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Hypothesis: The interfacial free energy between hydrate and water phases is a key thermodynamic parameter 
that governs both nucleation kinetics and crystal growth of gas hydrates. In these strategic materials—crystalline 
inclusion compounds where hydrogen-bonded water cages encapsulate small guest molecules such as methane 
(CH4) and carbon dioxide (CO2)�-this interfacial energy plays a crucial role in determining phase stability 
and formation pathways. Given the significance of gas hydrates in energy storage, CO2 sequestration, and 
climate-related processes, accurately determining their interfacial energies is essential for advancing both 
fundamental understanding and technological applications. Despite its importance, the hydrate–water interfacial 
energy remains poorly constrained due to substantial experimental uncertainties and the limitations of indirect 
estimation methods. For example, reported experimental values for CH4 hydrate span a wide range from 28 to 
40 mJ/m2. Interestingly, some studies suggest these values are comparable to the interfacial free energy of the 
hexagonal ice (ice Ih)--water interface, approximately 32 mJ/m2, hinting at potential analogies between clathrate 
hydrate and ice interfaces.
Calculations: In this work, we present a direct molecular simulation of the CH4 hydrate–water interfacial free 
energy using two novel and independent extensions of the mold integration method. These extensions are 
specifically designed to induce the formation of a thin, planar hydrate–water interface and to compute the 
reversible work required to create it. For this purpose, we employ the TIP4P/Ice force field—one of the most 
reliable water models available—known for accurately reproducing the melting temperature of ice Ih under 
ambient conditions.
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Findigns: Our results show that the interfacial free energy of CH4 hydrate is significantly higher than that of CO2

hydrate, offering a natural explanation for their markedly different nucleation behaviors. This aligns with prior 
predictions based on Classical Nucleation Theory, as well as advanced sampling techniques such as Transition 
Path Sampling and Transition Interface Sampling. Notably, our computed value for CH4 hydrate approaches 
∼ 40 mJ∕m2, in agreement with the upper bound of existing experimental estimates, while values for CO2 hydrate 
and ice Ih remain closer to ∼ 30 mJ∕m2. This direct, theory-independent determination provides new insights into 
the molecular mechanisms underlying hydrate formation and offers robust benchmarks for predictive modeling 
and the design of hydrate-based technologies.

1. Introduction

In the late 1700s, while investigating the solubility of newly dis
covered ``airs'' (gases), several natural philosophers observed the un
expected 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 mixtures were frozen. Sir Humphry Davy, a pio
neer of electrochemistry and mentor to Michael Faraday, later identified 
these substances as compounds formed by water and gas, coining the 
term ``gas hydrates''. After more than a century of continued study, these 
materials were ultimately recognized as clathrates: crystalline structures 
in which small guest molecules are trapped within a hydrogen-bonded 
lattice of water cages, as is the case for methane (CH4) and carbon diox
ide (CO2) under suitable thermodynamic conditions [1--3].

Notably, clathrate structures have also been identified in intermetal
lic [4,5], in which metallic guest ions are encapsulated by frameworks 
of group 14 elements (Si, Ge, or Sn). More recently, clathrate-like archi
tectures have been shown to self-assemble from colloidal particles [6,7], 
opening new possibilities for the formation of larger cages and enabling 
mesoscale phenomena with potential relevance to biological and pho
tonic applications.

A key common point between traditional gas hydrates and more 
challenging and sophisticated clathrates is the host–guest interaction, 
which underpins their use in natural gas capture [1] and gas stor
age [8]. CH4 hydrates, in particular, have garnered significant atten
tion as an alternative energy resource due to their vast natural de
posits [1,3,9--16]. Additionally, hydrates play a critical role in cli
mate dynamics, as they represent a major reservoir of greenhouse 
gases that could be destabilized under changing environmental condi
tions [1,3,9,10,17--19]. Beyond energy and climate, gas hydrates are 
also being explored for their potential in CO2 sequestration [20--22], 
as well as for gas storage [23] and transportation technologies [24--
26].

A comprehensive understanding of the thermodynamic mechanisms 
governing hydrate nucleation and growth is essential for the effective 
exploitation of gas hydrates [1,3,27--52]. The simplest but also primary 
theoretical framework to understand homogeneous nucleation of hy
drates is Classical Nucleation Theory (CNT) [27]. According to the CNT, 
two parameters mainly govern the nucleation process: the nucleation 
driving force and the interfacial free energy between the hydrate and 
water. An accurate knowledge of these two key properties is neces
sary for a comprehensive understanding of the mechanisms governing 
hydrate nucleation. Unfortunately, this is not an easy task. Although 
obtaining accurate values for the nucleation driving force is inherently 
challenging, reliable estimates can often be derived from indirect ex
perimental observations and analyses [28]. Molecular simulations have 
become an invaluable tool for quantifying nucleation driving forces in 
both pure substances and hydrate-forming systems [50,51,53--56].

However, there is no universally accepted or standardized experi
mental method for determining solidfluid interfacial free energies [57], 
in contrast to the well-established techniques available for fluidfluid 
interfaces [58,59]. The proper description of properties at solid–liquid 
interfaces is a challenging task that requires careful theoretical and 
computational treatment. One of the reasons, among others, of the dif
ficulties arises from the existence of two similar but different magni

tudes of critical importance associated with interfaces. The work re
quired to create a new surface and the work associated with stretch
ing an existing surface. As mentioned, although similar, they may 
differ and it is important to distinguish between these two contribu
tions.

Following this line of reasoning, Gibbs introduced two distinct in
terfacial quantities [60]: (1) the interfacial free energy, 𝛾 , defined as 
the reversible work needed to create a unit area of interface in a sys
tem without a pre-existing interface; and (2) the interfacial stress, 𝐟 , 
which quantifies the excess stress in a system with an interface rela
tive to the bulk. While the interfacial free energy is a scalar quantity, 
the interfacial stress is generally a two-dimensional, second-order ten
sor. In the special case of liquid–liquid or liquid–vapor interfaces, which 
possess rotational symmetry, the interfacial stress tensor reduces to a 
single scalar that is numerically equal to the interfacial free energy, i.e., 
𝛾 = 𝑓 .

Although Gibbs clearly distinguished between 𝛾 and 𝐟 , the subse
quent literature often employed the term ``tension'' when referring to 
𝛾 , even in the context of solid interfaces. This shift in terminology has 
historically generated confusion, and in some instances has even led 
to claims that 𝛾 and 𝑓 need not be considered as distinct interfacial 
properties. This issue is examined in detail by Di Pascuale and David
chack [61], who revisit the classical Shuttleworth relation [62] from 
a molecular simulation perspective, and show that their results are in 
good agreement with the theoretical predictions across all cases studied. 
In line with their arguments, and also following Cahn [63], we recom
mend the use of the term surface stress to designate 𝐟 , while reserving 
the term interfacial free energy for 𝛾 . The word tension should prefer
ably be avoided, or used exclusively as a synonym for stress, since its 
meaning is more naturally associated with tensile forces acting at an in
terface rather than with the energetic cost of creating an interface. In 
this work, we deliberately avoid the term ``surface tension'' when re
ferring to solid–liquid interfaces, and consistently use ``interfacial free 
energy'' instead.

One of the employed methods for estimating solid–liquid interfacial 
free energy is based on the classical Young’s equation [64]. Solidfluid 
interfacial free energies can also be estimated using the Gibbs–Thomson 
relation [65--67]. Uchida et al. [68,69] and Anderson et al. [70,71] in
dependently reported interfacial free energies of 𝛾ℎ𝑤 = 39, 34(6), and 
32(3) mJ/m2 for CH4 hydrate and 28(6) and 30(3) mJ/m2 for CO2 hy
drate using this technique, respectively. In all cases, uncertainties are 
large due to limitations of the methodology. Some publications indi
cate that these values closely match the interfacial free energy of the 
hexagonal ice (ice Ih)--water interface, approximately 32 mJ/m2, sug
gesting analogous interfacial behavior between clathrate hydrates and 
ice [35,37,68--71]. However, new nucleation rate calculations of CH4
and CO2 hydrates published during the last five years indicate that this 
may not be the case [44,46,47,49--51,72--74]. This is a crucial topic that 
warrants thorough analysis, as 𝛾ℎ𝑤 plays a pivotal role in determining 
hydrate nucleation and growth [1,3,27].

Computer simulations offer an interesting alternative way to pre
dict solidfluid interfacial free energies in cases where experiments are 
scarce. A comprehensive and up-to-date discussion of the most relevant 
computer simulation methodologies is presented in detail in a recent re
view article authored by some of us [75]. CNT [76--79], combined with 
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the Seeding approach [37,53,55], is the only indirect computational 
methodology reported in the literature for determining the interfacial 
free energies of hydrates.

Jacobson and Molinero performed the first indirect calculation of 
the CH4 hydrate-water interfacial free energy [35]. They performed 
Seeding simulations of a slab of an M liquid (a single particle with 
properties intermediate between CH4 and CO2 [32]) in contact with 
a saturated water solution with M, containing clusters of M hydrates of 
different sizes to determine the melting temperatures of the crystalline 
nuclei. Combining these results with the well-known Gibbs-Thomson re
lationship [65--67], they obtained a value 𝛾ℎ𝑤 ≈ 36(2) mJ/m2 that lies 
between the experimental value for the CO2 hydrate-water interface and 
that for the CH4 hydrate-water interfacial energy. One year later, Knott 
et al. [37] also predicted an interfacial free energy value of the CH4
hydrate 𝛾ℎ𝑤 ≈ 31 mJ/m2 using similar technique.

More recently, some of us have investigated the nucleation of CH4
hydrate using molecular dynamics simulations combining the Seeding 
technique [37,53,55] and CNT [77--79]. From these simulations, an 
interfacial free energy of approximately 38 mJ/m2 was determined at 
400 bar and 260 K, corresponding to a supercooling of about 35 K be
low the three-phase equilibrium temperature [49,50]. We have also 
employed the same techniques and molecular model for water to es
timate the nucleation rate of CO2 hydrate under the same pressure and 
supercooling conditions [74,80]. Our results indicate that the corre
sponding interfacial free energy is approximately 22 mJ/m2. Although 
these values correspond to the interfacial free energy of both hydrates at 
supercooling conditions (35 K), they represent a difference of 16 mJ/m2

of interfacial energy between both hydrate-water interfaces.
The estimation of interfacial free energies is intrinsically connected 

to the quantification of hydrate nucleation rates. Arjun and Bolhuis 
have examined the homogeneous nucleation of CO2 and CH4 hydrates 
using rigorous molecular simulation techniques, including Transition 
Path Sampling and Transition Interface Sampling [44,46,47,72,73]. The 
key finding is that the nucleation barrier for CO2 hydrate is lower by 
several tens of 𝑘𝐵𝑇 compared to that of CH4 hydrate under similar 
conditions [47]. In line with this, our recent findings exhibit the same 
trend [49--51,74] which we ascribe to differences in the interfacial free 
energies between the two hydrate systems.

A fundamental question remains: Are the interfacial free energies 
of CO2 hydrate–water and CH4 hydrate–water indeed different, as sug
gested by indirect methods, or are they comparable? Notably, all afore
mentioned estimates rely on indirect approaches. A more definitive an
swer could be obtained by employing a direct method to compute the 
interfacial free energies of both hydrates, thereby clarifying whether 𝛾ℎ𝑤
differs between these systems.

The direct methods [63,75,81--93] allow for evaluation directly, 
without any theoretical approach, solidfluid interfacial free energies in 
a straightforward manner. In general, the mechanical approach cannot 
be straightforwardly applied to solidfluid interfaces, as it is difficult to 
account for the elastic response of deformable solids in a simple man
ner [75]. There are, however, important exceptions to the considerations 
outlined above that merit discussion. In cases where the solid phase 
is rigid, mechanical approaches become applicable. These methods are 
comparatively simpler and have been successfully employed to calculate 
both solid–liquid and solid–gas surface tensions [94].

The Mold Integration (MI) technique is the only direct method suc
cessfully used to predict with confidence the interfacial free energy of 
hydrate-water interfaces, including those of CO2 and THF [75,80,95--
97]. Fig. 1 shows schematically the basis of this methodology, which, 
starting from a definition of the water molecules belonging to the hy
drate phase, allows one to induce the formation of a hydrate-water 
interface, and to reversibly estimate the work to form the interface and 
the interfacial free energy from thermodynamic integration.

The MI method employs a mold of attractive interaction sites that 
trap water molecules at specific crystallographic positions (cyan spheres 
in the snapshots shown in the center of Fig. 1). Each interaction site 

is characterized by a range, 𝑟𝑤, which governs the ability of the mold 
to suppress crystallization, induce nucleation, or overinduce full crys
tallization. In the original formulation of the method [98], an opti
mal value 𝑟0

𝑤
is defined such that the free energies of the hydrate 

and aqueous phases are equal, corresponding to coexistence condi
tions. The interfacial free energy, 𝛾ℎ𝑤 , is then obtained in the limit 
𝑟𝑤 → 𝑟0

𝑤
.

Depending on the value of 𝑟𝑤, the mold may induce the formation of 
a thin hydrate layer, creating two planar hydrate–water interfaces (see 
snapshots at various stages of crystallization in Fig. 1). To character
ize these processes, we employed optimized order parameters derived 
from the classical local-bond order metrics of Lechner and Dellago [99], 
which allow us to distinguish water molecules in liquid- or hydrate-like 
environments and to determine the size of the largest hydrate cluster, 
𝑛ℎ. The temporal evolution of 𝑛ℎ, monitored across independent tra
jectories (shown in different colors in the right-hand panels of Fig. 1), 
reveals distinct crystallization scenarios as a function of the relative 
value of 𝑟𝑤 with respect to 𝑟0

𝑤
. For 𝑟𝑤 < 𝑟0

𝑤
, crystallization proceeds 

rapidly, as evidenced by the steep increase of 𝑛ℎ and the subsequent 
formation of the hydrate phase. When 𝑟𝑤 > 𝑟0

𝑤
, the system typically ex

hibits an induction period before crystallization eventually occurs (see 
yellow, blue, and green trajectories in the middle panel). The coexis
tence point 𝑟0

𝑤
lies between these regimes. Finally, for 𝑟𝑤 ≫ 𝑟0

𝑤
, no 

complete hydrate layer forms; 𝑛ℎ remains essentially constant through
out the simulation, indicating that the system does not crystallize, al
though residual hydrate-like order persists (𝑛ℎ ≠ 0; see bottom panel of 
Fig. 1). Under these conditions, thermodynamic integration can be ap
plied to compute the free-energy difference between the aqueous and 
hydrate phases. Extrapolating 𝛾ℎ𝑤 to the limit 𝑟𝑤 → 𝑟0

𝑤
then yields the 

interfacial free energy at coexistence, as shown in the top-right panel of 
Fig. 1.

In this work, we apply two extensions of the MI method [80,95] 
to obtain independent estimates of the CH4 hydrate–water interfacial 
free energy. This approach enables us to calculate 𝛾ℎ𝑤 directly from 
its thermodynamic definition, without relying on theoretical models 
or additional computations. We present, for the first time, a direct 
calculation of the interfacial free energy for the CH4 hydrate–water 
system using this approach. The resulting values are compared with 
those from our earlier studies based on robust indirect methodolo
gies [50,74].

2. Simulation methods

2.1. Methodology

The MI technique is based on the use of a mold formed from 𝑁𝑤

attractive interaction sites located at the crystallographic positions of 
one or several planes of the solid phase involved in the calculation of 
the interfacial free energy [98,100,101]. It is important to emphasize 
that different solid surfaces exposed to the liquid will generally yield 
different values of the interfacial free energy. For instance, in one of 
the original studies by Espinosa et al. [101], the interfacial free energy 
of Ih ice–liquid water, 𝛾𝑖𝑤, was determined using molds specifically de
signed for the various Ih ice surfaces. As expected, distinct values of 
𝛾𝑖𝑤 were obtained. This behavior arises from the hexagonal crystallo
graphic structure of Ih ice, which presents three principal planes: basal, 
primary prismatic (pI), and secondary prismatic (pII). In contrast, the 
situation for CH4 and CO2 hydrates differs, as both adopt the cubic sI 
crystallographic structure. In this case, the principal planes of the cu
bic crystal belong to the same family of planes, {1,0,0}. Consequently, 
the interfacial free energy, 𝛾ℎ𝑤 , is independent of the specific principal 
plane of the hydrate that is exposed to the liquid water phase. Natu
rally, if a different crystallographic plane were exposed to the liquid 
phase (for instance, by cleaving the hydrate along a distinct surface), 
the corresponding interfacial free energy would differ.
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Fig. 1. Schematic representation of the MI-H technique. A collection of attractive sites (cyan spheres) is placed at the crystallographic positions of the oxygen atoms 
in the hydrate lattice to induce the formation of hydrate–water interfaces (middle). The growth of the hydrate phase is tracked by monitoring the number of water 
molecules (left) identified as solid-like (𝑛ℎ). As a function of the water-attractive interaction sites range (𝑟𝑤), three possible scenarios arise (Step 1, 𝑟0

𝑤
estimation), 

which allow us to identify the optimal interaction range (𝑟0
𝑤

) where the interfacial energy is determined. In Scenario I, 𝑟𝑤 < 𝑟0
𝑤

, the mold provides an excess of energy, 
and the system crystallizes as soon as the simulation begins. In Scenario II, 𝑟𝑤 > 𝑟0

𝑤
, the mold provides less energy than the interfacial free energy. It means that, in 

order to crystallize, the system must overcome a small free energy barrier, which is translated into an induction period during which crystallization does not occur 
until the energy barrier is overcome. Finally, Scenario III arises when 𝑟𝑤 >> 𝑟0

𝑤
and the crystallization never takes place. Scenario III is where the thermodynamic 

integration (Step 2, Thermodynamic Integration) is carried out, since a phase transition will never occur, and Eq. (1) can be safely applied. Finally, by performing the 
thermodynamic integration at different 𝑟𝑤 values, it is possible to extrapolate and calculate the interfacial free energy value at 𝑟0

𝑤
(Step 3, 𝛾ℎ𝑤 calculation). Notice 

that in the case of the MI-G technique, the attractive sites were placed in the center of the hydrate cages.

The interaction between the molecules of the fluid system and the at
tractive interaction sites is based on a continuous version of the square
well potential [102]. These attractive interaction sites, which induce 
interactions between the mold and water molecules, are defined by two 
molecular parameters: the interaction range, 𝑟𝑤 , and the well depth, 
𝜖. Further details on the implementation of this continuous square
well intermolecular potential for pure substances and hydrates can be 
found in the works of Espinosa et al. [98,101] and in our previous stud
ies [80,95--97], respectively.

When the mold is switched off, water molecules diffuse freely in the 
fluid. As the mold is progressively switched on (by increasing the well 
depth, 𝜖, from 0 to a maximum value 𝜖𝑚), an increasing number of mold 
sites become occupied by water molecules. If 𝑟𝑤, the attractive inter
action range of the wells, is sufficiently narrow, a CH4 hydrate crystal 
slab forms around the mold sites. This parameter must therefore be small 
enough to ensure that each well accommodates only one water molecule 
once the mold is activated.

According to the Mold Integration methodology, the interfacial free 
energy depends on the specific choice of 𝑟𝑤 used in the calculations. 

It is thus necessary to determine a priori the value that yields the cor
rect estimate of 𝛾ℎ𝑤. This value is referred to as the optimal well radius, 
𝑟0
𝑤

. If 𝑟𝑤 < 𝑟0
𝑤

, the free energy of the hydrate phase becomes lower than 
that of the aqueous CH4 solution, and the system rapidly transforms 
into the solid phase via a first-order phase transition—that is, the system 
freezes completely. This outcome is undesirable, since the method relies 
on computing the reversible work required to form a thin hydrate slab. 
As 𝛾ℎ𝑤 is evaluated through thermodynamic integration while progres
sively switching on the mold, only reversible paths are valid. Therefore, 
Mold Integration must be applied exclusively for 𝑟𝑤 > 𝑟0

𝑤
.

As shown by Espinosa et al. [98], it is not advisable to perform 
thermodynamic integration at 𝑟𝑤 = 𝑟0

𝑤
, where the free energies of the 

hydrate and aqueous phases are equal. Instead, several calculations of 
𝛾ℎ𝑤 are performed for different values of 𝑟𝑤 with 𝑟𝑤 > 𝑟0

𝑤
. The correct 

interfacial free energy at coexistence, 𝛾ℎ𝑤, is then obtained by extrapo
lating the function 𝛾ℎ𝑤(𝑟𝑤) to 𝑟0

𝑤
.

In hydrates, it is possible to use two different types of molds of at
tractive interaction sites: one located at the crystallographic positions of 
the oxygen atoms of the molecules of water in the hydrate (MI-H) [80] 
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and other at the centers of the voids of each cage left by the hydrate 
structure (MI-G) [95]. See a representation of the initial configurations 
of the simulation boxes in Fig. S5 of the SI.

It is important to recall that the attractive interaction sites of the 
mold are switched on gradually to induce the formation of a solid hy
drate slab in the fluid at coexistence conditions. The energy needed to 
form a thin crystal slab of the solid phase in the fluid phase can be 
computed by integrating the average number of filled attractive inter
action sites (wells), 𝑁𝑓𝑤(𝜀), along a reversible thermodynamic path 
that links the fluid system without the solid hydrate slab (wells off), 
and the fluid system with the induced hydrate slab (wells completely 
on) [80,95,98]:

Δ𝐺ℎ𝑤 =𝑁𝑤𝜖𝑚 −

𝜀𝑚

∫
0 

⟨
𝑁𝑓𝑤(𝜀)

⟩
𝑁𝑃𝑧𝑇

𝑑𝜀 (1)

where 𝜀 and 𝜀𝑚 are the well depth and the maximum well depth, 
respectively, of the square-well potential. The average number of 
filled wells is obtained in the isothermal-isobaric ensemble to en
sure that the system is always at the selected coexistence condi
tions of 𝑇 and 𝑃 .  represents the interfacial area between the hy
drate and the aqueous solution of CH4. Knowledge of Δ𝐺ℎ𝑤 allows 
to determine the solidfluid interfacial free energy 𝛾ℎ𝑤 in a simple 
way,

𝛾ℎ𝑤 = Δ𝐺ℎ𝑤

2 
(2)

Factor 2 arises because two hydratefluid interfaces appear when the 
solid hydrate slab is induced. We refer the lector to our previous 
works [80,95,96] and Section 2.3 for further details.

2.2. Model

Water molecules are modeled using the well-known TIP4P/Ice [103] 
and CH4 molecules are modeled using a spherical Lennard-Jones (LJ) 
interaction site with the parameters proposed by Guillot and Guis
sani [104] and Paschek [105]. Note that although CH4 is a nonspherical 
molecule [106], this simple model has been used previously in the 
literature to determine the dissociation line of CH4 hydrate in pure 
water [107--110] and in salty water at oceanic conditions [111], the sol
ubility of CH4 in water [49], and homogeneous nucleation rate of CH4
hydrate formation [50]. It should be emphasized that, although highly 
simplified, it has been shown to deliver excellent quantitative results 
over a broad range of thermodynamic conditions [107--112]. There
fore, no significant impact on our results is expected from the use of 
this model. Nevertheless, it is worth noting that other authors, such as 
Fernández-Fernández and collaborators [113,114], have also employed 
more detailed all-atom models for CH4 , including TraPPE [115] and 
OPLS-UA [106].

The unlike interactions between water and CH4 molecules are taken 
into account using the well-known Lorentz-Berthelot combining rules. 
The use of these rules ensures a good description of the dissociation line 
of the CH4 hydrate, as well as other properties [49,50,107,108,110]. 
Particularly, this election provides a good estimation of the dissocia
tion temperature of the methane hydrate at 400 bar using the direct 
coexistence technique, 𝑇3 = 294(2) K, and the solubility methodology, 
𝑇3 = 295(2) K, recently used by Grabowska et al. [49]. This result is in 
excellent agreement with the experimental value, 297 K [1]. Note that a 
good estimate of the dissociation line of the hydrate is necessary to use 
with confidence the MI approach [80,95,96,98,101].

2.3. Simulation details

We use the GROMACS simulation package (version 4.6 in double pre
cision) [116] to perform MD simulations via the isothermal-isobaric or 
𝑁𝑃𝑧𝑇 ensemble [117--121] at 400 bar and 294K using the MI-H [80] 

and MI-G [95] techniques. We place 736 water molecules surrounded 
by two pure liquid CH4 phases with 128 molecules in each one in the 
initial simulation box. It should be noted that, in principle, finite-size ef
fects may influence the interfacial free energy estimated using the Mold 
Integration technique. Indeed, in previous studies we have examined 
finite-size effects on the determination of hydrate dissociation lines, in
cluding those of CO2 and CH4 [110,112,122]. These analyses indicate 
that larger systems can display different dissociation temperatures (i.e., 
coexistence conditions) and, consequently, slightly different interfacial 
free energies. A comprehensive evaluation of these effects, however, lies 
beyond the scope of the present study and will be addressed in future 
work.

We arbitrarily choose the 𝑧-axis as perpendicular to the planar inter
faces and the 𝑥𝑦-plane parallel to the interfaces. The dimensions of the 
simulation boxes along the 𝑥 and 𝑦-axis parallel to the water–methane 
planar interface are chosen to be consistent with the size of the CH4 hy
drate unit cell formed when the mold is switched on. The simulation 
box is a parallelepiped of volume 𝑉 =𝐿𝑥 ×𝐿𝑦 ×𝐿𝑧, where 𝐿𝑥, 𝐿𝑦, and 
𝐿𝑧 are the dimensions of the simulation box. 𝐿𝑥 and 𝐿𝑦 are kept con
stant, and only 𝐿𝑧 is varied along the simulation to keep the pressure 
constant along the direction perpendicular to the planar interfaces. We 
first simulate a bulk CH4 hydrate phase using the anisotropic version 
of the 𝑁𝑃𝑇 ensemble at the equilibrium conditions under study. From 
this simulation is possible to determine the equilibrium dimensions of 
the simulation box (𝐿𝑥, 𝐿𝑦, and 𝐿𝑧).

It is worth emphasizing that the rigorous framework for simulating 
phase coexistence across planar interfaces–namely, between the two liq
uid phases (aqueous CH4 solution and pure liquid CH4 in this work) 
as well as between the solid and fluid phases when the mold is acti
vated to induce hydrate formation–is the isothermal-isobaric 𝑁𝑃𝑧𝑇

ensemble. This ensemble guarantees that the system is maintained at 
the correct equilibrium normal pressure, i.e., along the direction per
pendicular to the hydrate slab formed upon mold activation [118--120]. 
This is accomplished by performing an independent simulation of the 
bulk solid phase at coexistence conditions (294K and 400bar) using 
the standard 𝑁𝑃𝑇 ensemble, in which the three box lengths fluctu
ate independently [119]. Because CH4 hydrate crystallizes in a cubic 
lattice, such a calculation could, in principle, also be carried out with 
the isotropic 𝑁𝑃𝑇 ensemble [118,120]. Nevertheless, we chose to em
ploy the fully anisotropic 𝑁𝑃𝑇 ensemble in order to determine the 
equilibrium lattice constants along all three Cartesian directions. The 
motivation is that the solid-phase simulations were specifically designed 
to obtain the equilibrium values of 𝐿𝑥, 𝐿𝑦, and 𝐿𝑧 under coexistence 
conditions (294K and 400bar), at which the interfacial free energy is 
evaluated. This procedure yields the equilibrium positions of the oxygen 
atoms in the water molecules of the hydrate phase–essential information 
for a reliable implementation of the Mold Integration technique. The 
equilibrium values obtained at 294K and 400bar, consistent with the 
hydrate unit cell under coexistence conditions, were subsequently em
ployed in the 𝑁𝑃𝑧𝑇 simulations [80,95--98,100]. This ensures that 
the slab of hydrate induced by the mold, at the equilibrium conditions 
of pressure and temperature, is non-stressed [118--120].

Newton’s equations are solved using the Verlet leapfrog algo
rithm [123]. We use a time step of 2 fs. All simulations are run in 
the 𝑁𝑃𝑧𝑇 ensemble to ensure that the pressure and the temper
ature are kept constant. The Nosé-Hoover thermostat [124] and the 
Parrinello-Rahman barostat [125] are used to keep both the tempera
ture and the pressure constants. Simulations of the bulk solid phase to 
determine the equilibrium dimensions of the simulation box are run us
ing the anisotropic version of the Parrinello-Rahman barostat. In all 
cases, we use 2 and 1 ps for the relaxation times in the thermostat 
and barostat, respectively. We use a cutoff radius for both dispersive 
and electrostatic interactions of 1 nm. Long-range interactions due to 
electrostatic interactions are determined using the Particle-Mesh Ewald 
technique [126]. We do not use long-range corrections for the dispersive 
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Fig. 2. Representation of the final configurations of simulation boxes using the MI-H (top) and the MI-G (bottom) approaches when 𝑟𝑤 < 𝑟0
𝑤

at 400bar and 294K. 
In both cases, CH4 molecules and water molecules are represented as green spheres and red and white sticks, respectively. Cyan and purple spheres represent the 
attractive interaction sites used in the MI-H and MI-G methods, respectively.

interactions. The LINCS algorithm is used in order to fix the molecular 
geometry.

For the calculation of the interfacial free energy we use 𝑁𝑤 = 56
attractive sites with 𝜀𝑚 = 8 𝑘𝐵𝑇 (MI-H) [80] and 𝑁𝑤 = 16 attractive sites 
with 𝜀𝑚 = 12 𝑘𝐵𝑇 (MI-G) [95]. We have chosen the same geometries 
used in our previous works to estimate the interfacial free energy of 
the CO2 hydrate-water interface [80,95,96]. The attractive sites of both 
molds are used to induce the formation of a CH4 hydrate slab in the 
middle of the simulation box. Fig. S3 of SI shows two snapshots of the 
initial simulation box with the mold used in this work.

3. Results and discussion

The MI methodology allows to determine the interfacial free energy 
in three steps [80,95,96,98,101]: (1) estimation of the optimal radius 
𝑟0
𝑤

; (2) calculation of the reversible work needed to form a thin crystal 
slab of the solid phase in the fluid phase and 𝛾ℎ𝑤 at least three radii 
higher than the optimal one; and (3) extrapolation of 𝛾ℎ𝑤 at 𝑟0

𝑤
. This 

procedure is explained in the following sections.

3.1. 𝑟0
𝑤

estimation

The accurate determination of 𝑟0
𝑤

requires multiple simulations. By 
analyzing the behavior of the system for a series of different values of 
𝑟𝑤, it is possible to find three different scenarios as a function of the 𝑟𝑤
value. If 𝑟𝑤 < 𝑟0

𝑤
, the fluid phase becomes unstable and the fluid system 

crystallizes as soon as the simulation starts (scenario I) [80,95,96]. Fig. 2
presents the final configurations obtained from simulations employing 
both MI approaches, highlighting crystallization induced by molds ac
tivated with 𝑟𝑤 < 𝑟0

𝑤
. Representative snapshots from different stages of 

the simulations are shown in Figs. S1 and S2 of the Supporting Infor
mation (SI). Additionally, movies S1 and S2 illustrate the crystallization 
process observed with two extensions of the Mold Integration technique, 
the Mold Integration-Host (MI-H) and Mold Integration-Guest (MI-G) 
methods, under conditions where 𝑟𝑤 < 𝑟0

𝑤
. See Section 2.1 for further 

details. If 𝑟𝑤 > 𝑟0
𝑤

, and the value of 𝑟𝑤 is closed to the optimal value, 
𝑟0
𝑤

, the system can overcome the energy barrier and crystallize after 
a relatively short period of time called induction period (scenario II). 

The larger the 𝑟𝑤 value, the larger the time required by the system to 
crystallize. If 𝑟𝑤 is large enough, the system will not crystallize because 
the energy barrier that the system has to overcome is too large (sce
nario III). Movies S3 and S4 of SI demonstrate that crystallization does 
not occur with either method when 𝑟𝑤 ≫ 𝑟0

𝑤
. The optimal 𝑟0

𝑤
value is 

found in the frontier between scenarios I and II. Five independent trajec
tories have been run for each 𝑟𝑤 in both methods at each 𝑟𝑤 analyzed. 
Simulations have run for 500 ns to identify the behavior of the system, 
at each 𝑟𝑤, with one of the three possible scenarios explained previ
ously.

To study the behavior of the system as a function of the 𝑟𝑤 value, 
it is necessary to identify the number of molecules of water that transit 
from the aqueous fluid phase to the crystal hydrate phase. The number 
of molecules of water in the hydrate phase, as a function of the simula
tion time, 𝑛ℎ = 𝑛ℎ(𝑡), is analyzed using the local bond order parameters 
proposed by Lechner and Dellago [99] once the simulation has finished. 
In particular, the 𝑞3 parameter has been chosen to distinguish between 
liquid-like and CH4 hydrate-like water molecules. This parameter has 
been previously used by some of us in our previous works about the 
CO2 hydrate-water interfacial free energy [80,95,96]. For further tech
nical details, we recommend our previous works [80,95,96] and our 
recent results extending this technique to deal with other hydrate struc
tures [97,127].

We first consider the election of the optimal 𝑟0
𝑤

value using the MI-H 
technique (see Section 2.1). As can be seen in Fig. S3 of the SI, it is pos
sible to identify the three mentioned scenarios as a function of 𝑟𝑤 from 
the analysis of 𝑛ℎ. When 𝑟𝑤 ≤ 0.823 Å, the system crystallizes as soon 
as the simulations start, and consequently, these values correspond to 
Scenario-I. When 𝑟𝑤 ≥ 0.855 Å, large induction periods can be observed 
in at least one of the runs, and the behavior of the system can be cat
egorized as the expected one in scenario II (𝑟𝑤 > 𝑟0

𝑤
). Finally, when 

𝑟𝑤 ≥ 0.887 Å, the system can not overcome the energy barrier, and no 
crystallization is observed as it is expected when 𝑟𝑤 ≫ 𝑟0

𝑤
. This is the 

expected behavior found in scenario III.
In summary, 𝑟0

𝑤
is bounded between 𝑟𝑤 = 0.823,Å (the largest value 

in scenario-I, corresponding to no induction behavior) and 𝑟𝑤 = 0.855 Å
(the smallest value in scenario-II, corresponding to induction behavior), 
as shown in Fig. S3 of the SI. Adopting a conservative estimate, we take 
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the lower and upper bounds as 𝑟(𝑙)𝑤 = 0.792 Å and 𝑟(𝑢)𝑤 = 0.887 Å. This 
yields a mean value 𝑟0

𝑤
= (𝑟(𝑙)𝑤 + 𝑟

(𝑢)
𝑤 )∕2 ≈ 0.839 Å and an uncertainty 

𝜎
𝑟0𝑤

= (𝑟(𝑢)𝑤 − 𝑟
(𝑙)
𝑤 )∕2 ≈ 0.048 Å. The resulting optimal value is therefore 

𝑟0
𝑤
= 0.839(48) Å.
From this analysis, it is clear that the choice of 𝑟𝑤 = 0.839 Å as 

the optimal value, 𝑟0
𝑤

, since the change from scenario I and II is ob
served at exactly this value of 𝑟𝑤 . Since free-energy calculations are 
extremely complex, in order to ensure that 𝑟0

𝑤
and, hence, 𝛾ℎ𝑤, are cal

culated with the appropriate uncertainty, a conservative range for 𝑟0
𝑤

has been chosen. In this case, the optimal value and its uncertainty is 
𝑟0
𝑤
= 0.839(95) Å.
For the MI-G calculations (see Section 2.1), 𝑟0

𝑤
is located between 

𝑟𝑤 = 0.665 Å (largest value in scenario-I) and 𝑟𝑤 = 0.697 Å (smallest 
value in scenario-II), as shown in Fig. S4 of the SI. Following the same 
conservative procedure, we set 𝑟(𝑙)𝑤 = 0.633 Å and 𝑟(𝑢)𝑤 = 0.728 Å, giving 
𝑟0
𝑤
= (𝑟(𝑙)𝑤 + 𝑟

(𝑢)
𝑤 )∕2 ≈ 0.681 Å with an uncertainty 𝜎

𝑟0𝑤
= (𝑟(𝑢)𝑤 − 𝑟

(𝑙)
𝑤 )∕2 ≈

0.048 Å. The corresponding optimal value is 𝑟0
𝑤
= 0.681(48) Å.

3.2. Thermodynamic integration

Interfacial energy can not be evaluated directly at 𝑟𝑤 = 𝑟0
𝑤

because 
there is no energy barrier between the aqueous and the hydrate phase, 
i.e., the system can freely crystallize, crossing a first-order transition 
and moving away from the coexistence equilibrium. In order to create 
a thermodynamic path between the fluid without a solid hydrate slab 
(mold off) and the fluid with the solid hydrate slab (mold on), it is nec
essary to ensure that a phase transition does not occur. As Espinosa et 
al. [98] pointed out in their original work, it is necessary to perform the 
thermodynamic integration for 𝑟𝑤 > 𝑟0

𝑤
. This ensures the reversibility of 

the system, a necessary condition to calculate 𝛾ℎ𝑤.
In order to calculate Δ𝐺ℎ𝑤, we determine the average number of 

filled attractive sites, ⟨𝑁𝑓𝑤⟩, as function of the attractive interaction 
between the mold and the particles of the fluid system, 𝜀. ⟨𝑁𝑓𝑤⟩ can be 
calculated by performing simulations in the isothermic-isobaric ensem
ble for different values of 𝜀 from 0 to 𝜀𝑚 (𝜀𝑚 = 8 𝑘𝐵𝑇 and 𝜀𝑚 = 12 𝑘𝐵𝑇
for MI-H and MI-G techniques, respectively). Particularly, to accurately 
obtain ⟨𝑁𝑓𝑤⟩ as a function of 𝜀, we perform between 17 and 21 sim
ulations in the 𝑁𝑃𝑧𝑇 ensemble depending if the MI-H or the MI-G 
technique is used. Each simulation is equilibrated during 20 ns and aver
ages are calculated over 80 ns. Fig. 3 shows ⟨𝑁𝑓𝑤⟩, as functions of 𝜀, as 
obtained from simulation results for the 𝑟𝑤 values using both method
ologies. We have also included the fitted curves in all the cases. As can 
be seen, when the mold is completely activated, the ⟨𝑁𝑓𝑤⟩ value at each 
𝑟𝑤 is equal to the total number of attractive sites located in the mold, 
𝑁𝑤 [98].

The difference in energy between the fluid state in which the mold 
is off (𝜀 = 0) and the state in which the attractive sites of the mold are 
completely activated (𝜀 = 𝜀𝑚) has two contributions: one because of the 
creation of the hydratefluid interfaces and other due to the interaction 
between the mold and the molecules (water or methane depending on 
the MI technique used) in the system. The first contribution can be eas
ily obtained from the integration of the fitted curves shown in Fig. 3
from 𝜀 = 0 to 𝜀 = 𝜀𝑚, according to equations presented in Section 4. The 
second one, which accounts for the mold-molecule interaction energy 
(−𝑁𝑤 𝜀𝑚) of the final state (mold completely activated or 𝜀 = 𝜀𝑚), can 
be easily subtracted from the thermodynamic integration contribution. 
Finally, once Δ𝐺ℎ𝑤 has been calculated, the value of 𝛾ℎ𝑤 for each 𝑟𝑤
value can be easily obtained according to Eq. (2).

3.3. 𝛾ℎ𝑤 calculation

As it has been explained in previous sections, when 𝑟𝑤 > 𝑟0
𝑤

, there 
exists yet an energy barrier that the system has to overcome in order 
to crystallize. It is necessary to obtain the value of 𝛾ℎ𝑤 when 𝑟𝑤 = 𝑟0

𝑤
. 

Fig. 4 shows the interfacial free energy, as a function of 𝑟𝑤, obtained 

Fig. 3. Averaged number of filled attractive sites, ⟨𝑁𝑓𝑤(𝜀)⟩𝑁𝑃𝑧𝑇
, as a function 

of the well depth 𝜀, obtained from MI-H at 𝑟𝑤 = 0.8867 Å (top) and MI-G at 
𝑟𝑤 = 1.1084 Å (bottom) at 400bar and 294K. In both cases, in the main figure, 
the symbols represent the values of ⟨𝑁𝑓𝑤(𝜀)⟩𝑁𝑃𝑧𝑇

from the 𝑁𝑃𝑧𝑇 simulations, 
and the curves are obtained by fitting the simulation results. The insets represent 
the rest of the curves obtained for each 𝑟𝑤 value used in both MI-H and MI-G 
methods. The value of 𝑟𝑤 at which each curve has been obtained is shown in 
the legend.

from MI-H and MI-G techniques. As can be seen, 𝛾ℎ𝑤 behaves linearly 
with the range of the attractive sites of the mold. Particularly, it is pos
sible to calculate the real value of 𝛾ℎ𝑤 by extrapolating the results as 
𝑟𝑤 → 𝑟0

𝑤
. It is important to mention that this behavior has been pre

viously observed with different systems [56,80,95--98,100,101,128]. In 
all cases, MI provides interfacial free energies in excellent agreement 
with the experimental data.

According to the results presented in Fig. 4, the values obtained in 
the limit 𝑟𝑤 → 𝑟0

𝑤
are 42.57 and 44.28 mJ/m2 for the MI-H and MI-G 

techniques, respectively. As in our previous work [80,95--97], we con
sider the main source of error in 𝛾ℎ𝑤 to arise from the uncertainty in 
𝑟0
𝑤

. By construction, 𝛾ℎ𝑤 lies at the midpoint of the interval [𝛾 (𝑙)
ℎ𝑤

, 𝛾
(𝑢)
ℎ𝑤

], 
where 𝛾 (𝑙)

ℎ𝑤
and 𝛾 (𝑢)

ℎ𝑤
are the values at 𝑟𝑤 = 𝑟

(𝑙)
𝑤 and 𝑟𝑤 = 𝑟

(𝑢)
𝑤 . Specifically, 

𝛾
(𝑙)
ℎ𝑤

= 44.43 and 𝛾 (𝑢)
ℎ𝑤

= 40.67 mJ/m2 in the MI-H case, and 𝛾 (𝑙)
ℎ𝑤

= 44.93
and 𝛾 (𝑢)

ℎ𝑤
= 43.64 mJ/m2 in the MI-G case. The uncertainties are then 

𝜎𝛾ℎ𝑤
= (𝛾 (𝑢)

ℎ𝑤
− 𝛾

(𝑙)
ℎ𝑤

)∕2, giving 𝜎𝛾ℎ𝑤 ≈ 1.88 mJ/m2 (MI-H) and 0.65 mJ/m2

(MI-G). Thus, after rounding to the appropriate significant figures, the fi
nal interfacial free energy values with uncertainties are 𝛾ℎ𝑤 = 43(2) and 
44(1) mJ/m2 obtained from the MI-H and MI-G methodologies, respec
tively. As can be observed, the results obtained using the two techniques 
are in excellent agreement with each other. It is essential to emphasize 
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Fig. 4. CH4 hydrate-water 𝛾ℎ𝑤 as a function of 𝑟𝑤 obtained from MI-H and MI
G methods at 400bar and 294K. Results from the MI-H method are shown in 
blue and those from the MI-G method in green. Dashed lines represent the fit of 
𝛾ℎ𝑤 as a function of 𝑟𝑤. Circles are used for data obtained from thermodynamic 
integration, while upward triangles denote extrapolated values of 𝛾ℎ𝑤 obtained 
when 𝑟𝑤 → 𝑟0

𝑤
.

that the results presented should be regarded as independent, as the key 
parameters employed in each method -- namely, 𝑁𝑤, 𝑟𝑤, and 𝜀𝑚 -- differ, 
as discussed in detail in Section 2.3.

It is possible to compare the predicted CH4 hydrate-water 𝛾ℎ𝑤 values 
obtained from simulation with experimental data obtained by Uchida et 
al. [68,69], 39 and 34(6) mJ/m2. Note that both values are the same 
within the statistical uncertainty, although there exists a difference of 
5 mJ/m2 between both results. Anderson et al. [70,71] have also inde
pendently determined 𝛾ℎ𝑤 values using the same indirect technique and 
thermodynamic relationship: between 32(1) and 35(1) mJ/m2, given a 
final vale of 32(3) mJ/m2. In summary, all the CH4 hydrate-water inter
facial free energy values obtained from experiments range in the interval 
from 28 to 40 mJ/m2. This is a huge range of values and contrasts 
with the accuracy of the measurements available in the literature for 
the interfacial tension of liquid water at ambient conditions, 72 mJ/m2, 
showing that the experimental determination of solidfluid interfacial 
energies is a difficult task [57--59].

Simulation data obtained in this work, 43(2) and 44(1)mJ∕m2, seem 
to overestimate the experimental value reported by Anderson and col
laborators [70,71], but they are in good agreement with the value 
reported by Uchida and coworkers, 39mJ∕m2 [68]. This is the first 
time the Mold Integration methodology, a direct computer simulation 
method used to predict interfacial free energies of a wide variety of 
different model and realist systems [75], seems not to fully reproduce 
the experimental hydratefluid interfacial energies. Is the CH4 hydrate
water interfacial system the limit of applicability of the Mold Integration 
method? We think the answer is no and will try to justify why.

To answer this question, we first compare the simulation results ob
tained from the MI direct technique with values previously obtained 
in the literature using indirect computer simulation methods. Jacobson 
and Molinero [35], using the mW water model [129], estimated a value 
of 𝛾ℎ𝑤 ≈ 36(2) mJ/m2. Note that this value corresponds to the case of 
a hydrate in which the guest molecule has intermediate properties be
tween CH4 and CO2. This value lies between the experimental value 
for the CO2 hydrate-water interface [71], 32(3) mJ/m2, and that for the 
CH4 hydrate-water interfacial energy [68], 39 mJ/m2. This suggests that 
𝛾ℎ𝑤 is closer to 40 than to 30 mJ/m2. One year later, Knott et al. [37] 
obtained a value for the interfacial free energy, 𝛾ℎ𝑤 = 31 mJ/m2.

However, one must be careful with the predictions obtained us
ing this water model to predict 𝛾ℎ𝑤 values. Although the successful 
mW model can predict a great variety of properties and systems, the 

original version of the mW model is parameterized to match the ex
perimental vaporization enthalpy, liquid water density, and hexagonal 
ice melting temperature [130]. It is important to recall in this context 
that the prediction of hydrate -- water interfacial free energy values 
critically depends on an accurate determination of the hydrate -- wa
ter -- guest three-phase equilibrium temperature. However, this model 
is found to overestimate the melting temperature of methane hydrate 
by ∼ 15 − 20 K [32,131,132]. Particularly, Jin and Zhong [132] have 
recently reparameterized the mW model to accurately predict the ex
perimental phase diagram of methane hydrate. They have shown that 
the phase stability of methane hydrate depends on the spring constant 
𝜆 of the mW model, which determines the strength of the tetrahedral 
angle formed by three water molecules in the mW model. It would be 
interesting in the future to determine the CH4 hydrate -- water interfa
cial free energy using the parametrization proposed by these authors.

It is clear that previous works in the literature suggest that the 
hydrate-water interfacial energy of the CH4 and CO2 hydrates are sim
ilar and also around the value of the ice-water interfacial energy, ∼
30 mJ/m2 [35,68--71]. However, our current results indicate that the 
CH4 hydrate-water 𝛾ℎ𝑤 value is substantially higher than that of the CO2
hydrate -- water interface, in agreement with estimations from their nu
cleation rates [50,74]. In the next section, we compare both results to 
clarify and understand from a microscopic perspective the reasons for 
which interfacial free energies of CH4 and CO2 hydrates seem to be dif
ferent.

Before addressing this point, it is useful to propose an independent 
hypothesis regarding the underlying mechanism. Unfortunately, provid
ing a detailed molecular explanation of why the interfacial free energy of 
CH4 hydrate is higher than that of CO2 hydrate is an extremely challeng
ing task [74]. In fact, interfacial free energy is, by definition, a free en
ergy quantity, and its evaluation from computer simulations—whether 
using molecular dynamics or Monte Carlo techniques—is inherently dif
ficult because free energy is a non-mechanical property. It cannot be 
directly obtained as a simple ensemble average of a microscopic observ
able.

Can one, in principle, gain deeper insight into how guest–host cou
pling and the enthalpic and entropic contributions influence the inter
facial energy of CH4 and CO2 hydrates? We believe so; however, as 
mentioned above, such an analysis would require a very demanding and 
specialized study, which lies beyond the scope of the present work. The 
main goal of this study is rather to obtain the first realistic and accu
rate estimation of the CH4 hydrate–water interfacial free energy using 
a direct computer simulation approach.

Nevertheless, it is possible to propose a physically sound and qual
itative explanation for why the interfacial free energy of CH4 hydrate 
is higher than that of CO2 hydrate, based on simple yet rigorous ar
guments. One of the most widely used families of empirical correla
tions for estimating vapor–liquid surface tension in real substances is 
the so-called Parachor approach, originally introduced by Macleod in 
1923 [133]. In this method, the surface tension is correlated with the 
difference in bulk coexistence densities. Guggenheim later refined this 
correlation and estimated the corresponding exponent [134]. Although 
both approaches are empirical, their functional forms are supported by 
theoretical considerations rooted in the modern framework of renormal
ization group and scaling theories [135].

By analogy, extending these arguments to solidfluid coexistence 
suggests that when the composition of the fluid phase becomes more 
similar to that of the hydrate phase [74], the interfacial free energy 
should decrease. The higher interfacial free energy, 𝛾ℎ𝑤 , obtained for 
the CH4 hydrate–water interface would therefore arise from the larger 
compositional difference between the aqueous phase and the hydrate. 
In contrast, the higher solubility of CO2 in water reduces this composi
tional mismatch, leading to a significantly lower value of 𝛾 .

In fact, this hypothesis is further supported by independent results 
obtained for the THF hydrate–water interface. Using the MI technique, 
some of us calculated 𝛾ℎ𝑤 [97] and compared it with experimental data 
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Fig. 5. CH4 (top results) and CO2 (bottom results) hydrate-water 𝛾ℎ𝑤 as a func
tion of 𝑟𝑤 obtained from MI-H and MI-G methods at 400bar, 294K (CH4), and 
287K (CO2). Results from the MI-H method are shown in blue and those from 
the MI-G method in green. Dashed lines represent the fit of 𝛾ℎ𝑤 as a function of 
𝑟𝑤. Circles are used for data obtained from thermodynamic integration, while 
upward triangles denote extrapolated values of 𝛾ℎ𝑤 obtained when 𝑟𝑤 → 𝑟0

𝑤
. Re

sults for the CO2 hydrate are taken from out previous works [80,95,96].

available in the literature [136,137]. The experimental value of 𝛾ℎ𝑤 is 
24(8)mJ∕m2, while our MI calculations yield 27(2)mJ∕m2, showing very 
good agreement. In this case, 𝛾ℎ𝑤 is much lower than the corresponding 
values for CH4 and CO2 hydrates. According to our hypothesis, this is an 
expected outcome, since THF is soluble in water under the conditions 
where the hydrate forms, and this solubility leads to a decrease in 𝛾ℎ𝑤
compared with the CH4 and CO2 hydrate interfaces.

3.4. Comparison between 𝛾ℎ𝑤 values of the CH4 and CO2 hydrates

We compare the results of 𝛾ℎ𝑤 obtained in this work for the CH4 hy
drate with the results obtained by some of us [80,95,96] for the hydrate 
of CO2. Fig. 5 shows the CH4 hydrate- and CO2 hydrate-water inter
facial free energy values, as functions of 𝑟𝑤, obtained from MI-H and 
MI-G techniques. In both systems, the interfacial free energy between 
the hydrates and the aqueous phase has been obtained at 400 bar and 
coexistence conditions.

As can be seen, the 𝛾ℎ𝑤 values obtained in this work for the CH4
hydrate, 43(2) and 44(1) mJ/m2, are about 40% higher than that for 
the CO2 hydrate at practically the similar thermodynamic conditions 
(29(2), 30(2) and 31(2) mJ/m2) [80,95,96]. Is this real? To check this 
hypothesis, we compare these results with estimations provided by the 
Seeding combined with CNT approach using the same molecular models 
and under the same conditions of temperature and pressure for CH4 and 
CO2 hydrates.

Although the reader can see the results in both publications, to clarify 
the main result, we summarize the most essential conclusions obtained 
by these authors. According to CNT, the homogenous nucleation rate 
can be expressed as [28,30,31,50,74,138],

𝐽 = 𝜌G𝑍𝑓+e−Δ𝐺𝑐∕𝑘𝐵𝑇 = 𝐽0 e−Δ𝐺𝑐∕𝑘𝐵𝑇 (3)

where 𝜌G is the guest (CO2 or CH4) density in the aqueous solution 
phase, 𝑍 the Zeldovich factor, 𝑓+ the attachment rate or rate at which 
CO2 and CH4 molecules in the aqueous phase attach to a growing solid 
cluster, and Δ𝐺𝑐 the nucleation barrier. Following the thermodynamic 
formalisms of Gibbs [139], the Zeldovich factor 𝑍 and the nucleation 
barrier Δ𝐺𝑐 , can be easily expressed in terms of the driving force for 
nucleation, Δ𝜇N, and the size of critical solid clusters in both hydrates, 
𝑁𝑐 ,

Table 1
Parameters that control homogeneous nucleation 
rates of CH4 and CO2 hydrates in water: guest den
sity in the aqueous solution, 𝜌G, hydrate density, 𝜌H, 
Zeldovich factor, 𝑍 , size of the critical solid cluster (in 
terms of guest molecules), 𝑁G

𝑐
, attachment rate, 𝑓+, 

nucleation barrier, Δ𝐺𝑐 , driving force for nucleation, 
Δ𝜇N. We also include homogeneous nucleation rate, 
𝐽 , and hydrate -- water interfacial free energy, 𝛾 . In all 
cases, parameters have been obtained at 400 bar and 
supercooling temperature of 35 K. All the values have 
been taken from the works of Grabowska et al. [50] 
and Zerón et al. [74].

Parameter CO2 hydrate CH4 hydrate 
𝜌G∕(m3) 2.6 × 1027 3.0 × 1026
𝜌H∕(m3) 4.7 × 1027 4.6 × 1027
𝑁G

𝑐
20 83

Δ𝜇N∕𝑘𝐵𝑇 −2.26 −2.42
𝑍 0.077 0.039 
𝑓+∕s 6.5 × 108 1.4 × 109
Δ𝐺𝑐∕𝑘𝐵𝑇 22.6 100.7

𝐽∕(m3 s) 2 × 1025 3 × 10−10
𝛾ℎ𝑤 (mJ/m2) 18.7 32.5

𝑍 =

√ |Δ𝜇N| 
6𝜋𝑘𝐵𝑇𝑁𝑐

(4)

and

Δ𝐺𝑐 =
1
2
𝑁𝑐 |Δ𝜇N| (5)

Vega and collaborators [49,50] and Blas and collaborators [51,74] 
have determined, at the same pressure, 400 bar, and supercooling tem
perature, 35 K, all the parameters included in Eqs. (3)--(5). Table 1 sum
marizes the parameters that determine homogeneous nucleation rates 
of both hydrates.

The kinetic prefactor of the nucleation rate in Eq. (3), 𝐽0 = 𝜌G𝑍𝑓+, 
can be easily obtained from data presented in Table 1. According to 
this, the 𝐽0 value for both hydrates only exhibits a difference of one or
der of magnitude since 𝐽0 ∼ 1035 and ∼ 1034 m−3 s−1 for the CH4 and 
CO2 hydrates, respectively. However, according to the results presented 
by Grabowska et al. [50] and Zerón et al. [74], the nucleation rates of 
the CH4 and CO2 hydrates, at the same pressure and supercooling tem
perature, are 𝐽 ∼ 10−10 and ∼ 1025 m−3 s−1, respectively. The difference 
between both nucleation rates is huge. In fact, the nucleation rate of 
CO2 hydrate is approximately 35 orders of magnitude larger than that 
for CH4 hydrate under the same conditions. What is the reason for this 
difference?

Following Grabowska et al. [50] and Zerón et al. [74], the differ
ence must stem from the exponential free energy barrier, which consists 
of two components: Δ𝜇N and 𝑁𝑐 according to Eq. (5). While the Δ𝜇N
values differ and trend in the expected direction, the variation alone 
does not appear significant enough to account for the disparity in nu
cleation rates. Instead, the primary factor is 𝑁𝑐 , which includes 83 CH4
molecules but only 20 CO2 molecules under the same conditions. This 
distinction is crucial: the critical cluster of CO2 hydrate is significantly 
smaller than that of CH4 hydrate. In terms of free energy barrier val
ues, the differences are huge at the same thermodynamic conditions: 
the CH4 hydrate nucleation barrier is Δ𝐺CH4

𝑐 ∼ 100 𝑘𝐵𝑇 and that of 
the CO2 hydrate is Δ𝐺CO2

𝑐 ∼ 23 𝑘𝐵𝑇 . This difference is obviously the 
reason for the difference in the 𝐽 values of both hydrates. However, 
what is the physical origin of this difference? To investigate it, the au
thors took into account the relationship that describes the nucleation 
barrier in terms of Δ𝜇N and the hydrate-water interfacial free energy, 
𝛾ℎ𝑤, [50,74],
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Fig. 6. Difference between the interfacial free energy at a given supercooling, 
Δ𝑇 , and the interfacial free energy at coexistence (Δ𝑇 = 0 K), obtained for Ih 
ice -- water (blue circles) [140], CO2 hydrate -- water (red triangle) [74], and 
CH4 hydrate -- water (green square) [50]. The magenta line represents the linear 
correlation of the data with Δ𝑇 given by Eq. (7).

Δ𝐺𝑐 =
16𝜋𝛾3

ℎ𝑤

3𝜌2H|Δ𝜇N| (6)

As can be seen, the key to these differing behaviors lies in the in
terfacial free energy 𝛾ℎ𝑤, which is further amplified as it is raised 
to the third power. Note that 𝜌H and |Δ𝜇N| values for both hy
drate are similar. Particularly, the CO2 and CH4 hydrates -- water 
interfacial free energy values obtained by Grabowska et al. [50] 
and Zerón et al. [74], using the Seeding technique and CNT are 
𝛾

CO2
ℎ𝑤

= 18.7 mJ/m2 and 𝛾CH4
ℎ𝑤

= 32.5 mJ/m2. In other words, there ex

ists a difference between both interfacial energies is 𝛾CH4
ℎ𝑤

− 𝛾
CO2
ℎ𝑤

∼
14 mJ/m2.

It is interesting to compare this difference with that obtained using 
the interfacial free energy values of both hydrates obtained using the 
MI-H and MI-G techniques. According to our previous works [80,95,96], 
𝛾

CO2
ℎ𝑤

= 29(2), 30(2), and 31(2) mJ/m2. One can estimate the mean value 
for and uncertainty for this interfacial energy (taking into account all 
the values) as 𝛾CO2

ℎ𝑤
= 30(3) mJ/m2. Similarly, the interfacial energy 

of the CH4 hydrate -- water interface obtained in this work is 𝛾CH4
ℎ𝑤

=
43(2) mJ/m2. Note that this value and its uncertainty account for the two 
values previously presented. With this information, one can estimate the 
difference between both interfacial energies using these direct mehotds 
as 𝛾CH4

ℎ𝑤
− 𝛾

CO2
ℎ𝑤

∼ 13(4) mJ/m2. This is an interesting exercise. However, 
the values obtained from Seeding and CNT approaches correspond to 
interfacial energies of spherical hydrate clusters (and not planar hy
drate -- water interfaces) at supercooling conditions (Δ𝑇 = 35 K). The 
𝛾ℎ𝑤 values obtained in this work correspond to planar hydrate -- water 
interfaces at coexistence conditions (hydrate -- water -- guest), and it is 
not possible to compare directly both results. Fortunately, as we show 
in the following paragraphs, it is feasible to estimate 𝛾CH4

ℎ𝑤
and 𝛾CO2

ℎ𝑤
at 

the same conditions.
The first step is to get the interfacial free energy values of the pla

nar interfaces. Montero de Hijes et al. [141] have demonstrated that 
the solidfluid interfacial energy varies linearly with 1∕𝑅𝑐 , with 𝑅𝑐 the 
radius of a critical solid cluster obtained from the Seeding technique. 
Specifically, they identified this relationship across multiple systems, 
including hard-sphere and Lennard-Jones simplified models, as well as 
more advanced force fields for water, such as mW and TIP4P/Ice for 
different supercoolings. In addition, Gabrowska et al. [50] and Zerón 
et al. [74] have also found the same behavior for the CH4 and CO2
hydrates. This insight has allowed all these authors to estimate, from 
Seeding calculations and CNT, the interfacial free energy of the corre

Table 2
Estimated Interfacial energy 𝛾ℎ𝑤, as a 
function of the undercooling Δ𝑇 , for Ih

ice -- water, [140] CH4 hydrate -- wa
ter, [50] and CO2 hydrate -- water [74] 
with planar interface using Seeding-CNT 
techniques. Values at Δ𝑇 = 0 are cal
culated by MI approach, [80,95,96,101] 
including those determined in this work. 
Δ𝛾ℎ𝑤 = 𝛾ℎ𝑤(Δ𝑇 ) − 𝛾ℎ𝑤(0) is the interfa
cial free energy at supercooling Δ𝑇 and 
at coexistence (Δ𝑇 = 0 K).

Δ𝑇 (K) 𝛾ℎ𝑤(mJ/m2) Δ𝛾ℎ𝑤(mJ/m2)

Ih ice -- water interface 
0 29.8(2.5) 0 
14.5 26.3 -3.5(2.5) 
19.5 25.4 -4.4(2.5) 
35.5 23.7 -6.1(2.5) 
CH4 hydrate -- water interface 
0 44(2) 0 
35 38 -6(2) 
CO2 hydrate -- water interface 
0 30(2) 0 
35 22.3 -7.7(2) 

sponding planar solidfluid interface (but not at coexistence conditions). 
They extrapolated 𝛾ℎ𝑤 to the planar interface (𝑅𝑐 →∞) for different 𝛾ℎ𝑤
values from different critical solid clusters.

Table 2 shows the values of interfacial energies (for planar inter
faces) associated with the CH4 hydrate -- water [50] and CO2 hydrate 
– water [74] interfaces at different supercoolings. For reasons that 
will be clear in the next paragraph, we have also included the val
ues corresponding Ih ice -- water interfacial free energies, at different 
supercooling values, as obtained from Seeding and CNT calculations 
by Espinosa et al. [140] See the original works of these authors for 
further details. Table 2 also included the Ih ice -- water [101], CH4
hydrate -- water, and CO2 hydrate water [80,95,96] interfacial energy 
values at coexistence conditions, Δ𝑇 = 0 K, determined using the Mold 
Integration technique at coexistence conditions, 29.8(2.5), 43(2), and 
30(2) mJ/m2, respectively. Note that the value corresponding to the 
CH4 hydrate -- water interface, 43(2) mJ/m, has been obtained in this 
work.

We also define Δ𝛾ℎ𝑤 as the difference between 𝛾ℎ𝑤(Δ𝑇 ), the inter
facial free energy at a given supercooling, and 𝛾(0), the interfacial free 
energy at coexistence (Δ𝑇 = 0 K), obtained from the MI technique for all 
the systems in Table 2. According to this, Δ𝛾ℎ𝑤 = 𝛾ℎ𝑤(Δ𝑇 ) − 𝛾ℎ𝑤(0), be
comes more negative as Δ𝑇 increases. The results obtained previously 
for Ih ice -- water by Espinosa et al. [101,140] and for CO2 hydrates -- 
water [74,80,95,96] follow this trend. Using this information, it is pos
sible to represent Δ𝛾ℎ𝑤, as a function of Δ𝑇 , for the systems considered 
in Table 2. As can be seen in Fig. 6, Δ𝛾ℎ𝑤 shows a linear correlation 
with Δ𝑇 , represented by the continuous magenta line,

Δ𝛾ℎ𝑤 = −0.194 Δ𝑇 (mJ/m2) (7)

It is worth noting that the linear regression was performed under the 
constraint that the line passes through the origin. This is fully justi
fied since Δ𝛾ℎ𝑤 at Δ𝑇 = 0 K must vanishes since 𝛾ℎ𝑤(Δ𝑇 )→ 𝛾ℎ𝑤(0) as 
Δ𝑇 → 0. The regression indicates that 𝛾ℎ𝑤 decreases ∼ 0.19 mJ/m2, ap
proximately, for each K, the temperature is decreased with respect to 
the coexistence temperature. It is easy to check that if we apply it to 
the CO2 hydrate -- water interface obtained from CNT + Seeding cal
culations gives the value obtained from the direct MI technique, i.e., 
𝛾(0) ≡ 𝛾ℎ𝑤 = 𝛾ℎ𝑤(Δ𝑇 ) − Δ𝛾ℎ𝑤 = 22.3 + 0.194 × 35 ≈ 29 mJ/m2, which is 
in excellent agreement with the value obtained by Blas and collaborators 
using the MI-H and MI-G methodologies [80,95,96], 30(2) mJ/m. Using 
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the same approach, the estimation of the CH4 hydrate -- water interfacial 
free obtained from CNT + Seeding calculations of Zerón et al. [74] and 
Eq. (7), is 𝛾(0) ≡ 𝛾ℎ𝑤 = 𝛾ℎ𝑤(Δ𝑇 ) − Δ𝛾ℎ𝑤 = 38 + 0.194 × 35 ≈ 45 mJ/m2, 
which is also in excellent agreement with the value obtained in this 
work, 44(2) mJ/m2.

4. Conclusion

In this work, we have determined the interfacial free energy between 
methane hydrate and liquid water using molecular dynamics simula
tions. To this end, we employed two recent extensions of the mold in
tegration method, Mold Integration–Host (MI-H) and Mold Integration--
Guess (MI-G), previously introduced by some of us [80,95] to address 
the challenges inherent to clathrate hydrate interfaces. All calculations 
were conducted under thermodynamic conditions in which the hydrate 
and aqueous phases coexist, as required by the methodology.

Recognizing the critical role of molecular models in determining in
terfacial free energies, we adopted the TIP4P/Ice water model, known 
for its accurate prediction of the ice–water interfacial energy [103], 
Methane was represented as a single-site Lennard-Jones particle, using 
parameters from Guillot and Guissani [104] and Paschek [105]. This 
combination of models has been shown to reliably reproduce the hy
drate dissociation line [107,108], thus providing a robust framework 
for assessing interfacial properties at coexistence.

Using the MI-H and MI-G techniques, we obtained values of 43(1) and 
44(1), mJ/m2, respectively, for the CH4 hydrate–water interfacial free 
energy. These results, averaging around 44 mJ/m2, are notably higher 
than the values reported for CO2 hydrate–water and ice–water inter
faces (∼ 30 mJ/m2). While the MI methodology has successfully repro
duced experimental values for CO2 hydrate [80,95,96] and ice [101], 
agreement with available experimental data for CH4 hydrate remains 
less definitive. Experimental estimates span a broad range, from 28
to 40 mJ/m2 in the studies by Uchida et al. [68,69] and from 29 to 
35 mJ/m2 in those by Anderson et al. [70].

Nonetheless, our results are consistent with previous simulation stud
ies employing indirect approaches based on the same molecular mod
els [74]. Furthermore, advanced computational studies of hydrate nu
cleation, both by Arjun and Bolhuis [44,46,47,72,73] and by some of 
us [74], have demonstrated that nucleation barriers for CH4 hydrate 
are significantly higher than those for CO2 hydrate under comparable 
conditions, by several tens of 𝑘𝐵𝑇 . Recent results from the Seeding tech
nique combined with CNT also support this trend [74]. These differences 
in nucleation behavior have been attributed to underlying disparities 
in interfacial free energies, reinforcing our conclusion that the CH4
hydrate–water interfacial free energy exceeds that of its CO2 counter
part.

In summary, our results establish molecular simulation as a powerful 
and reliable complementary approach for determining interfacial free 
energies of hydrate systems. We demonstrate that the MI methodology 
enables accurate prediction of interfacial free energies for complex solid 
phases, including CO2, THF, and CH4 hydrates. This work represents a 
significant step forward in the molecular-level understanding of hydrate 
interfaces and opens new avenues for the computational determination 
of interfacial properties in a broad range of hydrate materials.

CRediT authorship contribution statement

Iván M. Zerón: Methodology, Investigation. José Manuel Míguez: 
Methodology, Investigation. Jesús Algaba: Writing -- review & edit
ing. Bruno Mendiboure: Investigation, Formal analysis. Felipe J. Blas: 
Writing -- review & editing, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

Dedicated to Professor Pedro J. Pérez on the occasion of his 60th 
birthday. With gratitude for his valuable guidance as Director of the 
Center for Research in Sustainable Chemistry (CIQSO) and for the im
petus he has inspired in us to pursue better and higher-quality science. 
We also thank Carlos Vega for helpful discussions. This work was fi
nanced by MCIN/AEI/10.13039/501100011033 (grant Refs. PID2021
125081NB-I00 and PID2024-158030NB-I00) and EU FEDER, and Uni
versidad de Huelva (P.O. FEDER EPIT1282023), also cofinanced by EU 
FEDER funds. We also acknowledge Barcelona Supercomputing Center 
in Mare Nostrum under Grant No. FI-2023-2-0041 and Centro de Su
percomputación de Galicia (CESGA, Santiago de Compostela, Spain) for 
providing access to computing facilities.

Appendix A. Supplementary material

Supplementary material related to this article can be found online at 
https://doi.org/10.1016/j.jcis.2025.139477. 

Data availability

Data will be made available on request.

References

[1] E.D. Sloan, C. Koh, Clathrate Hydrates of Natural Gases, 3rd edition, CRC Press, 
New York, 2008.

[2] B.C. Barnes, A.K. Sum, Advances in molecular simulations of clathrate hydrates, 
Curr. Opin. Chem. Eng. 105 (2013) 184--190.

[3] J.A. Ripmeester, S. Alavi, Clathrate Hydrates: Molecular Science and Characteriza
tion, Wiley-VCH, Weinheim, Germany, 2022.

[4] J.-A. Dolyniuk, B. Owens-Baird, J. Wang, J.V. Zaikina, K. Kovnir, Clathrate ther
moelectrics, Mater. Sci. Eng., R Rep. 108 (2016) 1--46.

[5] J.S. Kasper, P. Hagenmuller, M. Pouchard, C. Cros, Clathrate structure of silicon 
Na8Si46 and Na𝑥Si136 (𝑥 < 11), Science 150 (1965) 1713--1714.

[6] H. Lin, S. Lee, L. Sun, M. Spellings, M. Engel, S.C. Glotzer, C.A. MirkinX, Clathrate 
colloidal crystals, Science 355 (2017) 931--935.

[7] S. Lee, E.G. Teich, M. Engel, S.C. Glotzer, Entropic colloidal crystallization path
ways via fluidfluid transitions and multidimensional prenucleation motifs, Proc. 
Natl. Acad. Sci. USA 116 (2019) 14843--14851.

[8] W.L. Mao, H.K. Mao, A.F. Goncharov, V.V. Struzhkin, Q. Guo, J. Hu, J. Shu, R.J. 
Hemley, M. Somayazulu, Y. Zhao, Hydrogen clusters in clathrate hydrate, Science 
297 (2002) 2247--2249.

[9] E.D. Sloan, Fundamental principles and applications of natural gas hydrates, Sci
ence 426 (2003) 353--359.

[10] C.A. Koh, A.K. Sum, E.D. Sloan, State of the art: natural gas hydrates as a natural 
resource, J. Nat. Gas Sci. Eng. 8 (2012) 132--138.

[11] Z.R. Chong, S.H.B. Yang, P. Babu, P. Linga, X.-S. Li, Review of natural gas hy
drates as an energy resource: prospects and challenges, Appl. Energy 162 (2016) 
1633--1652.

[12] J. Zheng, Z.R. Chong, M.F. Qureshi, P. Linga, Carbon dioxide sequestration via 
gas hydrates: a potential pathway toward decarbonization, Energy Fuels 34 (2020) 
10529--10546.

[13] C. Bourry, J.-L. Charlou, J.-P. Donval, M. Brunelli, C. Focsa, B. Chazallon, X-ray syn
chrotron diffraction study of natural gas hydrates from African margin, Geophys. 
Res. Lett. 34 (22) (2007).

[14] M. Yousuf, S. Qadri, D. Knies, K. Grabowski, R. Coffin, J. Pohlman, Novel results 
on structural investigations of natural minerals of clathrate hydrates, Appl. Phys. 
A 78 (2004) 925--939.

[15] Y.F. Makogon, Hydrates of Hydrocarbons, PennWell Publishing Co., Tulsa, OK, 
1997.

[16] H. Aghajari, M.H. Moghaddam, M. Zallaghi, Study of effective parameters for en
hancement of methane gas production from natural gas hydrate reservoirs, Green 
Energy Environ. 4 (2019) 453--469.

[17] A.Y. Manakov, S.V. Goryainov, A.V. Kurnosov, A.Y. Likhacheva, Y.A. Dyadin, E.G. 
Larionov, Clathrate nature of the high-pressure tetrahydrofuran hydrate phase and 
some new data on the phase diagram of the tetrahydrofuran-water system at pres
sures up to 3 GPa, J. Phys. Chem. B 107 (2003) 7861--7866.

[18] T. Makino, T. Sugahara, K. Ohgaki, Stability boundaries of tetrahydrofuran + water 
system, J. Chem. Eng. Data 50 (2005) 2058--2060.

[19] K.A. Kvenvolden, Methane hydrate -- a major reservoir of carbon in the shallow 
geosphere?, Chem. Geol. 71 (1988) 41--51.

[20] S. Choi, J.H. Drese, C.W. Jones, Methane exploitation by carbon dioxide from gas 
hydrates—phase equilibria for CO2-CH4 mixed hydrate system, J. Chem. Eng. Jpn. 
29 (1996) 478--483.

Journal of Colloid And Interface Science 705 (2026) 139477 

11 

https://doi.org/10.1016/j.jcis.2025.139477
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib96B1CECBC6CFA7336C9329520B1436AEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib96B1CECBC6CFA7336C9329520B1436AEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA9BE198FA29B4805F7085EE71B844761s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA9BE198FA29B4805F7085EE71B844761s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib92C532AF4AA1EDB3FC712340398B52BDs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib92C532AF4AA1EDB3FC712340398B52BDs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF120F97EB35FD836695F89EA3573CEC6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF120F97EB35FD836695F89EA3573CEC6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib98C014620ED27ED96BBFE3F5EE235003s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib98C014620ED27ED96BBFE3F5EE235003s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib98198C9329DC4BD33E42F00CD5B59447s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib98198C9329DC4BD33E42F00CD5B59447s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1CCDA4165C1CD72E4107BF05BB4AF4C9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1CCDA4165C1CD72E4107BF05BB4AF4C9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1CCDA4165C1CD72E4107BF05BB4AF4C9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib59631FA755186CCFF91421B9AA30D4D7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib59631FA755186CCFF91421B9AA30D4D7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib59631FA755186CCFF91421B9AA30D4D7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3AD3E28CC67A970B5CEF2DE7C0ADF4BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3AD3E28CC67A970B5CEF2DE7C0ADF4BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib00C2117AA2461ECCD7822974C1460AD1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib00C2117AA2461ECCD7822974C1460AD1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8D4E1F3541744DA118E78AB97764A19Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8D4E1F3541744DA118E78AB97764A19Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8D4E1F3541744DA118E78AB97764A19Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib42940DEBDAE8460AA0B31E77FFE453ACs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib42940DEBDAE8460AA0B31E77FFE453ACs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib42940DEBDAE8460AA0B31E77FFE453ACs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEAA1D8650672F298B296D2339BA842BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEAA1D8650672F298B296D2339BA842BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEAA1D8650672F298B296D2339BA842BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBFA79241645F73959EEC9F316F02662Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBFA79241645F73959EEC9F316F02662Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBFA79241645F73959EEC9F316F02662Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib841977C9C1E0FB486ED120098FF01D66s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib841977C9C1E0FB486ED120098FF01D66s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5FEEAFE5AB88CA3B674E2EA88BEBFED0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5FEEAFE5AB88CA3B674E2EA88BEBFED0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5FEEAFE5AB88CA3B674E2EA88BEBFED0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC74C070C8B72BDDB8953016BE00EF03Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC74C070C8B72BDDB8953016BE00EF03Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC74C070C8B72BDDB8953016BE00EF03Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC74C070C8B72BDDB8953016BE00EF03Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2354C8912C8FE4D617042B250EE95142s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2354C8912C8FE4D617042B250EE95142s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBB2CFE82A902180399B857E094ECB89Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBB2CFE82A902180399B857E094ECB89Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib24F14985870A8AAA15F913C3991846F0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib24F14985870A8AAA15F913C3991846F0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib24F14985870A8AAA15F913C3991846F0s1


I.M. Zerón, J.M. Míguez, J. Algaba et al. 

[21] M. Yand, Y. Song, L. Jiang, Y. Zhao, X. Ruan, Y. Zhang, S. Wang, Hydrate-based 
technology for CO2 capture from fossil fuel power plants, Appl. Energy 116 (2014) 
26--40.

[22] M. Ricaurte, C. Dicharry, X. Renaud, J.-P. Torré, Combination of surfactants and 
organic compounds for boosting CO2 separation from natural gas by clathrate hy
drate formation, Fuel 122 (2014) 206--217.

[23] B. Kvamme, A. Graue, T. Buanes, T. Kuznetsova, G. Ersland, Storage of CO2 in 
natural gas hydrate reservoirs and the effect of hydrate as an extra sealing in cold 
aquifers, Int. J. Greenh. Gas Control 1 (2007) 236--246.

[24] V. Chihaua, S. Adams, W.F. Kuhs, Molecular dynamics simulations of properties 
of a (001) methane clathrate hydrate surface, Chem. Phys. 317 (2005) 208--225, 
https://doi.org/10.1016/j.chemphys.2005.05.024.

[25] B. Peters, N.E.R. Zimmermann, G.T. Beckham, J.W. Tester, B.J. Trout, Path sam
pling calculation of methane diffusivity in natural gas hydrates from a water
vacancy assisted mechanism, J. Am. Chem. Soc. 130 (2008) 17342--17350, https://
doi.org/10.1021/ja802014m.

[26] N.J. English, J.S. Tse, Mechanisms for thermal conduction in methane hydrate, 
Phys. Rev. Lett. 103 (2009) 015901, https://doi.org/10.1103/PhysRevLett.103.
015901.

[27] P.G. Debenedetti, Metastable Liquids: Concepts and Principles, Princeton Univer
sity Press, 1996.

[28] D. Kashchiev, Nucleation, Butterworth-Heinemann, Oxford, UK, 2000.
[29] N. Maeda, Nucleation of Gas Hydrates, Springer Nature, Switzerland, Switzerland, 

2020.
[30] D. Kashchiev, A. Firoozabadi, Driving force for crystallization of gas hydrates, J. 

Cryst. Growth 241 (2002) 220--230.
[31] D. Kashchiev, A. Firoozabadi, Nucleation of gas hydrates, J. Cryst. Growth 243 

(2002) 476--489.
[32] L.C. Jacobson, W. Hujo, V. Molinero, Amorphous precursors in the nucleation of 

clathrate hydrates, J. Am. Chem. Soc. 132 (2010) 11806--11811.
[33] L.C. Jacobson, W. Hujo, V. Molinero, Nucleation pathways of clathrate hydrates: 

effect of guest size and solubility, J. Phys. Chem. B 114 (2010) 13796--13807.
[34] M.R. Walsh, G.T. Beckham, C.A. Koh, E.D. Sloan, D.T. Wu, A.K. Sum, Methane 

hydrate nucleation rates from molecular dynamics simulations: effects of aqueous 
methane concentration, interfacial curvature, and system size, J. Phys. Chem. C 
115 (2011) 21241, https://doi.org/10.1021/jp206483q.

[35] L.C. Jacobson, V. Molinero, Can amorphous nuclei grow crystalline clathrates? The 
size and crystallinity of critical clathrate nuclei, J. Am. Chem. Soc. 133 (2011) 
6458--6463.

[36] S. Sarupria, P.G. Debenedetti, Molecular dynamics study of carbon dioxide hydrate 
dissociation, J. Phys. Chem. Lett. 3 (2012) 2942--2947.

[37] B.C. Knott, V. Molinero, M.F. Doherty, B. Peters, Homogeneous nucleation of 
methane hydrates: unrealistic under realistic conditions, J. Am. Chem. Soc. 134 
(2012) 19544--19547.

[38] S. Sarupria, P.G. Debenedetti, Homogeneous nucleation of methane hydrate in 
microsecond molecular dynamics simulations, J. Phys. Chem. A 115 (2011) 
6102--6111.

[39] S. Liang, P.G. Kusalik, Nucleation of gas hydrates within constant energy systems, 
J. Phys. Chem. B 117 (2013) 1403--1410, https://doi.org/10.1021/jp308395x.

[40] B.C. Barnes, B.C. Knott, G.T. Beckham, D. Wu, A.K. Sum, Molecular dynamics study 
of carbon dioxide hydrate dissociation, J. Phys. Chem. B 118 (2014) 13236--13243, 
https://doi.org/10.1021/jp507959q.

[41] D. Yuhara, B.C. Barnes, D. Suh, B.C. knott, G.T. Beckham, K. Yasuoka, D. Wu, A.K. 
Sum, Nucleation rate analysis of methane hydrate from molecular dynamics simula
tions, Faraday Discuss. 179 (2015) 463--474, https://doi.org/10.1039/c4fd00219a.

[42] P. Warrier, M.N. Khan, V. Srivastava, C.M. Maupin, C.A. Koh, Overview: nucleation 
of clathrate hydrates, J. Chem. Phys. 145 (2016) 211705, https://doi.org/10.1063/
1.4968590.

[43] Z. Zhang, P.G. Kusalik, G.-J. Guo, Molecular insight into the growth of hydrogen 
and methane binary hydrates, J. Phys. Chem. C 122 (2018) 7771--7778, https://
doi.org/10.1021/acs.jpcc.8b00842.

[44] Arjun, T.A. Berendsen, P.G. Bolhuis, Unbiased atomistic insight in the competing 
nucleation mechanisms of methane hydrates, Proc. Natl. Acad. Sci. 116 (2019) 
19305--19310, https://doi.org/10.1073/pnas.1906502116.

[45] Z. Zhang, G.-J. Guo, N. Wu, P.G. Kusalik, Molecular insights into guest and com
position dependence of mixed hydrate nucleation, J. Phys. Chem. C 124 (2020) 
25078--25086, https://doi.org/10.1021/acs.jpcc.0c07375.

[46] A. Arjun, P.G. Bolhuis, Rate prediction for homogeneous nucleation of methane 
hydrate at moderate supersaturation using transition interface sampling, J. Phys. 
Chem. B 124 (2020) 8099--8109, https://doi.org/10.1021/acs.jpcb.0c04582.

[47] A. Arjun, P.G. Bolhuis, Homogenous nucleation rate of CO2 hydrates using transi
tion interface sampling, J. Chem. Phys. 154 (2021) 164507.

[48] L. Wang, K. Hall, Z. Chang, P.G. kusalik, Mixed hydrate nucleation: molecular me
chanics and cage structures, J. Phys. Chem. B 126 (2022) 7015--7026, https://
doi.org/10.1021/acs.jpcb.2c03223.

[49] J. Grabowska, S. Blázquez, E. Sanz, I.M. Zerón, J. Algaba, J.M. Míguez, F.J. Blas, 
C. Vega, Solubility of methane in water: some useful results for hydrate nucleation, 
J. Phys. Chem. B 126 (2022) 8553--8570.

[50] J. Grabowska, S. Blázquez, E. Sanz, E.G. Noya, I.M. Zerón, J. Algaba, J.M. Míguez, 
F.J. Blas, C. Vega, Homogeneous nucleation rate of methane hydrate formation 

under experimental conditions from seeding simulations, J. Chem. Phys. 158 (2023) 
114505.

[51] J. Algaba, I.M. Zerón, J.M. Míguez, J. Grabowska, S. Blazquez, E. Sanz, C. Vega, 
F.J. Blas, Solubility of carbon dioxide in water: some useful results for hydrate 
nucleation, J. Chem. Phys. 158 (18) (2023) 054505.

[52] L. Wang, P.G. Kusalik, Understanding why constant energy or constant temperature 
may affect nucleation behavior in MD simulations: a study of gas hydrate nucle
ation, J. Chem. Phys. 159 (2023) 184501, https://doi.org/10.1063/5.0169669.

[53] E. Sanz, J.R. Espinosa, R. Caballero-Bernal, J.L.F. Abascal, C. Valeriani, Homoge
neous ice nucleation at moderate supercooling from molecular simulation, J. Am. 
Chem. Soc. 135 (2013) 15008--15017.

[54] J.R. Espinosa, C. Navarro, E. Sanz, C. Valeriani, C. Vega, On the time required to 
freeze water, J. Chem. Phys. 145 (2016) 211922.

[55] J.R. Espinosa, C. Vega, C. Valeriani, E. Sanz, Seeding approach to crystal nucleation, 
J. Chem. Phys. 144 (2016) 034501.

[56] G.D. Soria, J.R. Espinosa, J. Ramirez, C. Valeriani, C. Vega, E. Sanz, A simulation 
study of homogeneous ice nucleation in supercooled salty water, J. Chem. Phys. 
148 (2018) 222811.

[57] Z.M. Aman, C.A. Koh, Interfacial phenomena in gas hydrate systems, Chem. Soc. 
Rev. 45 (2016) 1678--1690, https://doi.org/10.1039/C5CS00791G.

[58] A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, John Wiley and Sons, 
Inc., 1997.

[59] R.D. Weir, E.Th.W. de Loos, Measurement of the Thermodynamic Properties of 
Multiple Phases, vol. VII, Experimental Thermodynamics, Elsevier, 2005, Ch. 15, 
M.J.B. Evans, Measurement of Surface and Interfacial Tensions.

[60] J.W. Gibbs, The Collected Work of J. W. Gibbs, vol. 1, Yale University Press, New 
Haven, 1957.

[61] N.D. Pascuale, R.L. Davidchack, Shuttleworth equation: a molecular simulations 
perspective, J. Chem. Phys. 153 (2020) 154705.

[62] R. Shuttleworth, The surface tension of solids, Proc. Phys. Soc. Lond. Sect. A 63 
(1950) 444--457.

[63] J.W. Cahn, American Society of Metals, Metals Park, Ohio, 1979, Ch. Thermody
namics of Solid and Fluid Surfaces, pp. 17--18.

[64] T. Young, III. An essay on the cohesion of fluids, Philos. Trans. R. Soc. 95 (1805) 
65--87.

[65] Y.P. Handa, D. Stupin, Thermodynamic properties and dissociation characteristics 
of methane and propane hydrates in 70-Å-radius silica gel pores, J. Phys. Chem. 96 
(1992) 8599--8603.

[66] M.B. Clennell, M. Hovland, J.S. Booth, P. Henry, W.J. Winters, Formation of natural 
gas hydrates in marine sediments 1. Conceptual model of gas hydrate growth con
ditioned by host sediment properties, J. Geophys. Res. 104 (1999) 22,985--23,003.

[67] P. Henry, M. Thomas, M.B. Clennell, Formation of natural gas hydrates in marine 
sediments 2. Thermodynamic calculations of stability conditions in porous sedi
ments, J. Geophys. Res. 104 (1999) 23,005--23,022.

[68] T. Uchida, T. Ebinuma, T. Ishizaki, Dissociation condition measurements of 
methane hydrate in confined small pores of porous glass, J. Phys. Chem. B 103 
(1999) 3659--3662.

[69] T. Uchida, T. Ebinuma, S. Takeya, J. Nagao, H. Narita, Effects of pore sizes on 
dissociation temperatures and pressures of methane, carbon dioxide, and propane 
hydrates in porous media, J. Phys. Chem. B 106 (2002) 802--826.

[70] R. Anderson, M. Llamedo, B. Tohihi, R.W. Burgass, Characteristics of clathrate hy
drate equilibria in mesopores and interpretation of experimental data, J. Phys. 
Chem. B 107 (2003) 3500--3506.

[71] R. Anderson, M. Llamedo, B. Tohihi, R.W. Burgass, Experimental measurement of 
methane and carbon dioxide clathrate hydrate equilibria in mesoporous silica, J. 
Phys. Chem. B 107 (2003) 3507--3514.

[72] A. Arjun, P.G. Bolhuis, Molecular understanding of homogeneous nucleation of co2 
hydrates using transition path sampling, J. Phys. Chem. B 125 (2021) 338--349.

[73] A. Arjun, P.G. Bolhuis, Homogeneous nucleation of crystalline methane hydrate in 
molecular dynamics transition paths sampled under realistic conditions, J. Chem. 
Phys. 158 (2023) 044504.

[74] I.M. Zerón, J. Algaba, J.M. Míguez, J. Grabowska, S. Blazquez, E. Sanz, C. Vega, 
F.J. Blas, Homogeneous nucleation rate of carbon dioxide hydrate formation un
der experimental condition from seeding simulations, J. Chem. Phys. 162 (2025) 
134708.

[75] N.D. Pasquale, J. Algaba, P.M. de Hijes, I. Sanchez-Burgos, A.R. Tejedor, S.R. 
Yeandel, F.J. Blas, R.L. Davidchack, J.R. Espinosa, C.L. Freeman, J.H. Harding, 
B.B. Laird, E. Sanz, C. Vega, L. Rovigatti, Solid-liquid interfacial free energy from 
computer simulations: challenges and recent advances, Chem. Rev. 125 (2025) 
5003--5053.

[76] J.W. Gibbs, On the equilibrium of heterogeneous substances, Trans. Conn. Acad. 
Sci. 3 (1876) 108--248.

[77] M. Volmer, A. Weber, Keimbildung in übersättigten gebilden, Z. Phys. Chem. 119 
(1926) 277--301.

[78] R. Becker, W. Döring, Kinetische behandlung der keimbildung in übersättigten 
dämpfen, Ann. Phys. 416 (1935) 719--752.

[79] K.F. Kelton, Crystal Nucleation in Liquids and Glasses, Solid State Physics, vol. 45, 
Elsevier, 1991, pp. 75--177.

[80] J. Algaba, E. Acuña, J.M. Míguez, B. Mendiboure, I.M. Zerón, F.J. Blas, Simulation 
of the carbon dioxide hydrate-water interfacial energy, J. Colloid Interface Sci. 623 
(2022) 354--367, https://doi.org/10.1016/j.jcis.2022.05.029.

Journal of Colloid And Interface Science 705 (2026) 139477 

12 

http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA4ABA107DC9E725152AAC38895EC9ABBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA4ABA107DC9E725152AAC38895EC9ABBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA4ABA107DC9E725152AAC38895EC9ABBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC0D5E6BE1EA60AE1E663FA1F195B5B16s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC0D5E6BE1EA60AE1E663FA1F195B5B16s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC0D5E6BE1EA60AE1E663FA1F195B5B16s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib48F197EB720B9C7DA8D00932E097045As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib48F197EB720B9C7DA8D00932E097045As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib48F197EB720B9C7DA8D00932E097045As1
https://doi.org/10.1016/j.chemphys.2005.05.024
https://doi.org/10.1021/ja802014m
https://doi.org/10.1021/ja802014m
https://doi.org/10.1103/PhysRevLett.103.015901
https://doi.org/10.1103/PhysRevLett.103.015901
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib35D41C15373CE81EBA13DA39B7070B04s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib35D41C15373CE81EBA13DA39B7070B04s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib44C7E55194616206F5C373842C4DADFCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5FF1C12571E2B3ADFFAEFDD8A55E84C7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5FF1C12571E2B3ADFFAEFDD8A55E84C7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA7137C84B824F01BF75448795F35A44As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA7137C84B824F01BF75448795F35A44As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibADE0277BD73F40B943759E45180AB429s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibADE0277BD73F40B943759E45180AB429s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3687AEADA708CA7BE80D18627A8A29C3s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3687AEADA708CA7BE80D18627A8A29C3s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib59CC1E3916EA52950FC6C04BDF112A96s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib59CC1E3916EA52950FC6C04BDF112A96s1
https://doi.org/10.1021/jp206483q
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib833401EE1F0B3C921E07EEA9DA25A775s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib833401EE1F0B3C921E07EEA9DA25A775s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib833401EE1F0B3C921E07EEA9DA25A775s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBEEB7CE7BBEF2395038E994668DEE3D2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBEEB7CE7BBEF2395038E994668DEE3D2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBAF89EC71F4AB83DFE76A25CE290FBBBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBAF89EC71F4AB83DFE76A25CE290FBBBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibBAF89EC71F4AB83DFE76A25CE290FBBBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4C3660905EF20533A24CF5F9B4F794DCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4C3660905EF20533A24CF5F9B4F794DCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4C3660905EF20533A24CF5F9B4F794DCs1
https://doi.org/10.1021/jp308395x
https://doi.org/10.1021/jp507959q
https://doi.org/10.1039/c4fd00219a
https://doi.org/10.1063/1.4968590
https://doi.org/10.1063/1.4968590
https://doi.org/10.1021/acs.jpcc.8b00842
https://doi.org/10.1021/acs.jpcc.8b00842
https://doi.org/10.1073/pnas.1906502116
https://doi.org/10.1021/acs.jpcc.0c07375
https://doi.org/10.1021/acs.jpcb.0c04582
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8F570CDDDCF6B8842C472885476D988As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8F570CDDDCF6B8842C472885476D988As1
https://doi.org/10.1021/acs.jpcb.2c03223
https://doi.org/10.1021/acs.jpcb.2c03223
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC8E08A0E64498D4C9551042E9BF0E8F5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC8E08A0E64498D4C9551042E9BF0E8F5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC8E08A0E64498D4C9551042E9BF0E8F5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EF10AAB1C7BF8CC75F99AC004B9F25Cs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EF10AAB1C7BF8CC75F99AC004B9F25Cs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EF10AAB1C7BF8CC75F99AC004B9F25Cs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EF10AAB1C7BF8CC75F99AC004B9F25Cs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib60E8D54DFE068CFC4200AE6D51D710E3s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib60E8D54DFE068CFC4200AE6D51D710E3s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib60E8D54DFE068CFC4200AE6D51D710E3s1
https://doi.org/10.1063/5.0169669
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib390153699D1730C0AE78FA71C43C4093s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib390153699D1730C0AE78FA71C43C4093s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib390153699D1730C0AE78FA71C43C4093s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib7DC81896D60D8BF0DB5C98F44886CC8Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib7DC81896D60D8BF0DB5C98F44886CC8Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4A22357F6214C4B200834A6D1F440583s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4A22357F6214C4B200834A6D1F440583s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA77E7C2B9EE3E81D70B8A319790C50B1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA77E7C2B9EE3E81D70B8A319790C50B1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA77E7C2B9EE3E81D70B8A319790C50B1s1
https://doi.org/10.1039/C5CS00791G
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9E5F4FA204952A93841419DF3BD24B7Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9E5F4FA204952A93841419DF3BD24B7Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD2F24F8147F2CD7D3670702C80E88BF2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD2F24F8147F2CD7D3670702C80E88BF2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD2F24F8147F2CD7D3670702C80E88BF2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib61FCDF36C0E5B42CB3343997B81E56B5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib61FCDF36C0E5B42CB3343997B81E56B5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1D540C86ADACD3CCC44A0E07FBA7839Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1D540C86ADACD3CCC44A0E07FBA7839Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib415912F0175B14971628FB16AF8182EAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib415912F0175B14971628FB16AF8182EAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib93BCBAB194748ED64383BCF63EC4CA7Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib93BCBAB194748ED64383BCF63EC4CA7Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD3E926DED7FE2C5E528389725CA73C18s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD3E926DED7FE2C5E528389725CA73C18s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEC89C224F136F56AA228FD45C6B6B90Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEC89C224F136F56AA228FD45C6B6B90Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEC89C224F136F56AA228FD45C6B6B90Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA24513AE1DE3A7D48E788AC83DF05DCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA24513AE1DE3A7D48E788AC83DF05DCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA24513AE1DE3A7D48E788AC83DF05DCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib45499E97B908B207BBDCD9DB25193BC2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib45499E97B908B207BBDCD9DB25193BC2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib45499E97B908B207BBDCD9DB25193BC2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib7F6815F18648D6DFDF5EF50ADA2F9E8Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib7F6815F18648D6DFDF5EF50ADA2F9E8Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib7F6815F18648D6DFDF5EF50ADA2F9E8Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2CD82D3B0AA572B1DA45BE006411E979s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2CD82D3B0AA572B1DA45BE006411E979s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2CD82D3B0AA572B1DA45BE006411E979s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD5A178D8CDF4BC5130C0359CC7731BE1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD5A178D8CDF4BC5130C0359CC7731BE1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD5A178D8CDF4BC5130C0359CC7731BE1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA90FEB65459E55BB67ADB9CA9A1792DCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA90FEB65459E55BB67ADB9CA9A1792DCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA90FEB65459E55BB67ADB9CA9A1792DCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5151DD6AB550835863106A697E7BF69Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5151DD6AB550835863106A697E7BF69Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib44E590A46B2C7C83B85E1220D1D8EFA6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib44E590A46B2C7C83B85E1220D1D8EFA6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib44E590A46B2C7C83B85E1220D1D8EFA6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE8F8188571712BE7BC2322ADBE5C792Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE8F8188571712BE7BC2322ADBE5C792Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE8F8188571712BE7BC2322ADBE5C792Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE8F8188571712BE7BC2322ADBE5C792Es1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1F755E925EA332DBD392F27D41846C0Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1F755E925EA332DBD392F27D41846C0Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1F755E925EA332DBD392F27D41846C0Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1F755E925EA332DBD392F27D41846C0Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1F755E925EA332DBD392F27D41846C0Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibDE3B428DCABDFF33915595AFAD41EF7Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibDE3B428DCABDFF33915595AFAD41EF7Bs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC28A1203391A790F06FEF8F738D21DD6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC28A1203391A790F06FEF8F738D21DD6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5AD0986908355B6269EE7B1117540CCAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib5AD0986908355B6269EE7B1117540CCAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib11A18EC300D3BC31E4927120EE5A8BF1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib11A18EC300D3BC31E4927120EE5A8BF1s1
https://doi.org/10.1016/j.jcis.2022.05.029


I.M. Zerón, J.M. Míguez, J. Algaba et al. 

[81] J. Miyazaki, J.A. Barker, G.M. Pound, A new Monte Carlo method for calculating 
surface tension, J. Chem. Phys. 64 (1976) 3364--3369.

[82] J.Q. Broughton, G.H. Gilmer, Molecular dynamics investigation of the crystalfluid 
interface. VI. Excess surface free energies of crystal-liquid systems, J. Chem. Phys. 
84 (1986) 5759--5768.

[83] R.L. Davidchack, B.B. Laird, Direct calculation of the hard-sphere crystal/melt in
terfacial free energy, Phys. Rev. Lett. 85 (2000) 4752--4754.

[84] R.L. Davidchack, J.R. Morris, B.B. Laird, The anisotropic hard-sphere crystal-melt 
interfacial free energy from fluctuations, J. Chem. Phys. 125 (2006) 094710.

[85] R.L. Davidchack, Hard spheres revisited: accurate calculation of the solid–liquid 
interfacial free energy, J. Chem. Phys. 133 (2010) 234701.

[86] R. Handel, R.L. Davidchack, Direct calculation of solid-liquid interfacial free en
ergy for molecular systems: TIP4P/Ice-water interface, Phys. Rev. Lett. 100 (2008) 
036104.

[87] R.L. Davidchack, R. Handel, J. Anwar, A.V. Brukhno, Ice ih-water interfacial free 
energy of simple water models with full electrostatic interactions, J. Chem. Theory 
Comput. 8 (2012) 2383--2390.

[88] R.K.R. Addula, S.N. Punnathanam, Computation of solidfluid interfacial free en
ergy in molecular systems using thermodynamic integration, J. Chem. Phys. 153 
(2020) 154504.

[89] S.R. Yeandel, C.L. Freeman, J.H. Harding, A general method for calculating 
solid/liquid interfacial free energies from atomistic simulations: application to 
CaSO4 ⋅ 𝑥 H2O, J. Chem. Phys. 157 (2022) 084117.

[90] F. Leroy, D.J. Dos Santos, F. Müller-Plathe, Interfacial excess free energies of solid
liquid interfaces by molecular dynamics simulation and thermodynamic integra
tion, Macromol. Rapid Commun. 30 (2009) 864--870.

[91] F. Leroy, F. Müller-Plathe, Solid-liquid surface free energy of Lennard-Jones liq
uid on smooth and rough surfaces computed by molecular dynamics using the 
phantom-wall method, J. Chem. Phys. 133 (2010) 044110.

[92] F. Leroy, F. Müller-Plathe, Dry-surface simulation method for the determination of 
the work of adhesion of solid-liquid interfaces, Langmuir 31 (2015) 8335--8345.

[93] S. Angioletti-Uberti, M. Ceriotti, P.D. Lee, M.W. Finnis, Solid-liquid interface free 
energy through metadynamics simulations, Phys. Rev. B 81 (2010) 125416.

[94] A. Jabbarzadeh, Effect of molecular branching and surface wettability on solid
liquid surface tension and line-tension of liquid alkane surface nanodroplets, J. 
Colloid Interface Sci. 666 (2024) 355--370.

[95] I.M. Zerón, J.M. Míguez, B. Mendiboure, J. Algaba, F.J. Blas, Simulation of the 
CO2 hydrate–water interfacial energy: the mold integration–guest methodology, J. 
Chem. Phys. 157 (2022) 134709, https://doi.org/10.1063/5.0101746.

[96] C. Romero-Guzmán, I.M. Zerón, J. Algaba, B. Mendiboure, J.M. Míguez, F.J. Blas, 
Effect of pressure on the carbon dioxide hydrate–water interfacial free energy along 
its dissociation line, J. Chem. Phys. 158 (2023) 194704.

[97] M.J. Torrejón, C. Romero-Guzmán, M.M. Piñeiro, F.J. Blas, J. Algaba, Simulation 
of the THF hydrate - water interfacial free energy from computer simulation, J. 
Chem. Phys. 161 (2024) 064701.

[98] J.R. Espinosa, C. Vega, E. Sanz, The mold integration method for the calculation 
of the crystalfluid interfacial free energy from simulations, J. Chem. Phys. 141 
(2014) 134709.

[99] W. Lechner, C. Dellago, Accurate determination of crystal structures based on av
eraged local bond order parameters, J. Chem. Phys. 129 (2008) 114707.

[100] J.R. Espinosa, C. Vega, C. Valeriani, E. Sanz, The crystalfluid interfacial free energy 
and nucleation rate of NaCl from different simulation methods, J. Chem. Phys. 142 
(2015) 194709.

[101] J.R. Espinosa, C. Vega, E. Sanz, Ice - water interfacial free energy for the TIP4P, 
TIP4P/2005, TIP4P/Ice, and mW models as obtained from the mold integration 
technique, J. Phys. Chem. C 120 (2016) 8068--8075.

[102] I. Zerón, C. Vega, A. Benavides, Continuous version of a square-well potential of 
variable range and its application in molecular dynamics simulations, Mol. Phys. 
116 (2018) 3355--3365.

[103] J.L.F. Abascal, E. Sanz, R.G. Fernández, C. Vega, A potential model for the study of 
ices and amorphous water: TIP4P/Ice, J. Chem. Phys. 122 (2005) 234511.

[104] B. Guillot, Y. Guissani, A computer simulation study of the temperature dependence 
of the hydrophobic hydration, J. Chem. Phys. 99 (1993) 8075--8094, https://doi.
org/10.1063/1.465634.

[105] D. Paschek, Temperature dependence of the hydrophobic hydration and interaction 
of simple solutes: an examination of five popular water models, J. Chem. Phys. 120 
(2004) 6674--6690, https://doi.org/10.1063/1.1652015.

[106] W.L. Jorgensen, J.D. Madura, C.J. Swenson, Optimized intermolecular potential 
functions for liquid hydrocarbons, J. Am. Chem. Soc. 106 (1984) 6638--6646, 
https://doi.org/10.1021/ja00334a030.

[107] M.M. Conde, C. Vega, Determining the three-phase coexistence line in methane 
hydrates using computer simulations, J. Chem. Phys. 133 (2010) 064507, https://
doi.org/10.1063/1.3466751.

[108] M.M. Conde, C. Vega, Note: a simple correlation to locate the three phase coex
istence line in methane-hydrate simulations, J. Chem. Phys. 138 (2013) 056101, 
https://doi.org/10.1063/1.4790647.

[109] V.K. Michalis, J. Costandy, I.N. Tsimpanogiannis, A.K. Stubos, I.G. Economou, Pre
diction of the phase equilibria of methane hydrates using the direct phase coexis
tence methodology, J. Chem. Phys. 142 (2015) 044501, https://doi.org/10.1063/
1.4905572.

[110] S. Blazquez, J. Algaba, J.M. Míguez, C. Vega, F.J. Blas, M.M. Conde, Three-phase 
equilibria of hydrates from computer simulation. I: finite-size effects in the methane 
hydrate, J. Chem. Phys. 160 (2024) 164721.

[111] A.M. Fernández-Fernández, M. Pérez-Rodríguez, A. Comesaña, M.M. Piñeiro, 
Three-phase equilibrium curve shift for methane hydrate in Oceanic conditions 
calculated from molecular dynamics simulations, J. Mol. Liq. 274 (2019) 426--433, 
https://doi.org/10.1016/j.molliq.2018.10.146.

[112] J. Algaba, S. Blazquez, J.M. Míguez, M.M. Conde, F.J. Blas, Three-phase equilib
ria of hydrates from computer simulation. III: effect of dispersive interactions in 
methane and carbon dioxide hydrates, J. Chem. Phys. 160 (2024) 164723.

[113] A.M. Fernández-Fernández, M.M. Conde, G. Pérez-Sánchez, M. Pérez-Rodríguez, 
M.M. Piñeiro, Molecular simulation of methane hydrate growth confined into a 
silica pore, J. Mol. Liq. 362 (2022) 119698.

[114] A.M. Fernández-Fernández, A. Bárcena, M.M. Conde, G. Pérez-Sánchez, M. Pérez
Rodríguez, M.M. Piñeiro, Modeling Oceanic sedimentary methane hydrate growth 
through molecular dynamics simulation, J. Chem. Phys. 160 (2024) 144107.

[115] G.M. Martin, J.I. Siepmann, Transferable potentials for phase equilibria. 1. United
atom description of n-alkanes, J. Phys. Chem. B 102 (2001) 2569--2577.

[116] D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark, H.J. Berendsen, 
Gromacs: fast, flexible, and free, J. Comput. Chem. 26 (2005) 1701--1718.

[117] D. Frenkel, B. Smit, Understanding Molecular Simulations, 2nd ed., Academic, San 
Diego, 2002.

[118] E.G. Noya, C. Vega, E. de Miguel, Determination of the melting point of hard spheres 
from direct coexistence simulation methods, J. Chem. Phys. 128 (2008) 154507, 
https://doi.org/10.1063/1.2901172.

[119] D. Frenkel, Simulations: the dark side, Eur. Phys. J. Plus 128 (2013) 1--21, https://
doi.org/10.1140/epjp/i2013-13010-8.

[120] J.R. Espinosa, E. Sanz, C. Valeriani, C. Vega, On fluid-solid direct coexistence simu
lations: the pseudo-hard sphere model, J. Chem. Phys. 139 (2013) 144502, https://
doi.org/10.1063/1.4823499.

[121] M.P. Allen, D.J. Tildesley, Computer Simulation of Liquids, 2nd ed., Oxford Uni
versity PressClaredon, Oxford, 2017.

[122] J. Algaba, S. Blazquez, E. Feria, J.M. Míguez, M.M. Conde, F.J. Blas, Three-phase 
equilibria of hydrates from computer simulation. II: finite-size effects in the carbon 
dioxide hydrate, J. Chem. Phys. 160 (2024) 164722.

[123] M.A. Cuendet, W.F.V. Gunsteren, On the calculation of velocity-dependent proper
ties in molecular dynamics simulations using the leapfrog integration algorithm, J. 
Chem. Phys. 127 (2007) 184102.

[124] S. Nosé, A molecular dynamics method for simulations in the canonical ensemble, 
Mol. Phys. 52 (1984) 255--268.

[125] M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: a new molec
ular dynamics method, J. Appl. Phys. 52 (1981) 7182--7190.

[126] U. Essmann, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, L.G. Pedersen, A smooth 
particle mesh Ewald method, J. Chem. Phys. 103 (1995) 8577--8593.

[127] I.M. Zerón, J. Algaba, J.M. Míguez, B. Mendiboure, F.J. Blas, Rotationally invariant 
local bond order parameters for accurate determination of hydrate structures, Mol. 
Phys. 122 (21--22) (2024) e2395438.

[128] I. Sanchez-Burgos, E. Sanz, C. Vega, J.R. Espinosa, Fcc vs. hcp competition in col
loidal hard-sphere nucleation: on their relative stability, interfacial free energy 
and nucleation rate, Phys. Chem. Chem. Phys. 23 (2021) 19611--19626, https://
doi.org/10.1039/D1CP01784E.

[129] V. Molinero, E.B. Moore, Water modeled as an intermediate element between car
bon and silicon, J. Phys. Chem. B 113 (2009) 4008--4016, https://doi.org/10.1021/
jp805227c.

[130] L.C. Jacobson, V. Molinero, A methane-water model for coarse-grained simulations 
of solutions and clathrate hydrates, J. Phys. Chem. B 114 (2010) 7302--7311.

[131] Z.D.D.L.Y. Chen, R. Sun, The influence of temperature, pressure, salinity and capil
lary force on the formation of methane hydrate, Geosci. Front. 2 (2011) 125--135.

[132] D. Jin, J. Zhong, Reparameterization of the mw model to accurately predict the ex
perimental phase diagram of methane hydrate, J. Chem. Phys. 161 (2024) 174504.

[133] D.B. Macleod, On a relation between surface tension and density, Trans. Faraday 
Soc. 19 (1923) 38--41.

[134] E.A. Guggenheim, The principle of corresponding state, J. Chem. Phys. 13 (1945) 
253--261.

[135] F.J. Blas, F.J. Martínez-Ruiz, A.I. Moreno-Ventas Bravo, L.G. MacDowell, Appli
cation of the SAFT-VR density functional theory to the prediction of interfacial 
properties of mixtures of relevance to reservoir engineering, J. Chem. Phys. 137 
(2012) 024702.

[136] J. Lee, T. Yun, J. Santamarina, C. Ruppel, Observations related to tetrahydrofu
ran and methane hydrates for laboratory studies of hydrate-bearing sediments, 
Geochem. Geophys. Geosyst. 8 (6) (2007).

[137] M. Zakrzewski, Y. Handa, Thermodynamic properties of ice and of tetrahydrofuran 
hydrate in confined geometries, J. Chem. Thermodyn. 25 (1993) 631--637.

[138] D. Kashchiev, G.M. van Rosmalen, Review: nucleation in solutions revisited, Cryst. 
Res. Technol. 38 (2003) 555--574, https://doi.org/10.1002/crat.200310070.

[139] J.W. Gibbs, On the equilibrium of heterogeneous substances, Trans. Conn. Acad. 3 
(1877) 343.

[140] J. Espinosa, E. Sanz, C. Valeriani, C. Vega, Homogeneous ice nucleation evaluated 
for several water models, J. Chem. Phys. 141 (2014) 18C529.

[141] P.M. de Hijes, J.R. Espinosa, E. Sanz, C. Vega, Interfacial free energy of a liquid
solid interface: its change with curvature, J. Chem. Phys. 151 (2019) 144501.

Journal of Colloid And Interface Science 705 (2026) 139477 

13 

http://refhub.elsevier.com/S0021-9797(25)02869-3/bib34F15158B174D0D4B155A481B6B11D51s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib34F15158B174D0D4B155A481B6B11D51s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEDBC5F1C645EFC0B9DB98BF147F0C196s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEDBC5F1C645EFC0B9DB98BF147F0C196s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEDBC5F1C645EFC0B9DB98BF147F0C196s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2F4B4855CDC3A047355CDE089BCD6DBFs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2F4B4855CDC3A047355CDE089BCD6DBFs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4124CB25F0DD66283571272E21DE51BCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4124CB25F0DD66283571272E21DE51BCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib73419D3D2FA67718954F34F25BC4A213s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib73419D3D2FA67718954F34F25BC4A213s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF2483EC364491CA76E60A11D264C2BC9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF2483EC364491CA76E60A11D264C2BC9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF2483EC364491CA76E60A11D264C2BC9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE46861C85654CAF958443087B44D3E91s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE46861C85654CAF958443087B44D3E91s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE46861C85654CAF958443087B44D3E91s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4EC788261698E2A0B1D6247808BF6948s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4EC788261698E2A0B1D6247808BF6948s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib4EC788261698E2A0B1D6247808BF6948s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib394D02C98735C647D335FBE587B71159s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib394D02C98735C647D335FBE587B71159s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib394D02C98735C647D335FBE587B71159s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib63F6897F2EEC54910F246E0F589F8CBCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib63F6897F2EEC54910F246E0F589F8CBCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib63F6897F2EEC54910F246E0F589F8CBCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC39C22D1CFE2CDF6337C67BC94702549s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC39C22D1CFE2CDF6337C67BC94702549s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC39C22D1CFE2CDF6337C67BC94702549s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0ABDDFAAAD72807EC5889BECFA72F01Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0ABDDFAAAD72807EC5889BECFA72F01Fs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2295B88DAB9E9AA9D03183E3E4710E82s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2295B88DAB9E9AA9D03183E3E4710E82s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3103C79D5C28CFC05217D687D70E288Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3103C79D5C28CFC05217D687D70E288Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib3103C79D5C28CFC05217D687D70E288Ds1
https://doi.org/10.1063/5.0101746
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA02ED62F86AA4AE6947A5E629948C7A7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA02ED62F86AA4AE6947A5E629948C7A7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibA02ED62F86AA4AE6947A5E629948C7A7s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9719C29A1E5B21EACBA148219F7B9BC6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9719C29A1E5B21EACBA148219F7B9BC6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9719C29A1E5B21EACBA148219F7B9BC6s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib51D014E1E80D3DC9A34438BC4FD505E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib51D014E1E80D3DC9A34438BC4FD505E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib51D014E1E80D3DC9A34438BC4FD505E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEA8BD5C315A1096BA23E57A2E965BACCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibEA8BD5C315A1096BA23E57A2E965BACCs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0D7B8CE9B11BAC450581B461832BB6E1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0D7B8CE9B11BAC450581B461832BB6E1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0D7B8CE9B11BAC450581B461832BB6E1s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD60AA5CD8B41F27486DFE711FD50D62Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD60AA5CD8B41F27486DFE711FD50D62Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD60AA5CD8B41F27486DFE711FD50D62Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2460328C09393204FCA4FEEF0D1C81A5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2460328C09393204FCA4FEEF0D1C81A5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2460328C09393204FCA4FEEF0D1C81A5s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib70AB5258D543BD0892459DDB10D1F4A9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib70AB5258D543BD0892459DDB10D1F4A9s1
https://doi.org/10.1063/1.465634
https://doi.org/10.1063/1.465634
https://doi.org/10.1063/1.1652015
https://doi.org/10.1021/ja00334a030
https://doi.org/10.1063/1.3466751
https://doi.org/10.1063/1.3466751
https://doi.org/10.1063/1.4790647
https://doi.org/10.1063/1.4905572
https://doi.org/10.1063/1.4905572
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE159C3B0311A0F3666DE6380DF8CA7E9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE159C3B0311A0F3666DE6380DF8CA7E9s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibE159C3B0311A0F3666DE6380DF8CA7E9s1
https://doi.org/10.1016/j.molliq.2018.10.146
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EE88992FF97237D141B0796B30CBA2As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EE88992FF97237D141B0796B30CBA2As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib8EE88992FF97237D141B0796B30CBA2As1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib273F1D0C4E482C69DF171BE3E15E1E49s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib273F1D0C4E482C69DF171BE3E15E1E49s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib273F1D0C4E482C69DF171BE3E15E1E49s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1FA80A4E3D95657FDBF14F9E8E95F0E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1FA80A4E3D95657FDBF14F9E8E95F0E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib1FA80A4E3D95657FDBF14F9E8E95F0E2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF84FA33811B2C6FC49253A60EA2D67A2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF84FA33811B2C6FC49253A60EA2D67A2s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib644D485094F96032BB73B6B6D30CE858s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib644D485094F96032BB73B6B6D30CE858s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibFCC5E768A0417C4D8FDAE44E283BF549s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibFCC5E768A0417C4D8FDAE44E283BF549s1
https://doi.org/10.1063/1.2901172
https://doi.org/10.1140/epjp/i2013-13010-8
https://doi.org/10.1140/epjp/i2013-13010-8
https://doi.org/10.1063/1.4823499
https://doi.org/10.1063/1.4823499
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib01B08A381CA1641189C45FB7BE1C8AF8s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib01B08A381CA1641189C45FB7BE1C8AF8s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib76D3F0DE5187E26A4BB27CA7A51CF9CDs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib76D3F0DE5187E26A4BB27CA7A51CF9CDs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib76D3F0DE5187E26A4BB27CA7A51CF9CDs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2DEB3B334EDCE1A567FF7216B63104BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2DEB3B334EDCE1A567FF7216B63104BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib2DEB3B334EDCE1A567FF7216B63104BAs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0426DDC5F8BE2125EA932EA95626AE34s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0426DDC5F8BE2125EA932EA95626AE34s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF906DB3CFC1273102D991BDB3FFB1756s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibF906DB3CFC1273102D991BDB3FFB1756s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD1162A96720AC3FE696A916F3784A775s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD1162A96720AC3FE696A916F3784A775s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD37E20263A57F6C307A4BEDF9AFB32FBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD37E20263A57F6C307A4BEDF9AFB32FBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD37E20263A57F6C307A4BEDF9AFB32FBs1
https://doi.org/10.1039/D1CP01784E
https://doi.org/10.1039/D1CP01784E
https://doi.org/10.1021/jp805227c
https://doi.org/10.1021/jp805227c
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB457180707F7D72E4F3231DD2EFE00BBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB457180707F7D72E4F3231DD2EFE00BBs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB01797105644FB08F7E8F7381DADF01Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB01797105644FB08F7E8F7381DADF01Ds1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0026148A4F672D6DE820B124021624A8s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib0026148A4F672D6DE820B124021624A8s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib34719AD38D1471C4FFB3DCD285CBC5B0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib34719AD38D1471C4FFB3DCD285CBC5B0s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib43D02F0A653A450C101E173925C68030s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib43D02F0A653A450C101E173925C68030s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9AB92D165F73441FDACFCEEC7C626054s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9AB92D165F73441FDACFCEEC7C626054s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9AB92D165F73441FDACFCEEC7C626054s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib9AB92D165F73441FDACFCEEC7C626054s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB3EE725081E91D14C4F65C0761633CCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB3EE725081E91D14C4F65C0761633CCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibB3EE725081E91D14C4F65C0761633CCEs1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib56E096EA45D336853A55BBFEFC7AB218s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib56E096EA45D336853A55BBFEFC7AB218s1
https://doi.org/10.1002/crat.200310070
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD1563A2FA939F5FCD7C5D6D63F50FA91s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibD1563A2FA939F5FCD7C5D6D63F50FA91s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib6286510B33A8B7CD945527ABD5093F09s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bib6286510B33A8B7CD945527ABD5093F09s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC4F6B382E7EC0C3874CEBC2CD732D4E3s1
http://refhub.elsevier.com/S0021-9797(25)02869-3/bibC4F6B382E7EC0C3874CEBC2CD732D4E3s1

	Unveiling the methane hydrate--water interfacial free energy through direct molecular simulation at coexistence conditions
	1 Introduction
	2 Simulation methods
	2.1 Methodology
	2.2 Model
	2.3 Simulation details

	3 Results and discussion
	3.1 r0w estimation
	3.2 Thermodynamic integration
	3.3 γhw calculation
	3.4 Comparison between γhw values of the CH4 and CO2 hydrates

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary material
	Data availability
	References


