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10−3 to 10−2 mole percent (mol %) depending on temper-
ature,22 reaching a sort of saturation around 44 mol % at 1.9
GPa and 373 K. A combined neutron scattering experiment
and ab initio molecular dynamics simulation analyzed the
structure of the mixed fluid around 2 GPa, evidencing the
conservation of the hydrogen-bonded network and an
enhanced interaction among methane and water molecules
likely driven by a slight increase in the methane dipole
moment.23 Such increased miscibility with compression is not
only relevant for a better understanding of the hydrophobic
interactions24 but also because elementary chemical processes
induced photochemically, thermally, or by static or impulsive
pressures can be remarkably enhanced. In fact, the high-
pressure photoinduced reactivity of clathrate hydrates has been
shown to be rather scarce, being dictated, and limited by the
constraints due to the confinement in the rigid polyhedral
hydrogen bonded water network.25−27 Such constrains are
removed in the fluid phase, and in combination with the high
density attainable at high pressure, the reactivity can be greatly
enhanced.28 This issue is of interest as a potential channel,
exploiting transient molten ices originated by cryovolcanism or
impact phenomena with astronomical objects, for the prebiotic
synthesis of several simple organic molecules detected on
planet and satellite surfaces.29

For all these reasons, we investigated the lattice phonon
spectrum of methane hydrate through the MH-I, MH-II, and
MH-III phases, its decomposition from the three phases, and
the behavior of the melt as a function of pressure and
temperature by exploiting homogeneous crystalline samples
synthesized ex situ and filling the entire sample chamber.
Infrared absorption spectroscopy was employed for the
characterization of the clathrate decomposition, whereas an
accurate study of the lattice phonons and of the melt
composition was performed as a function of pressure and
temperature using Raman spectroscopy with high spatial
resolution. The characterizing features of the lattice phonon
region, an important indirect structural information, and the
melting conditions of all the three phases were identified. In
addition, the miscibility of the fluid was investigated in a large
portion of the P−T space finding considerably different results
with respect to the existing literature.

■ METHODS
Crystalline methane hydrate was prepared ex situ by means of
a specifically designed high-pressure stainless-steel vessel. This
was filled with finely ground ice and cooled to 160 K using a
bath of coexisting solid and liquid ethanol. The vessel was
sealed by means of silver-plated gaskets and then pumped for
hours before loading methane while maintaining the vessel at
160 K. The methane (purity >99.99%) pressure was raised up
to 200 bar at this temperature. After about 30 min, the vessel is
transferred to an ethyl glycol bath cooled at 243 K using a
chiller. The temperature was then increased according to the
following steps: from 243 to 271 K in 1 h; from 271 to 280 K
in 4 h, and in other 4 h from 280 K to ambient. The gas
pressure increased up to 350−400 bar (271 K) to decrease to
40 bar after the cycle completion. Once the cycle was
completed, the vessel was placed in liquid nitrogen where it
was unsealed. The crystalline product, considerably unstable at
ambient temperature, was rapidly transferred in the membrane
anvil cell employed for the high-pressure measurements by
placing a few crystals on top of the anvils together with some
ruby chips employed for determination of the pressure by the

ruby fluorescence method.30 During this operation, the cell was
kept cold using liquid nitrogen which also ensured a dry
atmosphere to minimize CO2 contamination. Once the sample
was loaded, the cell was closed, and the membrane pressurized.
The cell was equipped both with sapphires, culets ranging
between 600 and 950 �m, and Cu−Be gasket drilled to a
diameter of 450 �m, for characterizing the melting conditions
by FTIR spectroscopy, and diamonds IIas, 400 �m culets, and
stainless-steel gaskets drilled to a diameter of 150 �m,
employed in all the Raman experiments. High temperature
was achieved by resistive heating measuring the temperature
with a K-type thermocouple placed close to the anvils with a
0.1 K accuracy. IR absorption spectra were measured using a
Bruker IFS-120 HR Fourier transform IR spectrometer
equipped with a globar lamp, KBr beam splitter, and MCT
detector. An optical beam condenser made by ellipsoidal
mirrors was used to focus the IR beam to a spot size
comparable to the dimensions of the sample contained in the
sapphire anvil cell.31 Raman measurements were performed
using the 660 nm line of a diode laser as an excitation source. A
backscattering geometry was adopted for the experiment using
a long working distance 20× Mitutoyo micro-objective. The
spatial resolution on the sample was about 3 �m. 32 Spectra
were collected using an Acton/SpectraPro 2500i monochro-
mator equipped with holographic super notch filters and a
CCD detector (Princeton Instruments Spec-10:100BR). The
resolution used in both FTIR and Raman experiments is 1
cm−1.

■ RESULTS AND DISCUSSION
Methane clathrate hydrate was prepared as MH-I ex situ and
loaded in a diamond (DAC) or sapphire (SAC) anvil cell, as

described in the Methods section. The samples were
compressed at room temperature monitoring the evolution
of the Raman spectrum. While the C−H stretching region is
well characterized in phases MH-I and MH-II,33,34 only few
data are reported for the lattice phonon region and limitedly to
the MH-I phase.35,36 The MH-II to MH-III transition is often
characterized by demixing of the components with formation

Figure 1. Representative room-temperature Raman spectra acquired
on compression in the three crystal phases of methane clathrate
hydrate both in the lattice phonons region (left) and in the C−H
stretching region (right). The dashed spectrum in the right panel has
been acquired at the MH-II to MH-III transition, showing the
coexistence of the two phases.
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of ice VI and methane in phase I. This occurrence, observed in
some of our experiments and already reported by others,15,33,34

led also to an erroneous assignment of the C−H stretching
peak of crystalline methane to MH-III.33,34 The C−H
stretching band of MH-III is easily recognized because its
frequency is about 10 cm−1 higher than that of the MH-II
peak.15,37−39 Exploiting the ex situ preparation of the hydrate,
we succeeded to have homogeneous samples inside the cell
(see Figure S1), which is a prerequisite to have a reliable
sample to follow the structural evolution. High-quality MH-III
samples were produced by slowly crossing the MH-II−MH-III
transition. The two phases coexist at the microscopic level (2−
3 �m is the spatial resolution) at room temperature between
1.75 and 2.0 GPa, as shown in Figure 1. In the same figure, we
also report the characteristic lattice phonon spectra of the three
phases.

The lattice phonons spectra, reported here for the first time
for phases MH-II and MH-III, present very distinctive features
in the three phases. Four phonon bands are detected with
certainty in all the phases, and their pressure evolution is
reported in Figure 2. Other very weak peaks have been
detected in some sample regions but because of their scarce
reproducibility over the sample, we are not reporting their
frequencies. Interestingly, the phonon spectra of the three
hydrate phases resemble those characterizing two ice phases,
III and V, existing only in a very restricted P−T range (0.2−
0.65 GPa and 218−273 K). In particular, the phonon spectra
of MH-I and especially of MH-II resemble the one
characterizing ice V, whereas the phonon spectrum of MH-
III is just like that of ice III.40 It is worth commenting that
despite the MH-III structure is reported to possess an

Figure 2. Pressure shift of lattice phonons (lower panel) and C−H
stretching modes (upper panel) across the three methane hydrate
phases. In the upper panel, the red diamonds are the frequencies of
the mode measured in pure methane.15 The dashed lines indicate the
pressures of the phase transitions. The small differences between their
values in the two panels are related to the different spectral responses
in the two regions. Yellow areas indicate the region where coexistence
of MH-II and MH-III phases is observed.

Figure 3. Temperature evolution of the IR absorption of a combination band of water, bending plus H-bond libration (� 2 + L), in crystalline
hydrate MH-III up to its decomposition. On the left, the IR absorption spectra, vertically translated for the sake of clarity, showing the two abrupt
intensity changes at 403 and 435 K, which have been ascribed to the melting of ice VII (403 K) finely dispersed across the sample, and to the
methane hydrate decomposition (435 K). On the right, the deconvolution of this band after baseline correction and using Gaussian peaks is shown.
The spectrum measured at 394 K is typical of the crystal phase (see S4). The spectrum measured at 403 K has been acquired immediately after the
observation in vivo of an abrupt change in the interferogram. In the upper right panel, the temperature evolution of the peak frequency of the three
bands is also reported.
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arrangement of the water molecules analogous to that of ice
Ih,41 the phonon spectrum is completely different presenting
sharp and strong features around 100 cm−1, whereas the lattice
phonon spectrum of ice Ih presents at ambient pressure Raman
intensity only above 200 cm−1.40,42

As far as the pressure shifts are concerned, we observe a
perfect agreement with the lattice phonon data of phase MH-I
reported by Sasaki et al.,35 including the negative pressure shift
of the higher component of the low-frequency doublet. In
phase MH-II, the pressure shifts of all the phonon bands
undergo to a significant decrease in the slopes (see Table S1),
which are substantially preserved in phase MH-III.

FTIR spectroscopy was employed to detect the clathrate
hydrate decomposition. This method, already used to monitor
the decomposition and crystallization dynamics of Ar
hydrate,43 relies on a huge red shift and intensity decrease in
a combination band of water, bending plus H-bond libration
(� 2 + L), during the melting. This band is located between
2000 and 2250 cm−1, therefore not accessible using the DAC,
due to the strong IR absorption of the diamond phonon, but
detectable once sapphires are employed as anvils. The
evolution of this band during the decomposition of MH-I
and MH-II is shown in Figures S2 and S3. The decomposition
is accompanied by a frequency drop larger than 130 cm−1, not

appreciably changing with pressure (0.6, 0.7, and 0.9 GPa).
This shift exceeds that observed in Ar hydrate at 0.66 GPa
(∼100 cm−1)43 and in pure ice at ambient pressure44 (∼70
cm−1). This difference has to be entirely ascribed to the
frequency of the water band in the fluid which red shifts from
about 2150 cm−1 in pure water to 2090 cm−1 in the fluid
obtained by the methane hydrate decomposition. A red shift of
this combination band has been reported in the presence of
chaotropic ions,45 thus suggesting a reduction of the H-bond
network strength due to the presence of methane. The
decomposition temperatures measured in MH-I (0.6 and 0.7
GPa) and in MH-II (0.9 GPa) are in nice agreement with the
ones reported by Dyadin et al.46 As already reported for the
phase HS-III of Ar hydrate,43 the direct recrystallization from
the melt is achieved here in all the three cases once the samples
are supercooled by 3−6° (right panel in Figure S3). The time
evolution of the forming crystal spectrum nicely agrees with
the kinetics measured in Ar hydrate (see Figures S4 and S5)
considering the time window where the long-range crystalline
order is built.43

Contrary to the general consensus about the P−T
decomposition conditions of MH-I and MH-II, the literature
data concerning the decomposition of MH-III are anything but
consistent.15,18−20 A decomposition line perfectly overlapping
with the ice VII melting was depicted using Raman
spectroscopy by Bezacier et al. up to 5 GPa.15 Using the
same technique, a decomposition line located at considerably
higher temperatures (about 75 K at 2.8 GPa) was found by
Kurnosov et al.,18 but the presence of ammonia in the sample
raises an issue about the reliability of these data. Recent
Raman19 and synchrotron X-ray diffraction20 studies analyzed
the decomposition of MH-III up to 40 GPa. Above 2.5 GPa,
the dissociation line lies below the melting lines of both ice VII
and methane. Decomposition of MH-III into these phases
should give rise to a volume increase of ∼20% (volume data
from refs 41, 47, and 48), which is difficult to reconcile with
the almost flat evolution with pressure of the decomposition
line. These discrepancies are likely not only due to the nature
of the samples, that is, the actual presence of the hydrate phase
MH-III and the amount of water ice, two issues related to the
already discussed difficulties in obtaining pure MH-III crystals,
but also to the intrinsic water release going from MH-I to MH-
II and then to MH-III. The procedure we employed for
studying the decomposition in phases MH-I and MH-II turned
out to be rather challenging when applied to phase MH-III
because of the recurring sapphires rupture on increasing
temperature above 2 GPa. We succeeded to complete an
experiment where the decomposition process was accurately
followed, as reported in Figure 3.

A MH-III sample homogeneously distributed within the
volume cell was brought to 2.8 GPa and then isobarically
heated while monitoring the IR spectrum. At 403 K, an abrupt
intensity decrease (about 50%) of the crystal absorption band
was observed. Deconvolution of the experimental spectra (see
Figure 3) shows that to the typical spectrum of the solid
hydrate, with a strong peak centered at about 2200 cm−1 and a
much weaker one at higher frequency, adds a low frequency
peak due to the formation of liquid water.44 These conditions
coincide with ice VII melting, but, since the central peak (MH-
III crystal band) persists also at higher temperatures, the
melting is only partial and ascribable to excess ice VII only. On
further heating, the pressure progressively dropped, but the
spectrum did not further changed up to 434 K (2.3 GPa),

Figure 4. Experimental paths followed to study the miscibility of
water and methane in the fluid phase. The three paths followed are
indicated by different colors: path 1 green arrow and solid squares;
path 2 blue arrow and solid circles; and path 3 red arrow and solid
diamonds. We also report the path (magenta) followed to study the
decomposition of MH-III with the full circle, indicating the ice VII
melting and the magenta/yellow star the decomposition of MH-III.
The blue/yellow star indicates the appearance of a biphasic fluid
during the isothermal decompression at 469 K. The black line
indicates the decomposition of methane hydrate by Dyadin et al.46 up
to 1.5 GPa and by Kurnosov et al.18 for higher pressures. The melting
lines of CH4 are reported as full50,51 and dash-dot52 cyan lines; the full
white lines refer to the phase diagram of water from ref 53, whereas
the dashed white line shows the melting of water ice from ref 54. The
decomposition line by Bezacier et al.15 is not reported. which is
coincident with a study by Dyadin et al.46 up to 1.5 GPa and following
the melting line of ice VI and VII for higher pressures. The gray
region indicates the P−T conditions where an increased miscibility is
reported in refs 21 and 23, while the orange full hexagon is where a
homogeneous appearance of the fluid with 19 mol % of methane is
reported in ref 21. The light yellow region is where we have observed
a rather homogeneous distribution of methane within the fluid.
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where the absorption band of MH-III crystal suddenly
disappeared. This temperature value, well above the melting
line of pure methane, nicely agrees with the decomposition line
proposed by Kurnosov et al.18 Also in that case, the crystalline

hydrate homogeneously filled most of the sample region, thus
permitting a reliable detection of the decomposition.

Finally, the last issue tackled in this study concerns the
increased solubility of methane in water with rising pressure
and temperature in the fluid phase. A thermodynamic model
has been developed on the existing data for computing the
methane solubility in water up to 573 K and 0.2 GPa.22 Taking
363 K as a reference temperature, the solubility is reported to
increase of 1 order of magnitude, passing from few tens of bars
to 0.2 GPa and reaching a saturation (data fit by Boltzmann’s
sigmoidal equation) for molar fractions values of 7 to 8 × 10−3.
Recently, these findings were challenged by a high-pressure
study, in which fluid samples containing 19 mol % of methane
in water appeared visually homogeneous at 330 K and 2 GPa.21

This was taken as an evidence that the saturated concentration
in these P−T conditions exceeds 19 mol %. Raman spectra
acquired in different sample regions confirmed a homogeneous
distribution of methane across the sample. However, these
pressure and temperature conditions are well inside the
stability range of crystalline hydrate, ice VI, and solid methane,
as reported in Figure 4, being therefore likely due to
crystallized material. The amount of methane in the water-
rich portions of the fluid was later determined in a sample
richer in methane (58 mol %) by measuring the extension of
the water-rich regions through micrographs and using the
literature densities.21 The molar fraction of methane dissolved
in water was estimated to increase dramatically with pressure,
reaching the maximum value, ∼0.45, at about 2 GPa and 373 K
and not increasing further up to 3.2 GPa. Ab initio molecular
dynamics simulations confirmed the tendency, already
reported,49 to a reduction of the hydrophobic effect with
increasing pressure but especially indicated the development of
a small dipole moment (0.3 D) for methane above 1.2 GPa.23

To test the effective formation of a homogeneous fluid, a
potentially attracting condition for inducing photochemical
reactions, we compressed different samples of crystalline

Figure 5. Right: sample pictures acquired after the melting of MH-III while releasing the pressure above 450 K (path 1 in Figure 4). Left: Raman
spectra acquired at the P−T conditions where in ref 21 an enhanced miscibility is reported (gray region in Figure 4). The sample points where the
spectra have been measured are indicated by letters. The darker round regions are methane bubbles, whereas the homogeneous regions filling the
space among the bubbles are water rich.

Figure 6. Comparison of methane solubility in water as a function of
pressure. Values reported as green squares are relative to data
computed at 363 K using a thermodynamic model based on a large set
of experimental low-pressure values.22 The dashed line is a linear
extrapolation of this set of data. The red dots are few representative
values from ref 21 obtained on fluid mixtures with an amount of
methane ≤39%. The solubility has been determined from the relative
extensions of water and methane-rich regions, as determined by
sample micrographs. Blue stars data are from this work and have been
obtained by the intensity ratio of the C−H stretching mode of
methane measured inside the methane bubbles and in the water-rich
regions of the sample.
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methane hydrate whose homogeneity and methane content,
≤14.8%, were verified by Raman spectroscopy (see Figure S1).
The hydrate samples were compressed up to pressures ranging
between 2.7 and 3.8 GPa and then isobarically heated, as
shown in Figure 4. The sample heated up to 475 K at 2.7 GPa
(path 1) always appeared, once molten, fully demixed (Figure
5). The sample was then brought back to ambient temperature
and 1 GPa (phase MH-I) without observing any change in the
aspect as well as in the Raman spectra: the strong C−H
stretching band of methane was observed in the measurements
performed within the bubbles, whereas it was barely visible in

the regions among the bubbles (Figure 5) and also at the P−T
conditions where Pruteanu et al.21,23 reported enhanced
miscibility (gray region in Figure 4).

An estimation of the amount of methane in water-rich
regions is attainable by the intensity ratio of the methane band
in the two regions. The spectra have been acquired in the same
conditions just moving the sample in the focal plane from one
point to the other. The intensity ratio is almost identical in the
two P−T points investigated: 10.31 at 1.7 GPa�390 K and
10.25 at 2.2 GPa�410 K. These ratios correspond to
solubilities of 0.0970 and 0.0975 mol %, therefore much

Figure 7. Raman maps (right) obtained by mesh acquisition of the C−H stretching region in steps of 10 �m in the regions evidenced by the white
frame in the sample images reported on the left side. The color scale has been obtained by normalizing the intensity of the C−H stretching band of
methane to the strongest one measured across the sample (dark blue) so that the reddish areas are those where methane is not detected. (a) 3.1
GPa and 536 K; (b) 3.0 GPa and 532 K after 72 h; and (c) 1.42 GPa and 531.5 K.
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lower than the values estimated from micrographs by Pruteanu
et al.,21 which are above 0.4 mol % in this P−T region, but
closer to the values computed through a thermodynamic
model constructed on the available low-pressure data22 (see
Figure 6). We also remark that our values represent an upper
limit because we are probing a sample thickness of about 18
�m (given by the convolution of the waist length with the
detection depth of field), therefore possibly probing also
underlying water-rich regions when we measure methane
bubbles or, conversely, methane bubbles when we measure
water-rich regions, leading to an overestimation of the methane
solubility in water.

In the second experiment, we extended the pressure range
where the fluid was monitored at high temperature (470 K)
releasing isothermally the pressure down to 1 GPa. The sample
appearance is homogeneous at 3.5 and 3.0 GPa, but as the
pressure drops to 2.7 GPa, the fluid appears completely
demixed. These P−T conditions (blue star in Figure 4) nicely
fit the decomposition line of MH-III suggested by Kurnosov et
al.18 and confirmed at lower P−T conditions in this work.
Therefore, we ascribe the homogeneous appearance of the
sample above 2.7 GPa to crystalline MH-III. Once the sample
decomposes, it remains always biphasic during the entire
cooling/decompression path until the recrystallization of phase
MH-I occurs. In the third experiment, we heated the sample up
to 535 K above 3.5 GPa. We slowly released pressure
isothermally while performing Raman grid map acquisition
(mesh) on the sample. At 3.3 GPa and 532.4 K, changes in the
visual appearance of the sample may be suggestive of the
melting occurrence, again in good agreement with the
decomposition line by Kurnosov et al.18 The mesh measured
at close pressure and temperature conditions (steps of 10 �m)
shows certain homogeneity in the methane distribution across
the sample even though a leopard spot distribution remarks the
presence of water and methane-rich regions [see panel (a) in
Figure 7]. A Raman mesh acquired at the same pressure and
temperature conditions after 72 h shows an increased
homogeneity in the methane distribution all across the sample
[see panel (b) in Figure 7], an observation suggestive of a
possible kinetics of methane solubilization in water. The
pressure was then lowered to 1.4 GPa where a new mesh was
acquired. The formation of large water or methane-rich
domains is rather evident anticipating the clear demixing
visually observed once the temperature was isobarically
lowered to 470 K.

■ CONCLUDING REMARKS
In summary, we have exploited the synthesis and the successful
transfer in the DAC or SAC of homogeneous methane hydrate
crystalline samples filling all the sample volume for addressing
fundamental questions related to the phase behavior, the high-
pressure�high-temperature melting conditions, and the
solubility of hot compressed mixed methane−water fluids.
Methane hydrate is one of the major methane species in the
Universe likely representing a primary methane source in the
outer Solar System, and the three issues tackled in this work
are central for modeling static and dynamic properties of these
icy bodies. The pressure and temperature region investigated is
indeed relevant to Titan’s interior, the second largest moon
and the only planetary body in the Solar System having a
hydrologic cycle like Earth but based on methane. Using
Raman spectroscopy, we have characterized the lattice phonon
region of the MH-II and MH-III phases, providing an

important benchmark for testing the structural properties.
The resemblance of the phonon spectrum of the phase MH-III
to that of ice III instead of that of ice Ih, the matrix suggested
to be filled by methane molecules, raises important questions
about the appropriateness of the structure assignment or
conversely about the entity of the lattice distortion due to the
methane filling. Raman spectroscopy has also been used to
carefully monitor the solubility of methane in the fluid, a very
important issue to explain the prebiotic synthesis of organic
material from molten ices exploiting irradiation or impact
phenomena. We have found a solubility in line with that found
at much lower pressure (few kilobars) and significantly lower
than that recently reported, a discrepancy likely related to the
estimation of the methane amount in the sample. Finally, FTIR
spectroscopy was employed to characterize the decomposition
of homogeneous samples filling the entire sample volume in all
the three low-pressure phases, confirming the existing literature
about phases MH-I and MH-II, and solving the contrasting
results so far obtained for phase MH-III. Here, we evidence an
unavoidable two-step mechanism where first occurs the
melting of ice VII, present in the sample because of the
progressive enrichment in methane of the hydrate going from
phase I to III, and then, tens of degrees above, the
decomposition of the hydrate takes place, thus moving the
stability field of the hydrate well above that of both methane
and water solids.
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