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Methane Hydrates

How methane hydrate recovers at very high pressure the hexagonal ice

structure
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Methane hydrate was recently shown, both experimentally and through simulations, to be
stable up to the remarkably high pressure of 150 GPa. A new methane hydrate high-pressure
(MH-IV) phase, reminiscent of ice at ambient pressure, was described for pressures above
approximately 40 GPa. We disentangle here the main contributions to the relative stability of
the lower pressure, denoted MH-IIT and the high-pressure MH-IV structures. Through several
simulation techniques, including metadynamics and Path Integral Molecular Dynamics for
nuclear quantum effects, we analyze the phase transition mechanism, which implies hydrogen
bond breaking and reforming, as well as methane reordering. The transition pathway is far
from trivial and the quantum delocalization of the hydrogen nuclei plays a significant role.

Keywords: Phase transitions, Methane Hydrate, High pressures, Nuclear Quantum Effects,

Ab initio, Metadynamics

I. INTRODUCTION

Gas clathrate hydrates consist of non-polar molecules,
such as methane, carbon dioxide, hydrogen, nitrogen,
that are enclosed within a network of hydrogen-bonded
water molecules!. They can form spontaneously in na-
ture, although the kinetics of their formation is largely
unknown and only recently has been addressed?3. Hy-
drates of non-polar molecules and rare-gas atoms are of-
ten described theoretically as water molecules forming
a tetrahedral network in a straddling mode around the
enclosed molecules?. As a function of size, form and num-
ber of the enclosed molecules, there are several possible
arrangements for the water network, which often con-
sists of pentagonal and hexagonal rings forming a variety
of polyhedra®. As those motifs are recurrent in many
different clathrates, current research tries to understand
how the interplay between the attractive water-water in-
teraction within the framework and the repulsive water-
molecule interaction could favor a particular structure
upon the others. The phase diagram of clathrate hy-
drates, although partly unexplored, is fairly well assessed
at pressures below 1 GPa!®. The decomposition of gas
clathrates into their elemental constituents was expected
at high pressures. Notwithstanding this widespread be-
lief, it was shown that many stable hydrates can form at
pressures exceeding 1 GPa’. However, there are several
open issues about the stability of hydrates beyond the
previous limit, mainly concerning the existence of new
structures and their survival up to extreme pressures!.
In this regime, the kinetics of formation and the transi-
tion mechanisms between high-pressure hydrate phases
are largely unexplored.

In the present paper, we address the transformation
between two phases of methane hydrate, phase III and
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the recently discovered high-pressure (IV) phase®, which
occurs around 40 GPa. The orthorhombic phase III of
methane hydrate (MH-IIT) was synthesized and shown to
survive up to about 12 GPa’ and even further'®. The new
stable phase of methane hydrate at high pressure (MH-
IV) was recently discovered by joint Raman spectroscopy
and first-principle simulations including nuclear quantum
effects® and is consistent with up to then unresolved X-
ray scattering results''. It is characterized by a water
network which is isomorph with ordinary hexagonal ice,
where the CH4 molecules are aligned along the ¢ axis.
Why does the ice network recover its tetrahedral-based
network with 6-member rings only? To the best of our
knowledge, hydrates have a different arrangement from
ordinary ice. Is this specific to methane hydrate 7 Is
methane a structural catalyst for hydrates at very high
pressure ?

In order to address those issues, we compare the struc-
tures of MH-IIT and MH-IV and analyze their relative
stability as a function of the applied pressure P by
splitting the enthalpy difference in terms of four con-
tributions: the water-water interaction, the methane-
methane-interaction, the interaction between the host
methane and the ice frame, and the PAV term. We
break up both ice networks as a sum of contributions
from the different rings forming the two phases, and their
stability with pressure. Then, we analyze the transfor-
mation path between MH-III to MH-IV, which reveals
several interesting facts: (i) deuteron tunneling through
hydrogen bonds triggers the rearrangement of the ice net-
work; (ii) the specific features of the barrier crucially de-
pend on the theory level, specifically on the inclusion of
temperature and nuclear quantum effects. The role of
the methane molecules, which are not simple spectators
in this transformation, is critically analyzed.
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II. METHODS

The total-energy and force calculations were done by
means of the Quantum Espresso package'?, in the frame-
work of the Density Functional Theory (DFT). We em-
ployed the Generalized Gradient approximation (GGA)!'3
to the DFT. Van der Waals interactions were added by
following the semi-empirical scheme by Grimme'4. We
used ultra-soft pseudopotentials to represent the nuclei
and 1s core electrons of O and C ions, as well as for
the deuterons. The kinetic energy cutoffs on the plane
waves for the expansions of the wave functions and the
electronic charge and potential are 50 Ry and 400 Ry, re-
spectively. The simulated samples consist of 16 methane
molecules and 32 water molecules in 2 x 1 x 2 orthorhom-
bic supercell, for both MH-III and MH-IV phases. The
corresponding Brillouin zones are sampled with a 3x1x2
grid centred at the I" point. The ensemble of these ap-
proximations were extensively checked.

The methane molecules are hydrogenated (CHy)
while the ice cages consist of deuterated (D2O) water
molecules. As far as MH-III is concerned, the initial
structure was taken from ref. 7 and then optimized, by
letting both lattice parameters and atomic positions re-
lax. We also run a series of 10 ps long dynamical simula-
tions in the NVT ensemble. After each dynamical run,
the mean internal pressure was computed and the lat-
tice parameters for the next simulation were varied by a
trial-and-error procedure. Three or four simulations were
generally enough to ensure that the mean total internal
pressure of the last run matched the external one within
+1GPa. In this way, we account for finite temperature ef-
fects on the equilibrium volume and lattice parameters as
pressure increases. We refined the high-pressure methane
hydrate configurations through a series of structural opti-
mizations, starting from several educated guesses. Along
with structural optimization, we adopted a similar strat-
egy to that described above for MH-III to obtain the
target internal pressure, including thermal effects.

On top of DFT energy and force calculations, we used
several methods to explore the MH-IV to MH-III transi-
tion. First, the nudged elastic band (NEB) method, in its
climbing-image version, as implemented in the Quantum
Espresso package yields a OK transition mechanism with-
out NQE. Second, metadynamics, in which we chose the
collective variable by relying on the topological distance
between the MH-III and the MH-IV configurations'®.
Third, simulations that are based on the path-integral
formalism in conjunction with a generalized Langevin
equation (PIGLET implementation)!6 allowed us to esti-
mate the importance of nuclear quantum effects along the
transition path. All the dynamical simulations have been
carried out at 300 K. Further details on the sequence of
configurations along the path in the three methods are
given in section IV.

Il.  PHASES IIl AND IV OF METHANE HYDRATE

In both phases IIT and IV of methane hydrates, the
water-to-methane theoretical ratio is 2: the unit formula

TABLE 1. Lattice parameters a, b, ¢ in A and corresponding
volume V of the unit cell (for MH-IIT and MH-IV at P = 40
GPa, as obtained through structural optimization at 7" = 0K.
Zero-point effects are not included.

structure a (A) b (A) c(A) vV (A%)
MH-IV 4.063 6.981 6.063 171.97
MH-III 4.006 6.911 6.249 172.99

is thus CHy:(D20)s. Both structures are orthorhombic;
their lattice parameters and unit-cell volume are reported
in Table I. Throughout the explored pressure range (5
GPa < P <150 GPa), the MH-TV phase is slightly denser
than MH-III.

In MH-IIT the deuterated water network consists of
4-fold, 6-fold and 8-fold rings. The latter form cavities
where two non-equivalent methane molecules take place;
the corresponding C atoms are displaced along the b axis
and the methane molecules have four distinct orienta-
tions (Fig. 1, upper right panel). Whereas at relatively
low pressures (P < 5 GPa), the CH4 molecules are rather
free to change their orientation, under increasing pres-
sure the methane-water repulsive interaction grows and
the CH4 molecules lock-in and progressively distort off of
the tetrahedral configuration. Above P ~ 20 GPa MH-
IIT forms a crystal compound where water and methane
are strongly entangled; moreover, deuterons can tunnel
along the hydrogen bond in the water network. Tunnel-
ing becomes massive around 30 GPa, eventually leading
to the deuteron centering between the O atoms in the ice
rings.

In contrast, MH-IV has only six-fold ice rings, equally
shared between “armchair” and “boat” types (Fig. 1,
lower left and lower right panels, respectively). There-
fore, the ice frame shows hexagonal channels along both
a and ¢ directions, where the methane molecules are ar-
ranged. They align with a C-H bond either parallel or
anti-parallel to ¢, which is a ternary axis with respect
to the sequence of methane molecules (Fig. 1, lower left
panel). The other C-H bonds point towards the voids in
the hexagonal ice rings. When pressure increases, the ¢
axis shrinks and so does the C-C distance; as a result,
the C-H bond parallel to ¢ becomes progressively shorter
than the others, the bond length differences increasing
with the applied pressure.

For both MH-IIT and MH-IV, we compute the dis-
tinct contributions to their enthalpy at T' = 0K as fol-
lows. First, we optimize the structures and the lattice pa-
rameters at various pressures; from the fully optimized
methane hydrates structures (whose computed internal
energy is E), we take away: (i) the CHy molecules
and compute the ice-ice interaction energy F(,0-n,0);
(ii) the ice frame and compute the methane-methane in-
teraction energy F(cm,—cm,)- Both calculations are car-
ried out by clamping the ion positions and lattice pa-
rameters to their values in the fully optimized structures.
The ice-methane interaction energy is computed through
the difference: E(HQO*CH4) = E(MH) — E(H207H2O) —
E(cn,-cn,)- The term PV is added to the internal en-
ergies to recover the corresponding 7' = 0K enthalpy
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FIG. 1. Structure of methane hydrate at P = 40 GPa: phase III (upper panels) and high-pressure (IV) phase (lower panels).
O are red, H white, C dark gray. Left panels: MH structures in the (ab) plane; armchair 6-fold O rings are highlighted in
cyan. Right panels: MH structures in the (bc) plane; 4-fold and 8-fold rings in MH-IIT as well as boat 6-fold O rings in MH-IV
are highlighted in cyane. Note the distinct arrangement of the methane molecules in the (ab) plane (left), easily seen when
comparing the CHy positions between the two panels on the left. Methane ordering along a is less affected by the MH-III to
MH-IV transition, as it can be understood by comparing the two panels on the right.

Homy = Eamy + PVoun)-

In Fig.2, we report energy differences between the
MH-IIT and MH-IV structures. Omne observes that all
terms have the same order of magnitude and that the
differences are less than a few tenths of electron-Volts
per unit formula CH4:(D20)s: the result will thus be
the effect of a rather subtle balance. Indeed, the term
related to the ice cage AFE(y,0-m,0) is positive and
therefore favors the MH-IV structure at all pressures;
the methane-methane term AF(cp,_cn,) is also posi-
tive with the same effect but weaker. Conversely, the
cage-molecule term AFE(y,0—cH,) is negative thus favor-
ing the MH-III structure. The sum of these energies
AF};,: is negative in the pressure range of this work, but,
if the pressure energy term PAV is included to obtain
the enthalpy difference AH, the MH-IV structure is fa-
vored from approximately 30 GPa upwards. The slope
of AH as a function of pressure is gentle, meaning the
entropy related to methane orientational disorder may
shift the transition pressure significantly upwards at fi-
nite temperature. Indeed, we note that the locking-in
of methane molecules should significantly contribute in
reducing the stabilizing configurational entropy as pres-
sure is increased in the MH-IIT phase. A rough estimate
thereof can be done in the following manner: at compar-
atively low pressures (P < 5GPa) we can consider the
methane molecule as an approximate free rotor which

yields the quantity T'S =~ 97meV, while at intermediate
pressures (5 < P < 20GPa) the molecule will explore
the 4 possible orientations and T'S =z 35 meV. At higher
pressures, when rotational locking-in is effective!®, only
one orientation per molecule is possible and the corre-
sponding entropy vanishes. This is used to estimate AG
in figure 2.

To summarize this comment, two main terms trigger
the MH-III to MH-IV transition: the pressure term PAV
and the ice cage internal energy.

It is therefore of interest to look into the ice network in
greater detail. The main difference between MH-IIT and
MH-1IV is the presence of 4-fold ans 8-fold rings in the
former phase. In the following, we analyze the stability
of the ice frames in MH-III and MH-IV in terms of the ice
rings they consist of.gmail In order to carry out such an
analysis, we cut out some non-equivalent rings from the
ice frames that have been optimized at different pressures
for both MH-IIT and MH-IV phases. Then, we replace the
rings in a large supercell (about 20 A wide, so that the
smallest distance between atoms within distinct periodic
images is around 15 A) and optimize their structure with
the oxygen positions frozen at their initial values in the
crystal. Therefore, the O-O distances are reminiscent of
the pressure in the original crystal, while the deuterons
are free to rearrange.

In Table II (top), we report the total energies of the
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FIG. 2. Difference of the ice-ice, methane-methane, ice-

methane and PV energies between MH-III and MH-IV, as
defined in the text. A negative value implies that the contri-
bution is larger in MH-III than in MH-IV. Values are in eV
per unit formula CH4:(D20)s,.

rings that have been obtained in that way!'”. The fourth
column on the right reports the energy of the rings where
all atoms (both O and H) are free to relax. By starting
from the structural motifs of the MH crystals, we found
a square for (Hy0)4, the “book” and “cyclic” isomers for
(H20)6 and the “accordion” isomer for (H20)g (Fig.3).
Those isomers have been also found in previous studies of
water clusters'®; we stress that here we are not interested
in finding the lowest-energy (H2O),, isomer for n = 4,6, 8,
but to obtain the local minimum when starting from the
constrained rings that were cut from the methane hydrate
structures, within the very same computational scheme.

In the lower part of table II, we list the O-O distances
within the various clusters. One can see that the O-O
distances are significantly shorter in comparison to the
isolated, fully optimized, rings. For instance, the short-
est O-O distance in 4-fold rings, decreases from 2.65 A
in the isolated cluster, down to 2.46 A (MH-III, 20 GPa)
and 2.28 A (MH-IIL, 60 GPa), a very small value. We also
note that the O-O distances in the topologically equiva-
lent 6-fold rings (armchair rings in MH-IIT and MH-IV)
are systematically longer in MH-IV than in MH-III. This

book
o)
square accordion

FIG. 3. Fully relaxed (H20),, clusters (n = 4, 6, 8) as obtained
in our simulations. (H20)4 square, (H20)¢ cycle, (H20)¢
book and (H20)s accordion. O are red and H white. The
(H20)¢ cyclic isomer was obtained by geometry optimization
starting from the ”boat” 6b-member ring cut from the MH-
IV crystal, (H20)g book from the ”armchair” 6a-member ring
and (H20)s accordion from the 8-member ring in MH-III.

TABLE II. Cohesive energy and O-O distances of different
kinds of ice clusters: 4-member, 6-member (a=armchair or
b=boat) and 8-member rings, in eV per HoO molecule. The
zero of the energy is that of an isolated water molecule.
Second and third columns report the cohesive energy of ice
rings obtained from MH-III and MH-IV, where O atoms are
clamped at their values in the respective crystals (MH-IIT or
MH-IV) at the indicated pressures (20 or 60 GPa). In the
fourth column, we report the cohesive energy of fully opti-
mized rings. 6a rings relaxed to the "book” (H20)e isomer,
6b rings to the (H20) cyclic isomer and 8 rings to the ”ac-
cordion” (H20)s isomer, which are sketched in Fig.3.

Cohesive energy (eV/H20)

cluster type P =60 GPa P =20 GPa fully relaxed
4 (MH-III) 0.177 0.348 0.386
6a (MH-III) 0.181 0.363 0.415
8 (MH-III) 0.201 0.367 0.442
6a (MH-IV)  0.270 0.391 0.415
6b (MH-1V)  0.262 0.380 0.407

0-O distances (A)

cluster type P =60 GPa P =20 GPa fully relaxed

4 (MH-IIT)
6a (MH-III)

2.32, 2.28 2.49, 2.46 2.65
2.29, 2.28 2.46, 2.44

8 (MH-IIT)  2.32, 2.29, 2.28 2.49, 2.46, 2.44 2.79, 2.62
6a (MH-IV) 2.37,2.35, 2.33 2.56, 2.54, 2.51 2.84, 2.60
6b (MH-IV) 2.37,2.35, 2.33 2.56, 2.54, 2.51 2.62

denotes a bigger strain on the rings composing MH-IIT in
comparison with MH-IV. These constraints are imposed
by the external pressure and mainly differ because of the
distinct ordering of the enclosed methane molecules in
the two phases. In addition, the MH-IV rings are more
symmetric and the O-O distances show less dispersion:
they are thus closer to hexagonal symmetry and compati-
ble with the high pressure structure in which the methane
molecules are stacked along an effective 3-fold symme-
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try axis (Fig. 1). We also point out that in MH-III
the O-O distances at 20 GPa are just above the thresh-
old value 2.42 A for the hydrogen-bond symmetrization,
as established by Benoit and Marx!?. Indeed, we ob-
serve deuteron centering between two O atoms in MH-ITI
around 30 GPa?".

Several trends are worth noting when comparing the
energy of the same rings as a function of pressure in the
corresponding crystals (Table II, top). The ring cohesive
energy in MH-IV and MH-III decreases steadily with the
constraints that are imposed by the external pressure and
the distinct ordering of the enclosed methane molecules
in the two phases. Indeed, as the O-O distances are short-
ened under increasing pressure, the O-H covalent bond
weakens and the O...H hydrogen bond strengthens. Glob-
ally, the first trend prevails and the total energy of the
O-H...O configuration increases when moving away from
the optimal O-O distances in the fully optimized clus-
ters. The ring cohesive energy decreases faster in MH-ITI
than in MH-IV, even for the topological equivalent 6-
member armchair rings, consistently with the smaller O-
O distances (and thus a greater stress) in MH-IIT than in
MH-IV, at the same pressure. Moreover, the reduction of
the cohesive energy with increasing pressure is especially
severe for 4-member rings, which are found in MH-III
only. This is due to a significant angular frustration in 4-
fold ice rings, where hydrogen bonds significantly deviate
from linearity.

To summarize this section, the MH-IV ice skeleton is
less affected by pressure than its MH-IIT counterpart.
This is at the root of the larger high-pressure cohesive
energy of the ice skeleton in MH-IV as compared to MH-
III. Together with the smaller volume of MH-IV, this
drives the methane hydrate towards the thermodynami-
cally more stable MH-IV at high pressure.

IV.  FROM MH-IV TO MH-III.

In order to complete the picture of the structural phase
transition, we investigated the transition path through
different sampling schemes of the free energy landscape.

In the following, we mainly rely on the results of
metadynamics (MTD) simulations?!, performed with the
Plumed plugin?2. As the two structures differ both by the
kind of medium-range order of the ice network and the
methane orientations, we adopted as collective variables
representing the system configuration the path coordi-
nates based on permutation-invariant vectors (PIV)5:23,
the latter being constructed from the relative atomic po-
sitions and being invariant under permutations between
equivalent atoms. The transformation is represented in
a two-dimensional space (s,z), where s quantifies the
progress of the transformation and z, in the orthogonal
space, allows to represent distinct pathways??, where the
coordinates are defined solely on the basis of the reference
phases MH-IIT and MH-IV without intermediate struc-
tures. This method has been recently applied to study
the phase diagram of water!5; here we report a novel ap-
plication to study transformations at very high pressure,
where atomic force and total energy are derived from first

principles within the DFT. We notice that the transfor-
mation induces small changes in the lattice parameters
and volume (see Table I). We run the MTD simulations
at constant volume (we adopted the MH-IV equilibrium
lattice parameters that we compute by static 7' = 0 K
structural optimization at P = 40 GPa) and constant
temperature (T = 300 K).

An initial path was obtained from T = 0 K calcu-
lations employing the Nudged Elastic Band (NEB)?®;
the path was then refined through metadynamics sim-
ulations. The transition is triggered by the weakening
of the hydrogen bonds as O-O distances contract under
the increasing pressure. Below a typical 2.42 A O-O dis-
tance, there is a deuteron centering between the two O
atoms, which is largely determined by the quantum na-
ture of the proton or deuteron itself'?; We thus took into
account nuclear quantum effects (NQE) in a perturbative
way, that is, along the path given by the classical simula-
tions, by using path-integral simulation in the PIGLET
implementation'®. Specifically, we fixed the O atomic
positions at those of selected configurations along the
classical path, letting all other atoms free to move and
performed PIMD, in order to estimate the corrections to
the total energy connected to the quantum nature of the
nuclei, in particular protons and deuterons. Although
not quantitative, this procedure highlights the role of
NQE in decreasing the energy barrier, mainly through
the deuteron delocalization.

As shown in figure 4, the reaction path from MH-IV to
MH-III provided by metadynamics is complex and passes
through several stages:

(1) Between s = 1 and s = 1.6 a rather long and deep
free energy well is found and correspond to structures
within the MH-IV basin, which differ by hydrogen bond
disorder.

(2) For 1.6 < s < 1.7, the transition path shows a pe-
culiar trend and varies mostly along z, almost normally
to the linear NEB path connecting MH-IV to MH-III.
This stage is characterized by the change of the orienta-
tion of roughly a half of the methane molecules. Methane
ordering in MH-IV follows an A/B/A... stacking along
l_;, where A describes methane molecule oriented upward
along 7 and B downward along the same direction. Half
of the methane molecules in this (s,z) region rotate,
inducing an A/A/A ordering along b. This is the on-
set of the typical MH-IIT methane ordering. This hap-
pens also along the NEB reaction coordinate but, accord-
ing to metadynamics, the precise rotations of methane
molecules are different and occur before any hydrogen
bond breaking or formation, in contrast with the NEB
sequence.

(3) At s ~ 1.7, z ~ 0.4, metadynamics passes through a
narrow path. This is the transition state, which is related
to a “seesaw” mechanism as far as the O atoms in the ice
network are concerned. Following the methane rotation,
some hydrogen bonds break down and other form, so
that the ice network of MH-IV, which is formed by 6-fold
rings, reorganizes. In Fig. 4, we see the onset of 4-
fold water rings induced by the shortening of the related
oxygen atoms with the consequent formation of hydrogen
bonds, while other O atoms move apart from each other,



Methane Hydrates

” MTD PATH <>

-0.40

1.0 1.2 1.4
S

1.6 1.8 2.0

-0.45

2(02Q):YHD/A?Q) A310u9 2214

FIG. 4. Free energy landscape of the (s, z) space as given by metadynamics, for the transition MH-IV—MH-III. The transition
state is indicated with a white circle. The corresponding free energy barrier is estimated as AF™* = 0.36 eV per unit CH4:(D20)2
formula. s ~ 1.3,z ~ 0.1: MH-IV; s >~ 1.9,z ~ 0.4: MH-III. The right part of the plot, shadowed in gray, corresponds to
metadynamics bias in absence of a backward transition, hence it is not indicative of the backward free energy barrier MH-

IIT—-MH-IV.

breaking the related hydrogen bonds and beginning the
formation of 8-fold rings, in a seesaw fashion.

(4) Finally, for 1.8 < s < 2.0, we recover the MH-
IIT phase by completing the hydrogen bond reorganisa-
tion and the final reorientation of the methane molecules.
The energy cost that is connected to those steps is small

compared to the barrier, as the system moves within the
MH-IIT basin.

According to our metadynamics simulations, the see-
saw mechanism, which involves the displacement of the
O atoms as well as some hydrogen bond breaking and for-
mation, is the key point and the longest part of the tran-
sition, when adopting a classical picture for the nuclei.
The corresponding free energy barrier amounts to AF™* =
0.36 eV/unit formula, as estimated from the metady-
namics bias deposited until the first passage through the
transition state in absence of recrossing (hence a possible
overestimation). All along the MTD runs, the diagonal
components of the mean stress tensor are (o;;) = (46+1)

GPa for MH-III and (oy;) = (41.5 £ 0.5) GPa for MH-
IV, for ¢ = 1,2,3 (off-diagonal terms are negligible).
Therefore, the internal stress of the system is essentially
isotropic and close to the nominal 40 GPa pressure, al-
though slightly different in the regions corresponding to
the two distinct phases. According to the equation of
state that we computed from the static T = 0 K struc-
tural optimizations, our approximation provides a fairly
good estimate of the corresponding free energy barrier at
constant pressure, within ~ 0.05 eV / unit formula.

Whereas the displacement of the O atoms is little
affected by NQE, the quantum deuteron delocalization
plays a key role in the hydrogen bond breaking and for-
mation. In the MH-IIT phase at P = 40 GPa, the O-O
distance is below the 2.42 A threshold that is commonly
expected for the H-bond centering'® and slightly above
in the MH-IV phase, thus in the regime of deep deuteron
tunneling. Therefore, when introducing nuclear quantum
effects (NQE) through PIMD along the reaction trajec-
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tory, although in an approximate way (at fixed O po-
sitions), we observe a decrease of the energy barrier as
compared with the T'= 0 K NEB calculation at the tran-
sition state of about 0.15 eV /unit formula. Thus, we ex-
pect the reaction barrier found with MTD simulations to
be downshifted by roughly the same value at AF* ~ 0.2
eV /unit formula. Although this estimate is not definitive,
as a precise evaluation of the free energy barrier includ-
ing NQE was not possible for computational reasons, we
guess that the MH-IV to MH-III transition might be al-
lowed at 40 GPa, though possibly activated, as well as
the reverse one, which was experimentally observed®.

V. CONCLUSIONS

Methane hydrate shows a remarkable stability at ex-
treme pressures, exceeding 100 GPa, as indicated by
recent Raman spectroscopy and first-principles simula-
tions. Around 40 GPa, methane hydrate undergoes a
transition from phase III to a new phase that we re-
cently discovered, named IV (high-pressure). In the MH-
IV phase, in contrast with all the clathrates and hy-
drates that have previously been observed, the ice net-
work meets that of pure ice at ordinary conditions.

These observations, which displace the presently
known stability limit of hydrates, call for a detailed
analysis of the role of the various interactions in the
hydrate, namely the attractive water-water interaction,
the repulsive water-methane and methane-methane in-
teractions and the role of the external pressure, which
drives the transition from the less compact MH-III phase
to the denser MH-IV structure. The IV structure is
formed by six-fold water rings enclosing the strongly con-
strained methane molecules. This arrangement optimizes
the bonds and the angles between the water molecules
in a compact arrangement, which maximizes the attrac-
tive water-water interaction. The channels that are left
between the hexagonal ice rings are filled by ordered
methane molecules, which raises the repulsive interac-
tion with the ice network but at the same time generates
a compact structure preventing it to collapse or dissoci-
ate. By increasing the pressure, the tight ice-methane
arrangement within the IV phase prevails over the MH-
IIT phase. The tetrahedral conformation of methane is
a key factor for such optimal space filling; whenever the
ice network was filled with spherical atoms having com-
parable size with the CH, molecules, such as Kr, the
whole IV structure collapsed. Therefore, the combination
of HoO molecules, tetrahedrally bound in six-fold rings,
with tetrahedral CH4 molecules filling the ice channels
constitutes a compact arrangement that is able to resist
extreme pressures.

We also explored the complex transformation path
from MH-IV to MH-III around 40 GPa, which is the
experimental pressure for the MH-III to MH-IV transi-
tion. Along the transition, some hydrogen bonds break,
allowing the six-fold rings in MH-IV to reorganize into
4-fold and 8-fold rings in MH-III. The 4-fold water rings
are only stable at lower pressures than 40 GPa, as they
are composed of strongly distorted hydrogen bonds. At

the same time, the methane molecules change their ori-
entation and their centres are slightly displaced. This
complex transition is far from following the virtual linear
path joining the MH-IV and MH-IIT motifs and only the
exploration of the allowed configuration space via meta-
dynamics provided a viable representation of the tran-
sition itself, with an approximate free energy barrier of
0.36 eV. Nuclear quantum effects are very significant all
along the transition: the deuteron delocalization triggers
the transition, allowing the hydrogen bonds to break and
reform more gently than in the classical framework; at
the same time, the transition barrier is lowered down to
AF* ~ 0.2 eV /unit formula.

We believe that our results, which show the interplay
of the different interactions (attractive, repulsive) as well
as the quantum delocalization of the light nuclei like H
and D, on the relative stability of the two phases and
the transition barrier could be relevant not only for hy-
drates, but also for other water-based compounds at high
pressures.
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