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ABSTRACT: Understanding the high-pressure behavior of the C−H
system is of great importance due to its key role in organic, bio-,
petroleum, and planetary chemistry. We have performed a systematic
investigation of the pressure−composition phase diagram of the C−H
system at pressures up to 400 GPa using evolutionary structure prediction
coupled with ab initio calculations and discovered that only saturated
hydrocarbons are thermodynamically stable. Several stable methanehydrogen cocrystals are predicted: 2CH4 * H2, earlier obtained
experimentally, is predicted to have the I4/m space group and 2−90
GPa stability range at 0 K, and two new thermodynamically stable
compounds 2CH4 * 7H2 (P-3m1 space group) and CH4 * 9H2 (Cm
space group), and are potential energy storage materials. The P21/c phase
of methane is predicted to be stable at pressures <8 GPa; bulk graphane
(CH) was shown to be thermodynamically stable at 7−18 and 18−50
GPa and 0 K in the P-3m and Cmca phases, respectively; polyethylene is shown to have a narrow ﬁeld of stability. We report the
p−T−x phase diagram of the C−H system and p−T phase diagram of CH4.

■

INTRODUCTION
Hydrocarbons are of great interest due to their importance in
many ﬁelds, such as organic chemistry, planetary science, and
others.1,2 For instance, they play a key role in giant planets
such as Neptune and Uranus. Today’s models of these planets
postulate a three-layered structure, consisting of an inner rocky
core, middle ice layer of compounds of C, N, H, and O, and an
outer H−He atmosphere.3 The abundance of methane in the
ice layer is quite high (up to 30 mass %, depending on the
model used) at pressures up to several hundreds of GPa.4 In
previous works,5−7 it was shown that ethane, butane, and
polymeric hydrocarbons are also likely to exist under
conditions corresponding to the middle layer. However, in
one theoretical paper, the stability of butane was questioned.8
Later, we will come back to this issue and show that the
chemistry of this middle layer is surprisingly diverse.
Interestingly, Neptune has unexplained internal heat production responsible for its high luminosity. One of the possible
explanations is that, at high pressures, methane decomposes
into hydrogen and diamond.6,7,9−14 The latter is denser than
hydrocarbons and hydrogen and, therefore, gravitationally
sinks inside the planet.15 Most likely this process involves
multiple stages, and several intermediate compounds are
produced during methane polymerization. In agreement with
this consideration is the fact that methane, ethane, and butane
© 2019 American Chemical Society

cannot sink and may leak into the atmosphere where CH4 and
C2H6 were indeed found there.16
Another interesting fact about C−H compounds comes
from organic chemistry: benzene (C6H6) has been known for a
long time, but its thermodynamically more stable isomer
graphane,17,18 that is, (CH)∞, was discovered experimentally
just in 2009,19 and recently, bulk graphane was also
synthesized.20 Can there be other stable, but as yet unknown,
hydrocarbons?
We have made an attempt to answer this question and found
that, despite its great importance, the phase diagram of the C−
H system is poorly known. At ambient pressure, only methane
lies on the convex hull (all other hydrocarbons are
thermodynamically unstable and have a higher free energy
than a mixture of graphite, hydrogen, and methane); above 4
GPa, it was shown experimentally that it forms diﬀerent
cocrystals with H2,21 which normally decompose when
pressure is raised beyond several GPa. Theoretical predictions
show one remarkable exception: 2CH4 * 3H2 that was found
to be stable at pressures up to 215 GPa.22 Methane itself
adopts several phases obtained experimentally, but the
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Figure 1. Pressure−composition phase diagram representation of C−H system at 0−400 GPa calculated using optB88-vdW (at 1−20 GPa) and
PBE (at 20−400 GPa) functionals at (a) 0 K with zero-point energy included, (b) 500 K, (c) 1000 K, and (d) 2000 K. CH = graphane; CH2 =
polyethylene; C2H5 = butane; CH3 = ethane; CH4 = methane; CH5 = 4CH4 * 2H2; CH7 = 2CH4 * 3H2; CH11 = 2CH4 * 7H2.

structures of some of them remain unidentiﬁed.23,24 At
pressures above 155 GPa, pure methane was predicted to
decompose into a mixture of hydrogen and ethane, and at still
higher pressures, butane and polyethylene were predicted to
form.5 Further pressure increase leads to the formation of
diamond and hydrogen.9 On the other hand, as a result of
experimental studies, methane was reported to remain stable at
room temperature and compression up to 200 GPa (but note
that it can be metastable at such low temperature as 300 K).25
Another static compression experiment showed its stability up
to 80 GPa and 2000 K.26
Only two systematic theoretical studies of compound
stability in the C−H system under pressure were done.5,8 In
those works, the authors used a ﬁxed-composition search that
did not allow ﬁnding phases with unusual compositions
because compositions have to be manually set. We have
adressed this with the recently developed variable-composition
search, introduced in USPEX,27,28 which performs simultaneous prediction of all stable stoichiometries and structures (in
a given range of compositions) automatically, in combination
with accurate DFT calculations. This method proved to be
successful for predicting various novel materials.29 As a result,
we report the full phase diagram of the C−H system at
pressures of 0−400 GPa and temperatures from 0 up to 2000
K.

..., 20, 40, 60, ..., 100, 150, 200, ..., 400 GPa and involved more
than 200000 structure relaxations. Total energy calculations
and structure relaxations were performed using the PBE
functional and the PAW method,30−32 with hard potentials,
850 eV plane wave kinetic energy cutoﬀ, and a uniform Γcentered grid with 2π × 0.056 Å−1 spacing for reciprocal space
sampling. We also used optB88-vdW functional with van der
Waals correction at pressures of 0−20 GPa, when dispersion
interactions are still important,33 and SCAN functional with
rVV10 correction and 1000 eV plane wave kinetic energy
cutoﬀ.34 All structure relaxations and total energy calculations
were done using the VASP code.35 For all calculations with
vdW corrections, a less dense Γ-centered grid was applied, that
is, 2π × 0.064 Å−1, as it was done in Saleh and Oganov’s
work.22
For thermodynamically stable structures, phonon dispersion
curves, phonon density of states, and phonon contribution to
the free energy were calculated using the ﬁnite displacement
method as implemented in the PHONOPY code.36 The
dynamical stability of novel compounds was ascertained by the
absence of imaginary frequencies in their phonon dispersion
curves. Large supercells (∼10 × 10 × 10 Å) and increased
energy cutoﬀ (1000 eV) were adopted in order to avoid
artiﬁcial imaginary frequencies. In the case of P-3m1-graphane,
a very large supercell (6 × 6 × 4, 15 × 13 × 16 Å, 576 atoms)
was needed. The pressure−composition and pressure−temperature phase diagrams were obtained using the computed Gibbs
free energies at given pressure and temperature in the
quasiharmonic approximation; thermal expansion was taken
into account. The chosen approach was validated by a number
of studies where phase diagrams of various materials were
calculated (e.g., Ref. 37−39).

■

METHODS
The USPEX method27,28 is based on the evolutionary
algorithm and operates as the following: the ﬁrst generation
of structures is created randomly and then relaxed; some
predeﬁned percentage of energetically best structures acts as
“parents” for the next generation, which is produced by means
of so-called variational operators (mutations, crossover, and
random structure generators) and also locally optimized; this
procedure is repeated until the global minimum is found. The
variable-composition method allowed us to search for all stable
states in the C−H system. USPEX searches were performed
with 8−32 atoms per unit cell at pressures 0, 1, 2, ..., 10, 12, 14,

■

RESULTS AND DISCUSSION
We calculated the phase diagram of the C−H system at 1−400
GPa with and without vdW corrections (optB88-vdW and PBE
functionals, respectively) and with and without zero-point
energy. Also, one more re-calculation of the whole pressure−
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Polyethylene (CH2)∞ has the Cmcm space group and is
thermodynamically stable (with no ZPE correction included)
at pressures above 130 GPa but is extremely close to the
convex hull at all pressures, and for this reason, it was
previously reported to have three ranges of stability: <20, 140−
190, and >215 GPa.22 In our calculations, polyethylene
(CH2)∞ at some pressures is just 0.2−0.6 meV/atom above
the convex hull. When taking into account zero-point energy,
polyethylene turns out to have a very narrow stability region on
the phase diagram (Figure 2a−c) at diﬀerent temperatures.5,8
Also, it was shown that two phases of bulk graphane with P3m (corresponds to the chair conformation of its single unit,
namely, the six-membered carbon ring) and Cmca (corresponds to the boat conformation) space groups are
thermodynamically stable (graphane I and III in ref 18) if
vdW correction is not taken into account. In this case, both
these phases have no imaginary phonon frequencies and exist
at 7−18 and 18−50 GPa at 0 K, respectively. When vdW
correction is included, the P-3m phase become unstable. In the
experimental work by Kondrin et al.,20 graphane was obtained
from benzene at 8−10 GPa and 900−1000 K as a partially
crystallized material; the authors mentioned that, at higher
pressure, the degree of crystallization is expected to be higher,
which is consistent with our results.
In the experimental work by Somayazulu et al., the 4CH4 *
2H2 cocrystal with space group I4/mcm was reported to be
stable in the range from 5.4 GPa to >30 GPa.21 In our work,
we also obtained a structure with the same C/H ratio and
space group I4/m (considering all molecules as spheres, Figure
2b) or I4/mcm (if only methane centers of mass are
considered, which is reasonable due to the fact that, in X-ray
diﬀraction experiments, positions of hydrogen atoms at high
pressure are not determined well), which is in good agreement
with experimental results.21 This structure is stable from 2 up
to ∼90 GPa at 0 K and remains stable even at high
temperatures (Figures 1 and 3) up to about 150 GPa and
2000 K (at 3000 K, only diamond and hydrogen are stable)
when pure methane turns out to be not stable anymore.
We also found two new methane-hydrogen cocrystals: 2CH4
* 7H2 and CH4 * 9H2. 2CH4 * 7H2 adopts the P-3 space
group or P-3m1 if H2 and CH4 have spherical symmetries

composition phase diagram was done using the SCAN
functional (see the Supporting Information for additional
picture representations).34 Results obtained with these functionals are quite similar and diﬀer in exact stability pressure
intervals; the more signiﬁcant changes will be discussed below.
Further in the text, we will consider calculations with vdW
correction up to 20 GPa, without it at pressures more than 20
GPa, and always including ZP energy, unless stated otherwise.
Using all predicted stable structures, we have computed phase
diagrams at diﬀerent temperatures: 500, 1000, and 2000 K
(Figure 1).
All stable compounds discovered in previous structure
prediction works were reproduced in our simulations,5−8,22
and a number of new stable compounds were predicted. The
corresponding most stable carbon (graphite and diamond) and
hydrogen phases were predicted similar to reference.22 We
found that there are no stable unsaturated (including aromatic)
hydrocarbons on the phase diagram. Another interesting fact
that comes from our calculations is that several methanehydrogen cocrystals are thermodynamically stable and have a
wide stability range. Further, we will review obtained
compounds, which are newly discovered or have some
diﬀerences in comparison with previous studies (their
structures are shown in Figure 2).
Butane C 4 H 10 has the P-1 space group, and its
thermodynamic and dynamical stability is debated in the
literature.5,8 According to our results, at 0 K, butane is present
on the phase diagram from 170 to 296 GPa, and it remains
thermodynamically stable at temperatures up to 1200 K. This
conﬁrms results of Gao et. al.,5 and disagrees with Liu et. al.8

Figure 2. Structures of predicted compounds with their space groups.
Spheres indicate spherical symmetry of the molecule inside and are
shown only in those cases where they help to determine higher
symmetry. Space groups in square brackets were determined
considering all molecules to be spherical (with centers in their
centers of mass), while those in round brackets were determined
considering only carbons.

Figure 3. Phase diagram of CH4. The melting line of CH4 comes from
ref 41, and that of H2 comes from ref 42. Uranus/Neptune adiabats
are from ref 43; dashed lines indicate melting line approximations by
the Simon−Glatzel equation.43
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(Figure 2i), and CH4 * 9H2 adopts the P-1 space group or
P63mc considering spherical symmetry of all molecules (Figure
2j). Both structures were initially found with the SCAN
functional, and then these were re-calculated using optB88vdw and PBE functionals. When ZPE is included, 2CH4 * 7H2
is located on the convex hull. We expect experimental synthesis
of this compound to be possible. Potentially, 2CH4 * 7H2 can
be used as a very eﬀective hydrogen-storage material due to its
wide temperature and low-pressure stability ranges and high
hydrogen content, about 30 mass % (a little less than that of
H4M (CH4 * 4H2),21 the most hydrogen-rich chemical
compound known for now − but, unfortunately, existing only
at high pressure). CH4 * 9H2 becomes unstable when ZPE is
added.
A special point is the study of methane. Figure 3 shows the
total p−T phase diagram of CH4.. According to our results,
methane undergoes the following transformations with
increasing pressure at T = 0 K toward diamond formation
(the process that is believed to proceed in giant planets’
interiors):
57 GPa

obtained experimentally, was discovered to have the I4/m (or
I4/mcm if only carbons are considered) space group and 2−90
GPa stability range at 0 K. The P21/c phase of methane was
discovered to be stable at low pressures; bulk graphane (CH)
was shown to be thermodynamically stable at 18−50 GPa and
0 K with the Cmca space group; polyethylene was found on the
phase diagram in a narrow range. Two new methane
hydrogenates 2CH4 * 7H2 (P-3m1 space group) and CH4 *
9H2 (Cm space group) were discovered that can possibly be
used for hydrogen-storage purposes.

■

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.9b01353.
Additional C−H phase diagram representations calculated with diﬀerent methods, convex hulls, structures of
new compounds, phonon dispersion curves and phonon
density of states (PDF)

■

88 GPa

CH4(P 212121) ⎯⎯⎯⎯⎯⎯→ 4CH4*2H 2 + C2H6⎯⎯⎯⎯⎯⎯→
139 GPa
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We found the P21/c phase of methane (Figure 2a) to be stable
in the pressure range up to 8 GPa at ﬁnite temperatures. If
vdW correction is not included, this phase is stable even at 0 K
up to 8 GPa.
In contradiction with previous theoretical works,5,22 we
show that, starting from 60 GPa, pure methane becomes
unstable at 0 K, so the Pnma phase from work by Gao et al.5 is
not on the phase diagram anymore at any temperature and
pressure since it decomposes to 4CH4 * 2H2 and ethane and
then to 2CH4 * 3H2 and ethane (as seen from Figure 3).
These decomposition reactions could only be predicted in this
work due to the use of variable-composition USPEX code. All
transition pressures between diﬀerent phases on the p−T phase
diagram were re-calculated more precisely than it was done in
previous works. Liu et. al. in their calculations obtained similar
results for CH4 as we did at 200 and 300 GPa but diﬀerent at
100 GPa since the 2CH4 * 3H2 phase was not taken into
account.8 The appearance of 2CH4 * 3H2 and 4CH4 * 2H2
cocrystals together with ethane on the p−T phase diagram is
also a new result of our work, which is consistent with
experimental results40 where methane, ethane, and hydrogen
coexist at high-pressure conditions, though the stability
pressure range is slightly diﬀerent.
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