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Preamble
This thesis was part of the PhD programme of the Ecole Polytechnique Fédérale de
Lausanne (EPFL) in Switzerland, jointly with the Institut Laue-Langevin (ILL) in
Grenoble, France, co-founded by the two institutes. The work was supervised by Prof.
Livia E. Bove Kado and Prof. Philippe Gillet at the EPFL, and by Dr Michael Marek
Koza at the ILL.
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Abstract
Hydrates of gas are non-stoichiometric inclusion compounds constituted of water and gas.
Therein, the water molecules are hydrogen-bonded and form three-dimensional crystalline
networks incorporating different kinds of polar or nonpolar ‘guest’ gas molecules. Those
networks are clathrate structures at relatively low pressures and non-clathrate, filled
ice structures at very high pressures (in the GPa range and above). Gas hydrates
spontaneously form whenever water and a hydrate-forming gas are in contact at high
pressure and/or low temperature.
In those systems the guest molecules may perform many different dynamical processes:
rotation, diffusive or quantized confined motion, cage-to-cage hopping, and translational
diffusion at the structure interface. The guest dynamics is the key for stabilizing those
structures and therefore to understand the process of clathrates formation as well as gas
exchange processes within the structures. Investigating the guest dynamics is thus a
very interesting topic from a fundamental point of view (e.g. to understand water–gas
interaction) and highly relevant to the technological issues involving gas hydrates (e.g.
energy recovery, flow assurance, gas transportation and storage).
This thesis focuses on the dynamics of the guest molecules in the hydrates of methane
and hydrogen under high pressure, over a wide range up to 150 GPa. Pressure is a
key parameter in the study of gas hydrates as it induces substantial variations in the
water–gas distances as well as complete structural rearrangements. Furthermore, gas
hydrates could be major constituents of the interiors of icy bodies of the Universe and
therefore their high-pressure properties are of interest to planetary modeling.
We use inelastic and quasielastic neutron scattering, and Raman spectroscopy mea-
surements on laboratory-produced methane hydrate and hydrogen hydrate samples.
Interpretation of the Raman data is supported by molecular dynamics simulations. Com-
plementary neutron and synchrotron x-ray diffraction measurements are used to monitor
the system structure and structural changes. Different types of high-pressure cells are
employed to span such a wide pressure range with different experimental techniques,
namely a gas pressure cell, a Paris-Edinburgh cell, and a diamond anvil cell.
Three main topics are treated. In the first part, we measure the classical translational
diffusion of methane molecules at the interface of two clathrate structures by quasielastic
neutron scattering at 0.8 GPa. We find a remarkably fast diffusion, faster than that
expected in pure methane at comparable pressure and temperature.
In the second part, we study the vibrational dynamics, orientational ordering, and

ix



Acknowledgements

distortion of methane molecules embedded in methane hydrate at extremely high pressures
by simulations up to 45 GPa and Raman spectroscopy up to 150 GPa. We observe
complete locking-in of the rotations at about 20 GPa, and no hints of decomposition up
to the highest investigated pressure.
Finally, we investigate the quantum roto-translational dynamics of hydrogen molecules
nanoconfined in two different hydrate structures by inelastic neutron scattering at
pressures up to 1.4 GPa and temperatures below 50 K. Among other things, we report
the first experimental observation of quantized translational dynamics for H2 and D2 in
the large cage of clathrate structure II.

Key words: gas hydrates, clathrates, high pressure, dynamical properties, neutron
spectroscopy, Raman spectroscopy, gas pressure cell, Paris-Edinburgh cell, diamond anvil
cell, molecular dynamics simulations
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Résumé
Les hydrates de gaz sont des complexes d’inclusion non-stœchiométriques constitués d’eau
et de gaz. Les molécules d’eau sont liées par liaison hydrogène et forment des réseaux
cristallins tridimensionnels incorporant plusieurs types de molécules de gaz polaires
ou apolaires, dites ‘invitées’. Ces réseaux sont des structures de type clathrate à des
pressions relativement basses et des structures différentes, de type glace rempli à très
haute pression (dans le domaine du GPa et au-delà). Les hydrates de gaz se forment
spontanément quand l’eau et un gaz adéquat se trouvent en contact à haute pression
et/ou basse température.
Dans ces systèmes les molécules invitées peuvent accomplir de nombreux processus
dynamiques : rotation, diffusion confinée classique ou quantique, saut entre cages et
translation à l’interface des structures. La dynamique des molécules invitées est l’élément
clé pour stabiliser ces structures et par conséquent dans la compréhension à la fois
du processus de formation des clathrates et des processus d’échange de gaz dans ces
structures. Etudier la dynamique des molécules invitées est donc un sujet très intéressant
d’un point de vue fondamental (par exemple pour comprendre l’interaction entre eau
et gaz) et particulièrement important dans le contexte des implications technologiques
des hydrates de gaz (par exemple la récupération d’énergie, l’assurance d’écoulement, le
transport et le stockage de gaz).
Cette thèse se concentre sur la dynamique des molécules invitées dans les hydrates de
méthane et d’hydrogène sous haute pression, dans un vaste intervalle allant jusqu’à 150
GPa. La pression est un paramètre clé dans l’étude des hydrates de gaz étant donné
qu’elle peut induire des variations importantes des distances entre eau et gaz ainsi que des
changements de structure. Par ailleurs, les hydrates de méthane sont suspectés d’exister
en grosses quantités à l’intérieur de corps glacés de l’Univers et de ce fait leurs propriétés
à haute pression sont intéressantes pour la modélisation des planètes.
Nous utilisons des mesures de diffusion inélastique et quasiélastique de neutrons, et de
spectroscopie Raman sur des échantillons d’hydrate de méthane et d’hydrogène préparés
en laboratoire. Dans l’interprétation des données Raman nous nous appuyons sur des
simulations de dynamique moléculaire. Des mesures complémentaires de diffraction de
neutrons et de rayons X sont utilisées pour surveiller la structure du système et ses
changements. Des cellules haute pression différentes sont utilisées pour couvrir ce vaste
intervalle de pression avec plusieurs techniques expérimentales, notamment une cellule
haute pression à gaz, une cellule Paris-Edinburgh et une cellule à enclumes de diamant.
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Trois sujets principaux sont traités. Dans la première partie, nous mesurons la diffusion
translationnelle classique des molécules de méthane à l’interface de deux structures de
type clathrate par diffusion quasiélastique de neutrons à 0.8 GPa. Nous trouvons une
diffusion remarquablement rapide, plus rapide que celle attendue pour du méthane pur à
pression et température comparables.
Dans la deuxième partie, nous étudions la dynamique vibrationnelle, l’ordonnement des
rotations et la distorsion des molécules de méthane intégrées dans l’hydrate de méthane
à des pressions extrêmement élevées par simulations jusqu’à 45 GPa et spectroscopie
Raman jusqu’à 150 GPa. Nous observons un verrouillage complet des rotations vers 20
GPa et pas de signes de décomposition jusqu’à la pression maximale de notre étude.
Enfin, nous examinons la dynamique roto-translationnelle quantique des molécules
d’hydrogène nanoconfinées dans deux structures d’hydrate différentes par diffusion
inélastique de neutrons à des pressions jusqu’à 1.4 GPa et des températures en dessous de
50 K. Nous présentons, entre autres, la première observation de dynamique translationnelle
quantique pour les molécules de H2 et D2 dans les grandes cages de la structure clathrate
de type II.

Mots clefs : hydrates de gaz, clathrates, haute pression, proprietés dynamiques, spectrosco-
pie de neutrons, spectroscopie Raman, cellule haute pression à gaz, cellule Paris-Edinburgh,
cellule à enclumes de diamant, simulations de dynamique moléculaire
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1 Introduction

Methane hydrates and hydrogen hydrates belong to the general class of inclusion com-
pounds called gas hydrates, which are solids made of water and small-sized, generally
nonpolar molecules [1]. Those molecules, such as CH4 and H2 or CO2 or N2, typically
have sizes from 4 to 9 Å and mostly exist in gaseous form at ambient conditions. At
the molecular scale, gas hydrates consist of a three-dimensional crystalline network of
hydrogen-bonded water molecules incorporating a smaller number of ‘guest’ molecules.
Hydrates spontaneously form whenever water and a hydrate-forming gas are in contact
at high pressure and/or low temperature. They exist in nature in the deep oceans and
permafrost regions as well as in extraterrestrial environments, and can be also produced
in laboratory.

At normal pressures, the crystal units of all gas hydrates are made of polyhedral ‘cages’
of different shapes and sizes encapsulating the gas molecules, i.e. hydrate structures
are clathrate structures. Thus the name ‘ice clathrate’ is often used interchangeably
with the designation ‘gas hydrate’. However, at very high pressure (in the GPa range
and above) non-clathrate structures are formed instead, as discussed below and later in
this dissertation. Most hydrate-forming gases are nonpolar and hydrophobic; however,
SO2 and H2S are polar and do form hydrates. In general, it is not an oversimplification
to state that any molecule small enough to fit into a clathrate cage and that does not
form strong hydrogen bonds with water is a good candidate for forming an hydrate. Gas
clathrate hydrates have been known for approximately two centuries and during this
time more than 130 guest species have been recognized to form hydrates [1].

Clathrate hydrate structures are topological duals of Frank-Kasper crystals, which are
common in metal alloys [2]. Even though other structures are occasionally observed, the
vast majority of the gas clathrate hydrates form one of the following three structures: the
primitive cubic structure I (sI), the face-centered cubic structure II (sII), or the hexagonal
structure H (sH). Those structures differ by the types and number of polyhedral cages
forming their unit cells, as shown in Figure 1.1. Cages have a number of faces ranging
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Chapter 1. Introduction

Figure 1.1: Crystal unit cells of clathrate sI, sII and sH, reproduced from ref [3]. Only
a selected number of cages are represented. The vertices of the polyhedra correspond
to oxygen atoms and the edges correspond to hydrogen bonds. For simplicity, spheres
located at the center of the cages represent the guest molecules.

from 12 to 20 and average radii ranging from 3.9 to 5.8 Å. In all three structures, one
guest molecule typically occupies each cage at normal pressures. More structural details
will be given later in this dissertation.

Clathrate hydrates typically have water-to-gas molar ratios of about 6 to 1 and, being
constituted for 85% of hydrogen-bonded water molecules, naturally share most of their
properties with ice Ih. Yield strength, thermal expansivity and thermal conductivity
are well-known exceptions. Nevertheless, the amount of gas contained in clathrate
hydrates can be regarded as being remarkable when compared to the typical solubilities
of (nonpolar) gases in water and therefore gas hydrates can be seen as exotic states of the
water–gas systems. As an example, solubility of CH4 in water at ambient conditions is
only 2.48·10−5 mole fraction [1], which corresponds to a molar ratio of about 40000 to 1.
Furthermore, clathrate hydrates are very dense in guest molecules also in comparison to
the pure gas phases–for example, one volume of methane clathrate hydrate may contain
the same amount of gas as 180 volumes of pure methane at standard conditions or as
one volume of pure methane at 18 MPa and 273 K [4].

Compared to other inclusion compounds, gas hydrates are peculiar in at least two
respects. First, they are both crystalline and non-stoichiometric–a minority of the cages
can be empty. Second, their stability relies on the combination of two different types of
molecular bonding–the water molecules form hydrogen bonds between them while Van
der Waals interactions exist between water and the guests and between the guests. It
must be noted that the completely emptied clathrate hydrate structure is only metastable
at atmospheric pressure and low temperatures but is a stable form of ice at negative
pressures [5]. The interaction between water and gas molecules plays an important role in

2



the properties of gas hydrates (in addition to their stability) and it is safe to assert that
its understanding drives most of the fundamental research that is performed nowadays
on gas hydrates.

Because of their importance in the economy, ecology, and gas industry, hydrates of
methane are probably the most extensively studied among all gas hydrates. The existence
of large quantities of methane clathrate hydrate-containing sediments on ocean floors
is likely to be exploited in the future as a source of energy but is also seen as a serious
environmental concern since large-scale dissociation of clathrates in those sediments
would release large amounts of greenhouse gas into the atmosphere. Also, methane
hydrates occasionally form in offshore gas and oil pipelines, which creates serious safety
and economic problems to the gas and petroleum industry in case of complete blockage.
Finally, methane hydrates are envisaged to be used for a more economic transportation
and storage of gas. All these important societal challenges justify the huge efforts that
are currently being made by researches to reach a better understanding of the formation
and dissociation processes in gas hydrates, also at the molecular scale. Other phenomena
such as structural coexistence and gas exchange also attracted considerable attention.

Hydrogen hydrates are also of great interest for their potential technological applications,
being considered as a promising candidate material for hydrogen storage. From a
fundamental point of view, hydrogen hydrates are model systems for studying the effect
of confinement on the quantum dynamics of a light molecule and offer the possibility
to investigate different confinement sizes and topologies. Hydrogen clathrate hydrate is
peculiar compared to other clathrate hydrates as more than one guest molecule can be
accommodated within the large cages even at ambient pressure [6, 7].

At high pressures of about 0.5–2.0 GPa, gas hydrates can undergo structural transitions
to other clathrate structures but also to so-called ‘filled ice’ structures, whose water
networks are not organized in cages and resemble those of some known phases of ice
[1, 9]. For example, at normal pressures methane hydrate preferentially crystallizes
into clathrate sI and metastably forms clathrate sII, then with increasing pressure it
transforms to a phase similar to clathrate sH at around 1.0 GPa, and finally to an
orthorhombic filled ice structure (‘methane hydrate-III’ or ‘MH-III’) closely related to ice
Ih at around 2.0 GPa. Hydrogen hydrate forms clathrate sII below 0.4 GPa [6, 7], then
it transforms to the so-called structure ‘C0’ at 0.4 GPa [10, 11], to a rhombohedral filled
ice structure related to ice II at ∼0.7 GPa [12] and finally to a cubic filled ice structure
related to ice Ic above ∼2.5 GPa [12]. Interestingly, structure C0 is not a clathrate
structure and is unrelated to any known phase of ice. Figure 1.2 illustrates the structural
changes of methane and hydrogen hydrates, and of some other gas hydrates; a detailed
description can be found in refs [1, 9].

Experiments investigating molecular-level properties of gas hydrates under high pressure
are then motivated by the study of water–gas interactions in a variety of water network

3



Chapter 1. Introduction

Figure 1.2: Structural changes of some gas hydrates at high pressure and room tempera-
ture or close to room temperature, adapted from ref [1] and initially reported in ref [8].
Numbers adjacent to square boxes indicate transition pressures in GPa.

4



topologies. Furthermore, CH4 and H2 hydrates were found to be stable up to extremely
high pressures of at least 86 and 77 GPa, respectively [13, 14]. At those pressures water-
gas distances are much shorter than what can be found at normal pressures and thus
methane and hydrogen hydrates provide experimental access to a completely unexplored
regime of the water–gas interactions. Finally, gas hydrates are believed to exist under
high pressure in the interiors of different icy bodies of the Universe and therefore their
high-pressure properties are of interest to planetary scientists [15].

Over the last fifteen years several works have been performed on high-pressure gas
hydrates but most of them focused on structural properties. At present very little is know
about the dynamics of the guest molecules in high-pressure gas hydrates. In this thesis we
use neutron spectroscopy and Raman spectroscopy measurements on laboratory-produced
methane hydrate and hydrogen hydrate samples to investigate the guest dynamics in these
compounds. Neutron spectroscopy provides information on diffusive motions of the guest
molecule as a whole; such as classical or quantum translations and rotations. Raman
spectroscopy provide information about the (intra-molecular) vibrational modes of the
guests molecules, such as bending or stretching modes. Raman data were interpreted with
assistance from ab-initio molecular dynamics simulations. Experiments were performed at
pressures ranging from fractions of GPa to 150 GPa using different types of high-pressure
devices. Pressure was used in some cases to produce high-pressure phases of the sample
and in other cases as an external parameter to follow the pressure dependence of the
sample properties within the same phase.

In particular, the results reported in this thesis are concerned with three main topics:

• Classical translational dynamics of methane molecules at the interface of two
clathrate structures by quasielastic neutron scattering at 0.8 GPa and temperatures
between 212 and 282 K (section 5.2).

• Vibrational and orientational dynamics of methane molecules embedded in the
high-pressure filled ice structure of methane hydrate by Raman spectroscopy and
ab-initio molecular dynamics simulations at pressures up to 45 GPa and room
temperature. Extremely high pressure behavior of methane hydrate by Raman
spectroscopy up to 150 GPa and room temperature (section 5.3).

• Quantum rotational and translational dynamics of hydrogen molecules confined in
hydrate structures by inelastic neutron scattering at pressures below 1.4 GPa and
temperatures below 50 K (section 6.2).

The dissertation is organized as follows: chapter 2 describes the sample preparation,
chapter 3 describes the experimental high-pressure setups and chapter 4 describes the
basic theoretical and instrumental background related to the experimental techniques.
Chapters 5 and 6 are dedicated to the results and their discussion. Chapter 7 concludes
the dissertation.
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2 Sample preparation

This chapter describes the preparation of methane hydrate and hydrogen hydrate samples.

2.1 Sample preparation procedure

Laboratory production of gas hydrate samples relies on the spontaneous reaction between
water and a hydrate-forming gas at high gas pressure and/or low temperature. As a
large specific surface area is needed to speed up the formation reaction, gas hydrates
are commonly prepared by exposing water ice powders to high-pressure gas following a
prescription generalized in the 1990s [16, 17, 18]. Preparation from liquid water is also
possible.

Polycrystalline methane hydrate and hydrogen hydrate samples were prepared during
this thesis from ice powders and high-pressure methane or hydrogen. Both types of
preparation were performed by following a similar procedure; however the pressures and
timescales involved greatly differed. Clathrate sI methane hydrate forms at pressures in
the MPa range on a timescale of hours whereas clathrate sII hydrogen hydrate forms
above ∼0.1 GPa on a timescale of minutes. Figures 2.1 and 2.2 report the predicted
dissociation curve of methane hydrate up to 80 MPa from ref [1] and the measured
dissociation curve of hydrogen hydrate up to 0.35 GPa from ref [19].

The main steps of the preparation procedure are:

1. The precursor ice sample is prepared. This is powder ice Ih made of spherical
particles with typical diameter of several tens of micrometers which is produced
by a shock-freezing method through spraying liquid water into liquid nitrogen as
described in ref [20]. The spraying is done in a sealed glovebox under dry nitrogen
atmosphere to avoid contamination with atmospheric water.

2. The starting ice is placed into cylindrical aluminum vials of 6 or 8 mm in diameter

7
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Figure 2.1: Dissociation curve of methane hy-
drate as given by the CSM-Gem software by E.
D. Sloan and C. A. Koh [1]. Clathrate sI is stable
at high pressure and low temperature.

Figure 2.2: Pressure-temperature phase dia-
gram of the H2–H2O system in excess of hydro-
gen (heavy lines and symbols), adapted from ref
[19]. The phase diagram of H2O is also plot-
ted (dotted lines and Roman numerals for the
stable ice phases). F(H2) and F(H2O/H2) corre-
spond to the fluid/liquid phases of H2 and H2 dis-
solved in water, (32+x)H2*136H2O corresponds
to clathrate sII.

for hydrogen hydrate production or larger polytetrafluoroethylene-polymer jars for
methane hydrate production. The sample holder is then inserted into a pre-cooled
pressure cell. The cell is immediately after immersed into a cold bath at the
intended formation temperature and equilibrated for about 10 min.

3. The formation reaction takes place at the pressure and temperature conditions
which are given in the next two subsections.

4. At the end of the formation process, the cell is cooled down in liquid nitrogen for
30–40 s. Then pressure is released and the cell is opened to recover the sample.

The preparation procedure described above provides methane hydrate and hydrogen
hydrate samples containing a negligible amount of unreacted ice. However, during step
4 of the preparation, when pressure is released and the sample is recovered, special
attention should be paid to avoid partial decomposition of the sample. This means that
the transfer process is to be accomplished with particular care to avoid sample heating.

The prepared methane hydrate and hydrogen hydrate samples were stored in a liquid
nitrogen dewar; their quality was checked by x-ray or neutron diffraction prior to the
spectroscopy experiments. The quenched hydrate samples are metastable at ambient
pressure: methane hydrate survives to approximately 190–200 K [1] and hydrogen hydrate
survives to approximately 145–160 K [6, 7].

8
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Figure 2.3: Measured gas pressure as a function of time during a methane hydrate
production at University of Göttingen, as an example.

2.1.1 Methane hydrate preparation

The methane hydrate samples employed for this thesis have been prepared at the
Department of Crystallography of the University of Göttingen (Germany) in collaboration
with Andrzej Falenty and Werner F. Kuhs. We prepared clathrate sI CH4–D2O hydrate
samples using 99.9% deuterated D2O purchased from Sigma-Aldrich. During each
preparation the formation reaction lasted 3–4 weeks and throughout this time the gas
pressure was adjusted to be as constant as possible at about 6 MPa. Temperature
was kept below the melting point during the first week, then it was increased in order
to enhance molecular mobility and kept slightly above the melting during the rest of
the formation reaction. Figure 2.3 reports the measured evolution of the gas pressure
throughout a preparation run, as an example. Average methane occupation of samples
prepared following this procedure is high and reproducible; it was found to be 0.86
molecules for the small cage and 0.99 molecules for the large cage by synchrotron x-ray
diffraction [21]. Finally, samples prepared following this procedure have no detectable
grain texture or crystallographic orientation and the average size of the crystallites is
typically 2–4 μm [22].

2.1.2 Hydrogen hydrate preparation

The laboratory production of clathrate sII hydrogen hydrate poses some technical
challenges due to the very high hydrogen pressure required. It has been first accomplished
by Mao et al. [6] in 2002 and, since then, by a few other groups worldwide.
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Figure 2.4: Measured gas pressure as a function of time during a hydrogen hydrate
production at Helmholtz-Zentrum Berlin, as an example.

The hydrogen hydrate samples employed for this thesis have been prepared at the
German neutron facility Helmholtz-Zentrum Berlin in collaboration with Dirk Wallacher
(Helmholtz-Zentrum Berlin), Andrzej Falenty, and Werner F. Kuhs. We prepared clathrate
sII H2–D2O and D2–D2O hydrate samples using 99.9% deuterated D2O purchased from
Sigma-Aldrich. During each preparation the formation reaction lasted about 50 min.
The temperature was kept at the constant value of 244 K while the gas pressure was
progressively increased to 0.28 GPa as shown in Figure 2.4. It was found by neutron
diffraction measurements performed before this thesis and during this thesis that the
typical average hydrogen occupation of our samples is about 0.85–1.0 molecules for the
small cage and 1.5–1.8 molecules for the large cage depending on the specific sample.
Clearly, guest occupation in the hydrogen clathrate hydrate samples was less reproducible
compared to the methane clathrate hydrate samples.
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3 Sample environments

This chapter briefly describes the pressure cells employed in the high-pressure measure-
ments reported in this thesis. To prevent destabilization of the methane hydrate or
hydrogen hydrate sample, the sample loadings into the high-pressure cells had to be
performed at low temperature. This introduced a supplementary technical challenge
which was overcome as explained in the following.

3.1 Gas pressure cells

Gas pressure cells are high-pressure devices employed to compress samples of the order of
1–10 cm3 in volume to the pressure range up to 1.0 GPa (and generally up to 0.5 GPa).
In those cells the pressure is increased hydrostatically, by injecting a high-pressure gas
into the sample chamber. Gas pressure is controlled by a gas compressor and can be
measured easily by a standard manometer or an electronic pressure gauge. Since the gas
is kept permanently connected to the compressor during the measurement, the pressure
can be changed in situ at any moment. In most experiments the gas is helium.

Most gas pressure cells have a cylindrical shape, but in general the geometry of the cell
may differ depending on the particular application. Usually the cell can be screwed to
a cryostat stick and fits into a standard helium cryostat allowing for measurements to
be routinely carried out at temperatures as low as 1.5 K. For the main body of the cell,
high-strength Al-alloys, Ti-Zr and Cu-Be alloys are the most commonly used materials in
neutron scattering experiments. For inelastic neutron scattering, Al-alloys are certainly
the most common choices.

The gas pressure cell employed in this thesis for inelastic and quasielastic neutron
scattering measurements below 0.5 GPa (see section 6.2) is made of 7049A-T6 aluminum
alloy and belongs to the ILL. As can be seen in Figure 3.1, it consists of a cylindrical
body with an inner diameter of 6 mm and an outer diameter of 15 mm. The cell has two
open ends. The capillary is connected to the top end of the cell; the sample is loaded
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Figure 3.1: Cross-section and 3D drawing of the aluminum alloy gas/liquid pres-
sure cell. Source: https://www.ill.eu/fr/users/support-labs-infrastructure/sample-
environment/equipment/high-pressures/liquid-pressure-cells/17pl50al6, accessed on
15.05.2018.

from the bottom and the cell is closed by a mushroom plug with Bridgman seal. This
cell can be also used for liquid samples and liquid pressure transmitting media with a
floating barrier which separates the compression liquid from the sample. More details
can be found in ref [23]. With this type of cell sample loading can be performed at low
temperature in a liquid nitrogen bath with no major difficulties.
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3.2 Paris-Edinburgh cells

Paris-Edinburgh cells or Paris-Edinburgh presses are compact hydraulic pressure cells
which can sustain loads up to 50–500 tonnes and use an opposed anvils geometry to
compress samples of typically 10–100 mm3 in volume into the multi-GPa pressure range
(generally up to 20 GPa or so) [24]. They have been first developed in the early 1990s by
the groups of Jean-Michel Besson (Pierre et Marie Curie University in Paris, France) and
Richard Nelmes (University of Edinburgh, UK). In those cells a hydraulic fluid pushes
on a piston, which transmits the pressure to a backing disc and eventually to the anvils.
The hydraulic fluid is generally a hydraulic oil at room and high temperature, and helium
in low-temperature experiments.

Paris-Edinburgh cells have been initially designed for neutron diffraction but can be
used for other neutron scattering techniques such as inelastic and quasielastic neutron
scattering. They also found applications beyond neutron scattering. Depending on the
particular application, anvils and gaskets of different kinds can be used. This choice
typically translates into different pressure efficiencies, which is given by the slope of
the relation between sample pressure and load on the anvils. In the normal mode of
operation anvils are directly mounted into the Paris-Edinburgh press.

In the inelastic and quasielastic neutron scattering experiments between 0.4 and 1.4 GPa
reported in this thesis (sections 5.2 and 6.2) we used a VX5-type Paris-Edinburgh cell in
combination with a loading clamp. As shown in the drawing of Figure 3.2, such clamps
include pistons, backing discs and anvils.

By applying a load of typically 5–15 tonnes to the upper clamp piston and by then
tightening the locking ring, a loading clamp can be used to apply pressure on the sample
before the experiment starts. Once loaded, the clamp is inserted into the Paris-Edinburgh
cell for the experiment. We used recently developed anvils with non-toroidal profile
made of zirconia-toughened alumina ceramics [25]. This material is highly transparent
to neutrons. We used a type-25 copper-beryllium encapsulating gasket of 0.8 mm in
thickness. Loading clamps are small and light devices which can be handled in a liquid
nitrogen bath. Sample loading was performed at low temperature according to the
following procedure:

1. Using a small dedicated press operating in a liquid nitrogen bath, the sample is
compacted to a spherical pellet (of approximately 40 mm3 in volume) of the same
exact shape of the pressure chamber. This is a key step as incomplete filling of the
pressure chamber is known to deteriorate the pressure efficiency. The dedicated
press was designed and developed in our laboratory at the EPFL.

2. The pellet is loaded into the pre-cooled encapsulating gasket and the sample-gasket
assembly is placed in an aluminum ring between pre-cooled anvils. No pressure
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Figure 3.2: Loading clamp for Paris-Edinburgh presses with cross-section on the left half
to illustrate interior, adapted from ref [27]. The clamp we used is a scaled-down version
with 80 mm diameter.

transmitting medium is used.

3. While keeping the assembled loading clamp in liquid nitrogen, a load of 5–15 tonnes
is applied using a hydraulic ram and locked. Such a load is high enough to seal the
gasket and to increase the sample pressure to approximately 0.5–1.5 GPa.

4. The clamp is warmed up from liquid nitrogen temperature to room temperature out
of the beam and finally inserted into the Paris-Edinburgh cell. Methane hydrate is
stable at room temperature above 60 MPa [1] and hydrogen hydrate is stable at
room temperature above 0.7 GPa [26].

Paris-Edinburgh cells are relatively big devices and do not fit into standard cryostats;
dedicated cryostats can be used for low-temperature studies.
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3.3 Diamond anvil cells

Diamond anvil cells are miniature hand-held devices employed to reach pressures up to
300–400 GPa. Similarly to Paris-Edinburgh cells, diamond anvil cells use opposed anvils
geometry but forces involved are three orders of magnitude lower (typically 0.1 tonnes)
and samples are five orders of magnitude smaller (typically 10-4–10-3 mm3). The force
is generated either by screws or from the inflation of a membrane. Anvil diamonds are
single-crystalline and of gem-quality. Depending of the target pressure range, their flat
tips (culets) range from 700 to 20 μm in size. A pre-indented foil (gasket) is used to
encapsulate the sample.

In the Raman spectroscopy experiments on methane hydrate up to 150 GPa reported in
this thesis (section 5.3) we used a symmetric Mao–Bell-type diamond anvil cell [28] and
generated the force using screws. A photograph of two cells of this type (one open and one
closed) is reported in Figure 3.3. The full length of the cell in the pressurization direction
is 35.9 mm; its diameter is 47.63 mm. For our experiments below 45 GPa ultralow-
fluorescence type IIs synthetic diamonds with culet sizes of 300 μm were employed. The
gasket was made of rhenium; a cylindrical sample chamber of ∼130 μm in diameter and
∼45 μm in thickness was drilled in its center using a laser drilling system. For the Raman
spectroscopy experiment up to 150 GPa we used ultralow-fluorescence type IIs synthetic
diamonds with an inner culet of 100 μm and an outer culet of 300 μm. The laser-drilled
sample chamber was ∼40 μm in diameter and ∼25 μm in thickness.

Sample loading was performed in a liquid nitrogen bath in a portable glovebox under
nitrogen atmosphere. A small ruby ball was generally trapped in the sample chamber
during the sample loading in order to serve as a pressure gauge. Because of the low
scattering cross sections of D2O and CH4 at high pressure, it is of vital importance to
limit the amount of impurities trapped in the sample chamber during the loading. Hence,
it is recommended that the sample loading is performed as fast as possible and that all
components that will be in contact with liquid nitrogen are free of dust and frost. We
also found preferable to use a cell for which the piston slides smoothly inside the cylinder.
During some loadings a small amount of nitrogen was intentionally trapped in the sample
chamber and behaved as pressure transmitting medium. In other runs no nitrogen was
trapped; in this case it is recommended to use a well-compacted powder sample and to
fill the sample chamber as much as possible. Our experience is that the unavoidable
pressure gradient was largely dominated in our experiments by other factors (mainly the
gradient of the force applied itself and the compactness of the powder sample) rather
than the presence of a pressure transmitting medium.
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Figure 3.3: Photograph of two symmetric Mao–Bell-type diamond anvil cells belonging
to our laboratory at the EPFL. Source: https://epsl.epfl.ch/page-78191.html, accessed
on 15.05.2018.
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4 Experimental techniques

Two spectroscopic experimental techniques are employed in this thesis to get insight into
the dynamical behavior of methane and hydrogen in methane hydrates and hydrogen
hydrates, respectively. They are briefly introduced in the following.

4.1 Neutron spectroscopy

Neutron spectroscopy employs inelastic and quasielastic neutron scattering to study
atomic and molecular motion as well as magnetic and crystal field excitations of condensed
matter.

4.1.1 Theory of neutron scattering

This subsection will summarize some of the main results of the non-relativistic theory
of neutron scattering [29, 30]. Magnetic scattering and polarization are not relevant for
this thesis and will not be treated here. Let us define m, |�ki

〉
and | �kf

〉
the mass and the

initial and final states of the neutron, and |λi
〉

and |λf

〉
the initial and final states of the

scattering system (the sample). We also define Ei and Ef the initial and final energies
of the neutron, and Eλi

and Eλf
the initial and final energies of the scattering system.

The partial (or double) differential cross section d2σ/dΩdEf characterizes the scattering
process. It gives the probability that a normalized incident neutron flux of wavevector
�ki is scattered into a solid angle element dΩ perpendicular to the direction of the final
neutron wavevector �kf with energies comprised between Ef and Ef + dEf . Within
perturbation theory, it is possible to derive the following expression for d2σ/dΩdEf :

d2σ�ki→ �kf

dΩdEf
=

kf

ki

(2π)4m2

�4
∑

λi,λf

p(λi)|
〈
λf , �kf |V |λi, �ki

〉|2δ(Eλi
− Eλf

+ Ei − Ef ). (4.1)
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Chapter 4. Experimental techniques

The previous expression is called the master equation of scattering and its derivation
makes use of the fact that the scattering process can be treated within the (first) Born
approximation. We are dealing here with the conditional scattering cross section of
the probe changing its state from |�ki

〉
to | �kf

〉
, while all the initial and final quantum

states of the scattering system are included in the sum of equation (4.1). p(λi) is the
statistical weight of the initial state of the scattering system and |〈λf , �kf |V |λi, �ki

〉| is the
matrix element of the interaction potential V . The square of the matrix element gives
the probability of the transition from the state |λi, �ki

〉
to the state |λf , �kf

〉
and the Dirac

delta function represents conservation of energy.

By making use of the fact that i) the interaction potential is a sum of contributions of the
interaction potentials of the individual scatterers and that ii) those individual interaction
potentials are short-ranged enough to be represented by a Dirac delta function, it can be
shown that equation (4.1) can be written as:

d2σ�ki→ �kf

dΩdEf
=

kf

ki

1
2π�

∑
λi

p(λi)
N∑

j,j′=1
bjb∗

j′

∫ ∞

−∞
dt

〈
λi|e−i �Q· �Rj′ (0)ei �Q· �Rj(t)|λi

〉
e−iωt, (4.2)

where �Q is the wavevector transfer and is defined as (�ki − �kf ), �ω is the energy transfer
and is defined as (Ei − Ef ), and �Rj(t) is the coordinate of the jth nucleus at time t.
The scattering length bj of the jth nucleus, which is in general a complex number, is a
measure of the strength of the neutron-nucleus interaction and depends on the isotope
and on the spin state of the system formed by the neutron and the nucleus. The second
sum in (4.2) is over all the pairs (j, j′) formed by the N scatterers in the sample.

The next step consists in distinguishing between coherent scattering and incoherent
scattering. The coherent scattering is the scattering the same system would give if all
the scattering lengths were equal to their mean value. The incoherent scattering arises
from the deviations of the scattering lengths of the actual system from their mean value.
Assuming that the scattering system contains a large number of scatterers and that
every possible nuclear isotope or spin orientation exists with its correct statistical weight
(i.e. the distribution of nuclear isotopes and spin orientations in the sample is random),
equation (4.2) can be reformulated as follows:

d2σ

dΩdEf
=

(
d2σ

dΩdEf

)
coh

+
(

d2σ

dΩdEf

)
inc

,

(
d2σ

dΩdEf

)
coh

=
kf

ki

1
2π�

∑
λi

p(λi)
N∑

j,j′=1
bjb∗

j′

∫ ∞

−∞
dt

〈
λi|e−i �Q· �Rj′ (0)ei �Q· �Rj(t)|λi

〉
e−iωt,

(
d2σ

dΩdEf

)
inc

=
kf

ki

1
2π�

∑
λi

p(λi)
N∑

j=1

(
b2

j − (bj)2
) ∫ ∞

−∞
dt

〈
λi|e−i �Q· �Rj(0)ei �Q· �Rj(t)|λi

〉
e−iωt,

(4.3)
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4.1. Neutron spectroscopy

with the definitions bj =
∑
i

pi
j · bi

j and b2
j =

∑
i

pi
j · (bi

j)2, pi
j being the probability that the

scattering length of the element at position �Rj has the value bi
j .

Finally, if the scattering system is monoatomic, it is common practice to define the
coherent and incoherent scattering cross sections

σcoh = 4π(b)2 and σinc = 4π
[
b2 − (b)2

]
(4.4)

and the coherent and incoherent scattering functions

Scoh( �Q, ω) =
1

2π�

∑
λi

p(λi)
N∑

j,j′=1

∫ ∞

−∞
dt

〈
λi|e−i �Q· �Rj′ (0)ei �Q· �Rj(t)|λi

〉
e−iωt and

Sinc( �Q, ω) =
1

2π�

∑
λi

p(λi)
N∑

j=1

∫ ∞

−∞
dt

〈
λi|e−i �Q· �Rj(0)ei �Q· �Rj(t)|λi

〉
e−iωt

(4.5)

so that the differential cross section takes the following simple form:

d2σ

dΩdEf
=

kf

ki

(
σcoh

4π
Scoh( �Q, ω) +

σinc

4π
Sinc( �Q, ω)

)
. (4.6)

The expression in (4.6) is very convenient because σcoh and σinc reflect the interaction
between the neutron and the sample while Scoh( �Q, ω) and Sinc( �Q, ω) reflect the physics
of the sample exclusively. From equation (4.5), it can be seen that Scoh( �Q, ω) depends
on the correlation between the positions of the same nucleus at different times and of
different nuclei at different times, and that Sinc( �Q, ω) depends on the correlation between
the positions of the same nucleus at different times. Scoh( �Q, ω) is the double space-time
Fourier transform of the pair correlation function, which describes the probability of
observing any nucleus at distance r and after a time t in relation to the position of a
given nucleus at t = 0. Sinc( �Q, ω) is the double space-time Fourier transform of the self
correlation function, which gives the probability of finding exactly the same nucleus at
distance r and after time t.

Experimentally obtained values for σcoh and σinc (or alternatively bcoh and binc, with
σcoh = 4πb2

coh and σinc = 4πb2
inc) for all common isotopes are given in literature [31].

Graphical comparison between σcoh and σinc for some elements and isotopes is reported in
Figure 4.1. For most isotopes σcoh >> σinc. However, for hydrogen σinc is exceptionally
large and much bigger than σcoh. It is also much bigger than the coherent and incoherent
scattering cross sections of all other elements and isotopes, including deuterium. Thus
incoherent neutron scattering is a powerful tool to investigate the dynamics of hydro-
genated molecules and by substituting the protons by deuterons it is possible to change
the neutron scattering signal of a sample considerably. The total neutron scattering cross
section is defined as bcoh + binc.
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Chapter 4. Experimental techniques

Figure 4.1: Neutron scattering cross sections for some elements and isotopes, reproduced
from ref [32]. The larger the area of the circle, the larger the cross section.
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4.1. Neutron spectroscopy

4.1.2 Neutron spectrometers (the spectrometers IN5 and IN6 at the
ILL)

In this subsection we shall give a brief description of direct-geometry time-of-flight neutron
spectrometers [33] and of the spectrometers IN5 and IN6 of the ILL in particular [34].
In direct-geometry spectrometers neutrons are monochromized prior to the scattering
event either by reflection from a monochromator crystal or by a multichopper system
and, also before the scattering event, the neutron beam is pulsed by a chopper. The
monochromatic pulsed neutron beam impinges on the sample and is scattered under
all possible scattering angles. Finally, scattered neutrons are recorded on a bank of
detectors surrounding the sample, generally on the surface of a cylinder. The final
neutron wavelength is determined from the time-of-flight of the neutrons using simple
kinematic equations for the neutron as a particle.

IN5 and IN6 are direct-geometry time-of-flight spectrometers for cold neutrons of the
ILL. Cold neutrons are defined as having energies between 0.12 meV and 12 meV or,
alternatively, wavelengths between 26.1 and 2.6 Å (λ[Å] = 9.045/

√
E[meV ]). Both IN5

and IN6 are used to study dynamical processes with energies in the meV range as a
function of wavevector transfer �Q. Experiments on powder samples are rather concerned
with the modulus Q of the wavevector transfer. Because of energy and momentum
conservation, only a restricted region in the (Q, �ω) space can be accessed. The accessible
region depends on the choice of the incident neutron energy and on the placement of
the detectors; using more energetic neutrons and increasing the scattering angular range
covered by the detectors will give access to a wider region. To illustrate this, two examples
of such regions are plotted in Figure 4.2.

IN5 is located at the end of the cold neutron guide H16 and is a multichopper instrument.
Its scheme is reported in Figure 4.3. Choppers are used to i) pulse the incident neutron
beam, ii) remove harmonics, iii) suppress some of the produced pulses to prevent frame
overlap, and iv) select the incident neutron wavelength within the range 1.8–20 Å. The
multichopper system of IN5 provides an energy resolution function which remains nearly
Gaussian down to 1/10000 of its height. The width of the elastic energy resolution is
about 1% of the incident neutron energy. The detector bank is located 4.0 m from the
sample and is 3.0 m high, with a total detection surface of 30 m2. It is constituted by
362 3He detector tubes, which cover a range of scattering angles from −11.5 to 135◦ and
are position sensitive in the vertical direction. The accessible Q range at zero energy
transfer is 0.04–2.36 Å-1 for an incident neutron wavelength of 5.0 Å.

IN6 is a time-focusing spectrometer located on the cold guide H15. Its scheme is
reported in Figure 4.4. Three composite pyrolytic graphite monochromators extract
three neutron beams from the guide. The three beams are focused onto the sample. Each
monochromator delivers a beam of slightly distinct energy and, thus, of distinct velocity.
A beryllium filter is used to remove the second-order reflection from the monochromators.
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Chapter 4. Experimental techniques

Figure 4.2: Plots of the accessible region in the (Q, �ω) space for a spectrometer having
detectors placed at scattering angles between 5◦ and 140◦ and using neutrons of wavelength
5 or 10 Å, reproduced from ref [35]. There is no (theoretical) limit to the energy transfer
in neutron energy gain.

Figure 4.3: Schematic representation of the IN5 spectrometer at the ILL. Source:
https://www.ill.eu/users/instruments/instruments-list/in5/description/instrument-
layout, accessed on 10.06.2018.
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Figure 4.4: Schematic representation of the IN6 spectrometer at the
ILL. Source: https://www.ill.eu/users/instruments/instruments-list/in6-
sharp/description/instrument-layout, accessed on 10.06.2018.

Then a Fermi chopper, which is a fast rotating slit collimator, pulses the beam and
also compensates for the velocity difference in the three incident beams (by allowing
the slower neutrons to pass earlier than the fast ones). This is the principle of the
so-called time-focusing technique; its merit is to increase the intensity by a factor of three
compared to the setup with only one monochromator. The incident neutron wavelength
is in the range 4.1–5.9 Å. The elastic energy resolution has a width ranging between
0.05 to 0.17 meV depending on the chosen incident wavelength. It is mainly Gaussian
but contains a small (∼5%) Lorentzian component. A suppressor chopper placed before
the Fermi chopper and rotating in phase with the latter at a lower speed can be used
to prevent frame overlap. 337 3He detector tubes are located 2.48 m from the sample
within an angular range from 10 to 115◦ and cover a sensitive area of 4 m2. They are
arranged in three rows, with 107 tubes in the top row, 123 in the middle row and 107 in
the bottom row. The accessible Q range at zero energy transfer is 0.3–2.05 Å-1 for an
incident wavelength of 5.1 Å.
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4.2 Raman spectroscopy

Raman scattering is an inelastic light scattering phenomenon which is typically employed
to probe the vibrational modes of a material in the range of optical frequencies (1–100
THz). Usually, Raman spectra are plotted as a function of wavenumber in reciprocal
centimeters (1 meV � 8.065 cm−1 � 0.2418 THz)

4.2.1 Theory of Raman scattering

When matter (gas, liquid, or solid) is illuminated with a monochromatic light beam, most
of the radiation is scattered elastically and a small component is scattered inelastically.
In the classical theory [36], the emission of a scattered radiation is explained by the
periodic variations of the induced dipole moment as an effect of molecular vibrations.
An electromagnetic wave illuminating a molecule induces an electric dipole moment �P

given by, at first order:

�P = α �E, (4.7)

where α is the polarizability and �E is the electric field strength of the electromagnetic
wave:

�E = �E0cos(2πν0t). (4.8)

If the molecule is vibrating with frequency νm, the nuclear displacement due to the
vibration can be expressed as:

q = q0 cos(2πνmt), (4.9)

where q0 is the vibrational amplitude. For a small amplitude of variation, the polarizability
can be written as a Taylor expansion, namely:

α = α0 +
(

∂α

∂q

)
0

q, (4.10)

where α0 is the polarizability at equilibrium position. Combining (4.7), (4.8), (4.9) and
(4.10), we obtain

�P =α0 �E +
(

∂α

∂q

)
0

q0cos(2πνmt) �E0cos(2πν0t)

=α0 �E +
1
2

(
∂α

∂q

)
0

q0 �E0cos [2π(ν0 − νm)t] +
1
2

(
∂α

∂q

)
0

q0 �E0cos [2π(ν0 + νm)t] .

(4.11)

According to the classical theory, the first term in the right-hand side of equation
(4.11) corresponds to the elastic part of the scattered radiation, while the second term
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4.2. Raman spectroscopy

corresponds to the Raman scattering of frequency ν0 − νm (Stokes scattering) and
the third term corresponds to the Raman scattering of frequency ν0 + νm (anti-Stokes
scattering). Equation (4.11) also indicates that the vibration is ‘Raman active’ if

(
∂α
∂q

)
0

is different from zero. In other words, the Raman effect can only exist if there is a change
in polarizability for the considered vibration. Experimentally, Stokes and anti-Stokes
Raman scattering are observed in the spectrum by the appearance of pairs of spectral
lines, at symmetrical frequencies either side of the elastic line.

In the quantum-mechanical treatment of Raman scattering, an incident photon can induce
the creation or the annihilation of a phonon during the scattering process. Momentum is
conserved in the scattering process and therefore the modulus Q of the wavevector of
phonons studied by (one-phonon) Raman scattering must be of the order of the moduli
of the wavevectors of the incident and scattered photons. With an exciting light in the
visible spectrum and a sample with refractive index of about 3, Q must be of the order of
106 cm-1. This value is about 1/100 of the typical size of the first Brillouin zone, meaning
that Raman spectroscopy probes zone-center phonons only.

4.2.2 Raman spectrometers

Raman spectrometers generally measure Raman Stokes scattering only and consist of
four major components: i) an excitation source, which is generally a continuous-wave
visible laser, ii) a sample illumination and collection system, iii) a wavelength selector
and iv) a detector, which is generally a CCD detector. The sample illumination and
collection system and the wavelength selector may differ considerably between different
spectrometers.

For our high-pressure Raman spectroscopy measurements in diamond anvil cell, we used
a commercial Horiba Jobin-Yvon LabRam HR800 spectrometer equipped with a Cobolt
Samba 532 nm DPSS green laser as excitation source. The sample illumination and
collection system is based on a 180◦ back-scattering geometry, in which the incident
laser beam is focused on the sample through an objective lens and the scattered light is
collected and sent to the wavelength selector by the same optical system. This means that
the incident and scattered beams both pass through one diamond anvil. This geometry
is schematically shown in Figure 4.5. Objective lenses with a long working distance are
necessary, as the distance between the sample and the top of the cell is approximately 15
mm. Objectives with a 50 times magnification offering a working distance of 20.5 mm
(and a depth of focus of 1.6 μm) are commercially available. We used a Mitutoyo SL50X
objective (numerical aperture of 0.42). Measurements are complicated by the geometric
and chromatic aberrations induced by the presence of a diamond of 2–3 mm in thickness
in the optical path. One direct consequence is that the depth selectivity turns out to be
comparable in size to the thickness of the sample (10–20 μm) in experiments reaching
pressures of the order of 100 GPa.
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Figure 4.5: Schematic representation of the back-scattering setup of our Raman spec-
trometer.

In our spectrometer a reflection diffraction grating is used to separate the wavelengths
present in the scattered light. The groove frequency of the grating partially determines
the spectral resolution that can be achieved by the spectrometer and also determines the
wavelength range that can be measured in a single acquisition. Two switchable gratings
can be used, and are made of 1800 and 600 grooves per mm. The first grating provides a
better spectral resolution (0.5 cm-1 half-width-half-maximum) and a shorter wavelength
range; the second grating provides a worse resolution (1.5 cm-1 half-width-half-maximum)
and a larger wavelength range. Finally, a liquid nitrogen-cooled CCD detector (1024×256
px) is used to measure the relative amounts of radiation at each wavelength.

Before each measurement, the wavenumber accuracy of the spectrometer was system-
atically calibrated using strong emission lines of Ne. The intensity scale was linearized
using the transfer function derived from measuring a calibrated broadband source.
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5 Guest dynamics in methane
hydrates under high pressure

5.1 Motivations

The investigation, both experimental and computational, of molecular-level processes in
gas clathrate hydrates is a very active research field in chemical physics. In particular,
hydrates of methane attracted wide attention over the past decade in the light of their
role in a broad range of technological issues (e.g. energy recovery, flow assurance, gas
transportation and storage) and were the subject of a large number of publications, most
of which focused on structural properties.

Despite its wide importance, very little is known about the guest dynamics in methane
hydrates at present. Undoubtedly, diffusion of the guest molecules plays a paramount role
during out-of-equilibrium phenomena such as formation or decomposition of a clathrate
structure, structural coexistence and gas exchange; and the kinetics of some stages of
these key phenomena is limited by gas diffusion rates. Detailed information on the
guest diffusion during these processes is thus of interest for a broad research community.
Furthermore, in the high-pressure non-clathrate structure of methane hydrate (MH-
III), where water–methane distances are much shorter than in clathrate structures,
the vibrational and orientational dynamics of the trapped guest molecules may reveal
important insights into the repulsive region of the water–guest interaction potential.

This chapter will focus on the dynamics of methane molecules in methane hydrates and
will be divided into two main topics: i) diffusive dynamics of methane molecules at
grain boundaries during coexistence of two clathrate structures and ii) vibrational and
orientational dynamics of methane molecules embedded in the high-pressure structure
MH-III. As will be explained further below, methane hydrate is an excellent choice
for both investigations as it shows i) persistent coexistence of stable structure I and
metastable structure II at pressures of a fraction of GPa and ii) an extremely wide range
of stability extending up to 150 GPa at least. The main results and their discussion are
reported in the form of published articles; they are preceded by an introductory subsection
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Chapter 5. Guest dynamics in methane hydrates under high pressure

giving the general context and followed by a subsection presenting open questions and
indications of possible future studies. In the last subsection of the chapter we present
results on methane hydrate under extremely high pressures by Raman spectroscopy up
to 150 GPa and their preliminary discussion.
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5.2. Guest dynamics in methane clathrate hydrates

Figure 5.1: The three polyhedral cages found in the type I and type II clathrate structures,
reproduced from ref [1].

5.2 Guest dynamics in methane clathrate hydrates

5.2.1 Introduction

Structural metastabilities and structural transitions are ubiquitous in clathrate hydrate
science. Indeed, metastable structures are commonly observed to appear during nucleation
of hydrates, often coexisting with the stable phase and sometimes surviving for timescales
as long as days or weeks [37, 38, 39, 40, 41, 42, 43, 44]. Also, small changes in the
thermodynamic conditions of formation may translate into a different structure formed,
in a way that is often poorly understood and sometimes counter-intuitive [45, 46, 47].

The majority of the gas clathrate hydrates adopt either clathrate crystal structure I or
clathrate crystal structure II. Those structures are build from the combination of small
and large cages. Figure 5.1 represents the three types of cavities forming structure I and
structure II (ordered by increasing cavity size), namely the pentagonal dodecahedron
(noted 512), the tetrakaidecahedron formed by 12 pentagons and two hexagons (51262)
and the hexakaidecahedron formed by 12 pentagons and four hexagons (51264). Their
average cavity radius is 3.91–3.95, 4.33 and 4.73 Å. The pentagonal dodecahedron is
slightly smaller in sII compared to sI.

Table 5.1 reports the main characteristics of the clathrate structures I and II. Both
structures have a cubic crystal system and large unit cell dimensions (∼12 Å for sI and
∼17.3 Å for sII). The unit cell of sI contains two small 512 water cages and six large 51262

cages. The unit cell of sII contains 16 small 512 water cages and eight large 51264 cages
(Table 5.1). Of course cavity radii and unit cell dimensions will vary with temperature,
pressure, and guest composition.

There is yet a third clathrate structure that is worth mentioning here. Structure H has
the space group P6/mmm and consists of small 512, medium 435663 and very large 51268

cages. The guest molecules occupying the large icosahedral (51268) cages have diameters
between 7.5 and 8.6 Å, such as adamantane and methylcyclohexane [48]. Clathrate sH
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Chapter 5. Guest dynamics in methane hydrates under high pressure

Table 5.1: Structural details for clathrate crystal structures I and II (values after ref [1]).
Clathrate structure I Clathrate structure II

Crystal system Cubic Cubic
Space group Pm3̄n (No. 223) Fd3̄m (No. 227)

Approx. lattice parameter (Å) 12 17.3
No. of water molecules per unit cell 46 136

Cavities Small Large Small Large
Geometry 512 51262 512 51264

No. of cavities per unit cell 2 6 16 8
Average cavity radius (Å) 3.95 4.33 3.91 4.73

is not stable with empty small and medium cages and therefore normally requires the
enclosure of both small and large guest molecules.

As a general rule, guest molecules with a van der Waals diameter comprised between
4.3 and 6.0 Å (e.g. methane and carbon dioxide) prefer to form structure I while guest
molecules with diameters above 6.0 Å (e.g. propane and isobutene) or below 4.3 Å (e.g.
H2, N2, and O2) prefer to form structure II. Very large guests stabilize sII by occupying
the large 51264 cages exclusively while very small molecules also stabilize sII because sII
has a higher proportion of small cages than sI and because the large 51264 cages can
accommodate multiple small molecules [1].

In practice, despite those general rules many medium-sized guests can stabilize both
structure I and structure II and the formed structure (or structures) depend on the
conditions of formation, and results from a non-trivial interplay between thermodynamics
and kinetic factors. For example, CO and N2 clathrate hydrates have been observed
to initially crystallize into sI and then gradually transform into sII over days or weeks
[37, 38, 39]. CO2 is a sI-former; however, transient formation of a type II-like structure was
observed in the initial stages of its formation [40]. Hydrates of cyclopropane forms either
clathrate structure I or II depending on temperature [45] and hydrate of trimethylene
oxide forms either structure I or II depending on the water-to-gas molar ratio in the
sample [47].

The scenario is even more complicated when considering binary hydrates. For example,
simple CH4 clathrate normally forms sI but adding only 1% of C3H8 induces transfor-
mation into sII, as reported in ref [1] (page 77). While simple CH4 and simple C2H6
clathrate hydrates both form sI, the binary CH4–C2H6 hydrate may form sII for certain
gas compositions [46, 49].

In our experiments we focused on the metastability of sII in simple methane clathrate
hydrate. Similarly to the case of carbon dioxide, cages characteristic of sII have been
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5.2. Guest dynamics in methane clathrate hydrates

transiently detected in the initial stages of the formation of CH4 hydrates, both in
experiments [41, 42] and simulations [43, 44]. This suggests that sII is kinetically
favored while the sI phase is thermodynamically stable and seems to be related to the
observation that small cages are easier to form in the initial stages of clathrate formation,
as evidenced in two NMR works [50, 51]. Somehow surprisingly, in methane hydrates at
room temperature and pressures up to 0.6 GPa, sII has been reported to persistently
coexist with sI [52, 53, 54].

Because of the relevance of structural metastabilities in clathrate hydrate science, it is
of great interest to investigate the diffusion of methane molecules during coexistence
between clathrate sI and sII. We addressed this investigation by means of quasielastic
neutron scattering (QENS) experiments [33]. QENS is a well-suited technique for
studying dynamics of hydrogenated molecules because of the very large incoherent
neutron scattering cross section of the proton but requires relatively long acquisition
times ranging from minutes to hours. Therefore our measurements were performed at 0.8
GPa in order to exploit the exceptional persistence of sII in methane hydrates under high
pressure. No information on the guest diffusion at the interface of clathrate structures in
general is available in literature.

The issue of guest inter-cage (cage-to-cage) diffusion through bulk methane clathrate sI
hydrate has been first addressed in an indirect way in ref [20] using neutron diffraction
data and later in ref [55] using molecular dynamics simulations; both works found very
small translational diffusion coefficients of the order of 10-11–10-12 cm2 s-1 at 250 K.
Recently, a molecular dynamics simulation study [56] focused on the methane diffusion at
grain boundary-like structures of defective clathrates and reported diffusion coefficients
in the nanosecond time scale, namely 3–4 orders of magnitude faster compared to the
diffusion in the bulk. Those values remain much smaller (by four orders of magnitude)
than the diffusion coefficient of free methane [57], though. Similarly, a simulation study
[58] found a remarkable enhancement of the inter-cage diffusion coefficient of carbon
dioxide in bulk clathrate sI by two and four orders of magnitude after introducing few
water vacancy defects and a 3% change in cage occupancy, respectively. Here we show
that the (extra-cage) diffusion coefficient of methane at the interface of clathrate sI and
sII at 0.8 GPa is in the picosecond time scale, namely 7–8 orders of magnitude higher
than those reported in literature for inter-cage diffusion through bulk clathrate sI and
even a factor of 2–3 faster than that expected for bulk free methane at the same pressure.

QENS probes diffusive motion by looking at the quasielastic neutron scattering associated
with dynamical processes occurring with a distribution of energies. By definition the
QENS signal is always centered in zero energy transfer, as shown schematically in the
spectrum of Figure 5.2. The momentum transfer dependence of the quasielastic signal
provides information about the type of motion, which can be rotation, simple translation,
jump translation, confined translation, etc... . Depending on the used instrument, QENS
probes a typical range of timescales (for example 1–10 picoseconds on the instruments
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Chapter 5. Guest dynamics in methane hydrates under high pressure

Figure 5.2: Schematic example of a neutron scattering spectrum including elastic line,
quasielastic signal, inelastic Stokes and anti-Stokes peaks.

IN5 and IN6 at the ILL); the lower limit of which is set by the energy resolution, the
upper limit by the accessible energy transfer range. Sample dynamics which is slower
than the probed timescales will simply contribute to the elastic line and sample dynamics
which is faster than the probed timescales will essentially give rise to a flat background.

Our experiments were performed at the neutron spectrometer IN6 at the ILL. A Paris-
Edinburgh cell was employed to generate high pressure. Methane hydrate samples were
prepared following the procedure described in chapter 2 and their quality was checked
by x-ray diffraction. To highlight the signal from the CH4 molecules, samples were
prepared from deuterated water. All starting samples were in the form of clathrate
structure I and were loaded at liquid nitrogen temperature into the loading clamp of
the Paris-Edinburgh cell as explained in section 3.2. The samples were compressed at
cold to pressures of 0.4–1.0 GPa and the loaded clamps were finally warmed up to room
temperature out of the beam. Three different loadings were performed and different
behaviors were observed depending on the reached pressure: after being warmed up to
room temperature the sample compressed to (0.4±0.1) GPa was still in pure structure I,
the sample compressed to (0.8±0.1) GPa was found to contain a mixture of sI and sII,
and the sample compressed to (1.0±0.1) GPa was found to contain a mixture of sI and
sH.

Spectra of the clathrate sI sample show no quasielastic signal, as expected (inter-cage
methane diffusion is so slow that the corresponding quasielastic signal cannot be observed)
and spectra of clathrate sI–sH sample show an extremely weak quasielastic signal. Spectra
of the clathrate sI–sII sample show a clear quasielastic signal, whose analysis indicates that
the observed methane diffusion process is a random-jump translational diffusion taking
place at grain boundaries. From the intensity of the quasielastic signal we evaluated that
the observed diffusion process involves about one third of the methane molecules in the
sample. The rotational contribution of methane molecules is expected to be very fast
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5.2. Guest dynamics in methane clathrate hydrates

[59] and to give rise to a flat background in our spectra.

High-pressure QENS measurements of the sample showing coexistence of sI and sII were
performed at different temperatures between 212 and 282 K at the constant pressure of
0.8 GPa. The measurements of this sample took about 21 hours and during this time no
destabilization of the clathrate structures was observed in the IN6 diffraction pattern of
the sample. No significant change in the intensity of the quasielastic signal was observed
neither.

These results have been published in October 2017 in the journal Nature Communications
in an article entitled “Fast methane diffusion at the interface of two clathrate structures”
and authored by Umbertoluca Ranieri, Michael Marek Koza, Werner F. Kuhs, Stefan
Klotz, Andrzej Falenty, Philippe Gillet, and Livia E. Bove. The article is attached
in the following pages and followed by its Supporting Information file. The DOI is
10.1038/s41467-017-01167-2. Author contributions are given at the end of the article.

Finally, it should be mentioned that quasielastic neutron scattering experiments under
pressures in the GPa range are not routine work. First experiments of this type have
been performed on liquid water by our group short before the beginning of this thesis
project and reported in 2013 in refs [60, 61] and during this thesis project as reported in
2016 in ref [62].

5.2.2 Article: “Fast methane diffusion at the interface of two clathrate
structures”
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Gas clathrate hydrates are a general class of compounds
composed of water (hosts) molecules and gas (guests)
atoms or molecules1. Among them, clathrate hydrates

of methane are probably the most extensively studied. The
natural occurrence of methane hydrate-containing sediments
in permafrost areas and ocean shelves, the risk due to their
formation in oil and gas pipelines, as well as their potential
application as gas transportation media in soft conditions
(i.e., close to atmospheric pressure and room temperature)
explain the wide interest shown for these materials1, 2. Exchan-
ging the guests in natural gas hydrate deposits with CO2 has been
suggested as a two-in-one approach of energy recovery and
concomitant CO2 mitigation3. As they are believed to be the
dominant methane-bearing phase in the nebula from which the
outer planets and satellites are formed, the properties of methane
hydrates are also crucial to models of bodies in the outer solar
system4. From a physical−chemical point of view, methane
hydrates represent prototypical examples of hydrates of hydro-
phobic guests: the combination of low temperature, high pressure,
a weak gas–water interaction between the guest molecules and the
host lattice, and the relatively strong hydrogen bonds between
host molecules allow for the formation of open crystalline water
networks encaging CH4 molecules. The topology of the water
cages and the number of gas molecules trapped in these cages
critically depend on the specific thermodynamic conditions of
formation of the clathrate hydrate and on its formation
kinetics1, 5.

The most common structures formed by clathrate hydrates at
relatively moderate pressures are the clathrate structures I and II
(noted sI and sII). The unit cell of clathrate sI (space group
Pm‾3n) contains two small dodecahedral (512) water cages and six
bigger tetrakaidecahedral (51262) cages. The unit cell of sII (space
group Fd‾3m) contains 16 512 cages and eight large hexadecahe-
dral (51264) cages1 (Fig. 1). It is well accepted that methane
hydrates preferentially crystallise into sI1. However, cages char-
acteristic of sII have been transiently detected in the initial stages
of the formation of methane hydrates in both experiments6, 7 and
simulations8–12. This is not surprising since (i) the difference in
free energy between sI and sII is small13 and (ii) appearance of
metastable polymorphs or transient non-equilibrium states is
commonly observed during nucleation of hydrates5, 13–16. It is
noteworthy that sI and sII are topologically incompatible without

the intercalation of pentakaidecahedral (51263) cages;8 the inter-
play between kinetic factors and thermodynamic stability during
sI–sII cross-nucleation has been discussed in details17. In
methane hydrates at room temperature and pressures up to
0.6 GPa, sII has been reported to persistently coexist with sI18–20.
Therefore, the resulting coexistence of structures in high-pressure
samples can be seen as a frozen form on laboratory timescales of
the metastable sI–sII polymorphs usually encountered during
nucleation of methane hydrates.
Low-temperature translational and rotational excitations, as

well as cage-to-cage hopping of CH4 molecules trapped in
clathrate sI were previously investigated at ambient and
low pressures21–24. However, no information is available on
the extra-cage diffusivity of the guest molecules in methane
hydrates; this information could be highly relevant for the
modelling of the subcrustal layers of methane clathrates embed-
ded in the cryosphere of icy planets and large icy satellites25, 26.
Recently, a study based on molecular dynamics simulations
reported diffusion coefficient values in the nanosecond time scale
for methane diffusion at grain boundary-like structures of
defective clathrates27.

In this work, we probe the microscopic diffusion of methane in
a methane hydrate (CH4–D2O) sample exhibiting coexistence of
clathrate sI and sII by quasielastic neutron scattering (QENS)
measurements. Coexistence of structures is promoted by applying
high pressure. QENS is a well-suited technique to study dynamics
on the picosecond time and Å length scales28. Spectra of the
sI–sII clathrate show a clear quasielastic signal whose analysis
reveals a very fast extra-cage translational diffusion of methane
molecules on the picosecond time scale. For comparison, we also
measure methane hydrates in pure sI clathrate, in pure hexagonal
clathrate structure H (space group P6/mmm)26 and during
transformation from sI to structure H (noted sH); the spectra of
sI and sH do not exhibit any visible quasielastic signal, and the
spectra of sI–sH show a very weak signal, orders of magnitude
smaller than the signal from sI−sII.

Results
QENS experiments and elastic scattering. The experiments were
performed at the time-of-flight spectrometer IN6 at the Institut
Laue-Langevin in Grenoble (France) using a Paris-Edinburgh
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press and recently developed ceramics anvils29. The wavelength of
the incoming neutrons was 5.12 Å, resulting in an instrumental
resolution of 0.08 meV. This corresponds to an observation
time of ~8 ps. The sample exhibiting coexistence of clathrate sI
and sII was prepared according to the following procedure: we
compressed methane hydrate (originally in sI) to 0.8 GPa at
liquid nitrogen temperature and then warmed it up to 282 K. The
neutron powder diffraction pattern of the sample at 0.8 GPa and

282 K is presented in red in Fig. 1. It indicates that the sample
contained about half as much sII than sI, on the basis of peak
heights. The pattern was obtained directly on IN6 by comparing
the intensities of the elastic peaks, at each scattering angle,
with those measured on a vanadium standard which gives
isotropic elastic scattering. All the Bragg peaks of the sample
can be indexed within the space groups of sI and sII. Figure 1 also
depicts the diffraction pattern of pure sI clathrate. The diffraction
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patterns of pure sH clathrate and of the sample transforming
from sI to sH are presented in Supplementary Fig. 1. We recorded
QENS spectra of the sI–sII clathrate at the constant temperature
T of 282 K and pressure of 0.8 GPa during 6 h. The amount of sII
was constant during this time. Then we continuously decreased
the temperature to 200 K over 15 h to characterize the T depen-
dence of the probed diffusion at 0.8 GPa. Spectra measured
between 282 and 200 K were merged into three groups of 5 h of
acquisition time each, corresponding to the following average
temperature values: 267, 238 and 212 K. Upon cooling down, the
relative amount of sI and sII remained approximately constant.
The diffraction patterns recorded at 267, 238 and 212 K are
reported in Supplementary Fig. 2. More details about the
experiments are given in the Methods section.

Fitting of the QENS spectra. Figure 2 depicts typical QENS
spectra of the methane hydrate sample exhibiting coexistence of
clathrate sI and sII at 0.8 GPa. Examples of spectra of methane
hydrate in pure sI clathrate, in pure sH clathrate and in the sI–sH
clathrate are shown in Supplementary Fig. 3. Spectra in Fig. 2
show a clear quasielastic signal, i.e., a broadening of the elastic
line produced by interactions of the neutrons with diffusing
atoms of the sample. Since the incoherent cross-section of
hydrogen is almost two orders of magnitude larger than that of
other atoms, the measured signal is essentially due to the
dynamics of protons in the guest molecules30, 31. We first applied
the most common model used to fit quasielastic data, i.e., a
Lorentzian function (whose half-width-half-maximum is noted
Γ). A delta function was used to fit the elastic line of the
spectra, which is due to the contribution of the water network and
of the slowly-diffusing or non-diffusing methane molecules
trapped in the clathrate structures. Total best fits to the experi-
mental data are presented in Fig. 2 and can be seen to accurately
describe the spectra. Based on the integrated areas of the qua-
sielastic and elastic lines (after subtraction of the empty cell
measurement), we roughly estimate that about one third of the
methane molecules in the sample contribute to the fitted qua-
sielastic signal, at each investigated T. More details on this esti-
mation are given in Supplementary Note 1. Since cage
occupancies in the newly formed sII clathrate might be lower
compared to the starting sI clathrate hydrate, part of the methane
molecules in the starting sI clathrate could indeed have been
released from the starting sI hydrate into the grain boundary
network during transformation from sI to sII and would be
available to perform extra-cage translational diffusion. However,
a minimum level of occupancies is required to ensure stability of
sII and one can estimate that no more than 10% of the methane
in the sample could have been released without destabilization of
the water matrix. The existence of a fraction of fast diffusing
methane molecules as high as one third strongly suggests that an
appreciable fraction of water molecules in the sample are in a
disordered state. Such disordered regions would form at the front
line of the transformation between clathrate sI and sII, and their
sizes are most likely far below the typical size of the crystallites
(that is a few micrometres32). This point is further discussed in
Supplementary Note 2. Moreover, the absence of a prominent
quasielastic signal in the spectra of the sI–sH methane clathrate
hydrate highlights the very particular nature of the interfaces
between coexisting sI and sII, compared to the temperature-
induced or pressure-induced structural transition taking place at
high driving forces between two stable forms of methane hydrates
such as sI and sH. The micro-structural properties of sI and sII
coexisting assemblies certainly deserve to be further investigated.

Momentum transfer Q dependence of the QENS signal. Figure 3
depicts the parameter Γ as a function of Q2. The Q dependence of

Γ provides information about the characteristic time and nature of
the probed motion. The monotonic increase of Γ rules out that the
measured quasielastic signal is due to a localised (rotational)
dynamics of methane, which would be indicated by a Q-inde-
pendent Γ. Instead, it clearly highlights that a translational
diffusion process is at the origin of the signal28. It must be also
noted that the rotational quasielastic contribution of methane
molecules trapped in clathrate sI is very large (half width above
5 meV) at 150 K22 and thus only contributes to the background of
the spectra here. Similar rotational behaviour can be reasonably
expected for CH4 molecules in a clathrate sII, as no indication of
inequivalent environments for the guest molecule emerged from
the low-temperature rotational spectra of sI methane clathrate23

(although methane occupies the two types of cages of sI). As can
be seen in Fig. 3, Γ extrapolates to 0 for Q→ 0. Hence, the
measured quasielastic signal is not associated with an intra-cage
diffusive motion of CH4 molecules, since for a particle restricted to
move in a confined geometry Γ shows30, 31 a plateau at small Q.
For example, for a particle moving within a sphere of radius R, Γ
shows33 a plateau for Q< π/R. The Q dependence of Γ is best
approximated within the random jump diffusion model of Singwi
and Sjolander by:

Γ Qð Þ ¼ �hDQ2

1þ DQ2τ
; ð1Þ

with D representing the isotropic translational diffusion
coefficient and τ the mean residence time between jumps28. The
corresponding formula for a continuous free translational
diffusion process would be Γ(Q)= ħDQ2. Fits of Γ(Q2) according
to Eq. (1) are presented in Fig. 3; the values obtained for D and
τ are reported in green in Fig. 4. The translational diffusion
coefficient turns out to be of the order of 10−4 cm2 s−1 and its
temperature dependence is rather weak (25% over the investigated
T range). An Arrhenius fit of D provides an activation energy of
0.48± 0.11 kcal mol−1. This value is small compared to the acti-
vation energies reported in literature for the cage-to-cage hopping
of CH4 in sI clathrates (for example, 12.4 kcal mol−1 in ref. 21) and
points at van der Waals interactions as main rate-limiting inter-
actions for the observed methane diffusion. The parameter τ is a
fraction of picosecond and does not show any temperature
dependence within the error bars over the investigated T range.

2D diffusion model. The choice of a Lorentzian fit function for
the quasielastic signal implicitly assumes that the probed motion
is three-dimensional (3D)28. An other possibility is that the
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methane diffuses essentially bi-dimensionally on the length scale
probed by the instrument, if the grain boundary network or the
intercalated disordered regions between crystals of sI and sII
are sufficiently thin. In such a case the fit function for the
quasielastic signal is no longer Lorentzian and has a logarithmic
singularity at ω= 034 (see Supplementary Note 3 for its expres-
sion). Nevertheless, the singularity is suppressed by the
convolution with the instrumental resolution and the convoluted
fit function differs from the convoluted Lorentzian only near
ω= 0 where it is more peaked35. The inset of Fig. 2 depicts an
example of fit using this 2D diffusion fit function and compares it
to the Lorentzian fit of the same QENS spectrum. The two fits are
actually indistinguishable outside the instrumental resolution-
dominated region close to ω= 0 and this is true for all other
measured spectra. Therefore it is not possible to unequivocally
establish if bulk or planar diffusion is taking place. The values for
the translational diffusion coefficient and the mean residence time
obtained in the 2D diffusion model are reported in blue in Fig. 4.
The activation energy (0.57± 0.12 kcal mol−1) is comparable to
that obtained in the 3D diffusion model. More details about the
data analysis are given in the Methods section.

Discussion
The methane diffusion probed in the present study is much faster
than that reported in the literature for the cage-to-cage hopping of
CH4 molecules through clathrate sI. Cage-to-cage hopping is a rare
event that requires distortion of the host network36 and the asso-
ciated diffusion coefficient is of the order of 10−11 to 10−12 cm2 s−1

at 250 K, as revealed by experimental21 and computational24 stu-
dies. Similar conclusions have been reported for the cage-to-cage
hopping of other guest molecules37, 38, including molecules
forming clathrate sII37. It is also interesting to compare the present
results to the translational diffusion coefficients of CH4 in bulk
water–methane mixtures and bulk pure methane. At 0.02 GPa and
273K, the diffusion coefficient of methane in water was found to be
0.16 × 10−4 cm2 s−1, i.e., an order of magnitude smaller than
those measured here39. This value was obtained for the
moderate methane-saturated concentration that is possible at low
pressures39. In pure methane the experimental diffusion coefficient
is 2.08 × 10−4 cm2 s−1 at 0.164 GPa and 298K40. Its temperature
dependence is rather strong, with an activation energy of ~1.0 kcal
mol−1 between 223 and 323K at 0.15GPa. The diffusion coefficient
at 0.8 GPa can be estimated based on the assumption that its
product with the shear viscosity is constant along isotherms
(Stokes–Einstein relation). The pressure dependence of the
viscosity in methane at 298 K is known41 and one gets a value of
0.5 × 10−4 cm2 s−1 at 0.8 GPa and 298 K. This value is reported in

Fig. 4 and is a factor of 2–3 smaller than our results extrapolated at
the same T. Based on the same assumption, it is possible to estimate
that pure methane at about 0.2–0.3 GPa should show a diffusion
coefficient comparable to that measured here.
To summarise, we observed a remarkably fast mobility

of methane molecules at the interface of two clathrate structures
(I and II) and measured the associated translational diffusion
coefficient D at 0.8 GPa and temperatures between 212 and 282 K.
The obtained coefficients are 7–8 orders of magnitude higher than
those reported in literature for cage-to-cage hopping of methane
through clathrate sI at low pressure, one order of magnitude
higher than that of methane dissolved in water at low pressure
and a factor of 2–3 higher than that expected for pure bulk
supercritical methane at comparable pressure and temperature.
The activation energy (of about 0.5 kcal mol−1) is a factor of two
smaller than that of pure methane at 0.15 GPa and more than one
order of magnitude smaller than that of the hydrogen bond in the
water network and of the cage-to-cage hopping process as
reported in literature21. This fast mobility involves a sizable
fraction of the methane in the sample (approximately one third, as
rough estimation), does not induce destabilization of the clathrate
structures and is probably observable for times much longer than
the duration of our experiment (~21 h).
We infer that the rapidity of the methane diffusion probed

here could be an effect of confinement in the extensive grain
boundary network32 or intercalated disordered regions between
crystals of clathrate sI and sII. Similar behaviour was already
reported in literature. For example, the diffusivity of CH4 is only
4 × 10−11 cm2 s−1 in zeolite 4A42, ~10−4 cm2 s−1 in silicalite43 and
is predicted to be of the same order of magnitude as that of the
gas phase (10−1 cm2 s−1) in infinitely long single-walled carbon
nanotubes44. Alternatively, the observed fast diffusion could also
well be explained by the spontaneous formation of micro-scale to
nano-scale gas bubbles from a supersaturated water–methane
mixture. Micro-nanobubbles formation was suggested to occur
after decomposition of hydrates in different works45–47. The
diffusion properties of methane inside these bubbles can be
considerably different from the bulk fluid and a first study of
CH4-mobility in nanobubbles suggested indeed an enhanced
diffusion48. Further investigation including large-scale molecular
dynamics simulations of the guest diffusivity at the structures
interface are needed to shed light on these points.
In the context of energy recovery from natural gas hydrate

deposits with CO2 injections, gas replacement rates are key
parameters to assess its technological viability. Earlier experi-
mental evidences underlined greatly enhanced replacement rates
during sI–sII conversion49, 50 in comparison to the case of iso-
structural sI–sI replacement51. If extended to moderate pressures,
our results might provide an explanation for that. Likewise, our
results should be taken into account in the modelling of methane
clathrates layers existing at depth in the interiors of large icy
bodies in both solar and extra-solar systems25, 26, for which the
steady-states depend on the diffusion timescales as compared to
the formation and dissociation rates. As an example, the observed
fast mobility of methane could be relevant to understand the
phenomenon of methane release into the atmosphere of Titan,
which is likely to originate from methane clathrates embedded in
its crust and mantle25, 26.

Methods
Sample production. The procedure followed to prepare the CH4–D2O methane
hydrate sample was described in refs. 21, 52. It basically consists in keeping D2O ice
under an atmosphere of 6 MPa of CH4 gas at a temperature close to the melting
during 4 weeks. The starting deuterated ice was a powder of ice Ih of spherical
shape (typical diameter of several tens of micrometres21) previously produced by a
shock-freezing method through spraying liquid D2O (99.9% deuterated) into liquid
nitrogen. The spraying was done in a glove box under dry nitrogen atmosphere to
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avoid contamination with atmospheric water. The quality of the prepared methane
hydrate sample was checked by X-ray diffraction. We found that the sample was in
clathrate sI with a negligible amount of water ice impurity (below 2%). The size of
the crystallites is typically a few micrometres32. Typical methane occupation is 86%
for the small cages and 99% for the large cages52.

Experimental details. The QENS experiments were carried out using the VX5
Paris-Edinburgh press. The procedure of loading the methane hydrate sample in
the clamp module53 of the press was done under liquid nitrogen. The sample was
first compacted to a spherical pellet (of ~40 mm3) using a dedicated press operating
under liquid nitrogen. The pellet was subsequently loaded into a precooled type-25
copper-beryllium encapsulating gasket and the sample-gasket assembly was placed
in an aluminium ring between precooled ceramics anvils. We used recently
developed zirconia-toughened alumina ceramics anvils which are highly trans-
parent to neutrons. Their performances are described in ref. 29.

To prepare the sample exhibiting coexistence of clathrate sI and sII, the gasket
was sealed by applying a load of 100 kN on the anvils under liquid nitrogen. This
corresponds to a pressure of about (0.8± 0.1) GPa in the sample, on the basis of
our calibration of the used anvils. The assembled clamp was then warmed up from
liquid nitrogen temperature to room temperature out of the beam before insertion
(~12 h later) in the Paris-Edinburgh press. During the experiment, temperature
was decreased by cooling down the whole Paris-Edinburgh press in a liquid
nitrogen cryostat. It is known that the cooling of samples in such a pressure cell is
approximately isochoric and this leads to a small pressure drop (typically below 5%
for a change in temperature between 282 and 200 K). The measured Bragg peaks
did not shift with temperature within the angular resolution of the instrument.

During a different sample loading, the gasket was sealed by applying a smaller
load (50 kN), corresponding to a sample pressure of 0.4 GPa. After being warmed
up to 290 K, this sample was still in pure structure I (see Fig. 1 for the diffraction
pattern). We compressed this sample isothermally at 290 K and observed
transformation to clathrate sH, in agreement with previous studies20, 26.

During another sample loading, the gasket was sealed by applying a higher load
(120 kN), corresponding to a sample pressure of 1.0 GPa. After being warmed up to
295 K, this sample was found to contain a mixture of structure I and structure H.
The relative amount of structure H was found to slowly increase over time and the
transformation was completed within ~12 h.

The instrumental energy resolution was estimated by measuring a sphere of
vanadium of the same size as the sample, which was loaded into the gasket and the
Paris-Edinburgh press in the same set-up as the sample at ambient pressure and
ambient temperature.

Data analysis details. The scattering angles 2θ covered by the detectors of IN6
are in the range 10°−115°. Spectra measured by several detectors were grouped
together into constant-Q spectra with 0.2 Å−1 steps, from 0.4 to 1.8 Å−1. For the
data analysis, we did not consider the two highest Q values (1.6 and 1.8 Å−1) for
which competition of the quasielastic signal with the flat background gives rise to
large uncertainties for the free-fitting parameters. Six free-fitting parameters were
used in the data fitting with the 3D diffusion model: intensities and half-width-
half-maximum of the Lorentzian and delta functions, flat background and zero-
shift of the energy-transfer axis. Six free-fitting parameters were used as well in the
data fitting with the 2D diffusion model, D2D(Q) substituting the half-width-half-
maximum of the Lorentzian. Stokes/anti-Stokes detailed balance and convolution
with the instrumental energy resolution function were taken into account. Multiple
scattering contribution to the spectra was neglected as the estimated sample
transmission is about 89% of the incident beam.

Data availability. Raw data were generated at the Institut Laue-Langevin large-
scale facility. Derived data supporting the findings of this study are available from
the corresponding authors upon request.
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Supplementary Figure 1. Powder diffraction patterns of methane hydrate in pure clathrate sH at

1.4 GPa and 290 K and in the clathrate sI–sH at 1.0 GPa and 295 K. Breaks correspond to noisy

detectors and to the strong Bragg peak of alumina in the anvils at 95◦. The positions of the Bragg

peaks for sI (cell parameter of 11.7 Å) and for sH (cell parameters of 11.7911 and 9.921 Å) are

reported.
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Supplementary Figure 2. Powder diffraction patterns of methane hydrate in the clathrate sI–sII at

0.8 GPa and the investigated temperatures. Breaks correspond to noisy detectors and to the strong

Bragg peak of alumina in the anvils at 95◦. The pattern at 282 K is also presented in Fig.1 of the

main text.
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Supplementary Figure 3. Examples of QENS spectra of methane hydrate at 1.0 Å-1 in pure

structure I (at 0.4 GPa and 290 K), in pure structure H (1.4 GPa and 290 K), in the clathrate sI–sH

(1.0 GPa and 295 K) and in the clathrate sI–sII (0.8 GPa and 282 K). Error bars were calculated

by the square root of absolute neutron count combined with the law of propagation of errors. The

instrumental resolution function is also shown.
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Supplementary Note 1: Estimating the Population of Diffusing Extra-Cage Methane

We roughly estimated the population of methane molecules that is contributing to the quasielastic

signal, based on the integrated areas of the quasielastic and elastic lines of the spectra. At 282 K,

the ratio between the areas of the quasielastic and elastic components at 0.8 and 1.0 Å-1, where

no Bragg peaks are expected, is 0.4 with the 3D diffusion model and 0.45 with the 2D diffusion

model. The relative temperature changes of those ratios are less than 10%.

The assumptions we used for this estimation are: i) the contribution from diffusing methane

is completely comprised in the quasielastic component of the spectra, ii) the contribution from

methane trapped in the clathrate is completely comprised in the elastic component of the spectra,

iii) the contribution from methane is weighted by the total scattering cross section of CH4, iv) the

contribution from water is completely comprised in the elastic component of the spectra, v) the

contribution from water is weighted by the total scattering cross section of D2O and vi) there are

6 water molecules per methane molecule in the sample. Assumption iii does not consider that the

rotational contribution to the spectra is in fact comprised in the flat background for methane of both

populations; nevertheless, the rotational contribution is almost an order of magnitude less intense

than the translational contribution at 0.8-1.0 Å-1.

If we assume that for a cystalline matrix the D2O coherent cross section does not contribute

to the elastic component of the spectra, the result of the estimation is lowered by 15%. In the

scenario of a partial decomposition of the water clathrate structure, the result of the estimation is

lowered by 25% at most.
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Supplementary Note 2: Estimating the Origin of the Diffusing Extra-Cage Methane

Let us first assume that no sI methane hydrate decomposes. In the starting sI clathrate hydrate

cage occupancies are typically 86% for the small cages and 99% for the large cages. If similar

occupancies are maintained in the sI hydrate and also characterise the sII hydrate of the sI-sII

clathrate sample, then almost no methane can be released during transformation from sI to sII.

However, if occupancies in sI are maintained but the cages of the sII hydrate contain a lower

amount of methane, a significant fraction of methane could be released during the transformation.

For example, one can calculate that approximately 10% of the methane in the sample is released

if cage occupancies in sII are as low as 65% for the small cages and 85% for the large cages

(based on the estimated composition of the sI-sII sample in terms of sI and sII, that is 2/3 and 1/3

respectively).

On the other hand, part of the diffusing extra-cage methane must originate from partial de-

composition of the clathrate structure. Though the starting sI methane clathrate hydrate sample is

in a stable and equilibrated phase, where all water molecules are part of the crystalline structure and

all methane molecules are trapped in the cages of the structure, the compressed sample shows co-

existence of stable structure I and metastable structure II and such coexistence in near equilibrium

is likely characterised by a continuous dynamical rearrangement of water and methane molecules

at phase boundaries. During the sI and sII coexistence, the two structures have been suggested to

develop intercalated micrometer-sized thin layers1 and disordered regions where methane is able

to diffuse would form in between them. It must be noted that the liquid-like contribution of such
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disordered regions to the diffraction patterns would be hardly detectable compared to a bulk amor-

phous or liquid. The previous estimation of a fraction of one third for the diffusing extra-cage

methane suggests that a fraction of approximately 20-25% of the water molecules in the sample

could belong to these disordered regions between clathrate sI and sII.
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Supplementary Note 3: 2D Diffusion Model

For a particle restricted to move along a single plane, the scattering law is a Lorentzian whose

half-width-half-maximum is D2D(Q)(Q sin θ)2, where D2D(Q) is the Q-dependent 2D transla-

tional diffusion coefficient and θ is the angle between the vector
−→
Q and the normal to the plane2, 3.

Then, for a polycrystalline sample where a large number of planes are oriented randomly the ex-

perimentally observed scattering law < S2D(Q,ω) >orient. is the isotropic orientational average:

< S2D(Q,ω) >orient.=
1

2

∫ π

0

1

π

D2D(Q)(Q sin θ)2

[D2D(Q)(Q sin θ)2]2 + ω2
sin θdθ. (1)

The integral can be calculated analytically and gives the following expression2, 3:

< S2D(Q,ω) >orient.=
1

8πk3D2D(Q)Q2
×
[
1 + k2

cosα/2
ln

1 + 2k cosα/2 + k2

1− 2k cosα/2 + k2
+

2(1− k2)

sinα/2
arctg

2k sinα/2

k2 − 1

]
,

(2)

where

k =

[
1 +

(
ω

D2D(Q)Q2

)2
]1/4

,

cosα =

[
1 +

(
ω

D2D(Q)Q2

)2
]−1/2

,

sinα/2 =

[
1− cosα

2

]1/2
,

cosα/2 =

[
1 + cosα

2

]1/2
.

In our 2D diffusion data analysis, the expression for < S2D(Q,ω) >orient. given in equation (2)

substituted the simple Lorentzian scattering law used in the 3D diffusion data analysis. Supple-

mentary Fig. 4 depicts h̄D2D(Q)Q2 as a function of Q2 and is the 2D-analogous of Fig. 3 of the
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main text. By analogy with the Singwi–Sjolander random jump diffusion model applied to normal

3D liquids, the coefficient D2D(Q) was fitted by D2D(Q) = D2D/(1 +D2DQ
2τ2D), with D2D the

2D translational diffusion coefficient and τ2D the mean time between jumps2.
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ÅÅ

Supplementary Figure 4. h̄D2D(Q)Q2 as a function of Q2 at 0.8 GPa and the investigated tem-

peratures as obtained from the 2D diffusion fits. Error bars correspond to one standard devia-

tion. The best fits to the data according to a Singwi–Sjolander random jump diffusion model

[D2D(Q) = D2D/(1 +D2DQ
2τ2D)] are shown as dashed lines. The values obtained for D2D and

τ2D are reported in Fig. 4 of the main text.
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5.2. Guest dynamics in methane clathrate hydrates

5.2.3 Next future steps

We have reported the first observation of fast translational diffusion of methane molecules
at the interface of the clathrate structures I and II. The precise microscopic origin of
this phenomenon is not clear. We could imagine that the observed fast mobility is an
effect of confinement or of gas bubbles formation at the interface of the two structures.
To shed light on this point, it could be useful to repeat the QENS measurements on a
CD4–H2O methane hydrate sample to check the existence of water molecules diffusion on
the picosecond timescale. It could be also useful to perform the QENS measurement of a
melted CH4–D2O methane hydrate sample at 0.8 GPa and a temperature just above the
melting (∼325 K from ref [63]). This would provide the methane diffusion coefficient in
the resulting supersaturated liquid water–methane mixture, as methane cannot escape
from the sample chamber of the Paris-Edinburgh press.

Large-scale molecular dynamics simulations could also help elucidating our unexpected
results. In the last few years there have been a growing interest for the investigation
of inter-cage diffusion of different guest molecules through bulk clathrate hydrates by
simulations [56, 58, 64, 65, 66, 67, 68, 69, 70] and we hope that our study will motivate
the development of simulations accessing the guest diffusivity at the structures interface.
Those simulations should be performed on a large length scale including thousands of
molecules, so possibly using a coarse-graining approach [71].

Future studies might also try to generalize the observation reported here for methane
hydrate at 0.8 GPa and 212–282 K to wider ranges of pressure and temperature. Similarly,
it could be possible to generalize the present observation to the hydrates of other guest
molecules; good candidates should i) have hydrogenated guests molecules and ii) show
persistent coexistence of two structures. Concerning the issue of CH4–CO2 replacement
in natural gas hydrates for CH4 recovery and CO2 sequestration, it might be that our
observation of a fast methane diffusion can be extended to sI–sII samples during CH4–
CO2 gas exchange but this needs to be checked by future targeted QENS studies in the
relevant pressure and temperature ranges.
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Chapter 5. Guest dynamics in methane hydrates under high pressure

5.3 Guest dynamics in methane-filled ice

5.3.1 Introduction

Gas clathrate hydrates have been extensively studied for decades in the relatively low-
pressure regime (below 0.5 GPa) and broad information was obtained on the interaction
between water and the gas molecules, which is undoubtedly one of the key factors that
determines the properties of those systems. Even though a full understanding of the
water–gas interaction in clathrate hydrates is still missing, it is clear that the interaction
between water and guest molecules, which are Van der Waals interactions, are noticeable
but weak in comparison to the interactions between the hydrogen-bonded water molecules.
In other words, the guest molecules are encaged by the host structure with no strong
chemical bonding between hosts and guests molecules. It follows that the guest molecules
are relatively free to rotate and to translate within their cages. The extent of these
motions depend on the size of the guest, on the size of the cage, on the details of the
interaction between the two, and on the number of guests per cage.

A completely different scenario is expected in gas hydrates having high-pressure filled
ice structures. In those structures the hydrogen-bonded water networks are based on
distortions of the networks of known phases of ice and the voids are filled with guests
molecules. The O· · ·C distances are much shorter than in the clathrate structures. The
high-pressure structure formed by methane, krypton, argon, and nitrogen hydrates has
been first observed for methane hydrate in the pioneering works by Loveday et al. [72, 73]
and is generally referred to as structure MH-III.

MH-III is a body-centered orthorhombic structure with space group Imcm (a variation
of the space group Imma, No. 74) and unit cell dimensions of about a=4.7 Å, b=8.1 Å,
and c=7.8 Å at 3 GPa. There are eight water molecules and four methane molecules
in the unit cell, implying a theoretical water-to-methane molar ratio of 2 to 1. The
hydrogen-bonded (most likely proton-disordered) water network of MH-III is related to
ice Ih and has six-membered rings of water molecules that are aligned to form hexagonal
channels running along the c axis, as can be seen in Figure 5.3. Methane molecules are
located along the channels at approximately midway between two adjacent six-membered
rings, but slightly offset from the centers of the channels in a zigzag arrangement along
the c axis.

Differences between MH-III and ice Ih are easy to spot, nevertheless. Ice Ih has six-
membered water rings forming channels along all three directions; those rings are puckered
and the O atoms of each ring alternatively bond in opposite directions to the upper
and bottom adjacent rings along the same channel (Figure 5.3). MH-III presents six-
membered water rings along the c axis only; rings are almost flat but inclined with
respect to the axis c. The O atoms of each six-membered ring of MH-III do not bond
alternatively to the upper and bottom adjacent rings but three consecutive O atoms bond
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5.3. Guest dynamics in methane-filled ice

Figure 5.3: The structures of methane-filled ice Ih (MH-III) and ice Ih in two different
crystallographic planes, reproduced from ref [9]. The oxygen atoms are shown as red
balls and the carbon atoms as black balls. For clarity the hydrogen atoms have been
omitted and oxygen atoms connected along hydrogen bonds.

to the upper adjacent ring and the three other ones bond to the bottom adjacent ring
(Figure 5.3). This distortion compared to ice Ih creates enough space to accommodate
the methane molecules within the structure. It follows that in the bc plane MH-III
presents two types of alternating channels running along the axis a, namely channels
made of large eight-membered water rings which are filled with two non-aligned methane
molecules and empty channels made of small four-membered rings.

In MH-III at 3 GPa the shortest O· · ·C distances are ∼3.3 Å, while these are ∼3.8 Å in
clathrate structure I. The shortest C· · ·C distances are ∼3.8 Å, close to the value found
in solid methane (phase I) at the same pressure. The hydrogen bond lengths are only 1%
longer than in ice Ih but O–O–O angles are very distorted and range between 90◦ and
120◦ [73].

Loveday et al. [73] reported stability of MH-III up to 9 GPa. They also noticed that the
density of MH-III is close to the mean density of a mixture of ice VII and methane I in 2
to 1 proportions and suggested that MH-III might be stable over a wide pressure range
up to several tens of GPa. This prediction was confirmed by Hirai et al. [8], who reported
synchrotron x-ray diffraction data in which no decomposition into free methane and ice
was observed up to the highest investigated pressure of 40 GPa. Later, in a series of
Raman spectroscopy and x-ray diffraction experiments reaching a maximum pressure of
86 GPa [13, 74, 75, 76, 77], the group of Hirai suggested the existence of a transition to a
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Chapter 5. Guest dynamics in methane hydrates under high pressure

different structure occurring at around 40 GPa. The high-pressure structure, which would
survive up to 86 GPa at least, could not be solved [13, 74, 75, 76, 77]. Therefore, high-
pressure methane hydrate offers the fascinating possibility to explore the water–methane
interaction over a wide range of intermolecular distances.

One way to follow the water–methane interaction is to study the dynamics of the methane
molecules with increasing pressure. At 3 GPa methane molecules are expected to be
orientationally disordered [73] but there is no doubt that the methane orientational
disorder must disappear as soon as pressure approaches 20–30 GPa and inter-molecular
distances decrease. The shortest O· · ·C distances are expected to change from 3.3
Å at 3 GPa to less than 3.0 Å at 40–50 GPa [9], based on the experimental lattice
parameters reported in refs [8, 76] and assuming little change in the fractional coordinates.
Orientational ordering of the methane molecules must eventually result into complete
locking-in of the rotations and this could possibly happen along with formation of
hydrogen bonds between water and methane.

Some information exists in the literature concerning the effect of pressure on the guest
dynamics in MH-III but a unified picture is still missing. Hirai et al. [75, 76] observed
a splitting of the methane stretching modes above 15–20 GPa by Raman spectroscopy
and a change in the compressibility of the c axis by x-ray diffraction at 20–25 GPa and
interpreted both changes as evidence of orientational ordering of the methane molecules
in the structure. Klug et al. [78] observed a splitting of the antisymmetric stretching
mode above 19 GPa by infrared spectroscopy and interpreted it as evidence of distortion
of the methane molecules and consequent lift of degeneracy of the mode.

In the next subsection (5.3.2) we address the following open questions regarding MH-III
at very high pressure by using Raman spectroscopy experiments and ab-initio molecular
dynamics simulations in the pressure range up to 45 GPa:

• Is the orientational ordering of methane molecules a gradual or an abrupt transition?
At which pressure(s) does it happen?

• What are the preferred orientations for the methane molecules in MH-III after
locking-in of the rotations? Are there hydrogen bonds between water and methane?

• What is the nature of the vibrational modes of both water and methane in MH-III
at 40 GPa? Is there mode coupling?

The behavior of methane hydrate between 45 and 150 GPa will be addressed in subsection
5.3.4.

Raman spectroscopy provide information about internal (intra-molecular) vibrational
modes, such as stretching or bending or rocking modes, as well as about external (inter-
molecular) modes. The methane molecule has four fundamental vibrational modes, all of
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5.3. Guest dynamics in methane-filled ice

which are Raman active: symmetric stretching (symmetry A1), rocking (symmetry E),
antisymmetric stretching, and bending (both symmetry F2). In general the stretching
modes of methane is very sensitive to the surrounding molecular environment. For
example the frequency of the symmetric stretching mode of methane molecules in the
small cages of clathrate sI is smaller than that of methane in the vapor phase but larger
than that of methane molecules in the large cages of sI [79]; this somehow counter-
intuitive observation is to be explained by attractive water–methane interaction in
clathrate structures. The water molecule has three fundamental vibrational modes, all of
which are Raman active: symmetric stretching and bending (both symmetry A1), and
antisymmetric stretching (symmetry B2).

Raman spectroscopy experiments on CH4–D2O methane hydrate up to 45 GPa have
been performed in our laboratory at the EPFL. The starting sample was in the form of
clathrate sI and had been prepared as explained in chapter 2. Starting clathrate sI sample
was loaded into a diamond anvil cell in a liquid nitrogen bath as explained in section 3.3
and compressed to the GPa pressure range at cold. The closed cell was then warmed up
from liquid nitrogen temperature to room temperature and all measurements were carried
out at room temperature. Data from two different loadings will be presented in the
following subsection. For both of them it was possible to load a well-compacted powder
of methane hydrate filling almost completely the sample chamber so that the amount
of nitrogen was minimized and the sample signal was maximized. Sample of the first
loading was compressed to 12 GPa at cold and then measured by Raman spectroscopy
at pressures between 12 and 45 GPa. Sample of the second loading was compressed to
3 GPa at cold, measured by Raman spectroscopy between 3 and 22 GPa and then by
x-ray diffraction between 22 and 48 GPa at the beamline ID27 at the ESRF in Grenoble
(France). Figure 5.4 reports a photo of the sample chamber after the first loading.

Figure 5.5 reports a typical raw (non background-subtracted) Raman spectrum of the
sample measured at high pressure in diamond anvil cell. Different modes can be easily
distinguished: the lattice mode at 400 cm-1, the CH4 rocking mode at 1570 cm-1, the
OD stretching modes at 2100 and 2240 cm-1, and the CH stretching modes at 3070
and 3200 cm-1. With increasing pressure the lattice mode, the CH4 rocking mode and
CH stretching modes shift to higher frequencies while the OD stretching modes shift
to smaller frequencies. It must be noted that, since the MH-III structure is richer in
methane than clathrate sI, the high-pressure sample contained excess D2O which is in
the form of ice VII in the pressure range investigated and contributed substantially to the
measured lattice and OD stretching modes. The water-to-methane molar ratio is about
6 to 1 in the starting clathrate sI sample and presumably 2 to 1 in MH-III, therefore
approximately two thirds of the water molecules in the high-pressure sample are expected
to be in the form of ice VII. Diamond first-order signal at 1350 cm-1 and second-order
at 2400–2700 cm-1, and the vibron peak of nitrogen at 2365 cm-1 are also visible in the
spectrum of Figure 5.5.
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Chapter 5. Guest dynamics in methane hydrates under high pressure

Figure 5.4: Photo of the sample chamber (∼130 μm in diameter) at 12 GPa. The two
dark circles of about ∼15 μm in diameter are two ruby balls.
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Figure 5.5: Raw experimental Raman spectrum of methane hydrate (and excess ice) at
room temperature and 20.9 GPa.
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5.3. Guest dynamics in methane-filled ice

Frame-hydrogenated methane hydrate (CH4–H2O) samples were also measured but for
these samples formation of structure MH-III was found to be challenging, in agreement
with previous observations [72, 80], and corresponding results will not be presented in
the following.

Ab initio density functional theory molecular dynamics simulations have been performed
on both CH4–D2O and CH4–H2O in the range between 2 and 45 GPa. They provide
vibrational spectra by Fourier transform of the velocity autocorrelation functions and
can also give important information about the orientational configuration of the methane
molecules and about possible mode coupling which are not accessible by Raman spec-
troscopy. Nuclear quantum effects were included using the quantum thermal bath (QTB)
[81] and the path integral+generalized Langevin equation (PI+GLE) [82] methods. The
QTB method is less expensive than PI+GLE and typically provides qualitatively correct
results for the vibrational spectra. The PI+GLE method provides correct quantum
distributions (in the limit of a infinite number of beads) but is more expensive.

QTB simulations were performed for a large number of pressure points between 3 and
45 GPa and PI+GLE simulations were performed at five pressure points only (2.4, 6.9,
16.4, 25.3, and 36.4 GPa). QTB simulations were found to correctly reproduce the
experimental lattice parameters reported in refs [8, 76] and our experimental Raman
frequencies for the methane stretching mode and, to some extent, the methane rocking
mode. They provide details of the coupling between methane and water modes. On the
other hand PI+GLE trajectories can be employed to extract statistical distributions for
the methane orientational configuration and for the geometry of the methane molecule.

Our results on Raman spectroscopy and molecular dynamics simulations of methane
hydrate up to 45 GPa have been published in May 2018 in the journal Journal of Physical
Chemistry C in an article entitled “Orientational ordering, locking-in and distortion of
CH4 molecules in methane hydrate III under high pressure” and authored by Sofiane
Schaack, Umbertoluca Ranieri, Philippe Depondt, Richard Gaal, Werner F. Kuhs, Andrzej
Falenty, Philippe Gillet, Fabio Finocchi, and Livia E. Bove. The article is attached in the
following pages and followed by its Supporting Information file. The article publisher’s
version is reprinted with permission from J. Phys. Chem. C 122. Copyright 2018
American Chemical Society. The DOI is 10.1021/acs.jpcc.8b02783. Author contributions
are as follows: U.R., W.F.K., and A.F. prepared the sample. U.R., R.G., and L.E.B.
performed the experiments. S.S., P.D., and F.F. performed the simulations. All authors
discussed the results. S.S., F.F., and L.E.B. wrote the manuscript with input from all
the other authors.

5.3.2 Article: “Orientational ordering, locking-in and distortion of
CH4 molecules in methane hydrate III under high pressure”
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§EPSL, ICMP, École polytechnique fed́eŕale de Lausanne (EPFL), Station 3, CH-1015 Lausanne, Switzerland
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ABSTRACT: We investigate the effects of high pressure on the
reorientational and vibrational dynamics of methane molecules
embedded in methane hydrate IIIthe stable form of methane for
pressures above 2 GPa at room temperatureby combining high-
pressure Raman spectroscopy with ab initio simulations including
nuclear quantum effects. We observe a clear evolution of the
system from a gas-filled ice structure, where methane molecules
occupy the channels of the ice skeleton and rotate almost freely, to
a CH4:D2O compound where methane rotations are hindered, and
methane and water dynamics are tightly coupled. The gradual
orientational ordering of the guest molecules results in a complete
locking-in at approximately 20 GPa. This happens along with a
progressive distortion of the guest molecules. Finally, as pressure
increases beyond 20 GPa, the system enters a strong mode
coupling regime where methane guests and water hosts dynamics are intimately paired.

■ INTRODUCTION

Ice clathrates are inclusion compounds wherein small nonpolar
gas (guest) molecules are enclosed inside polyhedral cavities, or
cages, formed by hydrogen-bonded water (host) molecules.1,2

The interaction between the guest molecule and the ice
skeleton is mostly repulsive, which makes clathrate hydrates
interesting prototypes for the study of hydrophobic interactions
that are encountered in the more complex living matter.3

Clathrate hydrates can be stabilized by rather modest pressure,
typically in the megapascal range, depending on the specific
guest gas molecule, and once formed they keep the guest
molecules efficiently trapped at low temperature. For this
reason, they are envisaged as potentially attractive hosting
environments for physical hydrogen storage4,5 or for CO2

sequestrations.6 Among the different clathrate hydrates,
methane hydrate is the most widespread naturally occurring
gas hydrate as it is present in large quantities in subsurface
deposits, both in oceanic shelf sediments and in permafrost
regions.7 Methane hydrates are also suspected to exist at depth
in many water-rich objects populating the outer solar system.8

Therefore, several experimental studies in the last years focused
on the high-pressure behavior of methane hydrates.8−24

As pressure increases beyond the kilobar range, typically
above 1−2 GPa, most ice clathrates undergo profound
structural changes: the cages shrink and reorganize into
structures bearing some resemblance to ice phases, known as
filled ices,9 where the guest molecules occupy interstices in the
ice lattices.10 In filled ices, three different structures have been
observed so far, and more recently, a new “chiral hydrate” was
established.25,26

Many entangled phenomena are expected to occur in the
system as pressure rises, such as the change in nature of the
guest−host interaction, the likely coupling of guest and host
dynamics, and possibly orientational ordering of the guests and
structure rearrangements. At moderate pressures, a coupling
between the localized rattling modes of the guests and the host
lattice phonons has been recognized as an essential ingredient
for stabilizing the clathrate structure.27,28 As the pressure rises,
the guest molecules are expected to deviate strongly from free
rotors because of the increasing interaction with the water
frame toward a frozen crystalline structure at very high
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pressure. However, the evolution of the hydrate between these
two regimes is rarely investigated. A microscopic description of
the behavior of the gas molecules enclosed under tight
confinement within the water frame is still lacking, and the
nature of the guest−host interaction in this regime remains
elusive.
In this paper, we focus on the methane hydrate III (MH-III)

phase, which is the stable phase of methane hydrates above 2
GPa at room temperature and shares its filled ice structure with
krypton, argon, and nitrogen hydrates.8,10 The structure of
MH-III is related to ice Ih, especially in the a−b plane, where it
shows characteristic tilted sixfold water rings. The channel-like
voids along the c axis are filled with methane molecules, with
their centers arranged in a zig-zag fashion along the c axis. At
variance with ice Ih, MH-III has also four- and eightfold water
rings. The coexistence of distinct ice rings within the same
structure gives MH-III a marked crystalline anisotropy, which is
particularly evident at high pressures (see Supporting
Information Figure S7).
High-pressure methane hydrate has been widely investigated

by different techniques, including Raman spectroscopy,16−21,29

X-ray diffraction,9,11−16,21 and neutron diffraction.8,9,30 The
preparation of hydrates with 90−95% of the maximum
theoretical occupation of the guest sites is quite challenging,
and the risk of structural destabilization under compression
increases drastically if the filling ratio of the starting clathrate is
not high enough. MH-III was found to be stable up to 86 GPa
at least,15 though a possible transition to an unresolved high-
pressure structure was reported to occur at around 40
GPa.14,15,19,21 A splitting of the symmetric (ν1) and
antisymmetric (ν3) CH stretching mode peaks above 15−20
GPa has also been observed, which some authors attributed to
the CH4 orientational ordering

14,19,21 and others ascribed to the
distortion of the methane molecules at high pressure.22 Finally,
the appearance of a possible Fermi resonance between the
overtone of the D2O bending mode and the OD stretching
mode was observed22 at 15 GPa, while symmetrization of the
hydrogen bond network was predicted to occur above 60 GPa
from ab initio molecular simulations.22,23 However, a clear
interpretation of the previous observations and a unified picture
of the interplay of those different phenomena are still lacking.
In the following, we investigate the pressure effects on the

reorientational and vibrational motion of the methane
molecules embedded in MH-III, as well as the modification
of the host−guest coupling, by combining high-resolution
Raman spectroscopy under high pressure with ab initio density
functional theory molecular dynamics (DFT-MD) simula-
tions,31 including nuclear quantum effects through the quantum
thermal bath (QTB)32−35 and path integral-generalized
Langevin equation (PI + GLE)36 methods at the 2/1
theoretical ratio of water/methane. Through the analysis of
MD trajectories, we anticipate that two pressure domains can
be identified: for P < 20 GPa, the methane molecules become
orientationally ordered as the pressure increases, whereas the
guest molecules undergo angular distortions; beyond a pressure
threshold of about 20 GPa, methane and water vibrational
modes are strongly coupled.

■ METHODS
Sample Preparation. Starting sI methane clathrate hydrate

samples of this study were prepared using a finely ground D2O
ice impregnated with methane gas at 60 bar, following the
method described in ref 37. Synthesized samples were kept at

liquid nitrogen temperature and extensively characterized by X-
ray and neutron diffraction. The diamond anvil cells (DACs)
were cooled to liquid nitrogen temperature and loaded cold
with sI methane clathrate hydrate under nitrogen atmosphere
in a portable glovebox, to avoid contamination by atmospheric
water. A small ruby ball was also trapped to serve as a pressure
gauge. Pressure was applied on the cold sample to achieve high
enough pressure to stabilize the sample even at room
temperature. After the initial pressurization, the samples were
warmed up and all measurements were carried out at 300 K.
Pressure was varied between 10 and 45 GPa. The absence of
hysteresis effects was verified by sweeping the pressure up and
down. Compression/decompression rates were typically 2
GPa/h. The starting sI CH4:D2O clathrate hydrate sample
was also characterized by infrared and Raman scattering and
shown to have a 86% methane filling ratio in the small cages
and 99% in the big cages. Under slow compression (2 GPa/h
ca.), the clathrate transformed with loss of water to the
hexagonal clathrate sH at ∼1 GPa and then to the MH-III
structure at around 2 GPa with further loss of water. Finally, we
investigated the pressure dependence of the CH stretching
mode and of the CH4 rocking mode between 3 and 22 GPa
during a dedicated Raman experiment. No ruby was used
during this loading; pressure was evaluated with a precision of
0.5 GPa based on the measured shift of the diamond Raman
signal measured in the center of the culet, compared to earlier
runs when both diamond Raman and ruby fluorescence were
measured.

High-Pressure Raman Scattering. The pressure depend-
ence of the Raman spectra of CH4:D2O was measured with a
HR-800 spectrometer using a Cobolt Samba 532 nm laser for
excitation and a 600 L/mm grating. The spectrometer is
coupled to a microscope, and a Mitutoyo SL50X objective
allowed direct measurements inside the DAC. The resolution of
the instrument under these conditions is about 0.5 cm−1, as
determined from measuring the emission lines of a He−Ne gas
lamp. Pressure was generated in a symmetric Mao-type DAC
using 300 micron culet type IIs diamonds for minimal
fluorescence and monitored by ruby fluorescence using the
pressure scale from refs 38 and 39. As the sample signal
overlaps with the second-order Raman signal of the diamond,
we systematically measured the Raman spectra on the gasket
close to the sample chamber and used it as a background,
together with a quadratic function to approximate fluorescence
from the lower diamond, invisible in the gasket measurements.
Details of the procedure are given in the Supporting
Information of our earlier paper.40

Simulations. MD simulations at room temperature of both
CH4:(D2O)2 and CH4:(H2O)2 methane hydrates were carried
out using the QTB method32,35 (details in Supporting
Information) and the PI + GLE method,36 to include nuclear
quantum effects that are especially important on light nuclei
such as H and D. Although a semi-classical approximation, the
QTB is quite efficient in computing vibrational spectra,35,41

while PI + GLE yields exact distributions in the limit of an
infinite number of beads. The samples for the QTB simulations
consist of 16 methane molecules and 32 water molecules in a 2
× 1 × 2 orthorhombic supercell, with an initial MH-III
structure taken from ref 10. A sample of four methane
molecules and eight water molecules with eight beads was used
for the PI + GLE simulations. Oxygen and carbon atoms were
initially set at their crystallographic positions, while hydrogen
(deuterium) atoms were let to relax during short simulations
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with large friction coefficients γ to explore different
configurations and start with variable orientations for the
CH4 molecules. The electronic structure and atomic forces
were described within the generalized gradient approximation
(GGA)42 to the DFT. van der Waals (vdW) interactions were
added by following the semi-empirical D2 scheme by
Grimme;43 after extensive tests, a better agreement with
experimental lattice constants and compressibility could be
obtained within GGA + D2 than in the GGA; vibrational
spectra are not affected by the introduction of the vdW
correction. All calculations were carried out by using the
Quantum ESPRESSO package31 in combination with a QTB
implementation33 or the i-PI package44 for PI + GLE. Ultrasoft
pseudopotentials were used to describe the interaction between
the ionic cores and the valence electrons: a plane-wave
expansion cutoff of Ecut = 40 Ry ensured convergence of total
energy, pressure, and atomic forces. A 2 × 1 × 2 k-point grid
sampling was used. Simulations were run at constant volume,
with lattice parameters chosen to obtain isotropic stress tensors
within the statistical error, in the range 3−45 GPa. The typical
duration time of the simulations was 30 ps. The reader can refer
to the Supporting Information for technical details.

■ RESULTS AND DISCUSSION

Pressure Dependence of the Raman Spectra. Raman
spectra of a CH4:D2O clathrate were measured at room
temperature, while the stability of the MH-III structure up to
45 GPa was checked by X-ray diffraction (Supporting
Information Figure S1).
In Figure 1, we show the pressure dependence of the

background-subtracted Raman spectra over three significant
frequency ranges (the full measured spectrum before back-
ground subtraction is reported in Supporting Information
Figure S2). Several bands related to MH-III disperse with
pressure, which we identify as follows: the lattice vibration of
the water frame (350−450 cm−1), the rocking of the CH4
molecules (1550−1600 cm−1), the OD stretching mode of the
water frame (1600 and 2400 cm−1), and the symmetric and
antisymmetric CH stretching modes (3000 and 3300 cm−1). As
the sample contained excess ice, we checked how the OD
lattice and stretching modes are measured on the sample
compared to those of pure ice (Supporting Information Figure
S3).
Figure 2 shows the experimental Raman shifts as the pressure

is increased along with the vibrational frequencies provided by

our QTB-MD simulations, for the methane stretching and
rocking modes and the D2O lattice mode. Despite the
discrepancy of about 35 cm−1 between the observed and
calculated CH4 rocking mode, the methane rocking mode
frequency at 25 GPa is located at a value that is quite similar to
the calculated one reported in ref 22 and remains within
expected DFT precision. One can notice that an extrapolation
from our values to ambient pressure gives values, which are

Figure 1. Experimental Raman spectra of the sample at pressures between 12 and 45 GPa. Left: lattice mode; center: CH4 rocking and OD
stretching modes; right: CH stretching modes.

Figure 2. Lattice mode, CH4 stretching mode frequencies as a function
of pressure. Dashed lines are linear fit of the experimental data points
below 25 GPa. A deviation from the linear trend is evident for all data
points above 25 GPa.
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reasonably close to the calculated rocking mode frequency
(∼1450−1465 cm−1) in ref 45. The high quality of the
collected Raman data in the full pressure range allows to keep
the error bars on the Raman shift smaller than the plotted dots.
Details of the fitting procedure are reported in the Supporting
Information. The absence of new peaks in our Raman spectra
indicates that methane hydrate neither destabilized nor
underwent main structural rearrangements, as also observed
by X-ray diffraction (Supporting Information Figure S1). More
importantly, our results reveal that the observed vibrational
modes follow the same evolution upon compression; in
particular, all frequency dependencies on pressure deviate
from a simple linear behavior at P ≈ 20 GPa. This behavior
concerns the modes of both the CH4 molecules and the D2O
network. The observed changes in the slope of the pressure
dependence in both water frame and guest modes around 20
GPa consistently indicate an enhanced coupling of the guest
and host dynamics, which has been conjectured but never
detailed so far. The calculated spectra quantitatively reproduce
all the main features and the trends that we observed in the
measured ones.
In particular, the symmetric (ν1) and antisymmetric (ν3) CH

stretching modes of the methane molecules in MH-III have
often been discussed: three works14,19,21 reported a splitting
correlated with the appearance of a new MH-III phase with
orientationally ordered methane molecules. Other authors
interpreted that the splitting is due to a CH4 molecule
distortion and to the consequent lift of degeneracy of the
methane stretching mode as observed by infrared vibrational
spectroscopy.22 The onset of this splitting and its nature are
controversial, as it could also be due to a partial destabilization
of the MH-III structure under compression and to the
consequent appearance of solid methane or of a new hydrate
phase promoted by the laser heating.
While our low-pressure data are in excellent agreement with

previous authors,14,19,21 we observed a different behavior above
15−20 GPa. Specifically, both peaks progressively broaden with
pressure (see Figure 1, right panel); however, we detected no
splitting of either the ν1 or ν3 modes in the range 15−20 GPa

or beyond; details of this frequency range are plotted in Figure
3 and compared with our simulation data. Indeed, the methane
stretching mode frequencies as a function of pressure both
within the harmonic approximation at T = 0 K and from our
MD trajectories at ambient temperature were computed. The
methane stretching mode frequencies computed on the
optimized configurations (Figure 3b) present a lift of
degeneracy around 15 GPa for the asymmetric ν3 mode and
around 25 GPa for the symmetric ν1 mode. However, when at
ambient temperature, the dynamics of the molecules is properly
taken into account, and the clear-cut splitting (approximately
80 cm−1 in the above-mentioned references) rather broadens
(approximately 60 cm−1). Within the pressure range of our
simulations, we found no evidence of the CH bond length
asymmetry beyond the statistical noise.
As far as the data of refs14,19,21 are concerned, the additional

stretching band indeed matches the frequency of the CH
stretching mode in pure methane.46,47 We could imagine that in
the experiments of refs,14,19,21 a partial decomposition of the
MH-III structure could have been caused by a low amount of
methane in the sample and/or a too fast compression. It has
been shown that under fast compression, methane clathrate
hydrate transforms into ice VII and solid methane at 2.3 GPa,
whereas under slow compression, it transforms into MH-
III.10−12

Orientational Ordering. The rotation of the enclosed
molecules has often been discussed in filled ices. For
comparison, the CH4 molecules enclosed in metal−organic
framework (MOF)48 undergo rotational motion; however,
methane−methane and methane frame distances are larger than
those in MH-III examined here.
Thus, to understand the transition for the methane rotational

motion from relatively free to tightly locked to the cage, we
studied the orientation, distortion, and vibrational mode
coupling of CH4 in deuterated MH-III (specifically CH4:
(D2O)2), at room temperature and for pressures between 3 and
45 GPa by MD simulation. Technical details are available in the
Supporting Information.

Figure 3. (a) Experimental high-resolution Raman spectra of the CH stretching mode of the sample at different pressures. There was no indication
of splitting of peaks as claimed to be observed at approximately 15 GPa in refs.14,19,21 (b) Spectra computed from the velocity correlation functions
from the simulation trajectories (color lines) and relevant eigenfrequencies from a dynamical matrix analysis (dots).
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The orientation of the methane molecules enclosed within
the water frame was investigated by calculating the orientational
probability density function (OPDF) PCH(θ, ϕ) of the CH
bonds for different pressures: the OPDF for one molecule is
shown in Figure 4a. For the sake of simplicity, the high-pressure
case (P = 25.3 GPa) is considered first: four well-defined peaks
corresponding to the four CH bonds are observed. This is a
clear indication of an ordered situation. The guests are
distributed among the four configurations A± and B± in the
conventions of Figure 4b. The example in Figure 4a described
above corresponds to a B− configuration. Thus, the high-
pressure structure, schematically represented in Figure 4b,
yields A+/B− (or A−/B−) stacking along the b axis, while we
observe A+/B+ (or A−/B−) stacking along c axis and finally A+/
A− (or B+/B−) stacking along a. This picture is not altered as
the pressure is increased up to 35 GPa.
In contrast, at low pressure, the picture is rapidly blurred as

orientational disorder sets in: new, rather broad, peaks appear
while the two peaks at ϕ = 30 and 150° broaden toward θ =
90°. At the two intermediate pressures, namely, 6.9 and 16.4
GPa, the distribution dependence on the angle ϕ remains
essentially unaltered, while the θ dependence broadens
significantly. We interpret this as a dynamical disorder between
A+ and A− (and also between B+ and B−). Moreover, at the
lowest pressure (P = 2.4 GPa), one also observes the onset of
A/B dynamical disorder.
To summarize, as the pressure is increased from ∼3 to 45

GPa, PCH(θ, ϕ) clearly exhibits an increasing anisotropy, which
illustrates that the guest methane molecules undergo a definite
pressure-induced orientational locking-in in two main steps:
first, around 5 GPa, A/B motions disappear, and at
approximately 20 GPa, +/− orientations lock-in. In close
analogy with pure methane,47 it has been conjectured19,22 that
methane orientational ordering in MH-III could occur at 20
GPa. We provide direct evidence for such an orientational
ordering, which turns out not to be absolutely straightforward.
Methane Distortion. The evolution of the six ̂HCH (αn, n

= 1,...,6) angles per methane molecule follows an interesting
trend. At low pressure (3 GPa), all angle probability
distributions P(αn) are centered around the tetrahedral angle

of 109.47°. Upon increasing the pressure, two of them shift
progressively away from the tetrahedral angle (Figure 5). The
agreement between static relaxation and PI + GLE simulations
indicates that the dynamics, whether classical or quantum, plays
a small role in this issue.

We label α1 the ̂HCH angles that are close to parallel to the
(a,b) plane and α2 those angles that are in the (b,c) plane.
Figure 5 shows that α1 increases as the pressure is increased,
where α2 decreases from the ideal value, thus making the H−H
distance decrease along c. The latter effect is due to
compression along the c axis, for which the lattice constant
decreases rapidly (Supporting Information Figure S7). The
former can be understood as the flattening out of the molecule
as the nearest neighbors are the hydrogen atoms of the next
methane molecule in the b direction.

Mode Mixing. The mode analysis within the harmonic
approximation shows that at low pressure (P < 10 GPa), the
eigenvectors of the CH4 rocking modes are fully localized on
the methane molecules. In contrast, as the pressure increases,

Figure 4. (a) Probability distributions of CH vector polar angles PCH(θ, ϕ) computed at 6.9, 16.4, 25.3, and 36.4 GPa via PI + GLE for a molecule in
a B− configuration. (b) Sketch of the most probable methane configurations A± and B±.

Figure 5. Mean angles ⟨α1,2⟩ in CH4 as a function of pressure from
static relaxed configurations and PI + GLE simulations.
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they progressively mix with the atomic displacements of the
water frame. To quantify the coupling between the water and
the methane molecules, we projected the mode eigenvectors
e ⃗(ν) at each pressure on atomic displacements that are centered
either on the deuterated water frame or on the methane
molecules

∑ ∑⃗ = ⃗ + ⃗ν ν ν

∈ ∈
e b x c x

i
i i

j
j j

( )

D O

( )

CH

( )

2 4 (1)

where bi
(ν) and cj

(ν) are the coefficients of the respective
expansions for the mode at frequency ν.
We then calculate a methane participation ratio PCH4

(ν)
which describes the participation of the methane degrees of
freedom (DoF) to the vibrational mode ν.
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where the sum runs over all the CH4 DoF. The same
expression holds for PD2O(ν) in which cj

(ν) is replaced with bi
(ν),

which ensures that

ν ν= −P P( ) 1 ( )CH D O4 2 (3)

In the case PCH4
(ν) = 1, the mode ν is totally characterized by

the methane DoF contribution, while if PCH4
(ν) = 0, it is

characterized by the water frame DoF only. Figure 6 shows the

participation ratios (PCH4
,PD2O) calculated for each methane

bending and OD stretching modes as the pressure increases.
Up to 20 GPa, PCH4

≈ 1 or 0, the investigated modes are totally
described either by the methane or by the water DoF
contribution. Starting at 20 GPa, some vibrational modes are
described by a combination of the methane and water DoF
contributions, leading to a contribution coefficient 0 < PCH4

< 1.
This behavior describes the pressure-induced mode coupling
occurring in MH-III at 20 GPa as it is not possible to attribute
these modes to a methane bending or an OD stretching
vibrational mode but rather to a mixed one. Their characters
therefore deeply change in this pressure range, which could be
at the root of the chaotic behavior of the measured OD
stretching modes (detailed in Supporting Information Figure
S3). We note in passing that the resonance between the CH4
rocking modes and the water OD stretching modes only occurs

in the deuterated system CH4:D2O. In the protonated system
(CH4:H2O), another type of resonance takes place between the
host and guest vibrational modes. Indeed, the water OH
stretching modes vibrate at higher frequencies, while the
frequencies of the water and methane bending modes overlap
even at low pressure.
Over the pressure range considered here, methane−water

frame distances along the trajectories remain longer than the
typical ones for strong hydrogen bonds (Supporting
Information Figure S8). Also, the orientation of two CH
bonds that point toward hollow sites of the water frame rather
than oxygen atoms is consistent with mostly repulsive
interactions between CH4 and the water frame. More details
on the mode coupling in protonated CH4−(H2O)2 hydrate can
be found in Supporting Information (Figures S8 and S13).
We note that the methane rocking mode, herein measured

for the first time to the best of our knowledge (Supporting
Information Figure S6), becomes more defined and intense as
the pressure increases. This is likely a consequence of the guest
orientational ordering.

■ CONCLUSIONS
To conclude, our study shows that the evolution from an
enclathrated almost free rotor to a strongly interacting
CH4:D2O compound is rather complex and passes through
several stages: first, the orientational ordering of the methane
molecules in a A−B pairwise fashion in the channels along the c
axis; second, the progressive locking-in of A+/A− and B+/B−
methane rotations mainly due to steric hindrance and which is
complete from 20 GPa onward, along with methane angular
distortion; and third, a strong coupling between the guest and
host modes, with deep consequences on the very distinction
between the methane and the water DoF.
Therefore, the system undergoes a transformation from a

pure hydrophobic hydrated nonstoichiometric material (still
with noticeable vdW interactions) to a strongly interacting,
probably a stoichiometric mixed molecular crystal. Analyzing in
more detail the possibility of H-bonding between the water
host and methane guest molecules, we find no hint of such an
interaction even at the maximum pressure investigated here. In
contrast with what was observed for methane molecules
absorbed in hydroxyl-decorated MOF, where a clear
D4C

guest···H−Ohost binding interaction is present,48 in meth-
ane-filled ice the guest−host mode coupling is rather driven by
repulsive interactions even under the tight confinement
conditions reached at the high pressure.
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Experimental details

Synchrotron radiation X-ray diffraction in DAC

We have measured the structure of D2O:CH4 clathrate at ambient temperature between

20 and 42 GPa at the ID27 beamline at ESRF. The wavelength was 0.3738Å and the 2θ

range from 0 to 20.3◦, the beam size was ≈ 3 microns. CeO2 was used to calibrate the

instrument. Two-dimensional diffractograms were recorded and integrated using the Diop-

tas program.S1The diamond signal had been masked directly in the 2D diffractograms. The

sample was loaded together with a small Au pressure calibrantS2 at liquid nitrogen temper-

ature in a diamond anvil cell, as described in the Methods section of the main text. The

pressure was increased to approximately 3 GPa at the loading temperature, and then the

DAC was warmed up. Prior to the structural measurement the sample was characterized

by Raman spectroscopy from 3 to 22 GPa (part of these spectra are reported on Figures

S5 and S6). The compression rate was typically 3 GPa/hour. The diffraction patterns as

a function of pressure are reported in Figure S1. The brightest signal observed is from ice

VII. Four peaks are clearly visible (10.05, 12.3, 14.25 and 17.45◦) at the lower pressure and

disperse following the expected equation of state of ice VII. The remaining four peaks can

be assigned to the sample and are compatible with the structure reported in literature for

MHIII (by Loveday et al.S3) and used in our simulations. We do not observe any sudden

change of the parameters with pressure, suggesting that the sample is stable in the explored

pressure range.

Raman scattering experiments in DAC

In Figure S2 we show a representative set of the Raman spectra of the sample that have

been used in the analysis presented in the paper. In order of increasing frequency, the lattice

mode, the CH rocking mode, the OD stretching mode and the CH stretching modes are

clearly visible, together with parasitic signals of the N2 vibron and the second order signal

S2



Å

Figure S1: XRD patterns of the sample at 300 K and different pressures, after subtraction
of a smooth polynomial background. Patterns were measured at ID27 (ESRF) in diamond
anvil cell. Stars indicate observed reflections of MH-III (indexable as 112, 211, 202, 103 and
301 in the orthorhombic Imcm space group). Squares indicate the 110, 111, 200 and 211
reflections of ice VII. Points indicate two weak peaks whose positions do not change with
pressure.

of diamond. The former is sufficiently narrow to be removed by assuming a single spectral

line plus quadratic background in a narrow frequency range, while the later was removed

with the help of background spectra measured on the gasket near the edge of the sample

chamber. The method has been described in ref S4.

Figure S3 shows the pressure dependence of the OD stretching mode frequencies both

in the sample and in pure D2O ice VII. In the band of the sample associated with the OD
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Figure S2: Raw experimental high-resolution Raman spectra of the sample collected along
the 295 K isotherm between 12 GPa and 40 GPa.

stretching mode we could reasonably identify two components only, and consider the lowest

frequency one the most reliable as the one with the largest amplitude. As can be seen in

Figure S3 lowest-frequency OD stretching mode crosses the frequency of the CH4 rocking

mode at around 45 GPa. Although frequencies are roughly equal, in the hydrate they are

very difficult identify as their amplitude drops and they become broader. We believe that

this is due to the increasing coupling of the host stretching mode to the rocking mode of the

guest in the structure. The naturally occurring OD stretching mode degeneracy favors this

coupling.

In Figure S4 we show representative Raman spectra of the symmetric and asymmetric

stretching modes of CH4 in the methane hydrate. We have found that the signal in this
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Figure S3: Pressure dependence of the Raman shift of the CH rocking mode (red), the OD
stretching mode in the sample (blue) and the OD stretching mode in pure D2O ”ice VII”
(orange) as a function of pressure.

frequency range could be satisfactorily fitted with two asymmetric Pearson VII lineshapes

of the form :

I(f) = A
(
1 + (f−f0)2

w2m

)−m

where A is the amplitude of the line, f0 its position and w its width in all fitting of our

Raman spectra. The parameter m interpolates between Lorentzian (m = 1) and Gaussian
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line shape (m = ∞). The asymmetry is introduced by letting the width vary according to

a sigmoidal function : w(f) = 2w0
1+exp(a(f−f0)) where w0 is the width of the line and a the

asymmetry parameter. The sign of a determines which way the line will be skewed : for

a = 0 the function gives a symmetric line with width equal to w0. We systematically tested

whether the asymmetry is significant.

We have tried fitting the spectra using two asymmetric or three symmetric Pearson VII

lines. The residuals in the two cases were similar, but since some fit parameters in the case of

three symmetric lines varied in an uncontrolled fashion with pressure, we opted for the two

line fits with asymmetric lineshapes which give results in agreement with literature dataS5,S6

in the low pressure range. The frequency determination is robust and the quality of the fit

is high enough to assure an error bar lower than the point size.

Finally, we investigated the pressure dependence of the CH stretching mode and of the

CH4 rocking mode between 3 and 22 GPa during a dedicated Raman experiment. No ruby

was used during this loading; pressure was evaluated with a precision of 0.5 GPa based

on the measured shift of the diamond Raman signal measured in the center of the culet,

and comparing this to earlier runs when both diamond Raman and ruby fluorescence were

measured. Again no splitting of the stretching peaks is observed over the full investigated

pressure range, as clearly shown by Figure S5. The rocking mode peak was fitted using

a Gaussian distribution plus a linear background, as shown in Figure S6. Even though a

quantitative calibration of the Raman intensity was not performed, it is clear that the area

of the rocking mode peak rises considerably as pressure is increased between 3 and 15-20

GPa, a behavior that could be ascribed to the progressive locking-in of the CH4 molecule

rotational dynamics in the hydrate.
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Lattice parameter

Van der Waals interactions

Variable-cell static calculations (T=0K) of MH-III (D2O)2:CH4 were done in order to obtain

the lattice parameters of the system at a given pressure. To be the more accurate, these

quantities were measured both with and without Van der Waals correction (Grimme D2) to

the simulations and were compared with experimental values present in ref S7,S8. Figure S7a

shows the lattice parameters as a function of pressure from molecular dynamics simulation

of the system taking values from the static calculations. Resulting values are gathered in

Table S1.
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computed from dynamic calculations, taking into account the kinetic pressure. (b) Lattice
parameter ratios ( a/b, b/c, c/a ) as a function of pressure. Dot : Experimental results from
ref S7,S8, Dashed line QTB-VdW simulations.

The lattice parameters as well as the compressibility and equation of state of MH-III

are better described with the Grimme’s correction, in particular above 10 GPa. Thus, the

Grimme D2 correction was used during the simulations.
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Table S1: Lattice parameters a,b, and c as a function of pressure calculated
by variable cell relaxation at T=0K. Pressure values correspond to the pres-
sure obtained during MD simulations at T=300K, taking into account kinetic
pressure.

Pressure a(Å) b(Å) c(Å)
3.6 4.67654 7.93279 7.86146
9.6 4.45232 7.64756 7.18739
14.9 4.33522 7.45246 6.9209
19.7 4.25363 7.31492 6.73801
24.9 4.18821 7.20861 6.60127
29.4 4.13338 7.12008 6.51846
35.3 4.08664 7.04293 6.39818
40.7 4.04489 6.97387 6.31848
46.2 4.00616 6.91058 6.24858
51.9 3.97275 6.85189 6.18502
62.9 3.92046 6.76199 6.06495

Change of compressibility

Results reveal a strong compressibility anisotropy in MH-III, with the c lattice parameter

being softer than a an b. Furthermore, the lattice parameters ratio evolutions with pressure

(Figure S7b) show that the c axis presents a stronger change of compressibility than the two

other axes with increasing pressure.

This change occurs around 20-25 GPa and has to be related with the observed guest-host

interaction enhancement and mode coupling discussed in the main text. Moreover, this is a

direct consequence of methane ordering in methane hydrate happening at the same pressure

and giving rise to the observed A-B-A-B... stacking along b and c.

Methane - water distances

As shown in Figure S8 the H-O and D-C distances are longer than the typical H-bond length.

This prevents the methane molecule from forming strong H-bonds with the ice frame.
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Figure S8: Simulated pair correlation function : (a)H-O and (b)D-C.

Methane - Methane distances

The evolution of the C-C distances with respect to the pressure (Figure S9) present a change

of slope at ∼ 30 GPa. The related methane molecules which present the shortest C-C

distance are arranged along the c axis. Therefore we can link this change of slope to the

noticeable change of compressibility of MH-III along the same axis (Figure S7).
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Figure S9: C-C (first neighbour) distance with respect to the pressure.
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Simulation method

The quantum thermal bath

Hydrate systems are mainly composed of hydrogen atoms which are light particles with a

non-negligible De Broglie thermal wavelength (λth ∼ 1Å). Thus, such systems can exhibit

processes driven by nuclear quantum effects (NQE), following the example of the ice VII-

X transition.S9,S10 Therefore, in this study, nuclei were treated by the so-called Quantum

Thermal Bath Molecular DynamicsS11 (QTB-MD), which gives access to NQE such as zero-

point energy and tunneling effects.

Based on the Langevin description of brownian motions, this semi-classical method couples

a classical system with a quantum bath through the equation of motion:

mi
d2xi

dt2 = f(xi) − γmi
dxi

dt
+ R(t) (1)

where mi is the mass of particle xi which is submitted to the inter-atomic forces f(xi)

computed by density functional theory (DFT), γ the friction coefficient, R(t) a stochastic

force.

In QTB-MD the stochastic force R(t) is a colored noise, whose Fourier transform R̃(ω) is

linked with the friction coefficient γ through the quantum fluctuation-dissipation theoremS12

:

|R̃(ω)|2 = 2miγ�ω

⎡
⎣1

2 + 1
exp( �ω

KbT
− 1)

⎤
⎦ (2)

with Kb the Boltzmann constant.

Owing to the zero point energy �ω
2 and the Bose-Einstein distribution �ω

exp( �ω
KbT

−1) the

bath insures the correct description of the energy distribution in case of a harmonic poten-

tial. For anharmonic systems, QTB-MD is an approximation which gives rise in particu-
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lar to zero-point energy leakage (ZPEL),S13 but has proven useful and reliable in several

cases.S10,S14,S15 Alternative methods such as RPMDS16 or CMDS17 are computationaly ex-

pensive while QTB-MD gives access to dynamical properties ( time correlation function )

with almost no additionnal cost to the DFT calculations.

PI+GLE

In addition to QTB, we performed PIMD simulations with a generalized Langevin equation

thermostat (PI+GLE) described in ref. S18,S19 . Doing so, we have access to vibrational

spectra through the velocity autocorrelation function (VACF) as given by the QTB, while

quantum distributions are extracted from PIMD trajectories. Figure S10 presents the con-

vergence of both the kinetic and potential energy of the system with respect to the number

of beads.
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Figure S10: Potential and Kinetic energies convergence with the number of beads for the
PI+GLE and PILE L thermostats.

Thanks to the GLE thermostat the simulations converged for eight beads where the

classical Langevin PILE LS19 converged for higher values. However, it was necessary to

decrease the integration step for the PI+GLE to converge to the same energy values as

PILE L. Thus, we used the GLE thermostat with eight beads and a timestep of dt = 0.24189

fs.
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Figure S11: (a) Methane molecule configurations at 36 GPa. (b) Sketch of the corresponding
configurations in the structure.

Methane rotation

Figure S11a presents four OPDF at 36 GPa corresponding to the four configurations methane

molecule can adopt at high pressure and which have been sketched in Figure S11b . In order

to better estimate the pressure dependence, the OPDF p(θ,φ) can be integrated either on φ

or θ to yield marginal distributions P(θ) and P(φ), respectively. These are shown in Figure

S12. P(θ) clearly evolves as a function of pressure up to P=25GPa and then remains stable,

while P(φ) changes much less. This is consistent with a locking-in of the dynamical disorder

for angle θ as described in the main text.

Methane distortion

While increasing the pressure, the methane molecules undergoe a distortion through a change

of their tetrahedral angles. The distorted angles are those for which the H-C-H bisector
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is parallel to the c axis. As the molecular dynamics present reorientational motion, we

calculated the tetrahedral angles probability distribution functions in the molecular frame,

as shown in Figure S13a.

CH stretching mode

Figure S13b presents the CH stretching vibrational modes spectra calculated by Fourier

transform of the velocity autocorrelation function, and the frequencies calculated within the

harmonic approximation at T=0K. The static calculations show a lift of degeneracy of ν1

and ν3 upon compression. While analysing the molecular dynamics (at T=300K), this lift

of degeneracy is no more observed but a broadening of the peaks of the simulated spectra

appears as pressure increases. Reorientational motion of the methane molecules along with

interaction enhancement with the ice frame prevents the lift of degeneracy to be resolved

within the statistical noise.
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molecules. (b) Lines : Fourier transform of the C-H autocorrelation function; Dots : Methane
stretching modes obtained within the harmonic approximation.

Resonance

Figure S14 shows the vibrational spectra of both the deuterated and protonated frame MHIII

obtained by Fourier transform of the velocities autocorrelation functions. In CH4:D2O, at

low pressure the methane rocking mode is almost isolated. When increasing the pressure

we can observe the flattening of the OD stretching modes due to the progressive H-bonds

symmetrisation transition. Moreover, the OD stretching modes are downshifted. This gives

rise to the progressive mode coupling and eventually the resonance between the CH4 rocking

and OD stretching modes, occuring at ∼ 20-25 GPa in CH4:D2O. In contrast, in the pro-

tonated frame MHIII (CH4:H2O), methane rocking and H2O bending modes vibrate at the

same frequency even at the lower pressure, while the OD stretching mode vibrate at much

higher frequencies. Therefore, in the protonated system a coupling is already occuring at
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the formation of protonated MHIII between the H2O bending methane rocking modes, while

the OH stretching is not likely to intefere with the latter.
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Chapter 5. Guest dynamics in methane hydrates under high pressure

5.3.3 Next future steps

We have reported a detailed description of the change in guest dynamics when structure
MH-III is compressed from 2 to 45 GPa. At 2–3 GPa methane molecules rotate almost
freely, in agreement with previous expectation [73], but four favored orientations are
already noticeable in the simulations. Those four methane configurations, which are
noted A+, A−, B+, and B− in the article, are shown again in Figure 5.6. Simulation
results indicate that rotational motion changing A+ or A− into B+ or B− is hindered
above 5 GPa but motion changing A+ into A− and B+ into B− is still possible. Above
20 GPa all types of rotational motion are hindered and methane molecules are arranged
as A+/A−/A+ along the axis a, as A+/B−/A+ along the axis b, and as A+/B+/A+
along c. Alternatively, they are arranged as B+/B−/B+ along the axis a, as A−/B+/A−
along the axis b, and as A−/B−/A− along c.

Confirming those results on the orientational ordering of methane molecules in MH-
III by diffraction experiments is certainly not an easy task, since i) hydrogen has a
very small x-ray scattering cross section and ii) the high-pressure setups employed in
neutron scattering experiment cannot reach pressures above ∼20 GPa. However, two
new technologies have shown a promising potential for this scientific problem. A specially
designed diamond anvil cell has been used to collect neutron diffraction patterns of ice up
to 50 GPa [83] and a novel NMR resonator structure has been recently used to measure
1H-NMR spectra of ice in diamond anvil cell up to 90 GPa [84].

All past experiments on MH-III methane hydrate were complicated by having clathrate
sI methane hydrate as the starting material, so that the resulting high-pressure samples
always contained excess ice. It is clear that finding a way to produce pure MH-III with
no excess ice would be a remarkable step forward in the research field.

Finally, the work presented here could be extended to the other gas hydrates that are
known to form filled ice structures, namely argon, nitrogen, krypton, hydrogen, carbon
dioxide, neon, and helium. Of course, the hydrates having wide stability ranges extending
above 10–20 GPa would be the best candidates for those investigations; also, polyatomic
systems present more interesting dynamical behaviors. The hydrate of argon has been
reported to decompose into free argon and ice at 6.1 GPa [85] and therefore would not
be a good candidate. Hirai et al. [8] stated that the hydrates of nitrogen and krypton
decompose at 3.8 and 5.5 GPa, respectively, but did not present either a reference or data
to support this statement. Sasaki et al. [86, 87] measured both nitrogen and krypton
hydrates by Raman spectroscopy up to 6.0 and 5.2 GPa, respectively, and did not observe
decomposition into gas and water. In addition, Loveday and Nelmes [9] stated having
unpublished data indicating stability of nitrogen hydrate up to at least 30 GPa.

Hydrogen hydrate is the only gas hydrate other than methane hydrate that has been
investigated above 10 GPa in the past; it was found to be stable up to at least 77 GPa
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5.3. Guest dynamics in methane-filled ice

Figure 5.6: Sketch of structure MH-III with the four methane configurations A+, A−,
B+, and B−. The oxygen, carbon, and hydrogen atoms are shown as red, black, and
white balls.

[14]. By x-ray diffraction Hirai et al. [88] found a small tetragonal distortion of the cubic
filled ice structure at about 20 GPa and suggested a possible link with orientational
ordering of the H2 molecules in the structure.

5.3.4 High-pressure Raman study of methane hydrate up to 150 GPa

In 2003 a study based on first-principles electronic structure calculations [89] suggested
that the hydrogen bonds of the water molecules in structure MH-III should symmetrize
at around 40 GPa. Compared to ice VII [90], MH-III would then show hydrogen-bond
symmetrization at considerably smaller pressures. This is somehow reasonable as O· · ·O
distances are shorter in MH-III than in ice VII. On the other hand, molecular dynamics
calculation results by Klug et al. [78] suggested that the hydrogen bonds in MH-III
should symmetrize at 60 GPa, if structure MH-III is retained at such high pressures.

The group of Hirai [13, 74, 75, 76] observed disappearance of some diffraction peaks
and appearance of new peaks at ∼40 GPa by synchrotron x-ray diffraction on CH4–
H2O methane hydrate and concluded that MH-III transforms into a different structure
above 40–50 GPa. The quality of the diffraction patterns did not permit solution of
the new structure [13, 74, 75, 76]. The authors initially suggested that transition to the
high-pressure phase might be related to the symmetrization of the hydrogen bonds in
the water molecules [13, 74, 75]; however, more recently the same group investigated a
CH4–H2O methane hydrate sample and concluded that the effect of isotopic exchange on
the transition is not compatible with hydrogen-bond symmetrization [76].
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Chapter 5. Guest dynamics in methane hydrates under high pressure

In this subsection we present Raman spectroscopy data of methane hydrate up to 150
GPa which are matter of an article under preparation. This study is motivated by the
following open questions regarding methane hydrate at extremely high pressures:

• Is there a change in the structure of methane hydrate above 40 GPa?

• Is there hydrogen-bond symmetrization of the water network of methane hydrate?

• What is the stability limit of methane hydrate under high pressure?

Measurements were carried out at room temperature and pressures between 4 and 150
GPa in our laboratory at the EPFL. We employed the same diamond anvil cell we used
for the Raman experiments reported above in subsection 5.3.2 but diamond anvils having
smaller culets (see section 3.3). Starting CH4–D2O clathrate sI sample was loaded into a
diamond anvil cell in a liquid nitrogen bath and compressed to 4 GPa at cold; finally
the cell was warmed up to room temperature. No ruby was used during this loading;
pressure was evaluated with a precision of 0.5 GPa based on the shift of the diamond
first-order Raman signal measured in the center of the culet and the pressure scale from
ref [91].

The top panel of Figure 5.7 reports the Raman spectra of the sample measured at
pressures between 36 and 150 GPa. With increasing pressure the two CH stretching
modes at 3200–3500 cm-1 shift to higher frequencies and can be clearly seen up to the
maximum investigated pressure of 150 GPa. The lattice mode at ∼500 cm-1 looses
intensity upon compression and is barely distinguishable above 50–60 GPa. Similarly,
the CH4 rocking mode broadens considerably upon compression above 35 GPa and has
no detectable intensity above 50–60 GPa. The two OD stretching modes loose intensity
very sharply over the range between 35 and 45 GPa. Upon pressure increase to 100 GPa
a new peak appears at ∼950 cm-1. The peak clearly has two components (see the bottom
panel of Figure 5.7) and is well fitted by two pseudo-Voigt functions. This excitation is
very likely to correspond to the O–O vibrational mode of T2g symmetry that is observed
in ice after hydrogen-bond symmetrization has occurred and the symmetric phase of ice
(noted ice X) has formed [90]. Nevertheless, in pure ice the T2g O–O vibrational mode
appears as a single peak.

The top panel of Figure 5.8 reports all measured Raman frequencies as a function of
pressure between 12 and 150 GPa, including frequencies from our published data below
45 GPa. The pressure dependence of the frequency of the CH stretching modes is
smooth over the pressure range between 20 and 150 GPa and can be nicely fitted by
a polynomial function (see the bottom panel of Figure 5.8). At all pressures the CH
stretching modes frequency is different from that of pure methane as reported in ref [92],
indicating that methane hydrate did not decompose into free methane and ice up to the
maximum pressure of 150 GPa. As can been seen in Figure 5.8, the frequencies of the OD
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Figure 5.7: Top: Raw Raman spectra of CH4–D2O methane hydrate (and excess ice) at
room temperature and the indicated pressures between 36 and 150 GPa. Bottom: the
spectra from 94 to 150 GPa are plotted over a shorter Raman shift range. The vertical
line indicates a weak instrumental peak.
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stretching modes show a chaotic behavior in the range 35–45 GPa where they approach
the frequency of the CH4 rocking mode. In the same pressure range our simulations
indicate a strong coupling between the two modes, as detailed above in the published
article.

In Figure 5.9 we compare the frequency of two components of the ‘T2g’ mode of the sample
to the frequency of the same mode in pure D2O. The frequency of both components
measured in the sample increases with increasing pressure, with the component at lower
frequency being essentially at the same frequency as the T2g mode of pure D2O. Since
the sample contained excess ice, it is then reasonable to conclude that this component
arises from excess ice in the sample. On the other hand, the higher-frequency component
should be due to methane hydrate and could indicate hydrogen-bond symmetrization of
a high-symmetry methane hydrate structure similar to that of ice X.

Finally, Figure 5.10 reports the frequency of the lattice mode of the sample below 55
GPa compared to that of pure D2O, as well as their intensity (through the area of the
circles). Intensities have been normalized to the OD stretching intensities. Figure 5.10
suggests that the lattice mode measured on the sample should be due to a composition
of pure ice VII lattice mode and hydrate lattice mode and that the latter persists at
slightly higher pressures.

To summarize, we were able to measure Raman spectra of a CH4–D2O methane hydrate
sample up to 150 GPa using a diamond anvil cell. No decomposition into free methane
and ice was observed. In the pressure range above 50–60 GPa only few excitations are
visible in the spectra. The lattice mode frequency is almost flat as a function of pressure
above ∼50 GPa but the intensity of the mode is very weak. The CH stretching modes
remain clearly visible up to 150 GPa; their frequency increases smoothly with pressure.
Above ∼100 GPa a double peak appears at about 950 cm-1. This peak is likely to be
at least partially due to excess ice in the sample. If the peak also arises from methane
hydrate, it could be an analogue of the T2g mode of ice X.
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Figure 5.8: Top: Pressure dependence of the Raman frequencies of CH4–D2O methane
hydrate (and excess ice) between 12 and 150 GPa. Reliability parameters from the fits
are smaller than the plotted circles. Bottom: Zoom of the top panel for the frequencies
of the CH stretching modes. A linear fit below 20 GPa and a smooth polynomial fit
above 20 GPa are also shown.
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Figure 5.9: Pressure dependence of the Raman ‘T2g’ mode frequency of CH4–D2O
methane hydrate (and excess ice), compared to that of pure D2O.

sample

Figure 5.10: Pressure dependence of the Raman lattice mode frequency of CH4–D2O
methane hydrate (and excess ice) below 55 GPa, compared to that of pure D2O. The
area of the circles is proportional to the peak intensity in the spectra.
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6 Guest dynamics in hydrogen
hydrates under high pressure

6.1 Motivations

Over the last fifteen years, hydrogen hydrates attracted vast attention because of their
potential as environmentally friendly hydrogen-storage materials [3]. Clathrate structure
II contains one hydrogen molecule per small cage and up to four hydrogen molecules
per large cage [7], equivalent to ∼3.8 wt % of molecular hydrogen. However, practical
application for hydrogen storage is made unrealistic by the high pressure needed to form
the compound (∼0.1 GPa). Considerable research efforts are currently aimed at exploring
possibilities for stabilizing sII or other clathrate structures at near-ambient pressure,
including binary and ternary clathrate hydrates, and similar systems (e.g. semiclathrates)
[3].

Hydrogen hydrates can be seen as nanoporous materials of remarkable simplicity, where
i) only two types of molecules exist, namely water and molecular hydrogen, ii) water
molecules are arranged in crystalline structures that are well known, and iii) hydrogen
molecules, the simplest molecules, occupy well defined nanometric cages or cavities from
which they cannot escape (at low temperature). For these reasons, the properties of
hydrogen hydrates are of fundamental importance in chemical physics. It can be also
mentioned that water and hydrogen are likely to be the two most common molecules in
the Universe.

Since hydrogen molecules are light and because of the nanoscale size of their confine-
ment, hydrogen molecules trapped in hydrate structures inherently constitute quantum-
mechanical objects. The cage (for clathrate structures) or the cavity (for filled ice
structures) produces a confining potential for the hydrogen molecule therein and the
result is a good approximation of the problem of a particle in a potential well which is at
the very heart of quantum mechanics.

This chapter will focus on the quantum roto-translational dynamics of hydrogen molecules
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confined in hydrogen hydrates having clathrate sII and the high-pressure filled ice II
structure (noted C1) at low temperature.
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6.2 Guest dynamics in hydrogen hydrates

6.2.1 Introduction

In quantum mechanics [93], the discrete rotational states of molecular hydrogen are
specified by the rotational quantum number J=0,1,2,... . The component of angular
momentum about the laboratory z axis is allowed to have the values MJ�, with MJ=J ,
J−1,..., −J and � the reduced Planck constant. The rotational energy is given by
BJ(J+1), where the rotational constant B is defined as �

2/2I and I is the moment
of inertia. Since the energy is independent of MJ , each energy level is (2J+1)-fold
degenerate. It follows that the first excited rotational state is at 2B and is triply
degenerated, the second one is at 6B and is five-fold degenerated, etc... .

The rotational spectrum of hydrogen molecules is then made of discrete lines corresponding
to all possible transitions J → J ′. The intensity of each line J → J ′ depends on the
number of molecules in the sample having the initial value J . In general populations
are expected to follow the Boltzmann distribution, so the number of molecules with
energy BJ(J+1) would be simply given by the product between the degeneracy of the
level (2J+1) and the exponential factor e−BJ(J+1)/kBT , with kB the Boltzmann constant.
However, for H2 and D2 (or any homonuclear diatomic molecule) a complicating feature
arises from the fact that the nuclear spin state restricts the permissible rotational states
of the molecule.

Rotation of a homonuclear diatomic molecule interchanges two identical particles, which
are fermions in H2 and bosons in D2. The Pauli principle requires the overall wavefunction
ψ to change sign under permutation of two identical fermions and to remain unchanged
under permutation of two identical bosons. If P is the label permutation operator, this
condition can be written as Pψ=−ψ for H2 and Pψ=ψ for D2. The overall wavefunction
contains electronic, vibrational, rotational and nuclear wavefunctions and can be written
as ψ = ψelψvibψrotψnuc within the Born-Oppenheimer approximation with obvious
notations. Under nuclear exchange ψel and ψvib are unchanged and ψrot changes sign by
(−1)J . Therefore Pψ = (−1)Jψelψvibψrotpnucψnuc, where pnuc is the state permutation
operator. On the other hand, the effect of pnuc on ψnuc depends on the spin configuration
of the molecule. For H2, each proton has spin 1/2 and can be in one of the two spin
states, noted ↑ and ↓. Hence there must be four states for the molecule and the nuclear
wavefunction is either

3ψnuc =

⎧⎪⎨
⎪⎩

| ↑↑ 〉
1√
2(| ↑↓ 〉

+ | ↓↑ 〉
)

| ↓↓ 〉 (6.1)
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or

1ψnuc =
1√
2

(| ↑↓ 〉 − | ↓↑ 〉
) (6.2)

The wavefunction of the nuclear spin triplet 3ψnuc is symmetric under nuclear exchange
(pnuc3ψnuc = 3ψnuc) and the wavefunction of the nuclear spin singlet 1ψnuc is antisym-
metric under nuclear exchange (pnuc1ψnuc = −1ψnuc). In summary, if the protons are
described by the triplet state, Pψ = (−1)Jψ and J must be odd to conform to the Pauli
principle. If the protons are described by the singlet state, Pψ = (−1)J+1ψ and J must
be even.

The previous discussion leads to the important conclusion that H2 molecules exist in two
species: one which can only exist with odd rotational states J=1,3,... and is referred
to as ortho-H2, and the other which can only exist with even rotational states J=0,2,...
and is referred to as para-H2. The difference in energy between the ground state of
ortho-H2 (J=1) and that of para-H2 (J=0) is ∼14 meV, much smaller than the thermal
energy at room temperature (KT ∼ 26 meV at 300 K). Thus at room temperature and
at thermodynamic equilibrium ortho-H2 is three times more abundant than para-H2,
since there are three ortho nuclear spin states but only one para state.

For D2 molecules, each nucleus has spin 1 so there are 3 different spin states for each
nucleus and nine for the molecule; one can check that six of them are symmetric and
three are antisymmetric [94]. Because the overall wavefunction must remain unchanged
under permutation of two identical bosons, D2 molecules with symmetric spin states
(noted ortho-D2) exist with even rotational states J and D2 molecules with antisymmetric
spin states (noted para-D2) exist with odd rotational states J . It follows that at room
temperature the equilibrium concentrations of ortho-D2 and para-D2 are in the ratio 2
to 1.

The existence of two allotropic species for H2 and D2 has far-reaching implications
on their quantum dynamics. Since ortho-para conversion can be only mediated by a
magnetic interaction connecting space and spin, conversion times can be extremely long.
In general the two species do not thermally equilibrate with each other; populations of
the rotational energy levels do not follow the Boltzmann distribution, but populations
of the levels of each of the two species do. This is not the case for the heteronuclear
isotopologue HD.

In addition to the quantized rotational states, (center-of-mass) translational motion of
molecular hydrogen confined in a nanocavity is also quantized as an effect of confinement.
This can be understood by analogy with the problem of the localized motion of a quantum
particle in a potential well.

Inelastic neutron scattering probes dynamical processes occurring with discrete energies
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and is the experimental technique of choice for studying the quantum dynamics of
hydrogen molecules because of the very large incoherent neutron scattering cross section
of the proton. Furthermore, inelastic neutron scattering from discrete molecular systems
is not subject to selection rules and has the capability to access transitions involving a
change in nuclear spin state, which are strictly forbidden in IR, Raman, and magnetic
resonance spectroscopies.

Neglecting the coherent part of the scattering, on account of the overwhelming incoherent
scattering cross section of the proton, the expression for the partial differential cross section
simply contains a convolution product between vibrational, rotational, and translational
contributions [95]. This is valid under the assumption that vibrational, rotational, and
translational degrees of freedom are not coupled. In the low energy-transfer regime below
20–30 meV, vibrations contribute to the spectra through a Debye-Waller factor.

Here we are interested in the roto-translational quantum dynamics of molecular hydrogen
confined in the cages of clathrate structure II and in the nanometric channels of structure
C1. While no similar investigation exist in literature for structure C1, the quantum
dynamics of molecular hydrogen in the cages of clathrate structure II has been previously
studied theoretically by rigorous fully quantum simulations [96, 97, 98, 99, 100, 101, 102]
and experimentally by inelastic neutron scattering [95, 103, 104, 105].

Those theoretical works calculate the fully coupled quantum 5D roto-translational en-
ergy levels and wave functions of a hydrogen molecule confined in a clathrate cage by
diagonalizing a 5D Hamiltonian that includes explicitly the three translational and the
two rotational degrees of freedom of the molecule. Only the interaction with the water
molecules of the confining cage is usually considered, except for the work of ref [102].
The water cage and guest molecule are treated as rigid. The hydrogen-bonded water
network of clathrate structure II is proton-disordered, and computations are typically
performed for one proton configuration chosen at random among all the ones respecting
the Bernal and Fowler rules [106].

Over the last decade, inelastic neutron scattering works [95, 103, 104, 105] have used
binary clathrate sII hydrogen-tetrahydrofuran hydrate samples, where hydrogen molecules
reside exclusively in the small cages of the structure, to access the intra-cage dynamics of
hydrogen molecules confined in the small cage. The rotational energies are close to those
of the isolated molecule, indicating that hydrogen molecules rotate relatively ‘unhindered’
in the small cages of sII [95, 103, 104, 105]. The translational motion is usually described
in terms of a ‘rattling’ [95, 104, 105]. Degeneracy of both rotational and translational
states is lifted due to the angular and radial anisotropy of the potential energy surface for
the hydrogen molecule in the cage. Many rotational and translational energy levels and
sub-levels have been established experimentally with good precision for both H2 and HD
[95, 103, 104, 105] and were found to be very well reproduced by the latest theoretical
investigations [100, 101].
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On the other hand, for hydrogen molecules confined in the large cages of clathrate sII,
experiments are complicated by the fact that i) translational energy levels are closer
one to each other (thus spectra are more congested) and ii) peaks are expected to be
broader as an effect of multiple cage occupation [104]. Only the transition between the
ground state and the first excited rotational state has been observed up to date; the
associated peak was found to be essentially superposed to that of H2 molecules confined
in small cages and had no detectable splitting [104]. No translational excitations have
been experimentally identified so far. Rigorous treatment of the quantum dynamics of
multiple guest molecules in one large cage is not possible with the state-of-the-art tools
and theoretical predictions only exist for the case of single cage occupation [97, 99].

In the large cage of sII, hydrogen molecules are expected to be arranged at the corners
of a tetrahedron at temperatures below ∼50 K, as found by a neutron diffraction work
[7] and several simulation studies [97, 107, 108, 109]. The tetrahedron simply reproduces
the geometry of the cage, with each corner located directly behind the center of one
of the four hexagonal water faces, as shown in the top panel of Figure 6.1. Similarly,
tetrahedral arrangement in the large cage has been found for other small molecules such
as neon [5] and helium [110] for which multiple occupation of the large cage is possible.

Structure C1 has the same rhombohedral space group as ice II (R3̄, No 148) but
significantly perturbed cell parameters a=12.73 Å and c=5.97 Å at 2.1 GPa [12]. There
are 36 water molecules and six hydrogen molecules in the unit cell, implying a theoretical
water-to-hydrogen molar ratio of 6 to 1. As can be seen in the bottom panel of Figure
6.1, the hydrogen-bonded proton-ordered water network of structure C1 is characterized
by six-membered water rings that are aligned to form hexagonal channels running along
the c axis. Similar structures have been observed in He and Ne hydrates [112, 113].
At variance with the water network of ice Ih and structure MH-III, the six-membered
rings of structure C1 are separated by four-membered rings in the ab plane. Hydrogen
molecules are located along the hexagonal channels exclusively, at approximately midway
between two adjacent six-membered rings. Two types of six-membered water rings exist–a
puckered ring similar to that found in ice Ih and a much flatter ring alternate along the
channels (Figure 6.1). Based on the rotational Raman spectra of ref [12], H2 molecules
in this structure are essentially free to rotate.
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Figure 6.1: Top: Large (51264) cage of clathrate structure II with quadruple occupation
of H2 molecules, reproduced from [111]. Oxygen and hydrogen atoms of the water
molecules are represented in red and in white, respectively. Hydrogen molecules are in
blue. Hydrogen bonds are represented as dashed lines. At low temperature, hydrogen
molecules preferentially ‘sit’ behind one of the four hexagonal faces and are thus arranged
at the corners of a tetrahedron. Bottom: Hexagonal channel of hydrogen-filled ice
II (structure C1) in two different crystallographic planes. For clarity the oxygen and
hydrogen atoms have been omitted. Sticks correspond to hydrogen bonds. In both
structure II and structure C1, hydrogen molecules are free to rotate.
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Figure 6.2: Color plots in the (Q, �ω) space representing IN5 measurements of clathrate
sII H2–D2O hydrate at ambient pressure and 1.5 K, using neutron wavelengths of 3.0
and 6.0 Å. The color scale is a logarithmic scale in arbitrary units. The region at energy
transfer values below −17.8 meV is not plotted.
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We performed extensive inelastic neutron scattering measurements of hydrogen hydrate
having clathrate sII and structure C1 at low temperature (below 50 K) using the neutron
spectrometers IN5 and IN6 at the ILL. Hydrogen hydrate samples were prepared following
the procedure described in chapter 2. Some of them were measured at ambient pressure
on the neutron diffractometer D20 of the ILL prior to the inelastic neutron scattering
experiments. All experiments involving clathrate sII were limited to pressures below
0.5 GPa and were performed on the instrument IN5 using a gas pressure cell. H2–D2O
hydrogen hydrate having clathrate sII was measured at ambient pressure and at 0.25–0.3
GPa. Simple D2 and binary He–H2 hydrates having clathrate structure II were also
measured to investigate the effect of substituting H2 guests with D2 and the effect of
helium inclusion in the structure on the quantum dynamics of the hydrogen molecules.
Finally, measurements of H2–D2O hydrogen hydrate having structure C1 were taken at
1.4 GPa on the instrument IN6 using a Paris-Edinburgh cell.

Examples of IN5 data of clathrate sII H2–D2O hydrate at ambient pressure and 1.5 K
taken using two different incident neutron wavelengths of 3.0 and 6.0 Å are reported in
the form of color plots in Figure 6.2. Data in Figure 6.2 contain many inelastic features
and each of them correspond to a different roto-translational transition of H2 confined
in the small or in the large cage of the structure. Assignment of those features will be
reported in the next subsection. Data are restricted to the accessible region of the (Q, �ω)
space that is defined by the incident neutron wavelength and by the placement of the
detectors, as mentioned in subsection 4.1.2. Comparing the regions of the (Q, �ω) space
accessible for wavelengths of 3.0 and 6.0 Å, one can see that the first one is considerably
larger than the second; this improvement is of course at the expenses of the energy
resolution.

All results are reported in the following pages in the form of the preprint version of
an article entitled “Quantum dynamics of H2 and D2 confined in hydrate structures
as a function of pressure and temperature” and authored by Umbertoluca Ranieri,
Michael Marek Koza, Werner F. Kuhs, Richard Gaal, Stefan Klotz, Andrzej Falenty, Dirk
Wallacher, Jacques Ollivier, Philippe Gillet, and Livia E. Bove. The article is followed
by its Supporting Information file. Author contributions are as follows: U.R., W.F.K.,
A.F., and D. W. prepared the samples. U.R., M.M.K., W.F.K., R.G., S.K., J.O. and
L.E.B. performed the experiments. U.R., M.M.K. and L.E.B. analyzed the data. All
authors discussed the results. U.R. wrote the manuscript.

6.2.2 Article: “Quantum dynamics of H2 and D2 confined in hydrate
structures as a function of pressure and temperature”
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����� �� ������������ ������ �� ��� ��	�
�	�� ����������� �� ��� ���������	 ��������
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� �	������ �	� ��� ���������	��� ���������� ��������	��
��������	�� 	� �2 �� ��� ����� ���� ���� ��� ��
��� �� ���� ����� �� �	��	��� ����� � �� ���

�	����	��� ���������� �J �→! 	� !→�" Δn !�" ���#� �� ��� ���������	��� ���������� �	�
o$�2 �J �→�" Δn ��" ���%� �� ��� ���������	�� ������ �� �	����	��� �� ���������	��� �����

������ ��� ��	�� ����� 	� o$�2 �� ��� &��� �'���� ���������	��� ����� 	� p$�2 �J �→! 	�
!→�" Δn ��" ���(� �� ��� ���������	�� ������ �� �	����	��� �� ���������	��� ����� 
������
��� ��	�� ����� 	� o$�2 �� ��� ���	� �'���� ���������	��� ����� 	� p$�2 �J �→! 	� !→�"
Δn #� �� ���)� �� ��� �����* ���������	��� ��������	� 
������ ��� ��	�� ortho ����� ��
��� ���	� �'���� ���������	��� ortho ����� �J �→�" Δn #��
+�����*" ��� ����$�������� ��������� �� ��� ��� ���� ����� ��	�� �� ��� ,, �-3� 
�� ����

�����&�����* ������
� ��	�
	����� ���� ����������� � ,�� ����� ����	�. �� ����������/� 
*
��'$���
��� ����� ����� ����� ��� ������ ��	�� ��� � �'�� �	 �	�� ��'��	��� �������� ��
� ������� ��* �� �� ��� ,,� �*�	��� �	������� ��� �	���� �� ��� �������� �� ����	'������*
����* 
������ ��	 �0����� ����� ������ 1����2�*�	��� �������� ��� ���� ��	����
���� �� ��������� �*������ 3��� 	� 	�� ����
����� �����	� �4�����	� ��� 	� � 5 22
526 ������" ��� ������� 
������ ��� �7����
���� �	����	� 	� ��� �*�	��� �	������ ��
��� ��	���� 	'*��� ��	� �� 	��* %�!( 8 �� ��( 9:�� ,� ����" ��� ����� �������
�� �� ���
�������� 	� ��������� �� �� ������� ���� ���� �������
�� �� ��� ;	�� 	� ��� 	���� .�	��
�*���� ����	�.�" �� ���;�	���* �	���� �� ��� ���������� ���� ��� <, 	� ��� =�� ��� �������
	� ��������� �� ��� 
� ���� �� � ��	�	�*����� �'����� 	� ����������	 ���	��;��* 	� ;��*
����� ������	�� �� ��� ���� ��* �� ��������� �60 ��� 
� ���� �� �� �'����� 	� ��������	
���	��;��* 	� ;��* ����� ������	��� ,� ��� 
��� ���	���/� �� ��� ���� ���� �*�	���
�	������� �	���� ���	�� �����* �� ��������� �� � 
�� �	 ���	�����	� �� �;����
�� �� ����������
	� ����� ���������	��� �	��	��
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��� ��� �'������	� �	� ��� �4��������
��	�� �����	� �&���� ,>< ������� �� ���	��� �� ��� ?�����'� ��� ��	�� �����	� �� �������*
��	�	���	��� �	 ��� ����������� ������ 	� ��� ������� ����� 	� ��� ������" �����* ��� 3	��/����
����	� �;�� 
* ��� ��� 	;�� ������ ��� ��� ����� �� �	� ����������� ��� 3	��/���� ����	�
f(E) �� ��;�� 
*�

f(E) = �'�
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− E

kBT

)
, ���

����� E �� ��� �����* 	� ��� ����� �� kB ��� 3	��/���� �	������� +	� �2 �� 52 �� �
��;�� �����������" ��� 7������ ��;��� 	� ���� 	� ��� ��	 ���	��	��� ������� ��� �	������
���	���� �	 ��� 3	��/���� �����
���	�" 
�� ��� ��	 ������� 	 ��� �7����
���� ���� ����
	����� ?� �7����
���� �� �� �		� �����������" ��� �	���������	� 	� o$�2 �� �2 �� !�@)
�� ��� �	���������	� 	� p$52 �� 52 �� !�%%%� ,� ��� ��	 ������� ���� �
�� �	 ������	�;���
���� ���� 	����" ���� �����	*����� �7����
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���, $��%%��� 9'! ��������( ��� �2 � ��� ����� ����� �� ��� �% ���, �� −!��1 ��#
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����� �����	
��� �� �� ���������� ����������� 
��� ��������� ��� ����	������ ��� � 2 ��
��� ����� ����	 
���� � �������

������ � ��	� 	���	 ���� ��� ��� �� −� �� −� ��� ��������� ��� ����	������ �	 �������
	������ �� 	������ �������	 ��� ���� �� ��� 	 ����� �� !2 ������� �� "�#� $%� �� ����� ��
������ �� &��	 �	 �� �'��� �� ������� �������� ��� 	�(� �� ��� 	���� ����	�

)����*���+ �� ���,������  ��*	 �� ���� -�# ����	������ ��� ����	� �� .��	����	���
	����� ��� �	��/�� �� ��� 	 ����� �� !�0!2 ������� �� "��0"�� $%�� &��	 ��������	 ���� ���
����	�������� ������ ��� !2 �� ��� ����� ���� �	 �������� � �� �����	��� �� ������ �� ����
����� ���	�	������+ ��� ��� �		������� ���� ��� �������� -�� ����	����� �	 ��� �	��/��
�� ��� 	 ����� ������� 1� �	 ����� ���� ������ � ���� ��� �����	��� �� ��� .��	����	��� 	����� �	
������������ ������� � �� �����	��� �� ������ ��� ���� �� ��� 	 ����� �� ������ � ��� ��

�������+ ��� ��� �������� ������ −2" �� −3 ��� �� ��� 	 ����� �� !2 ������� ��
������ P ��� ��0�� 4 ��������� ��� ����	������ �	 	������ �� ������ �������	 � ����	� 2
��� �� ��� 	 ����� �� ������ �+ ���������� � ��		�/� �∼"�5 ���� � 	���� �� ��� 
�	� �6�����
����	�������� ��/�� ��� !2 �� ��� 	���� ����	�

��� ��������	 
�� �2 �����	 �� ����	�� ��	

��	� ������ 7 �� ���	 ��� 	 �����
�� 82 ������� ��/��� 	11 �� ������ P ��� ��� �������	 ������ 2�� ��� #� 4+ ���	����
���� �� �������� ������� ��/������� �� ��" 9� :� ���� ��	����� ��� ��	��		��� �� ��� �'��� ��
	�	�������� !2 ���� 82 �� ��� ���,������ ����	 ��� ��������� 	 ����� �� ������ 7 ���  ������
�/�� � 	���� �ω ����� ���	� �� ��� ���	��� ����� ;����	� �� ��� 	������ ������� 	���������
���		 	������ �� ��� �������� ��� ���� �� ���  �����+ ��� 	 ����� �� 8 2082< ��� �'����� �
�  ����� 	����� �� ���	� ����� ��� ���� �� ��� 	 ����� �� !2082<� =�/�������		+ ����� .������
�	 	���� 	���	������� �� ��������� ��� ������ �		������� ���� ��� ��'����� �6��������	�
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�� ��� ��������� ��� �������	+ ���	���� ���� λ?��" 9� )����> ���*�	 ���,������  ��* ��
��� 	 ������ �� 2�� 4 ��� ���� �� ��	 �	� $��		��� 
��

&�� 	 ����� �� 82 ������� �� 2��+ �+ ��� 2" 4 ������� � �����  ��* �� "�� ���+ ����� ��	
�� � �		����� �� ��� � ���� ����	�������� ����������� ����	����� �� 8 2 ��������	 ���
���
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��� ������	
�� �� ��	�� �� ���
�� � �	� ��� ������
� �� ��� �� ��� �������	��� ��
� �!���
���	������ ���� ��� �	������ �����!���	��! �
��������! ��������	� 	� " 2 �	�#��� �� ���
!���� ����� �� �!���!$ 	���� �� 	� ��� �������	��� ���� 	� ��� ������� �� � ��� �% � �� ���
��
��

&�� Q ���������� 	� ��� ��������$ 	� ��� ���� �� %�' ��( ��� ��!�
!���� 
���� ���
������
� ����
��� �� ��� � ���� �� �������� ��
��	� �� �!����� 	� '�) * +�	� ��	�� ��
���
�� �, ��� �� ���	���� �� ���
�� �- 	� ��� ��� ����!��!$ �	 ��� ��� �	
�!$ ��	�� ���� 	� . 2

�$����� +�
������	� '��, ��� ��!�
!���	� ��� �	�� �$ ����������� ��� ������
� 	 �� � %���
��(���	�� ����� �������� �� %�' ��(� &�� ��������$ 	� ��� ���� ��� � ��/��
� �� ��	
�
��� *�� ��� ��� �� #���� 
���� �� 0 ��	 ���� ���� ������ ��� ��������� 1u22 	� d �� #/���
&��� �� ����
�� 	 �� ��� ���!! Q ����� ��������!� ���� λ3'�) * ��� ���������� d ��� 1u22
����	� �� ��4
���� ���
!����	
�!$� 5�		���� �	 #/ 1u22 �	 ��	 ������ ���  �!
� �	� .2 +%�0�
*2, ��� #� ��	 ���� � 4
�� !����� d36��'+0, *�

7	 	���� ���� �� 	���� �� 	 �� ��� ����� ������� %�8 ��� ��8 ��( 	� ��� ��	��� ���� 	�
��� ������� +��� ���
�� �,� 9� �	�� ���� ��� ���	� ���� ��� ��!��� �!$ !���� 	 �� ���� �����
��� ���� � ���!! ��	
�� 	� .2 ���
������ �	������� �� ��� ����� 	� 	
� "2:"2; ����!� �
��
�!�	 �	�����
�� ��	 � � ��(� �� ������	� ��� �����$ !� �! ���
��
�� 	� " 2 �� �/������ �	 ��
�
��������!!$ �	�� �	������� �	������ �	 ���� 	� .2 ��� ���� ��$ !��� �	 ����� ������!!$
�
����	���� ���� 	���� �� ��� �������� 9� �!�	 �	�� ���� ��� ���� ��� ������	
�� ����
���
�� ��� ����� ��	 � %�8 ��( 	� ��� ������� ���	��!$ �
������ ���� ������ 	���� �/������	��
�/��� �
� �	
!� �	� �� ���	! ���

<�	� ���������� T  ��� ���� �� %�' ��( ��	������ �!$ !		��� ��������$ ��� � �
����!�����
�����! ������� ���������� ���� ��� �$������ 	� "2 ������� ��	� � �
���
� �	 � �!������!
������� 9��� �	������� ���
�� � �	 ���
�� ' �� �� �!��� ���� ��� ��	��	 �� 	��
�� �� !	���
��������
��� �	� "2 �	������ �	 .2� &��� 	���� ���	� �� �� ��������� ���� ��� ���� ����
��� "� =�	�!�� ������! �� �!����� 	� "2 �� ���!!�� ���� ���� 	� .2 ��� �!����$ �	������!�
�	 ��� �������������� �	�#������ ��>� �� ��� !���� ���� �� ��	
� �:�% �� ����!!$ �� �
�� ��
�	��� ���� ��� �
����!����� �����! 	���� �� �� ��� ������� 	� ���
�� � �� ����
���!$ ������!!$
�
� �	 .2 ���
������� ?� ��� ���	������ ��
��	� ���������� ��	�� �����	� 	� ��� ��	�	� �� '%
����� !����� ���� ���� 	� ��� ��
���	� ��� ���������� ������� ��	� 6:0@ . 2 ���
������ �� ���
����!� �	�����
��� �
��������!!$ �	 ��� �����!�

��� �� �2 ��	
�� �� ��� ���� ���
�� ) ���	��� ��� ������� 	� .2 �$����� ��
��� 5� ���
��
�� �� ��' AB� �� ��	 ��C����� ��������
��� +8 ��� '% �,� "��� ����������
�� �		��� �	������ �	 ���� 	� �!! ��� �	
�!$ ��	�� ������� �
� �	 ��� !������ ��	
�� 	�
����!� �	������� �� ��� ����������
�� ��!! +��� (D� B�����E����
��� �����, ��� �	 ��� ���!!
�����
�� 	� ��� ��!! �� ���  ������! �������	�� �	� �	������	� ���
�� ) �!�	 ���	��� ���
��������P ������� 	� �!������� ��� .2 �$����� �� ��� ��� '% � ����
��� 	� �78� &��� �!!	��

� �	 �	����� ��� ������� 	� ��� ���
��
�� 5� ��� �!������� ��� .2 �$������ ����
��� 	�
��� ���� �����
�����

?� ��� �� ���� 	� ���
�� ) ��� ������� 	� ���
��
�� 5� .2 �$����� �	����� 	�!$ 	�� �!���
���!����� ���� �� ��	
� −�' ��( �	�����	����� �	 ��� �	������ �	����	��! �
��������!
��������	� �	� .2 �	�#��� �� ��� ���
��
��� &�� ���� �� �������� �� −�0�) ��( �� 8 � ��� ��
�� �����#����!$ ����	��� ���� ��� ���� ���� �� ��� ������� 	� �!������� ��� �$��	��� �$������
&��� ��������� ���� ����!��!$ �	 ��� ���� 	� .2 �	�#��� �� �!������� ��� ��� �	����	��! ���� �
�	� 	� .2 �	�#��� �� ���
��
�� 5� �� 	�!$ �!����!$ ����
���� �$ ��� �	!��
!�� �� ��	�����
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������� ��� ���	�
� ����
���
�� �� �� ��� ��
� ���� �� ����� −�� 
�� ������ � �������	 � ��� �������� ����

��� �	� !"� #��� �� ���� � ��	� ���� $ %��� ��� ����	&���� �	�&�����$ 	���	��� ��	
�����	��� �'' � ��������� ��� �� �������� ��(���� � ���	 �����	��$ �� ��� �������� ��	 $
��	���� ��	 ��� )2 
�������� � ��	����	� *�� +�&�	�������� �� ��� ��
� T ��� �" ��� ����
�� ��	����	� *� �� � �� �		�%�	 ��� ���� �� �����	��� �''� '� �� ��,���� �� ��
��	� �����
�-���� .��������&��$ ����� ��	 �����	��� �''� ��� ���� ������ ����	����� ���	�������
�	�
 )2 � ��� �
��� �� ��	 � �� ���

+� ����	 �������� ����� �	 ���� �	� ����	&�� � ��� �����	� �� ��	����	� *� ) 2 �$�	���
��� ���	���� �$� � .����������� �� �� �� �� � �����	� #��� �� �������� %��� ��� ���� ����
��� ����� ���������� ��	 ��� �$�	� � 
������� � ��� ��&��$ �� ��	����	� *� �� �� ������$
�
����	 ��
��	�� �� ��� ����� ���������� � ��� �� �� �� �����	��� �''� �� 
������ �
��������� /���

�� ���������	

��� ������	 �
���������� ����	�� �� �2 ��� �2 ������� � ��� ��
�� ���� ��

�����
��� ���� #�� �	����� �� ��	 ��� ���%�� � �� 0 
�� � ��� ��%���
��	���	� �����	�
�� �����	��� �'' )2 �$�	��� �� �� ��
�� �����$ ���� �� �� ��� �	��������� ����
����
�	������ ��	 o�)2 � ��� ��	 � �� �� ���� ��� �� ��� ��	��$ �	��������� �	������ ���%��
���  	��� �� ��� �	�� ������� �	��������� ortho ������ �J1�→�� Δn1�"� �� �
���� P
�� ��2 �� ��� �� �	�&���� ���� �������� �� ��/3� ��3!� �� /�44 
�� ���� ��������� ���"�
������� � �� ����� ������� �� ����� ��� 
��� #�� Q ��������� �� ��� ������$ ��
��� ��	�� ����� �	� &�	$ %��� 	��	������ ��� ��� %������% ��	
��� ��	 ��� 5�
� 
����
���%�� �%� ����� ��. 0" �� �	�&��� 5�
� �� ��� �� ����� /�/2 6� %��� � �� �����
��-�	��� ���%�� ��� ��	�� ������ 7	�&���� ����	���	� ����	�
���� ���� �� ��
������ ��������

������� ��&� ���� ���� �� ��
��	���	�� ����% ∼2� � ��� �$�	� � ���
� �	� �		� �� �
��� ��	 � �� � �� ��� ��	�	� �� � ���	����	�� '� �� ��� &�	$ ��
��� �� ������� ����
��� .����(�� 5�
� 
���� %� ����	&� ��	� ����� ����� ���%�� �.�����	��
 ����� �� ���
���	 ��	�	� �� � ���	����	� �� ���� ��	 ����	�
���� 5�
� �� �� �� ����� /�/2 6 �� �

����	� �� ��� �� �� �� ��� ���	����	�� #��� &���� �� �� �� ��
��	�� %��� ��� &���� �� /�80
6 ������� �$ 9����� �� ��� � ��	 :2 �� ���� �� /�� 6 ������� �$ ;����� �� ��� �� ��	 )2

�� ��� ��%��� ��
��	���	� ���$ �&���� �����
�� ����	���� � ��������� ���� ��$ � �� �� ���� �� ����� ��� 
�� ����� �� �������� �

��� ��% ��	 $ �	����	 	� � �� ��� �����	� �� �����	��� �'' :2 �$�	��� �� ��% ��
��	���	��
<���� ���	� �� ������ ����� ���� ��� ���� �� ��� 
�� �� �� ���� �� �� ��� �	���������
����
���� �	������ ��	 :2 � ��� ��	 � �� �� �� �� �� ��
������$ ����	 �� �	���� ��% ����
���� �� �� �� ��
��	�� �� ��� �	����� %� ���� ��	 )2� '� �� �������� ���� ����	 ����� �����
�� �� �������� �$ ��	 ����	�
�� ��	 ��-�	�� 	����� �������� &�	$ �	��� �� ��	�����$
����	���� ���� ����	� �	 
����� �$ ��� ������� ���� �	 
����� �$ ��� ���	������ �	�

)2 �
��	�����"� #�� Q �������� �� ��� ������$ �� ��� ���� �� ��� 
�� � :2 �$�	���
�	�&���� � 5�
� �� �� �� ����� /�22 6� � �� ��� ��� ��	
��� ��	 ��� 5�
� 
���� ���%��
�%� ����� ��. 0"� #��� ��  ���� ���� :2 
�������� �	� �� � ��	 �	 ������� �	�
 ��� �� �
����	 ��
��	�� �� )2 
�������� �� ��� ��
� ��
��	���	� �� ��	 � ��
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∑
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∑
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Chapter 6. Guest dynamics in hydrogen hydrates under high pressure

6.2.3 Next future steps

We have reported the first experimental observation of translational excitations for H2 in
the large cage of clathrate sII. Our results indicate that the translational fundamental
transition would correspond to a quantized jump motion between equilibrium sites
arranged at the corners of a tetrahedron. Consistently, this motion turned out to be
suppressed when, after compression with helium gas, helium atoms massively enter the
large cages and the maximum four-fold cage occupation is achieved. It is likely that a
similar suppression of the translational motion can be obtained by compressing with any
other gas small enough to enter the structure, including hydrogen itself. Performing such
an experiment with another gas could be a way to verify our interpretation.

The translational fundamental transition appears in our low-temperature spectra as
a triplet located at energies between 1 and 3 meV and we infer that the three peaks
are related to the existence of a distribution of occupation numbers for the large cages.
This assignment should be checked in future studies by systematically producing and
measuring samples with different average large cage occupations in order to see how the
peak areas depend on the average occupation.

We have also reported the first observation of the purely rotational transition J=1→0 for
H2 in the nanometric channels of structure C1. We could not detect any translational peak;
experiments covering a wider energy transfer range will be needed to complement our
study. Possible future studies also include low-temperature inelastic neutron scattering
studies of the other known high-pressure filled ice structure of hydrogen hydrate, namely
structure C2, which is formed at pressures above ∼2.5 GPa [12].

Finally, the work presented here could be certainly extended in the future to the hydrates
of other hydrogenated guest molecules. For example, experiments [114] and simulations
[115] have studied the quantum dynamics of methane in the cages of clathrate sI at
ambient pressure but no investigations exist at high pressure.

152



7 Conclusion

This dissertation was concerned with the study of the guest dynamics in methane hydrates
and hydrogen hydrates under high pressure, over a wide range up to 150 GPa. Three
different types of dynamics were studied: i) classical translational dynamics at structure
interfaces, ii) vibrational and orientational dynamics, and iii) quantum rotational and
translational dynamics. The main results are briefly summarized in the following.

• In section 5.2 we presented a published experimental investigation of the classical
translational dynamics of methane molecules in a CH4–D2O methane hydrate
sample showing coexistence of clathrate sI and sII. Persistent coexistence of the
two structures was achieved by applying a pressure of 0.8 GPa using a Paris-
Edinburgh press; their relative amount in the sample remained approximately
constant throughout the duration of the experiment (∼21 h). Methane diffusion
was probed by quasielastic neutron scattering at different temperatures between
212 and 282 K.

The quasielastic signal of the sample was analyzed using both a Lorentzian function
(corresponding to a three-dimensional diffusion) and a two-dimensional diffusion
model. The fits obtained within the two models are indistinguishable in our spectra
within the instrumental energy resolution and provide comparable results: the
Q dependence of the width of the Lorentzian function and of the analogous of
the width in the two-dimensional diffusion model corresponds to a translational
random jump diffusion. The resulting translational diffusion coefficient is very high
(of the order of 10-4 cm2 s-1), and has a weak temperature dependence. From the
integrated areas of the quasielastic and elastic lines we estimate that about one
third of the methane molecules in the sample are mobile.

The observed remarkably fast methane diffusion can be ascribed to a hyper-
diffusion phenomenon associated with a peculiar layered structure of the interface
or, alternatively, to methane nanobubbles formation at grain boundaries. Insights
from molecular dynamics simulations are needed to shed light on this point. No
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Chapter 7. Conclusion

other similar investigations of the interface diffusion of guest molecules in clathrate
hydrates exist in literature. Our work possibly opens a new field concerning
unknown interface phenomena and has various potential implications, for example
regarding the replacement kinetics in the processes of gas exchange between CH4
and CO2 in case of sI–sII conversion. This process has recently attracted broad
attention for its potential technological application in the context of energy recovery
from natural gas clathrate hydrate sediments.

• In section 5.3 we presented a published study of the vibrational and orientational
dynamics of methane molecules embedded in the high-pressure filled ice structure of
methane hydrate (MH-III) between 2 and 45 GPa by experiments and simulations
(subsections 5.3.1 to 5.3.3) as well as unpublished data of methane hydrate up to
150 GPa (subsection 5.3.4).

We used Raman spectroscopy in diamond anvil cell on CH4–D2O methane hydrate
samples to follow the pressure dependence of several vibrational modes, namely
the CH stretching, the CH4 rocking, the OD stretching, and the lattice mode. By
comparison with ab-initio molecular dynamics simulations of MH-III including
nuclear quantum effects, we found gradual orientational ordering of the guest
molecules with increasing pressure and eventually complete locking-in at about 20
GPa. The locking-in of methane reorientations at 20 GPa goes along with a change
in the slope of the pressure dependence of several vibrational modes at about
the same pressure in the Raman spectra. It is followed by progressive significant
angular distortion of the methane molecules.

It must be emphasized that orientational ordering of the methane molecules in
MH-III is in striking contrast with the almost free rotations observed in clathrate
sI methane hydrate at ambient pressure by many techniques (inelastic neutron
scattering [114], NMR [116, 117], molecular dynamics simulation [118], and neutron
diffraction [119]). This is primarily an effect of free volume reduction with increasing
pressure in MH-III.

Moreover, our simulations indicate strong mode coupling between the rocking mode
of methane and the stretching modes of water at 30–40 GPa, when their frequencies
approach in the experimental spectra. In summary, our results indicate that, upon
compression to 45 GPa, MH-III evolves towards a mixed molecular crystal where
the very distinction between guests and hosts is no more meaningful. No hints of
hydrogen bonding between water and methane were found. At 45 GPa MH-III
is probably a stoichiometric compound; however, this is to be verified by future
studies.

In our Raman spectra up to 150 GPa, we observed no signal from free methane,
indicating that no decomposition occurred up to the highest investigated pressure.
Previous experimental studies of methane hydrate had checked methane hydrate
stability only up to 86 GPa [13, 74, 75]. Above 40–50 GPa, MH-III is expected
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to transform into another high-pressure hydrate structure [13, 74, 75, 76]. The
new high-pressure structure remains to be identified. Above 100 GPa, we observed
appearance of a mode similar to the T2g mode observed in the excess D2O ice
and possibly indicating symmetrization of the hydrogen bonds in the high-pressure
hydrate structure.

The study of gas hydrates having high-pressure filled ice structures is a relatively
new field. Filled ice structures have been observed for eight different gas hydrates
in the literature (methane, hydrogen, argon, nitrogen, krypton, carbon dioxide,
neon, and helium hydrate) and among them only methane and hydrogen hydrates
have been investigated above 10 GPa [9, 11]. It is likely that future studies will find
that other gas hydrates are also stable in the extremely high pressure regime. This
knowledge could be relevant to the modeling of the interiors of large icy bodies in
the Universe where water and simple gas molecules are expected to coexist.

• In section 6.2 we investigated the quantum roto-translational dynamics of hydrogen
molecules confined in hydrate structures by inelastic neutron scattering experiments
at temperatures below 50 K. Simple H2 and D2, and binary He–H2 hydrate samples
having clathrate sII were studied at ambient pressure and pressures up 0.5 GPa
in a gas pressure cell. Simple H2 hydrate having the high-pressure structure C1,
in which hydrogen molecules sit in narrow hexagonal channels, was studied at 1.4
GPa in a Paris-Edinburgh press. The water network of all samples was deuterated.

In simple clathrate sII hydrogen hydrate, H2 molecules occupy both the small and
the large cages of the structure. Molecules in the two types of environment may
contribute very differently to the spectra. We identified the transitions from the
ground state to the first and to the second excited translational states of H2 in the
large cage of clathrate sII, appearing in the spectra as low-energy inelastic peaks.
The first excited translational state turned out to be at energies of 1–3 meV and
the second excited translational state at 4–6 meV. Those energy values are much
lower than those previously reported in the literature for H2 in the small cage of
clathrate sII [95, 103], primarily because the radius of the accessible volume in the
large cage is about 1.5 times larger than that in the small cage.

For the transition from the ground state to the first excited translational state for
H2 in the large cages, the Q dependence of the signal intensity corresponds to a
quantized jump motion with a jump length of about 2.25 Å. It is very likely that this
motion takes place between four tetrahedrally arranged equilibrium positions inside
the cage and that is allowed by quantum tunneling. The signal is clearly split into
three peaks and the existence of a triplet seems to be related to the distribution of
different hydrogen occupation numbers in the large cages. As temperature increases
over the range 1.5–25 K and the De Broglie wavelength of H2 becomes shorter than
the confinement size, the inelastic peaks progressively vanish and a quasielastic
signal appears. This is a nice evidence of crossover between quantum and classical
dynamics.
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Upon compression to 0.25 GPa, we observed a shift in energy for all peaks associated
with transitions involving a change in the translational state of the H2 molecules
in the small or in the large cage of sII, as an effect of changing the confinement
size and thus shifting the energy of the levels. The only peak associated with
a purely rotational transition was insensitive to pressure variation. Remarkably,
upon compression to 0.4–0.5 GPa and inclusion of helium in the large cages, peaks
related to a change in the translational state of H2 molecules in the small cage were
again shifted in energy but peaks related to a change in the translational state of
H2 molecules in the large cages were suppressed.

Finally, we investigated the effect of substituting H2 molecules with D2 and observed
a strong, unconventional change in the peaks position, which suggests a correlated
dynamics of the hydrogen molecules in the large cages and certainly calls for further
investigation to be confirmed.

In the inelastic neutron scattering spectra of structure C1, only one inelastic peak
was detected and assigned to the purely rotational transition J=1→0 (i.e. the
transition from the ground state of ortho-H2 to the ground state of para-H2).
Presumably, translational modes were only weakly intense or out of the energy
transfer range accessible in our experiment.

Hydrogen hydrates provide an exceptional opportunity for investigating the quan-
tum dynamics of hydrogen molecules in nanocavities of different symmetries and
sizes. Four different structures of simple hydrogen hydrate are known to form
in the GPa pressure range [6, 11, 12], including three non-clathrate structures.
By applying pressure, one can efficiently change the cage size and also induce
transformation into a different structure. However, except for the recent study of
ref [120], all literature works focused on clathrate structures at ambient pressure.
Here we have proven the potential of high-pressure, low-temperature experiments of
hydrogen hydrates, both in the pressure range up to 0.5 GPa using a gas pressure
cell and in the GPa range using a Paris-Edinburgh press.
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