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inclusion compounds where hydrogen-bonded water cages encapsulate small guest molecules such as methane
(CH,) and carbon dioxide (CO,)—this interfacial energy plays a crucial role in determining phase stability
and formation pathways. Given the significance of gas hydrates in energy storage, CO, 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 CH, hydrate span a wide range from 28 to
40mJ/m?. Interestingly, some studies suggest these values are comparable to the interfacial free energy of the
hexagonal ice (ice Ih)-water interface, approximately 32 mJ/m?, hinting at potential analogies between clathrate
hydrate and ice interfaces.

Calculations: In this work, we present a direct molecular simulation of the CH, 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 CH, hydrate is significantly higher than that of CO,
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 CH, hydrate approaches
~40mJ /m?, in agreement with the upper bound of existing experimental estimates, while values for CO, hydrate
and ice Th remain closer to ~ 30 mJ/m?. 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 (CH,) and carbon diox-
ide (CO,) 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]. CH, 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 CO, 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 solid—fluid interfacial free energies [571,
in contrast to the well-established techniques available for fluid—fluid
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, y, 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 s
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.,
r=1f. A

Although Gibbs clearly distinguished between y and f, the subse-
quent literature often employed the term “tension” when referring to
7, 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 y 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 y. 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]. Solid-fluid
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 y;,, =39, 34(6), and
32(3)mJ/m? for CH, hydrate and 28(6) and 30(3) mJ/m? for CO, 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 Th)-water interface, approximately 32mJ/m?, sug-
gesting analogous interfacial behavior between clathrate hydrates and
ice [35,37,68-71]. However, new nucleation rate calculations of CH,
and CO, 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 y,,, plays a pivotal role in determining
hydrate nucleation and growth [1,3,27].

Computer simulations offer an interesting alternative way to pre-
dict solid-fluid 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 CH, hydrate-water interfacial free energy [35]. They performed
Seeding simulations of a slab of an M liquid (a single particle with
properties intermediate between CH, and CO, [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 y,,, ~ 36(2) mJ/m? that lies
between the experimental value for the CO, hydrate-water interface and
that for the CH, hydrate-water interfacial energy. One year later, Knott
et al. [37] also predicted an interfacial free energy value of the CH,
hydrate y,,, ~ 31 mJ/m? using similar technique.

More recently, some of us have investigated the nucleation of CH,
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/m? was determined at
400bar and 260K, corresponding to a supercooling of about 35K 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 CO, hydrate under the same pressure and
supercooling conditions [74,80]. Our results indicate that the corre-
sponding interfacial free energy is approximately 22 mJ/m?2. Although
these values correspond to the interfacial free energy of both hydrates at
supercooling conditions (35K), they represent a difference of 16 mJ/m?
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 CO, and CH, 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 CO, hydrate is lower by
several tens of kpT compared to that of CH, 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 CO, hydrate-water and CH, 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 y;,,,,
differs between these systems.

The direct methods [63,75,81-93] allow for evaluation directly,
without any theoretical approach, solid-fluid interfacial free energies in
a straightforward manner. In general, the mechanical approach cannot
be straightforwardly applied to solid—fluid 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 CO, 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
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is characterized by a range, r,,, 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 r(b’u is defined such that the free energies of the hydrate
and aqueous phases are equal, corresponding to coexistence condi-
tions. The interfacial free energy, v, is then obtained in the limit
P = ’Ow-

Depending on the value of r,,, 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,
ny,. The temporal evolution of n;, 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 r,, with respect to r(b’u. For r, < r?v, crystallization proceeds
rapidly, as evidenced by the steep increase of n;, and the subsequent
formation of the hydrate phase. When r,,, > rg), 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 rgj lies between these regimes. Finally, for r, > rg}, no
complete hydrate layer forms; n; remains essentially constant through-
out the simulation, indicating that the system does not crystallize, al-
though residual hydrate-like order persists (n;, # 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 y,,,, to the limit r,, — r?ﬂ 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 CH, hydrate—water interfacial
free energy. This approach enables us to calculate y;,, 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 CH, 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 N,
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 Th ice-liquid water, y;,,, was determined using molds specifically de-
signed for the various Ih ice surfaces. As expected, distinct values of
7w Were obtained. This behavior arises from the hexagonal crystallo-
graphic structure of Th ice, which presents three principal planes: basal,
primary prismatic (plI), and secondary prismatic (pII). In contrast, the
situation for CH, and CO, 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, y;,,, 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 (). As a function of the water-attractive interaction sites range (r,,), three possible scenarios arise (Step 1, rﬁy estimation),
which allow us to identify the optimal interaction range (rg)) where the interfacial energy is determined. In Scenario I, r,, < rg), the mold provides an excess of energy,
and the system crystallizes as soon as the simulation begins. In Scenario II, r,, > rg;, 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 r,, >> r® 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 r,, values, it is possible to extrapolate and calculate the interfacial free energy value at r% (Step 3, y,,, 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, r,, and the well depth,
€. 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, ¢, from O to a maximum value ¢,,), an increasing number of mold
sites become occupied by water molecules. If r,,, the attractive inter-
action range of the wells, is sufficiently narrow, a CH, 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 r,, used in the calculations.

It is thus necessary to determine a priori the value that yields the cor-
rect estimate of y;,,. This value is referred to as the optimal well radius,
rg). Ifr, < rg}, the free energy of the hydrate phase becomes lower than
that of the aqueous CH, 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 y;,, 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 r,, > rg).

As shown by Espinosa et al. [98], it is not advisable to perform
thermodynamic integration at r,, = r?U, where the free energies of the
hydrate and aqueous phases are equal. Instead, several calculations of
Ynw are performed for different values of r,, with r, > row. The correct
interfacial free energy at coexistence, yy,,,, is then obtained by extrapo-
lating the function y,,,(r,,) to 2.

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), N, (e), 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]:

Em

AG"™ = N e, — / <wa(g)>NPZATd£ (€]
0

where € and ¢, 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. A represents the interfacial area between the hy-
drate and the aqueous solution of CH,. Knowledge of AG"* allows
to determine the solid-fluid interfacial free energy y,, in a simple
way,

AGhw
) = 2
Yhw 24 ( )

Factor 2 arises because two hydrate-fluid 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 CH, 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 CH, is a nonspherical
molecule [106], this simple model has been used previously in the
literature to determine the dissociation line of CH, hydrate in pure
water [107-110] and in salty water at oceanic conditions [111], the sol-
ubility of CH, in water [49], and homogeneous nucleation rate of CH,
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
Fernandez-Ferndndez and collaborators [113,114], have also employed
more detailed all-atom models for CH,, including TraPPE [115] and
OPLS-UA [106].

The unlike interactions between water and CH, 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 CH, 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 400bar using the direct
coexistence technique, 73 = 294(2)K, and the solubility methodology,
T; =295(2) K, recently used by Grabowska et al. [49]. This result is in
excellent agreement with the experimental value, 297K [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
N P, AT ensemble [117-121] at 400 bar and 294 K using the MI-H [80]

Journal of Colloid And Interface Science 705 (2026) 139477
and MI-G [95] techniques. We place 736 water molecules surrounded
by two pure liquid CH, 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 CO, and CH, [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 CH, hy-
drate unit cell formed when the mold is switched on. The simulation
box is a parallelepiped of volume V' = L, X L, x L, where L,, L, and
L, are the dimensions of the simulation box. L, and L, are kept con-
stant, and only L, is varied along the simulation to keep the pressure
constant along the direction perpendicular to the planar interfaces. We
first simulate a bulk CH, hydrate phase using the anisotropic version
of the N PT ensemble at the equilibrium conditions under study. From
this simulation is possible to determine the equilibrium dimensions of
the simulation box (L,, Ly, and L,).

It is worth emphasizing that the rigorous framework for simulating
phase coexistence across planar interfaces-namely, between the two lig-
uid phases (aqueous CH, solution and pure liquid CH, 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 N P, AT
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 N PT ensemble, in which the three box lengths fluctu-
ate independently [119]. Because CH, hydrate crystallizes in a cubic
lattice, such a calculation could, in principle, also be carried out with
the isotropic N PT ensemble [118,120]. Nevertheless, we chose to em-
ploy the fully anisotropic N PT 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 L,, L, and L, 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 N P, AT 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 2fs. All simulations are run in
the NP, AT 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 1ps for the relaxation times in the thermostat
and barostat, respectively. We use a cutoff radius for both dispersive
and electrostatic interactions of 1nm. 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 r,, < rg) at 400bar and 294 K.
In both cases, CH, 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 N, = 56
attractive sites with €,, = 8 k3T (MI-H) [80] and N, = 16 attractive sites
with €,, = 12kzT (MI-G) [95]. We have chosen the same geometries
used in our previous works to estimate the interfacial free energy of
the CO, hydrate-water interface [80,95,96]. The attractive sites of both
molds are used to induce the formation of a CH, 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
rg) ; (2) calculation of the reversible work needed to form a thin crystal
slab of the solid phase in the fluid phase and y,,, at least three radii
higher than the optimal one; and (3) extrapolation of y,,, at rgj. This
procedure is explained in the following sections.

3.1. r(b’v estimation

The accurate determination of rﬁ) requires multiple simulations. By
analyzing the behavior of the system for a series of different values of

w0 it S possible to find three different scenarios as a function of the r,,
value Ifr, < r , the fluid phase becomes unstable and the fluid system
crystalllzes 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 r,, < rg). 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 r,, < r?u. See Section 2.1 for further
details. If r,, > rg), and the value of r,, is closed to the optimal value,
rg), the system can overcome the energy barrier and crystallize after
a relatively short period of time called induction period (scenario II).

The larger the r,, value, the larger the time required by the system to
crystallize. If r, 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 r,, > rg). The optimal rg} value is
found in the frontier between scenarios I and II. Five independent trajec-
tories have been run for each r,, in both methods at each r,, analyzed.
Simulations have run for 500ns to identify the behavior of the system,
at each r,,, with one of the three possible scenarios explained previ-
ously.

To study the behavior of the system as a function of the r,, 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, n;, = n,(t), is analyzed using the local bond order parameters
proposed by Lechner and Dellago [99] once the simulation has finished.
In particular, the g; parameter has been chosen to distinguish between
liquid-like and CH, hydrate-like water molecules. This parameter has
been previously used by some of us in our previous works about the
CO, 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 r?u 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 r,, from
the analysis of n;,. When r,, <0.823 A, the system crystallizes as soon
as the simulations start, and consequently, these values correspond to
Scenario-I1. When r,, > 0.855 ;\, 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 (r, > r?v). Finally, when

> 0.887A, the system can not overcome the energy barrier, and no
crystallization is observed as it is expected when r,, > rg). This is the
expected behavior found in scenario III.

In summary, r,) is bounded between r,, = 0.823, A (the largest value
in scenario-I, correspondmg to no induction behavior) and r,, = 0.855 A
(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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0.887A. This
yields a mean value r(;} = (r(w’.) + rﬁf))/Z ~ 0.839A and an uncertainty
00 = (r(”) (l)) /2 =~ 0.048 A. The resulting optimal value is therefore

=0.839(48) A.

From this analysis, it is clear that the choice of r, = 0.839A as
the optimal value, rg), since the change from scenario I and II is ob-
served at exactly this value of r,,. Since free-energy calculations are
extremely complex, in order to ensure that r?v and, hence, v, are cal-
culated with the appropriate uncertainty, a conservative range for row
has been chosen. In this case, the optimal value and its uncertainty is
0 =0.839(95)A.

For the MI-G calculations (see Section 2.1), r?u is located between

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

Y + r) /2 ~ 0.681 A with an uncertainty o 0 = -2 x
=0. 681(48) A.

the lower and upper bounds as r(l) 0.792A and r(“>

rl,(,'

0.048 A. The corresponding optimal value is r
3.2. Thermodynamic integration

Interfacial energy can not be evaluated directly at r,, = r?u 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 r,, > r(,L. This ensures the reversibility of
the system, a necessary condition to calculate y,,,,.

In order to calculate AG"”, we determine the average number of
filled attractive sites, (N,,), as function of the attractive interaction
between the mold and the particles of the fluid system, . (N ,,) can be
calculated by performing simulations in the isothermic-isobaric ensem-
ble for different values of € from O to ¢, (¢,, =8kgT and €, = 12k T
for MI-H and MI-G techniques, respectively). Particularly, to accurately
obtain (N,,) as a function of €, we perform between 17 and 21 sim-
ulations in the NP, T 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 80ns. Fig. 3 shows (N ), as functions of ¢, as
obtained from simulation results for the r, 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 (N, ) value at each
r,, is equal to the total number of attractive sites located in the mold,
N, [98].

The difference in energy between the fluid state in which the mold
is off (¢ = 0) and the state in which the attractive sites of the mold are
completely activated (e = €,,) has two contributions: one because of the
creation of the hydrate-fluid 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 € =0 to € = ¢,,,, according to equations presented in Section 4. The
second one, which accounts for the mold-molecule interaction energy
(=N, g,,) of the final state (mold completely activated or € = ¢,,), can
be easily subtracted from the thermodynamic integration contribution.
Finally, once AG"" has been calculated, the value of y,,, for each r,
value can be easily obtained according to Eq. (2).

3.3. ypy calculation

As it has been explained in previous sections, when r,, > r0 there
exists yet an energy barrier that the system has to overcome in order
to crystallize. It is necessary to obtain the value of y,,, when r, =r0.
Fig. 4 shows the interfacial free energy, as a function of r,,, obtained
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Fig. 3. Averaged number of filled attractive sites, (N, (€)) , as a function

NP, AT

of the well depth ¢, obtained from MI-H at r, = 0.8867A (top) and MI-G at
r, = 1.1084 A (bottom) at 400 bar and 294 K. In both cases, in the main figure,
the symbols represent the values of (N fw(s))NPZAT from the N P,T simulations,
and the curves are obtained by fitting the simulation results. The insets represent
the rest of the curves obtained for each r, value used in both MI-H and MI-G
methods. The value of r,, at which each curve has been obtained is shown in
the legend.

from MI-H and MI-G techniques. As can be seen, y;,, behaves linearly
with the range of the attractive sites of the mold. Particularly, it is pos-
sible to calculate the real value of y,,, by extrapolating the results as
rp = r‘;j. 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 r,, — ) are 42.57 and 44.28mJ/m? 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 y,,, to arise from the uncertainty in

(@)
hu]’

where y ) and ¥p re the values at r,, (”) . Specifically,
D =44 43 and y(") 40.67mJ/m? in the MI-H case, and 1\ =44.93
and y(") = 43.64mJ/m? in the MI-G case. The uncertainties are then

O = (y}(:l 7311 )/2, giving o, ~1.88 mJ/m? (MI-H) and 0.65 mJ/m?
(MI-G). Thus, after rounding to the appropriate significant figures, the fi-
nal interfacial free energy values with uncertainties are y,,, =43(2) and
44(1)mJ/m? 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

v BY constructlon, Yhw lies at the midpoint of the interval [yh LY

@ ( ) and i
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Fig. 4. CH, hydrate-water y,,, as a function of r,, obtained from MI-H and MI-
G methods at 400bar and 294 K. 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
Yne as a function of r,,. Circles are used for data obtained from thermodynamic

integration, while upward triangles denote extrapolated values of y,,, obtained
0

when r,, = r)).
that the results presented should be regarded as independent, as the key
parameters employed in each method - namely, N, r,,, and ¢, — differ,
as discussed in detail in Section 2.3.

It is possible to compare the predicted CH, hydrate-water y,,,, values
obtained from simulation with experimental data obtained by Uchida et
al. [68,69], 39 and 34(6)mJ/m?2. Note that both values are the same
within the statistical uncertainty, although there exists a difference of
5mJ/m? between both results. Anderson et al. [70,71] have also inde-
pendently determined y,,, values using the same indirect technique and
thermodynamic relationship: between 32(1) and 35(1)mJ/m?, given a
final vale of 32(3)mJ/m?. In summary, all the CH, hydrate-water inter-
facial free energy values obtained from experiments range in the interval
from 28 to 40mJ/m?. 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, 72mJ/m?,
showing that the experimental determination of solid-fluid 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, 39 mJ /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 hydrate-fluid interfacial energies. Is the CH, 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 v, = 36(2) mJ/m?. Note that this value corresponds to the case of
a hydrate in which the guest molecule has intermediate properties be-
tween CH, and CO,. This value lies between the experimental value
for the CO, hydrate-water interface [71], 32(3)mJ/m?, and that for the
CH, hydrate-water interfacial energy [68], 39 mJ/m?. This suggests that
Yhw is closer to 40 than to 30 mJ/m?2. One year later, Knott et al. [37]
obtained a value for the interfacial free energy, y,,, = 31 mJ/m?.

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

Journal of Colloid And Interface Science 705 (2026) 139477
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 — 20K [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
4 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 CH, 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 CH, and CO, hydrates are sim-
ilar and also around the value of the ice-water interfacial energy, ~
30mJ/m? [35,68-71]. However, our current results indicate that the
CH, hydrate-water y,,,, value is substantially higher than that of the CO,
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 CH, and CO, 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
CH, hydrate is higher than that of CO, 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 CH, and CO, 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 CH, 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 CH, hydrate
is higher than that of CO, 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 solid-fluid 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, y,,,, obtained for
the CH, hydrate-water interface would therefore arise from the larger
compositional difference between the aqueous phase and the hydrate.
In contrast, the higher solubility of CO, in water reduces this composi-
tional mismatch, leading to a significantly lower value of y.

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 y,,, [97] and compared it with experimental data
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Fig. 5. CH, (top results) and CO, (bottom results) hydrate-water y,,, as a func-
tion of r,, obtained from MI-H and MI-G methods at 400 bar, 294K (CH,), and
287K (CO,). 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 y,,, as a function of
r,. Circles are used for data obtained from thermodynamic integration, while
upward triangles denote extrapolated values of y,,, obtained when r,, — r% . Re-
sults for the CO, hydrate are taken from out previous works [80,95,96].

available in the literature [136,137]. The experimental value of y,, is
24(8) mJ /m?, while our MI calculations yield 27(2) mJ /m?, showing very
good agreement. In this case, y;,, is much lower than the corresponding
values for CH, and CO, 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 yy,,
compared with the CH, and CO, hydrate interfaces.

3.4. Comparison between yy,,, values of the CH, and CO, hydrates

We compare the results of y,,,, obtained in this work for the CH, hy-
drate with the results obtained by some of us [80,95,96] for the hydrate
of CO,. Fig. 5 shows the CH, hydrate- and CO, hydrate-water inter-
facial free energy values, as functions of r,,, 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 y,,, values obtained in this work for the CH,
hydrate, 43(2) and 44(1)mJ/m?, are about 40% higher than that for
the CO, hydrate at practically the similar thermodynamic conditions
(29(2), 30(2) and 31(2)mJ/m?) [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 CH, and
CO, 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 = pGZf+e_AGc/kBT =Jy e_AGc/kBT 3)

where pg is the guest (CO, or CH,) density in the aqueous solution
phase, Z the Zeldovich factor, f* the attachment rate or rate at which
CO, and CH, molecules in the aqueous phase attach to a growing solid
cluster, and AG, the nucleation barrier. Following the thermodynamic
formalisms of Gibbs [139], the Zeldovich factor Z and the nucleation
barrier AG,, can be easily expressed in terms of the driving force for
nucleation, Ay, and the size of critical solid clusters in both hydrates,
N,

co
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Table 1

Parameters that control homogeneous nucleation
rates of CH, and CO, hydrates in water: guest den-
sity in the aqueous solution, pg, hydrate density, py,
Zeldovich factor, Z, size of the critical solid cluster (in
terms of guest molecules), Nf’, attachment rate, f,
nucleation barrier, AG,, driving force for nucleation,
Apuy. We also include homogeneous nucleation rate,
J, and hydrate — water interfacial free energy, y. In all
cases, parameters have been obtained at 400 bar and
supercooling temperature of 35K. All the values have
been taken from the works of Grabowska et al. [50]
and Zer6n et al. [74].

Parameter CO, hydrate CH, hydrate
pg/(m?) 2.6 %1077 3.0x10%
pu/(m®) 4.7% 107 4.6% 107
NS 20 83
Apy [k T -2.26 -2.42
z 0.077 0.039
/s 6.5x 108 1.4x10°
AG,/kyT 22.6 100.7
J/(m?s) 2x10% 3x10710
i (mJ/m?) 18.7 325
A
7= 1Al @
67k TN,
and
AG, = ! A
o= 5 NelAuyl ®)

Vega and collaborators [49,50] and Blas and collaborators [51,74]
have determined, at the same pressure, 400 bar, and supercooling tem-
perature, 35K, all the parameters included in Egs. (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), Jo=pgZ f +,
can be easily obtained from data presented in Table 1. According to
this, the J;, value for both hydrates only exhibits a difference of one or-
der of magnitude since J;, ~ 103 and ~ 10%*m=3s~! for the CH, and
CO, hydrates, respectively. However, according to the results presented
by Grabowska et al. [50] and Zerén et al. [74], the nucleation rates of
the CH, and CO, hydrates, at the same pressure and supercooling tem-
perature, are J ~ 107! and ~ 10 m~3s~!, respectively. The difference
between both nucleation rates is huge. In fact, the nucleation rate of
CO, hydrate is approximately 35 orders of magnitude larger than that
for CH, hydrate under the same conditions. What is the reason for this
difference?

Following Grabowska et al. [50] and Zerén et al. [74], the differ-
ence must stem from the exponential free energy barrier, which consists
of two components: Ayy and N, according to Eq. (5). While the Ay
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 N,, which includes 83 CH,
molecules but only 20 CO, molecules under the same conditions. This
distinction is crucial: the critical cluster of CO, hydrate is significantly
smaller than that of CH, hydrate. In terms of free energy barrier val-
ues, the differences are huge at the same thermodynamic conditions:
the CH, hydrate nucleation barrier is AGEH4 ~ 100kgT and that of
the CO, hydrate is AGEO2 ~ 23 kpT. 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 Ay and the hydrate-water interfacial free energy,
Yhw> [50,74],
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As can be seen, the key to these differing behaviors lies in the in-
terfacial free energy y,,, which is further amplified as it is raised
to the third power. Note that py and |Apuy| values for both hy-
drate are similar. Particularly, the CO, and CH, hydrates — water
interfacial free energy values obtained by Grabowska et al. [50]
and Zer6n et al. [74], using the Seeding technique and CNT are

(6)

;32 = 18.7mJ/m? and y}?;“ =32.5mJ/m?. In other words, there ex-
ists a difference between both interfacial energies is ysg“ - y:% ~

14mJ/m?.

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],
7’/(.:32 =29(2), 30(2), and 31(2)mJ/m?. One can estimate the mean value
for and uncertainty for this interfacial energy (taking into account all
the values) as yf& = 30(3)mJ/m?. Similarly, the interfacial energy
of the CH, hydrate — water interface obtained in this work is y;;}j“ =
43(2) mJ/m?. 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 yiﬁ“ - yssz ~ 13(4)mJ/m?. 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 (AT = 35K). The
Ynw 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 y;:g“ and y}fgz 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 solid-fluid interfacial energy varies linearly with 1/R,, with R, 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 Zer6n
et al. [74] have also found the same behavior for the CH, and CO,
hydrates. This insight has allowed all these authors to estimate, from
Seeding calculations and CNT, the interfacial free energy of the corre-

10
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Table 2

Estimated Interfacial energy y,,, as a
function of the undercooling AT, for I,
ice — water, [140] CH, hydrate — wa-
ter, [50] and CO, hydrate — water [74]
with planar interface using Seeding-CNT
techniques. Values at AT =0 are cal-
culated by MI approach, [80,95,96,101]
including those determined in this work.
AYpw = Yiw(AT) — ¥4,,(0) is the interfa-
cial free energy at supercooling AT and
at coexistence (AT = 0K).

AT(K)  yp,(mI/m?) Ay, (mJ/m?)
I, 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)

CH, hydrate — water interface

0 44(2) 0
35 38 -6(2)

CO, hydrate — water interface

0 30(2) 0
35 22.3 -7.7(2)

sponding planar solid-fluid interface (but not at coexistence conditions).
They extrapolated y,,,, to the planar interface (R, — oo) for different y,,,,
values from different critical solid clusters.

Table 2 shows the values of interfacial energies (for planar inter-
faces) associated with the CH, hydrate — water [50] and CO, 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 I, 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 I ice — water [101], CHy
hydrate — water, and CO, hydrate water [80,95,96] interfacial energy
values at coexistence conditions, AT = 0K, determined using the Mold
Integration technique at coexistence conditions, 29.8(2.5), 43(2), and
30(2)mJ/m?, respectively. Note that the value corresponding to the
CH, hydrate — water interface, 43(2)mJ/m, has been obtained in this
work.

We also define Ay, as the difference between y,, (AT), the inter-
facial free energy at a given supercooling, and y(0), the interfacial free
energy at coexistence (AT = 0K), obtained from the MI technique for all
the systems in Table 2. According to this, Ay, = ¥, (AT) — 71,,(0), be-
comes more negative as AT increases. The results obtained previously
for I, ice — water by Espinosa et al. [101,140] and for CO, hydrates —
water [74,80,95,96] follow this trend. Using this information, it is pos-
sible to represent Ay,,,,, as a function of AT, for the systems considered
in Table 2. As can be seen in Fig. 6, Ay, shows a linear correlation
with AT, represented by the continuous magenta line,

Aypp = —0.194 AT (mJ/m?) )

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 Ay, at AT = 0K must vanishes since y,,,(AT) — y,,(0) as
AT — 0. The regression indicates that y,,, decreases ~0.19mJ/m?, 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 CO, hydrate — water interface obtained from CNT + Seeding cal-
culations gives the value obtained from the direct MI technique, i.e.,
YO0) = Vpw = Yhw(AT) — Aypy, = 22.3 + 0.194 X 35 ~ 29 mJ/m?, 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 CH, hydrate — water interfacial
free obtained from CNT + Seeding calculations of Zerdn et al. [74] and
Eq. (7), 18 7(0) = ¥ = V1w (AT) — Aypyy = 38 +0.194 X 35 ~ 45 mJ/m?,
which is also in excellent agreement with the value obtained in this
work, 44(2)mJ/m?2.

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/m?, respectively, for the CH, hydrate-water interfacial free
energy. These results, averaging around 44 mJ/m?2, are notably higher
than the values reported for CO, hydrate-water and ice-water inter-
faces (~ 30mJ/m?). While the MI methodology has successfully repro-
duced experimental values for CO, hydrate [80,95,96] and ice [101],
agreement with available experimental data for CH, hydrate remains
less definitive. Experimental estimates span a broad range, from 28
to 40mJ/m? in the studies by Uchida et al. [68,69] and from 29 to
35mJ/m? 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 CH, hydrate
are significantly higher than those for CO, hydrate under comparable
conditions, by several tens of k zT'. 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 CH,
hydrate-water interfacial free energy exceeds that of its CO, 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 CO,, THF, and CH, 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.
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