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ABSTRACT: We computed the transport of methane through 1 nm
wide slit-shaped pores carved out of selected solid substrates using
classical molecular dynamics simulations. The transport mechanism
was elucidated via the implementation of the well-tempered
metadynamics algorithm, which allowed for the quantification and
visualization of the free energy landscape sampled by the guest
molecule. Models for silica, magnesium oxide, alumina, muscovite,
and calcite were used as solid substrates. Slit-shaped pores of width 1
nm were carved out of these materials and filled with liquid water.
Methane was then inserted at low concentration. The results show
that the diffusion of methane through the hydrated pores is strongly
dependent on the solid substrate. While methane molecules diffuse
isotropically along the directions parallel to the pore surfaces in most
of the pores considered, anisotropic diffusion was observed in the hydrated calcite pore. The differences observed in the various
pores are due to local molecular properties of confined water, including molecular structure and solvation free energy. The
transport mechanism and the diffusion coefficients are dependent on the free energy barriers encountered by one methane
molecule as it migrates from one preferential adsorption site to a neighboring one. It was found that the heterogeneous water
distribution in different hydration layers and the low free energy pathways in the plane parallel to the pore surfaces yield the
anisotropic diffusion of methane molecules in the hydrated calcite pore. Our observations contribute to an ongoing debate on the
relation between local free energy profiles and diffusion coefficients and could have important practical consequences in various
applications, ranging from the design of selective membranes for gas separations to the sustainable deployment of shale gas.

■ INTRODUCTION
Molecular diffusion generally refers to the thermal motion of
molecules in space. The diffusivity or diffusion coefficient of a
substance is an important parameter representing the mobility
of molecules. The diffusion coefficient depends on many factors
including the thermodynamic conditions of the system, the
physical−chemical properties of the molecules themselves, and
their interactions with surrounding molecules. Molecular
diffusion plays a crucial role in various industrial processes
and technological applications. For example, in gas separation
processes using membranes, the difference in the diffusion
coefficients through pores or channels is one of the factors
governing the membranes’ selectivity. In the petroleum
industry, hydraulic fracturing is becoming one of the most
important processes to produce gas and oil from subsurface
formations with extremely low permeability, in which molecular
diffusion could be one of the factors determining the
productivity of a formation.1 It is possible that the imbibition
of fracturing fluids into the rock matrix due to strong
interactions with substrate surfaces causes fluid loss2,3 and
perhaps also affects the formation productivity.4 Considering
another science sector, membrane-based drug delivery devices,
characterized by both nanopores and nanochannels, promise
the ability to precisely manipulate the diffusion of selected
compounds using physical and electrical stimuli.5,6

For the applications described above, and many others,
understanding the transport behavior of molecules confined
inside narrow pores is crucial. Unlike molecules in bulk fluid
phases, which usually possess isotropic properties, molecules
under confinement can behave differently due to strong
interactions with the substrate material, preferential adsorption,
and crowding effects due to the presence of other molecules
near the interfaces.7,8 Thus, properties predicted and measured
in bulk phase are not adequate for describing the behavior of
molecules confined in nanoporous systems.9 The diffusion
coefficient of molecules in narrow pores is expected to be
dimension- and geometry-dependent. For example, most
molecular dynamics (MD) simulation studies on fluid diffusion
in slit-shaped pore systems confirmed that the diffusion
coefficients in the directions parallel and perpendicular to the
solid surfaces are different.10,11 Franco et al.11 recently reported
that the diffusion of methane, nitrogen, and carbon dioxide
confined inside narrow calcite pores is anisotropic even in the
directions parallel to the pore surfaces. The anisotropic
behavior is believed to be due to the heterogeneous
arrangement of ions in the solid crystals as well as to the
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strong interactions between diffusing molecules and the calcite
surfaces. Recent studies12,13 also suggested that the complex
diffusion mechanism in confinement is not solely based on the
static properties of the systems, such as one-dimensional free
energy profiles, but also on its dynamic evolution, such as
density fluctuations.
In an attempt to clarify the diffusion behavior of gas

molecules (methane) guests in hydrated slit-shaped nanopores,
we employ here classic MD simulations. We quantify the self-
diffusion coefficients of the guest methane along the directions
parallel to the solid substrate within slit-shaped pores. No
chemical potential gradient is applied. The pores considered
were obtained from five different substrates (silica, magnesium
oxide, alumina, muscovite, and calcite). All pores were filled
with liquid water. By analyzing solvation free energy (which is
related to the density fluctuations of water), 3-dimensional free
energy landscapes, and trajectories of methane molecules, we
provide insights into the diffusion mechanism of the guest
methane.
The remainder of the article is organized as follows: In the

Methods section we first describe force fields and simulation
protocols; we then describe the simulation algorithms,
including the metadynamics approach, and the methods used
to analyze the results. In the Results section we provide a
summary of the observations, and we refer to the Supporting
Information for additional observations. We conclude with a
summary of the main observations, with emphasis on molecular
mechanisms.

■ METHODS

We conducted a series of equilibrium molecular dynamics
(MD) simulations. We describe here, briefly, the models
implemented to simulate the solid substrates, the force fields
implemented to model water and methane, as well as their
interactions with the solids, the setup of the simulated systems,
and the algorithms, with particular attention to the
implementation of metadynamics.
Solid Supports. We considered slit-shaped pores obtained

from five model materials: silica, alumina, MgO, muscovite, and
calcite. The systems are shown in Figure 1. Details about silica,

alumina, MgO, and muscovite model materials have been
provided elsewhere.14−21 Calcite slabs were obtained from a
calcite crystal terminated at the {101 ̅4} plane.22 All the
nonbridging oxygen atoms on silica and alumina surfaces
were protonated,17,18 while the MgO, muscovite, and calcite
surfaces were not hydroxylated.23 Although these surfaces are
oversimplifications, the protonation states are among those
expected under hydrated conditions (e.g., Kerisit et al.24 and
Lardge et al.25 reported that no water dissociation is expected
on the {101 ̅4} calcite surface). The substrates have a surface
parallel to the X−Y plane of the simulation box. The X and Y
dimensions of the substrates were of 51.7 × 100.8, 46.9 × 90.7,
52.6 × 105.1, 47.2 × 73.4, and 48.6 × 90.0 Å2 for silica,
alumina, MgO, muscovite, and calcite, respectively. Each pore
was obtained by separating the solid substrates along the Z
direction, which is perpendicular to the X−Y plane. The Z
dimension of the simulation box, which includes the pore and
the solid substrate, was set to 42.9, 33.8, 33.1, 46.3, and 38.9 Å
for silica, alumina, MgO, muscovite, and calcite pores,
respectively. These dimensions allowed us to maintain the
pore width in all the systems constant at 10 Å. The pore width
was defined as the shortest center-to-center distance between
surface oxygen atoms across the pore volume.

Force Fields. As in our prior works, the CLAYFF force field
was implemented to simulate silica, alumina, MgO, and
muscovite substrates.26 Calcite was described using the force
field developed by Xiao et al.27 For the calcite substrate, the
calcium and carbon atoms were kept rigid, whereas the oxygen
atoms were allowed to move freely. The silicon, aluminum, and
oxygen atoms were held at fixed positions while the surface
hydroxyl hydrogen atoms were allowed to vibrate. All atoms in
MgO were kept rigid.
For the case of silica, alumina, MgO, and muscovite pore

systems, the transferable potentials for phase equilibria
(TraPPE) force field were implemented to model methane,28

and the rigid SPC/E model was used to simulate water.29 Bond
lengths and angles of water were kept fixed by implementing
the SETTLE algorithm.30 For the system containing calcite, the
model developed by Xiao et al.27 was implemented to describe
calcite−water interactions. To be consistent with the original

Figure 1. (A) Representative simulation snapshot for the initial configuration of the finite-pore system in which the pore is filled with water. (B)
Representative simulation snapshots for the initial configuration of methane confined in the infinite pore saturated with water. (C) Top view of silica,
MgO, alumina, muscovite, and calcite substrate surfaces from the left to right, respectively. Si = yellow; Mg = tan; Al = pink; K = purple; C = green;
Ca = blue; O = red; H = white.
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force field, the TIP3P model31 was employed to model water in
calcite and the OPLS force field32 to model methane.
Nonbonded interactions were modeled by means of

dispersive and electrostatic forces. The electrostatic interactions
were modeled by the Coulombic potential, with long-range
corrections treated using the particle mesh Ewald (PME)
method.33 Dispersive interactions were modeled by 12−6
Lennard-Jones (LJ) potentials. The LJ parameters for unlike
interactions were determined by Lorentz−Berthelot combining
rules34,35 from the values of like components. The cutoff
distance for all interactions was set to 9 Å.
Simulation Protocols. In all cases the simulation box was

periodic in the three directions. Two configurations of the pore
were used in this study: finite and infinite pores.
In finite-pore systems, the simulation boxes were extended

on both sides of the pore along the X direction until the X
dimension reached 19.2, 19.3, 18.8, 32.4, and 32.8 nm for silica,
MgO, alumina, muscovite, and calcite, respectively. Then, a
sufficient amount of water (10 060, 8560, 8560, 8868, and 9500
water molecules for silica, MgO, alumina, muscovite, and calcite
pores, respectively) was used to fill the pore volume and create
thin layers on the solid substrate outside of the pores, leaving
empty the rest of the simulation box in the X direction. One
representative simulation snapshot for these finite-pore systems
is shown in Figure 1A. These systems were used to obtain the
density of water molecules confined within the various pores.
To achieve this, MD simulations at constant number of
molecules (N), constant volume (V), and constant temperature
(T = 300 K) were conducted for 40 ns. Equilibrium was
considered achieved when both the density profiles of water
inside the pores and the total energy of the systems converged.
These simulations converged when 1536, 1446, 1086, 900, and
1542 water molecules, respectively, were adsorbed in the pores.
In infinite-pore systems, the X and Y dimensions of the

simulation boxes were set to be equal to those of the solid
substrates, reflecting the periodicity of the solid crystalline
substrates. Thus, because of periodic boundary conditions, the
nanopores become effectively infinite along both the X and Y
directions. The number of water molecules inserted in the
infinite-pore systems was identified from the finite-pore
simulations. Ten methane molecules were then inserted
randomly inside the hydrated pores. One representative
simulation snapshot of the infinite-pore system is shown in
Figure 1B. To equilibrate these systems, one NVT equilibrium
simulation was conducted for 20 ns. The convergence of water
and methane density profiles along the Z direction of the
simulation box was evaluated to ensure equilibration was
reached. The data were then collected during 25 ns NVT
production runs at 300 K, after the 20 ns equilibration run
(total simulation time was of 45 ns per system).
Algorithms. MD simulations were conducted using the

package GROMACS,36,37 version 5.1.2. The simulated temper-
ature was maintained at 300 K by a Nose−́Hoover thermo-
stat38,39 with a relaxation time of 500 fs. The equations of
motion were solved by implementing the leapfrog algorithm40

with 1.0 fs time steps.
Metadynamics. Well-tempered metadynamics simula-

tions41 were conducted to quantify the three-dimensional free
energy landscape experienced by a guest methane molecule
confined within the hydrated pores. Metadynamics is an
enhanced sampling algorithm in which the free energy
landscape is explored by introducing a bias potential on one
or more collective variables (CVs). The bias potential is

dynamically deposited to the potential energy landscape of the
system along the trajectory in the CVs space. As a consequence,
the system is forced to explore configurations at higher and
higher potential energy as the bias is systematically added.
Details on the algorithm and its recent developments can be
found elsewhere.41,42 The convergence of the well-tempered
metadynamics approach depends on the judicious choice of
appropriate sets of CVs, the height and width of the Gaussians
used to add the bias potential, and the “bias factor”. The CVs
chosen for the present study are the components of the
distance along the three Cartesian coordinates (X, Y, Z)
between one methane molecule and the center of the pore. To
limit the space explored, we applied two soft walls at −1 nm
(lower wall) and 1 nm (upper wall) for each CV (i.e., the free
energy landscape was explored for one methane molecule
within a cube of size 2 nm centered in the center of the pore;
note that the bias potential was not large enough to force the
methane against the atoms of the solid substrate). The
Gaussian height was set at 0.5 kJ/mol, and the bias factors
were set to 20. The Gaussian width was set at 0.02 for the CVs
along the X and Y directions and 0.01 for that along the Z
direction. These values were set equal to or less than 1/5 of the
standard deviation of the CVs observed during unbiased
equilibrium MD simulations. In the methadynamics simulations
only one methane molecule was confined within the infinite
hydrated pores, and 1536 and 1542 water molecules were
present within the silica and calcite pores, respectively.
All well-tempered metadynamics simulations were conducted

at 300 K in a canonical ensemble (NVT) using the GROMACS
package36 version 5.1.2 integrated with the PLUMED pack-
age42 version 2.3b. For these simulations, we employed the
Nose−́Hoover thermostat with a relaxation time of 500 fs.
Simulations ran for at least 0.5 μs until the free energy profiles
converged.

Data Analysis. Self-diffusion calculations were based on the
mean-square displacement (MSD) approach along the X and Y
dimensions separately or within the X−Y plane. The
corresponding self-diffusion coefficients DX or DY or DXY
were calculated using the Einstein relation:43,44
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In eqs 1, 2, and 3 rXi(t), rYi(t), and rXYi(t) are the positions along
the X and Y directions and within the X−Y plane of the
simulation box, respectively, of molecule i at time t. In these
equations angular brackets denote ensemble averages.
To obtain the solvation free energy, we implement the

method described in our previous study,12 which is based on
the quantification of time-averaged water density fluctuations.
These are calculated via the probability of observing N
molecules within a 6.6 Å diameter spherical volume, v, located
at the center of the hydrated pores:45
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Then the solvation free energy is calculated through the
relation46

μΔ = −k T Pln (0)v vB (5)

In eq 5, kB is Boltzmann’s constant and T is temperature.
Two-dimensional free energy maps in metadynamics

simulations were obtained by integrating the bias potential
deposited during the simulation with respect to two collective
variables at a time (X−Z, Y−Z, and X−Y) using the utility
sum_hills implemented in the PLUMED package.42

Representative trajectories of methane molecules were
collected during 25 ns of production simulation runs and
then projected in the X−Z, Y−Z, and the X−Y planes.

■ RESULTS AND DISCUSSION
Self-Diffusion of Methane. Simulations were conducted

to quantify the self-diffusion coefficients of the guest methane

molecules within the different hydrated pores. The two-
dimensional self-diffusion coefficient within the X−Y plane
(parallel to the pore surfaces) was estimated from mean-square
displacement data (data in Figure S1 of the Supporting
Information). To quantify whether the diffusion is isotropic or
not, we extracted a data set of two-dimensional vectors (two
components: X and Y) connecting the positions of methane
molecules at time t and t + Δt (with Δt = 200 ps). The data
were collected during 25 ns of equilibrated simulations. The
end-points of these vectors are shown in Figure 2. The
preferential directions for the diffusion of methane molecules in
the pores can be identified by applying the principal component
analysis (PCA) method47 on these data sets. The concept is to
determine the principal components that maximize the variance
of the data and that simultaneously minimize the reconstruc-
tion errors. Such preferential directions were then identified
from eigenvectors and eigenvalues from the tabulated data sets.

Figure 2. End point of the vectors connecting the positions of methane molecules at time t and t + Δt (Δt = 200 ps) during 25 ns NVT simulations
in silica (A), MgO (B), alumina (C), muscovite (D), and calcite (E) pores. The data were used to conduct a principal component analysis. The red
vectors represent the eigenvectors, which we use to identify the preferential diffusion directions of methane in the X−Y plane of the pores. When the
two eigenvalues in a pore are similar, the diffusion is isotropic. When they are different, as in the case of calcite pores (panel E), the diffusion is
anisotropic.

Table 1. Principal Component Analysis of the Vectors Describing the Migration of Methane Guest Molecules in 200 ps in
Different Pores

eigenvector 1 eigenvector 2

eigenvalue 1 eigenvalue 2 X Y X Y

silica 32.8 31.6 0.946 −0.324 0.324 0.946
MgO 22.9 21.5 0.783 0.621 −0.621 0.783
alumina 14.1 12.1 −0.690 0.723 0.723 0.690
muscovite 9.0 7.9 0.810 −0.587 0.587 0.810
calcite 11.1 4.0 0.999 −0.03 0.03 0.999
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The results are shown in Table 1. These results indicate the
following: when the eigenvalues in a pore are similar, the
diffusion is isotropic within the X−Y plane; when the
eigenvalues are different (as in the case of the calcite pore),
the diffusion is anisotropic. In Figure 2 we show the
eigenvectors in each pore as red arrows. When the diffusion
is isotropic, the X and Y components of the self-diffusion
coefficient are expected to be similar; when the diffusion is
anisotropic, the X and Y components are expected to be
different. In what follows these differences are quantified.
Figure 3 provides a comparison of the 2D self-diffusion

coefficients (blue bars) simulated for methane in water

confined in the five pores. The results show that the diffusion
of methane in the water-saturated narrow pores strongly
depends on the solid substrates. Note that in all cases the water
density near the center of the pore is ∼1 g/cm3 (see Figure S3).
The 2D self-diffusion coefficient of methane was found to vary
in the following order: silica pore > MgO > alumina >
muscovite ≅ calcite pore. For comparison, the self-diffusion
coefficient of methane in bulk liquid water is found to be ∼19 ×
10−10 m2/s experimentally at T = 298 K48 or ∼20 × 10−10 m2/s
by MD simulations at T = 300 K,49 which is higher than that
obtained in all the hydrated pores studied here.
In Figure 3, we also report the self-diffusion coefficients

calculated for the guest methane molecules within the five
pores along the X and Y directions (orange and green bars,
respectively). For the hydrated silica, MgO, alumina, and
muscovite pores the differences between data obtained along
the X and Y directions are minimal, confirming that the
diffusion of methane in these hydrated pores is isotropic. The
results for the hydrated calcite pore, however, show that the
methane self-diffusion coefficient along the X direction is
noticeably larger (almost by a factor of 3) than that obtained
along the Y direction. This unexpected result, consistent with
the PCA analysis of Figure 2, shows that the diffusion of
methane is highly anisotropic in this system.
The remainder of the article aims at understanding the

underlying molecular mechanisms responsible for the differ-
ences observed between the calcite compared to the other pore
types.

Self-Diffusion of Water. Because our prior work suggests
that the water structure and the network of water−water
hydrogen bonds are responsible for the transport properties of
methane molecules confined in hydrated pores,12 the results
shown in Figures 2 and 3 suggest that perhaps water confined
in a 1 nm pore carved out of calcite might also exhibit
anisotropic properties, including structure and dynamics. The
density profiles for water inside the various pores were
calculated as well as the self-diffusion coefficients for those
water molecules found in the middle region of the pores,
excluding the first and the second layers of water with respect
to the pore surfaces. The components of the self-diffusion
coefficient were differentiated, similarly to what was done for
methane in Figure 3. The results in Figure 4 show that the self-

diffusion coefficients of water are substrate-dependent,
reflecting in general the order observed for methane self-
diffusion coefficients in the hydrated pores. The main difference
is that the self-diffusion coefficient calculated in the calcite pore
is larger, rather than approximately the same, than that obtained
in muscovite. The differences are, however, not large when
compared to the statistical uncertainties.
The self-diffusion coefficients obtained for water are

somewhat larger compared to those obtained for methane
(compare data in Figure 4 to the correspondent ones in Figure
3). In all cases the self-diffusion coefficient is much lower than
that in the bulk liquid water as obtained from experimental data
(∼24 × 10−10 m2/s)50,51 or from MD simulations with SPC/E
model at 298 K (∼28 × 10−10 m2/s).52 The data shown in
Figure 4 are consistent with results from other studies for
confined water.53−56

Free Energy Profiles. It is expected that the molecular
diffusion of methane in the hydrated pores is primarily
governed by the molecular structure of the surrounding
environment and by the interactions between the methane
molecules and the solid substrate. Comparing the data in Figure
4 to those in Figure 3 suggests that the differences in methane
diffusion cannot only be due to differences in water diffusion,
although the latter is certainly an important contributor. In an
attempt to better understand why the diffusion coefficients of
methane molecules reduce monotonically from ∼8 × 10−10 m2/
s in the silica to ∼2 × 10−10 m2/s in the muscovite and calcite

Figure 3. Self-diffusion coefficients of methane molecules within five
different pores saturated with water. For each type of pore, the left,
middle, and right columns represent the self-diffusion coefficient in the
X and Y directions and the 2D self-diffusion coefficient within the X−Y
plane, respectively.

Figure 4. Self-diffusion coefficients calculated for water molecules
found within the middle region of five slit-shaped pores saturated with
water. For each pore, the left, middle, and right columns represent the
self-diffusion coefficients obtained along the X and Y directions and
those obtained on the X−Y plane, respectively.
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pores, the umbrella sampling algorithm was implemented to
estimate the height of free energy barriers for one methane
molecule moving across the hydrated pores. The methane
molecule was forced to remain at a given X position inside the
hydrated pore using harmonic springs of elastic constant 3000
kJ/(mol nm2), and the free energy profile was calculated as the
methane molecule moved along the X direction. Details on the
umbrella sampling algorithm are described elsewhere.57 The
results, presented in detail in Figure S5, demonstrate a number
of minima, separated by maxima in the free energy profile. The
average height of free energy barriers that separate two
consecutive minima was calculated, and the results are reported
in Figure 5. Note that these results were obtained for methane

traveling along the X direction. For completeness, these
calculations should be repeated at least along the Y direction.
Instead, we provide a more detailed analysis in 3D below, using
metadynamics.
In general, the results show that as the average height of the

free energy barrier increases, the methane self-diffusion
coefficient decreases. However, the average height of the free
energy barrier is not the only factor governing methane
diffusion. In fact, it is likely that the diffusion of water influences
that of methane as discussed above. The combined effect of
diffusion of water and average height of the barrier separating
two neighboring preferential adsorption sites for methane could
explain why, for example, while the heights of free energy
barriers encountered by methane in the hydrated MgO and
alumina pores are almost identical, the self-diffusion coefficient
for methane in the hydrated MgO pore is larger. Other factors
are certainly important, including solvation, hydration structure,
free energy landscape, etc., within the hydrated pores
considered here. The combination of these factors is expected
to yield trajectories reminiscent of random walks.
Solvation Behavior. Our recent work12 suggests the

possibility that averaged information such as the free energy
profiles given in Figure 5 is not sufficient to describe the
molecular phenomena attendant with the transport of methane
across the hydrated pores. It is possible that methane molecules
encounter a dynamically evolving environment, rather than a
static one, when adsorbed within the hydrated pores. To
quantify this, Limmer et al.45 proposed an algorithm to quantify
the solvation free energy (SFE) in water as a time-dependent

property. In Figure 6, the results for the solvation free energy
are presented as a function of position within a 40 × 40 Å2

section of the X−Y plane of the simulation box. Water
molecules within a 6.6 Å diameter spherical volume at the
center of the hydrated pores were considered for the
calculations, and the results were averaged over 10 ns of
simulation. The average solvation free energy is greater for
calcite ≅ muscovite > alumina > MgO > silica pore, which
corresponds to the decrease of methane diffusion coefficients.
These results are consistent with the observation that enhanced
density fluctuations (corresponding to low solvation free
energy) lead to faster solvent and solute translational
dynamics.58 It is worth noting that the solvation free energy
in this approach is quantified via water density fluctuations. The
stronger water fluctuates, the lower the solvation free energy. In
our interpretation, water density fluctuations can promote
irregular diffusive trajectories for methane through the hydrated
pores. We previously showed that when confined in narrow
hydrated silica, MgO, and alumina pores, methane molecules
travel longer distances when they enter low-density SFE
regions, while they remain for longer times near high-density
SFE locations.12 Such analysis was not repeated in the present
paper.

Hydration Structure. To quantify the effect of the
molecular hydration structure on the diffusion of methane
along the X−Y plane within the hydrated pores, we calculated
the in-plane density distributions of water oxygen atoms. In
Figure 7, we present the in-plane density distributions of water
oxygen atoms as a function of position within a 40 × 40 Å2

section of the X−Y plane. A 1.8 Å thick slab of water located at
the center of the hydrated pores was considered. Although
results for water density profiles in the direction perpendicular
to the pore surfaces (shown in Figure S3) suggest that at the
center of the pores water molecules could display a uniform
distribution, several literature results show that uniform planar
distributions are achieved at distances larger than ∼1 nm from
ordered solid substrates such as those considered here.16,17,55,59

The results in Figure 7 show preferential distributions for water
molecules within each of the pores considered here. The high-
density areas (green-yellow regions) displayed indicate the
positions where the water oxygen atoms preferentially reside.
The distribution of these areas where water molecules
accumulate is periodic on the X−Y plane in all hydrated pores.
Our previous work16,60,61 indicated that the distribution of

water in the second hydration is due to preferential interactions
(i.e., hydrogen bonds) between water molecules in the first and
second hydration layers, steric effects, and preferential
interactions between water molecules within the second
hydration layer. While similar effects are true for the systems
considered here, the water distribution within the hydrated
calcite pore shown in Figure 7 does not seem to be sufficient to
explain why the self-diffusion coefficients of methane along the
X and Y directions differ almost by a factor of 3.
The simulation results indicate self-diffusion coefficients for

methane decrease in order from silica, MgO, alumina,
muscovite to calcite pores. However, the question regarding
what molecular mechanism is responsible for the anisotropic
diffusion of methane in the hydrated calcite pore remains
unanswered. To test the hypothesis that the hydrogen-bond
network formed by water molecules could affect the transport
of guest molecules as reported in our previous study,12 we
calculated the in-plane density distributions of water−water
hydrogen bonds (HBs) within the five hydrated pores (Figure

Figure 5. Average height of free energy barrier experienced by one
methane molecule moving across hydrated silica, MgO, alumina,
muscovite, and calcite pores.
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8). A somewhat uniform distribution of HBs is found along
both X and Y directions within silica, MgO, alumina, and
muscovite hydrated pores. This is not the case within the calcite
pore. Within this pore (panel E) a continuous zigzag pattern of
maxima and minima of HB density distributed along the X
direction is observed, while the distribution along the Y
direction is discontinuous. Within the hypothesis that strong
water−water HB networks can provide barriers for the methane
diffusion, from the results in Figure 8 it is expected that
methane molecules could more easily diffuse along the X
direction within the hydrated calcite pore, following the
direction of low HB density paths. Conversely, they would
encounter strong barriers when attempting to diffuse along the
Y direction, as they would have to overcome high-energy
barriers due to the network of water−water HBs. However, by
overlaying the density distribution of HBs to the density
distribution of methane (Figure S7), it is observed that
methane molecules are more likely to be found along the high
HB density regions. When the density distribution of water
molecules in the second hydration layer was compared to the
density distribution of methane molecules in the middle of the
pore (Figure S8), it was found that methane molecules
accumulate in correspondence of low water density regions
(note that the low water density is in the second hydration
layer, while the methane molecules are in the pore center). In
this configuration, methane molecules yield a structure similar
to that observed in bulk liquid water (see Figure S9).62−64 It
was also found that water molecules in the second hydration
layer remain in this layer for extensive periods of time (see

Figure S10). The distribution of water molecules in the second
hydration layer shows continuous zigzag patterns along the X
direction, whereas along the Y direction the maxima are
followed by minima as shown in Figure S11. These
observations suggest that methane molecules can diffuse
more easily along the X direction by following the low-density
paths of water molecules in the second hydration layer. This
could explain why the self-diffusion of methane in the hydrated
calcite pore is ∼2.6 times larger along the X than along the Y
direction (see Figure 3).

Free Energy Landscape and Methane Trajectories.
Previous free energy calculations using the umbrella sampling
technique demonstrate that the methane transport in the
narrow pores strongly depends on the surface chemistry of the
pores. These calculations were performed only along the
reaction coordinate (RC) defined by the X direction of the
simulation box. However, the local environment on the plane
parallel to the solid substrates within the hydrated pore is more
complex; therefore, the potential for mean force (PMF)
calculated in a straight RC may not cover the realistic trajectory
of methane transport.12 In addition, the heterogeneous
distribution of water, particularly within the calcite pore,
reinforces the possibility that preferential transport pathways
for methane exist within hydrated nanopores that follow
complex trajectories. Well-tempered metadynamics simula-
tions41 were conducted to quantify the free energy landscape
in three X, Y, and Z directions. We report the results of free
energy landscape for two representative pore orientations in
silica and calcite. The projections of free energy landscapes on

Figure 6. In-plane solvation free energy distributions obtained for the hydrated silica (A), MgO (B), alumina (C), muscovite (D), and calcite (E)
pores. The results were obtained from density fluctuations of water within a 6.6 Å spherical volume located in middle of the pore along X−Y plane
and averaged during 10 ns observations.
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the X−Z, Y−Z, and X−Y planes are shown in Figure 9 (left,
middle, and right panels, respectively). Data obtained for the
hydrated silica pore are shown on the top panels; those
obtained for the hydrated calcite pore are given in the bottom
panels.
Based on the X−Z and Y−Z free energy maps for the

hydrated silica pore (top left and middle panels of Figure 9,
respectively), the methane molecule can readily diffuse along
the X and Y directions in the middle of the pore while
encountering rather small energy barriers. The low free energy
region is widely distributed in the middle of the pore along the
Z direction, which is consistent with the wide peak in the
density profile of methane found in that region (see Figure S4).
As a consequence of the similarity of the free energy landscapes
in the middle of the pore in the X and Y directions, the self-
diffusion coefficient of methane is isotropic in this pore. This is
further confirmed by analysis of the X−Y free energy plot (right
panel), which shows that the energy wells are distributed
uniformly on the surface. These data are consistent with (a) the
results shown in Figure 3, (b) the PCA analysis of Figure 2, (c)
the distribution of water molecules in different hydration layers
of the pore (Figure 7 and Figure S11), and (d) that of methane
molecules (Figure S12).
The free energy maps as experienced by methane in the

hydrated calcite pore are rather different. These are shown on
the bottom panels of Figure 9. The X−Y (panel D) and X−Z
(panel E) free energy maps show deep free energy wells located
at the center of the pore together with shallow wells located 1.5
Å far from the center of the pore in the Z direction. These wells
are consistent with the methane density profile calculated along

the Z direction (see Figure S4) and correspond to the
preferential sites within which methane molecules prefer to
accumulate at the center of the pore. In Figure 9, we highlight
the path of minimum resistance that methane molecules could
follow in diffusing along the X (panel D) and Y directions
(panel E) within the pore. We can observe that the former are
straight lines, much less tortuous than the latter, which are
zigzags. The X−Z free energy map (panel D) confirms that the
favorable pathway for the methane transport in the X direction
is the one connecting free energy wells at the center of the
pore. In contrast, the preferable pathway for the methane
transport in the Y direction is the one that connects the wells in
the middle pore with the wells near the pore surfaces rather
than the straight path observed in the X direction. This suggests
that the methane molecule can only jump to another position
along the Y direction by moving closer to the pore surfaces,
where adsorption is less favorable, and then moving back to the
center of the pore. Moreover, by comparing the height of free
energy barriers encountered as the molecule moves from one
energy well to another along the X and Y directions, from
Figure 9 (panels D and E) lower barriers are observed as the
molecule travels along the X direction (∼5 kJ/mol) compared
to those encountered as the molecule moves along the Y
direction (∼10 kJ/mol). The preferential pathways and the
height of free energy barriers seem to explain why the diffusion
coefficient of methane molecules calculated in the X direction is
greater than that found in the Y direction. Comparing the X−Y
free energy maps against the density distributions of methane in
the X−Y (Figure S13) suggests that methane molecules diffuse

Figure 7. In-plane density distributions of water oxygen atoms found in the middle layer parallel to the X−Y plane within the hydrated silica (A),
MgO (B), alumina (C), muscovite (D), and calcite (E) pores.
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Figure 8. In-plane density distribution of water−water hydrogen bonds within a 40 × 40 Å2 section along the X−Y plane at the center of the
hydrated pores. Results are obtained for silica (A), MgO (B), alumina (C), muscovite (D), and calcite (E). Densities are expressed in 1/Å3.

Figure 9. Free energy landscapes projected onto X−Z (A, D), Y−Z (B, E), and X−Y (C, F) planes for silica pore (top panels) and calcite pore
(bottom panels) obtained from well-tempered metadynamics simulations. The collective variables chosen are the components of the distance along
the three Cartesian coordinates (X, Y, Z) between one methane molecule and the center of the pore.
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along low free energy regions, which seem to be determined by
the specific arrangement of water molecules within the pores.
Analysis of free energy maps suggests favorable pathways for

methane diffusion within the hydrated pores. To confirm these
results, we monitored the trajectories of representative methane
molecules. Visual inspection of the results, presented in Figure
10, confirms that methane diffuses isotropically within the
hydrated silica pore, within which no favorable adsorption of
methane occurs along the Z direction other than near the pore
center. Within the hydrated MgO, alumina, and muscovite
pores, methane molecules preferentially accumulate between
the middle of the pore and the pore surfaces (see Figure S4).
Even in these pore environments, the trajectories exhibit
isotropic transport, even though methane molecules do move
from one preferential adsorption site near one surface to one
near the opposite surface, and back. The trajectories within the
hydrated calcite pore show that methane preferentially
accumulates near the middle of the pore (see Figure S4)
where it can diffuse along the X direction. To diffuse along the
Y direction methane migrates near the pore surfaces and then
moves back to the pore center (see the projection onto the Y−
Z plane), which is consistent with the free energy maps
discussed in Figure 9. Projection of the methane trajectories on
the X−Y plane shows that methane molecules move along the
X direction following a pattern reminiscent of the HB density
distribution shown in panel E of Figure 6. The distance
between two zigzag trajectories in the Y direction is ∼5 Å,
consistent with the one between two adjacent peaks found in
the HB density distribution or between two nearby free energy
wells in the free energy landscape. This further reinforces our
observation that the specific configuration of water network due

to synergistic effect of the heterogeneous arrangement of atoms
in solid substrate structure and strong interactions between
water and solid substrate plays a crucial role in governing the
transport of methane guest molecules within hydrated narrow
pores. Our results agree qualitatively with those reported by
Franco et al.,11 according to whom the heterogeneous
distribution of ions in the calcite substrate was responsible
for anisotropic diffusion of fluids in slit-shaped pores. The
arrangement of atoms in calcite substrate is illustrated in Figure
S14.

■ CONCLUSIONS
Atomistic molecular dynamics simulations were employed to
quantify the transport of methane through slit-shaped nano-
pores filled with water. The methane was at low concentration,
representing a guest molecule in the hydrated pores, and no
chemical potential gradients were imposed on it. The pores
were carved out of five solid substrates, chosen because they
yield different structures for the confined water molecules. The
simulations were conducted at 300 K. The results were
analyzed in terms of density profiles, trajectories for the
confined methane molecules, self-diffusion coefficients, and free
energy maps, obtained implementing metadynamics. It was
found that the properties of confined water, in particular its
density profiles, strongly affect the preferential adsorption sites
for methane molecules. The self-diffusion of confined water, in
particular that of the water molecules near the middle of the
pore, is correlated with the self-diffusion of methane dissolved
in it. However, the self-diffusion coefficient of methane is
always lower than that of water. The diffusivity results are in
most cases isotropic within the plane parallel to the pore

Figure 10. Projection of trajectories of one representative methane molecule in silica (A), MgO (B), alumina (C), muscovite (D), and calcite (E)
panel. Red, wine, blue line, and dot represent the trajectories of the methane molecule projected in X−Y, X−Z, and Y−Z planes, respectively.
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surfaces, except when the hydrated calcite pore is considered. In
this pore the self-diffusion coefficient for water is slightly
greater along the Y direction of the pores (within our
representation), whereas the self-diffusion of confined methane
is about 3 times larger along the X direction. Solvation free
energies, free energy profiles in one direction, density
distribution of water molecules in different hydration layers,
free energy maps, and preferential diffusion pathways were
calculated to explain these differences. The results suggest that
many factors are important, including the evolution of solvation
free energy distribution within the pores, the structure and
dynamics of confined water, and perhaps the heterogeneous
water−water hydrogen bond network that strongly affects the
preferential diffusion pathways of the guest methane. While
experimental verification is needed, the results reveal
mechanisms responsible for the anisotropic diffusion of gas
molecules in narrow hydrated pores that could be exploited for
designing new membranes with better selectivity, or in different
separation processes, as well as for assessing and predicting the
favorable flow direction of gas migrating in shale formations
resulting from hydraulic fracturing operations.
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