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Based on first-principles molecular dynamics simulations, the equation of state and Hugoniot curve of a
methane-water mixture are investigated at relevant conditions in Uranus and Neptune. Under a strong shock
wave, the compression ratio of the methane-water mixture is significantly higher than that of pure methane.
Calculations of the pair-correlation function show that methane molecules are dissociated by ionized water
above 4000 K. Above 6000 K, the methane and water molecules are completely dissociated, and many short-lived
chemical species such as H3O and OH ions, C–O bonds, and free H atoms are formed. These results may provide
a reasonable material basis for the unusual magnetic fields and the thin-shell dynamo models in Uranus and
Neptune. The temperature and density ranges of our simulations are also relevant to dynamic shock experiments,
and the results may provide reasonable models for future laboratory studies.
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I. INTRODUCTION

Methane and water are very abundant in our universe. Most
methane and water molecules are “frozen” as a fluid mixture
in the “ice” layers inside the interiors of giant planets, where
the pressure ranges from 20 GPa (109 Pa) to 600 GPa and the
temperature ranges from 2000 to 8000 K [1]. Methane-water
mixtures undergo progressive chemical changes as a function
of the increasing density and temperature along the planetary
radius [2,3], and these changes are thought to be the cause of
the unusual magnetic fields in Uranus and Neptune [4,5]. The
methane hydrate is also a potential clean energy source for
the 21st century [6]. A better understanding of methane-water
mixtures in the relevant range of pressures and temperatures
is important for planetary science and material science.

To simplify planetary models, laboratory and simulation
studies were previously focused on the properties of in-
dividual components. Given the large H2O component in
exoplanets, the properties of water, such as the equation of
state (EOS) [7–10], Hugoniot curves [11–13], and electri-
cal and thermal properties [14–17], have been investigated
in detail at extreme conditions. These results have shown
signs of a superionic phase at 3.8 g/cm3 and 700 GPa, in-
dicating that this water model can be used as the standard
for modeling Neptune, Uranus, and “hot Neptune” exoplan-
ets [11]. Methane is also one of the major components in
“ice” layers of these planets. The properties of pure methane
under extreme conditions, such as the EOS [18–22], Hugo-
niot curves [23–25], pair-correlation functions [18,26], and
electrical conductivity and optical properties [27–31], are
investigated using dynamic shock experiments and density
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functional molecular dynamics (DFT-MD) simulations. These
studies have found that diamondlike configurations occur at
ultrahigh pressures and temperatures, proving that the dehy-
drogenation reactions prevent methane from changing to a
superionic state [14,26,28,30–32]. However, chemical interac-
tions caused by the pressure and temperature may change the
properties of a mixture relative to its individual components
and lead to sedimentation or upwelling of a major constituent
in “ice” layers, which could have a large influence on the ther-
mal evolution of the ice giants. For example, Lee et al. [33]
studied CH4-H2O mixtures and demonstrated that, compared
to pure substances, mixing leads to the progressive ioniza-
tion of methane and that the samples become electronically
conductive. Liu et al. [34] used spectroscopic experiments
and ab initio simulations to demonstrate that, under mild
pressure conditions of 7.4 GPa and 300 K, mixtures of water
and ammonia react and produce, in part, NH+

4 and OH−.
They explain this surprising coexistence of neutral/charged
species as resulting from a topological frustration between
different ions. Huang et al. [35] used DFT-MD simulations
to characterize the behavior of H2 and H2O molecules in
the deep interiors of Uranus and Neptune, finding the exis-
tence of H3O at 4.3 g/cm3. This can give rise to anomalous
nondipolar and nonaxisymmetric fields consistent with the
thin-shell dynamo model proposed for these planets. Bethken-
hagen et al. [36] performed DFT-MD simulations on a ternary
mixture of methane, ammonia, and water at a ratio of 2:1:4,
and they developed a new adiabatic model of Uranus with an
inner layer of nearly pure ices.

In this paper, we perform DFT-MD simulations of
methane-water mixtures for density and temperature ranges
relevant to conditions in the interiors of Uranus and Nep-
tune. The Hugoniot curve and the EOS of a methane-water
mixture are obtained. The pair-correlation function, the
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mean-squared displacement (MSD), and the electronic band
gap are analyzed to explain the obtained Hugoniot curve and
the EOS. Under a strong shock wave, the compression ratio of
the methane-water mixture is significantly higher than that of
pure methane. Methane molecules are dissociated by ionized
water above 4000 K. Above 6000 K, the methane and water
molecules are completely dissociated, and many short-lived
chemical species such as H3O and OH ions, C–O bonds,
and free H atoms are formed. These results may provide a
reasonable material basis for the unusual magnetic fields and
the thin-shell dynamo models in Uranus and Neptune. The
temperature and density ranges of our simulations are also
relevant to dynamic shock experiments, and the results may
provide reasonable models for future laboratory studies.

II. COMPUTATIONAL METHODS

The simulations are carried out with the DFT-MD software
Vienna ab initio simulation package (VASP) 5.4.4 [37,38].
In these simulations, the electrons receive a full quantum-
mechanical treatment via solving the Kohn-Sham equa-
tions for a set of orbitals and energies within a plane-wave
finite temperature density functional theory [39] formula-
tion, where the electronic states are populated according to
the Fermi-Dirac distribution at the temperature Te. The all-
electron projector augmented wave (PAW) [40] method is
adopted, and the exchange-correlation energy is described
employing the functional of Perdew, Burke, and Ernzerhof
(PBE) of the generalized gradient approximation (GGA) [41].
The PBE functional is a commonly used approximation in
MD simulations, which is computationally less expensive and
can agree with the results of the functional of Heyd, Scuse-
ria, and Ernzerhof within an acceptable error range [42–45].
Electronic excitations are accounted for using Fermi-Dirac
smearing [46].

Simulations are undertaken at 56 different temperature
density conditions. The densities range from 1 to 3 g/cm3.
Temperatures range from 1000 to 15 000 K. Following
Ref. [33], each simulation cell consisted of 13 methane
molecules and 19 water molecules in a cubic cell with
temperature controlled by a Nose-Hoover thermostat. Each
simulation lasted for at least 2 ps, and in some cases up to
8 ps. The supercells are constructed in the following way.
We constructed a periodic single cell containing two methane
molecules and three water molecules. Then, the single cell is
extended to 2×2×2 supercells, and redundant molecules are
eliminated to maintain a ratio of 13:19 [47].

The numerical convergence of the DFT-MD simulations
is an important issue, which is verified by performing con-
vergence tests on five parameters: the number of K-points,
the ion step convergence criterion, the energy cutoff of the
plane-wave basis, the number of bands, and the time step [47].
The effects of these five parameters on pressure and inter-
nal energy are tested separately by keeping other parameters
fixed. According to the results of convergence tests, the ion
step convergence criterion is set to 1×10−5 eV, the energy
cutoff for the plane-wave basis is set to 900 eV, the time
step is set to 0.2 fs, the number of bands is set to 192, and
the density of a single K-point in K-space is high enough
so that the Brillouin zone is sampled with a single � point

to reduce computational costs. The change in internal energy
and pressure by using higher precision parameters is less than
2‰ [47].

The Hugoniot curve, which is the set of end states that can
be reached from some given initial states, is calculated using
the Rankine-Hugoniot relation [48]:

H = (e − e0) + 1
2 (p + p0)

(
ρ−1 − ρ−1

0

) = 0, (1)

where e and e0 are the internal energies for final and initial
states, p and p0 are the pressures for final and initial states,
and ρ and ρ0 are the densities for final and initial states.
The initial states are obtained with DFT-MD simulation by
setting temperature T0 = 1000 K and ρ0 = 1 g/cm3, and e0 =
−4.538 eV/atom and p0 = 6.27 GPa are then calculated. The
Hugoniot points are determined in the following way [18]. For
a given temperature, DFT-MD simulations are performed at
different densities. Then, the internal energies e, the pressure
p, and the Hugoniot function H are calculated and fitted to
cubic functions of temperature T . The zero point of function
H is found numerically, and the corresponding final states (ρ,
T , e, p) that satisfy Eq. (1) are then obtained.

III. RESULTS

A. Hugoniot curve and EOS

DFT-MD simulations are performed at various density
and temperature conditions, which are marked in Fig. 1(a).
The Hugoniot curve in the density-temperature space is also
shown in Fig. 1(a), which connects all possible final ther-
modynamic states generated by a planar shock wave to the
initial thermodynamic state. For pure methane, the slope of
Hugoniot curve ∂T/∂ρ first decreases and then increases as
temperature increases [26]. For the mixture, the slope of the
Hugoniot curve increases monotonically as temperature in-
creases. Under 3000 K, methane molecules remain relatively
stable while small amounts of unstable H3O+ and OH− are
generated. Around 3000–4000 K, the slope of the Hugoniot
curve increases markedly and the ionization phase transition
occurs in the mixture. A large amount of molecular species,
especially methane species, starts dissociating, forming parts
of C–C and C–O bonds and transient H2 molecules, indicating
that the mixture further transforms to the fluid phase. Above
5000 K, the molecules are completely dissociated, and many
ion species exist for short periods of time. The hydrogen
atoms become highly diffusive, leading to a band-gap clo-
sure, which will be discussed in Secs. III B and III C. This
indicates that the metallization phase transition of methane-
water occurs and that the system changes into a plasma state.
A preliminary analysis of the Hugoniot curve indicates that
the fluid and plasma phases of this mixture in ice giant
planets can only exist at temperatures above 4000 K [14].
The calculated Hugoniot curve in density-pressure space is
shown in Fig. 1(b). The pressure increases almost exponen-
tially with the density. At low compression ratio ρ/ρ0, the
Hugoniot curve of the mixture is closer to that of the pure
methane [26]. At a high compression ratio, the Hugoniot
curve is closer to that of the pure water [11,49]. For strong
shock waves, the fluid methane-water mixture shows strong
dissociation, as in the case of water molecules. We noted that
chemical interactions between water and methane molecules
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FIG. 1. (a) Principal Hugoniot curves in density-temperature space based on the DFT-MD simulations. The symbols show the density and
temperature conditions for our simulations, and they mark the molecular, fluid, or plasma state. The Hugoniot curve for methane from Ref. [26]
and the Neptune isentrope from Ref. [9] are also shown in the figure. (b) Pressure as a function of the compression ratio ρ/ρ0, along the shock
Hugoniot curves. The results of previous simulations for methane (from Ref. [26]) and water (from Refs. [11] and [49]) are also shown for
comparison.

occur after mixing, which changes their properties under high-
temperature and high-pressure conditions.

The EOS data of the methane-water mixture are shown in
Fig. 2(a) and tabulated in the Supplemental Material [47]. The
phase transitions of the mixture are also indicated by the EOS
data. In Fig. 2(a), ∂ p/∂T decreases at a temperature of 4000 K
and densities of 1.5 and 2.0 g/cm3, but it is still positive.
The methane starts dissociating under the catalysis of water.
When the temperature rises to 6000 K, ∂ p/∂T rises again,
and this identifies an insulator-to-metal transition. Compared
to Ref. [33], the dissociation temperature and pressure region
are similar to those of pure methane, with the energy primarily

depending on the bonding number of the light and heavy
nuclei [36]. We did not observe a region with ∂ p/∂T < 0
at densities of 1.0–3.0 g/cm3, which indicates that the com-
position of the mixture has a significant influence on its
thermodynamic properties and that the mixture could not form
a stable polymer, such as pure methane, after dissociation.

In addition, the phase diagram of the methane-water mix-
ture can help us understand the thermal evolution of Uranus
and Neptune. It is generally believed that giant planets are
made up of several different layers of matter. Material deep in
the planetary “ice layers” appears to be fluid, and such layers
are usually convective, often as a result of a hotter internal

FIG. 2. (a) EOS for the methane-water mixture as relevant for the interiors of Uranus and Neptune. For comparison, the present DFT-MD
simulation results are provided together with previous simulations of methane (from Ref. [26]), water (from Ref. [50]), and the isentrope of
Neptune (from Ref. [7]). (b) Pressure-temperature relations of the methane-water mixtures that have been heated and cooled from 4000 K. The
red lines indicate methane simulations [26], and the blue lines indicate methane-water mixture simulations. The solid lines indicate the heating
process, and the dashed lines indicate the cooling process. The densities of the methane-water mixtures and pure methane are 1.5 g/cm3.
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FIG. 3. (a) Snapshot from the MD simulation at 1.5 g/cm3 and 4000 K. C atoms are depicted in blue, O atoms are depicted in wine, and
H atoms are depicted in green. The borders of the simulation cell are depicted by solid lines. The initial configurations of the CH4 molecules
collapse, and some C–C and C–O bonds are formed. (b) Snapshot from MD simulations at 1.5 g/cm3 and 7000 K. The initial configurations
of all molecules collapse, part of H3O-OH ion pairs, and free hydrogen atoms are formed.

to surface heat flow. Our EOS curves cross the isentropic
line of Neptune, which indicates that the mixing entropy
increases with increasing temperature at the same density.
The molecules of the mixture tend to evolve into multiple
unstable chemical species. The phase-transition temperature
of the methane-water mixture is lower than that of the Uranus-
Neptune ice rock thermodynamic boundary, which leads to the
dissolution of rock layer material into “ice” layers being favor-
able under these thermodynamic conditions [15]. The phase
transition behavior of the fluid mixture also helps to prove
the rationality of the complex planetary models of Uranus
and Neptune. For example, the thin-shell generator model
proposed by metallization can be used to explain the complex
magnetic-field structure [35,51]. The phase transition of fluid
mixture can shorten the planet’s cooling behavior, which is
useful to explain the thermal evolution in an “ice” planet [52].
The EOS data can also be used to estimate the size, age, and
cooling rate of some water-rich exoplanets, such as Kepler-
68b [53].

Previous simulations of pure methane show that a poly-
meric state is formed around 4000 K and leads to a region with
∂ p/∂T < 0 in the p-T relation curve [26]. After cooling from
4000 K, the polymeric state remains and exhibits lower pres-
sures than the molecular state of methane [26]. We simulated
the heating and cooling of the methane-water mixture at a
density of 1.5 g/cm3. The cooling simulations are carried out
as follows: we first run the simulations at 4000 K for 8 ps, then
rescale the particle velocities to a certain temperature, and
continue the simulation for 1.5 ps. As shown in Fig. 2(b), the
heating and cooling curves for the mixture are identical. No
polymeric state is formed, and the molecular dissociation pro-
cess is reversible. After cooling, the unstable C–C and C–O
bonds in the mixture are found to be reduced to stable H2O
and CH4 molecules. The activation barrier of the reduction to
stable molecules is small. Conversely, the activation barrier
of stable molecules to the ionic phase is larger, therefore it
is necessary to break the binding of the activation energy via
heating [33].

B. Ionic structure and pair-correlation function

To interpret the EOS data, we extracted simulation snap-
shots after 3 ps at a density of 1.5 g/cm3 and temperatures of
4000 and 7000 K, and we examined the behavior of the mix-
ture in the ionic and plasma phases, respectively. In Fig. 3(a),
it is observed that at 4000 K, water molecules exhibit high
reactivity as a chemical solvent, leading to the dissolution
and dissociation of methane molecules into CH+

3 , with the
formation of C–C and C–O bonds catalyzed by ionic water.
This results in the formation of a small transient complex
consisting of two to four carbon atoms. In addition, the orig-
inal C–H and O–H bonds in the methane-water mixture are
broken, H is highly diffusible, and a small amount of transient
H2 molecule formation can be observed. At the same tempera-
ture, the diffusion of H can also be observed in the simulation
of pure water, which is considered by Schwegler [54] as a sign
of the formation of the fluid phase. Different from the findings
of [26], no carbon chain saturated hydrocarbons are found in
the mixture, indicating that the presence of water inhibited the
polymerization of methane.

As shown in Fig. 3(b), at 7000 K, we can see that the water
molecules are nearly completely dissociated, and some water
molecules form short-lived H3O+ and OH− ions. Because of
the higher simulated temperature, the degree of dissociation
in the mixture is more severe than that in pure water [55].
C–C bonds form and break in a dynamic manner, leading
to transient carbon complexes with carbon atoms in different
coordinations [33]. The number of free H and transient H2

molecules increased significantly compared to the situation at
4000 K, and the dissociation of the two molecules is com-
plete. All of the ionic species formed at this temperature are
transient and unstable.

It is apparent that the chemical reactions of water and
methane in the plasma and fluid phases have a signifi-
cant influence on the physical and chemical properties of
the mixture. Unlike the case of pure methane, most of the
chemical bonds cannot be stable. Therefore, we need to mod-
ify ice giant planet models based on the behavior of pure
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FIG. 4. Evolution of the fraction of (a) C–H and (b) C–C bonds during the MD simulation at 4000 K and 1.5 g/cm3. The decrease of C–H
bonds and the increase of C–C bonds measure how many molecules collapse into ionic species, which is illustrated in Figs. 3(a) and 3(b).

hydrocarbons and the implied diamond formation. We also
suggest that combustible ice and other “ices” be used as
samples in laser-heated diamond anvil cell experiments and
in dynamic shock experiments [30,56].

We now study the clusters in the fluid mixture to extract
more details concerning the dissociation process of methane
in the ionic phase. Different polymerization reactions can
be detected by analyzing the changes in the proportions of
several chemical bonds. In Fig. 4, we set the bonding distance
of the C–C bond to 1.8 Å, that of the C–H bond to 1.4 Å, and
that of the C–O bond to 1.7 Å to analyze the transition process
of the methane-water mixture. The ratio of the C–H bond
number decreased to 1/2 of the ratio at the beginning of the
simulation at 7 ps, which indicated that the CH4 molecules are
continuously decomposed and that the proportion of unstable
C–C and C–O clusters formed after decomposition is increas-
ing. When the simulation reached 8 ps, the fluid mixture was
formed.

To explain the structural changes in the mixture in the fluid
and plasma phases, we calculated the pair-correlation func-
tions for each pair of atom type, which quantify the probability
of finding an atom of a given type at a given distance from a
reference atom. All pair-correlation functions are computed at
a density of 1.5 g/cm3. In Figs. 5(a) and 5(b), at 1000 K, there
are peaks in gCH(r) and gOH(r) at 1.1 and 1 Å, respectively,
representing the equilibrium nuclear distances between the
C–H bonds of methane and the O–H bonds of the methane
and water molecules. However, increasing the temperature
leads to a gradual decrease in the peak value, indicating that a
large amount of methane and water molecules are dissociated.
The g(r) peak value of C–H at 4000 K is only 1/3 of that
at 1000 K, which means that the dissociation of methane is
nearly complete. This finding is consistent with the snapshot
in Fig. 3(a).

In Figs. 5(c) and 5(d), we find that, when the temperature
reaches 4000 K, the original peaks in gCO(r) and gCC(r)
diminish gradually near 1.3 Å, while new peaks appear near
3 Å, which corresponds to the length of the C–C and C–O
bonds in the fluid mixture. Finally, at 15 000 K, when the
mixture transforms to the plasma phase, no new peaks can
be observed. However, the broadening of gCO(r) and gCC(r)

illustrates that most of the chemical bonds at this temperature
are unstable, and that breaking and reformation of the chemi-
cal bonds occurs very frequently.

Compared to Ref. [26], as shown in Figs. 5(e) and 5(f),
the peak gCH(r) value of the mixture of 1.1 Å at 2.0 g/cm3

is approximately twice that of pure methane. Therefore, the
presence of water inhibits the fracture of the C–H bonds and
prevents the formation of complex carbon species at 4000 K,
which confirms the results in the visualization in Fig. 3(a).
Compared to pure methane, a new peak value of gHH(r) forms
near 0.8 Å, implying that the liquid mixture can decompose
into more hydrogen molecules than pure methane at 4000 K.
In conclusion, the formation of diamond after the phase
transformation of pure methane is not incompatible with the
current results but is challenged by microscopic evidence [33]
because important differences in the molecular behaviors of
the two compositions can be clearly seen by combining the
snapshot analysis results and the correlation functions. There-
fore, we describe the behavior of the fluid mixture in the range
of 4000–5000 K as an ionic phase rather than a polymer phase
in Refs. [18] and [26].

C. Mean-squared displacement and electrical properties

The formation of a large number of unstable molecular
groups in the snapshot of the fluid mixture can also be un-
derstood via the MSD of the atoms in Fig. 6. For example,
at 1000 K, the MSDs of the three types of atoms tend to
gradually become stable after the initial ballistic region within
1 ps, indicating that the molecules of the mixture are stable at
1000 K and that all atoms are near their equilibrium positions.
At 4000 K, in the 8-ps simulation, the MSD of the H atoms
is still increasing, while those of the C and O atoms are near
10 Å2, which provides a numerical explanation for the exis-
tence of free H in the fluid phase and the formation of transient
H2 molecules. In a simulation of pure water [50], H atoms
start diffusing at temperatures above 1400 K, while O atoms
oscillate around the bcc lattice sites, and the system behaves
like a superionic solid. This means that the sharp increase in
the melting curve slope is caused by the dissociation of water
molecules and the diffusion of hydrogen atoms. At higher
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FIG. 5. Pair-correlation functions, g(r), as a function of the distance between the atom pairs at different temperature conditions. (a) C–H,
(b) O–H, (c) C–O, and (d) C–C pair-correlation functions at 1.5 g/cm3. While the temperature increases, the intensities of the C–C and C–O
peaks at 1.3 Å increase markedly at 4000 K and decrease again at 10 000 K. (e) H–H and (f) C–H pair-correlation functions at 4000 K and 2.0
g/cm3. The pair-correlation function for methane [26] is also provided for comparison in panels (e) and (f).

temperatures (7000 K), the free H atoms are already in the
superionic state, and the MSDs of the C and O atoms increase
continuously within 8 ps, which implies that large-scale dif-
fusion has also taken place. Therefore, the dissociation of the
water and methane molecules is complete.

Finally, we calculated the electron band gap averaged over
the trajectory of the fluid mixture after MD simulations to
analyze the conductivity. As shown in Fig. 7, when the tem-
perature is below 3000 K, the system remains in the insulating
state and the band gap is 3 eV or more. Compared to Ref. [26],
at 3000 K, the band gap is lower than 3 eV, which implies
that, compared to pure methane, the mixture will transform
into a semiconductor at a lower temperature. We observed a

snapshot after simulating for 3 ps at this temperature, and
we found that a small amount of methane molecules are
dissociated into CH3 groups and free H atoms. When the
temperature is above 4000 K, the band gap decreases further
and the system evolves into a conductor.

The above findings provide some understanding of the
possible physical origin of the dynamo model and the unusual
magnetic fields of the ice giant planets. The phase transi-
tions of multicomponent systems in the “ice layers” change
greatly under extreme conditions. Accordingly, the combi-
nation of dynamic compression techniques and theoretical
calculations can lead to an improved understanding of the
detailed structures of these unusual magnetic fields in terms of

FIG. 6. MSD as a function of simulation time at 1.5 g/cm3. The three temperatures represent the molecule, fluid, and plasma states for
(a) C, (b) H, and (c) O atoms. When the temperature increases, the MSD increases rapidly.
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FIG. 7. Electron average band gap of the fluid mixture during
the simulations at 1.5 g/cm3. The band gap of methane [26] is also
provided. When T > 4000 K, the electron band gap is less than the
temperature, which implies that the samples are transformed into the
metallic state.

the component materials. The highly mobile H atoms and the
ionic conductivity should significantly influence the chemical,

electronic, and transport properties of “ice” planets such as
Uranus and Neptune.

IV. CONCLUSIONS

Based on DFT-MD simulations, we characterized and
analyzed the molecular, fluid, and plasma states in a
temperature-density range of 1000–15 000 K and 1–3 g/cm3

for a methane-water mixture. The compression ratio of the
mixture is much higher than that of pure methane under a
strong shock wave, which indicates that such mixtures are
dissociated under extreme conditions. Such dissociation leads
to an instability of the chemical bonds in the fluid and plasma
states, which can allow a better understanding of interior
models of exoplanets.

When the methane-water mixture is in the fluid or plasma
phase, the molecules dissociate into many H3O+ and OH−
ions, C–O bonds, and free H atoms. This transformation is
accompanied by an increase in the ionic conductivity. These
results may provide a reasonable material basis for the unusual
magnetic fields and the thin-shell dynamo models in Uranus
and Neptune. The P-T ranges of our simulations are also
relevant to conditions in dynamic shock experiments, and the
results may provide reasonable models for future laboratory
studies.
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