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for inferring the interior of icy bodies

Hisako Hirai' ® and Hirokazu Kadobayashi?”

Abstract

Hydrogen, methane, and water ice are among the most abundant materials in the universe. Based on experimental,
theoretical, and spacecraft data, gas hydrates consisting of gas and water ice have been predicted to exist through-
out the universe. This review discusses the high-pressure properties of two common gas hydrates (methane and
hydrogen hydrates) at low and high temperatures based primarily on experimental results. Gas hydrates consist of a
water molecule host and a gaseous guest. They have a clathrate structure at low pressure and a filled-ice structure at
high pressure. The host encloses the guest, and a specific interaction occurs between the guest and host, resulting in
unique physical properties. When subjected to pressure, gas hydrates undergo various phase changes. Based on pres-
sure and guest size, a general rule for phase changes occurring in gas hydrates exists. Analysis of the phase-transition
mechanism shows that some cages are maintained after the transition to the next clathrate structure, while others
are recombined into different cages of the next structure. This is a novel mechanism that can be called “‘cage recom-
bination mechanism. Low-temperature and high-pressure experiments have revealed that as the pressure increases,
the guest molecules undergo a stepwise progression of orientational ordering, i.e, restriction of free rotation, which
induces structural changes that stabilize the structure at high pressure. Theoretical studies have predicted that hydro-
gen-bond symmetrization in the host occurs at even higher pressures, further stabilizing the structure. Thus, hydrates
respond to environmental changes such as pressure to achieve self-organization by the orientational ordering of the
guest and hydrogen-bond symmetrization of the host. Additionally, results of high-temperature and high-pressure
experiments conducted at conditions comparable to those in Neptune’s ice mantle show that methane hydrate
decomposes into solid methane and ice VI, both of which melt at further elevated temperatures. Then, the methane
molecules undergo further molecular dissociation to form diamonds. These findings are valuable for modeling the
interiors of icy planets and understanding how magnetic fields and heat are generated.
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(Saito 1994), carbon clathrates have not yet synthe-
sized. In clathrate hydrates, the host is a water molecule.
This review focuses on clathrate hydrates. Fundamen-
tal knowledge regarding ice and hydrogen bonding can
be found in classic studies and reviews (Franks and Rei
1973; Petrenko and Whitworth 1999). Water molecules
have covalent bonds between their oxygen and hydrogen
atoms, and the difference in the electronegativity of these
two types of atoms results in the polarity of the mole-
cule. Therefore, the hydrogen bonds formed by the water
molecule develop a four-coordinate configuration. This
configuration is strictly maintained, although the angles
between the four hydrogen bonds show certain flexibility.
Therefore, the overall shape that the molecule forms with
its neighbors should be tetrahedral, even if distorted. For
this reason, many types of structures can fill the three-
dimensional space within the networks formed by water
molecules while preserving the four-coordinate configu-
ration, as seen in the polymorphism of water ice. Simi-
larly, for clathrate hydrates, various polyhedral-based
structures are formed.

In clathrates with different host species, polyhedral
cages are formed by covalent or hydrogen bonding.
These cages share individual faces to form the structure.
Regardless of the host species or bond type, the struc-
tures are essentially identical. Such similar structures
are formed supposedly because all of these host materi-
als build stable structures by four-coordination. In silicon
and carbon, such structures are formed by sp* hybridi-
zation orbitals, while in water molecules, such struc-
tures are formed due to molecular polarity. Meanwhile,
the physical properties of the formed materials depend
on the guest species and the bond type of the hosts. For
example, silicon clathrates containing Ba atoms exhibit
superconductivity (Kawaji et al. 1995) and have become
a research hotspot in this field. While quartz (silica; SiO,)
is the most well-known mineral in mineralogy, it is less
known that silica forms a structure nearly identical to
that of methane hydrate (MH) (Kamb 1965), but with
some modifications (Nakagawa et al. 2001; Yagi et al.
2007). Silica clathrate occurs naturally in the form of the
mineral melanophlogite, which is found in hot springs
and the structure of which traps gas molecules such as
CO, and methane (Kamb 1965).

Clathrates are interesting materials because their prop-
erties originate from the fact that the host encapsulates
the guest within its cage structure. The specific interac-
tion potential within the cage results in characteristic
guest motions and properties such as heat transfer, “rat-
tling” (Nolas et al. 1996), and superconductivity (Kawaji
et al. 1995). Clathrate hydrates also exhibit a characteris-
tic property: When multiple guest molecules are captured
in a cage, the intermolecular distances are extremely
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short. For instance, in the slII structure of hydrogen
hydrate (HH), four hydrogen molecules are trapped in
a 16-hedral cage (Mao et al. 2002; Lokshin et al. 2004).
The intermolecular distance between the hydrogen mol-
ecules is 2.9 A, which is significantly less than that (3.5 A)
in the low-pressure solid hydrogen phase I (hexagonal
close-packed, hcp). In addition, the 20-hedral cages of
MH-II (one of the high-pressure phases of MH) contain
three to five methane molecules, and the intermolecular
distances are relatively short (3.26-3.60 A) (Loveday et al.
2001a, b; Tulk et al. 2012; Takeya et al. 2010) in compari-
son with the van der Waals diameter of methane mole-
cules (4.2 A). Furthermore, neutron and X-ray diffraction
(XRD) studies have shown that these guests are dynami-
cally disordered (Tulk et al. 2012; Takeya et al. 2010), in
contrast with the static disorder found in minerals. The
occupancy and distribution of guest molecules in the
20-hedral cage in MH-II are described in Sect. 2. These
short intermolecular distances and dynamic behavior
demonstrate the specificity of the environment in the
cage.

Gas hydrates, such as MH, exhibit intriguing phe-
nomena due to physical properties. In MH, methane
and water molecules are separated from one another at
ambient temperature and pressure owing to the hydro-
phobicity of methane despite their partial miscibility with
each other. However, under certain conditions, meth-
ane molecules disperse easily and uniformly in the cage
of water molecules, and they diffuse between cages or
are dynamically distributed within a cage. In addition to
the pressure—temperature conditions, this behavior is
mainly related to the significant difference in gas solubili-
ties and diffusion rates between the liquid phase and the
ice or hydrate phase. Dyadin et al. (1994) reported that
the solubility of hydrogen in ice Ih is much greater than
that in water. This is because liquids have limited voids
to incorporate gas molecules due to the random arrange-
ment of water molecules, resulting in low solubility,
whereas ice Ih has large voids due to its four-coordinated
arrangement.

The diffusion and mobility of guests in ice and hydrates
have been studied both experimentally and theoretically
(e.g., Davidson 1973; Ripmeester et al. 1980; Ripmeester
and Ratcliffe 1999; Davidson et al. 1983). Hydrogen mol-
ecules were reported to form a clathrate structure slI
(Mao et al. 2002); later, Senadheera and Conradi (2007)
investigated the diffusion of hydrogen molecules in this
structure using nuclear magnetic resonance (NMR)
under ambient pressure to discuss rotation and diffu-
sion in large and small cages. This research direction was
then followed by the development of high-pressure NMR
techniques (Okuchi et al. 2007) to investigate the diffu-
sion rate of hydrogen in filled-ice II (C1) and filled-ice Ic
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(C2). The results reveal that the diffusion of guest hydro-
gen molecules occurs extremely rapidly, with a diffusion
rate comparable to that of liquids. Such high diffusion
and mobility in hydrates are due to the absence of chemi-
cal bonding between the host and guest with only weak
interactions occurring between them. Nonpolar guests
are stabilized in the cage by dispersive interactions. By
contrast, oxides and silicates form structures with closely
packed oxygen atoms. In such structures, the atoms
are charge-constrained as anions and cations, and their
mobility is lower than that of the atoms or molecules in
hydrates. In the field of chemistry, several gas hydrates,
including MH, have long been studied from the perspec-
tive of hydrophobic interactions. The basic concepts of
hydrophobic interactions were described by Pratt and
Chandler (1977), who developed a microscale theory to
describe the structural and thermodynamic properties of
infinitely dilute solutions of nonpolar solutes. By applying
this concept to clathrate hydrates, several studies have
attempted to understand the structures and properties
produced by guest—guest and guest—host interactions in
the cages. For example, Tulk et al. (2012) determined the
number of guests and their statistical position within the
large cage of MH-II from this viewpoint. Physical prop-
erties such as mechanical strength, elastic properties,
thermal conductivity, thermal expansion, and dielectric
constant of clathrate hydrates have attracted research
interest (Ripmeester et al. 1994; Davidson et al. 1986), as
summarized by Sloan (2007) and Sloan and Koh (2008).
This review paper does not focus on these properties.
When clathrate hydrates are subjected to pressure and
extremely high or low temperatures, they exhibit highly
diverse physical properties. Gas hydrates undergo a wide
range of structural changes when subjected to high pres-
sure, as described in a subsequent section. Overviews
of the structural changes as a function of guest size and
pressure have been provided by our research group (Hirai
et al. 2004) and others (Loveday and Nelmes 2008), and
this topic is discussed in detail in Sect. 2. Additionally, it
has been discovered that the transition between clath-
rates occurs via a characteristic mechanism (Hirai et al.
2015), which is discussed in Sect. 3. After the cage struc-
ture collapses under extreme pressure, the gas hydrate
forms a filled-ice structure, which takes the ice structure
as its host framework. Ice is known to undergo hydro-
gen-bond symmetrization under high pressure (e.g.,
Aoki et al. 1996; Goncharov et al. 1996), whereas water
molecules undergo proton ordering at low temperatures
(Salzmann et al. 2009a, b). Theoretical studies have pro-
posed similar phenomena for the host framework of gas
hydrates. Predictions of hydrogen-bond symmetrization
for MH have been reported (litaka and Ebisuzaki 2003;
Schaack et al. 2019, 2020) but have not yet been verified
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experimentally. Proton ordering of ice has been studied
experimentally via doping studies and theoretical calcu-
lations at low temperatures (e.g., Salzmann et al. 2009a).
For HH, Zhang et al. (2012) used first-principles calcu-
lations to prove that proton ordering occurs at tempera-
tures below 9 K in pure HH. Owing to the presence of
guests in the hydrate ice framework, hydrogen-bond
symmetrization and proton ordering of the framework
can occur under conditions different from those found
in pure water ice structures; consequently, the material
properties may differ significantly. Furthermore, because
the guest is surrounded by the host, its behavior differs
from that of molecular crystals, such as solid methane
and hydrogen, which are composed solely of the guest
species.

Guest rotation is expected to be suppressed, result-
ing in molecular distortion and structural changes at
high pressures or low temperatures. The restriction of
the free rotation of guest molecules, which fixes their
orientation, is referred to as orientational ordering. The
orientational ordering of molecular rotation in molecu-
lar crystals and hydrates is described in Sects. 4 and 5.
The ordered states of guests in certain phases have not
yet been fully explained by experiments or quantum
theory. However, in this review, orientational ordering is
described by a classical treatment. Notably, orientational
ordering occurs even in hydrate structures in which the
guest is affected by the host. The conditions under which
this ordering occurs depend on the degree of effect, that
is, the strength and properties of host—guest interac-
tions, which differ from those found in the correspond-
ing molecular crystals of the guest species. Additionally,
the behavior of gas hydrates at elevated temperatures and
pressures has attracted research interest. The current aim
is to determine whether MH can withstand extremely
high temperatures or whether it simply melts, decom-
poses into high-pressure ice and guest solids, or forms
a new high-pressure phase. This topic is discussed in
Sect. 6.

MH is called “burning ice” and is attracting attention
as a potential next-generation energy source. However,
it has inherent global warming potential because of the
risk of methane release (e.g., Kvenvolden 1998). As such,
MH is a relevant material for contemporary global envi-
ronmental and energy resource issues. MH reportedly
played a role in past environmental changes, such as
the recovery from “snowball Earth” in the Neoprotero-
zoic era (e.g., Zhao et al. 2021), the warming that led to
the mass extinction in the Permian—Triassic boundary
(e.g., Burger et al. 2019), and glacial-interglacial climate
changes (e.g., Deng et al. 2021). Based on experiments,
theoretical calculations, and spacecraft measurements,
MH has been predicted to exist widely in the solar system
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beyond the Earth (e.g., Mao et al. 2007). For example, the
presence of MH in the ice mantle of Saturn’s moon Titan
was proposed based on the thermodynamic conditions
necessary for its existence, where MH could be a possible
source of atmospheric methane (Loveday et al. 20014, b).
The presence of hydrocarbon hydrates in the interior of
Enceladus (another moon of Saturn) was predicted based
on an analysis of the plume ejections measured by the
Cassini spacecraft (Kieffer et al. 2006). In addition, the
thermodynamic conditions inside short-period comets
(Halley-type comets) allow for the presence of clathrate
hydrates (Marboeuf et al. 2010). Furthermore, MH was
thought to have been the primary methane-containing
phase in the nebulae from which Saturn, Uranus, Nep-
tune, and their major satellites were formed (Lunine and
Stevenson 1987). Meanwhile, HH is also attracting inter-
est as a potential hydrogen-storage material for enabling
the widespread use of hydrogen energy (Mao and Mao
2004 Lee et al. 2005; Struzhkin et al. 2007). Furthermore,
HH may act as a hydrogen carrier during the early stages
of stellar formation, i.e., protostars (Sandford et al. 1993).
Under suitable temperature—pressure conditions, both
MH and HH are expected to exist on icy planets and
satellites, as well as newly discovered exoplanets and to
exhibit a range of physical properties.

We have been investigating how pressure and tempera-
ture changes affect the physical properties of hydrates to
obtain insight into their physical properties. The elucida-
tion of high-pressure properties is important for materi-
als science and is similarly critical to planetary science. In
the current review, we discuss their high-pressure struc-
tural changes at ambient temperature (Sect. 2), transi-
tion mechanism (Sect. 3), low-temperature high-pressure
properties (Sect. 4), structural evolution (Sect. 5), and
high-temperature high-pressure properties (Sect. 6).

2 Phase changes of gas hydrates under high
pressures

2.1 Crystal structures of gas hydrates

Numerous guest species form clathrate structures, many
of which form one of three structures, namely cubic sI,
cubic sII, or hexagonal sH, depending on the guest size
at ambient-to-low pressures (Sloan and Koh 2008; Jef-
frey 1984; Dyadin et al. 1999; Davidson et al. 1984a, b).
The crystal structures of sI (McMullan and Jeffrey 1965),
sl (Mak and McMullan 1965), and sH (Ripmeester et al.
1987; Udachin et al. 1997) were previously determined.
The sl structure is composed of two regular dodecahe-
dra and six tetradecahedra. sII is composed of 16 regu-
lar dodecahedra and 8 hexadecahedra. sH is composed
of one icosahedron, three regular dodecahedra, and two
modified dodecahedra. Hereafter, a dodecahedron, tet-
radecahedron, hexadecahedron, and icosahedron are
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referred to as 12-hedron, 14-hedron, 16-hedron, and
20-hedron, respectively (Sloan and Koh 2008).

When 12-hedra are regarded as small cages and
14-hedra, 16-hedra, and 20-hedra are regarded as large
cages, the ratios of large to small cages in the s, sII, and
sH structures are 3:1, 1:2, and 1:5, respectively. This ratio
is an important factor that controls the structure for-
mation and high-pressure phase transition, i.e., smaller
guests form the sII structure, which is dominated by
small cages. As the size of the guest increases, the sl
structure is formed, followed by the sH structure. On the
left side in Fig. 1, the initial structure of clathrate hydrates
under ambient pressure is depicted as a function of guest
size. In this figure, hydrophobic guests are shown except
for hydrogen. The largest guest shown is ethane (C,Hy).
For guests larger than ethane, the sII structure is formed
again, allowing larger guests to enter the 16-hedra. When
the guest is even larger (e.g., methylcyclohexane), the sH
structure is formed, allowing it to enter the 20-hedron.
This guest size-dependent structure under ambient pres-
sure has been described by Sloan and Koh (2008). Under
high pressure, structures that can efficiently accommo-
date more guest molecules are formed (Mao et al. 2007).

2.2 General rule of phase transitions under high pressure

Since the pioneering study by Dyadin et al. (1997), many
high-pressure studies have been published. A general
rule of phase transitions in clathrate hydrates can be
deduced from Fig. 1 (Hirai et al. 2004, 2008a, 2014; Love-
day and Nelmes 2008; Hirai 2009). In general, the initial
structure of sI or sII changes to sH with increasing pres-
sure (e.g., Hirai et al. 2001; Loveday 2001a; Chou et al.
2000; Shimizu et al. 2002). With increasing pressure, the
sII structure with a small guest first transforms into the
sH structure and then another cage structure (tetrago-
nal sT) (Kurnosov et al. 2001; Hirai et al. 2002a, b). The
sT structure is composed of only 20-hedra, which differ
from those found in sH. Small guests are tightly packed
into the 20-hedra with double occupancy (Manakov et al.
2009; Kuhs et al. 1997; Itoh et al. 2001). Thus, smaller
guests can enter the cage structure because multiple
occupancy is possible (Kuhs et al. 2018). In sH as the ini-
tial structure under low pressure, the 20-hedron is occu-
pied by a single large guest, whereas in sH formed after
a phase transition under high pressure, the 20-hedron
is multiply occupied by smaller guests, such as methane
molecules. The number of guests (occupancy) and their
dynamic distribution in the 20-hedral cage in MH-II
have been elucidated by neutron experiments (Tulk et al.
2012), Raman spectroscopy (Shimizu et al. 2002), and a
newly developed XRD method (Takeya et al. 2010). Guest
occupancy of 3—-5 molecules has been proposed, but the
debate regarding the number of molecules continues.
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Fig. 1 General trends in the phase changes of gas hydrates as a function of pressure and guest size. The vertical axis indicates the guest size, with
hydrogen being the smallest guest and ethane being the largest guest. Hydrates with guests larger than ethane have an initial sll structure, while
extremely large guests result in an initial sH structure. The horizontal axis indicates pressure. Only MH and HH exhibit outstanding high-pressure

stability

Regarding multi-occupancy of cages, Kuhs et al. (1997)
performed precise neutron diffraction experiments with
N, hydrate and quantified the position and occupancy of
guest molecules in large and small cages, especially the
double occupancy of N, molecules in large cages, for the
first time. They also discussed the relationship between
occupancy and compressibility. Subsequently, multi-
ple occupancy was discussed for large cages of sl in Ar
hydrate (Itoh et al. 2001).

As illustrated in Fig. 1, in each sI, slI, and sH structure,
the structure containing the larger guest is maintained up
to a higher pressure. Thus, the guest can support the cage
structure; that is, the cage structure is sustained through
the specific interaction between the guest and host. As
discussed in a later section, transitions between cage
structures depend on the pressure, guest size, and chem-
istry. As the cages are compressed to their limit, the initial
structure is converted into a more stable cage structure
that can more efficiently accommodate the guest under
high pressure. Under even higher pressures, the cage

structure eventually collapses mainly because of the limi-
tation in the balance between the host—guest interaction
that maintains the cage structure due to the decreas-
ing intermolecular distance forced by the pressure. Gas
hydrates were initially believed to be unstable under high
pressure, but high-pressure experiments revealed the
existence of newly discovered hydrate structures under
high pressure. The high-pressure structures are called
filled-ice structures because their fundamental frame-
work is an ice structure with voids filled with guests.
Two filled-ice structures were previously reported, with
frameworks denoted as ice II and ice Ic. First, a struc-
ture containing helium atoms in the voids of the ice II
framework was reported (Londono et al. 1988), followed
by structures containing hydrogen molecules in the
voids of the ice II and ice Ic frameworks as compounds
C1 and C2, respectively (Vos et al. 1993, 1996). The bulk
compositions of C1 and C2 are H,/H,0=1:6 and 1:1,
respectively. The filled-ice Ic structure, C2, is under-
stood as follows. The structure of Ice VII is composed of
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two interpenetrating ice Ic frameworks, whereas in C2,
hydrogen molecules replace the water molecules in one
ice Ic framework. C1 and C2 were recognized as novel
compounds composed of molecular hydrogen and water
molecules. A study on the high-pressure phase of MH
discovered a new filled-ice structure, namely filled-ice Ih
(Loveday et al. 2001a). Although this structure appeared
to be similar to the ice Ih framework, the two structures
are fundamentally different. The framework contains
channel-like voids that are filled with methane molecules,
with a bulk composition of CH,/H,0=1:2, indicating a
notably methane-rich phase (Loveday et al. 2001b).

After forming a unique filled-ice structure, hydrates
undergo a new phase-transition pathway. Only a few
guests can form filled-ice structures because of a restric-
tion in guest size (e.g., Hirai et al. 2006). Most filled-ice
structures are stable up to a pressure of ~6 GPa, above
which they begin to decompose. Meanwhile, MH and HH
filled-ice structures have been experimentally observed
to maintain their fundamental structure under pressures
of at least 134 (Kadobayashi et al. 2020a; Machida et al.
2006) and 90 GPa (Machida et al. 2008), respectively. The
reason for the outstanding stability of these hydrates will
be described in Sects. 4 and 5. A N,-hydrate filled-ice
structure was able to withstand pressures of up to 30 GPa
(Loveday and Nelmes 2008); however, the reason for this
stability was unclear. Another study on a N,—H,O system
by Raman spectroscopy and XRD up to 140 GPa identi-
fied a fine-grained state above 6 GPa, but the detail of
the state has not been elucidated (Zhang et al. 2021). The
names of the high-pressure phases of MH that have been
widely used in high-pressure research are as follows:
The initial MH structure sl is referred to as MH-I; the
sH structure above 0.9 GPa as MH-II; and the filled-ice
Ih structure above 1.8 GPa as MH-III. Throughout this
paper, we use this nomenclature in the text and in Figs. 2,
3, and 4.

Studies on the behavior on MH and HH under
ultra-high pressure were conducted theoretically and
experimentally. In our previous experiment, another
high-pressure phase above MH-III (hereafter called
MH-IV but was denoted by HP1 in previous papers)
was observed; in subsequently performed experi-
ments up to 134 GPa, the space group of MH-IV was
shown to be Pmcn, and the precise formation pressure
of MH-IV was determined to be 34 GPa (Kadobayashi
et al. 2020). Schaack et al. (2019) also reported a space
group (Pmcn) and the XRD patterns of the MH-IV
structure by ab initio calculations and Raman spec-
troscopy. Their results are consistent with our find-
ings and previously published XRD patterns (Tanaka
et al. 2013). As for hydrogen-bond symmetrization in
MH by theoretical calculations, the symmetrization
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pressures differed among these studies. Iitaka and Ebi-
suzaki (2003) reported a pressure of 70—80 GPa with
the assumption that MH-III was maintained up to
a high pressure, while Schaack et al. (2019) reported
two values, namely 30 GPa in MH-III and 50 GPa
in MH-IV. Schaack et al. (2019) also measured the
Raman spectra up to 150 GPa and demonstrated that
symmetrization occurred twice at 30 in MH-III and
50 GPa in MH-IV; however, this may not be suffi-
cient experimental verification of the theoretical pre-
dictions. In addition, in our experimental studies, we
were unable to observe changes in the diffraction lines
or slope of the volume versus pressure curves under
the pressures predicted by these theoretical studies.
To date, no experimental validation of these theoreti-
cal predictions has been reported. Therefore, further
studies should focus on confirming symmetrization
experimentally using neutron diffraction and Raman
spectroscopy as well as on determining the detailed
crystal structure. The symmetrization of water ice
(VII-X transition) has been experimentally verified to
occur at~60 GPa (Aoki et al. 1996; Goncharov et al.
1996), and the details of the symmetrization process
have been discussed considering the results of XRD
and first-principles calculations (Sugimura et al. 2008).
The difference in symmetrization pressure between
ice VII and MH could be attributed to differences in
the host ice frameworks, interactions, and physi-
cal properties originating from the presence of guest
molecules.

The ratios of CH,/H,O in the sl, slI, sH, sT, and
filled-ice Ih structures are 8:46, 24:136, 6—10:34 (due
to variable occupancy of the 20-hedron), 4:12, and 4:8,
respectively (Jeffrey 1984; Sloan and Koh 2008). Gas
hydrates release water upon these phase transitions,
resulting in a higher guest content. Because clath-
rate hydrates are non-stoichiometric compounds, the
compositions of natural and synthesized samples do
not agree with the methane/water ratios given above.
Therefore, the composition of samples used in experi-
ments should be determined prior to conducting the
experiments. The bulk compositions of the samples
used in our high-pressure study of MH were estimated
as follows. The starting material MH-I was synthesized
by an ice—gas interface method, and gas chromatog-
raphy and combustion measurements that were con-
ducted before the high-pressure experiments indicated
an occupancy of 95-97% (CH,/H,0=1:~5.7). The
starting material with this composition was loaded into
a diamond anvil cell (DAC) and compressed. Direct
measurement of the composition of the high-pressure
phase after phase transition in the DAC is difficult.
The water component is released during two transition
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2.3 Effect of the guest chemical properties on cage

Figure 1 depicts the phase change only for hydropho-
bic guests. The chemical properties of the guest have a

significant effect on the stability of the cage structure.
According to Jeffrey and McMullan (1967) and Jeffrey
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(1984), guest molecules are classified into four groups:
(1) hydrophobic compounds, (2) water-soluble acid
gases, (3) water-soluble polar compounds, and (4) water-
soluble ternary or quaternary alkylammonium salts. The
physicochemical properties of the guest molecules incor-
porated into hydrates have been investigated mainly by
NMR (e.g., Davidson et al. 1984a, b), XRD, and neutron
diffraction (Udachin et al. 2002). Some guest types are

located outside the center of the cage, which affects the
hydrate stability (Kirchner et al. 2004).

CO, is a typical water-soluble acidic gas. Because CO,
and CH, molecules have a similar size as guests, CO,
hydrate has the same initial structure as MH. However,
even under high pressure, CO, hydrate cannot exist
at ambient temperature, and its stability region dif-
fers from that of MH (Hirai et al. 2010; Manakov et al.
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experimentally

2009). The decomposition curve of MH has a positive
slope with respect to temperature and pressure, whereas
that of CO, hydrate has a positive slope up to a certain
inflection point, after which the slope becomes nega-
tive (Nakano et al. 1998; Tulk et al. 2014); this indicates
that CO, hydrate can exist only at low temperatures.
We performed experiments with CO, hydrate at low
temperatures and under high pressures using a helium-
refrigerated cryostat in the pressure and temperature
ranges of 0.2-3.0 GPa and 280-80 K, respectively (Hirai
et al. 2010). We clarified the phase transitions in this low-
temperature region and discussed the cause of the insta-
bility of CO, hydrate. Tulk et al. (2014) reported that CO,

formed the filled-ice Ih structure at low temperatures and
under high pressures, which was also observed in our
experiments as a HP phase. The formation of CO, filled-
ice Ih structure may be ascribed to the fact that guest—
host interactions that destabilize the structure at room
temperature are weakened at lower temperatures.
Because the methane molecule is typically hydropho-
bic and experiences repulsive interaction with the water
molecules of the cage, it rotates to stay as far away from
the water cage as possible, that is, approximately in the
cage center. By contrast, the distribution of guest CO, in
a water cage is different. Alavi et al. (2008) reported the
dynamic distribution of guest CO, molecules at different
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temperatures (77-238 K) using molecular dynamics
simulations and NMR experiments. Takeya et al (2010)
reported broad dynamic distributions of CO, guest mol-
ecules near the equatorial plane of cages by XRD study,
and Ikeda et al. (1999) showed a large temperature factor
based on neutron diffraction studies. For a hydrate with
guest tetrahydrofuran (THF), a typical hydrophilic sub-
stance, Alavi et al. (2009) showed that an instantaneous
hydrogen bond was formed between the guest oxygen
atom of THF and the host water molecule, which caused
a defect in the adjacent water molecule. This process sup-
posedly affected the dynamics of the water molecule and
the instability of hydrogen bonds. As for CO, hydrate,
instantaneous hydrogen bonding with the host has not
been reported. However, considering the dynamic distri-
bution of the guest molecules, interaction with the host
may be further enhanced under high pressure and at high
temperature (~300 K), which may be a potential source
of the instability of the CO, hydrate.

Hydrophilic guests, such as cyclic ethers belonging to
the water-soluble polar compound group like ethylene
oxide and THEF, form hydrates at ambient temperature
and pressure and have been the subject of much research.
Oxygen atoms in cyclic ethers promote defect forma-
tion in host water molecules (Davidson et al. 1984a, b).
When the hydrophilicity of the guest increases, it forms
a semi-clathrate structure, where permanent rather than
instantaneous host—guest hydrogen bonds are formed,
thereby resulting in significant distortion of the cage (Jef-
frey 1984, 1969; Davidson 1973).

CO, hydrate has been found on the Earth’s ocean floor
(Sakai et al. 1990). In addition, given the global challenge
of reducing atmospheric CO, levels to prevent climate
change, the use of CO, hydrates for sequestering CO, in
the ocean has been proposed (Ohgaki et al. 1996). CO,
hydrate is predicted to exist beneath the permafrost on
Mars and is one of the most important hydrates in plan-
etary science (Pellenbarg et al. 2003).

3 Phase-transition mechanism
3.1 Research from phase transitions to transition
mechanisms

In addition to the variety of structure and structural
changes of gas hydrates described up to this point, the
dynamics and mechanism of the transition are of consid-
erable interest. To date, studies on the dynamic processes
of gas hydrate formation, decomposition, and phase
transformation have been extensively conducted using
in situ spectroscopy methods. For example, the kinetics
of the displacement of CH, with CO, and N, gas in MH
prepared in a porous silica gel matrix were investigated
by in situ NMR spectroscopy (Cha et al. 2015). The rela-
tive mobility of guest and host molecules in MH film was
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determined using isotopic tracers and time-dependent
Raman spectroscopy (Davies et al. 2010). In addition, the
formation and phase-change behavior of methane-based
multi-component gas hydrates were studied using in situ
microscopy, Raman spectroscopy, and XRD (Schicks
et al. 2006). However, studies on the dynamics and mech-
anism of the transitions among the three phases of MH
are limited (Chen and Yoo 2012; Ikeda and Terakura
2003). The formation and phase-transition mechanisms
of MH under dynamic compression conditions and the
kinetics as a function of compression rate were studied
using Raman spectroscopy (Chen and Yoo 2012). Fur-
thermore, the phase-transition mechanism under a fixed
pressure for the MH-I to MH-II and MH-II to MH-III
transitions was investigated by our group (Hirai et al.
2015; Kadobayashi et al. 2017).

The phase change occurs through a displacive (the
word “martensitic” is used in this review as it is used in
metallurgy) mechanism, which does not involve atomic
diffusion or a reconstructive mechanism but involves
diffusion on a broad scale. A martensitic transition is
characterized by a shift or rotation of some atoms in the
structure to the next structure, i.e., the structures before
and after the transition have a certain crystallographic
relationship. By contrast, no structural relationship exists
before and after the transition in transition via recon-
structive mechanisms. Because gas hydrates consist of
the guest and host, we assume that the transition mecha-
nism is not as simple as those described above. In par-
ticular, the changing process of individual cages during
phase transition is not yet well understood.

3.2 Transition mechanisms of MH by time-resolved
analyses

MH-I transforms to MH-II under 0.8 GPa and further
transforms to MH-III of a filled-ice Ih structure under
1.8 GPa. Our previous studies (Hirai et al. 2015; Kado-
bayashi et al. 2017) were conducted under a fixed pres-
sure and at ambient temperature using time-resolved
XRD and Raman spectroscopy, and a charge-coupled
device (CCD) camera was synchronized with XRD to
examine the changes in the framework formed by water
molecules and the change in the cage containing meth-
ane molecules. The bulk composition of the sample was
described beforehand.

For the MH-I to MH-II transition, Fig. 2a, b shows
the time-resolved XRD patterns and relative intensi-
ties of the MH-I and MH-II diffraction lines with strong
intensity and without superimposition under a fixed
pressure of 0.8 GPa. The inverse correlation observed
between the intensities of MH-I and MH-II indicates
that the structural framework gradually transforms
from MH-I to MH-II. Figure 2c shows the change in
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the C-H vibrational modes of methane in individual
cages as observed by time-resolved Raman spectros-
copy under 0.8 GPa. The intensity of the vibration mode
of the 14-hedra decreased over time and eventually dis-
appeared, whereas the vibration mode of the 12-hedra
of MH-I was observed both during and after transition
(Fig. 2c). With decreasing intensity of the 14-hedra of
MH-I, the intensities of vibration modes of 20-hedron,
modified 12-hedra, and 12-hedra of MH-II became
stronger. The vibrational modes from the three cages
in MH-II overlapped, but the assignments of modes to
individual cages were consistent with those in previous
reports (Sasaki et al. 2007; Shimizu et al. 2002). Evidently,
additional 12-hedra, modified 12-hedra, and 20-hedra of
MH-II are formed from the 14-hedra of MH-I, whereas
the 12-hedra of MH-I remains unchanged after transi-
tion. The change in the Raman shift of the C—H modes for
each cage is shown in Fig. 2d (top) as a function of time,
whereas Fig. 2d (bottom) shows the change in the relative
fraction of each cage. The fraction of 14-hedra gradually
decreases over time, whereas that of the 12-hedra + mod-
ified 12-hedra+20-hedra gradually increases in inverse
proportion. Importantly, although the 14-hedra in MH-I
change to the three types of MH-II cages, the Raman
shift of 14-hedra remains unchanged during the transi-
tion [Fig. 2d (top)]. Therefore, any 14-hedra that remain
during the transition exist as complete individual cages,
and their replacement by the three types of MH-II cages
must be sequential. As seen from the CCD camera image,
the progress of transition can be directly observed. We
saw that transition started at many different positions in
the sample chamber and gradually spread. Although both
MH-I and MH-II were transparent to visible light, they
were distinguished by their different refractive index val-
ues (Hirai et al. 2015).

For the MH-II to MH-III transition, Fig. 3a shows the
time-resolved XRD patterns under 1.8 GPa, and Fig. 3b
shows the relative intensity of the diffraction lines of the
MH-II and MH-III and solid methane as a function of
time. After some time, MH-II abruptly disappeared, and
the MH-III framework formed quickly. Solid methane
was also identified at this point, albeit with a faint XRD
intensity. Solid and liquid methane were released upon
the collapse of MH-II. Under the transition conditions
of 1.8 GPa and ambient temperature, methane is solid
(Hazen et al. 1980), but not all of the released methane
can be solidified within the experimental time. The weak
XRD peak for solid methane indicates its presence at low
concentration, while the larger fraction of liquid methane
was quantified by Raman spectroscopy. Thus, the time-
resolved XRD data reveal that the collapse of the MH-II
structure is accompanied by the formation of the MH-III
framework. The time-resolved Raman spectra of the C—H
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vibrational modes during the phase transition at 1.8 GPa
are shown in Fig. 3c. The Raman shifts of the C—H modes
of the MH-II cages, MH-III, and liquid methane are
shown in Fig. 3d (top), and the relative fraction of indi-
vidual methane molecules is shown in Fig. 3d (bottom).
The Raman data also indicate the rapid collapse of MH-II,
simultaneous appearance of liquid methane and MH-III
formation, and decrease in the fraction of liquid methane
with a corresponding increase in the fraction of meth-
ane in MH-III, which suggest that MH-III is completed
sequentially. In this transition, a drastic change in the
sample was captured by the CCD camera. The transpar-
ent MH-II in the sample chamber changed color abruptly
from brown to black, indicating the release of either
liquid or solid methane, and accordingly, the complete
collapse of MH-II. We have shown that when methane
molecules are released through MH collapse, the sample
turns brownish to black. This change is most likely due to
light scattering at the grain boundaries (Hirai et al. 2015).
As for determining solid and liquid methane and meth-
ane molecules within MH-III by Raman spectroscopy,
we have accumulated data on changes in the vibrational
mode with pressure change for the three phases (Kado-
bayashi et al. 2018, 2020b). Based on the data, the three
methane phases can be clearly distinguished.

3.3 Characteristic transition mechanisms of clathrate
hydrates

The MH-I to MH-II transition is characterized by the
retention of the 12-hedra and the replacement of the
14-hedra by the three types of MH-II cages. Although a
portion of the structure is retained, this transition is not
applicable to the martensitic transition. Additionally, the
change in composition and the inverse correlation in the
XRD and Raman intensity are not consistent with prop-
erties of martensitic transition. Therefore, we defined this
transition between cage structures as a “cage recombi-
nation transition” (Hirai et al. 2015). The similar inverse
correlation between XRD and Raman intensity changes
indicates that both host cage recombination and meth-
ane migration proceed gradually. However, the details
regarding how oxygen atoms move to form new cages
and how methane molecules move from old cages to
new cages remain unclear. Our XRD, Raman, and CCD
camera observations revealed that during the MH-II to
MH-III transition, MH-II completely decomposed and
released methane, and then, the MH-III framework was
formed quickly. This was followed by the gradual absorp-
tion of released liquid and solid methane to complete the
MH-III structure. These findings imply that this transi-
tion can be viewed as a typical reconstructive mechanism
accompanied by diffusion. The reconstructive mecha-
nism is reasonable because it is a transition from a cage
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structure to a fundamentally different filled-ice structure,
and the chemical composition (water-to-methane ratio)
changes significantly.

Under static compression (fixed pressure), the time
taken to complete the MH-I to MH-II and MH-II to MH-
III transitions differs. The XRD results indicated changes
of the structural framework, with a timescale of ~50 to
60 s for both transitions. The Raman results indicated
the migration of guests between cages in the transition
from MH-I to MH-II and from outside into the frame-
work in the transition from MH-II to MH-III. The time
required for 80% of the transition to be completed was
120 s for MH-I to MH-II and 400 s for MH-II to MH-IIL.
The end point of completion is difficult to exactly deter-
mine in both transitions, but the MH-II to MH-III transi-
tion evidently took much longer than the former MH-I
to MH-II transition. The times required for framework
formation in both transitions are similar, whereas those
required for the guest migration to finalize the struc-
ture are different. This outcome suggests that the rate at
which guest molecules move through the solid between
cages is higher than that at which guest molecules out-
side the framework move through the liquid and into the
framework. The distinct kinetics of the transitions are
reasonable considering that the transition from MH-I to
MH-II occurs via cage recombination in solid, whereas
that from MM-II to MH-III occurs via a reconstructive
mechanism. Our experiments revealed a characteristic
property that the host and guest acted separately and at
different rates, regardless of the transition mechanism
(Hirai et al. 2015; Kadobayashi et al. 2017). A future chal-
lenge is to determine the specific molecular movements
during guest migration and host cage recombination. In
addition, the transition mechanisms of other hydrates,
particularly those with different initial structures and
transition paths, have not been studied. The findings of
such studies are expected to provide a more complete
picture of the transition mechanism of gas hydrates.

4 Low-temperature properties
4.1 Phase transition induced by guest orientational
ordering

In clathrate hydrates, guests rotate around the center of
the cage or are dynamically disordered over a certain area
of the cage, maintaining their own unique interaction
with the host. Their behavior depends on chemical prop-
erties such as hydrophobicity or hydrophilicity (Davidson
et al. 1984a, b; Kirchner et al. 2004; Udachin et al. 2002).
Such guest rotation also occurs in filled-ice structures
(e.g., Okuchi et al. 2007). During our investigation of
room-temperature properties (e.g., Hirai et al. 2006), we
hypothesized that the rotation of the guest molecules in
the filled-ice structure would be suppressed under high
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pressure and at low temperature and that the orienta-
tional ordering of the guests would occur in a stepwise
manner. This idea is based on the knowledge that orienta-
tion ordering proceeds in a stepwise manner in molecu-
lar crystals such as solid methane (e.g., Bykov et al. 2021;
Bini and Pratesi 1997) and solid hydrogen (e.g., Mao and
Hemley 1994). The basic quantum behavior of molecu-
lar rotation mainly in solid hydrogen has been described
previously (e.g., Hemley and Mao 1996; Silvera and Dias
2021). Molecules have quantized rotational energy levels
that are disturbed by the interaction potential of the local
environment. In free rotators, the rotational state can be
disturbed, and the energy level splits. For the HH clath-
rate structure, the splitting of rotational energy levels and
restriction of molecular rotation have been described in
detail by Strobel et al. (2009), as discussed in Sect. 4.3.
The present review does not discuss quantum theory
and explores the concept of ordering using only a classi-
cal approach. For example, such rotation-restricted states
are qualitatively described as orientationally ordered or
rotation-restricted states. The splitting of rotational lev-
els is observed as the splitting of the roton mode in the
Raman spectra; therefore, ordered or rotation-restricted
states can be observed by Raman spectroscopy.

The rotational state of solid hydrogen has been com-
prehensively studied by infrared (IR) and Raman spec-
troscopy, which have revealed the existence of three
crystalline phases solid hydrogen, I, II, and III, and rota-
tional ordering, symmetry breaking, and the resulting
structures have been discussed (e.g., Mazin et al. 1997;
Hanfland et al. 1993). According to these studies, phase
I is a low-pressure orientationally disordered phase
with an hcp structure, which at cryogenic temperatures
changes continuously to phase III via the intermediate
phase II under approximately 160 GPa (Mao and Hem-
ley 1994). Phase III strongly absorbs an IR-active vibron
(Hanfland et al. 1993), and a considerable discontinuous
reduction in the Raman vibron frequency is observed
(Lorenzana et al. 1989). Based on these optical behaviors,
phase III is a classically orientational-ordered phase. The
transition from phase II to phase III is considered to be a
transition from the ordering of the angular momentum
state of hydrogen molecules to the classical orientational
ordering of rotating hydrogen molecules (Mazin et al
1997). Based on this knowledge, structural models for
phases I, II, and III have been proposed (Toledano et al.
2009; Hemley 2010). According to these studies, Phase
I is a disordered phase with hcp space group P6;/mmc.
Phase II is a partially ordered phase with broken symme-
try and space group Cmcm. Phase III is a fully ordered
structure with the space group Cmc2;. A synchrotron
XRD study has also reported that phase III is consist-
ent with the spectroscopically proposed features of the
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classical orientational ordering of rotating hydrogen
molecules (Akahama et al. 2010). Therefore, phase III is
classically regarded as an orientationally ordered phase;
however, a complete understanding of phase III is a work
in progress (e.g., Silvera and Dias 2021). In this review,
following the classical treatment, phases I, II, and III are
described as disordered, partially ordered, and ordered
phases, respectively.

Because orientational ordering is more pronounced at
low temperatures and under high pressures, we reasoned
that low-temperature, high-pressure experiments would
be effective in elucidating guest orientational ordering
and the corresponding phase transition (Tanaka et al.
2013; Hirai et al. 2012). Helium-refrigerated cryostats
installed at SPring-8 (BL10XU) and KEK-PF (BL18C)
synchrotron facilities have been used, and pressure con-
trol of the sample has been accomplished using a mem-
brane with a gas-driven pressure control system. The
pressure and temperature ranges used are 2—77 GPa and
10-300 K, respectively. In addition, the rotational state is
influenced by the interaction potentials of local environ-
ment, which may be affected by the mass of the host and
guest. Even if the 'H and ?H interaction potentials are
effectively identical, the rotational state is likely to change
if the energy level shifts with mass. For solid hydrogen,
phase boundaries among phases I, II, and III consider-
ably differ owing to differences in the mass between D,
and H, (Howie et al. 2012b). The rotational state of HH
is similarly expected to change depending on the mass
of the guest and host. Therefore, experiments have been
conducted in HH samples using H, and D, as guests and
H,O and D,O as hosts. In addition, experiments have
been conducted in MH samples with H,O and D,O as
hosts.

4.2 Low-temperature and high-pressure phase transitions
of MH
In solid methane, many studies have investigated the
progression of molecular orientational ordering and
associated phase changes mainly by spectroscopic
methods. In the order of increasing pressure, the
phases are phase I (disordered phase), phase A (disor-
dered phase), phase B (partially ordered phase), and
HP phase (e.g., Bini et al. 1995). The crystal structures
of phase I (Hazen et al. 1980), phase A (Nakahata et al.
1999), and phase B (Umemoto et al. 2002) have been
reported. Further, Maynard-Casely et al. (2014) deter-
mined the carbon substructure of phase B by synchro-
tron XRD. Recently, the structure of the HP phase has
been determined using single-crystal synchrotron XRD
and Raman spectroscopy, while first-principles calcula-
tions have been used to clarify the position of hydro-
gen (Bykov et al. 2021). Good agreement was observed
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between their experimental and calculated Raman
vibrational modes, where the changes in the vibrational
mode effectively indicated the progression of ordering.
They also showed a figure overlaying their Raman data
with ours (Hirai et al. 2008b) and that of Chen et al.
(2011). Up to~ 35 GPa, although the resolution of our
Raman spectrum was lower than that of Bykov et al.,
the observed vibration modes for phases A, B, and HP1
were consistent.

For solid methane, the vibrational modes of methane
molecules (n; and n;) split during the phase transitions
from phase A (disordered state) to phase B (partially
ordered state) and further to the HP phase (e.g., Chen
et al. 2011; Hirai et al. 2008b). In our experiment involv-
ing MH, a similar splitting of the vibrational modes to
that observed for the transition from phase A to phase B
in solid methane began at 15 GPa and was enhanced with
increasing pressure, suggesting that a similar ordering of
guest molecules also occurred in MH (Tanaka et al. 2013;
Machida et al. 2007). XRD studies show that the change
in axial ratio and the decrease in compressibility of the
c-axis with increasing pressure becomes clearer under
approximately 20 GPa (Tanaka et al. 2013). The c-axis
of the MH-III structure is initially the most compress-
ible axis below 20 GPa because of the wide void channels
running perpendicular to the c-axis (Hirai et al. 2003).
The pressure at which vibrational mode splitting occurs
almost coincides with that at which the changes in the
axial ratio and compressibility occur. Thus, the change
under approximately 20 GPa is interpreted to be induced
by the guest orientational ordering of methane mole-
cules, which may be the cause of the observed change in
the axial ratio, and the phase is designated as GOS MH-
III (called the guest orientationally ordered state by Tan-
aka et al. (2013)).

After our experiments described above, Schaack et al.
(2018) reported the phase change in MH up to 150 GPa
by Raman spectroscopy and ab initio simulations, show-
ing a detailed progression of phase change due to guest
ordering at approximately 20 GPa. They described that
methane molecules rotate freely in the channel of the ice
framework and that the gradual orientational ordering of
the guest molecules accompanied by a progressive distor-
tion of the molecules below 20 GPa results in a complete
locking-in of guests, that is, completely restricted rota-
tional state, under approximately 20 GPa. Finally, as the
pressure exceeds 20 GPa, the host—guest system enters a
mode of strong coupling, where dynamics of the methane
guest and water host are intimately paired. This host—
guest system above 20 GPa reasonably explains the axial
ratio change and decrease in c-axis compressibility. This
theoretical study clearly verifies our experimental results
and interpretation.
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At a higher pressure of 34 GPa, further changes in the
XRD pattern and Raman vibrational mode are observed,
corresponding to the transition from MH-III to MH-IV
(Kadobayashi et al. 2020a, b, ¢; Machida et al. 2008, 2010).
At ambient temperature, MH-1IV is formed at 34 GPa,
while at lower temperatures, the transition occurs at
28 GPa. The O-O distance is too long for hydrogen-bond
symmetrization to occur in ice (Pruzan 1994). Therefore,
MH-IV formation is interpreted to occur via another
ordering state instead of via hydrogen-bond symmetri-
zation (Kadobayashi et al. 2020a, b, c). In subsequent
studies by Schaack et al. (2019, 2020), they investigated
the mechanism of the phase transition from MH-III to
MH-1V using ab initio molecular dynamics calculations
and stated that the transition involved hydrogen-bond
reconstruction and guest reorientation, highlighting the
distinct orientational ordering of the two phases. Their
studies provided a theoretical rationale for our interpre-
tation of the transition from MH-III to MH-1V, thereby
theoretically verifying the stepwise progression of guest
ordering in MH. From our experimental results, an out-
line of the existence region for the three phases of MH
for H,O and D,O hosts is obtained, namely the known
MH-III (guest disordered phase), GOS MH-III (ordered
phase), and MH-IV (further ordered phase), under con-
ditions ranging from 2 to 77 GPa and from 30 to 300 K
(Tanaka et al. 2013).

4.3 Low-temperature and high-pressure phase transitions
of HH

HH exists in three well-known phases. The first phase
comprises the clathrate structure slI, which contains
four hydrogen molecules in a 16-hedral cage (Mao et al.
2002; Lokshin et al. 2004). The other two are filled-ice
structures, namely C1 with a framework of ice II and C2
with a framework of ice Ic (Vos et al. 1993, 1996). The sII
structure is only stable at low temperatures, whereas C1
and C2 are stable at ambient temperatures and high pres-
sures, i.e., C1 exists from 0.9 to 2.7 GPa, while C2 exists
above 2.7 GPa. Our group has also conducted numerous
experiments on the phase transitions of HH at ambient
temperature and found that C2 survives to a pressure of
at least 90 GPa (Machida et al. 2008). In addition to these
three phases, the following phases are known to exist in
HH. CO was first reported by Efimchenko et al. (2010),
and Strobel et al. (2011) defined its existence region at
low temperatures. Wang et al. (2020) propose a phase
diagram for H,-H,O, including C0O and C1’, which is a
newly found phase. Strobe et al. (2016) determined the
structure of CO, a quartz-like ice framework with molec-
ular hydrogen inside. The protons of the host molecule
are disordered, and the rotation of the hydrogen guest
molecule is disordered. CO is formed under 400 MPa at
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room temperature (280 K) with a nominal composition
of H,O/H,=2:1, indicating that the phase can store large
amounts of hydrogen. Furthermore, CO exists under
the thermodynamic conditions of icy bodies. Qian et al.
(2014) predicted the existence of a new Ih-CO phase
(similar to C0) and C3 by first-principles calculations. C3
has been demonstrated to be thermodynamically stable
above 38 GPa, but this phase has not been reproduced
experimentally.

C2 was first reported as a cubic structure because
its framework was cubic ice Ic (Vos et al. 1996); subse-
quently, first-principles calculations predicted that C2
underwent a phase transition from cubic to tetragonal
at low temperatures and high pressures (Zhang et al.
2012). Our group experimentally verified the existence
of the predicted tetragonal structure in the same year
(Hirai et al. 2012) by low-temperature (10-300 K) and
high-pressure (5-50 GPa) experiments using samples
with D,O as host and D, as guest. Precise XRD experi-
ments revealed a distinct splitting of diffraction lines
above 20 GPa, and the XRD pattern identified a tetrago-
nal structure. To investigate the reason for the formation
of the tetragonal phase, the vibrational and rotational
modes of the hydrogen molecule were measured using
Raman spectroscopy at low temperatures. With increas-
ing pressure to 20 GPa, the vibrational modes mini-
mally changed, but the splitting of the roton mode was
observed. The roton split suggested that the transition to
the tetragonal structure may be induced by guest rota-
tional restricting or orientational ordering similar to that
seen in MH, as described above.

Because the orientational ordering of hydrogen mol-
ecules occurs in solid hydrogen, reasonably, it can
also occur in HH. Zhang et al. (2012) examined phase
changes by first-principles calculations up to 80 GPa
and showed that orientational ordering occurred at low
temperatures and under high pressures in HH filled-
ice structures. Strobel et al. (2009) performed a com-
prehensive Raman study of the guest rotational states
in the clathrate structure sII for H, and H,+ THF
hydrate and discussed the guest rotational energy lev-
els based on quantum theory and the implications
for their splitting. According to their explanation, the
rotational degeneracy of H, molecules in the clathrate
cages is lifted and observed directly as the splitting of
the para-H, roton band, and the splitting is explained
in relation to the orientational dependence of the rota-
tion and the degree of barrier to free rotation in the
clathrate structure. Moreover, the interaction poten-
tial and, thus, orientational anisotropy vary in large
and small cages. When the H, occupancy in large
cages increases, orientationally dependent rotation is
enhanced, and the barrier to free rotation increases. In
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filled-ice structures, the interaction potential is even
higher than that in clathrate structures because the fre-
quency of the vibrational mode Q;(1) of the hydrogen
molecule in C2 is considerably higher than that of sII
(Mao et al. 2002; Hirai et al. 2007; Machida et al. 2010)
and even higher than that for the quadruple occupation
of the sII 16-hedron (Strobel et al. 2009). Therefore, in
filled-ice structures, the rotational barrier is assumed
to be essentially higher than that of the clathrate struc-
ture. As mentioned above, Zhang et al. (2012) have
shown the rotational ordering of hydrogen molecules in
a filled-ice structure and argued that the guest hydro-
gen molecules change symmetry at low temperatures,
which explains the observation of tetragonal symme-
try at low temperatures. They have also calculated the
enthalpies of several candidate structures and pro-
posed P4,2,2 as the most feasible candidate, where the
hydrogen molecules are orientationally ordered and the
molecular axes of the hydrogen molecules extend along
the c-axis direction. Thus, our experimental results and
interpretation of the occurrence of guest orientational
ordering and the resulting tetragonal structures at 20
GPa are theoretically verified.

In our experiments involving HH, three phase tran-
sitions were observed in HH filled-ice above C2 (e.g.,
Machida et al. 2008). The first transition has been veri-
fied by Zhang et al. (2012), as described previously. The
second and third transitions to HH-HP1 and HH-HP2
structures, respectively, have been observed by the XRD
and Raman study. In the second transition to HH-HP1
under approximately 40 GPa, the split in the XRD lines
observed is intrinsic and not due to stresses in the sample
chamber (Machida et al. 2008). Particularly in low-tem-
perature experiments, this split and its pressure changes
are clearly observed, and HH-HP1 is shown to exist
under pressures exceeding 40 GPa from ambient tem-
perature to 70 K (Hirai et al. 2012). In addition, a change
in the slope of Raman shift of vibrational mode versus
pressure is observed under 38-40 GPa, and a notable
decrease in the intensity of the roton mode is observed
under 40 GPa (Machida et al. 2010). This phase has been
observed with good reproducibility in our experiments
(Machida et al. 2008, 2010; Hirai et al. 2012). The findings
suggest that another orientationally ordered structure or
further rotation-restricted state may be formed. Consid-
ering the stepwise progression of ordering occurring in
MH, solid hydrogen, and methane, it could be inferred
that stepwise ordered states may develop in HH. The elu-
cidation of the detailed structures of the phase is a future
research direction. In the third transition to HH-HP2
under approximately 60 GPa, the splitting of diffraction
lines (Machida et al. 2008; Hirai et al. 2012) and change
in vibration mode in Raman spectra are clearly observed
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(Machida et al. 2010). However, whether this phase is a
phase with further orientational ordering or one related
to hydrogen-bond symmetrization is currently unknown.

Based on the experimental results, the existence
regions for three phases, C2, tetragonal phase, and
HH-HP1, have been proposed in the ranges of 5-50 GPa
and 10-300 K (Hirai et al. 2012). Solid hydrogen has
three phases (I, II, and III) with different degrees of
ordering at low temperatures. To reach phase III, that is,
the classically ordered phase, a high pressure of 160 GPa
is required (e.g., Hemley and Mao 1996). By contrast, HH
requires a pressure of only 40 or 60 GPa to achieve the
highly restricted rotational state. This suggests the exist-
ence of an enhanced interaction potential in the host
framework of HH that strongly affects guest rotation.

During experimental and theoretical studies on solid
hydrogen under a wide range of conditions, five solid
phases and their sub-phases have been reported, and
their structures have been discussed in detail. For exam-
ple, the structure of phase IV has been under debate
(e.g., Howie et al. 2012a, b; Ackland and Loveday 2020;
Magdédu and Ackland 2013). Certain challenges have also
been encountered in verifying solid metallic hydrogen
(e.g., Eremets et al. 2019; Zha et al. 2012; Goncharov and
Struzhkin 2017). Furthermore, the plasma phase bound-
ary in hot dense liquid hydrogen has been discussed
(Morales et al. 2010; Ohta et al. 2015). Silvera and Dias
(2021) have provided an overview of the research that has
been conducted since the metallization of hydrogen was
first reported by Wigner and Huntington (1935).

5 Pressure-dependent structural evolution

The interpretation of our experimental results on MH
has been theoretically verified. For HH, the first order-
ing step inducing tetragonal structure has also been
verified, but HH-HP1 and HH-HP2 have yet to be veri-
fied to date. However, based on the similarities to MH
and solid hydrogen, similar ordering progression and
structural changes in HH seem reasonable. Consider-
ing these points, an overview of the structural changes
specific to guest—host structures can be inferred. Fig-
ure 4 shows a schematic diagram of the phase transi-
tions induced by guest orientational ordering and those
caused by host hydrogen-bond symmetrization after
transition to the filled-ice structure for MH and HH.
For MH, orientational ordering of the guest starts under
approximately 15 GPa, inducing a change in the axial
ratio of the same orthorhombic structure (guest-ordered
MH-III). Under 34 GPa, another orientational order-
ing step occurs, resulting in the change of the structure
to MH-IV. Additionally, theoretical calculations have
predicted that host hydrogen-bond symmetrization
occurs at higher pressure (litaka and Ebisuzaki 2003;
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Schaack et al. 2019). For HH, the quartz-like structure
CO0 changes to the filled-ice structure C1 under 0.7 GPa,
C1 changes to C2 under 2.7 GPa, and C2 is maintained
up to approximately 20 GPa, under which pressure the
guest undergoes orientational ordering, thus inducing
a tetragonal guest-ordered C2 (Hirai et al. 2012; Zhang
et al. 2012). Under~40 GPa, another phase change to
HH-HP1 occurs, which is probably induced by further
orientational ordering. For HH, a theoretical study relat-
ing to symmetrization has not been reported, but Lei
et al. (2021) conducted an experiment with the H,—H,O
and He-H,O systems up to 130 GPa, using H, and He
as the pressure media. Well-resolved XRD has revealed
that a transition from ice VII to ice X, i.e., hydrogen-bond
symmetrization, occurs under 20-50 GPa in the H,—H,O
system. When H, is incorporated into ice VII, HH-C2
may be formed under pressures exceeding 2.7 GPa. How-
ever, the details of the phase formed in that experiment
remain unclear.

In general, MH and HH behave similarly under high
pressure, both involving guest stepwise ordering and
host hydrogen-bond symmetrization. However, the indi-
vidual phase transitions of MH and HH exhibit distinct
behaviors owing to differences in the initial filled-ice
host structure and in the properties of the guest mol-
ecules. Regarding the relationship between molecular
symmetry lowering or distortion and induced structural
changes, Ackland and Loveday (2020) examined solid
hydrogen phase I and found that the change in the axial
ratio, c/a, was correlated to the change in cos 6 (where 6
is the angle between the molecular axis and the c-axis of
the hcp crystal). They demonstrated that the molecules
in phase I started to rotate in the basal plane and the
molecular symmetry lowered from spherical to toroidal;
in addition, a transition to a toroidal molecular symme-
try did not lead to a structural change when the sym-
metry was compatible with the P6;/mmc of the phase I
structure. For MH, a theoretical analysis by Schaack et al.
(2018) showed that under 20 GPa, the guest was com-
pletely fixed and distorted. The molecular distortion and
ordering at this step appeared as an axial ratio change
within the same structure of MH-III without any struc-
tural change (Tanaka et al. 2013). Subsequently, under
40 GPa, further reordering of the guest occurred, caus-
ing a structural change to another orthorhombic struc-
ture (MH-IV) (Schaack et al. 2019; Kadobayashi et al.
2020a, b, c). For HH, the guest hydrogen molecular axis
was oriented in the c-axis direction of the structure, lead-
ing to a structural change to a tetragon because the initial
structure was cubic (Zhang et al. 2012; Hirai et al. 2012).
Thus, the structural changes induced by ordering in both
hydrates proceed via different ways depending on the ini-
tial framework structure and degree of ordering.
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Clathrate structures recombine their cages in response
to pressure; when they can no longer maintain the cage
structure, they successfully reorganize into a unique
filled-ice structure and undergo several further phase
transitions. Particularly for MH and HH, such phase
transitions enable their stability up to ultrahigh pressures
(above 100 GPa). In Sect. 2, we noted that the outstand-
ing high-pressure stability of MH and HH is most likely
due to guest—host interactions. In our series of studies,
we have explored the origins of the distinctive stability
of these two hydrates and found that the freely rotat-
ing guest molecules at low pressures and ambient tem-
peratures undergo orientational ordering with increasing
pressure and decreasing temperature. This ordering pro-
ceeds in a stepwise manner, causing sequential structural
changes toward phases that are more stable under high
pressures. Furthermore, even under elevated pressures,
hydrogen-bond symmetrization of the host water mol-
ecule has been predicted, which can further enhance
the stability. Thus, hydrates respond to external pres-
sure changes via a common process, such as stepwise
guest orientational ordering and host hydrogen-bond
symmetrization, to achieve self-organization. In bio-
logical evolution, organisms adapt to changes in the
environment and evolve accordingly, that is, promote
self-organization, by modifying their form and function.
When looking at hydrates from this point of view, struc-
tural changes can be viewed as “structural evolution” in
response to changes in pressure by creating a function of
guest ordering and host-bond symmetrization. The com-
mon evolutional process for MH and HH hydrates has
not yet been fully established either experimentally or
theoretically, but we have proposed such a perspective on
the phase change of hydrates composed of multi-compo-
nent host—guest systems (Hirai and Kadobayashi 2018;
Kadobayashi et al. 2020a).

6 High-temperature and high-pressure properties
6.1 Does MH melt, decompose, or change phases?

We have discussed the physical properties of hydrates
under high pressures at ambient and low temperatures in
the preceding sections. This section discusses the physi-
cal properties of hydrates under both high-temperature
and high-pressure conditions. Experiments at mildly ele-
vated temperatures and pressures have provided insight
into the origin of methane in the Earth’s upper mantle
(Kolesnikov et al. 2009). Petroleum is known to origi-
nate from a biological process; however, experiments on
the polymerization of solid methane under moderately
high pressures and at high temperatures indicate that
hydrocarbons in the upper mantle may have been pro-
duced by abiogenic processes (Kolesnikov et al. 2009).
This implies the role of solid methane in geochemically
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important processes. Relatively few studies have been
conducted on the high-temperature and high-pressure
properties of gas hydrates (Kurnosov et al. 2001; Beza-
cier et al. 2014). However, MH and HH are thought to
be widespread in the solar system and beyond, such as
in protostars and icy bodies, where hydrates are likely to
be exposed to a wide range of temperature and pressure
conditions (e.g., Marboeuf et al. 2010). Various tempera-
ture and pressure conditions inside icy bodies have been
reported. For Titan, the ice mantle-to-core conditions
are estimated to be 0.55—6 GPa and 270-1000 K (Grasset
et al. 2000; Tobie et al. 2005). We have shown that MH
can thermodynamically exist in the upper layers of the
Titan ice mantle by experiments under temperature and
pressure conditions comparable to those in the interior
of Titan and through internal structure models (Kado-
bayashi et al. 2020b), and Loveday et al. (2001a, b) have
reported similar results. The source of the methane-rich
atmosphere of Titan has been discussed, and thermal
cycling, cryovolcanism (e.g., Choukroun et al. 2010), and
other processes have been proposed. The mechanism of
supplying methane to the atmosphere has not yet been
clarified, but MH present in the ice mantle is consid-
ered to be the most likely source (Loveday et al. 2001a;
Bezacier et al. 2014). The conditions in the uppermost
part of Neptune’s ice mantle are estimated to be 10 GPa
with a temperature of 2200 K (Nettelmann et al. 2016).
The existence of a high-pressure MH phase and a novel
high-pressure phase in the C~H-O system are intrigu-
ing options. We conducted high-temperature and high-
pressure experiments (2-55 GPa and 298-653 K) using
an externally heated DAC equipped with a band heater
to elucidate whether MH-III and MH-IV melt or decom-
pose into solid methane and high-pressure ice (Kado-
bayashi et al. 2018, 2020b, c). The bulk composition of
the sample used in these experiments was estimated to
be H,O/CH, =2:1.

6.2 Stability region and dissociation curve of MH-III
and MH-IV

All sequential in situ Raman spectroscopy measurements
have revealed that MH-III melts into liquid water and lig-
uid methane under pressures below ~ 2.5 GPa and decom-
poses into solid methane and ice VII above~2.5 GPa,
i.e., solid—solid phase decomposition (Kadobayashi et al.
2018, 2020b, c). Dyadin et al. (1997) performed the first
high-pressure experiments to determine the melting
curve of MH-I and MH-II below 1.5 GPa, and the results
of our melting experiments on MH-I and MH-II in the
H,0-CH, system are in good agreement with theirs. Our
studies on the H,O-CH,—NH; system also confirmed
that the melting curves of MH-I and MH-II are higher
than those of ice (Kadobayashi et al. 2020b), as shown
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by Dyadin et al. (1997). By contrast, MH-III and MH-IV
decompose into solid methane and ice VII in the pres-
sure region of this experiment (Fig. 5) (Kadobayashi et al.
2018). In addition to sequential Raman spectroscopy,
XRD studies were conducted to analyze samples heated
to temperatures above and below the obtained dissocia-
tion curve, thus confirming the existence of solid meth-
ane and ice VII at higher temperatures and of MH-III or
MH-IV at lower temperatures (Kadobayashi et al. 2018).
The obtained dissociation curve is approximately 200 K
lower than those for ice VII and solid methane (Lin et al.
2005; Lobanov et al. 2013). Our experimental results
deviate from those of the previous two experiments by
Kurnosov et al. (2001) and Bezacier et al. (2014). This
difference can be attributed to the different systems
used in the experiments: A system including ammonia
has been utilized in one previous experiment (Kurnosov
et al. 2001), while the other experiment has insufficiently
determined the start of melting (Bezacier et al. 2014). The
melting of MH-I and MH-II below ~ 2.5 GPa can be easily
seen by optical observation. Meanwhile, the solid—solid
decomposition of MH-III and MH-IV under pressures
exceeding ~ 2.5 GPa does not exhibit visible differences
in appearance before and after decomposition; therefore,
the decomposition should be determined based on con-
tinuous measurements by in situ Raman spectroscopy
and XRD, as conducted in our experiments (Kadobayashi
et al. 2018). By contrast, Bezacier et al. (2014) declared
their use of Raman spectroscopy and optical observa-
tion for determining decomposition, but they did not
compare the Raman spectra during MH dissociation.
This suggests that Bezacier et al. determined the decom-
position conditions of MH-III mainly based on optical
observations, which is similar to their approach used
for investigating the melting of MH-I and MH-IIL. In our
experiments, the samples that have been observed to
decompose into solid methane and ice VII by sequential
Raman measurements melt at higher temperatures than
that of the decomposition, i.e., near the melting curve of
ice VII. This outcome shows significant changes in their
appearance, which is similar to the melting behavior of
MH-I and MH-II. Therefore, visual observation alone is
not sufficient to determine the decomposition conditions
of MH-III and MH-IV. The different methods used to
determine decomposition have apparently resulted in a
significant difference in the decomposition curves (Kado-
bayashi et al. 2018, 2020b, c).

The results discussed thus far demonstrate that MH-IV
is stable up to 633 K under a pressure of 40.3 GPa, sug-
gesting the possible presence of high-pressure phases of
MH in icy bodies and newly discovered exoplanets (cool
planets with relatively low internal temperatures). Mean-
while, MH cannot exist in the icy mantle of Neptune and
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Fig. 5 Stability region of MH-Ill and MH-IV based on sequential Raman spectra. MH-IIl melts below 2.5 GPa and decomposes into solid methane
and ice VIl above 2.5 GPa. MH-IV exhibits solid decomposition. The broken line indicates the obtained dissociation curve. The dissociation curve is
approximately 200 K lower than the melting curves of solid methane and ice VII. This figure is modified from Kadobayashi et al. (2018)

Uranus because of the high-temperature conditions in
these planets.

6.3 Significance of MH stability in planetary science

MH-III and MH-IV decompose into solid methane and
ice VII under the conditions shown in Fig. 5, and solid
methane and ice VII melt according to their own melt-
ing curves at elevated temperatures (Lin et al. 2005;
Lobanov et al. 2013). To determine the effect of higher
temperatures, our group has conducted high-tempera-
ture and high-pressure experiments using a laser-heated
DAC (Kadobayashi et al. 2021). Solid methane has been
subjected to numerous experiments and theoretical cal-
culations by our group and others, and the molecular dis-
sociation of methane molecules and subsequent diamond
formation have been reported (e.g., Gao et al. 2010; Hirai
et al. 2008b, 2009; Benedetti et al. 1999; Ancilotto et al.
1997). In most previous experiments, metal has been
added to the sample chamber as a laser absorber, and
its effect on the phase change and diamond formation
can be considered to be non-negligible. Several shock-
compression experiments have also been reported, but
the dynamic compression and shock duration in these

experiments are not comparable to those estimated in the
interior of planets (Nettelmann et al. 2016).

To investigate the intrinsic behavior of MH, we con-
ducted experiments on the methane—water system
using a CO, laser for heating (Kadobayashi et al. 2021)
to avoid the need for metallic absorbers. These experi-
ments were designed to analyze the MH sample alone
under static compression conditions closer to those esti-
mated for Neptune’s upper mantle (Nettelmann et al.
2016), i.e., 45 GPa and up to 3800 K. Consequently, both
solid methane and ice melted, methane molecules under-
went molecular dissociation, and diamonds were formed
from carbon, as detected by in situ XRD. Moreover,
octahedral-shaped diamond particles were observed in
the recovered sample quenched under ambient tempera-
ture and pressure conditions, and Raman spectroscopy
revealed a characteristic Raman peak for the diamonds
at 1331 cm ™', The presence of hydrogen molecules was
also observed in the sample chamber (Kadobayashi et al.
2021). Although several experimental reports on dia-
mond formation have been published (e.g., Zerr et al.
2006; Kraus et al. 2017), our in situ XRD, Raman spec-
troscopy, and SEM observations and recovered sam-
ple data provide unambiguous evidence for diamond
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formation based on theoretical prediction made 40 years
ago (Ross 1981). In addition, our results demonstrate that
when discussing the phase evolution of the water—meth-
ane system under high-temperature and high-pressure
conditions, the C-H-O system should be discussed
rather than the bimolecular H,O-CH, system.

As shown in Fig. 6, the diamond formation observed
in our experiments (Kadobayashi et al. 2021) occurred
under milder conditions than those previously reported.
Wentorf (1965) reported that the conditions of diamond
formation depend significantly on the composition of the
initial hydrocarbon material. The MH sample that we
used as a starting material contained a large amount of
water. A theoretical study on the role of water reported
that ionized water under high-temperature and high-
pressure conditions acts as an exceptionally aggressive
chemical solvent and dissociates methane (Lee and Scan-
dolo 2011). The mild conditions we observed for dia-
mond formation may be due to the influence of water. In
addition, the analysis timescale depends on the experi-
mental method: picoseconds for atomic simulations,

(a)
4500
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nanoseconds for dynamic laser compression experi-
ments, and seconds to minutes for laser-heated DAC
experiments. Therefore, the timescales of the atomic
simulations and dynamic laser compression experiments
may be too short to observe diamond formation from
hydrocarbon materials, and thus, higher pressures and
temperatures are required.

Neptune is believed to have a hydrogen and helium
atmosphere; an ice mantle containing water, methane,
and ammonia; and a rocky core (Redmer et al. 2011;
Nettelmann et al. 2013). The findings of our experiments
(Kadobayashi et al. 2021; Kadobayashi et al. 2020a, b, c)
indicate that diamonds are formed by the molecular dis-
sociation and polymerization of methane molecules in
the presence of water at significantly lower temperatures
and pressures (7>1600 K, P>13 GPa) than previously
reported. The temperature and pressure conditions for
diamond formation overlap with the predicted inter-
nal conditions of icy planets (Nettelmann et al. 2016),
demonstrating that diamond formation can occur in the
upper regions of the ice mantle of an icy planet.
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Because diamonds have a higher density than the sur-
rounding icy material, they may settle toward the core
of the icy planet, forming a layer of diamonds around
the rocky core. Diamond formation and deposition in
the interiors of these icy planets not only constrain
the modeling of their internal structure but also pro-
vide clues for understanding their characteristic heat
budget and magnetic field. For example, Neptune emits
more energy than it receives from the sun. The source
of this excess heat has long remained a mystery, but it
has been suggested to originate from the frictional heat
generated by diamonds settling within the surrounding
icy material (Naumova et al. 2021; Kraus 2018). Addi-
tionally, if hydrogen, a by-product of diamond forma-
tion, is metalized under extreme pressures deep within
the planet (e.g., Li et al. 2021), it may contribute to the
magnetic fields of Uranus and Neptune as a conductor,
along with the superionic phases of water and ammonia
(Kraus 2018).

7 Conclusions

The high-pressure properties of clathrates and filled-
ice hydrates are gradually being elucidated. However,
several issues require further research focus, such as
clarification of the detailed structure of the guest ori-
entationally ordered phases, experimental verification
of hydrogen-bond symmetrization at high pressures,
proton ordering at low temperatures, and the physi-
cal properties of the C-H-O system at extremely
high temperatures and pressures. Exploring unknown
phases and their physical properties under a range of
conditions is critical for planetary science because they
provide data for modeling studies on the formation and
evolution of icy bodies in space. Given the broad range
of temperature and pressure conditions in the universe,
ice and hydrates are expected to undergo a diverse
structural evolution and develop novel physical prop-
erties. Accordingly, such systems offer immense scope
for novel discoveries. The continual progression of this
research field is expected to shed further light on these
intriguing materials and their role in the universe.
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