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Ab initio molecular dynamics simulations provide novel information on the mechanisms of filtration of CO, and
CH4 gases through the nanopores of graphdiyne (GDY) and boron-graphdiyne (BGDY) layered materials. The
molecules follow a funnel mechanism, in which molecules falling in the catchment area of the funnel (the wide
upper region) deviate from their original path and cross the pore through a region around the center of the pore
(the narrow tube at the bottom of the funnel). The critical parameter for a successful crossing is the size ratio of

molecule and pore. The relevant pore size is not its geometrical size but an effective size accounting for the
extension of the electronic cloud of the carbon chains bounding the pore. Very important is also the anisotropy in
the form of the molecule. The linear CO, molecule can take advantage of the orientation of its axis to decrease
the effective size when crossing the narrow pores of GDY. The simulations reveal the relevance of the vibrational
motion of the molecules, because the vibrations modulate the effective dynamical size of the molecules.

1. Introduction

In recent years, the necessity of addressing climate change and the
increasing awareness of its global impact have spurred a significant
amount of research into efficient carbon dioxide (CO:) separation
technologies [1]. One of the most pressing environmental challenges is
reducing CO: emissions, a major contributor to greenhouse gases.
Separating CO:z from industrial emissions has become a focal point,
particularly in sectors where CO: is a byproduct of natural gas refine-
ment. Given the environmental and economic pressures, there is an
ongoing demand for innovative and effective CO2 separation techniques
[2]. In the gas and petrochemical industries, natural gas is predomi-
nantly composed of methane (CHa), with CO: present as an impurity that
can negatively impact both the calorific value of the gas and the dura-
bility of the processing equipment. Because of its corrosive nature, CO2
poses potential risks to infrastructure, necessitating its removal to
maintain equipment integrity. Therefore, the removal of COz from CHa is
not only an environmental imperative but also an industrial necessity to
enhance the quality and usability of natural gas [3]. Traditional gas
separation techniques, including cryogenic distillation and surface
adsorption with the help of chemical solvents and physical filters,
although effective, have limitations because of energy consumption and
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operational costs, as well as environmental problems [4].

Meanwhile, carbon-based membranes have been proposed as a
promising method for the separation of gas mixtures due to their unique
structural and chemical characteristics [5-9]. Some layered carbon
materials derived from graphene could be used to design advanced
membranes, and structures such as graphdiyne (GDY) [10,11] and
boron-graphdiyne (BGDY) [12], which have high chemical stability,
have been investigated recently. These and similar materials have
layered structures made of pristine or doped carbon chains forming
nanometric pores whose size can be controlled by the length of the
carbon chains. In this way, the materials offer the possibility of passage
or blocking of different molecules selectively [13,14]. In particular, GDY
and other graphynes have been investigated for the separation of gases
like hydrogen, helium or CO, from other components in some gas
mixtures [15-24].

These materials, offering the possibility to adjust the pore size and
surface chemistry, are apt to make membranes suitable for the separa-
tion of COz and CHa [14,25]. The difference in the properties of the CO2
and CHas molecules, especially the difference in their shape, can have a
significant effect on the separation process. CO: is a linear molecule, and
CH4, with four H atoms in tetrahedral configuration around the central C
atom, is not far from spherical, so only CO: can reorient the molecular
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axis to facilitate the filtration through the pores. This can contribute to
the selective separation, as we have found in a previous computational
investigation based on density functional theory [25].

However, the gas separation process at the nanoscale is a complex
phenomenon that depends on various factors such as the size and shape
of the pores, the operating temperature and pressure, and the interaction
between molecules and membranes. In order to gain a deeper under-
standing of the mechanisms involved in this process, molecular dy-
namics (MD) simulations [26,27] provide a powerful tool to analyze the
dynamical behavior of the molecules at the nanoscale. MD simulations
give detailed information on the motion and the path of the molecules,
the interaction between the molecules and the membrane layers and the
dynamics of the processes that lead to crossing or bouncing back of the
molecules, thus improving our knowledge of the fundamental mecha-
nisms of separation of gas mixtures [28,29]. Molecular dynamics sim-
ulations help to understand how the molecules behave near the
membrane and whether they are able to pass through the membrane.

Besides MD simulations, other methods such as density functional
theory (DFT) and Monte Carlo have also been used. Each of these
methods brings specific features that are useful for investigating
different aspects of the filtration through membranes. DFT is capable of
looking at the electronic properties and the interaction forces, and MD
simulations are suitable for analyzing the dynamical behavior.
Combining these methods, that is, using a DFT-MD formalism, in which
the interactions are self-consistently calculated on the fly, can achieve
accurate results that can help in the design of efficient gas separation
membranes [30].

Based on the simulation results, membranes having pores with
appropriate size can improve the separation of COz from CHa. Using that
information to optimize parameters such as the membrane thickness, the
amount and shape of pores, and the internal structure of the membranes,
can be useful in developing a new generation of high-performance car-
bon membranes [31]. This can help to design membranes with optimal
structures and high operational potential which can show good effi-
ciency on an industrial scale.

In this study, the process of passage of COz and CHa gases through
specific carbon-derived layered porous membranes, such as GDY and
BGDY, has been investigated using DFT-MD simulations. The simula-
tions allow for a fundamental analysis of the interaction between gases
and membranes, and allow to understand the processes of filtering
through the membranes. We have discovered that the passage through
the nanopores of the membranes can benefit from a funnel mechanism.
These results enhance our understanding of the permeation process, and
open new horizons in the field of gas separation technologies using
carbon membranes.

2. Computational method

The passage or retention of the CO2 and CH4 molecules through the
nanometric pores of GDY and BGDY single layer membranes has been
investigated by performing ab initio molecular dynamics simulations
(AIMD). At every time step of the dynamical simulations, the electronic
structure, energy and forces on the atoms of the molecule-membrane
system are calculated by solving the Kohn-Sham (K-S) equations of
DFT [32] as implemented in the Quantum Espresso (QE) suite of codes
[33,34]. The spin polarized version of DFT has been used. The in-
teractions between the valence electrons and the ionic cores are
modeled by projector augmented wave (PAW) pseudopotentials [35].
One, two, four, and six valence electrons are taken into account for the
hydrogen, boron, carbon, and oxygen atoms, respectively [36]. The
generalized gradient approximation of Perdew, Burke and Ernzerhof
(GGA-PBE) [37] is used for the exchange-correlation functional, and
dispersion interactions are considered at the Grimme’s DFT-D3 [38]
level. A plane-wave basis set is employed for the expansion of the K-S
orbitals and of the electron density, with energy cutoffs of 45 Ry and 350
Ry, respectively, and a Monkhorst-Pack [39] grid of 2 x 2 x 1 k-points is
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used to sample the Brillouin zone of the reciprocal lattice.

The structure of the GDY membrane is shown in Fig. 1. Carbon
hexagons are linked by diacetylenic chains and form a planar layer
having triangular pores [40]. On the other hand, BGDY has the structure
of a planar hexagonal honeycomb layer, with boron atoms on the
vertices of the hexagons. The B atoms are linked by diacetylenic carbon
chains. Both membranes, GDY and BGDY, are modelled using the
supercell methodology, with periodic boundary conditions. Thus, the
GDY layer is modelled by a trigonal supercell, with in-plane cell
parameter of length a = 18.8986 A, containing 72 C atoms. The BGDY
layer is modelled also by a trigonal supercell with in-plane cell param-
eter a = 23.6772 A, containing 48 C atoms and 8 B atoms. In both cases,
the cell parameter in the direction perpendicular to the layer is taken
sufficiently large, 14 A, so that the interaction between layers in
different cells can be neglected.

Constant energy MD simulations have been performed for the mol-
ecules moving towards the membrane using the Verlet algorithm as
implemented in QE suite. At the beginning of the simulation, the
structure of the membrane (GDY or BGDY) corresponds to its ground
state configuration at temperature T = 0 K. Notice that this is only the
initial substrate temperature, since we perform constant energy simu-
lations. The molecule (CO5 or CHy) is stretched, following the vibra-
tional normal modes, to the maximum amplitude corresponding to the
zero-point energy (ZPE) of the molecule: 0.311 eV for CO; and 1.175
eV for CHy. The molecules are initially placed at different positions
above the layer at a vertical distance from the membrane of 4 A (except
in special cases to be indicated below, in which, for convenience, the
vertical distance was larger than 4 f\). The molecules were then sent
towards the layer in the vertical direction at several translational ve-
locities (to be specified below). Due to the mass difference between CO;
and CHg4, equal initial velocities of the two molecules correspond to
different translational kinetic energies. Comparisons between the pas-
sage behavior across the membranes of the two molecules are presented
for: i) the same incident translational velocity, and ii) the same initial
translational kinetic energy.

To assess the effect of the temperature of the membrane on the
crossing of molecules across the pores, simulations have also been per-
formed with the layer at initial temperature of 300 K. The isolated layer
is first thermalized at 300 K by performing constant temperature sim-
ulations using the Andersen thermostat [41]. Then, the coordinates and

Fig. 1. Structure of GDY, with the brown spheres representing carbon atoms.
The center of the pore is at (x = 0, y = 0, z = 0), and red and green dots
represent the projections of the positions of the center of mass of the CO,
molecule onto the GDY layer plane at the beginning of the MD simulations. The
initial orientation of the axis of the molecule is perpendicular to the layer plane.
Red and green colors indicate that the molecule bounces back or crosses to the
other side of the layer, respectively. The green circle enclosing the green dots
gives an estimation of the catching area.
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velocities of the atoms of the layer at the end of the thermalization
process at T = 300 K are used as the initial condition for the constant
energy simulations of the filtering process.

Most simulations are run for a time of about 500 fs, with a time step
of 1.935 fs. The total simulation time, under the conditions of the pre-
sent simulations, is sufficiently long for the molecule to cross the
membrane, or alternatively to reach the layer and bounce back. In a few
cases, longer simulation times have been employed to secure a clear
conclusion in favor of crossing or non-crossing through the pore.

3. CO, through GDY

With the GDY layer in its lowest energy configuration at T = 0 K, the
constant-energy MD simulations begin by placing the center of mass of
the CO3 molecule at different positions (, y, z = 4) above the GDY layer.
The projections of those initial positions onto the layer plane, that is,
their (%, y) coordinates, have been plotted in Fig. 1 as green and red dots.
The sampling of initial (x,y) positions has been selected to cover the
whole area of the pore, more precisely to cover the triangular region of
the pore irreducible by rotational or reflection symmetry. The (x =0,y =
0, z = 0) point is identified with the center of the pore. The initial
orientation of the molecular axis is perpendicular to the GDY plane, but
the orientation can change during the simulation. The starting velocity
of the molecules has the vertical direction towards the layer, and a value
v = 0.0219 A/fs, which corresponds to a kinetic energy Fj = 1.09 eV.
The zero-point vibrational energy of the molecule (0.311 eV) is taken
into account by preparing the initial state of the molecule as a super-
position of maximum elongations along the directions of all vibrational
modes (both stretching and bending). The maximum elongations
correspond to the zero-point energy of each mode. Of course, the mol-
ecules are able to execute all types of vibrational moles (stretching and
bending) as the simulation proceeds. In specific cases, to be discussed
below, the molecules started from a greater height z.

The simulations can be separated in two groups. In a first group, the
molecules collide with the layer and bounce back, because in their
approach to the layer the molecules reach distances from the carbon
chains small enough to feel the repulsive part of the interaction poten-
tial. These molecules have initial positions whose projections on the
GDY plane correspond to the red dots in Fig. 1. In contrast, the second
group is formed by molecules that cross through the pore and pass to the
other side. Their initial positions have (x, y) projections indicated by the
dots in green color (dots labelled 1 to 4), and it can be noticed that those
projections are sufficiently far from the carbon chains outlining the
borders of the pore. Although DFT calculations predict that in this case
there is a small activation energy barrier to cross to the other side of the
layer [25], the kinetic energy of the molecules is high enough to over-
come the barrier. In their fly to cross through the pore, the molecules of
cases 2, 3, and 4 deviate a bit from the original vertical path and move
towards the center of the pore. The orientation of the molecular axis
changes during the fly, but the axis is perpendicular to the GDY layer at
the time of crossing. The atomic structure of the GDY layer is deformed a
little (or nothing) when these molecules cross through the pore, and
fully recovers afterwards. Fig. 2 shows several snapshots along the
crossing trajectory for the case labelled 3 in Fig. 1.

The evolution of the total potential energy of the system, E;, with
time is shown in Fig. 3 for the case in which the CO3 molecule is initially
placed above the center of the pore (x = 0, y = 0) at a sufficiently large
distance from the GDY layer (z = 7 /0\) so that the interaction between
molecule and membrane is negligible [25]. This figure serves to clarify
the evolution of the system in the initial stages of the simulations until
the molecule crosses the membrane. At the beginning of the simulation
the GDY layer is in its ground state configuration at temperature T= 0K,
and the CO2 molecule has the zero-point energy, ZPE = 0.311 eV. For
convenience, the reference of zero potential energy is set to the sum of
the ground state energies (not including ZPE’s) of isolated CO5 and GDY
(a similar definition is used for other systems). Therefore, the potential
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Time=123.8fs

Time=1.9fs

Time =483.8fs

/

Fig. 2. Top and side views of several snapshots for increasing time, taken from
a simulation corresponding to case labelled 3 in Fig. 1. The molecule ap-
proaches the pore and crosses to the other side.

energy at t = 0 in Fig. 3 is non zero, but equal to the ZPE of CO,. The
high-frequency oscillations of the potential energy observed in the
Figure are essentially due to the vibrational motion of CO». By looking at
the global behavior of the potential energy, there is an initial lowering of
E,, corresponding to the molecule approaching to the distance z = 2.3 A
from the layer, at which the interaction potential between CO, and GDY
versus z has a minimum [25]. E, then increases, indicating that the
molecule is climbing the activation barrier to cross to the other side of
the layer. The height of this dynamical activation barrier, about 0.26 eV,
is in good agreement with the value obtained in the static DFT calcu-
lations for CO, molecules crossing close to the pore center [25]. After
crossing the barrier, E, decreases, revealing that the molecule goes
through the minimum of the interaction potential on the other side of
the layer. Finally, E, rises again as the molecule escapes from that en-
ergy minimum.

The escape from that minimum is better seen in Fig. 4, which also
serves to compare three simulations, corresponding to the cases labelled
1,2, and 3 in Fig. 1. These simulations start with the molecule at z = 4 A.
The behavior of E; in simulations 2 and 3 is rather similar to that in
simulation 1, but a small time delay in crossing the membrane is
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Fig. 3. Potential energy of the system as a function of time for a simulation
(case 1 in Fig. 1) in which the CO, molecule crosses to the other side of the
layer. The initial orientation of the molecular axis is perpendicular to the GDY
plane, and the molecule starts at height z = 7 A above the layer. The temper-
ature of the GDY layer at the beginning of the simulation is T = 0 K. The vertical
bar marks the time when the molecule crosses the pore, as visually observed in
movies prepared from the data collected in the dynamical simulation.
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Fig. 4. Potential energy of the system as a function of time for three simula-
tions (cases labelled 1, 2, 3 in Fig. 1) in which the CO, molecules cross to the
other side of the layer. The initial orientation of the molecular axis is perpen-
dicular to the GDY plane, and the molecules start at z = 4 A. The temperature of
the GDY layer at the beginning of the simulations is T = 0 K. The vertical bars
mark the time when the molecules cross the pore.

observed. Since the CO, molecules are initially slightly off-center in
simulations 2 and 3, their interaction with the borders of the pore is
more intense, some energy is transferred to the GDY layer and this leads
to a small distortion of those borders. In order to facilitate the crossing to
the other side, the molecule deviates from its original vertical path and
moves a bit towards the optimal path through the center of the pore.
This results in the small time delay in crossing to the other side (the
crossing times, obtained from movies prepared from the dynamical
simulations, are indicated by the vertical bars), and in higher dynamical
crossing barriers. These arguments are supported by the results obtained
by Rafiei et al. on the interaction of small molecules (O3, N3) with GDY
[24]. These authors have shown that the form of the interaction po-
tential in the layer plane, namely as a function of x (or y) and constant z
= 0, is approximately parabolic. The interaction becomes highly
repulsive as x or y deviates from the pore center; that is, as the molecules
approach the carbon chains in the borders of the pore. Consequently, the
height of the activation barrier to cross to the other side of the layer is
larger when the initial path of the molecule deviates from an ideal path
through the center of the pore, and this motivates the molecules to
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deviate towards a path closer to the center of the pore. The higher po-
tential energies after 150 fs observed in Fig. 4 for these two simulations
are due to the energy absorbed by the GDY layer, which results in a small
layer deformation. This deformation produces an additional feature: a
low-frequency oscillation of the potential energy (well distinguished
from the high-frequency oscillations associated with COy vibrations),
which reveals the return of the deformed GDY layer to its original
structure.

In the simulations associated with the red dots in Fig. 1, the incoming
molecules rebound because in their flight those molecules sample the
hardest repulsive part of the interaction potential with the pore borders.
The collision induces bending of the carbon chains, which later on
recover. The potential energy of the system is plotted in Fig. 5 for one of
the simulations in which the molecule bounces back (simulation 5 in
Fig. 1), and the differences with respect to Fig. 4 are evident. The os-
cillations of the GDY layer in response to the collision are revealed by the
low frequency oscillations of the potential energy in Fig. 5. Some
snapshots of the structure of the system along the simulation are shown
in Fig. 6.

In summary, the crossing of molecules through the pore follows a
funnel mechanism. There is a catchment area (the wide part of the
funnel), such that incoming molecules falling into the catchment area
move towards the narrow part at the bottom of the funnel and cross the
pore. The green circle drawn in Fig. 1 gives an estimation of the
catchment area, which in the case of GDY is small because the effective
size of the pore is small. The catchment area has been estimated by the
analysis of simulations which start with the CO2 molecule at a height z =
4 A. This estimation is reasonable, because simulations starting at higher
height z lead to the same catchment area.

Simulations were also run with the axis of the molecule parallel to
the GDY plane. All those molecules bounced back after colliding with the
layer, even in the case when the projection of the center of mass of the
molecule coincides with the center of the pore (x = 0, y = 0). This is due
to the relative sizes of the molecule and pore. The shape of the linear CO,
molecule, accounting for the electronic cloud, is elongated (approxi-
mately cylindrical) [42], and when CO; arrives at the pore with its axis
parallel to the layer plane, the size of the molecule is too large to fit into
the pore area and pass to the other side; one has to notice that the
effective empty area of the pore is smaller than the geometrical area,
because of the extension of the electronic cloud of the carbon chains.
This is appreciated in Fig. 7, where the electron density of the system
when the center of mass of the CO, molecule is at (x =0,y =0, 2 = 0),
that is, at the center of the pore in the layer plane, has been plotted for
two orientations of the molecular axis, perpendicular and parallel to the
layer. The overlap of the electron densities is quite substantial for the
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Fig. 5. Potential energy as a function of time for a simulation (case 5 in Fig. 1)
in which CO,, collides with GDY and bounces back. The molecule starts at z = 4
A, and the initial orientation of its axis is perpendicular to the GDY plane. The
temperature of GDY at the beginning of the simulations is T = 0 K.
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Time=1.9fs Time =123.8fs

=032 996-0900>

Fig. 6. Top and side views of several snapshots for increasing time, taken from
the simulation corresponding to case labelled 5 in Fig. 1. The molecule collides
with the layer, and bounces back.

Fig. 7. Top view of the electron density when the CO5 molecule is on the layer
plane of GDY. The molecule is placed at the center of the pore, with the axis
perpendicular (left panel) and parallel (right panel) to the layer plane. The
yellow regions correspond to surfaces of constant electron density with the
value 0.01 e/a.u.%.

parallel orientation, and since the value of the contour plotted, 0.01 e/a.
u.%, is not small, this reveals that the molecule is sampling the repulsive
part of the interaction potential with the carbon chains. In contrast, the
plot for the perpendicular orientation shows that the CO5 molecule just
fits into the pore. This highlights the critical importance of the orien-
tation of the molecular axis to allow for crossing.

Simulations with the GDY layer initially equilibrated at T = 300 K
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deliver results quite similar to those obtained with the layer at T = 0 K,
because the pore size practically does not change. All the simulations
starting with the molecular axis parallel to the GDY layer led to the
bouncing back of the molecules. In contrast, the molecule crossed to the
other side in some simulations with the axis perpendicular to the layer.
The catchment area is practically the same as that for initial T= 0 K. The
small differences between the simulations at the two temperatures are
illustrated in Fig. 8 for the case when the molecule is initially above the
center of the pore (corresponding to dot 1 in Fig. 1). The crossing of the
layer, observed in the movies prepared from the simulations, and
marked by the vertical bars in Fig. 8, occurs at the same time in the two
cases (initial T= 0 K, and T = 300 K). The shapes of the potential energy
curves reveal that the GDY layer is not perturbed during the crossing of
the molecule at T = 0 K. The potential energy curve when the GDY layer
isinitially at T = 300 K is similar, showing well the maximum associated
to the barrier crossing, and the two minima associated to the minima of
the interaction potential on the two sides of the barrier. However, weak
irregularities can be observed in the potential energy curve, revealing
the thermal motion of the atoms of the GDY layer. This thermal motion is
responsible for the larger potential energies in the simulation at initial T
=300 K.

The information contained in the plots of the potential energy
throughout the MD simulations can be presented in an alternative way:
plotting the potential energy as a function of the vertical distance z
between the molecule and the membrane layer. This is done in Fig. S1
for a simulation corresponding to case 4 in Fig. 1, with the initial
orientation of the axis of the CO2 molecule perpendicular to the GDY
plane. Figure S1 shows that the plots of potential energy versus t or
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Fig. 8. Potential energy of the system as a function of time for simulations in
which the CO, molecule is initially above the center of the pore, with the
molecular axis perpendicular to the layer plane. The GDY layer is initially at T
= 0K in panel (a), and at T = 300 K in panel (b). The vertical red lines mark the

time of barrier crossing.
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versus z, both provide a clear interpretation of the permeation process.
4. CH4 through GDY

CH4 is a molecule with the H atoms in tetrahedral configuration
around the central C atom. The distribution of its electron density in
space is close to spherically symmetric [42], and then the orientation of
the molecule in the simulations is irrelevant. With the GDY layer initially
a T = 0 K, simulations started with the center of mass of the molecule
positioned 4 A above the geometric center of the pore (x = 0,y = 0). A
first simulation was run with initial velocity v = 0.0219 A/fs in the
vertical direction towards the layer. This is the same velocity employed
for CO2. The corresponding translational kinetic energy of CHy is Ex =
0.396 eV. The molecule collided with the GDY layer and bounced back.
One can notice that the kinetic energy of the molecule is lower than the
static crossing barrier of 0.52 eV, calculated by Mahnaee et al. [25].

A higher kinetic energy of 1.09 eV was then used, which is the kinetic
energy in the simulations for CO5. The corresponding initial velocity of
the molecule is v = 0.0363 A/fs. Interestingly, the CH4 molecule also
bounced back. The explanation is that the dynamical barrier to cross to
the other side is larger than the static barrier obtained from DFT cal-
culations [25], and the larger barrier prevents the crossing. The kinetic
energy was further increased to Fy = 1.50 eV (v = 0.0426 A/fs), and in
that case the molecule crossed to the other side of the GDY layer. This
kinetic energy is substantially higher than the kinetic energy in the
simulations for CO,, and this reveals that the crossing of CO, through the
pores of GDY is easier than the crossing of CHy4, and that GDY pores
discriminate well between the two molecules.

The size of the CH4 molecule makes its passing through the triangular
pores of GDY already difficult, as shown in Fig. 9. In addition, the
vibrational motion of the molecule and of the atoms of the carbon chains
enhances the overlap between the high electron density regions of the
electron clouds of CH4 and GDY, which are responsible of the repulsive
part of the interaction potential. Since starting positions (x =0,y =0, z)
are the most favorable ones concerning the possibility of crossing the
pore, and even in this case the CH4 molecule bounces back, other
starting positions with (x, y) projections off the geometrical center of the
pore are even more unfavorable, and the molecules also bounce back.

5. CO3 through BGDY

The area of the hexagonal pores in BGDY is much larger than the area
of the triangular pores in GDY. For this reason, the crossing of small
molecules through the layer is expected to be easier [25]. Constant en-
ergy simulations were performed with the molecule initially 4 A above
the layer, and having (x, y) coordinates such that their projections on the
layer plane correspond to the dots inside the hexagon plotted in Fig. 10.
Simulations were run with the molecular axis perpendicular and parallel
to the BGDY plane. The initial structure of the membrane corresponds to
its ground state configuration at T = 0 K and T = 300 K. The initial

Fig. 9. Top view of the electronic density when the CH4 molecule is on the
layer plane of GDY. The molecule is placed at the center of the triangular pore.

The yellow regions correspond to a surface of constant electron density with the
value 0.01 e/a.u.%.
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Fig. 10. Structure of BGDY, with the green and brown spheres in the chains
representing B and C atoms, respectively. Yellow regions represent surfaces of
constant electron density with the value 0.01 e/a.u.®. The center of the pore is
at (x = 0, y = 0, 2 = 0). The green dots inside the hexagonal pore mark the
projections of the center of mass of the CO; molecules onto the BGDY plane at
the beginning of the MD simulations. The green color of the dots indicates that
the molecules cross to the other side in all the simulations, independently of the
orientation of the molecular axis. The area inside the green circle represents the
catching area of the pore.

velocity was v = 0.0219 A /fs. In all cases the molecule crossed to the
other side of the layer.

In most simulations the CO, molecules change their flying path and
move towards the pore center as a way to avoid the repulsive interaction
with the carbon chains. However, the BGDY structure deforms a bit and
suffers local bending when the projections of the initial positions of the
molecules are not near (x = 0, y = 0). In these cases, the orientation of
the molecular axis changes during the fly, and the molecules may rotate.
This is displayed in Fig. 11, which shows the behavior of the angle 6
between the axis of the CO5 molecule and the z axis for a simulation in
which the CO; molecule starts near the border of the catchment area.
The evolution of 6 over time reveals a significant variation of the mo-
lecular orientation during the simulation. The permeation of pure gases
through nanoporous graphene membranes, modeled as holes in gra-
phene, has been investigated by Guo et al. [43] using MD based on
empirical potentials, and the molecular reorientation was also noticed.

These results are consistent with our previous static DFT calcula-
tions, which predicted that there is no activation barrier for CO crossing
near the center of the pores in the BGDY layer [25]. Those DFT calcu-
lations also revealed that the potential energy as a function of z has a
minimum of depth 0.12 eV in the region around z = 0. The lack of an
activation barrier and the presence of the shallow energy minimum can
be appreciated in the potential energy plotted in Fig. 12 for a MD
simulation corresponding to case labelled 2 in Fig. 10, with the
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Fig. 11. Angle 0 between the axis of the CO, molecule and the z axis as a
function of simulation time, for a simulation in which the CO5 molecule starts
near the border of the catchment area of BGDY.
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Fig. 12. Potential energy as a function of time for a simulation in which the
initial orientation of the molecular axis of the CO, molecule is perpendicular to
the BGDY plane. The BGDY layer is initially at T = 0 K. The simulation cor-
responds to case 2 in Fig. 10. The red vertical bar marks the time of crossing
through the layer.

molecular axis perpendicular to the membrane. In the simulations with
the BGDY layer initially at T = 300 K, the results are similar to those at T
= 0, and the only observable difference is the thermal motion of the
membrane atoms.

A feature common to the two initial temperatures is that molecules
with starting (%, y) coordinates not close to (x = 0, y = 0) show a time
delay in crossing the layer in comparison to molecules with starting
coordinates near (x = 0, y = 0). The time delay is larger the more the
initial (%, y) coordinates deviate from (0, 0). This again gives evidence of
the funnel mechanism, even more distinctly than for GDY, because the
catching area, which is estimated as the area inside the green circle in
Fig. 10, is much larger. The CO5 molecules are collected in the catching
area, but cross through the membrane near the center of the pore.

6. CH4 through BGDY

Simulations started with the CH4 molecule situated 4 A above the
layer, and having (x, y) coordinates with projections on the layer plane
represented by the dots in Fig. 13. The initial velocity was v = 0.0219 A
/fs. The red and green dots correspond to simulations in which the
molecules bounce back or pass to the other side, respectively. In the
simulations labelled 3, 4, and 5, the molecules deviate from their orig-
inal vertical path and move towards the center, which leads to a time
delay in crossing to the other side compared to simulations 1 and 2. That
is, the permeation of the molecules through the pore follows the funnel
mechanism. This occurs independently of the initial temperature of the

Fig. 13. Projection of the initial positions of the center of mass of the CHy
molecule onto the layer plane of BGDY. The yellow regions correspond to a
surface of constant electron density with the value 0.01 e/a.u.%. Red and green
dots indicate that molecules bounce back or cross to the other side of the BGDY
layer, respectively. The green circle enclosing the green dots gives an estima-
tion of the catching area of the funnel.
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BGDY layer, T = 0K, or T = 300 K. In the simulation labelled 6, the CH4
molecule bounces back. To investigate case 6 in more detail, simulations
with higher velocities, v = 0.0363 A /fs and v = 0.0426 A /fs, corre-
sponding to kinetic energies Ex = 1.09 eV and Ex = 1.50 eV, respectively,
were run, and the result is that the molecule also bounces back at those
higher kinetic energies. In summary, both CO2 and CHs manage to cross
the pores of the BGDY layer. But, the comparison of Figs. 10 and 13
reveals that the catchment area is larger for CO», a feature consistent the
results obtained for GDY.

7. Discussion

Although static DFT calculations provide interesting information on
the filtering of gases through GDY and BGDY monolayer membranes
[25], MD-DFT simulations offer a faithful picture of the on-the-fly
interaction between molecules and membranes, and describe in detail
the dynamical processes of crossing through the pore or turning back. A
significant, relatively large number of simulations have been performed
considering that the DFT-MD simulations are computationally very
demanding and, therefore, the number of calculated trajectories is
necessarily limited. However, a careful selection of initial conditions for
the molecules and membranes allowed us to unravel the permeation
mechanism of CO, and CH4 molecules through GDY and BGDY layers.
To make the atomistic simulations more realistic, we have taken into
account the flexibility of the nanoporous membranes; that is, the fact
that the membrane may deform as a result of the impact of the incoming
molecules. The importance of considering membrane flexibility was
confirmed by Guo et al. [44] for the case of the permeation of pure gases
(Hy, O2, Ng, CO2, CHy) through single-layer porous graphene.

The main factor controlling the crossing of CO2 and CH4 molecules
through porous GDY and BGDY is the relative size of molecule and pore.
The effective size of the pore is smaller than the geometrical size,
because the carbon chains bounding the pore have a thickness, origi-
nating from the extension of the electron density cloud, which decays
exponentially in the outer part of atoms or molecules [45,46]. The
incoming molecules cannot go through regions of the membrane where
the electron density is high; that is, close to the carbon chains. This is
because the overlap between the high density parts of the electronic
clouds of molecule and membrane samples the repulsive part of the
interaction potential. We have found reasonable to characterize the
thickness of the carbon chains as the region bounded by density contours
with a value of 0.01 e/a.u.%. This value has been selected by comparing
several pictures, similar to Figs. 7 and 9, for electron density contours
0.01, 0.007, and 0.005 e/a.u.® (see Fig. S2 in the Supplementary Infor-
mation). The results are not too different, and a density cutoff of 0.01
e/a.u.3, which leads to an effective triangular pore of length size equal to
5.31 i\, appears to reflect better the effective size of the pore. A different
measure of the effective size of GDY pores was used by Jiao et al. [19]
and Cranford and Buehler [17] in a computational study of the purifi-
cation of Hy in mixtures of Hy, CO and CHy4. In those works, the pore was
defined as the region beyond the van der Waals radius of the carbon
atoms in the diacetylenic chains. This leads to triangular pores with
side-length 3.8 A. In a simulation of hydrogen purification through a
porous CoN membrane, Xu et al. [47] defined the effective pore size
using electron density contours of 0.007 e/a.u.>.

The MD simulations reveal that the molecules follow an interesting
process to permeate through the pores. This is a funnel mechanism. The
pore is characterized by a catchment area (the wide area region at the
top of the funnel), which is roughly mimicked by the circles drawn in
Figs. 1, 10 and 13. Molecules which in their motion towards the mem-
brane fall inside that catchment area will cross the pore. However, in
their approach to the membrane the molecules deviate from their
original flying path and move towards the central region of the pore (the
narrow part at the bottom of the funnel). Fig. 14 illustrates the funnel
mechanism for a simulation in which a CO2 molecule starts at a position
near the border of the catchment area (see Fig. 10); that is, with (x, y)
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Fig. 14. Radial coordinate r of the center of mass of the CO5 molecule, defined
asr=(x*+ y2 YL/ 2, versus the vertical distance z to the BGDY layer plane, for a
simulation in which the molecule starts near the border of the catchment area;
that is, far from (x = 0, y = 0). As z decreases, the value of r decreases, dis-
playing the funnel mechanism. Positive and negative values of z, represent
distances to the GDY layer before and after the molecule crosses through the
membrane pore, respectively.

coordinates far from (0, 0). Fig. 14 shows the radial coordinate r of the
center on mass of the molecule, defined as r = o3+ yz)l/ 2, versus the
vertical distance z to the BGDY layer plane. At each specific time during
the simulation, r represents the distance between the molecule and a
vertical line passing through the pore center (0,0). Then, the decreasing
behavior of r displayed in Fig. 14 means that, in its motion, the molecule
is approaching the pore center (although the pore is not crossed at (x =
0, y = 0)). After crossing the pore, the molecule scatters with increasing
r. Fig. S3 shows the funnel effect in a complementary plot of r versus
time. In addition, Fig. S4 displays the funnel effect for the passing of CO,
through GDY.

When the nanopore area is large, like in BGDY, the catchment area is
also large and the permeation behavior of CO, and CHy4 is not too
different. But when the membrane is formed by narrow nanopores, as in
the case of GDY, the CO5 molecules have a crucial advantage arising
from the anisotropic shape of the molecule. The linear CO, molecule can
orient its axis perpendicular to the plane of the GDY layer, and in this
way its effective size decreases and the molecule can cross through
narrow pores. Instead, the size of the quasi-spherical CH4 molecules is
the same, independent of the orientation.

The analysis of the potential energy of the system along the simu-
lation runs gives detailed insight into the processes of pore crossing or
bouncing back of the molecules. It reveals that, as a result of the inter-
action between molecule and membrane, the structure of the monolayer
membrane deforms a bit in most cases, and later on returns to its original
form. Another feature uncovered by the dynamical simulations is the
importance of the vibrational motion of the gas molecules on the
permeation process. When the size of the molecule is close to the
effective size on the pore, as occurs for CHy colliding with GDY, the
periodic enhancement of the C—H bond lengths, arising from the
vibrational motion of the molecule, increases its effective dynamical
size, and the permeation through the pores becomes reduced.

The results obtained are based on molecular dynamics simulations in
which the molecules start at a height of 4 A above the membrane layer,
except for some test cases starting at z = 7 A. For separations beyond 4 A,
the only interaction between the molecules and the layer is the weak van
der Waals tail [25]. This means that beyond 4-5 A the incoming mole-
cules are practically free, and simulations starting at those distances or
larger will lead to essentially the same results. This can be seen in
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Fig. S5, which shows the potential energies for two simulations of the
permeance of a COy molecule with initial (x = 0, y = 0) and axis
orientation perpendicular to the GDY layer. The molecules start at z = 7
A, andz =4A, respectively, and the Figure reveals that the behavior of
the potential energy in the two curves is the same, except, obviously,
between z = 7 A and z = 4 A. This confirms the free flight of the molecule
between z = 7 A and z = 4 A, and guaranties that the results for the
crossing and rebounding of the molecules, and for the catching area,
obtained when the molecules start at z = 4 A are trustable. Since DFT MD
simulations have a high computational cost, restricting to starting
heights z = 4 A is then convenient.

A thermodynamic study of the permeances of CO, and CHy4 through a
GDY membrane was performed in our previous work [25]. The per-
meances of these two molecules at room temperature (for an incoming
pressure p = 3 x 10° Pa, and a pressure difference between the two sides
of the membrane Ap = 105 Pa) are a little above and a little below the
industrial permeance limit of 6.7 x 10~ mol m™ s™! Pa’l, respectively.
Attempting to simulate these conditions with ab initio MD is not real-
istic, because for the small kinetic energies associated to realistic in-
dustrial temperatures, the simulation times should be orders of
magnitude larger. Well aware of these difficulties, our purpose in the
present work has been to perform model MD simulations to focus on the
elucidation of the physical mechanisms of the permeation process. The
kinetic energies (or the velocities) in the model MD simulations have
been chosen high enough to allow the full process of pore crossing (or
rebounding) to occur in the course of the simulation runs. For this,
evidently, the kinetic energies have to be larger than the activation
barriers to cross through the pores.

The efficiency of a porous membrane to separate CO, and CH4 (or
other gas mixtures) depends on two main ingredients: selectivity and
permeability. The selectivity

S(CO, / CH,) = e~ (Ev(CO2)—Ey(CHa))/ks T )]

depends exponentially on the difference between the two activation
barriers for crossing the pore. In GDY, the crossing barriers are Ej, (CO5)
= 0.26 eV (see also Fig. 3), and E, (CH4) = 0.52 eV [25]. That is, the
barriers differ by a factor of 2, and consequently the selectivity is good.
On the other hand, the selectivity of BGDY is unsatisfactory because the
two barriers are essentially zero. The permeance of each type of mole-
cule depends on the crossing barrier, but also on the size (or the catching
area) of the pores, relatively small in GDY and large in BGDY. The
catching area for CO, molecules in BGDY is larger than for CHy, and the
permeance of CO, will be higher. In summary, the balance between
permeance and selectivity is quite delicate, but one can notice that in
both GDY and BGDY the crossing of CO, through the pores will be easier.

Due to computational limitations associated to ab initio MD, the
molecular trajectories have been restricted in such a way that the initial
velocities have directions perpendicular to the layer membrane. The
funnel mechanism suggests that a substantial part of the molecules
arriving with non-perpendicular trajectories will also be collected and
channeled through the funnels. In a theoretical investigation, Yuan and
coworkers [48,49] have discussed the mechanisms of gas permeation
through graphene nanopores. In addition to the direct-impingement
pathway, they discuss the surface diffusion pathway, in which adsor-
bed molecules diffuse until reaching the pores. This interesting diffusion
mechanism is natural in porous graphene, where there are sizable re-
gions of unaltered (pristine) graphene between neighbor pores. But we
expect the mechanism to be less important in GDY and BGDY, because
the pores are so close to each other that the molecules always arrive at
the membrane very near a pore, at least.

8. Summary and conclusions

Ab initio molecular dynamics simulations reveal the mechanisms of
permeation of gas molecules (here CO5 and CH4) through the nanopores
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of monolayer GDY and BGDY. The relative size of molecule and pore is
the deciding factor for a successful permeation. The relevant size of the
pore is not its geometric size, but a smaller effective size that accounts
for the extent of the electronic cloud of the carbon chains forming the
borders of the pore. Also crucial is the fact that the linear CO5 molecule
can advantageously orient its axis to facilitate pore crossing. The
permeation through the nanopores of these layered materials follows a
funnel mechanism, in which molecules collected in the catchment area
of the pore (the wide region at the top of the funnel) deviate from their
original path and cross the pore through a smaller region around the
center of the pore, the narrow tube at the bottom of the funnel.
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