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We investigate the three-phase coexistence line of ethane (C2H6) hydrate through molecular dynamics simulations us-
ing the direct coexistence approach. In this framework, C2H6 sI hydrate, aqueous, and pure guest phases are constructed
within a single simulation box, allowing us to monitor their mutual stability. From the temporal evolution of the po-
tential energy, we identify the equilibrium temperature (T3) at which all three phases coexist, across pressures ranging
from 1000 to 4000bar, in accordance with available experimental data. Simulations are performed with the GRO-
MACS package (version 2016, double precision) in the NPT ensemble. Water and C2H6 molecules are represented
using the TIP4P/Ice and TraPPE-UA models, respectively, while unlike non-bonded interactions are computed with the
Lorentz–Berthelot combining rule. Dispersive Lennard-Jones and Coulomb interactions are truncated at 1.6nm, with
long-range Coulombic contributions treated via Particle-Mesh Ewald summation. The predicted three-phase coexis-
tence line shows excellent agreement with experimental measurements within the investigated pressure range. These
results demonstrate the suitability of the direct coexistence methodology, combined with established molecular models,
for reproducing hydrate dissociation behavior in systems that have received little prior computational attention.
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I. INTRODUCTION

In the late eighteenth century, several natural philosophers
noted the unexpected formation of ice-like solids—even at
temperatures above the freezing point of water—when certain
gases were bubbled through cold water or when such mix-
tures were frozen. Sir Humphry Davy was the first scien-
tist to identify these substances as compounds of water and
gas, introducing the term “gas hydrates”. Following more
than a century of continued investigation, these materials
were ultimately recognized as clathrates: crystalline frame-
works in which small guest molecules are encapsulated within
hydrogen-bonded water cages, as exemplified by methane
(CH4) and carbon dioxide (CO2) under appropriate thermo-
dynamic conditions.1–3

Clathrate frameworks also occur in intermetallic com-
pounds,4,5 where metallic guest ions are enclosed by group 14
(Si, Ge, Sn) frameworks. More recently, clathrate-like assem-
blies have been realized from colloidal particles,6,7 enabling
larger cages and mesoscale phenomena relevant to biological
and photonic systems.

In both gas hydrates and more complex clathrates,
host–guest interactions govern stability and functionality, un-
derpinning their utility in natural gas capture1 and storage.8

CH4 hydrates have drawn particular attention as a potential
energy resource due to their extensive natural reserves,1,3,9–16

and as a significant climate factor, acting as a large green-
house gas reservoir susceptible to destabilization under envi-
ronmental change.1,3,9,10,17–19 Additional interest stems from
their potential in CO2 sequestration20–22 and in gas storage23

and transport technologies.24–26

Accurate knowledge of the thermodynamic stability of gas
hydrates is essential for their effective deployment in energy,
sequestration, gas storage, and transportation applications.

Over recent decades, numerous studies have experimentally
determined the hydrate dissociation line, which typically cor-
responds to a three-phase equilibrium in a two-component
system, where hydrate, aqueous, and guest-rich gas or liq-
uid phases coexist—depending on the specific guest molecule
involved. Comprehensive discussions can be found in the au-
thoritative monograph by Sloan and Koh,1 as well as in the re-
cent volume by Ripmeester and Alavi,3 which offers a detailed
review of hydrate phase behavior. From a structural point of
view, Matsumoto and Tanaka realized that the arrangement of
the guest molecules in the sI and sII hydrate structures is iden-
tical to the A15 and C15, respectively, atomic arrangement in
the Frank-Kasper structure classification.27–29 Following this
approach, clathrate hydrates can also be viewed from a geo-
metrical perspective, and can be classified as Frank–Kasper
structures, which are space-filling packings of “nearly equal”
spheres with tetrahedrally close-packed (TCP) topology. This
“nearly equal spheres” approach offers a unifying geometrical
principle that rationalizes the diversity of hydrate frameworks
and provides a natural link between their topological charac-
teristics and the stability trends governed by guest size and
occupancy.28–31

Molecular simulation is an alternative method to determine
the dissociation lines of hydrates.1,3,32,33 In particular, the di-
rect coexistence method (DC) proposed by Ladd and Wood-
cock34,35 was successfully extended to the case of hydrates
by Carlos Vega and co-workers,36,37 who applied it to CH4.
Thanks to the brilliant and pioneering work of Conde and
Vega,36 this approach gave rise to a large number of studies in
which the dissociation line of different hydrates was obtained
using the direct coexistence method.36,38–49 Recently, Tanaka
and collaborators50 have proposed an alternative approach, the
solubility method, which provides a different route to deter-
mine the dissociation lines of hydrates. Several authors have
employed this method to predict dissociation lines.51–55 Hy-
drate properties including growth, cage occupancy, order pa-
rameters, interfacial free energies, and nucleation have also
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been addressed through molecular simulation in prior stud-
ies.2,52,56–96

Although hydrates have diverse applications, including gas
separation, transport, and storage, natural gas hydrates attract
particular attention due to their significance as an energy re-
source. The main components of natural gas are CH4, CO2,
and light linear alkanes such as ethane (C2H6). Interestingly,
although the dissociation line of C2H6 hydrate has been ob-
tained experimentally by several authors,97–109 to the best of
our knowledge, it has not yet been investigated from a molec-
ular perspective.

Gas hydrates generally crystallize into one of three well-
characterized structures: sI, sII, or sH. Small guest molecules
such as CH4 and CO2 typically form sI hydrates while others,
including nitrogen (N2), hydrogen (H2), and larger species
like tetrahydrofuran (THF), more commonly form sII hy-
drates.1,3

The stable structure of C2H6 hydrate, as in the case of CH4
and CO2 hydrates, is structure sI. The sI unit cell consists of
46 water molecules arranged into two pentagonal dodecahe-
dral (D or 512) cages and six tetrakaidecahedral (T or 51264)
cages. Under the assumption of single full occupancy, 8 C2H6
molecules would occupy all the cages in each unit cell. Until
the turn of the twenty-first century, it was generally believed
that C2H6 molecules occupied only the large T cages, yielding
a composition of 6 C2H6 molecules per 46 water molecules,
i.e., one C2H6 molecule per 7.67 ≈ 46/6 water molecules.
However, Morita and co-workers demonstrated that molecules
can occupy both types of cages.109 In particular, it had long
been assumed that C2H6 was too large to fit into the smaller
D cages due to the unfavorable ratio of molecular diameter to
cage diameter.1 C2H6 hydrate was therefore regarded as a typ-
ical clathrate hydrate consisting of filled T cages and empty D
cages. Using Raman spectroscopy of the C–C stretching vi-
bration of C2H6, Morita et al.109 showed that C2H6 is in fact
encapsulated in both T and D cages. The Raman signal cor-
responding to C–C vibrations in D cages is weak at pressures
below 100 MPa, but becomes significant at higher pressures.
See Fig. 4 of the work of Morita and collaborators for fur-
ther details.109 This provided the first direct spectroscopic ev-
idence of D-cage occupancy by C2H6. Following Morita and
co-workers, we assume in this work full occupancy in the sI
structure of the C2H6 hydrate (8 C2H6 molecules per 46 water
molecules).

The objective of this work is to determine the dissociation
line of the hydrate–water–liquid C2H6 system over a wide
pressure range, using the direct coexistence technique first
brilliantly implemented by Carlos Vega and co-workers.36,37

C2H6 hydrate, like some other hydrates, exhibits two dissoci-
ation lines: a hydrate–water–liquid ethane line at high pres-
sures and a hydrate–water–vapor ethane line at low pressures.
In this study, we focus exclusively on the stable high-pressure
branch. Simple but effective models are employed that cap-
ture the essential features required for a reliable prediction of
the dissociation line: a water model that successfully repro-
duces the melting point of water at ambient pressure, and a ro-
bust ethane model. Specifically, we use the TIP4P/Ice model
for water110 and the TraPPE-UA model for C2H6.111,112

TABLE I. Non-bonded interaction parameters and geometry details
of TIP4P/Ice water110 and TraPPE-UA C2H6

111,112 molecular mod-
els employed in this work.

Atom σ(Å) ε/kB(K) q(e) Geometry details
Water (TIP4P/Ice)

O 3.1668 106.1 - dOH (Å) 0.9572
H - - 0.5897 H–O–H (º) 104.5
M - - -1.1794 dOM (Å) 0.1577

C2H6 (TraPPE-UA)
CH3 3.75 98.0 - dCH3−CH3 (Å) 1.54

The remainder of this paper is organized as follows. Sec-
tion II presents the molecular models, methodology, and sim-
ulation details. The results and their discussion are given in
Section III, and the conclusions are summarized in Section
IV.

II. MOLECULAR MODELS, METHODOLOGY, AND
SIMULATION DETAILS

Molecular dynamics simulations are carried out using the
GROMACS software package (version 2016, double preci-
sion). Water and ethane molecules are modeled using the
well-known TIP4P/Ice110 and TraPPE-UA111,112 molecular
models. In all cases, the non-bonded unlike interactions are
obtained through the Lorentz-Berthelot combination rule, and
no extra cross-interaction modification is applied. A summary
of the most relevant molecular model details is presented in
Table I.

The dispersive Lennard-Jones (LJ) and Coulomb interac-
tions are truncated through a cutoff value of 1.6nm. Long-
range corrections for the dispersive LJ interactions are not ap-
plied, but particle-mesh Ewald (PME)113 corrections are used
for the Coulombic potential. Notice that the choice of us-
ing a long cutoff value without long-range corrections is far
from being arbitrary. As some of the authors of this work
have claimed in a previous study, using a small cutoff value
could lead to an incorrect prediction of the three-phase dis-
sociation temperature.47 Although the combination of a small
cutoff value and inhomogeneous PME long-range corrections
for the LJ dispersive interactions provides a correct estimation
of the T3 value at the same time that reduces the computational
cost of the simulations, in this work we decide to use a large
cutoff without any long-range correction for the LJ dispersive
interactions. The use of a large cutoff value provides the same
results as those obtained when long-range corrections are ap-
plied.47Although the computational cost of the simulations is
higher when large cutoff values are used instead of long-range
corrections, in GROMACS it is not possible to apply long-
range corrections for the LJ dispersive interactions at the same
time that the Lorentz-Berthelot combination rule is modified
to improve the agreement between experiments and simula-
tions.39,41,46,47,53–55,95,114,115 For this reason, we have decided
to use a large 1.6nm cutoff value without LJ corrections just in
case the Lorentz-Berthelot combination rule must be modified
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FIG. 1. Representation of the initial simulation box used in this work. green spheres represent the C2H6 molecules and red and white licorice
representations correspond to water molecules. From left to right, the simulation box is conformed by a hydrate phase, a water phase, and a
C2H6 phase.

to improve the T3 predictions.
The T3 or dissociation temperature of the C2H6 sI hydrate

is determined from 1000 to 4000bar using the direct coexis-
tence technique.34,35,39,40,46,47,116,117 Following this method-
ology, an initial C2H6 sI hydrate, aqueous, and pure guest
phases are assembled in the same simulation box, with a cen-
tral phase surrounded on each side by the other two phases,
which allows three-phase coexistence due to periodic bound-
ary conditions. By performing NPT simulations, it is possible
to determine the temperature at which the three phases coex-
ist. At a certain pressure value, if the temperature fixed during
the simulation is higher than the T3 (T > T3), then the hydrate
phase melts since it becomes unstable. On the contrary, if
the temperature fixed during the simulation is lower than the
T3 (T < T3), then the hydrate phase grows since the aqueous
phase becomes unstable. The T3 value is determined as the in-
termediate temperature between the highest T value at which
the hydrate phase grows and the lowest T value at which the
hydrate phase melts. Uncertainties are estimated by subtract-
ing these two temperatures and dividing by two.36,39

To construct the hydrate unit cell, we used the crystallo-
graphic parameters reported by Yousuf et al.14 Additionally,
the water molecules in C2H6 hydrate exhibit proton disorder.1

To account for this, we generated solid configurations of the
sI hydrate using the algorithm developed by Buch et al.,118

which enforces the Bernal–Fowler rules119 and ensures a net
dipole moment that is zero or nearly zero. The initial hydrate
phase is then constructed by replicating the C2H6 sI hydrate
unit cell 3 times (3× 3× 3) in each space direction and as-
suming full occupancy of the hydrate, i.e., there is a C2H6
molecule in each hydrate cage. As a result, the initial hydrate
phase contains 1242 molecules of water and 216 molecules of
C2H6. Then, a pure water phase with 1242 molecules and
a pure C2H6 guest phase with 400 molecules are added to
the simulation box. Based on this setup, the initial config-
uration consists of a liquid water slab positioned between a
solid slab of C2H6 hydrate on one side and a slab of liquid

C2H6 molecules on the other. This arrangement guarantees
the coexistence of all three phases under periodic boundary
conditions. A schematic of the initial simulation box is pre-
sented in Fig. 1.

In all cases, the simulations are run using the NPT or
isothermal-isobaric ensemble, allowing each side of the simu-
lation box to change independently to keep the pressure con-
stant as well as to avoid any stress from the hydrate solid
structure. We use the Verlet-leapfrog120 algorithm for solv-
ing Newton’s equations of motion with a time step of 2fs. In
order to keep the temperature and the pressure constant along
the simulation, the v-rescale thermostat121 and the anisotropic
Parrinello-Rahman barostat122 are used with a time constant
of 2ps. In the case of the Parrinello-Rahman barostat, a com-
pressibility value of 4.5× 10−5 bar−1 is applied in the three
directions of the simulation box.

III. RESULTS

We have performed simulations at seven different pres-
sures, from 1000 to 4000bar, to determine the hydrate-water-
C2H6 three-phase or dissociation line of the C2H6 hydrate.
According to the DC technique, we simulate a set of temper-
atures for each pressure to locate the T3 of the system. Partic-
ularly, for each pressure we examine temperature values near
the experimental T3, at a minimum interval of 2K. This pro-
vides a margin of error for T3 of at least 1K according to the
exposed criterion. As we have already mentioned, each T3 is
estimated as the arithmetic average of the lowest temperature
considered at which the ethane hydrate melts and the highest
value at which the system freezes, with an uncertainty of 1K.
In all cases, we use the same initial simulation box generated
as explained in Section II.

Figure 2 presents the time evolution of the system’s poten-
tial energy, U , at the lowest pressures examined in this study:
1000, 1500, and 2000bar. We begin by analyzing the behav-
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ior at 1000bar, shown in Fig. 2a. At this pressure, simula-
tions were conducted at seven temperatures ranging from 292
to 308K. As observed, the potential energy increases with
time at temperatures above 300K, signaling the dissociation
of the C2H6 hydrate phase. In contrast, for temperatures be-
low 298K, the potential energy decreases, indicating crystal-
lization of the hydrate. Based on these trends, the three-phase
coexistence temperature, T3, is estimated to lie between 298
and 300K. Applying this criterion, the dissociation temper-
ature of the C2H6 hydrate at 1000bar is determined to be
299(1)K, which is in excellent agreement with the experimen-
tal value reported in the literature at this pressure, 299.15K.1

We have also include these results in Table II.
Three important technical considerations must be ad-

dressed. First, although a rigorous statistical approach would
require running multiple independent trajectories at each tem-
perature, the computational cost of doing so is prohibitive
for the purposes of this study. Given the extensive sam-
pling needed across temperatures and pressures, we opted
for single-trajectory simulations at each state point, which
still provide valuable qualitative and quantitative insights into
phase behavior.

Second, the total simulation time varies depending on the
target temperature. As the system approaches the three-phase
coexistence temperature, T3, its dynamics become increas-
ingly stochastic, requiring longer trajectories to capture mean-
ingful trends in the potential energy. For example, at higher
temperatures such as 304 and 308K, the potential energy in-
creases markedly within the first few hundred nanoseconds,
consistent with hydrate dissociation. In contrast, for inter-
mediate temperatures such as 296 and 298K, microsecond-
scale simulations are necessary to fully observe the system’s
evolution: initial trends may suggest hydrate melting, but ex-
tended simulations often reveal a reversal in potential energy,
indicating hydrate growth. Depending on the thermodynamic
conditions, the total simulation time ranges from hundreds of
nanoseconds to several microseconds.

Third, the accuracy of the dissociation temperature predic-
tions is supported by the use of the TIP4P/Ice water model,110

which is specifically parameterized to reproduce the exper-
imental melting point of ice Ih. This choice is critical, as
demonstrated in previous studies on CH4 hydrates,37 where
it was shown that reliable determination of T3 requires water
models that accurately capture the thermodynamics of ice. In
the present case, this model contributes significantly to the ro-
bustness of our predictions for ethane hydrate.

We now examine the results obtained at the second pressure
investigated, 1500bar, as shown in Fig. 2b. As in the previous
case, the system exhibits a decrease in potential energy over
time at 296 and 300K, indicating crystallization of the hy-
drate phase. In contrast, at the highest temperature considered,
308K, the potential energy increases sharply, consistent with
hydrate dissociation. For the intermediate temperatures be-
tween 302 and 306K, longer simulation times are required to
clearly resolve the system’s behavior. Based on the observed
trends, the three-phase coexistence temperature, T3, is esti-
mated to lie between 304 and 306K. From this range, we de-
termine T3 = 305(1)K, which is in excellent agreement with

FIG. 2. Evolution of the potential energy as a function of time for
the NPT runs of the three-phase system at 1000 bar (a),1500 bar (b),
and 2000 bar (c) and various temperatures (see legends).

the experimental value reported at this pressure, 304.15K.1

(see also Table II).
Following the same approach used for the two previous

pressures, we analyze the time evolution of the system’s po-
tential energy, U , at 2000bar, as shown in Fig. 2c. Simula-
tions are performed at eight different temperatures. As clearly



Ethane hydrate dissociation line from molecular simulation 5

FIG. 3. Evolution of the potential energy as a function of time as obtained from the NPT runs of the three-phase system at 2500 (a), 3000 (b),
3500 (c), and 4000bar (d) and various temperatures (see legends).

observed, the C2H6 hydrate phase fully dissociates at temper-
atures above 308K, while for temperatures below 306K, the
potential energy decreases over time, indicating the formation
of the hydrate phase from liquid water and ethane. Based on
these observations, the three-phase coexistence temperature,
T3, is estimated to be 307(1)K, in excellent agreement with
the experimental value of 307.26K.1 This results is also in-
cluded in Table II. Notably, at this pressure, the system’s
energy evolution-whether increasing or decreasing—is more
readily distinguishable from the early stages of the simula-
tions, in contrast to the longer onset times required at lower
pressures.

Finally, we examine the dissociation behavior of the C2H6
hydrate at the highest pressures considered in this study: 2500,
3000, 3500, and 4000bar. The time evolution of the system’s
potential energy at various temperatures for each pressure is
shown in Fig. 3. As with the lower pressures, a consistent
trend is observed: at higher temperatures, the hydrate dis-
sociates, while at lower temperatures, it forms. The disso-
ciation temperature at each pressure lies between these two
regimes. Specifically, at 2500bar, dissociation occurs be-
tween 310 (blue) and 312K (green); at 3000bar, between

314 (green) and 318K (orange); at 3500bar, between 318
(orange) and 320K (magenta); and at 4000bar between 320
(green) and 324K (magenta). From these observations, the
estimated three-phase coexistence temperatures are 311(1),
316(2), 319(1), and 322(2)K for 2500, 3000, 3500, and
4000bar, respectively. All these results have also been in-
cluded in Table II.

It is worth noting that the estimated uncertainty in the sim-
ulated dissociation temperatures is 1K for all pressures except
for 3000 and 4000bar, where it increases to 2K. At 3000bar
(Fig. 3b), the three-phase equilibrium temperature lies be-
tween 314K—where the potential energy decreases (green
curve)—and 318K, where it increases (magenta curve). Al-
though simulations were extended to nearly 10µ s, the evo-
lution of the potential energy at 316K (orange) remained in-
conclusive, and neither the time series nor the corresponding
density profiles provided clear evidence of phase behavior.
Consequently, the dissociation temperature at this pressure
is estimated to lie within the range of 314− 318K, yielding
T3 = 316(2)K.

At 4000bar (Fig. 3c), potential energy decreases are ob-
served from the beginning of the simulations at 312 and 314K,
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FIG. 4. Ethane and water density profiles and snapshots at 2500bar at 308 (top), 310 (middle), and 312K (bottom). The density profiles show
the initial and final density distribution of water and C2H6 along the simulation box, while the snapshots show the final configuration obtained
from the NPT simulations.

suggesting hydrate formation. However, for temperatures be-
tween 316 and 320K, longer simulations were required. Be-
yond 2000ns, the potential energy decreases for both 316 and
320K, indicating crystallization, whereas at 322K, the poten-
tial energy remains nearly constant and the density profiles do
not clearly indicate either melting or growth. Based on these
observations, the dissociation temperature at 4000bar is esti-
mated as T3 = 322(2)K.

Having presented the results at each pressure, we now turn

to a general analysis of the time evolution of the system’s po-
tential energy and its relation to hydrate formation and disso-
ciation across the studied pressure range. Overall, the slope of
the decreasing potential energy curves indicates that hydrate
growth becomes progressively slower with increasing pres-
sure, suggesting a pressure-dependent kinetic barrier to crys-
tallization. In contrast, hydrate melting tends to occur more
rapidly at higher pressures, as evidenced by the earlier onset
of energy increases. Additionally, the simulated three-phase



Ethane hydrate dissociation line from molecular simulation 7

TABLE II. Three-phase dissociation temperatures, T3, of C2H6 hy-
drate obtained from molecular simulations at various pressures, P.
The last column reports the corresponding experimental values, T exp,
from the literature.1

P (bar) T (K) T exp (K)
1000 299 (1) 299.15
1500 305 (1) 304.15
2000 307 (1) 307.26
2500 311 (1) 311.40
3000 316 (2) 314.20
3500 319 (1) 317.49
4000 322 (2) 319.65

coexistence temperatures, T3, show excellent agreement with
experimental data at low and intermediate pressures, while a
slight overestimation is observed at the highest pressures in-
vestigated.

As previously noted, some of the simulated sys-
tems—particularly those at 2500, 3000, and 3500bar—exhibit
significant challenges in reaching equilibrium, complicating
the identification of the final state (melting or freezing). To
gain deeper insight into the system’s evolution under these
conditions, we focus on representative simulations of C2H6
hydrates at 2500bar (Fig. 3b). Note that the same proce-
dure has been used for the rest of the pressures in this work.
We concentrate on the key temperatures of 308 (red), 310
(blue), and 312K (green). In order to unambiguously deter-
mine whether the system tends toward melting or freezing, we
analyze the density profiles of both C2H6 and water across the
three-phase regions at these selected temperatures, as shown
in Fig. 4. To complement this analysis, we also include rep-
resentative snapshots for each configuration, which illustrate
the final state of the system and facilitate a visual comparison.
For context, it is helpful to compare these snapshots in Fig. 4
with the initial three-phase configuration shown in Fig. 1.

As shown in Fig. 4, the system exhibits both growth and
melting of the hydrate layer, consistent with the trends previ-
ously inferred from the potential energy versus time curves.
At 308K (top density profiles and corresponding snapshot),
the fluid phases undergo freezing, leading to a clear expansion
of the initial ethane hydrate slab. In particular, the number of
water and ethane layers in the hydrate phase increases signif-
icantly from the initial configuration (black and green curves)
to the final stage of the simulation (red and blue curves). Ini-
tially, the hydrate–water interface is located at approximately
3.5nm, but after 3.2µs, it has advanced to around 6nm. Con-
currently, the water-rich phase, initially spanning from 3.5
to 5.5nm, has contracted to a width of about 1nm or less.
The ethane-rich liquid phase also exhibits a slight reduction
in size, although to a lesser extent, as reflected in the density
profiles. This behavior is further corroborated by the visual
comparison of the final system snapshot at 312K (top panel
in Fig. 4) with the initial three-phase configuration (Fig. 1).
The hydrate phase has clearly expanded—with the formation
of an additional layer composed of large or T cages and some
small or D cages—while the liquid water and ethane phases
have notably diminished, especially the water phase.

FIG. 5. Pressure-temperature projection of the dissociation line of
the C2H6 hydrate. Blue diamonds are the results obtained in this
work using the direct coexistence method, the TIP4P/Ice model for
water, and the TraPPE model for C2H6. Red circles correspond to
experimental data taken from the literature.97–109

At 312K, the system exhibits a markedly different behav-
ior, as shown in the lower density profiles and corresponding
snapshot. The hydrate phase undergoes dissociation, result-
ing in a noticeable reduction of the initial hydrate slab. This is
evidenced by the decrease in the number of water and ethane
layers from the initial configuration (black and green curves)
to the final state (red and blue curves). Over the course of the
6.2µs simulation, the hydrate–water interface shifts from ap-
proximately 3.5 to 2.5nm, indicating the retreat of the solid
phase. Simultaneously, the water-rich region expands from
an initial width of 2 to about 3nm, while the ethane-rich liq-
uid phase also grows slightly. These structural changes are
further supported by the final system snapshot (bottom panel,
Fig. 4), which shows the contraction of the hydrate and the
corresponding expansion of the surrounding fluid phases. No-
tably, a layer composed of large (T) cages and some small
(D) cages disappears, highlighting the breakdown of the crys-
talline structure.

The middle density profiles and corresponding snapshot in
Fig. 4 depict the final configuration obtained at 312K. As
indicated by the potential energy evolution in Fig. 3a (blue
curve), the system exhibits a net decrease in energy over time,
suggesting hydrate growth. Although the structural changes
are less pronounced than those observed at 308K, both the
density profiles and the snapshot provide evidence of hydrate
formation. Specifically, the water density profile (red curves)
shows increased structuring, and the snapshot reveals the early
development of a hydrate layer, originating from a thin layer
of small (D) cages at the hydrate–water interface. Considering
that the hydrate melts at 312 and grows at 310K, the three-
phase coexistence temperature is estimated as 311(1)K, in
excellent agreement with the experimental value of 311.4K.1

This conclusion is consistent with the interpretation of the po-
tential energy curves in Fig. 3b.

As it has been commented previously, Morita and co-
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workers demonstrated that C2H6 molecules can occupy both
types of cages109 although it had long been assumed that
C2H6 was too large to fit into the smaller D cages, and only
the big T cages are filled.1 In this work, and following the
work of Morita et al.,109 the initial hydrate seed is fully oc-
cupied. However, from the analysis of the density profiles of
those simulations where the hydrate phase grows, it is pos-
sible to analyze the occupancy of the new-growth hydrate.
The C2H6/water molecule ratio in a fully occupied hydrate
is 8/46, where 6 C2H6 molecules occupy the large T cages
and 2 C2H6 molecules occupy the small D cages. If only
the large T cages of the new-growth hydrate are occupied
by C2H6 molecules, while the small D cages remain empty,
the C2H6/water molecule ratio would be 6/46. In this work,
we have analyzed the density at one temperature at the low-
est pressure (1000bar), an intermediate pressure (2500bar),
and the highest pressure (4000bar). From these pressures, we
have selected the density profile with the highest expansion of
the hydrate phase from the different simulated temperatures.
This is done in order to ensure that the new-growth hydrate
phase is large enough to provide enough statistics about the
number of C2H6 and water molecules. In particular, we have
analyzed the density profiles at 1000bar and 298K, 2500bar
and 308K, and 4000bar and 320K. The C2H6/water molecule
ratios of the new-growth hydrate obtained at these conditions
are 7.8/46, 8.2/46, and 7.9/46. Notice that in all cases, we
can round the C2H6/water molecule ratio to 8/46, which cor-
responds to a fully occupied sI hydrate as Morita et al.109

claimed in their experimental work. However, these calcu-
lations have to be considered just as a first approximation to
understand the effect of the occupancy of the small D cages,
and further work is required to understand it fully. A more
rigorous determination of the hydration number of hydrates is
possible,123–126 but this lies beyond the scope of the present
work.

Finally, the dissociation line of C2H6 hydrate obtained
from molecular simulations is summarized in the pres-
sure–temperature phase diagram shown in Fig. 5. For com-
parison, experimental data from the literature covering the
entire pressure range studied are also included.97–109 It is in-
teresting to note that the C2H6-water phase diagram shows
two quadrupole points.1 The first (lower) quadrupole point,
Q1, occurs at 272.9K and 25.6bar. Under these conditions,
there exist four phases in equilibrium: a hydrate phase, an
ice Ih phase, a water-rich liquid phase, and a vapor phase.
The second (upper) quadrupole point, Q2, occurs at 287.8K
and 33.9bar. Under these conditions, there exist four phases
in equilibrium: a hydrate phase, a water-rich liquid phase,
a C2H6-rich liquid phase, and a vapor phase. The changes
in slope occur precisely under these thermodynamic condi-
tions, corresponding to the ice Ih–to–water-rich phase transi-
tion and the vapor–liquid transition of the C2H6-rich phase.
As observed, the simulated dissociation line agrees well with
the experimental results, with all values falling within the es-
timated statistical uncertainties reported throughout the text.
Notably, both the simulated and experimental curves exhibit
similar slopes, indicating that the agreement is not only quan-
titative but also qualitative.

IV. CONCLUSIONS

In this work, we have carried out molecular dynamics simu-
lations employing the direct coexistence method to determine
the three-phase (hydrate–water–ethane) coexistence line of
the C2H6 hydrate system. Simulations are performed at pres-
sures ranging from 1000 to 4000bar. The predicted dissocia-
tion temperatures, T3, show very good agreement with exper-
imental data across the entire pressure range, with only slight
overestimations observed at the highest pressures. These re-
sults highlight the reliability of the employed methodology
and interaction models in capturing the phase behavior of this
computationally underexplored system. Specifically, the com-
bination of the TIP4P/Ice water model with the TraPPE force
field for ethane, using Lorentz–Berthelot combining rules for
cross interactions, proves to be a robust and accurate choice.
No adjustments to the standard combining rules or inclu-
sion of long-range Lennard-Jones corrections are necessary to
achieve quantitative agreement. Additionally, we find that the
simulation time required to observe phase transitions strongly
depends on the proximity to the dissociation temperature: sig-
nificantly longer trajectories are needed when the system is
near T3, due to the increasingly slow dynamics near equilib-
rium.
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