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ABSTRACT: Ice VII and ice X are the two most dominant phases, ste}ble over a la'rge interstitial Hz/He_ﬂ”ed ice
pressure range between 2 and 150 GPa and made of fundamentally different chemical " v
bonding. Yet, the two ice phases share a similar bcc-based crystal structure and lattice <+ 3
constants, resulting in a challenge to discern the crystal structure of ice VII and ice X. Here, a 2
we present well-resolved X-ray diffraction data of H,O in quasi-hydrostatic H, and He 8 v
pressure media, clearly resolving the two ice phases to 130 GPa and the dissociative nature * o
of ice VII to X transition occurring at 20—50 GPa in H,0—H, and 60—70 GPa in H,0— Q £
He. The present diffraction data permits, for the first time, the accurate determination of ‘ucn 0
the bulk moduli By of 225 (or 228) GPa for ice X and 6.2 (or 4.5) GPa for ice VI, in 7 I
H,0—H, (or H,0—He), which can provide new constraints for Giant planetary models.
Proton Symmetrization

ater as the most common molecule containing structure of ice VII can be described as two interpenetrating

hydrogen bonds exhibits remarkable phase polymor- hydrogen-bond networks. With increasing pressure, the nearest
phism over a wide range of thermodynamic conditions.'~® The neighbor oxygen—oxygen distance in ice VII decreases and
relatively weak hydrogen bonding (with respect to covalent eventually brings all hydrogen atoms at the midway points of
—OH bonds and other covalent bonds) is often subjected to the neighboring oxygen atoms in ice X with symmetrized —O—
large distortions in the bond angle and topology, resulting in a H—O— bonds. As such, the transition between the two
myriad of phases—both stable and metastable in crystalline accompanies a continuous change in hydrogen bonding, bond
and amorphous phases. Over 1S5 phases of ices have been distance, and strength, occurring over a large pressure range,
identified to date, and most of them were discovered below 2 40—80 GPa.'>'*
GPa.””"" Despite the rich polymorphs at low pressures, only Because of the similarity in crystal structure, it has been
two ice phases are known over a wide range of pressures challenging to discern the crystal structure of ice X from ice
between 2 and 150 GPa at ambient temperature; proton VII, and the onset of transition between the two. The
disordered ice VII'* and symmetrically ordered ice X'*'* for structures of ice VII and X can be characterized by examining
which the proton locates at the midpoint between two the translational motion of protons. Recent neutron diffraction
neighboring oxygen atoms. Above 150 GlPal, 6additional phases data,”"** for example, indicated a dissociative structural
have been suggested, both theoretically ! and experimen- transition to interstitial filled ice VII at 11 GPa, with the

ta.lly,14 in which the bcc sublattice in ice X undergoes a
possible transformation to an antifluorite-like or a hexagonal
close packed (hcp) structure. Further compression will
eventually close the bandgap of these materials (i.e.,, metallic-
ice)."” With increasing temperature above 40—100 GPa, ab
initio molecular dynamics (MD) simulations have found an
evidence for enhanced hydrogen self-diffusion, leading to
significant ionic conductivity below the melting curves of H,O
and NH; (i.e., superionic statesls’lg). Several superionic states
of H,O have also been predicted in H,O—He even at lower
pressures.”’

Ice VII and ice X are two most fundamental ice polymorphs,
stable over a large pressure region between 2 and 150 GPa and
made of characteristic inter- and intramolecular hydrogen
bonding networks. Yet, they share a similar bcc-based crystal
structure and lattice constants; for example, the overall

elongation of covalent O—H bonds, at a rate of which rapidly
increases with pressure, into a distinct regime of ice X. Still
neutron data are available only for ice VII within a limited

21,22 . .
*% insufficient to understand

pressure range below 60 GPa,
the structure and properties of ice X and the exact nature of the
ice VII-to-X transition. On the other hand, it is very difficult to
resolve the two phases by X-ray diffraction, because not only

do the X-rays primarily probe oxygen atoms in very similar bcc
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Figure 1. Two-dimensional diffraction images of H,O—H, and H,O—He at high pressures. Debye—Scherrer diffraction rings as recorded on MAR
CCD, showing the evidence for peak splitting of the (111) and (211) of ice VIL. The dashed lines are guides for the eyes.

sublattices but also strong nonhydrostaticity develops in
hydrogen bonded ice phases at high pressures that result in
broadening of the diffraction lines. As a result, the structure
and properties of ice X have not been measured directly but
are based on the approximation and extrapolation of those of
ice VIL

In this study, we report new angle-dispersive X-ray
diffraction (ADXD) data of both ice X and ice VII obtained
in quasi-hydrostatic pressure media H, and He to 130 GPa.
The data show a set of clearly resolved diffraction lines of ice
VII and ice X and, thereby, provides new structural
information on ice X, for the first time, and critical constraints
for the EOS of ice X and also VII, as well as the transition
between the two.

The experiments were performed using diamond anvil cells
(DAC) with beveled diamond anvils (Type Ia) with a typical
culet size of 100 ym in diameter. Rhenium gaskets were
preindented to ~30 ym in thickness, and small holes of ~80
pum in diameter were drilled at the center using an electric
discharge machine. Deionized H,0 was loaded in the DAC,
followed by loading high-pressure gas of He or H, at around
2000 atm using a home-built high-pressure gas loader. A small
piece of Cu chip was also loaded as a pressure calibrant.”® In
situ angle-dispersive X-ray diffraction experiments were carried
out at the 16IDB/HPCAT beamline at the Advanced Photon
Source (APS), using microfocused (3 ym X 6 ym in beam
size) monochromatic X-rays (0.4066 A) and MAR CCD
detector. We used a standard CeO, powder to determine the
sample-to-detector distance, the X-ray beam center, and the
detector tilt. The 2D diffraction images of samples were
recorded on the detector, integrated with DIOPTAS,** then
analyzed using XRDA.>

Two-dimensional diffraction images of H,O in H, and He
consist of discontinuous Debye—Scherrer diffraction rings
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(Figure 1). Yet, the splittings in several diffraction rings are
unambiguously observed to discern the emergence of ice X
from ice VII to ~130 GPa—the maximum pressure studied.
Note that the H,O sample was loaded in a liquid form, and it
crystallizes when pressure is applied. Therefore, it is difficult to
control the crystallite size and grain number statistics,
especially of a small sample in a beveled DAC. The fair
degree of peak broadening observed could be attributed to the
dramatic change in stiffness when ice VII transformed to ice X
or change in crystallite size with increasing pressure. At low
pressures, the diffraction data of H,O in H, (Figure 2a) show
evidence for the formation of hydrogen clathrate hydrate at ~7
GPa, which can be indexed to a cubic structure with a space
group of Fd3m. This is consistent with the early reported ice
hydrate C2 structure,”®”’ where oxygen atoms adopt a
diamond-like lattice with guest hydrogen molecules sitting in
the octahedral interstitial sites. The cubic clathrate phase
remains observable to ~30 GPa, above which it breaks down
and disappears as expected because the separation into solid
H, and ice VII is more energetically favorable than maintaining
the less effective packing of clathrate phase. All other
remaining diffraction peaks including (110), (200), and
(211) of ice VII split into two. It clearly indicates the
formation of two bcc-like lattices, which can be attributed to
ice VII and ice X. This in turn highlights the onset of ice VII to
X transition at 30 GPa. Despite the transition, however, the
peaks of ice VII remain recognizable to the highest pressure
reached in the present experiments.

H,0 in He (Figure 2b) shows no clathrate formation at
ambient temperature, as expected. He clathrate hydrates are
known to form only at low temperatures below 250 K.***’ On
the other hand, the diffraction spectra of H,O in He show an
emergence of a new peak (noted by a green star) at the left
side of the (110) at 22 GPa, which diminishes at ~60 GPa.

https://doi.org/10.1021/acs.jpclett.1c00606
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Figure 2. Representative angle dispersive X-ray diffraction patterns of
solid H,O at high pressures using (a) H, and (b) He as pressure
transmitting medium. Miller indices for different phases observed are
included on the plot. The dashed lines help to guide the view for the
peak shifting. Green stars indicate a metastable phase previously
reported in ref 30.

This is likely from metastable ice, previously observed in pure
H,0 at ~14 GPa.*® The crystal structure of the metastable ice
remains unsolved because of the paucity of diffraction lines.
Here, we index the new peak as (110), assuming a bcc-like ice
VII structure. Upon the disappearance of metastable ice, the
peaks (110) and (211) from ice X appear on the right sides to
the ice VII peaks at 70 GPa. Then, ice VII and ice X in H,O0—
He coexist over a large pressure range to ~130 GPa, as
observed in H,O—H,.

Figure 3 plots the specific volumes of ice VII and X phases
measured in H,O—H, and H,0—He in the present study (also
see Supplementary Table S1), in comparison with those of
pure ice VII previously measured'”'* and ice X previously
calculated.”*” The previous compression data of pure ice VII
(closed"” and open'” circles in Figure 4a) follow the calculated
ones (black lines), initially of ice VII and then ice X,
underscoring a continuous transition from ice VII to ice X over
a large pressure region of 25 to 80 GPa. As a result, the
equation of state (EOS) fit of ice VII, for example, represents
that of mixed ice VII and X, while that of ice X is only known
from the theoretical calculations. The present compression
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Information.

data obtained in H,0—H, (Figure 3b) and H,0—He (Figure
3c), on the other hand, is clearly distinguishable for ice VII
(blue circles and lines) and ice X (red circles and lines),
providing critical constraints for the untainted structure
properties of the two phases, for the first time.

The pressure—volume compression data of H,O—H, and
H,0—He are fitted to the third-order Birch—Murnaghan
equation-of-state (BM-EOS)** with the ambient volume V,, of
4822 A3 and 25.06 A3 for ice VII'* and ice X,* respectively.
The resulting bulk modulus B, and its pressure derivative B’
are summarized in Table 1: in H,O—H,, B, (B") = 6.2 (6.9)
GPa for ice VII, and 227.8 (2.6) GPa for ice X. In H,0—He, B,
(B’) = 4.5 (8.7) GPa for ice VII, and 224.9 (3.1) GPa for ice X.
Using a different value for V, of 25.57 A%*' the bulk modulus
becomes 192.7 GPa—still substantially larger than that of ice
VII, which underscores the nature of covalent network of ice X.
These values are in good agreement with those previously
calculated B, (B’) = 5.9 (7.1) GPa for ice VII and 198 (3.7)
GPa for ice X.>"** The present values for ice VII are, as
expected, considerably lower than that previously measured
from powder X-ray diffraction, By = 14.9—24.6 GPa,'>**~’
but is in good agreement with that previously measured from
single crystal X-ray diffraction of pure ice VII, B, = 4.26 GPa."*
Note that no experimental value has been reported for ice X
previously.

High bulk modulus of ice X clearly indicates the extended
(or polymeric) nature of its structure made of a covalent —O—

https://doi.org/10.1021/acs.jpclett.1c00606
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Figure 4. Equations of state of gas-filled ice phases calculated using
EOS of H,0 and literature EOS of pure He and H,. The theoretical
EOS of H,O was plotted in gray. The insets show the evolution of the
bond distance of O—H and O—O upon compression.

Table 1. Birch—Murnaghan Equation of State of Ice VII and
Ice X in Comparison

phases B, (GPa) B’ v, (A3) refs
ice VII in H,0— 6.2 (£0.9) 6.9 4822"  this study
H, (£0.7)
ice VII in H,0— 4.5 («1.0) 8.7 4822"  this study
He (+1.7)
pure ice VII 14.9-24.6; 34—37,12, and
425 14
theoretical 59 7.1 31
ice Xin H,0—H, 227.8 (£147) 26 25.06°  this study
(£0.3)
194.6 (£11.0) 3.0 25.577  this study
(£0.3)
ice X in H,O0— 2249 (%22.0) 3.1 25.06°  this study
He (£0.5)
192.7 (£20.0) 3.4 25.577  this study
(£0.5)
theoretical 198 3.7 32

“Reference 14 for single crystal ice VIIL. YReference 14. “Reference 32.
“Reference 31.

H—O— network structure, which is subjected to a large
differential stress and a significant pressure gradient at high
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pressures. Such a nonhydrostatic condition develops as ice VII
transforms to ice X. This makes it difficult to resolve the
diffraction lines between the two phases and, in turn, explains a
surprisingly large difference in the transition pressure
previously reported; for example, the lower bound of the
transition ranges from 25 GPa'* to 65 GPa,'> whereas the
upper bound ranges from 70 GPa'**** to 110 GPa.”* The
broad transition pressure in pure ice then compares with the
relatively sharp transitions in H,0—H, and H,0O—He in
particular, occurring within considerably smaller pressure
ranges of 20—55 GPa and 60—70 GPa, respectively. When
ice VII transforms to ice X, its bulk modulus increases
significantly from ~5 GPa to ~200 GPa. In the case of
nonhydrostatic compression, the microstrain supported by the
lattice of stiff ice X under high pressure can cause a remarkable
peak broadening and this combined with the great pressure
gradient in the sample chamber can make the peak splitting
shown in Figure 2 hardly detected, resulting in a broad
transition window in pressure as shown in Figure 3. In the case
of quasi-hydrostatic compression, the soft He and H, can
mitigate the pressure gradient and peak broadening; therefore,
it allows for a better diffraction resolution to observe the phase
transition and yields a sharper transition. It is also important to
note a substantially lower transition pressure observed in
H,0—H, than in H,O—He or pure H,O. This is consistent
with the previous Raman results in D,—H,O," where the
interstitial filled D, increases the local electron density of
H,0," creating a large internal chemical pressure (i.e., P =
—(8E/8V)1) and thereby lowering the transition pressure to
20—50 GPa. On the other hand, such an effect is small for He
with filled 1s* orbital in H,0—He and become important only
when the temperature is lower than 250 K*’ and pressure
higher than 300 GPa.*> Therefore, the transition occurs
relatively sharply at ~70 GPa—a considerably higher pressure
than that in H,O—H,, but nearly the same as the upper bound
transition pressure of pure HZO.B’S&39

It is remarkable to note in H,O—H, (Figure 3b) and H,0—
He (Figure 3c) that ice VII and ice X coexist over the entire
pressure range studied (to 130 GPa). This is contrary to pure
H,O (Figure 3a), where ice VII simply disappears or smoothly
converts to ice X. The coexistence of ice VII and ice X in
H,0—H, or H,0—He is likely due to the inclusion of H, or
He in the ice phases, which can enhance the stability
entropically (i.e, —TAS) well beyond those of pure phases.
To evaluate the inclusion model, we compare the molar
volumes of ice VII and ice X with those of interstitial H, (or
He)-filled ice phases, as shown in Figure 4. The molar volume
of ice VII in H,—H,O (a) and He—H,O (b) above ~70 GPa is
in fact in excellent agreement with the 12% H,- or 14% He-
filled pure ice X. This translates into an interstitial occupancy
of 0.5 protons (or 0.3 He), in agreement with the previously
reported 0.2—1.0>" In turn, the present model seems to
support the observation of metastable ice phase (green circles
in Figure 4b) to be 0.16 He-filled ice VIIL.

The present structure data provide insights into the
dissociative nature of phase VII-to-X transition and proton
symmetrization. The insets in Figure 4 plot the O—H
intramolecular bond distance (do_y) and the O-0
intermolecular bond distance (dy_p) as a function of pressure.
In ice X, the proton distribution function statistically
maximizes at the center of the O—O bond distance (i.e.,
do_u = '/>do_o)- Here, the proton position of ice VII has been
determined by the previous neutron diffraction data®" and then

https://doi.org/10.1021/acs.jpclett.1c00606
J. Phys. Chem. Lett. 2021, 12, 4707—-4712


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00606?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00606?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

extrapolated to higher pressures employing a linear regression
fit (see Supplementary Figure S1 and Table S2). The insets
clearly show a continuous elongation of dg_y, while decreasing
do_o, with increasing pressure. It clearly indicates a dissociative
nature of the transition from ice VII to ice X, which occurs
over a broad pressure range in H,O—H, at 30—55 GPa, but
relatively sharply in H,0—He at ~70 GPa.**** Considering
nearly nonbonding interaction between He and H,O, the onset
of the ice VII to ice X transition is most likely at ~70 GPa or
do_u = 0.96 A, accompanying a 5.7% volume collapse. The
observed volume change is strongly dependent on the
transition pressure, consistent with that predicted from
theoretical calculations (see the gray lines in Figure 4). This
compares with '/,dg_o = 1.18 A of ice X at the transition,
signifying an abrupt nature of the first-order phase transition.
The same transition in H,O—H,, on the other hand, occurs
progressively at substantially shorter O—H distances between
do_p = 0.88 and 0.94 A, highlighting the presence of internal
chemical pressure of interstitial filled H,.

In summary, we presented angle dispersive X-ray diffraction
data of H,O in H,0—H, and H,0—He to ~130 GPa. Because
of the quasi-hydrostatic conditions of H, and He, the
diffraction lines of ice VII and ice X were clearly discerned,
providing for new constraints for crystal structure and EOS of
ice X and ice VII, as well as the dissociative structural transition
between the two occurring at 20—50 GPa in H,0O—H, and
60—70 in H,O—He. The present diffraction data permits, for
the first time, the accurate determination of the bulk moduli B,
of 225 (or 228) GPa for ice X and 6.2 (or 4.5) GPa for ice VII,
in H,0—H, (or H,0—He), which provide new constraints for
chemical bonding in ice phases and Giant planetary
models.*>*” The high bulk modulus value of ice X is consistent
with the recent observation by Mendez et al. in dynamic-DAC
experiments.*® The results also show evidence for the presence
of ice VII well into the stability region of ice X, which can be
considered as the interstitial H,- or He-filled ice X.

Finally, the present results of H,O—He and H,0—H, are
important for understanding the miscibility of H, and He in
dense ices and solid-state host—guest chemistries. The results
also have significant implications to high-pressure research
using H, or He as a quasi-hydrostatic pressure medium and
modeling the internal structure, composition, and properties of
Giant planets,*** especially for the boundary region of the
upper H,—He layer and the middle layers. The
incorporation of He and H, in dense ice driven by an
increasing entropy, for example, can have significant effects on
the ionic conductivity and diffusivity of ice’”*” and, thereby
the dynamo and convection of the fluid ice layer.
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