
PHYSICAL REVIEW B 103, 064205 (2021)

Pressure-induced amorphization of noble gas clathrate hydrates
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The high-pressure structural behavior of the noble gas (Ng) clathrate hydrates Ar · 6.5 H2O and Xe · 7.2 H2O
featuring cubic structures II and I, respectively, was investigated by neutron powder diffraction (using the
deuterated analogues) at 95 K. Both hydrates undergo pressure-induced amorphization (PIA), indicated by the
disappearance of Bragg diffraction peaks, but at rather different pressures, at 1.4 and above 4.0 GPa, respectively.
Amorphous Ar hydrate can be recovered to ambient pressure when annealed at >1.5 GPa and 170 K and is
thermally stable up to 120 K. In contrast, it was impossible to retain amorphous Xe hydrate at pressures below
3 GPa. Molecular dynamics (MD) simulations were used to obtain general insight into PIA of Ng hydrates, from
Ne to Xe. Without a guest species, both cubic clathrate structures amorphize at 1.2 GPa, which is very similar
to hexagonal ice. Filling of large-sized H cages does not provide stability toward amorphization for structure II,
whereas filled small-sized dodecahedral D cages shift PIA successively to higher pressures with increasing size
of the Ng guest. For structure I, filling of both kinds of cages, large-sized T and small-sized D, acts to stabilize in
a cooperative fashion. Xe hydrate represents a special case. In MD, disordering of the guest hydration structure
is already seen at around 2.5 GPa. However, the different coordination numbers of the two types of guests in
the crystalline cage structure are preserved, and the state is shown to produce a Bragg diffraction pattern. The
experimentally observed diffraction up to 4 GPa is attributed to this semicrystalline state.

DOI: 10.1103/PhysRevB.103.064205

I. INTRODUCTION

Clathrate hydrates are crystalline compounds consisting
of a framework of tetrahedrally coordinated water molecules
forming polyhedral cages which include guest species [1].
These guest species are rather diverse and can range from
smaller-sized organic molecules [e.g., natural gas, tetrahy-
drofuran (THF)], linear and bent triatomic molecules (such
as carbon dioxide and H2S), diatomic molecules (e.g., hy-
drogen, nitrogen, chlorine), to single atom noble gases (Ngs)
[2,3]. Clathrate hydrate structures are stabilized by hydrogen
bonds between water host molecules and van der Waals forces
between host and guest [4]. These guest-host interactions de-
termine the type of crystalline structure that may form: most
clathrate hydrates exist in one of two cubic structures [1],
termed structure I (CS-I, Pm-3n space group, lattice parameter
a ≈ 12 Å) [5] and structure II (CS-II, Fd-3m space group,
lattice parameter a ≈ 17 Å) [6,7]. Other frameworks have
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been either predicted theoretically or attained experimentally
at high pressures [8–15].

The two cubic framework structures feature two types of
polyhedral cages each (see Fig. 1). The unit cell of CS-I
contains 46 water molecules which build up two dodeca-
hedral 512 cages (D cages) and six tetrakaidecahedral 51262

cages (T cages). The unit cell of CS-II contains 136 water
molecules which build up 16 dodecahedral D cages and 8
hexakaidecahedral 51264 cages (H cages) [16]. The compo-
sition of cubic clathrate hydrates is variable: sometimes the
smaller-sized D cages are not occupied, or more frequently,
both types of cages are occupied but not completely. In
this case, typical occupancies are between 0.8 and 0.9. Sev-
eral types of clathrate hydrates occur abundantly in nature
and are considered future energy resources (or environmen-
tal threats) due to large amounts of stored natural gas [17].
Apart from their potential significance in gas or energy stor-
age and transport, clathrate hydrates have been discussed for
application in carbon capture and storage, water desalina-
tion, separation of ionic liquids, and food and pharmaceutical
engineering [1,18–21].

Most central to clathrate hydrates is an understanding of
the guest-host interactions. These interactions are particularly
sensitive to density, and it has been shown that pressure
is a valuable variable for probing intermolecular interaction
potentials and hydration structures of guest species [22].
Investigations of cubic clathrate hydrates at high pressure
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FIG. 1. Unit cell of the cubic clathrate hydrate structures. (a)
CS-I (Pm-3n, a ≈ 12 Å), composed of 46 water molecules forming
a hydrogen-bonded network around six large T cages (gray) and two
small D cages (black). (b) CS-II (Fd-3m space group, lattice parame-
ter a ≈ 17 Å), composed of 136 water molecules which build up 16 D
cages and eight H cages (cyan). (c) The three different cages in cubic
structured clathrate hydrates: D cages (pentagon dodecahedra, 512),
common for both CS-I and CS-II; T cages (tetrakaidecahedra, 51262),
large cages in CS-I; and H cages (hexakaidecahedra, 51264), large
cages in CS-II (and largest among all). T cages are represented in (c)
with their two different types of pentagon faces: those constituting H
cages only (black edges), and those constituting both H and D cages
(white edges). Red spheres on cage vertexes represent oxygen atoms.

(in the gigapascal regime) and close to room temperature
(260–280 K) have led to the observation of new types of
hydrate frameworks, both of clathratic nature and filled-ice
structures [8,9]. The high-pressure hydrates have typically
more guest-rich compositions than the original cubic clathrate
hydrates since they follow from decomposition of the latter.
The structure of high-pressure hydrates and phase diagrams
are discussed in the literature [8,9,12–15,22–26]. When com-
pressed at lower temperatures (below 135 K), cubic clathrate
hydrates exhibit instead a sharp, first-order-like transition to
an amorphous state, analogous to pure water’s high-density
amorphous (HDA) ice, which is obtained when pressurizing
hexagonal ice Ih at similarly low temperatures [26]. Since the
tetrahedral nearest neighbor arrangement of water molecules
in the host structure of cubic clathrate hydrates is identical to
ice Ih and the concentration of the guest is rather small, their
pressure-induced amorphization (PIA) should follow the same
or a very similar mechanism. However, since examples of
cubic clathrate hydrates displaying PIA are rather limited, this
is still not clear. Likewise, structural and physical properties
of the amorphous forms are largely unexplored.

Noble gas clathrate hydrates were targeted early on as
model systems for the statistical thermodynamic analysis of
clathrate hydrates [4]. This is because monoatomic Ngs are
distinguished in their isotropic interactions with the hosting

water cage, which are easy to model, and by providing a
homologous series of increasingly larger (and heavier) guests.
Studies can then systematically address effects of guest size
and cage occupancy to clathrate hydrate stability. Conse-
quently, Ng clathrate hydrates also represent ideal model
systems for studying the PIA phenomenon. We selected Xe
and Ar clathrate hydrate, which adopt the CS-I and CS-II
structure, respectively, as prototypical systems. Their compo-
sition has been reported as Ar · 6.5 H2O (D 89% filled and H
83%) and Xe · 7.2H2O (D 76% filled and T 81%) [6,23,24].
The near room temperature high-pressure behavior is also
well studied [9]. With increasing pressure, CS-II Ar hydrate
(AH) transforms successively into a hexagonal, tetragonal,
and orthorhombic clathrate structure variant. The latter is sta-
ble up to 6 GPa, after which decomposition into solid Ar and
ice VII occurs [8–11]. CS-I Xe hydrate (XH) was found stable
up to about 1.7 GPa. At higher pressure, the phase undergoes
a transition to the hexagonal clathrate structure (which can be
recovered to ambient pressure at 77 K in the slightly modified
HS-I structure) [12]. Above 2.9 GPa, the hexagonal clathrate
structure decomposes into solid Xe and ice VII [13–15]. With
respect to high-pressure investigations at low temperatures
(i.e., below 135 K), nothing is known about Ar clathrate
hydrate, whereas CS-I XH was included in the seminal study
by Handa et al. [27]. These authors performed piston cylinder
experiments on CS-II THF, SF6 hydrates, and CS-I XH at
77 K and up to 1.7 GPa. It was found that the CS-II type
clathrate hydrates amorphized, whereas XH did not undergo
any transformation in the applied pressure range. However,
recent potential energy minimization calculations (using em-
pirical potentials) considering fully occupied CS-I Ng hydrate
for Ng = Ar, Kr, and Xe predicted PIA at 1.8, 2.6, and 4 GPa,
respectively (referring to 0 K) [28].

In this paper, high-pressure neutron powder diffraction
(NPD) experiments were carried out on CS-II AH and CS-I
XH for pressures from 0.1 to 5 GPa at 95 K. Both clathrate
hydrates were found to collapse into an amorphous state.
The PIA behavior was then examined with molecular dynam-
ics (MD) simulations, addressing the complete series of Ng
atoms, Ne through Xe.

II. EXPERIMENTAL DETAILS AND METHODS
OF ANALYSIS

A. NPD experiments

A range of NPD experiments involving several samples of
Ar and Xe clathrate hydrates were conducted at the SNAP
beamline at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL), USA. All samples were syn-
thesized onsite on a setup put in place at SNAP. Data from
10 experiments were combined in this paper, and details to
each sample and experiment can be found in the Supplemental
Material (SM) [29].

B. Synthesis of XH

Fully deuterated CS-I Xe clathrate hydrate was synthe-
sized similarly to the procedure described in Ref. [27]. Finely
ground and sieved (<45 μm particles) D2O ice (99.9% deuter-
ated, Sigma Aldrich) was prepared and transferred to a cold
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pressure vessel, like the gas cell used for the synthesis of 36AH
as in Ref. [6]. The vessel was sealed and filled with ∼50 bar of
precooled Xe and kept in a freezer at 250 K for >10 days. The
precursor ice Ih was still found present in all samples (∼10 to
40% of ice contaminant), possibly due to a synthesis time that
was too short. Xe hydrate samples were recovered and stored
in LN2 prior to NPD experiments.

C. Synthesis of AH

Fully deuterated CS-II clathrate hydrate of Ar was synthe-
sized following the procedure described in Ref. [6]. Finely
ground D2O ice (99.9% deuterated, Sigma Aldrich) was pre-
pared and transferred to a cold (below freezing) pressure
vessel containing stainless steel ball bearings. The vessel was
sealed and filled with 150 bar of precooled Ar. The vessel
was then intermittently tumbled for >10 days in a freezer
at 250 K, providing refreshed grain surfaces for a complete
clathrate formation. The complete conversion of ice Ih to the
CS-II clathrate was confirmed by powder x-ray diffraction on
a Panalytical X’Pert Pro diffractometer using the Anton Paar
TTK 450 Low Temperature Chamber. Ar hydrate samples
were recovered and stored in LN2 prior to NPD experiments.

D. In Situ Time-of-Flight NPD

Time-of-flight NPD experiments were performed in the
temperature range of 95–220 K using a standard VX
Paris-Edinburgh pressure cell with LN2-cooled stainless-steel
anvils, which can reach up to 10 GPa at temperatures as
low as 77 K. Samples were loaded at LN2 temperature in
null-scattering TiZr gaskets, with lead powder added as a
pressure marker. The gaskets were pressurized to ∼0.1 GPa
upon loading to stabilize the samples, which warmed up to
about 170 K during transferring of the pressure cell to the
cryostat, where they were cooled to 95 K. For all samples,
a longer (∼2 h) starting collection of neutron diffractograms
at the crystalline stage was done, allowing the refinement of
the clathrate hydrate unit cells and identification of contami-
nants, if any. Pressurization was done in steps of 0.1–0.2 GPa,
followed by data collection during 15 min to up to several
hours. Samples were compressed until their full amorphiza-
tion could be observed by the disappearance of all their Bragg
diffraction peaks. In addition, vanadium powder and an empty
gasket were measured for intensity normalization and for
background correction, respectively. Masking of the detector
banks was done during data treatment at higher-pressure steps
due to partial shading of the detectors by the anvil and press
materials.

E. MD Modeling

Simulation cells were constructed using the GenIce
software [30], which places oxygen atoms at their crystallo-
graphic sites in the cubic unit cell, randomizes the distribution
of hydrogen atoms constrained by the Bernal-Fowler ice rules,
and chooses the configuration with zero (minimum) net polar-
ization. CS-II supercells consist of 2 × 2 × 2 periodically
replicated cubic unit cells consisting of 1088 H2O molecules
with ∼34 Å initial cell dimensions. CS-I supercells consist of
3 × 3 × 3 periodically replicated cubic unit cells consisting

of 1242 H2O molecules with ∼36 Å initial cell dimensions.
The guest atoms (Ne, Ar, Kr, Xe) were randomly distributed
fulfilling the following compositions: (case i) full occupan-
cies, (case ii) only small (D) cages filled; case (iii) only large
(CS-I: T, CS-II: H) cages filled; (case iv, Ne only) CS-II with
only H cages doubly occupied, and full occupancy of D cages
plus H cages doubly occupied.

The PIA was modeled with isotropic (NPT) MD simula-
tions in the LAMMPS software [31]. To describe the interatomic
interaction during the MD simulations, the TIP4P/Ice [32] and
UFF [33] force fields were used for ice and Ngs, respectively,
and the Lorentz-Berthelot mixing rules were applied. The
Nose-Hoover barostat algorithm with the Melchionna mod-
ification [34] was employed to control the temperature and
pressure of the systems. The simulations were carried out at
95 K, and the pressure was subsequently increased from 1 to
3 GPa in steps of 0.05 GPa. At each pressure step, the system
was first incremented gradually over 2 ns; the system was then
equilibrated for 5 ns, followed by a further 1 ns simulation
during which statistics for the densities and radial pair distri-
bution functions (PDFs) were collected. The simulation time
step was 1.0 fs, and barostat relaxation time was set to 2000
time steps.

Snapshots (single frame in a simulation) were taken from
100% CS-I XH and 100% CS-II AH MD calculations at
pressure steps just before (CS-I: 2.4 GPa; CS-II: 1.4 GPa)
and immediately after collapse (CS-I: 2.6 and 2.9 GPa; CS-II:
1.7 GPa). MD supercells (i.e., 2 × 2 × 2 CS-II and 3 ×
3 × 3 CS-I unit cells) were doubled along each axis (now
corresponding to 4 × 4 × 4 CS-II and 6 × 6 × 6 CS-I cells)
for simulating neutron diffraction patterns by the XaNSoNS
software [35].

III. RESULTS AND DISCUSSION

A. PIA of CS-I XH and CS-II AH

Although the synthesis of Xe and Ar clathrate hydrate
followed established protocols [6,27], XH samples showed
various amounts of ice Ih, whereas AH could be prepared vir-
tually ice-free. For this paper, the presence of ice was deemed
to not interfere with obtained results. The composition of the
hydrates was assumed to be as earlier determined by Flacau
et al. [23], Xe · 7.2 H2O (D 76% filled and T 81%), and Yang
et al. and Brant Carvalho et al. [6,24], Ar · 6.5 H2O (D 89%
filled and H 83%). Figure 2 shows initial neutron diffraction
patterns of Xe and Ar clathrate hydrate samples at 95 K and
about 0.1 GPa (experiments AH5 and XH2, respectively, see
SM for details [29]). For fitting the diffraction data by Rietveld
refinement, the structures from Ikeda et al. [36] and Brant Car-
valho et al. [6] were used as the starting models for Xe and Ar
clathrate hydrate, respectively. Refined parameters included
background and peak profile terms, hydrate/ice content ratio
and unit cell parameters. As a general procedure, the samples
were first isothermally compressed at 95 K until a structural
change, i.e., amorphization, occurred. Afterwards, various p,T
pathways were pursued to check the reversibility of observed
transitions. These pathways are depicted in Fig. 3, and below,
we summarize findings (see SM for details to specific AH and
XH experiments [29]).
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FIG. 2. Experimental neutron powder diffraction (NPD) profiles
of (a) CS-I Xe and (b) CS-II Ar clathrate hydrate. The diffractograms
were measured at 95 K and at the lowest pressure point 0–0.1 GPa.
Profiles obtained upon Rietveld refinement are shown as solid lines.
The difference curves are plotted beneath. Tick marks show Bragg
positions of allowed reflections for the fitted phases. Xe hydrate:
a = 11.8662(6) Å, Rwp = 3.73%, GoF (χ 2) = 3.04. Ar hydrate: a =
17.040(3) Å, Rwp = 1.37%, GoF (χ 2) = 2.90.

During compression, the hydrate phases were consistent
with the structure in the literature, despite the peak broad-
ening caused by strain effects. CS-I XH was observed to
be stable at 95 K up to 4.0 GPa, and CS-II AH up to
1.4 GPa. Beyond these pressures, both hydrates transformed
into amorphous states. The PIA was characterized by the
complete disappearance of all Bragg diffraction peaks of a
given phase. A representative evolution of the diffraction
patterns with pressure is shown in Fig. 4. The behavior
of CS-II AH appears very similar to earlier investigated
CS-II hydrates (i.e., THF, 1,3-dioxolane, cyclobutanone, ace-
tone [37], SF6

27), for which amorphization was observed
in a pressure range of 1.2–1.6 GPa at similar tempera-
tures. This is at slightly higher pressures than the pressure
of the ice Ih-to-HDA transition (∼1 GPa) [26]. In contrast,
the PIA of CS-I XH occurred at considerably higher pres-
sures. There is only one more example of a CS-I hydrate

FIG. 3. Experimental pathways followed in this paper. The phase
diagram of pure ice (from Salzmann, Ref. [54]) is underlaid as back-
ground. Ar hydrate (AH) experiments (green), AH1: Compression to
PIA (1.4 GPa); AH2: Compression to 2.6 GPa; AH3: Compression
to PIA and up to 3.15 GPa, temperature cycling to 170 K, cooling,
decompression, and heating to 200 K at ambient pressure; AH4:
Compression to 2 GPa, temperature cycling to 170 K, cooling, and
decompression; AH5: Compression to 1.9 GPa, temperature cycling
to 170 K, cooling, and decompression. Xe hydrate (XH) experiments
(navy blue), XH1: Compression to 4.5 GPa; XH2: Compression
to 4.8 GPa; XH3: Compression to 5.1 GPa, decompression to at-
mospheric pressure, and heating to 150 K; XH4: Compression to
4.9 GPa, temperature cycling to 170 K, cooling, decompression
to 0.4 GPa, and heating to 200 K; XH5: Compression to 4 GPa,
decompression to 2.5 GPa, heating to 170 K, and cooling back to
95 K, decompression to 0.48 GPa.

which has been studied by low temperature compression:
CH4 hydrate was pressurized to 3.2 GPa at 100 K, result-
ing in an amorphous sample. Although the pressure for PIA
was not precisely determined in this experiment, it indicates
that CS-I hydrates amorphize at higher pressures than CS-II
hydrates.

To investigate the reversibility of PIA, the amorphous hy-
drates were then brought back to atmospheric pressure at
temperatures near 100 K. Unlike HDA ice (but like THF
and other CS-II hydrates), both amorphous clathrate hydrates
recrystallize upon low temperature decompression. In another
experiment, we temperature cycled the amorphized hydrates
to ∼170 K at a pressure above the amorphization pressure,
following the procedure from Suzuki [38] and Bauer et al.
[39]. This procedure has been shown to produce a recoverable,
denser amorphous form for several CS-II hydrates [38–41],
which correlates to the “very HDA” form of water ice [42].
Indeed, after temperature cycling, amorphous AH did not
recrystallize when recovered to ambient pressure at 95 K
(experiments AH3–5, SM [29]). Upon heating the recovered
amorph, recrystallization was seen at 120 K. At 150 K, the
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FIG. 4. Evolution of the neutron powder diffraction (NPD) pro-
files of (a) CS-I Xe and (b) CS-II Ar hydrate upon compression.
Tick marks show Bragg positions of allowed reflections for the fitted
phases. Stars mark peaks from ice (111 reflection of ice VII or 112
reflection of ice VIII), which can be seen in (a) after recrystallization
of high-density amorphous (HDA) above 2.5 GPa. Cross marks the
110 peak of iron as the steel anvil shades part of the beam at high
pressures. Patterns were treated for background (including diffuse
scattering from the samples) and smoothed for clarity.

clathrate hydrate sample decomposed to Ar and ice Ih, in
agreement with earlier observations [43]. In contrast, amor-
phous XH recrystallized in all attempts of recovery from high
pressures. As a matter of fact, crystalline features from the
CS-I phase were already observed at ∼3 GPa on decompres-
sion (Fig. S1, SM [29]). The recrystallized XH samples were
carefully investigated for their ice content. As a reminder,
XH samples contained various amounts of Ih, which upon
compression at 95 K forms HDA at around 1 GPa and then
recrystallizes as ice VIII′ above 2.5 GPa [see Fig. 4(a)] [44].
On pressure release, Ih reforms. We did not find a significantly
changed volume fraction of Ih with respect to the starting
samples (differences were below 4%), which indicates that re-
crystallized XH and most likely also its amorphous form have
the same composition. We infer that amorphous AH and XH
behave differently with respect to their recoverability to am-
bient pressure, but we cannot entirely rule out that crystalline
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FIG. 5. Equations of state at 95 K of (a) Xe hydrate and (b)
Ar hydrate. The line is a fit of the Murnaghan equation V0/V =
[p(B′/B) + 1]1/B′

with V0, B, and B′ being the volume at zero pres-
sure, the bulk modulus, and its first pressure derivative, respectively.
The dashed line in (a) marks a transition to a semicrystalline state, as
suggested from molecular dynamics (MD) simulations.

domains of ice VIII′ influence the recrystallization behavior of
amorphous XH.

B. Equation of states of CS-I XH and CS-II AH
and analysis of their PIA behavior

The diffraction patterns provide the evolution of the hy-
drate lattices with increasing pressure, which were used to
calculate the equation of state (EoS) of the two hydrates
at 95 K. For this, we used the simple Murnaghan relation
V0/V = [p(B′/B) + 1]1/B′

, with V0, B, and B′ being the vol-
ume at zero pressure, the bulk modulus, and its first pressure
derivative, respectively [45]. (Note that strictly the Murnaghan
relation is only valid for hydrostatic conditions, which are not
fulfilled in our experiments.) The obtained EoS are shown
in Figs. 5(a) and 5(b). The extrapolated ambient pressure
lattice parameters are within experimental error of those re-
ported in the literature: CS-I XH: a0 = 11.87(52) Å; CS-II
AH: a0 = 17.12(84) Å [46]. The bulk modulus for CS-I XH
is 12.7(3) GPa in the 0–4 GPa pressure range, and the one for
CS-II AH is 11.2(7) GPa in the 0–1.4 GPa range. We note that
a previous determination of the bulk modulus for XH at room
temperature and for the pressure interval of its stability at this
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FIG. 6. Density vs pressure comparison from neutron powder
diffraction (NPD) experiments and molecular dynamics (MD) sim-
ulations. CS-I Xe hydrate (top) and CS-II Ar hydrate (bottom). MD
data were rescaled for D2O, from simulations of cage occupancies
ideally fully occupied (100%) and approaching the experimental
composition: 80% of D and T cages filled in Xe hydrate, 80% of
D and H cages filled in Ar hydrate.

temperature 0–1.5 GPa yielded a value of 9.3(4) GPa [15,47]
(whereas the one of AH, in the pressure range 0–0.7 GPa,
does not seem to be determined). Manakov et al. recently
showed that the bulk moduli of CS-I and CS-II hydrates at
room temperature, in most cases, were close to each other with
B = 9(2) GPa and are mainly determined by the elasticity of
the hydrogen-bonded framework [47].

Figure 6 shows the MD calculated density for Xe and Ar
clathrate hydrate, rescaled for D2O, at 95 K as a function of
pressure. For the simulations, we considered two scenarios,
fully occupied cages and a random 80% occupancy for both
types of cages. The latter scenario should correspond closely
to the experimental composition. The compressibility of the
crystalline forms is in good agreement with the experimental
values. For Ar clathrate hydrate, the calculated density in-
creases discontinuously above 1.4 and 1.6 GPa for the 80 and
100% occupied cases, respectively, which signals the onset of
amorphization. This is in very good agreement with the ex-
perimentally observed amorphization pressure. We note that
full occupancy of cages slightly increases the amorphization
pressure, i.e., stabilizes the CS-II clathrate, and we will return
to this subject later.

At first sight, the MD calculated and experimentally ob-
served compression behavior for CS-I XH do not seem to
agree well. The MD simulations predict amorphization above
1.6 and 2.5 GPa for the 80 and 100% occupied cases, re-
spectively. In the experiment, however, Bragg diffraction is
clearly present up to at least 4 GPa [cf. Fig. 4(a)]. At the same
time, the MD predicted transition appears sluggish, especially
for the fully occupied case for which full densification of the
amorphous form is not attained below 3 GPa. The reason for
the sluggish transition and the discrepancy to the experimen-
tally observed amorphization may be found in the PDFs.

Figure 7 depicts the evolution of PIA by comparing the
PDFs for the fully occupied clathrate models. The rather
abrupt transformation for AH at 1.7 GPa is seen with a

nonzero gOO(r) after the first coordination shell, r > 3 Å
(corresponding to four water molecules), and the liquidlike,
rather featureless shape of gOO(r) beyond 4 Å [Fig. 7(a)]. This
coincides with the collapse of cages as seen with the gOAr

H(r)
and gOAr

D(r). For the crystalline structure, before the collapse,
the O-Ar contacts for the large H and small D cage are at
about 4 and 3.7 Å, respectively, whereas after the collapse,
the contacts in both cages are at about 3.4 Å [Figs. 7(b) and
7(c)]. The integrated coordination numbers for ArH and ArD

attain a similar value out to 4.5 Å, around 19, which indicates
a similar hydration structure for both kinds of Ar atoms. For
XH, the corresponding PDFs [shown in Figs. 7(d)–7(f)] reveal
that PIA is a more continuous process, as already indicated
in the density vs pressure behavior [cf. Fig. 6]. Molecular
dynamics suggest amorphization at 2.5 GPa, which coincides
with the appearance of a nonzero gOO(r) after the first coor-
dination shell (in the range r = 3–3.5 Å), Fig. 7(d). However,
the change of the XH gOO(r) at 2.5 GPa is not as abrupt as
the one of the AH at 1.7 GPa [cf. Fig. 7(a)]. With increasing
pressure, changes remain smooth. Specifically, the oscillating,
crystalline feature after the first coordination shell is main-
tained up to 3 GPa. Eventually, at 4 GPa, the XH gOO(r)
resembles that of AH after amorphization (i.e., at 1.7 GPa).
The structural change at 2.5 GPa is most clearly seen from
the evolution of gOXe

T(r) for which the first maximum shifts
discontinuously from 3.8 to 3.7 Å [Fig. 7(e)], indicating the
collapse of large cages. At the same time, the coordination
number for XeT remains very similar to that of the crystalline
structure, and further changes only weakly up to 2.8 GPa.
For the small (D) cages, O-Xe contacts are at ∼3.65 Å in
the crystalline structure [Fig. 7(f)], which suggests repulsive
interactions since the van der Waals radii for Xe and the O
atom are 2.16 and 1.59 Å, respectively [48]. The gOXe

D(r)
functions look almost unchanged in the pressure range 2.3–
3.0 GPa, which indicates that Xe atoms in the small cages
maintain the ordered hydration environment of the crystalline
structure.

From the PDF analysis, it can be inferred that PIA for
XH proceeds very differently from AH. We interpret the
change observed at 2.5 GPa as a transition to a semicrys-
talline state which is characterized by intact small cages and
“collapsed” large cages in which XeT attains a disordered
hydration environment but retains the coordination number
from the crystalline structure. The further transition into the
amorphous state is then a continuous process, which is com-
pleted above 4 GPa. During this process Xe atoms keep a
quasi-ordered (periodic) arrangement which produces Bragg
diffraction peaks. This picture is supported from MD snap-
shots, which are compiled in the SM [Fig. S2(a)] [29]. Note
that, in contrast, during the discontinuous amorphization of
CS-II AH, Ar atoms are moved significantly and irregularly
from their crystalline equilibrium positions [Fig. S2(b)].

We then reexamined the diffraction patterns of XH [cf.
Fig. 4(a)] with respect to the structural progression sug-
gested by MD and included the diffuse scattering background,
which should reveal an increasingly amorphized sample.
A collection of these patterns is shown in Fig. 8 together
with simulated diffraction patterns from MD snapshots at
corresponding pressures. Indeed, one can notice an in-
creased background when going from the 2.3 to the 3.4 GPa
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FIG. 7. Pressure dependence of the pair-distribution functions from the simulated molecular dynamics (MD) Ar and Xe hydrate systems at
95 K. (a) and (b) Oxygen-oxygen pair distribution functions (PDFs) from the water structures. (c)–(f) O-Ng PDFs with respect to guests inside
small (D) and large (T and H) cages. The PDFs after transitions (crystalline → amorphous and crystalline → semicrystalline for Ar and Xe,
respectively) are highlighted with broken lines. The insets in (b), (c) and (e), (f) show coordination numbers for (ArH, ArD) and (XeT, XeD),
respectively.

pattern, and one may still discern weak Bragg features in
the 4.5 GPa pattern. We note the good agreement with the
simulated patterns, confirming that semicrystalline and a pro-
gressively amorphous state still give rise to Bragg diffraction
peaks.

Figure 9 shows the major structural features of AH and XH
[Figs. 9(a) and 9(b)] prior and after their amorphization and
transition to the semicrystalline state, respectively [Figs. 9(c)
and 9(d)]. It is seen that the densification of clathrate hydrate
affects especially the larger hexagon rings of the H (CS-II)
and T (CS-I) cages, whereas pentagon rings of the D cages
maintain a rigid structure. A similar observation was made for
CS-II THF hydrate with only H cages occupied [49]. The de-

formation of six-membered rings indicates (or triggers) onset
of amorphization or transition. Concomitant with the onset of
discontinuous densification, the Ng guest vibrational motion
appears substantially hindered. Actual amorphization of CS-II
AH is then characterized by an increasing distortion of pen-
tagon rings, leading to the successive “collapse” of D cages
[Fig. 9(c)]. At the same time, the coordination around both
types of Ar atoms rearranges into that of the final amorphous
state, which means that the hydration shells for the originally
differently coordinated Ar guests even out. In contrast, apart
from disordering, Xe guest atoms retain the hydration shell
from the crystalline structure in the semicrystalline state up to
3 GPa [Fig. 9(d)].
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FIG. 8. Neutron powder diffraction (NPD) patterns showing the
structural progression of CS-I Xe hydrate with pressure in ex-
periments and molecular dynamics (MD) snapshots. Black lines
represent experimental data (experiment XH2, SM [29]). Red-dotted
lines represent simulated patterns from MD snapshots. Patterns show
no sudden change in the long-range structure, and the final pattern
with still crystalline features is in good agreement with experimental
data.

C. Generalized PIA behavior for Ng clathrate
hydrates from MD studies

We extend our study by looking generally at PIA behavior
for Ng clathrate hydrates from MD studies. We first compare
the Ng series for Ne to Xe for the two cubic structures,
assuming fully occupied cages, i.e., 8Ng · 46 H2O for CS-I
and 24Ng · 136 H2O for CS-II. The density-pressure relation-
ships, referring to 95 K, and also including the empty clathrate
structures, are shown in Fig. 10.

The empty clathrates amorphize at about 1.2–1.25 GPa,
irrespective of the kind of cubic structure. This transition
pressure is very similar to that of Ih, which has already been
pointed out by Handa et al. [27]. The Ih-to-HDA transition
from MD calculations is typically seen at 1.3–1.35 GPa for
temperatures between 80 and 100 K [50,51]. Experimen-
tally, it is observed at 1–1.1 GPa in this temperature range.
Also, the completely filled clathrates, with stoichiometries
Ng · 5.75 H2O (CS-I) and Ng · 5.67 H2O (CS-II), show a
strikingly similar behavior irrespective of the kind of cubic
structure. With increasing size of Ng, the amorphization pres-
sure increases as 1.5 GPa (Ne), 1.6 GPa (Ar), and 1.9 GPa
(Kr), with the peculiarity for Xe discussed in the previous
section. Note that, for this generalized PIA discussion, we
generically refer to a discontinuous density change as “amor-
phization,” as we did not analyze Kr hydrate and the partially
filled model systems discussed below for a semicrystalline
state.

To find out about the influence of the different cages,
we next address different compositions in model systems
referring to either fully occupied large (T and H) cages or
fully occupied small (D) cages. If only the six T cages are
occupied in CS-I, the composition is Ng · 7.67 H2O. If only
the two D cages are filled, the composition is Ng · 23 H2O.
With only H cages occupied, the composition for a CS-II

FIG. 9. Molecular dynamics (MD) snapshots showing the major
structural features of Ar and Xe hydrate prior and after discontinuous
densification at 95 K. (a) Crystalline CS-II Ar hydrate at 1.4 GPa.
(b) Crystalline CS-I Xe hydrate at 2.0 GPa. (c) Guest environments
in Ar hydrate at 1.4 GPa (crystalline) and 1.7 GPa (amorphous).
(d) Guest environments in Xe hydrate at 2.4 GPa (crystalline) and
2.6 and 2.9 GPa (semicrystalline with disordered large cages). Red
spheres: O, blue: Xe, green: Ar, white: H.

clathrate is Ng · 17 H2O, which is experimentally observed
for, e.g., THF hydrate. If only D cages are occupied, then the
composition is Ng · 8.5 H2O. CS-II Ne hydrate represents a
special case since it assumes a more guest-rich composition
of Ng · 4.25 H2O with doubly occupied H cages [52], and this
scenario is also included in our investigation.

The results are shown in Fig. 11. CS-I possesses a larger
fraction of large cages T than CS-II. Only filling of minority
cages stabilizes CS-I marginally, by 0.1 GPa for Ar and Kr
and 0.2 GPa for (oversized) Xe [Fig. 11(a)]. A larger effect
of the increasing size of Ng is seen when filling majority T
cages. The amorphization pressure increases from 1.5 GPa
(Ne) to 1.55 GPa (Ar) to 1.65 GPa (Kr) to 2 GPa for Xe.
The stability of fully occupied CS-I [cf. Fig. 10(a)] is a co-
operative effect of both T and D cage filling. CS-II possesses
a larger fraction of small D cages than CS-I. Filling of mi-
nority H cages has no stabilizing effect with respect to empty
CS-II, i.e., ice XVI [53], irrespective of the size of the Ng
[Fig. 11(b)]. This agrees with the observation that, for CS-II
clathrates, with rather large organic molecules, such as THF,
1,3-dioxolane, and cyclobutanone, for which only the large
H cages are filled, the amorphization behavior is virtually
identical [27,49]. Filling of the majority D cages has a clear
stabilizing effect, which depends pronouncedly on the size of
the Ng. The amorphization pressure is shifted to 1.5 GPa for
Ne, to 1.6 GPa for Ar, to 1.8 GPa for Kr, which is closely mim-
icking the sequence of PIA pressures for the fully occupied
case (Fig. 10). This indicates that small or majority cage filling
almost solely determines the stability of CS-II hydrates with
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FIG. 10. Molecular dynamics (MD) derived density-pressure re-
lations for (a) CS-I and (b) CS-II noble gas clathrate hydrates at
95 K. Both types of cages in each structure are completely filled,
i.e., the compositions correspond to Ng · 5.75 H2O for CS-I and
Ng · 5.67 H2O for CS-II.

respect to amorphization. The Ne case of doubly occupied
H cages coherently mimics the behavior of a twice-as-large
Ng (Ne VVdW = 15 Å3, Ar VVdW = 28 Å3, Kr VVdW = 35 Å3,
Xe VVdW = 42 Å3) [48], with a collapse pressure at 1.7 GPa
which is between that of Ar and Kr hydrate. Similarly, when
D cages are empty and H cages remain doubly occupied, only
a minor stabilization effect is observed.

IV. CONCLUSIONS

The high-pressure structural behavior of Ng clathrate hy-
drates was investigated at 95 K. As a general phenomenon, Ng
clathrate hydrates undergo PIA at low temperatures, whereas
at temperatures close to room temperature, crystal-crystal
transitions to more guest-rich hydrate phases are observed
[8–10,14,15,25]. Particularly, NPD experiments show that
CS-II AH and CS-I XH amorphize at 1.4 and above 4 GPa,
respectively. From MD simulations, it was concluded that,
without a guest species, both cubic clathrate structures amor-
phize at 1.2 GPa, which is very similar to hexagonal ice.
Filling of large-sized H cages does not provide stability to-
ward amorphization for structure II, whereas filled small-sized
dodecahedral D cages shift PIA to successively higher pres-
sures with increasing size of the Ng guest. For CS-I, filling
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FIG. 11. Molecular dynamics (MD) derived density-pressure re-
lations for CS-I and CS-II noble gas clathrate hydrates at 95 K
considering different cage fillings. (a) Empty CS-I and Ne-Xe hy-
drate with only T or only D cages filled. (b) Empty CS-II (ice XVI)
and Ne-Xe hydrate with only D or only H cages filled. CS-II Ne
hydrate with only H cages doubly occupied (red line) and D cages
singly occupied and H cages doubly occupied (olive line).

of both kinds of cages, large-sized T and small-sized D, acts
to stabilize in a cooperative fashion. When fully occupied
(referring to compositions Ng · 5.75 H2O and Ng · 5.67 H2O
for CS-I and II, respectively), both cubic structures exhibit
a similar behavior with PIA occurring in the pressure range
of 1.3–2 GPa, depending on the size of the Ng. Xe repre-
sents a special case because it appears oversized as guest.
Xe hydrate transforms at 2.5 GPa to a semicrystalline state
in which the long-range order of Xe atoms and their water
coordination numbers from the crystalline state are essentially
retained. Continuous amorphization takes place above 3 GPa.
We conjecture the similarity of Xe atom positions in the crys-
talline and amorphous state is the reason why amorphous XH
recrystallized upon decompression in all recovery attempts.
In contrast, amorphous CS-II AH is recoverable at ambient
pressure when annealed at >1.5 GPa and 170 K.
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