thereby preventing us from detecting any
abruptly occurring changes. It should also be noted that in one
dilatometric study of 1-1.5 mm thick an ice Ih sample at 77 K,
amorphization apparently occurred [172] first slowly and then
abruptly, reaching completion at ~1.06 GPa [172]. But we now
know that when ice Ih is kept at a fixed pressure, that is far
above the onset pressure, for a short period, the plot of the piston
displacement against pressure in the collapse or amorphization
range of both ices Ih and Ic would be vertical. This vertical plot
can be mistaken as an indication of a relatively abrupt decrease
in the volume. (Note that the jog in the plot of « at 115K in
Fig. 9(A), or the vertical decrease in « in Fig. 9(B) here could
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have been mistaken as an indication of abrupt amorphization.)
Since the rate of pressurization in the earlier study [172] had not
been controlled, and an unknown period of time was allowed
between pressure-increase steps, and further that this could lead
to a feature similar to the one seen in Fig. 9. Therefore, we do
not consider (iii) above as a probable occurrence.

Hemley et al.’s [171] real-time optical observations that, (a)
ice Ihat 77 K, fractured under a hydrostatic pressure of 0.5 GPa,
and (b) that it became turbid with further increase in pressure, are
mechanistically significant because fracture of ice Ih at 0.5 GPa
pressure would occur only if it transforms to a denser phase in
preferred regions, and turbidity would develop if either crystals
of different refractive indices are formed, or the size of ice Ih,
high-pressure ices and amorphous regions are all small enough
to scatter light. In either case, ice Ih crystals may coexist with
the high-density ices or an amorph as in (i) or (ii) above. It
is probable that ice Ih crystallites begin to deform and/or to
recrystallize to nanometer size crystals of high-pressure ices
at a certain pressure as mentioned in (iv) above, and the state
formed shows no Bragg peaks. This occurrence is followed
by the relaxation of the structure with time to a collapsed, or
amorphous state at 0.8 GPa and 129 K. We conclude that struc-
tural relaxation at a fixed pressure may occur via a series of
sequentially denser states of lower «, until the final state of a
characteristic « value has been reached. One expects that the
plots of piston displacement and of « against pressure would
not be identical because the process by which the mixture of
nanometer size crystals of high pressure phases of ice forms
would not be identical in different experiments performed at the
same temperature and the same pressurization rate. Experiments
have shown that such plots obtained in different experiments are
not identical.

The fact that pressure collapse or amorphization of ice Ih is
not thermodynamic in nature is also evident from a basic analysis
of the properties of an equilibrium state. Briefly, when a mate-
rial is in a thermodynamic equilibrium state, its vibrational and
other properties are a state function, i.e., they are not determined
by the path used to produce that equilibrium state. Therefore
one would expect that the measured values of the density, p,
as well as ultrasonic velocity, vians, Of the HDAS obtained by
pressure-amorphization of ice Ih would be the same irrespec-
tive of the temperature—pressure path used to obtain HDA, as
discussed in Ref. [37]. Briefly, the analysis has shown that at
1.6 GPa and 77K, the p values of the HDAs formed by dif-
ferent paths are spread over a 0.05gcm~2 range, from 1.33 to
1.38 gcm~2 and the vyans Values over 0.07 kms~1 range, from
2.21 to 2.28 kms~1. This means that the pressure—temperature
path for producing HDAs determines its p and vyans at 1.6 GPa
and 77 K. A similar conclusion has been reached by examining
the temperature and pressure derivatives of p and vtgns, and it
has been further shown that the HDA formed by pressurizing
LDA differs from the HDA formed by pressurizing ice 1h [37].

As mentioned earlier here, a variety of data from experiments
performed by different groups, including some X-ray diffraction
studies, have shown that the different temperatures of the ices
Ih and Ic, the different pressurizing rates and the different time
taken in performing the experiments produce different HDASs.

Therefore, the term HDA is to be used in a generic sense refer-
ring to all high-density amorphous solids formed by the collapse
of ices Ihand Ic, and not to a specific solid. It is also known [74]
that the HDA formed at 77 K densifies by ~5% when heated to
160K at a pressure higher than 0.8 GPa, and we have found that
the amorphization process is time-dependent, an aspect over-
looked in studies in which conversion of LDA to HDA, and a
further densified state of HDA has been achieved by pressuriz-
ing to 1.5 GPa at 125 K [153,154]. Our analysis has shown that
there are complications in interpreting such further densification
of HDA on increase in pressure as was done in Ref. [154]. To
elaborate, the data for two states of HDA, one normally made
and one densified, in Fig. 3 of Ref. [154] show that on cooling
from 125 to 77 K, p of the densified HDA increases by ~3.3%
and p of undensified HDA by 2.3%, which makes expansion
coefficient of the densified HDA as ~7 x 10~4K~1, which is
~1.4 times as large as that of HDA. Such a high expansion
coefficient value for a solid seems erroneous. For comparison,
p of ice lh increases from 0.9292gcm—3 at 173K to 0.9340
at 93K [60], only by ~0.55% over a larger temperature range,
and at high temperatures, where the thermal expansion coef-
ficient is relatively high. Also, their data [153,154] show that
densified HDA has a higher (elastic) compressibility than HDA.
Since these results are unexpected and appear counterintuitive,
we suggest that the density data of HDA require experimental
scrutiny before further discussion in terms of a pressure-induced
distinct transformation of HDA to VHDA. As mentioned earlier
here, recent wide angle diffraction and small angle neutron scat-
tering studies of HDA and LDA [36] have shown that there is
a correlation between their preparation conditions, microscopic
structural properties, extent of heterogeneities on a mesoscopic
spatial scale and transformation kinetics and further that there
are only two modifications that can be identified as homoge-
neous disordered structures, namely VHDA and LDA, a finding
consistent with the conclusion reached earlier on the basis of the
thermal properties of HDAs and LDA [34,152].

7. Mechanism of pressure-amorphization

It is still uncertain whether ice Ih pressure collapses directly
to a true amorphous solid, to an assembly of highly distorted
crystals of no identifiable form, or to a random mixture of ice Ih
and high pressure forms of ice that shows no crystal-like features
in the X-ray and neutron diffraction. However, the term amor-
phous is used to distinguish solids showing no Bragg peaks from
the crystal state, and for that reason the pressure collapsed ice Ih,
which has shown no Bragg peaks has been pre-emptively called
an amorph. The consequent use of the terms HDA and LDA
has thus precluded discussion in terms of a collapsed state of an
unknown structure. As mentioned earlier, the original explana-
tion for amorphization of ice as a pressure-induced equilibrium
melting at 0.5GPa at 77 K may now be abandoned, because
HDA used for construction of the phase diagram as reviewed in
Ref. [44] was not an equilibrium state. This phase diagram con-
struction has been questioned on the basis of a variety of studies
even when the HDA formed was taken to be in an equilibrium
state [83,157]. Also, the use of emulsions of ice for studying the
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volume and enthalpy changes to determine the phase diagram
of ice Ih and HDA has been shown to contain unresolved, extra-
neous thermodynamic effects that arise from interaction of the
emulsifying agents with the ice surface [173].

We also recall that a mechanism based on Lindemann the-
ory for melting applies to an ideal single crystal without point
defects or lattice faults. Therefore, it is not expected to be valid
for pressure collapse or amorphization of a polycrystalline sam-
ple which contains point defects, dislocations, internal strains
and a large grain-boundary area, and whose amorphization pres-
sure decreases, as described here, with decrease in the particle
size. Also attempts to collapse single crystals of ice appar-
ently have not succeeded [31]. In passing, we note that ice Ic
seems to have a more defective structure than ice Ih, as indi-
cated by a broader distribution of relaxation times [174], which
can partly or, possibly, entirely explain the lower collapse pres-
sure for ice Ic. Moreover, Lindemann melting is instantaneous,
but pressure-amorphization has a slow kinetics that depends
upon both 7 and p. As an alternative mechanism for pressure-
amorphization, Sikka [175] has proposed that development of
steric constraints in the crystal leads to its amorphization under
pressure. In contrast, a recent high-resolution X-ray scattering
study of the amorph formed by pressurizing ice lh at 77 K to
1.8 GPa has shown that HDA has crystal-like inelastic response
[86]. But phonon dispersion data obtained from an inelastic
neutron diffraction study of single crystal of ice at 140 K hydro-
statically compressed to 0.55 GPa by using fluid nitrogen as
pressure transmitting medium [176], have led to the conclusion
that already at 0.50 GPa pressure, a pronounced softening of the
transverse acoustic phonon branch in the [100] direction and
polarization in the hexagonal plane occurs [176]. This has been
used to suggest that the lattice instability leads to amorphiza-
tion of ice Ih already under 0.5 GPa pressure. Negative thermal
expansion of inorganic crystals has also been considered as a
requirement for their pressure collapse and to infer that such
crystals would amorphize under pressure [177,178], and Strassle
et al. [176] have used the negative expansion coefficient of ice
Ih at low temperatures to determine its Born instability pressure
as ~2.5 GPa. This means that a single crystal of ice may amor-
phize at a pressure higher than 2.5 GPa, which is much higher
than that observed here, and consistent with the finding that a
single crystal of ice Ih did not amorphize at a hydrostatic pres-
sure of ~2 GPa [31]. Nevertheless, it is important to examine
in these studies whether or not dissolution of nitrogen in ice
Ih in experiments using fluid nitrogen as pressure transmitting
medium [176], has an effect on the phonon dispersion data. Dis-
solved nitrogen at ambient pressure has been known to decrease
the dielectrically measured molecular reorientation time of ice
Ih by several orders of magnitude [179], and it is not certain
whether it also has an effect on the temperature at which the
expansion coefficient of pure ice is negative.

None of the above given mechanisms account for the obser-
vation that pressure-amorphization of ice Ih is time-dependent,
with a well-defined kinetics, and with a distribution of times.
Therefore, we consider other manners of melting that are
peculiar to a polycrystalline sample as follows: at the grain-
boundaries in a polycrystalline sample molecular or atomic

arrangement is known to be liquid-like. It is also known that
when a polycrystalline sample with submicron size crystals is
heated in the temperature range far below its bulk melting point
[180], significant premelting occurs at the three- and four-grain
junctions of the crystallites. In this process, the change in the
solid-liquid interfacial energy compensates for the change in
the bulk energy, and thus in this incipient melting process, the
melt and the solid remain at thermodynamic equilibrium. It is
also known that the surface layer of ice crystals is disordered
or water-like [113]. The amount of water contained in the grain
boundaries and grain junctions of micron size grains in poly-
crystalline ice 1h at ambient pressure has been determined from
both experiments [181] and calculations [180]. Since the relative
ratio of the surface energy to bulk energy changes with change
in pressure and temperature, this amount is expected to change
with pressure. It is meaningful to recall that amorphization of
ices Ih and Ic has been carried out by uniaxial loading at a rate
of usually ~0.1-0.2 GPamin~1 in most experiments, and uniax-
ial loading plastically deforms ice Ih crystallites anisotropically,
thus converting the uniaxial load to a hydrostatic pressure pre-
sumably within less than 30s at 77 K. As occurs generally for
polycrystalline samples of materials, the ice crystallites reorient
in this process, the sample recrystallizes, new grain-boundaries
form and the population of the three- and four-grain junctions
changes. This occurrence in turn would continuously change
the incipient melting conditions at the grain junctions and grain
boundaries, and although it is still the process of melting, it is
not the same as the Lindemann melting.

There is no doubt that collapse of ices Ih and Ic leads to the
filling of voids in their bulkier crystal structures, and this may
be brought about if the Born [182] stability condition for their
crystals is violated by the application of pressure. (Born had
mathematically described the conditions for the loss of stability
of an ideal crystal lattice, i.e., of a perfect single crystal. He had
proposed that a crystal lattice becomes mechanically unstable
when increase in the hydrostatic pressure softens the transverse
acoustic phonon modes and the elastic modulus decreases and
the collapse occurs homogeneously throughout the crystal lat-
tice. This leads to the formation of another crystal phase.) The
collapse pressure is determined by the manner in which the
elastic constants change on compression. Although Born had
considered the lattice stability violation conditions for the phase
transformation of one crystal to another, and not for transfor-
mation of a crystal to amorphous solid, which was not known
at the time, his theory has been used to calculate [183], in a
quasi-harmonic approximation, the mechanical collapse pres-
sure of an ideal ice Ih single crystal at different temperatures.
But this seems irrelevant to polycrystalline ices Ih and Ic, which
contains grain boundaries and three- and four-grain junctions in
which impurities segregate, and its individual crystals contain
point defects, impurities, and dislocations. Moreover, the state of
the crystals in a polycrystalline mass change as uniaxial loading
plastically deforms the ice sample, causes its crystal grains to
reorient, dislocations population to increase and the dislocations
to move. All of these features, which are characteristic of a sam-
ple as well as that of a material, are expected to alter the Born
instability (or stability violation) pressure and thereby cause the
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extent of amorphization to depend upon the time, temperature
and pressure, and to a small degree upon the microstructure of the
sample itself. It has also been found that dislocations in a single
crystal of ice have an extended noncrystalline core [184], which
also would alter the conditions of pressure-amorphization. Thus
it may seem that pressure-amorphization of ice Ih and ice Ic
involves two mechanistically distinct processes: (i) incipient
melting at the inter-granular regions in a polycrystalline sample
and (i) increase in the population of dislocation cores containing
disordered arrangements of water molecules in the crystallites.
It should also be noted that the much lower pressure of LDA to
HDA conversion cannot be explained by the influence of defects
and their diffusion on the Born instability condition of LDA,
even though in terms of decrease in ¥ LDASs collapse is similar
to that of ices Ih and Ic.

In a mechanical collapse resulting from the Born stability
violation in a crystal, lattice faults would lower the collapse
pressure, because these faults store energy and in most cases
lower the crystal’s density from that of an ideal lattice. More
importantly, a variation in the population of the lattice faults
would cause different crystallites in the sample to collapse at
different pressures. Thus one would expect a distribution of the
Born instability pressures (of different crystallites) in a poly-
crystalline sample, which would broaden the pressure range for
the mechanical collapse of the sample. Hence even at a very
slow compression rate, full amorphization would be reached
only after the pressure is of a magnitude high enough to collapse
the near ideal ice crystal of the highest Born instability pressure.
(The situation may be seen as analogous to a multi-component
crystalline composite, in which each component would collapses
atits own characteristic pressure.) If this occurred then ice would
coexist with the amorph at formally infinite annealing time. This
means that the final state achieved would remain a mixture of
(stronger) ice Ih crystallites that did not collapse at a given pres-
sure and the amorph that formed by the collapse of (weaker)
ice crystallites. This would also explain the observation that the
onset pressure of amorphization decreases with decrease in the
crystal grain size in the sample [31].

Electrostatic interactions in the structure of crystalline ices
have been found to be co-operative in nature [185,186], with
the consequence that breaking of some H-bonds weakens the
strength of the others. Accordingly, breaking of some H-bonds
as a result of structural collapse of ices Ih and Ic would weaken
the neighbouring H-bonds in the ice crystal. If that were to occur,
subsequent pressure-amorphization of ice would become eas-
ier, i.e., after part of the ice lh structure has collapsed, further
collapse would require a smaller increase in pressure. But the
stretched sigmoid shape plots of volume, thermal conductivity
and high-frequency permittivity against pressure have shown
that this weakening effect is inconsequential. Therefore, the
regions in which the structure collapses seem to be small enough
in size as not to cause a sudden and rapidly increasing collapse
of the whole crystal. Thus although the Born criterion for crys-
tal stability may remain valid for the mechanical collapse of
ice, its manifestation is altered by a distribution of the mechan-
ical collapse pressures in a polycrystalline mass. Nevertheless,
the time-dependent pressure-amorphization of ice Ih at a given

p-T condition may be reconciled with Born’s stability crite-
rion if occurrence of another molecular process that changes
the crystallite’s microstructure is included. On the basis of our
knowledge of plastic deformation of polycrystalline sample and
concurrent recrystallization, we suggest that this molecular pro-
cess would be diffusion of defects, redistribution of impurities
and dislocations and partial melting. This mechanism would
continuously alter, with time, the distribution of the collapse
pressure at a given p—T condition.

Whether or not this collapse would produce highly distorted
ice lh crystals or extremely small, nanometer size crystals of
high-pressure forms of ices are yet to be investigated in detail.
We note that formation of ultraviscous water [53,54] on heat-
ing the pressure collapsed state does not conflict with the view
that its structure may contain highly distorted and/or nanocrys-
tals of high-pressure ices because, (i) the melting point of such
crystals would be significantly lower than of large crystals, as
given by the Gibbs—Thomson equation, and (ii) such crystals
may transform to the lower energy glassy state in the same man-
ner as mechanically amorphized states do on heating by loss of
enthalpy.

Without referring to the nature of the product, we conclude
that the collapse onset pressure, the pressure-range for complete
amorphization and the characteristic amorphization time at a
given p—T condition are determined by at least five effects that
are intrinsic to anice Ih sample: (i) the rate of plastic deformation
of crystallites and their recrystallization under a uniaxial stress,
(ii) the concentration of lattice faults in the crystallites, (iii) the
Born instability pressure of the crystallites and the distribution
of this pressure, (iv) the redistribution of impurities and dislo-
cations and partial melting during the period of amorphization,
and (v) the pressurizing rate. It is conceivable that in Johari’s
experiment mentioned in Ref. [31], a single crystal of ice Ih at
77 K did not amorphize at pressures of up to 2 GPa because the
Born instability pressure for a single large crystal, which may
be calculated in a harmonic approximation, could be higher than
for a polycrystalline sample, and this pressure was not reached
in his experiment [31]. On the opposite end, it is conceivable
that crystals of ice approaching several nanometers in size may
amorphize at a pressure as low as 0.1 GPa. This may be tested by
an experiment in which change in properties from nanocrystal
state to amorphous state may be detected.

8. Thermodynamics and kinetics of pressure collapsed
amorph and of ultraviscous water

Amorphous states of a material made by different techniques
have different properties. We recall that a glass is formed only
by cooling a liquid or by compressing a liquid. The occurrence is
usually reversible on cooling and heating, although the cooling
path in a temperature plane differs from the heating path as a
result of different extents of structural relaxation during the time
taken to cool the liquid or heat the glass. In those cases when a
liquid cannot be supercooled by usual methods, the glass has to
be formed by hyperquenching the liquid, i.e., by cooling at a rate
higher than 10° K s~1, as in the case of water [23]. The glass thus
produced has a high fictive temperature, T3, than a glass formed
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by cooling of a liquid, say at 0.1 K s~1. The structure of a hyper-
quenched glass relaxes with time to a lower energy state of lower
Tt at a rate that increases with increase in the temperature. (For
a discussion of the subject, see for example Ref. [164].) When
such a glass is heated, its energy and Tt decrease. After its state
has crossed the equilibrium liquid line in the temperature plane
for a certain heating rate, its energy and T increase, the glass
softens and becomes an ultraviscous liquid. If the liquid crystal-
lizes rapidly, the glass-softening to ultraviscous liquid may be
immediately followed by the latter’s crystallization and may not
be observed if crystal nuclei had already formed as a result of the
heat released during structural relaxation [119]. For a material
that does not crystallize in the ultraviscous state, this process is
illustrated in Fig. 11(A).

In contrast to the normal supercooling of a liquid, a variety
of technologically useful amorphous solids are made by [91],
(i) vapour-deposition on a cold substrate, (ii) rapid evapouration
of a solution, (iii) chemical reaction that leaves a solid prod-
uct, (iv) electrodeposition and (v) mechanical deformation of
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Fig. 11. (A) An illustration for the formation of high-energy amorphs of high
fictive temperatures by mechanical deformation, and/or by rapid cooling. The
spontaneous structural relaxation in a heating rate dependent manner to a low
fictive temperature, low energy state and then glass transition are indicated by
arrows. In this case the ultraviscous liquid does not crystallize. (B) Pressure
collapse of ice Ih, its structural relaxation to a denser, low thermal conductivity
solid with time and on heating, its gradual transformation to an ultraviscous
liquid which crystallizes to ice XII on fast heating and finally to ice VI. The
segments of the plots are labelled and arrows are used to show the direction of
change.

crystals in a high speed ball-mill. The internal energy, entropy
and T; of these solids are much higher than those of glasses
formed by normal cooling. When heated, their structure rapidly
relaxes to a lower energy amorphous structure [91]. Further
heating mechanically softens the solid slowly and it ultimately
becomes an ultraviscous liquid, which may crystallize rapidly
and may therefore not show, in some cases, the characteristic
glass-softening endotherm [91]. The thermodynamic path along
which these changes occur is irreversible, but it is cyclic in as
much as the final amorphous solid can be converted back to the
original states of vapour, solution, chemical reactants, crystal,
etc.

We propose that in terms of its high energy, the pressure
collapsed state of ices Ih and Ice is qualitatively similar to the
amorphous state produced by mechanical deformation of crys-
tals, to the glassy state formed by hyperquenching of a liquid,
or to the amorphous state formed by vapour-deposition. In the
illustration of Fig. 11(A), the mechanically deformed amorphous
solid produced by mechanical deformation of crystals is shown
to have a high internal energy, as for mechanically amorphized
metal crystals and organic crystals [187,188]. The self-diffusion
in the mechanically deformed solids is much faster than in
their undeformed state. Thermodynamically, the basic differ-
ence between a mechanically amorphized crystal state and the
amorph formed by pressure collapse of ices I1h and Ic is that the
mechanically amorphized state is bulkier than the parent crystal,
and the amorph formed by pressure collapse of these two ices
is denser than the parent crystals, which do not survive a pres-
sure higher than 0.8 GPa. But, as the amorph is bulkier than ice
VI, which is the stable crystal phase at the collapse-pressures of
ices Ih and Ic, the density of the pressure collapsed state should
be compared with the density of ice V1. In earlier discussion of
the properties of the amorph at ambient pressure and 77 K, this
aspect has been unfortunately overlooked. It remains to be seen
whether an amorph of lower density than ice VI can be produced
by mechanical deformation of ice VI at 1 GPa, or else produced
by mechanical deformation of recovered ice VI at ambient pres-
sureand 77 K, by using a high-speed ball mill in the same manner
as used for ordinary crystals [189].

To illustrate the pressure-amorphization of ices Ih and Ic, the
structural relaxation of the solid on heating and the conversion
of the relaxed state to ultraviscous water, we have plotted the
molar volume of these various states against the temperature in
Fig. 11(B). In this figure, ices Ih and Ic have molar volume of
~18.1 mlmol~! and they collapse to a solid of 13.8 mI mol~?
volume at ~1GPa at 77K, and to 13.75mlmol~! volume at
125 K. The collapsed state becomes denser on heating accord-
ing to a temperature-dependent rate, and after the equilibrium
line has been crossed on heating, the volume increases. Fur-
ther heating transforms it to ultraviscous water whose dielectric
relaxation time is ~1s at 140K [53]. On further heating to
150-160 K range, the ultraviscous water may crystallize to ice
XIl1, which exists in the 0.7-1.5 GPa and 158-212 K range, but
also the resulting crystalline phase may depend upon the heating
rate [84,190]. Ice XII can be thermally cycled at 1 GPa pres-
sure along the path shown by the oppositely pointing arrows.
(Note that crystallization has been found to occur also to mix-
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tures of ices VI and XII [8] and mixtures of ices IV and XIlI
[84], and therefore there is some ambiguity of crystallization
in this metastable state). On heating, metastable ice XII trans-
forms to the stable phase ice VI [190] at 1 GPa as is indicated in
Fig. 11(B). Ice VI can be heated at 1 GPa and it melts to water
at a temperature slightly above 300 K. Studies of the liquid ice
VI phase boundary have shown that liquid water does not super-
cool through the ice VI stability region and water at 1 GPa in
the 300-140 K range is unstable. It seems now, however, that
water’s ultraviscous state at high pressure can be obtained via
the pressure collapse route of ice Ih, as inferred from the plot
of volume in Fig. 11(B). We also note that the plots of enthalpy
against temperature of these phases would show the same fea-
tures as the volume, with all points of transformation remaining
the same as for the plots in Fig. 11(B).

One may argue that contrary to the above-given postulates,
heating of the microcrystalline or submicrocrystalline particles
of the various ices formed by pressure-amorphization would
cause them to act as a nuclei for crystal growth and would not
melt them to an ultraviscous liquid. While this may be true in
some cases, it is well known that mechanical pulverization or
comminution of organic, inorganic and metallic crystals in high-
speed ball mills creates micron and submicron size particles
with a large population of point defects and dislocations and
these particles become brittle. As the volume to surface area is
already large and the surface tension of the particles is different
from that of the usual crystal-nuclei formed in the equilibrium
conditions, these particles do not act as sites for crystal growth.
Instead the mechanically amorphized powder of highly strained
particles converts to a glassy state which on heating shows
a Tg-endotherm in the DSC scan, immediately after a broad
exothermic feature. For example, mechanically amorphized
1,3,5-tri-a-naphthylbenzene studied by Yamamuro et al. [191],
and discussed in connection with high enthalpy amorphous
solids [91], and a number of pharmaceuticals [187,188,192]
have clearly shown conversion of mechanically deformed crys-
tallites to glasses. It is also a well-recognized occurrence in
the packaging technology of pharmaceuticals. More recently,
Bhat et al. [193] have shown that ball-milled crystalline parti-
cles of PbGeO3 become amorphous and show a Tg-endotherm
on heating in the same manner as a number of other materi-
als have shown. Therefore, it would not be a unique case for
the highly distorted micron or submicron crystals of the ices
to become a glass or ultraviscous liquid rather than to grow to
larger crystals. It is conceivable that the surface tension of such
mechanically deformed particles differs substantially from the
interfacial tension used in the nucleation and crystal growth the-
ories and therefore those theories may not be applicable here.
Once the viscosity of the liquid decreases on heating to 7> Ty,
new crystals nucleate and grow at a rate that depends upon the
viscosity of the liquid and the liquid crystallizes, as illustrated by
the paths shown in Fig. 11(A) and (B) for water at high pressures.

9. Summary and concluding remarks

Thermal conductivity of the ices shows a remarkable variety
of unexpected behaviours: It is lowest for an ice clathrate, and

not for the water’s amorphous solids, an apparently amorphous
solid of low-density, LDA, shows a crystal-like temperature
dependence of thermal conductivity and a distinctly crystalline
ice clathrate a glass-like temperature dependence. Crystals and
amorphous solids of water of higher density may have a lower
thermal conductivity, and two crystal forms of the same den-
sity and properties, ices Ih and Ic, show unexpectedly different
thermal conductivities.

The observed variation of thermal conductivity and heat
capacity of the high-density amorphous solid with pressure may
be qualitatively explained by the Debye theory. A quantitative
analysis of the heat capacity shows that the frequency of phonon
modes increases and the Debye energy and the anharmonicity
decrease. While the Debye phonons can explain the decrease in
the heat capacity of HDA by ~5% GPa~1, and also the increase
in the thermal conductivity towards a plateau value, they do
not quantitatively describe the increase in thermal conductiv-
ity within the approximation of a constant phonon scattering
strength.

The states of as-made vapour-deposited amorphous solid
water (ASW) and hyperquenched glassy water (HGW) have
a high energy and high fictive temperature, and both show a
prominent enthalpy decrease due to structural relaxation on heat-
ing. This decrease masks the onset of glass-softening endotherm
before the ultraviscous liquid begins to crystallize rapidly to ice
Ic. Removal of this heat by isothermal annealing prior to heating
reveals this endotherm and yields a Ty of 136 K for the glassy
state of water. LDA also shows enthalpy decrease due to struc-
tural relaxation but it is relatively less and its Ty is 129 K. The
isotope effect on Ty and a variety of thermodynamic, vibrational
and diffraction features have shown that glassy water, and the
ultraviscous water obtained by heating it, are different from LDA
and its high temperature state. Thus, there is no evidence that
the two states of liquid water, one formed by heating HDA and
the other formed by heating ASW and HGW, are the same.

Thedielectric relaxation time of ultraviscous water at ambient
pressure is estimated to be 30 s at 140 K [118,119] and of water
formed on heating HDA at 1 GPa and 130 K is determined as 5s
[53,54]. The dielectric relaxation time of LDA is more than 10
times of that for HDA at 0.3 GPaand 130 K [110]. Thus 7 of the
higher density state of water at 1 GPa is lower than the T of lower
density state at ambient pressure. The increase in relaxation time
at the HDA to LDA transition, despite the 25% density decrease,
is likely due to a change in structure to one which obeys the ice
rules [110]. This explains the much restricted dipolar mobility
in LDA as it does also in (the proton-disordered) ices Ih and Ic.
An LDA structure that obeys the ice rules would also explain
the large isotope effect on the Ty of LDA [111].

The crystal structures of polycrystalline ice Ih and ice Ic col-
lapse at a pressure greater than 0.7 GPa at a rate that varies with
the temperature, pressure and crystal size. The pressurizing rate,
the temperature and the period of sustained pressure all have an
effect on the structure and properties of the high-density amor-
phous solid formed by the collapse of ice. Thus the study of the
samples of the so-called HDA refers to the study of a generic state
of high-density and not to a specific structure or properties of a
solid. As the temperature is increased, the pressure for structural
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collapse becomes less, an effect opposite to that observed for vit-
rification of liquids for which vitrification pressure increases as
the temperature is increased. This pressure is lower for ice Ic
than for ice Ih, and it is also lower when the ice crystal size is in
the micron range. Therefore, the collapse-pressure is increased
when thermal energy of ice is low, and decreased when sur-
face energy of ice is high. Thus, for a given collapse-pressure
there is a thermal energy equivalence for the surface energy, and
it is expected that samples with crystal-grain size approaching
nanometer scale would (collapse) amorphize at a much lower
pressure than 0.7 GPa. As the nanometer size crystals would be
difficult to distinguish from an amorphous solid by diffraction
measurements, changes in volume and thermal conductivity on
increase in pressure would need to be used for such studies.

The kinetics of pressure-amorphization of ice Ih has a distri-
bution of time constants that is expressed in terms of the stretched
exponential parameter. The broad pressure range and the time-,
the temperature-, and the pressure-dependences of structural col-
lapse that leads to amorphization can be reconciled with Born’s
theory of mechanical collapse, by transverse phonons softening,
only if the effects of lattice faults (point defects, dislocations)
and of internal surfaces are included. A single crystal of ice Ih
may collapse at a much higher pressure than a polycrystalline
sample.

Such effects may also be observable for other hydrogen-
bonded crystals, e.g., resorcinol [194] and a-hydroquinone [195]
whose Raman spectra have shown gradual loss of crystal-like
features with increase in pressure above a certain pressure.
It would be important to recover the collapsed organic crys-
tals at ambient pressure and examine their structural disorder
and to study their thermal properties at ambient pressure to
determine if they also form a high-density and a low-density
amorph. Detailed studies of pressure collapse of polycrystalline
samples as a function of the crystal grain size may generally
lead to a better understanding of the role of the sample’s sur-
face energy relative to its internal energy. It may also help
understand the merits of the Born’s theory of crystal-instability,
especially if the Born-instability view is to be extended to
pressure-amorphization of crystals. It may also be important to
determine if such crystals can be mechanically amorphized in a
high-speed ball mill at ambient pressure and then to investigate
the nature of the amorph formed. Real-time studies by diffrac-
tion, Raman and FTIR spectroscopy methods during a crystal’s
collapse isothermally at a fixed pressure, as well as with slowly
increasing pressure, would be required for understanding how
the amorphous state is achieved by pressurizing crystals. This is
particular important because pressure collapsed crystals are in
a high-energy state and in this state they behave like mechan-
ically amorphized crystals. After spontaneous relaxation at a
relatively high temperature to a lower energy disordered state,
they become analogous to the hyperquenched glassy state and
show a glass-softening range.

The collapsed state on heating itself may yield new crystal
forms, as in the formation of ice X11 [196], and new crystal forms
of some materials may be technologically useful. The pressure
collapsed state of ice Ih at 1 GPa structurally relaxes rapidly on
heating and the solid at 1 GPa becomes ultraviscous water at

~140 K. On further heating at 1 GPa, this water crystallizes first
to the denser ice XII [84,190] and then to ice VI [190], or, in
certain heating conditions, to a mixture of ices XII and VI [8]
or to a mixture of ices XII and IV [84]. Thus the amorphous
solid at 1 GPa is bulkier than ice VI, its stable crystal phase. It
is conceivable that high-speed ball-milling of ice VI at temper-
atures below 130 K at 1 GPa may mechanically amorphize it to
a high-density amorph in the same manner as ordinary crystals
are amorphized. Alternatively, recovered ice VI at ambient pres-
sure and 77 K may be amorphized by ball-milling to obtain the
same state as that obtained by pressure collapse of ices Ih or Ic.
The ultraviscous water at 1 GPa, which is difficult to obtain by
supercooling water at 1 GPa, can be obtained via the pressure
collapse of ice Ih.

Since 2004, a number of new findings, particularly those
regarding the pressure, temperature and time dependence of
pressure-amorphization of ice Ih, have now confirmed that there
is a mesoscopic heterogeneity in the HDAs produced by differ-
ent methods. Moreover, it has been concluded that there are only
two homogeneous amorphous solids, one is LDA and the sec-
ond is the so-called VHDA. It has also been shown that the HDA
produced by pressurizing LDA differs from the HDA produced
by pressurizing ice lh [37], and X-ray diffraction of HDA pro-
duced from ice Ic differs from that produced from ice Ih [197].
Also, different states of HDAs, more precisely distinguished
from diffraction studies, have been produced by annealing a
state of HDA at ~0.2 GPa and by thermally cycling the samples
[198]. A study of pressurized and annealed tetrahydrofuran ice
clathrate (produced by pressurizing to 1.5 GPa at 77 K, heating
the densified sample to 150 K for annealing and finally recov-
ering at ambient pressure at 77 K) has shown that its Raman
spectra at 25 K and its X-ray diffraction are similar to those for
HDA [199]. These observations indicate the need for controlling
the temperature—pressure—time profile in producing the pressure
collapsed state of reproducible properties, as well as for care in
comparing impure samples against pure HDAs. Nevertheless,
they confirm that HDA refers to a generic state and not to a
specific solid [37].

Avariety of high-pressure crystalline phases of ice are formed
when the collapsed state of ice produced at different pressures
and temperatures is heated at different (fixed) high pressures
[8,84]. These metastable crystalline phases are “intruders” as
they are produced in the pressure—temperature stability domain
of other high-pressure crystalline ices, and they persist at low
temperatures. For example, ice XII, a mixture of ices VI and XII
and a mixture of ices 1V and XII, all form in the domain of ice
VI. These “intruders” would ultimately transform to the stable
crystalline phase by a thermally activated Kinetics. It should be
noted that some of these crystalline ice phases and their mixtures
at high pressures and low temperatures have the same density
as one of the HDAs, but their phonon properties are expected to
be different.

Crystallization on heating of the pressure collapsed state of
ice Ih to a multiplicity of high-pressure phases of ice is still
not understood. As a consequence, the nature of the pressure
collapsed state is debated, as to whether it is a composite of
the high-pressure phases of ice at a mesoscopic scale, some of



G.P. Johari, O. Andersson / Thermochimica Acta 461 (2007) 14—43 41

which may preferentially grow into larger crystals at certain
pressure and temperature conditions and thus appear to produce
“intruder” phases in the stability domain of other ices, or is it
a true amorphous solid in which no two water molecules have
identical environment and whose random crystallization pro-
duces different “intruder” phases. Here information obtained
from pressure collapse of crystals without water-like tetrahedral
hydrogen bonding would reveal not only the mesoscopic scale
character of the pressure collapsed solids in general, but also that
whether the formation of low-, and the high-density amorphs is
a natural consequence of pressure collapse or is there just a
continuity of disordered solids of varying densities between the
two extremes of low and high densities, as would be achieved by
compressing a liquid at different pressures and then supercooling
it. Such studies may also help determine whether pressure col-
lapse and subsequent formation of different amorphs is general
enough to be understood as a phenomenon in terms of changes
in the intermolecular forces, or whether it is a feature resulting
from plastic deformation of the crystal grains in a polycrystalline
sample.
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