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Abstract: Owing to the unified and tunable pore size, two-dimensional graphyne membranes show
excellent performance in the realm of gas transport and separations. The impacts of environmental
conditions on the pore size of a porous membrane are ignored in previous studies. Using molecular
modeling techniques, we here probe the accessible pore size of the γ-graphyne membrane under
various pressure and temperature conditions. First, by assessing the gas permeation through the
two-dimensional γ-graphyne membrane at a constant temperature, the accessible pore size of this
membrane is shown to be proportional to the driving force—the pressure difference between the
two sides of the porous membrane. Such a driving force dependence is found to be well described
by a simple asymptotic model. Then, by determining such pressure dependence at two different
temperatures, temperature is found to show a weak influence on the accessible pore size. Finally, by
considering the binary mixed gases of various mole fractions, the accessible pore size measured using
one of the two species is shown to be dependent on its partial pressure difference. These findings for
the accessible pore size, which highlight the tunable pore size by altering the driving force, can be
expected to provide a practical strategy to rationalize/refine the pore size of the porous membrane
for gas transport and separations, especially for two molecules with similar diameters.

Keywords: molecular dynamics; graphyne; accessible pore size; separations

1. Introduction

Graphynes are family members of two-dimensional (2D) carbon allotropes in which the
acetylenic linkages (i.e., R groups) are introduced to connect the hexagons of graphene [1–3].
These linear acetylenic linkages lead to many triangular pores of a uniform accessible size d
for gas permeation (Figure 1) [4,5]. Due to their high selectivity, permeability, and mechani-
cal stability [6,7], graphynes are thought to be promising candidates as environmentally
friendly porous membranes in the realm of the gas transport and separations [8–10]. For
instance, the graphyne membrane with rhombus-like pores results in a high selectivity for
hydrogen separation from carbonic oxide and nitrogen [11]. In particular, the accessible
pore size of the graphyne membrane can be readily modified by introducing linkages with
different sizes (i.e., different number of acetylenic units) [12]. For example, graphdiyne
with acetylenic groups –C≡C–C≡C– is shown to be preferable for hydrogen purification
from syngas as its accessible pore size d is in between the molecular kinetic diameters of
hydrogen σH2 and methane/carbonic oxide σCH4/CO (i.e., σH2 < d < σCH4/CO) [13]. In
contrast, the triangular pore of graphyne with acetylenic groups –C≡C– is too small to
allow hydrogen passing through [14]. Due to the tunable, tailored, or task-specific pore
size, graphyne membranes receive increasing attention with significant effort devoted to
better understanding the contributions of the accessible pore size to the gas transport and
separations [15].

In parallel to experimental studies devoted to estimating the gas permeability of the
graphyne membranes, many theoretical works have focused on the thermodynamics and
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dynamics of gas transport and separations through these membranes [16]. For instance,
theoretical approaches relying on molecular dynamics simulations have been employed to
probe the transport kinetics of gas permeation through a porous membrane [17], while the
first-principle methods have been successfully used to explore the pore size effects on the
diffusion barriers and kinetics of the gas permeation through a porous membrane [18]. In
these calculations, the accessible pore size d is considered to be independent of pressure,
temperature, and so on. The mechanisms involved in the gas transport and separation
processes have been unraveled by many thermodynamic aspects. From a fundamental
point of view, the gas permeation through a porous membrane is governed by a complex
interplay of several factors such as nanopore geometries [19], kinetic diameters of gas
species [20], and the accessible pore size. Beyond these discussions on the mechanisms
and kinetics, the effects of the complex permeation conditions such as the pressure and
temperature on the accessible pore size of a porous membrane have not been considered.
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Figure 1. Image shows the molecular configuration of the two-dimensional γ-graphyne membrane.
The zoom-in scheme illustrates the accessible pore size d (blue circle) formed by the van der Waals
spheres (green circles) of carbon atoms (note that d is flexible).

In this contribution, we employ an effective and robust molecular modeling approach
to determine the accessible pore size d of a porous membrane. This pore size is characterized
using the critical molecular dynamic size that is slightly smaller than the actual pore size.
Such a definition ensures that the number of confined gas molecules in pore space goes
to zero as d → 0 [21,22]. By considering many gas molecules with different molecular
kinetic diameters, the critical molecular size that allows gas permeation through the porous
membrane is determined by performing molecular dynamics simulation (we note that
this approach could be easily implemented into Monte Carlo algorithms) [23]. Despite its
simplicity, such a straightforward way shows the effects of the gas permeation conditions
(pressure, temperature, etc.) on the accessible pore size. In addition, this molecular
approach could be extended to other porous materials. This work aims to provide a
molecular approach to estimate the accessible pore size of a 2D porous membrane, therefore
neglecting the chemical, structural, and mechanical aspects on the gas transport and
separation. For example, graphene oxide membranes modified using various functionalized
groups show a more effective CO2/N2 separation performance compared to graphyne
membrane [24,25].

The remainder of this article is organized as follows. In Section 2, we present the
computational details: molecular system, interaction potentials, and molecular dynamics
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(MD) simulations in the canonical ensemble. In Section 3, using our molecular approach,
we present the important results regarding the impacts of environmental conditions on
the accessible pore size of a porous membrane. First, relying on the diffusion/transport
of a single-component gas, we determine the accessible pore size of the two-dimensional
γ-graphyne membrane under different driving forces—the pressure difference between
two sides of the membrane. The scaling between the accessible pore size and the driving
force is shown to be well described using an asymptotic model. Then, we discuss the
effects of temperature on the accessible pore size. The pressure dependence is shown
to be weakly influenced by temperature. Finally, the asymptotic model is validated by
considering binary mixed gases instead of the pure gas. The driving force dependence is
found to be independent of the partial pressures of other gas species. Section 4 presents
some concluding remarks.

2. Materials and Methods

The two-dimensional γ-graphyne membrane is described as a rigid porous framework
(Figure 1). In this molecular configuration, the bond lengths lCC of the delocalized π bond
(for benzene), the single bond, and the triple bond (for alkyne) are taken as lCC = 0.142 nm,
0.154 nm, and 0.120 nm, respectively. Figure 2 schematically illustrates the molecular
systems used to determine the accessible pore size of the 2D γ-graphyne membrane. The
axes of the pores of the 2D membrane are set up to be aligned to the z-axis, and all carbon
atoms are positioned at z = 0.0 nm (i.e., the center of the simulation cell). The left side
(i.e., the region with −20.0 nm < z < 0.0 nm) of the γ-graphyne membrane is filled with a
number of gas molecules, therefore forming a high-density phase. This high-density phase
consists of either a single-component gas (Figure 2a) or a binary mixture (Figure 2b), and
the total number of gas molecules is Ng. Two reflective walls are placed at z =−20.0 nm and
20.0 nm, respectively, so that the gas molecules do not migrate to the vacuum layers (i.e.,
the regions with z < −20.0 nm or z > 20.0 nm). This implies that if a gas molecule moves
outside the wall on a timestep by a distance δ, then it is put back inside the face by the same
δ, and the sign of the corresponding component of its velocity is flipped [26]. In doing so,
the gas molecule could diffuse from one side to the other through the porous membrane
rather than the cell boundary. The dimensions of the simulation cell are Lx ∼ 12.2 nm,
Ly ∼ 11.6 nm, and Lz ∼ 50.0 nm, respectively.

For the 2D γ-graphyne membrane, there is no intramolecular interaction included as
we consider a rigid framework. Each carbon atom/gas molecule is modeled as a Lennard–
Jones (LJ) interaction site. The gas–gas and gas–membrane interactions are described using
the LJ(12,6) potential:

uij(rij) = 4εij

(σij

rij

)12

−
(

σij

rij

)6
, (1)

where rij is the separation distance between two atoms ij. εij and σij are the LJ inter-
action parameters. The LJ parameters of carbon atom of the γ-graphyne membrane are
εCC = 0.058 kcal/mol and σCC = 0.343 nm [27]. The LJ parameters of the gas molecule are
εAA = εBB = 0.200 kcal/mol while σAA and σBB; they depend on subsequent molecular
simulations. The subscripts, including A and B, correspond to the two species in a binary
mixture. The LJ parameters between unlike atoms are obtained using the Lorentz–Berthelot
mixing rules: εij =

(
εiiεjj

)1/2 and σij =
(
σii + σjj

)
/2. In all our molecular simulations,

the LJ interaction potentials are truncated beyond a cut-off of rc = 1.400 nm.
All the molecular dynamics (MD) simulations are performed using the LAMMPS

simulation package (stable release 23 June 2022) [28]. The equation of motion is integrated
using the velocity Verlet algorithm with a timestep of 2 fs. Starting from initial molecular
configurations, the canonical (i.e., constant number of molecules N, constant volume V,
and constant temperature T) ensemble MD simulation is performed for 100 ns to observe
the transport of the gas molecules through the γ-graphyne membrane. Temperature is
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controlled using the Nosé–Hoover thermostat with a typical relaxation of 200 fs [29,30].
Periodic boundary conditions (PBC) are applied in the x- and y-directions, while the z-axis
is constrained in these MD simulations.
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Figure 2. Molecular images show the simulation cells considered to determine the accessible pore size
d of a porous membrane using a single-component gas (a) and a binary mixed gas (b). The porous
membrane is positioned at z = 0.0 nm, and the axes of the pores of this membrane are aligned to the
z-axis. The gray spheres are for carbon atoms of the LJ parameter σ. The green and orange spheres
are for two species (A and B) of different LJ parameters (σA and σB). Reflective walls are positioned
at z = ±20.0 nm. The dimensions of the simulation cells are Lx = 12.2 nm, Ly = 11.6 nm, and
Lz = 50.0 nm, respectively. Periodic boundary conditions are applied in the x- and y-directions
while the length of the simulation cell is constrained along the z-zxis.

3. Results and Discussions

Figure 1 shows the molecular configuration of the 2D γ-graphyne membrane com-
pletely consisting of carbon atoms. These carbon atoms can be regarded as many van der
Waals spheres of radius r, therefore leading to an accessible pore of size d, as illustrated
in the zoom-in scheme of Figure 1. Note that the accessible pore size corresponds to a
maximum molecular kinetic diameter that enables this gas molecule to penetrate a porous
membrane. Despite the fact that a rigid porous framework is considered for gas transport
and the separation processes, the accessible pore size is still thought to be alterable by con-
trolling temperature and pressure. This is due to the fact that the atom–atom interactions
show a soft potential such as the LJ potentials. In what follows, relying on the molecular
modeling techniques, we probe the accessible pore size of this 2D γ-graphyne membrane
by considering a varied molecular diameter of gas (i.e., the LJ parameters σA and σB). Note
that σA and σB are normalized to the LJ parameter of the carbon atom (i.e., σ = 0.343 nm).

Figure 2a illustrates the molecular approach to investigate the accessible pore size
d of the 2D γ-graphyne membrane. In the simulation cell, the carbon atoms of this 2D
membrane are located at z = 0.0 nm, and the axis of the pores is aligned with the z-axis.
The left side of the membrane is in contact with a gas reservoir with high pressure ph
while the right side of the membrane is in contact with a gas reservoir with low pressure
pl. The pressure difference ∆p = ph − pl between the two gas reservoirs is positive (i.e.,
∆p > 0). In other words, the region with z < 0.0 nm is occupied with a high-density
gas phase while the region with z > 0.0 nm is occupied with a low-density gas phase.
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Two reflective walls are positioned at z = − 20.0 nm and 20.0 nm, respectively, to prevent
the mixing of the two reservoirs through the boundary of the simulation cell. Obviously,
this system is maintained in an unphysical fashion and depending on the LJ parameter σA
of gas molecule used in subsequent molecular dynamics (MD) simulations. For a given
∆p, the gas molecules diffuse from the high-density reservoir to the low-density reservoir
for σA < d while the gas molecules are confined between the reflective wall and the 2D
γ-graphyne membrane for σA > d. For the initial molecular configuration, we create a
vacuum reservoir for the region with z > 0.0 nm (i.e., pl ∼ 0 bar for the low-density gas
phase); therefore, ∆p = ph can be readily modified by adjusting the density of gas in
the high-density reservoir. Moreover, we assume that the gas phase considered in this
work behaves like an ideal gas so that the pressure p of a reservoir obeys the ideal gas
law: pVg = NgkBT where Vg is the volume occupied with the gas reservoir while Ng is
the number of gas molecules in the reservoir. kBT is the thermal energy. Similarly, this
simulation cell is also used to determine the accessible pore size d for a binary mixture of
two gas species (A and B), as shown in Figure 2b. A few gas molecules of species A in the
high-density phase are replaced with the gas molecules of species B, therefore leading to
a binary mixture consisting of species A and B. The corresponding LJ parameters of the
two species are σA and σB.

Using the molecular modeling approach, we here probe the accessible pore size d of
the 2D γ-graphyne membrane for a single-component gas completely consisting of the
species A. Figure 3a shows the density distribution ρ(z) of the gas molecule along the
z-axis for temperature T = 300 K and initial pressure difference ∆p ∼ 95 bar. For the
initial molecular configuration (i.e., t = 0 ns), this ∆p corresponds to a homogeneous
density ρ ∼ 76 mg/cm3 in the region with z < 0.0 nm and ρ ∼ 0 mg/cm3 in the region
with z > 0.0 nm (black line, Figure 3a). For each ∆p and T, the LJ parameters σA of the gas
molecule range from 0.300 σ to 0.450 σ with an interval of 0.001 σ. Starting from this initial
molecular configuration, M = 16 MD simulations in the canonical ensemble are performed
to determine the critical LJ parameter (i.e., the accessible pore size) that allows the gas
diffusion through the 2D membrane. Figure 3a shows the simulation results for several
representative LJ parameters σA = 0.300 σ, 0.420 σ, and 0.421 σ where σ = 0.343 nm. On
the one hand, the gas molecules diffuse from the high-density phase to the low-density
phase for σA ≤ 0.420 σ. As expected, the density ρ decreases in the region with z < 0.0 nm
while ρ increases in the region with z > 0.0 nm (blue and red lines, Figure 3a). For instance,
for σA = 0.300 σ, the density ρ on the left side of the 2D γ-graphyne membrane decreases
to 53 mg/cm3 while ρ on the right side of this membrane increases to 23 mg/cm3 (blue
line, Figure 3a). It should be emphasized that gas diffusion is found to be inefficient. As the
pressure difference ∆p decreases with gas diffusion, the driving force for the gas diffusion
decreases. As a result, many long MD simulations with t ∼ 5 ns are not sufficient to lead to
a homogeneous density profile on both sides of the 2D membrane. On the other hand, the
gas molecules are confined between the reflective wall and the 2D membrane (green line,
Figure 3a). The above descriptions suggest that the accessible pore size d is between 0.420 σ
and 0.421 σ for ∆p ∼ 95 bar. This value, which is in good agreement with the simulation
data relying on the density functional theory, shows that the accessible pore size of the
g-graphyne membrane is approximated to 0.17 nm [31]. In addition, a condensed film with
a higher density than the bulk is observed for each density profile. This is due to the fact
that many gas molecules are adsorbed on the surface of the 2D γ-graphyne membrane
owing to the weak attractive gas–carbon interactions [27,32,33]. We note that these gas
molecules are also absorbed in the vicinity of the pore surface (i.e., internal structure of the
graphyne), but they are technically difficult to be identified for a porous membrane with
single-layer atoms.

Figure 3b shows the density profile ρ(z) of gas molecules along the z-axis for T = 300 K
and ∆p ∼ 24 bar. We note that this ∆p corresponds to ρ(z) ∼ 20 g/cm3 with z < 0 made for
the initial molecular configuration (black line, Figure 3b). Results for a few representative LJ
parameters, σA = 0.370 σ (blue line), 0.398 σ (red line), and 0.400 σ (green line), are shown
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in Figure 3b. These data show that d = 0.399± 0.001 σ for ∆p ∼ 24 bar, which is smaller
than the value measured for ∆p ∼ 95 bar. This result, which is in qualitative agreement
with experimental data on the gas transport through a porous membrane, suggests that
increasing the driving force (i.e., the pressure difference between the two sides of the porous
membrane) contributes to enhancing the flux of a fluid (either gas or liquid). According to
the kinetic theory, the molar flux of a gas fluid H = Γ×ω can be expressed as the number
Γ of gas molecules colliding with the porous wall multiplied by the probability ω that a gas
molecule has enough velocity to diffuse through the pore. For a specific gas species, at a
given temperature T, Γ writes: Γ = pΛ/h where Λ is the thermal de Broglie wavelength
with h the Planck constant. As a result, these descriptions lead to H = pΛω/h [8,11,34].
This equation implies that the flux of fluid is enhanced when the driving force ∆p increases,
therefore supporting the experimental data available.

( a ) ( b )

Figure 3. Density of gas ρ as a function of the z coordinates for temperature T = 300 K under
pressure difference ∆p = 95 bar (a) and 24 bar (b). Results for several representative LJ parameters
σA are shown. Starting from the initial configuration (black line), the gas molecules penetrate the 2D
γ-graphyne membrane for σA < d (blue line), while these gas molecules are confined between the
porous membrane and the reflective wall for σA > d (red and green lines).

In the above, our simulation results show that the accessible pore size d of the 2D
γ-graphyne membrane strongly depends on the driving force ∆p. To probe such a depen-
dence, we here employ the above molecular approach to measure the accessible pore size
for ∆p ∼ 47, 71, 118, and 142 bar (note that results for ∆p ∼ 24 and 95 bar are shown in
Figure 3, as described previously). Figure 4 shows the accessible pore size d as a function of
the pressure difference ∆p. It is observed that d increases as ∆p increases, simultaneously.
This dependence, which shows the scaling between the accessible pore size d and the
pressure difference ∆p for a given temperature T, can be quantitatively described using a
simple asymptotic model: d(∆p) = d∞ − (d∞ − d0)J∆p where d∞ is the asymptote (i.e., d
proceeds to d∞ as ∆p → ∞) [35]. d0 corresponds to the accessible pore size owing to the
complete thermal diffusion under ∆p = 0. d∞ − d0 is the response range by varying ∆p
from 0 to ∞. J donates the varying rate of d responsible for the pressure effect. Moreover, we
assess the effects of temperature on this pressure dependence. For a given ∆p, d decreases
as T increases (comparison between the orange and blue data in Figure 4). This may raise
concerns about the quantum tunneling effect when considering the gas transport through
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the 2D porous membrane. The 2D γ-graphyne membrane is so thin that the quantum
tunneling contributes to gas diffusion across a potential free energy barrier. Around room
temperature, low temperature facilitates the enhancement of the tunneling effect, therefore
leading to an increased accessible pore size [36–38]. It was observed that the impact of
temperature on the accessible pore size becomes less significant as the pressure difference
increases. The transport barriers decrease exponentially as the driving force increases and
the pore size increases as well. As a result, the temperature effect on such small transport
barriers can be ignored [11].

0 4 5 9 0 1 3 5 1 8 00 . 3 9

0 . 4 0

0 . 4 1

0 . 4 2

0 . 4 3
d��

�
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� �  ( b a r )

3 5 0  K
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Figure 4. Accessible pore size d as a function of the pressure difference ∆p for two temperatures:
T = 300 K (orange circles) and 350 K (blue circles). The dashed lines correspond to the asymptotic
model by fitting against: d(∆p) = d∞ − (d∞ − d0)J∆p.

In order to establish the scaling between the accessible pore size and the pressure
difference, the single-component gas is replaced with a binary mixture (Figure 2b). In this
molecular configuration, the species A is taken as the pure gas (green spheres) used in the
above measurements while the LJ parameter of this species is chosen as a value larger than
its asymptote. In this work, σA = 0.430 σ is considered so that the gas molecules of species
A do not migrate to the right side of the 2D γ-graphyne membrane. We here consider the
following mole fractions xB of species B (orange spheres): xB = 0.1, 0.3, 0.5, 0.7, and 0.9.
As we assumed that these gas molecules behave like an ideal gas, the partial pressure pB
of species B reads: pB = xB p where p is the total pressure of the reservoir. For the binary
mixture, the driving force is the partial pressure difference ∆pB between the two sides of
the porous membrane rather than the total pressure difference ∆p. This is demonstrated
later by comparing the accessible pore size as a function of ∆pB and that of ∆p. Figure 5a
shows the density distribution ρ(z) of gas molecules of the species B along the z-axis under
initial partial pressure difference ∆pB ∼ 47 bar (here, xB = 0.5 and ∆p ∼ 95 bar). For
the initial molecular configuration (i.e., t = 0 ns), this ∆pB corresponds to homogeneous
density ρB ∼ 40 mg/cm3 in the region with z < 0.0 nm and ρB ∼ 0 mg/cm3 in the region
with z > 0.0 nm (black line, Figure 5a).



Separations 2023, 10, 499 8 of 11

( a ) ( b )

( c )

Figure 5. (a) Density ρB of the species B as a function of the z coordinates for temperature T = 300 K
under partial pressure difference ∆pB = 47 bar (total pressure difference ∆p = 95 bar, initial total
density ρ = 80 mg/cm3, and mole fraction of the species xB = 0.5). The green and orange spheres
correspond to the species A and B, respectively. Under ∆p = 95 bar (b) and 142 bar (c), accessible
pore size dB as a function of the partial pressure difference ∆pB are shown. The black solid line is for
d(∆p) obtained using a interpolation methods (Figure 4) at T = 300 K.

Starting from the initial molecular configuration (Figure 5a), several MD simulations
in the canonical ensemble are performed to determine accessible pore size d. Results for
several representative LJ parameters σB = 0.360 σ (blue line), 0.411 σ (red line), and 0.413 σ
(green line) at temperature T = 300 K are shown in Figure 5a. On the one hand, the gas
molecules diffuse from the high-density phase to the low-density phase for σB ≤ 0.411 σ.
As expected, the density ρB decreases in the region with z < 0.0 nm while ρB increases in the
region with z ≥ 0.0 nm (blue and red lines, Figure 5a). On the other hand, the gas molecules
are confined between the reflective wall and the 2D membrane for σB ≥ 0.413 σ (green
line, Figure 5a). These data suggest that the accessible pore size dB = 0.412± 0.001 σ
for ∆pB ∼ 47 bar if used with the binary mixture (results for other ∆pB are shown in
Figures S1–S4, Supplementary Materials). This value is comparable with the accessible
pore size d obtained using the single-component gas for ∆p ∼ 47 bar. In order to provide
a more quantitative picture of the accessible pore size as a function of the driving force,
we perform a more detailed analysis in which d and dB are extracted. Figure 5b,c show
the accessible pore size as a function of the driving force for initial pressure difference
∆p ∼ 95 bar and ∼142 bar, respectively. Both d(∆p) and dB(∆pB) are shown here. The line
for d(∆p) is obtained by interpolating the originated data (orange circles, Figure 4). The
agreement between the single-component gas and the binary mixed gases (comparison
between the circles and solid lines, Figure 5b,c) implies that the determination of the
accessible pore size is independent of other species of a gas mixture. In other words,
regardless of the temperature effects, the accessibility of a porous membrane is determined
by the partial pressure of the targeted gas molecule so that we can completely ignore other
gas species.
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Despite these results, there is a number of aspects that were not considered explicitly
in our approach. First, in this work, we employ the ideal gas law to estimate the pressure
of a gas phase, and this assumption is only valid for low-pressure and high-temperature
domains. For a high-density gas or liquid phase, developing an accurate equation-of-state
to estimate the pressure/chemical potential is required [39]. Second, the pressure difference
∆p between the two sides of the two-dimensional membrane was not maintained at a
constant value in the molecular simulations. In these simulations, many gas molecules
diffuse from the left side to the right side of the porous membrane, the pressure of the
high-density reservoir decreases (i.e., ph ↓) while the pressure of the low-density reservoir
increases (i.e., pl ↑). As a result, ∆p decreases with the evolution of the molecular system
(i.e., ∆p ↓). When the simulation system reaches equilibrium, ∆p vanishes (i.e., ∆p → 0
for t → ∞). This molecular approach could be easily improved by using two pistons
instead of two reflective walls to keep the pressure of a gas reservoir constant [40]. Third,
due to the slow diffusion and reduced driving force, the molecular system needs a long
simulation time to reach equilibrium. In particular, the spherical gas molecules are used
in our approach. Such gas molecular models are adequate for cylindrical pores with a
few molecular sizes. Finally, the porous materials in these simulations are regarded as
rigid frameworks, therefore neglecting the role of the mechanical integrity of the porous
membrane. This approach can be employed for flexible porous frameworks by considering
the intermolecular potentials. As a result, in some cases, such as the porous solid with a
pore size larger than a few molecular sizes, the accessible pore size cannot be appropriately
determined using our approach.

Despite these drawbacks, this simple method captures the driving force effects on
the accessible pore size of a porous membrane. Together with much experimental data
available [41], the present results support the physical validity of the enhanced flux across
a porous membrane with the increase in the driving force. These are expected to raise many
new discussions on the effects of the driving force on gas transport and separations. For
example, together with experimental methods, our molecular approach can be extended to
probe the role of the driving force on the CO2/N2 separation through the interlayer gallery
of graphene oxide membrane [24,25].

4. Conclusions

In summary, using molecular modeling techniques, we show that the accessible pore
size of the two-dimensional γ-graphyne membrane strongly depends on the driving force—
the pressure difference between the two sides of a porous membrane. Although we consider
the 2D γ-graphyne membrane as a rigid porous framework, its accessible pore size is found
to be increased when the driving force increases. Such pressure dependence is found to
conform the classical macroscopic picture as described by the asymptotic model. Moreover,
our molecular simulation shows that the accessible pore size measured using the binary
mixed gases is similar to that determined using a pure gas under equivalent driving forces—
the pressure difference for pure gas versus the partial pressure difference for a binary mixed
gas. In addition, temperature is shown to contribute to the refining of the accessible pore
size of a porous membrane used for the gas transport and separation processes. Despite its
simplicity, the molecular approach relying on gas diffusion proposed in this work provides
one of the appropriate tools to quickly determine the accessible pore size of a porous
membrane such as graphyne [42,43], carbon nanotubes [44], and organosilicon [45,46].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations10090499/s1, Figure S1. Density ρB of the species
B as a function of the z coordinates for temperature T = 300 K under the partial pressure dif-
ference ∆pB ∼ 9 bar; Figures S2–S4. Same as Figure S1 but for ∆pB ∼ 28 bar, ∆pB ∼ 66 bar, and
∆pB ∼ 85 bar, respectively.

https://www.mdpi.com/article/10.3390/separations10090499/s1
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