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Formation of vitreous ice during rapid compression of water at room temperature is
important for biology and the study of biological systems. Here, we show that Raman
spectra of rapidly compressed water at greater than 1 GPa at room temperature exhibits
the signature of high-density amorphous ice, whereas the X-ray diffraction (XRD) pat-
tern is dominated by crystalline ice VI. To resolve this apparent contradiction, we used
molecular dynamics simulations to calculate full vibrational spectra and diffraction pat-
terns of mixtures of vitreous ice and ice VI, including embedded interfaces between the
two phases. We show quantitatively that Raman spectra, which probe the local polariz-
ability with respect to atomic displacements, are dominated by the vitreous phase,
whereas a small amount of the crystalline component is readily apparent by XRD. The
results of our combined experimental and theoretical studies have implications for
detecting vitreous phases of water, survival of biological systems under extreme condi-
tions, and biological imaging. The results provide additional insight into the stable and
metastable phases of H,O as a function of pressure and temperature, as well as of other
materials undergoing pressure-induced amorphization and other metastable transitions.

water | HDA | ice VI

Life as we know it on Earth depends on water. However, water also poses a critical chal-
lenge to life when it freezes at atmospheric pressure and low temperatures. The crystalli-
zation of H,O to form hexagonal ice (ice I,) under these conditions is accompanied by
its well-known expansion, which has a dramatic impact on the structure and function of
living cells. This crystallization of H,O disrupts biological membranes and intracellular
organization in living organisms and also displaces and concentrates salts and nutrients
in the space between crystals (1). Like many liquids, however, rapid cooling of H,O at
ambient pressure to below its glass-transition temperature results in the formation of an
amorphous phase known as low-density amorphous ice. Amorphous solid H,O provides
a chance for biological functions to survive where life otherwise cannot exist. Low-
density amorphous ice is not the only amorphous form of H,O. Ice Ij, transforms to
high-density amorphous (HDA) ice by application of ~1 GPa of pressure at tempera-
tures below 130 K (2, 3). In addition, a distinct, very-high-density amorphous state
(VHDA) can form by isobaric heating and cooling of the HDA (4). low-density amor-
phous, high-density amorphous, and very-high-density amorphous state ice thus repre-
sent the three dominant, solid amorphous forms of H,O at low temperatures.

Solid amorphous phases of H,O are broadly important in biology and biological
applications. That amorphous H,O which can exist over a broad range of tempera-
tures, from cryogenic conditions to room temperature, is particularly interesting in the
context of biological systems. Managing ice crystals is vital for extremopbhiles to survive
damaging effects of H,O crystallization. These organisms inhibit the growth of ice
crystals and regulate the size and shape of the crystals using special antifreeze proteins
(5, 6). Additionally, amorphous phases of H,O are important in preserving biological
samples in cryotomography applications. In cryotomography, the amorphous H,O at
low temperature is utilized routinely for sample preparation (7, 8), and significant
efforts have been devoted to increase information obtained from cryotomography tech-
niques. The low-temperature regime of amorphous H,O routinely accessed in cryoto-
mography creates challenges for light microscopy due to freezing of index-matching
medium and objectives, which result in lowering the resolution of light microscopy in
these applications. Room-temperature amorphous phases of H,O are, therefore, advan-
tageous for light microscopy applications and further development of techniques such
as correlative light and electron microscopy (9-11).

While formation of amorphous phases of H,O below 200 K has been reported in
many studies (2, 3, 12-16), a particularly interesting result is the observation of the
Raman signature of HDA ice during fast compression of water at room temperature
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and moderate pressures (17). On the other hand, independent
X-ray diffraction (XRD) measurements of H,O on fast compres-
sion could not verify the formation of amorphous H,O above
200 K (18). Here, we report high-resolution micro-Raman and
synchrotron XRD measurements conducted in parallel in rapidly
compressed samples of water in diamond anvil cells (DACs). Our
findings, that are supported by molecular dynamics simulations,
shed light on the nature of the HDA ice at room temperature
and reconciled conflicting previous reports.

Results

X-ray and Raman Measurements. Experiments were performed
using a piezo-driven dynamic-DAC (dDAC) capable of fast
dynamic compression and decompression of materials (19). Ini-
tially, we established the criteria to create HDA based on Raman
and visual observations. Samples of water loaded in the dDAC,
were subject to compression by application of step-function voltage
to dDAC resulting in compression rates of >0.25 TPa/s, as shown
in Fig. 1 and detailed in S/ Appendix. Decompression was also
achieved through step-function application; it was previously
reported that decompression rates do not affect the observed phases
of HO (17). Various paths of compression and decompression, as
shown in Table 1, were examined and once the system reached a
pressure plateau, H,O was monitored by Raman and optical imag-
ing. Raman spectra clearly show the established transitions and
signatures of different phases of the H,O: liquid water, ice VI, ice
VII, and HDA, as well as mixed phases in different regions
consistent with findings from previous studies (3, 17) (Fig. 1 and
Table 1). Upon pressurization of water to form HDA, the O-H
symmetric-stretch mode shift to lower wavelength and the sample
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becomes transparent, indicative of the complete transformation to
the amorphous form, as in previous DAC studies (3, 16).

Experiments were then performed in which both XRD and
Raman spectra from the same sample were measured. Follow-
ing path D in Table 1, we pressurized water to 1.7 GPa. Fig. 2
shows the sequence of Raman and XRD measurements at
1.7 GPa. Raman spectra collected both prior to and after XRD
measurements indicated the presence of pure and homogenous
HDA (Fig. 2 A and B). We subsequently collected and spatially
resolved the XRD patterns on the sample throughout mapping
the entire sample area (Fig. 2 C and D). Whereas the Raman
data and visual observations (Fig. 2 A and B) repeatedly indi-
cated the HDA phase throughout the sample, the XRD results
consistently indicated ice VI and no observed amorphous back-
ground (Fig. 2 C, D, G, and H). On the other hand, the
Raman spectra of HDA were observed through the sample, as
shown in Fig. 2 F and F. It is notable that both XRD and
Raman data were collected using similar spot sizes of ~10 pim?
and, in both cases, repeating the measurements throughout the
sample area gave the same results.

Moreover, a sample of H,O was pressurized up to 2.7 GPa,
following the sequence illustrated in Fig. 2, and only was char-
acterized using XRD. XRD of this sample up to 2.7 GPa
(Fig. 3) displayed only the signature of either ice VI or ice VII,
depending on pressure conditions, whereas Raman spectroscopy
and visual observation indicated the presence of ice VI, VII,
and HDA, as well as mixed phases at different pressures
(Fig. 1). In addition, no indication of HDA was detected by
XRD at room temperature up to 3 GPa. We also followed a
different path, path E in Table 1, and prepared H,O at
1.7 GPa. Interestingly, XRD captured ice VI as the active phase
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Fig. 1. Raman spectra and optical images of samples of water subjected to fast compression at room temperature in a dDAC. More specifically, referring
to Table 1, ice VIl is prepared following path A, ice HDA and liquid water are prepared following path B, and ice VI is prepared using path C. The intermediate
phases of H,O are also reported in paths B and C. (A) Raman spectra. Solid lines are spectra collected in this study at the indicated pressures and the dotted
lines are spectra reported in ref. 17. (B-E) Transmitted light images of the samples corresponding to the Raman spectra in A; that is, (B) pure ice VI, (C) pure
HDA, (D) mixed HDA, and ice VI (HDA in center and ice VI at the edges), and (E) pure ice VI. The chip of gold (Au) used for pressure determination is evident
at the center of the sample. We note that spectra from ref. 17. were collected at slightly different pressures: 0.6 GPa for water, 1.1 GPa for ice VI, 1.5 GPa
for HDA, and 3.2 GPa for ice VII. (F) Measurement of the response time of dDAC based on the shift of Pt (111) Bragg peak under fast compression. (G) Time
evolution of the pressure. Pink-shaded area represents the pressure before the voltage pulse. Rapid rise after voltage application shows a compression rate

of >0.25 TPal/s.
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Table 1. Different path sequences used in this study.

Path Experiments

Path sequence (phase and method)

A
B

Raman and optical
Raman and optical

Raman and optical

Raman and optical plus XRD

E XRD

0 GPa — 3.8 GPa (VIl)

0 GPa — 2.3 GPa (HDA + VII phase
separated) — 2.16 (HDA + VIl phase
separated) — 1.8 (HDA) — 0.7 (liquid

water)

0 GPa — 2.26 GPa (VIl + HDA phase
separated) — 1 GPa (VI + liquid water
phase separated) — 1.3 GPa (VI)

0 GPa — 1.7 GPa (Raman: HDA XRD: VI)
— 2.2 GPa (Raman: VIl + HDA phase
separated XRD: VIl + VI) — 2.7 GPa
(Raman: VIl XRD: VII)

0 GPa — 0.8 GPa (liquid water) — 2.6
GPa (VIl) — 1.0 GPa (liquid water) — 1.7
GPa (VI)

The phase of the sample at the end of each transformation and the detection method are shown.

of H,O, similar to the observation from path D. This finding
verifies that the characterized phase of H,O at 1.7 GPa is inde-
pendent of the phase-transformation sequence.

Another notable observation is the change in average grain
size observed in these experiments. Fig. 3 shows XRD images
of different phases of ice collected at room temperature. The
number of spots per ring at each pressure can be used to esti-
mate the average size of the grains based on the focused
X-ray—spot size. For the same X-ray spot on the sample, the
average grain size is lower when HDA is present compared
with that of pure ice VI. In the region where both Raman and
XRD suggest ice VI (Fig. 34), we estimate the average grain

size to be ~2 to 3 pm. However, in the region where Raman
suggests HDA (Fig. 3B), we obtained a smaller grain size of
~0.5 to 1 pm. The observation of ice VI at 1.7 GPa indicates
the coexistence of ice VI and HDA. The smaller grain size of
ice VI at 1.7 GPa compared with 0.75 GPa would result in a
larger amount of interface between HDA and ice VI phases
(see Molecular Dynamics Simulations section). We also note
that in the ice VII region (Fig. 30), the sample is powder-like,
with very small grain sizes relative to the X-ray beam.

These results suggest that XRD is sensitive to the total vol-
ume fraction of ice VI, whereas the Raman measurements fail
to capture ice VI if the grain size is small and the interface
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Fig. 2. Selected optical micrographs, Raman spectra, and XRD patterns from an H,O sample at 1.7 GPa and room temperature prepared following path D
in Table 1. (Left to Right) The Top and Bottom panels represent the time sequence of each measurement. (A and B) Optical image and Raman spectra of the
sample at the beginning of the measurements. (C and D) XRD image plate and integrated Bragg peaks from the sample collected, consistent with ice VI. The
asterisks show a peak from the gold (Au) pressure calibrant. (€ and F) Optical image and Raman spectra of the sample after the XRD. (G and H) Repeated
XRD image plate and the Bragg peaks of the sample collected after the second Raman measurement, still consistent with ice VI. All data within the panels
were acquired from the same sample in <1 h. The citation of Chen and Yoo refers to ref. 17.
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Ice VI B
0.75GPa

Ice VI (XRD), HDA (Raman)

1.7 GPa

Fig. 3. Selected XRD image-plate measurements of an H,O sample at different pressures and room temperature during a single experiment. (A) Ice VI, also
observed by Raman. (B) Ice VI; Raman spectroscopy measured once before and once after XRD on the same sample showed HDA, moving the dDAC
between Raman to XRD and back to Raman took ~30 min, during which no change in Raman spectra was detected. (C) Ice VII, also observed by Raman

scattering.

volume between ice VI and HDA is large. In order to further
test this hypothesis, we modeled the ice VI/HDA system via
simulations, as described in the next section.

Molecular Dynamics Simulations. We used molecular dynam-
ics (MD) simulations to investigate ice VI and HDA phases of
H,0, generating both XRD patterns and vibrational spectra
from different models of the coexisting phases. MD simulation
is a powerful computational technique that has been extensively
used to study the structural behavior of materials with different
microstructures at the nanoscale (20-26). The application of
the MD technique to phases of H,O, including amorphous
phases, has a long history (27-34). Moreover, numerous tests
of intermolecular potentials, including those based on the
TIP4P model, have been examined, performed and calibrated
against data from H,O as a function of pressure and tempera-
ture (25, 35-37). Such MD simulations have also been used to
study the coexistence of multiple phases of H,O, including
vapor, high-density ice, and liquid on the surface of carbon
nanotubes at ambient conditions (24), where, it was concluded,
nanometer confinement of water is the key for explaining such
coexistence at these conditions. MD simulations have also been
used to study the effect of density on the infrared (IR) spec-
trum of supercritical water (26).

In our MD simulations, we modeled the coexistence with a
sandwich structure using three different values of initial phase
volume fraction, mcludmg Nu_ — 1 1, and 3, where Nyg and
Nypa are the numbers of molecules in ice VI and HDA
phases, respectively (Fig. 4 A-C). In addmon, we designed an
embedded coexistence model with initial NH ~3 but with
three different volumes of the interface, to investigate the
effects of interface volume on the XRD pattern and vibrational
spectra (Fig. 4 D—F). All our coexistence models can be sepa-
rated into three different regions: bulk ice VI, bulk ice HDA,
and an interfacial region that is partially amorphous (Fig. 4),
using established techniques to separate the regions (38-40).
Here, it is useful to note that an increase in the volume of
interfacial region (Fig. 4 D-F) is equivalent to a continuous
decrease in the ice VI grain size, analogous to the mixed-phase
system with small grain size. We calculated both IR and Raman
vibrational spectra from the simulations. While both IR and
Raman spectra generated with MD simulations captured the peak
splitting as the main difference between the vibrational spectra of
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ice VI and HDA, such peak splitting was more distinct in IR
spectra from the MD simulations (S/ Appendix). Additional
results of MD simulations of the XRD pattern and vibrational
spectra of pure ice VI and HDA phases are discussed in the S7
Appendix and are further used to compare the coexistence models
in detail. Due to limitation of the interatomic potential used
(35), the temperature in the MD simulations was kept at 225 K.

Vibrational Spectroscopy of Sandwich Coexistence Model.
XRD, Raman, as well as IR spectra of coexistence sandwich mod-
els are shown in Fig. 5. As observed from MD simulations of
pure ice VI and HDA, XRD of ice VI has several sharp peaks,
while XRD of pure HDA resembles a Gaussian distribution with
one broad peak (S7 Appendix). The XRD patterns calculated from
all three models include several sharp peaks, while only the model
with % = 3 has broadened peaks (Fig. 5 A—C). Comparison of
the results of the sandwich coexistence model and pure phases
shows that the signature of ice VI is traceable in XRD of all three
coexistence models, while the presence of HDA is only captured
in the XRD of the model with I\IT\I—"I = % (i.e., Ngpa > Nyyq), in

which the peaks are significantly broadened. The MD simulations

thus indicate that XRD is not able to readily capture the presence

of HDA when its phase volume fraction is smaller than that of

ice VI (Fig. 5 Band O). This is consistent with the conclusion

discussed in the X-ray and Raman Measurment section based on
our initial experimental XRD measurements.

The MD-generated Raman spectra (Fig. 5 G and H) imply
Nyt

that the spectra of two models with =1and D =
Nupa 3 Nhpa

resemble a broad asymmetric distribution toward higher fre-
quencies (similar to the Raman spectra of pure HDA shown in
SI Appendix), whereas a sharp peak at lower frequency and a
shoulder at higher frequency are captured in the Raman spectra

of the model with % = % (similar to the Raman spectra of

pure ice VI shown in SI Appendix) (Fig. 51). The calculated IR
spectra are presented in Fig. 5 D—F, and the MD-generated IR
spectra for pure HDA and ice VI are shown in the SI Appendix.
Fig. 5 D and E shows that the spectra of Nl\lu 1 and of T _ |

Niipa
exhibit a broad asymmetric distribution toward lower frequencies

(similar to pure HDA shown in SI Appendix), while Fig. 5F shows
that two distinct sharp peaks are clearly predicted in the IR spectra
of the model with % = % (similar to pure ice VI shown in S/

pnas.org
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Fig. 4. Modeling volume fraction and interface effects of HDA and ice VI in MD simulations. (A-C) Ice VI and HDA sandwich systems with different initial

Ny
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phase volume fraction of (4) =1(8) =1, and (C) % =

3. (D-F) Ice VI and HDA-embedded systems with initial % = 2.23 and with increasing interface

volume, from left to right. Ice VI, ice HDA, and the interfacial regions are distinguished by red, blue, and green, respectively.

Appendix). These observations imply that the signature of ice VI is
only present in the IR and Raman spectra of the coexistence model

with %‘[’; = 3, while the IR and Raman spectra of the other two

models mainly show HDA.

The MD simulations, therefore, show that, in contrast to
XRD, vibrational spectra can only identify ice VI when its
phase volume fraction is noticeably larger than that of HDA.
In other words, the XRD pattern is much more sensitive to the
ice VI volume fraction of our coexistence models. This can be
better understood by comparing the maximum peak intensity
of the patterns of pure ice VI and HDA (SI Appendix, Table
S1). The maximum peak intensity of pure ice VI in XRD is
5.3 times higher than the corresponding value of pure HDA,
while the ratio is 1.8 and 1.5 for IR and Raman, respectively.
Therefore, in the ice VI-HDA mixed-phase system, the ice VI
component governs the maximum peak intensity and the
approximate shape of the XRD pattern.

These observations confirm our hypothesis that phase volume
fraction of the mixed phase plays a key role in traceability of each
constituent phase in XRD as well as vibrational spectra. In rela-
tive terms, XRD is not sensitive to the presence of HDA in the
ice VI and HDA coexistence model unless the amount of HDA
is significantly greater than that of ice VI (i.e., Nypa > 3Nyy),
while the IR/Raman spectrum is less sensitive to the presence of
ice VI unless ice VI is significantly greater than HDA (i.e.,
Nvi > 3Nypa). The results of the MD simulations could fur-
ther explain our initial experimental observations in which the
Raman spectra show HDA while XRD only reveals ice VI (e.g.,
Fig. 2). For instance, the experimental observation would be a
coexisting ice VI and HDA with large grains in which the volume
of ice VI is smaller than that of HDA (i.e., % <1) and the ice
VI phase is only detected by XRD, not Raman. This scenario is
consistent with the experimental observations shown in Fig. 2,
yet it fails to describe the small grains observed in Fig. 3.

Vibrational Spectroscopy of the Embedded Coexistence
Model. As described in the previous section, when the volume
fraction of ice VI is about three times larger than HDA in the
coexistence model with % = 3, both XRD and IR/Raman spec-
tra of MD simulations identify the presence of the ice VI (Fig. 5

PNAS 2022 Vol. 119 No.27 2117281119

G Fand J). While we do not know the exact phase volume frac-
tion in experimental systems, we speculate that the “interface vol-
ume” is another important parameter that could play a role in
understanding the different effects measured between XRD and
Raman spectroscopy of H,O in these experiments. This means
that increasing the volume of interfaces between ice VI and HDA
and keeping phase volume fractions constant (i.e., NI\II—IﬁA = 3),
might still result in XRD with no sign of HDA and vibrational
spectra that cannot identify ice VI. Thus, we also investigated the
effects of interface volume on XRD as well as vibrational spectra

of coexistence models with % ~3 and with different interfacial

volume. For this investigation, we used the embedded coexistence
model, because the arrangement enabled us to introduce higher
interface volume into the system while keeping the phase volume
fraction constant. Three embedded structures with different values
of interface volumes of 37.9, 50.6, and 71.5 nm> were generated
following the steps described in the S7 Appendix.

The XRD patterns and vibrational spectra calculated from
these models are shown in Fig. 6. The XRD results from all
three models are relatively similar to each other and include
several sharp peaks (Fig. 6 A—C). This indicates that XRD of all
three models identifies ice VI as the major component, and fur-
ther increase in interface volume does not substantially affect
the XRD. Here, the peaks in XRD are broader in the embed-
ded model (Fig. 6 A-C) compared with the sandwich model
(Fig. 50 for the same volume fraction of I\]I{‘g = 3. This result
suggests that the peak broadening is due to the large interface
volume in the embedded structure.

Inspection of the calculated IR spectra (i.e., the smoothed
curves in Fig. 6 D-F) reveals the valley between the two peaks
tends to develop with an increase in the interface volume. With
increasing interface volume, the IR spectrum continuously
changes from that characterized by two peaks (similar to ice VI)
to a broad feature with an asymmetry toward lower frequencies
(similar to HDA ice). The results consistently show ice VI as the
dominant phase. In addition, the calculated Raman spectrum
(Fig. 6 G-I) evolves from that featuring a peak at lower frequency
and a shoulder at higher frequency (similar to pure ice VI) to one
with broad band with an asymmetry toward higher frequencies
(similar to HDA ice). We cannot further increase the interface

https://doi.org/10.1073/pnas.2117281119 50of 8
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volume to distinctly observe such a transition in IR/Raman spec-
tra, due to size limitations of our MD simulations. However, such
observation shows that in addidon to the phase volume
fraction, interface volume is another parameter that affects the
measurable vibrational spectrum of the phases in coexistence.
Therefore, a second scenario for explaining the apparent inconsis-
tency in the experimental observations would be an ice VI and
HDA mixed-phase system with NI\}I;\SA > 1, in which numerous,
small ice VI grains are in contact with the HDA regions. The
results further indicate that fine-grain ice VI is not readily detected
by Raman spectroscopy, due to the large volume of the interface
between the two phases. Given the evidence for small grains of ice
VI in the mixed-phase samples studied by diffraction and spectros-
copy, the second scenario from the MD simulations is in qualita-
tive agreement with the experiment (e.g., Figs. 2 and 3 B).

Discussion

Previous measurements of water under rapid compression at
room temperature with XRD and Raman spectroscopy
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revealed an apparent inconsistency between the results of the
two methods. Using both techniques, together with simula-
tion, we resolved the issue. A major implication of our study
is, thus, the importance of performing parallel XRD and
spectroscopy measurements in identification of amorphous
phases of water. As shown in our MD simulations, the spec-
troscopic method can have significant dependence of inter-
face volume of mixed phases, while XRD does not show
such a dependency. Our combined simulation and experi-
mental strategies reveal that in the region between stability
field of ice VI and ice VII, ice can coexist as HDA and ice
VI with small grains.

The present results for ice are closely analogous to the in situ
observations of pressure-induced amorphization and formation
of coexisting crystalline-amorphous phases of other materials
on compression at room temperature. Kingma et al. (41) found
that such amorphization of @-quartz is a gradual transformation
that begins with formation of planar defects followed by growth
of amorphous lamellae along those defects, producing heteroge-
neous samples of coexisting crystalline and amorphous phases.
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Such high-pressure amorphization has also been found in other
silica polymorphs such as coesite (42) and cristobalite (43), and
other materials under static as well as shock loading (44).

The nucleation of new phases of ice within supercooled H,O is
a topic of continuing great interest (3, 4, 45, 46)). Hemley et al.
(3) identified the formation of ice VI, ice VII, and potentially
other phases of HyO in coexistence with HDA ice at variable
pressure and temperature conditions below ambient temperature.
In that study, various transformation mechanisms between phases
were also proposed (3), including the instability model analogous
to that identified previously for a-quartz (42) and later examined
in MD simulations of low-temperature, pressure-induced amorph-
ization of ice I}, (28). The transition from HDA to a form of ice
VII near 4 GPa at low temperature that had been predicted by
early MD simulations (27) was also identified (3). In the present
room-temperature study, we did not resolve the mechanism of
formation of the HDA—ice VI mixed-phase system at these condi-
tions, but our results are not inconsistent with the earlier work.

In our MD simulations, the average potential energy per molecule
of pure ice VI and pure HDA at 1.5 GPa are calculated as

PNAS 2022 Vol. 119 No.27 2117281119

—0.52 eV and —0.49 ¢V, respectively. Such close average poten-
tial energies imply that the coexistence of ice VI and HDA is ener-
getically favorable. In addition, our calculations indicate that ice
VII cannot be stabilized at 1.5 GPa and room temperature; thus
the coexistence of ice VII and ice HDA at 1.5 GPa would be
unlikely at the conditions studied experimentally here.

Our observations have important ramifications for survival
of biological systems under extreme conditions (1, 5, 6, 47), as
well as for biological imaging using approaches such as cryoto-
mography (7, 8). Major questions, however, remain as to
whether the structure of the biological membranes can survive
in these conditions. Specifically, it remains to be investigated
whether the small ice VI crystals present in the mixed HDA
and ice VI region threaten the integrity of biological systems.
Current evidence suggests that the mixed HDA and ice VI
composite is only accessed by passing through the pure ice VI
region (17), which would be detrimental to integrity of the
biological systems. A separate route to this region of the phase
diagram away from ice VI would be essential for biological
structures to survive in this mixed-phase region.
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Methods

The experiments were performed using a dynamic-DAC using piezo control (19),
with estimated compression rates between 0.05 TPa/s and 1 TPa/s and stainless-
steel gaskets. Gold was used for pressure determination. Raman spectra were col-
lected using the confocal micro-Raman system at GeoSoilEnviroCARS (GSECARS),
Sector 13 of the Advanced Photon Source, Argonne National Laboratory, in the
forward-scattering geometry with 1200 g/mm grating. A 532-nm laser was used for
excitation at low power. The XRD was measured at beamline 13-BM-C at GSECARS.
An X-ray wavelength of 04341 A was used, and the data were collected by using a
PILATUS3 1M (Dectris) detector. The X-ray beam was focused to a size of ~10 pm?
using a Kirkpatrick-Baez mirror. The exposure time for XRD was set to 4 sfframe.

Details of the structure generation and MD simulations are explained in the
Sl Appendix. To separate interfacial regions and calculate the volume of interface,
we used the algorithms Coordination Analysis (38) as well as Construct Surface
Mesh (39), implemented in OVITO (40).

Data Availability. All study data are included in the article and/or supporting
information.
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