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ABSTRACT

We have performed a combined experimental and theoretical study of ethane and methane at high pressures of up to 120 GPa at 300 K
using x-ray diffraction and Raman spectroscopies and the USPEX ab initio evolutionary structural search algorithm, respectively. For ethane,
we have determined the crystallization point, for room temperature, at 2.7 GPa and also the low pressure crystal structure (phase A). This
crystal structure is orientationally disordered (plastic phase) and deviates from the known crystal structures for ethane at low temperatures.
Moreover, a pressure induced phase transition has been identified, for the first time, at 13.6 GPa to a monoclinic phase B, the structure
of which is solved based on good agreement with the experimental results and theoretical predictions. For methane, our x-ray diffraction
measurements are in agreement with the previously reported high-pressure structures and equation of state (EOS). We have determined the
EOSs of ethane and methane, which provides a solid basis for the discussion of their relative stability at high pressures.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067828

I. INTRODUCTION
Methane is one of the most abundant hydrocarbon molecules
in the universe and is expected to be a significant part of the icy giant
planets (Uranus and Neptune) and their satellites.1,2 Ethane is one of
the most predictable products of chemical reactivity of methane at
extreme pressures and temperatures.3–6 Moreover, the broad range
of thermodynamic conditions at which hydrocarbons are present
in the universe (from below 100 to 10 000 K and pressures of up
to 1 TPa) determines the importance of understanding the physics
and chemistry of hydrocarbons at extreme pressure and temperature. Both methane and ethane have been found in the planetary
atmospheres.7
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Despite numerous experimental and theoretical studies,8–16 the
structure and relative stability of methane and other hydrocarbons17
at high pressures, even at room temperature, remain controversial
even at moderate pressures. At room temperature (RT), methane
solidifies in a plastic fcc phase (orientationally disordered) that is
stable up to 5.4 GPa.18 At higher pressures, methane adopts orientationally disordered (based on the Raman spectroscopy data that
show splitting of the C–H stretch modes8,13 ) phases: (a) a rhombohedral structure (phase A) up to 9 GPa and (b) a cubic structure (phase
B) up to 25 GPa.9,10 The hydrogen positions could have been determined only for phase A (below 9 GPa). A phase must be disordered
based on the account of splitting of the ν1 and ν3 modes. The authors
of Ref. 9 (neutron and x-ray diffraction measurements) suggested
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that it may be partially ordered. The transition between phase A and
phase B is very sluggish; if pressure is increased quickly, yet another
phase named pre-B is formed, which shows Raman spectra similar
to phase A and x-ray diffraction (XRD) patterns similar to phase B.8
The exact structure of the high-pressure (HP) phase above 25 GPa
is unknown. It was proposed that methane would behave as a “bad”
noble gas and assume an hcp structure at high pressure.19 However,
the structure of methane can be well indexed by a cubic phase of up
to 202 GPa.12 In the later study, two distinct cubic phases, namely,
a simple cubic (SC) stable up to 94 GPa and high-pressure cubic
(HP-C), were reported.
In contrast to rather rich data on methane, very little is known
about the crystal structure of ethane at high pressure.4,6,20–22 A very
recent experimental study using Raman spectroscopy22 reported
a series of phase transitions of ethane of up to 120 GPa at RT;
however, no structural characterization was provided. Theoretical
structure search, which includes a possible composition change
between various hydrocarbons, suggests that methane is stable
to almost 100 GPa,5 while at higher pressures other substances
become stable-such as ethane, butane, methane–hydrogen compounds (CH4 )4 (H2 )2 and (CH4 )2 (H2 )3 (similar to those reported at
lower pressures23 ), and molecular H2 .24 Above 300 GPa, the only
stable phases are H2 and diamond in qualitative agreement with
the earlier work.3 All these phases can be metastable in a wide
pressure range, and the kinetic hindrance can be overcome via
a high-temperature treatment. However, nominally metastable at
low temperatures, hydrocarbon phases (e.g., ethane) can be synthesized at high P–T conditions,4,6 which have been argued to stabilize
at pressure and/or temperature, additionally helped by a catalytic
reaction.25
To address the structure and the composition of hydrocarbons
at high pressures, we have performed a combined experimental,
using x-ray diffraction (XRD) and Raman spectroscopies, and theoretical, using the USPEX ab initio evolutionary structural search
algorithm,14,24 study of both methane and ethane up to megabar
pressures at room temperature (RT). For ethane, we have determined the crystallization point, for room temperature, at 2.7 GPa
and also the low pressure crystal structure (phase A), in agreement with Ref. 21. This crystal structure is orientationally disordered (plastic phase) and deviates from the known crystal structures
for ethane at low temperatures.26,27 In addition, a pressure induced
phase transition has been identified, for the first time, at 13.6 GPa to
a monoclinic phase B, the structure of which is solved based on good
agreement with the experimental results and theoretical predictions.
This phase is isostructural with phase III, previously reported at low
temperatures.26 We have determined the equations of state (EOSs)
of ethane and methane up to Mbar pressures, which provides a solid
basis for the discussion of their relative stability at high pressures.
II. METHODS
A. Experimental methods
Methane and ethane (both with nominal purity better than
99.9995%) were loaded into a diamond anvil cell (DAC) with the
use of a gas loading apparatus, where a gas pressure of about 0.2 GPa
was created. Small quantities of ruby and gold powder were also
loaded for the determination of pressure through ruby luminescence and gold EOS, respectively.28,29 XRD data were collected at the

J. Chem. Phys. 155, 184503 (2021); doi: 10.1063/5.0067828
Published under an exclusive license by AIP Publishing

ARTICLE

scitation.org/journal/jcp

GeoSoilEnviroCARS (sector 13), Advanced Photon Source (APS),
Chicago, and Extreme Conditions Beamline P02.2 at DESY (Germany). Cubic boron nitride (c-BN) gaskets were used for the Mbar
XRD measurements. This allows for larger sample volumes, given
that both methane and ethane are week scatterers. Moreover, the use
of c-BN gasket prevents “contamination” of XRD patterns from rhenium peaks, which are usually present at high pressures.8,12 Raman
studies were performed using 488 and 532 nm lines of a solid-state
laser. Raman spectra were analyzed with a spectral resolution of
4 cm−1 using a single-stage grating spectrograph equipped with a
CCD array detector.
Integration of powder diffraction patterns to yield scattering
intensity vs 2θ diagrams and initial analysis were performed using
the DIOPTAS program.30 The calculated XRD patterns were produced using the POWDER CELL program31 for the corresponding
crystal structures according to the EOSs determined experimentally
and theoretically in this study and assuming continuous Debye rings
of uniform intensity. Rietveld refinements were performed using the
GSAS software.32 Indexing of XRD patterns has been performed
using the DICVOL program33 as implemented in the FullProf Suite.

B. Computational methods
The computational search for stable phases of ethane under
pressure was performed using the USPEX evolutionary algorithm34
in its version14 for molecular crystals. Force-field (UFF35 ) optimized
geometry of the ethane molecule was used as input for structure
search. We explicitly considered structures with Z = 2, 4, 8, 10, 12, 14,
and 16 molecules per unit cell in all possible space groups. Generation size was set to 80 structures. External pressure was set to 30 GPa
during the search. Each structure in USPEX search was relaxed
using the Vienna Ab initio Simulation Package (VASP)36–38 with the
Perdew–Burke–Ernzerhof (PBE)39 functional (with D3 dispersion
correction40 ) and projector augmented wave (PAW) pseudopotentials41 in several consecutive steps with increasing precision, plane
wave basis set cutoff, and number of points on the k-grid: finally,
the most precise step was performed with a cutoff of 600 eV and
2π × 0.09 Å−1 reciprocal space resolution (as defined in the original
USPEX paper34 ). Fitting of the Birch–Murnaghan EOS was done by
relaxing the predicted ethane structure at ten equidistant pressure
values in the 10–100 GPa range with 600 eV cutoff and 0.5 Å−1 kpoint spacing; the obtained equilibrium cell volumes and energies
were used for a three-parameter fit.

III. RESULTS
A. High-pressure study of ethane
1. Raman spectroscopy
Figure 1 shows nonpolarized Raman spectra of ethane at the
selected pressures of up to 40 GPa. Frequency pressure plots are
shown in Fig. 2. Ethane crystallizes at about 2 GPa, determined by
the appearance of lattice modes above solidification pressure. The
Raman spectrum can be divided into three main spectral ranges: (i)
from 2850 to 3100 cm−1 attributed to C–H stretching vibrations,42
(ii) from 1000 to 1500 cm−1 attributed to C–C stretching and C–H
bending, and (iii) below 600 cm−1 arising from lattice modes.
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FIG. 1. Raman spectra of ethane at the
selected pressures: (a) lattice modes,
(b) C–C stretching and C–H bending
modes, and (c) C–H stretching modes.
The Raman spectra of the A and B
phases are shown in black and red,
respectively. The Raman spectrum of liquid ethane just below crystallization pressure is also shown in blue.

At above 13 GPa, a phase transition has been observed manifested by the decrease in the number of high-frequency C–H stretching modes with the parallel appearance of C–H bending modes
at 1200 cm−1 (indicated by the arrows in Fig. 1). Moreover, an

increase in the number of the lattice modes (see Fig. 2) indicates a lower symmetry unit cell. No indication of additional phase
transitions was observed up to the highest pressure of this study
(40 GPa).

FIG. 2. Frequency vs pressure plots
of the ethane Raman modes: (a) lattice modes, (b) C–C stretching and C–H
bending modes, and (c) C–H stretching modes. The Raman mode frequencies of the A and B phases are shown
in black and red, respectively. The vertical dashed and dotted lines indicate
the critical pressures of the phase transitions (see the text for details) at 13 and
35 GPa, respectively.
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With a further pressure increase, few spectral discontinuities
in Raman mode frequencies and slopes, see Fig. 2, at 35 GPa indicate the presence of an additional transition, in agreement with the
results of Ref. 22. Given that no new modes appear above this pressure, we tentatively attribute this transition as to be mainly associated with a possible isostructural transition. This is further justified by the absence of any indication of a phase transition in XRD
measurements; see Sec. III A 2.
2. X-ray diffraction
Representative XRD patterns of ethane at various pressures
are shown in Fig. 3. The crystalline phase (indicated as phase A
in our study and phase IV in Ref. 21) of ethane at the lower pressure range (from crystallization of up to 13 GPa) cannot be indexed
with the known crystalline phases at low temperatures. Indeed, both
the plastic BCC (phase I) and the monoclinic ordered (phase III)
phases reported previously26,27 have XRD patterns distinct from
those observed in our study. With a pressure increase, a clear indication of a phase transition to a high pressure phase (indicated as
phase B) has been observed at 13.4 GPa, in perfect agreement with
Raman spectroscopy. No other phase transition has been observed
up to 110 GPa.
In order to solve the crystal structures of both phases of
ethane, we have performed a combined ab initio and experimental (indexing) procedure. We would like to point out that from
experimental data, only carbon positions can be extracted from

FIG. 3. (a) Selected XRD patterns of ethane on the pressure increase. The XRD
patterns of A and B phases are shown in black and red, respectively. The Miller
indices for phase B are noted. The x-ray wavelength is λ = 0.3344 Å. (b) Comparison between the experimental and calculated (theoretically predicted phase B)
patterns of ethane.
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experimental data due to the low scattering cross section of
hydrogen atoms. The results of the analysis of the experimental
results are as follows: (a) Phase A can be indexed with a tetragonal
cell (a = b = 5.11 c = 3.74 Å at 5 GPa) in agreement with Ref. 21;
(b) phase B is determined as a monoclinic structure [space group
(S.G.) P21 /n (14) Z = 2] with a = 3.40, b = 4.66, and c = 4.76 Å
and β = 90.45○ at 20 GPa; and (c) A and B phases should be closely
related, most probably holding an orientation order–disorder relation with higher symmetry carbon positions in phase A. This is further justified by Raman spectroscopy, where an increased number of
the low frequency lattice modes have been observed after the phase
transition. The lattice mode frequencies of phase B seem to be on
the extension of phase A dependencies; see Fig. 2(a). The increased
number of the lattice modes and the appearance of the C–H bending
modes suggest the symmetry lowering.
Computational search for ethane above 14 GPa produced
486 enthalpy-ranked structures, which were analyzed for matching the experimental XRD and cell parameters in the order of
the enthalpy increase increasing enthalpy. The most stable (lowest enthalpy) structure found during the computational search
immediately returned lattice parameters and XRD peak positions
closely matching those of the experimentally found phase B; see
Fig. 3. Slight discrepancies in Bragg peaks intensities are attributed
to preferred orientation effects due to ethane solidification under
pressure, resulting in an agglomeration of microdimensional single crystals. The next, theoretically predicted, low energy structure has an energy of 1.245 kcal/mol above this structure. The
calculated lattice parameters of the lowest energy structure are
a = 3.22, b = 4.49, c = 4.52, and β = 90.47○ with P21 /n S.G. and Z = 2
at 30 GPa. We consider the similarity with the experimentally determined lattice parameters and S.G. sufficient to uniquely identify this
structure as phase B. Interestingly, this structure was found to be the
stable one in several independent searches. Close agreement between
the experimentally and computationally determined structures of
phase B of ethane gives us confidence that this should be the correct
structure of ethane above 13 GPa. This is further justified by good
agreement between the experimentally and computationally determined pressure dependence of the lattice parameters and the EOSs
for phase B; see Figs. 4(a) and 4(b).
Our XRD experiments and theoretical calculations suggest
that phase B is an orientationally ordered body centered tetragonal (BCT)-like structure (see the insets of Fig. 4), in which
the ethane molecule at the center of the unit cell has an orientation (the direction of the C–C bond) perpendicular to the
orientation of the molecules at the corners. This crystal structure resembles very much monoclinic phase III known from
low temperature (LT) studies.26 At 70 K and ambient pressure,
phase III has lattice constants of a = 4.226, b = 5.623, and
c = 5.845 Å and β = 90.41○ with the same SG (P21 /n) of phase
B. Moreover, arrangement of ethane molecules is the same in both
structures. Thus, it is plausible to assume, although no experimental data are available in the intermediate temperature and pressure
region, that phase B is identical to LT phase III based on good
agreement between lattice parameters and SG.
Using the above-mentioned structures, we have obtained the
lattice parameters and the EOS of ethane of up to 110 GPa. The
results are shown in Fig. 4. The pressure induced A → B phase transition is accompanied by a slight (≈−2%) volume drop. The continuity

155, 184503-4

The Journal
of Chemical Physics

ARTICLE

scitation.org/journal/jcp

FIG. 4. Pressure dependence of (a) lattice parameters and (b) molecular volume of ethane. The dashed vertical lines
denote the critical pressure for the phase
transition. In (a), experimental and calculated results are plotted with the solid
and open symbols, respectively. The
solid lines in (b) are the unweighted thirdorder Birch–Murnaghan EOS fit to the
experimental data points.43 The calculated EOS of phase B is shown as the
red dashed line in (b). The insets of (b)
are schematic representations of the B
phase of ethane.

of the lattice parameters (c → a and a, b → b, c) further justifies the
argument of the close relation between the two phases. As it can
be clearly seen from Fig. 4, the lattice parameters b and c become
practically identical above 35–40 GPa, while the β monoclinic angle
remains very close to 90○ , thus making phase B effectively tetragonal
under pressure. This further corroborates with the spectral discontinuities observed in the Raman spectra in the same pressure range.
We conducted unweighted fits to the experimental and calculated
P–V data using a third-order Birch–Murnaghan EOS43 and determined the bulk modulus B and its first derivative B′ at the experimental onset pressure for the A and B phases. The lattice, structural,
and EOS parameters obtained in this way are given in Table I.
Figure 5 shows the proposed phase diagram of ethane,
summarizing the findings of this work. Phase B representing an
orientationally ordered molecular structure is stable in the whole

explored pressure range of up to 116 GPa in agreement with the
theoretical predictions.24
B. High-pressure study of methane
1. X-ray diffraction
The XRD data of methane of up to 117 GPa collected in this
work are consistent with the I–A–B sequence of phase transformations. Concomitant Raman spectra measurements indicated that
methane was in phase pre-B above 12 GPa. Our XRD data (Fig. 6)
show that in the whole investigated pressure range of up to 120 GPa,
the data can be indexed within a cubic structure.
These observations suggest that the simple cubic structure
determined by the carbon sublattice remains stable under compression. On the other hand, previous Raman investigations show that

TABLE I. Experimental and calculated structural parameters of A and B ethane at selected pressures: space group (SG), number of formula units in the unit cell Z, lattice
parameters, molecular volume, bulk modulus B, and its pressure derivative B′ at the experimental onset pressure, Wyckoff site, and the corresponding coordinates as determined
by ab initio calculations.

V (Å3 )

B (GPa)

B′

3.654(1))

46.25(5)

25.9(8)

9.2(7)

5.092(2)

3.675(18)

47.65

4.534(5)
4.49

4.585(4)
4.52

71.1(9)
64

3.5(17)
4.1

P (GPa)

SG

Z

a (Å)

b (Å)

c (Å)

7 (exp)
5.9
(Ref. 19)

P42 /mnm

2

5.028(1)

5.028(1)

5.092(2)
3.272(9)
3.22

30.2 (exp.)
30 (cal.)

P42 /mnm
P21 /n
P21 /n

2
2
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β (deg)

90.44
90.47

34.11(09)
32.65

WP

x

y

z

C(4e)
H(4e)
H(4e)
H(4e)

0.0586
0.1135
0.5630
0.4443

0.3890
0.8673
0.6754
0.0558

0.889 7
0.628 2
0.555 30
0.174 5
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FIG. 7. Raman spectra of the pre-B and HP phases of ethane at 62 GPa, measured
on two different experimental runs.

FIG. 5. Proposed P–T phase diagram of ethane according to the results of this
study and Ref. 21.

there may be a variety of ordered phases, which likely occur due
to different modes of orientational ordering,13,19,44 depending on
both the sample history and pressure. For these structures, the Hpositions are unknown, while C positions were determined in Ref. 9
for phase B. The investigated cubic pre-B methane, which is stable to
very high pressures (see also Refs. 8 and 12), is a good proxy to determine the EOS at these conditions. We argue that pre-B, B, and HP

phases of methane are close in energy because from previous studies,13,19,44 it appears that these phases could exist (or even co-exist)
at the same pressure ranges depending on the pressure–time history
of the methane specimens.
2. Raman spectroscopy
Our Raman data measured concomitantly with XRD agree well
with previous observations in phases I, A, B, and pre-B.8,15 We
detected, see Fig. 7, a simple Raman spectrum of the C–H stretch
modes of pre-B, which consists of two major fundamentals (ν1 and
ν3 ) and a single ν2 mode (≈1600 cm−1 ), in agreement with Ref. 15.
On the other hand, these modes appear to be split in the HP phase,
indicating a lower symmetry at the level of local order associated
with the C–H bonds.
IV. DISCUSSION

FIG. 6. Selected XRD patterns of methane at various pressures measured on the
pressure increase. The corresponding Miller indices for the SC phase of methane
are also noted.
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Methane and ethane both are the simplest and hence the most
fundamental hydrocarbons. Thus, it is vital to understand their relative thermodynamic stability at different compressions. As already
mentioned in the Introduction, ethane is one of the most predictable
products of chemical reactivity of methane at extreme pressures and
temperatures. In order to address the issue of the relative stability
of methane vs ethane and given that the PV enthalpy term plays a
crucial role at high pressure, we compare the volume per molecule
of methane and ethane. This is done using the simple reaction
2CH4 ⇒ C2 H6 + H2 . Figure 8 shows the combined EOS of (a)
doubled molecular volume (Vpm) of methane and (b) sum of the
molecular volume of ethane Vpm plus hydrogen Vpm according to
Loubeyre et al.45 As it can be clearly seen, ethane and methane show
similar compressibility, which results in similar EOSs. In details, the
formation of ethane leads to increase of density at pressures below
80 GPa, but there is no discernible increase of density at higher
pressures - this is equivalent to saying that the enthalpy of reaction
2CH4 ⇒ C2 H6 + H2 decreases with pressure up to ∼80 GPa and
remains constant at higher pressures. Therefore, ethane becomes
stable already before 80 GPa.
High-temperature (HT) studies unambiguously reveal the
formation of ethane, originated from methane, under high
pressure–temperature conditions.4,6 In this case, HT commonly
needed to overcome energy barriers arising from bond breaking.
Moreover, previous theoretical studies strongly suggest dissociation
of methane toward ethane at 95 GPa.5,24
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Our discussion so far did not consider the role of the entropy.
Previous theoretical works (5,24) suggest that if CH4 , C2 H6 and H2
are in solid phases, the entropy of the reaction 2CH4 = C2 H6 + H2
is negligible and the equilibrium pressure of this reaction is almost
temperature-independent. However, when H2 is in the fluid phase,
the entropy of the right-hand side becomes much higher, and
ethane formation becomes favorable at lower pressures. Indeed,
experiments observe this reaction already at 2-5 GPa [4] at high
temperatures.
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