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Abstract:

The amorphous ices govern a wide range of cosmological processes and are potentially key
materials for explaining the anomalies of liquid water. A substantial density gap between low-
density amorphous (LDA) and the high-density amorphous ices (HDA) with liquid water in the
middle is a cornerstone of our current understanding of water. However, here we show that ball
milling ‘ordinary’ ice Ih at low temperature gives a structurally distinct medium-density
amorphous ice (MDA) within this density gap. These results raise the possibility that MDA is the
true glassy state of liquid water or alternatively a heavily sheared crystalline state. Remarkably,
the compression of MDA at low temperature leads to a sharp increase of its recrystallization
enthalpy highlighting that H>O can be a high-energy geophysical material.

One-Sentence Summary: Shaken, not stirred: Ball milling gives amorphous ice in the density
range of liquid water.


https://chemrxiv.org/engage/api-gateway/chemrxiv/assets/orp/resource/item/6250848c88636c50090bd8a5/original/medium-density-amorphous-ice.pdf

Main Text:

Water has a remarkably rich and fascinating phase diagram with 20 crystalline phases and at
least two families of amorphous forms.(1-7) While three new crystalline phases have been
discovered in the last five years alone,(2-6) the discovery of novel amorphous states is much
less common. The current complement of amorphous forms comprises low-density
amorphous ice (LDA), first made through vapor deposition in the 1930s.(8) By compression
of'ice Ih or LDA at low temperatures, high-density amorphous ice (HDA) was made in the
1980s.(9, 10) Heating HDA under pressure gives either expanded high-density (eHDA) or
very high-density amorphous ice (VHDA), as reported in the early years of this century.(11,
12) As their names suggest, amorphous ices are distinguished principally by their densities,
with LDA having a density of 0.94 g cm™ and the HDAs starting from 1.13 g cm™ at
ambient pressure and 77 K.(7) This leaves a conspicuous gap in densities around the density
of liquid water (1 g cm™) which is not filled by any known crystalline phases and it is
unknown if amorphous ice can display a density in this gap. This gap and the question if the
amorphous ices have corresponding liquid states below a liquid-liquid critical point is a topic
of great interest with respect to explaining water’s many anomalies.(13-23) The fact that
amorphous ice is the most common form of ice in the Universe(24) underpins the need to
understand the structurally disordered states of H>O.

Aside from the previously reported techniques for making amorphous ices, ball
milling is an established technique for making amorphous materials in general. It is widely
used in the fields of metallic alloys and pharmaceuticals but has not yet been applied to
ice.(25, 26) At the heart of the amorphization processes are ball-crystal-ball impact events
that exert a combination of compressive and shear forces on the crystalline starting materials
as shown schematically in Fig. 1A. While local melting effects have been discussed as the
origin for amorphization, the introduction of dislocation defects seems to be the main driving
force.(27) In general, the amorphization through ball milling is most effective at low
temperatures.(28)

Fig. 1. Preparation and physical properties of medium-density amorphous ice (MDA). (A)

[Mlustration of the ball-crystal-ball impact events upon ball milling. (B) Schematic of the low-
temperature ball-milling setup. (C) X-ray diffraction patterns (square-root intensities) upon
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heating MDA after 80 ball-milling cycles. (D) Differential scanning calorimetry of ice ball-
milled for increasing numbers of ball-milling cycles. (E) Density (blue circles) and percentage
amorphous content (red diamonds) at 77 K as a function of the ball-milling cycles. The error bars
reflect the standard deviation from at least three measurements. (F) Comparison of the Raman
spectra of HDA, LDA, MDA and ice Ih at 80 K in the O-H stretching spectral region.

Here we show that low-temperature ball milling of ice Ih leads to amorphous ice with
a density in the gap between LDA and HDA. A schematic of the experimental setup is shown
in Fig. 1B. The grinding jar is cooled to 77 K with liquid nitrogen, filled with ice and
stainless-steel balls, and firmly closed. To achieve the amorphization, the entire assembly is
shaken vigorously for a range of ball-milling cycles. Full details of the experimental
procedure are given in the Supplementary Materials.

The formation of amorphous ice after 80 ball-milling cycles can be seen from the
broad X-ray diffraction features in Fig. 1C with peak maxima at 27.2 and 43.7 degrees. The
shift of the first strong diffraction feature (FSDF) at 27.2 degrees away from the most intense
Bragg peaks of ice Ih signifies major structural changes. For comparison, cryogenic ball
milling of the isostructural NH4F Ih results in the broadening without shifting of the Bragg
peaks indicating only a reduction of the crystallite sizes (Fig. S1). A comparison with the
diffraction patterns of all currently known amorphous ices in Fig. S2 highlights that the
amorphous ice obtained through ball milling is structurally unique. The closest match in
terms of peak positions is HDA. Yet, in contrast to HDA,(10) the ball-milled amorphous ice
does not transform to LDA upon heating at ambient pressure (Fig. 1C). Instead, the
diffraction patterns collected upon heating show recrystallization to stacking disordered ice I
(ice Isd) above ~140 K which later transforms to the stable ice Ih. A quantitative analysis of
the cubic/hexagonal stacking disorder in the ice Isd using the MCDIFFaX software(29) is
presented in Fig. S3. The ice Isd obtained from the ball-milled ice contains 31% cubic
stacking. It is interesting to note that the amorphous ice does not recrystallize to the fully
hexagonal ice Ih starting material which underpins the fact that the ice undergoes substantial
structural changes upon amorphization. Optical images of the ball-milled ice after 80 milling
cycles show irregularly-shaped particles with diameters in the range of several tens of
micrometers (Fig. S4).

The progress of the ball milling was monitored quantitatively with differential
scanning calorimetry (DSC). Fig. 1D shows DSC scans of ball-milled samples with
increasing numbers of ball-milling cycles. The recrystallization of the amorphous ice
manifests as an exothermic phase transition at ~150 K which increases in area with
increasing milling cycles. An enthalpy of —1.16 + 0.09 kJ mol ™! is obtained after 40 milling
cycles. Further increase to 80 milling cycles gives a heat release of —1.21 + 0.15 kJ mol ™!
indicating that the amorphization process is close to completion after 40 milling cycles. The
areas of the exotherms are independent of the diameters of the steel balls in the 10 to 20 mm
range as shown in Fig. S5 illustrating that the amorphization process takes place robustly
within a range of different ball-milling conditions.

The progressive amorphization upon balling milling was also followed quantitatively
by fully crystallizing the amorphous samples through heating and analyzing the changes in
the intensities of the ice Ih Bragg peaks. Even after 80 ball-milling cycles, the X-ray
diffraction pattern shows Bragg peaks of ice Ih (Fig. 1C and Fig. S6). This contamination
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might be due to incomplete amorphization but could also arise from vapor condensation
during sample recovery and transfer. Consistent with the increases in the areas of the
exotherms (Fig. 1D), the percentages of the amorphous content from the X-ray diffraction
analysis increase steadily up to 40 milling cycles and then level off at around 70% (Fig. 1E).
Due to the possible contamination of the samples through vapor condensation, this value
represents the lower limit of the amorphous content.

The bulk densities of the ball-milled samples were determined using buoyancy
measurements in liquid nitrogen. Fig. 1E shows that the samples become denser as the
amorphization progresses closely following the trend of the amorphous content. After 80
milling cycles, the ball-milled ice has a density of 1.02 + 0.03 g cm™ at 77 K. Considering
that the sample is at least 70% amorphous means that the amorphous fraction of the sample
has a density in the 1.02 to 1.06 g cm™ range. This density range falls into the gap between
LDA (0.94 g cm™) and HDA (1.15 g cm).(10, 12) The amorphous ice obtained from ball
milling is therefore named medium-density amorphous ice (MDA).

The Raman spectrum of MDA in the spectral range of the O-H stretching modes is
shown in Fig. 1F. While the X-ray diffraction data of MDA was closest to HDA, it is
interesting that the Raman spectrum of MDA is closer to LDA than to HDA.

The structural mechanism of the amorphization process through ball milling was
investigated computationally. As shown schematically in Fig. 2A and Fig. S7, the
computational protocol started with a periodically repeated ice Ih simulation box containing
2880 water molecules that was subjected to random shearing of layers followed by geometry
optimization of the local molecular environments. These steps were repeated until the
calculated structure factors and other structural characteristics converged (Figs S8-9). The
details of the computational approach are given in the Supplementary Materials. The
robustness of the computational approach in terms of the path independence and system size
is demonstrated in Figs S10-11.

Fig. 2. Computational investigation into the mechanism of formation of MDA. (A)
Schematic of the computational protocol that yields MDA upon repeated shearing and geometry-
optimization steps. (B) Experimental and computational X-ray structure factors, S(Q), of MDA,
water, LDA and ice Ih. (C) Corresponding oxygen-oxygen pair distributions functions, go-o(r),
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and (D) primitive ring-size distributions. All simulations were carried out with periodic boundary
conditions and 2,880 water molecules.

During the computational amorphization process, a density increase from 0.92 to 0.97
g cm ° was found similar to the experimental observations (Fig. S12). Furthermore, there is
good agreement between the calculated and experimental diffraction patterns of MDA in
terms of the peak positions of the diffraction features as shown in Fig. 2B. This illustrates
that dislocation processes are indeed essential for achieving the amorphization of ice Ih to the
denser MDA. Structurally speaking, the amorphization process goes along with a partial
collapse of the second coordination shell of the water molecules as illustrated in Fig. 2C.
This means that not hydrogen-bonded water molecules move towards the first coordination
shell which is a well-known structural mechanism for achieving higher densities in ice.(1,
30)
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Interestingly, the computational structure of MDA is closer to liquid water than to
LDA. In Fig. 2B, this can be seen from the positions of the FSDFs which are indicators for
the intermediate-range structure. The FSDFs of MDA and liquid water are found at similar
positions whereas the FSDF of LDA is close to ice Ih. From the oxygen-oxygen pair-
distribution functions in Fig. 2C, a progressive collapse of the second coordination shell is
observed upon going from ice Ih to LDA, to MDA, and to liquid water. The same
progression can also be seen in the statistics of the primitive ring sizes (Fig. 2D).

The experimental identification of MDA shows that the polyamorphism of H>O, the
existence of multiple distinct amorphous states, is more complex than previously appreciated.
A key question is whether MDA should be regarded as a glassy state of liquid water. As
mentioned earlier, the glassy natures of LDA and HDA are still debated which means that a
range of different scenarios are now possible with MDA joining the fray. A fascinating
possibility is that MDA represents the glass of liquid water in agreement with their similar
densities and diffraction characteristics.(31) This would not necessarily violate the well-
known liquid-liquid critical point hypothesis,(13, 14, 17, 21, 23) but MDA would need to
have a glass transition temperature above the liquid-liquid critical point. Accordingly, MDA
would represent liquid water before the phase separation into LDA and HDA takes place at
temperatures below the liquid-liquid critical point. Consistent with this scenario, MDA does
not show a glass transition below the recrystallization temperature at ~150 K despite
extensive annealing at a range of different temperatures (Fig. S13). According to this
scenario, MDA would be metastable with respect to either LDA or HDA at low temperatures
and at all pressures.

Alternatively, a pressure range might exist at low temperatures within which MDA is
more stable than LDA and HDA. However, due to the generally slow kinetics at low
temperatures, the two scenarios are difficult to distinguish. Heating MDA at ambient pressure
does not lead to the formation of LDA (Fig. 1C) and MDA remained stable upon heating to
the p/T conditions of eHDA (Fig. S14). The uniaxial compression of MDA on the other hand
at 77 K shows a transition to HDA with a step-wise change in volume at an onset pressure of
about 1.1 GPa (Fig. 3A). Consistent with the higher density of MDA compared to ice Ih, the
step-wise change in volume is smaller compared to the corresponding transition of the same
amount of ice Ih. The onset pressure of the MDA to HDA transition upon compression is at



considerably higher pressures than the LDA to HDA transition which is found at about 0.5
GPa.(32)

Fig. 3. Effect of pressure on MDA. (A) In-situ volume changes upon compression of equal
amounts of MDA and ice Ih to 1.6 GPa at 77 K. Grey lines indicate the step-wise volume
changes during the transition to HDA. (B) X-ray diffraction patterns at 90 K and ambient
pressure after compression of MDA to the indicated pressures at 77 K. (C) Differential scanning
calorimetry (DSC) scans upon heating at 10 K min~' at ambient pressure after compression of
MDA at 77 K. The X-ray diffraction patterns and DSC scans after compression to 1.6 GPa
correspond to HDA.

A third scenario is that MDA is not a glassy liquid but a heavily sheared crystalline
state that lacks a connection with the liquid phase. Whatever the precise structural nature of
MDA is, it is expected to play an important role in the geology of ice at low temperatures, for
example, in the many ice moons of the Solar system and beyond. Tidal forces in the interiors
of ice moons induced by the gravitational forces of gas giants may cause similar shear forces
as found in ball milling and could hence facilitate the transition of ice Ih to MDA.
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Finally, we note that MDA displays one remarkable property that is not found for any
of the other amorphous or crystalline forms of ice. The X-ray diffraction patterns in Fig. 3B
show that the structure of MDA remains unchanged upon compression at 77 K up to 1.0 GPa.
Yet, the area of the recrystallization exotherm upon heating at ambient pressure increases
substantially from —1.21 + 0.15 kJ mol™! for the uncompressed material to —4.02 + 0.14 kJ
mol ™! after compression to 0.5 GPa. Compression to 1.0 GPa leads to a further small increase
to —4.17 £ 0.16 kJ mol™!. This is an extraordinarily large amount of heat that corresponds to
about 70% of the heat released upon freezing liquid water to ice Ih. Since MDA is prepared
through ball milling, the amorphous sample is expected to display a high surface area. Given
that the X-ray diffraction data remains unchanged upon compression, the increase in the
recrystallization enthalpy can be rationalized by the formation of pressure-induced strain at
the grain boundaries as it has been observed for metals.(33) Similar processes could take
place in the ice layers of ice moons as they are subjected to tidal forces and heat releases
from the recrystallization of MDA could play a role in activating tectonic motions.

The identification of MDA shows that H>O is more complex at low temperatures than
previously appreciated. The possibility that MDA may represent the true glass of liquid water
is an exciting prospect that would have far reaching consequences for our understanding of
liquid water and its many anomalies. Any valid model of water should be able to explain the
existence of MDA and its relationship with LDA and HDA. Regardless of the exact nature of
MDA, it has the remarkable ability to store mechanical energy from compression which is
released upon heating at low pressure. Identifying and establishing how abundant and
geophysically active MDA is in the Solar system and beyond is an exciting prospect.
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