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1 Introduction

Separation of oxygen from nitrogen
using a graphdiyne membrane: a
quantum-mechanical study

*2® José Campos-Martinez, (2 @ Massimiliano Bartolomei, (22

¢ Ali Maghari @2 ° and Marta I. Hernandez () 2

Maryam A. Rafiei,
Fernando Pirani,

Efficient separation of oxygen and nitrogen from air is a process of great importance for many industrial
and medical applications. Two-dimensional (2D) membranes are very promising materials for separation
of gases, as they offer enhanced mass transport due to their smallest atomic thickness. In this work, we
examine the capacity of graphdiyne (GDY), a new 2D carbon allotrope with regular subnanometric
pores, for separating oxygen (*0,) from nitrogen (**N,). A quantum-mechanical model has been
applied to the calculation of the transmission probabilities and permeances of these molecules through
GDY using force fields based on accurate electronic structure computations. It is found that the
160,/MN, selectivity (ratio of permeances) is quite high (e.g., about 10 and 10% at 100 and 300 K,
respectively), indicating that GDY can be useful for separation of these species, even at room
temperature. This is mainly due to the N, transmission barrier (~0.37 eV) which is considerably higher
than the O, one (~0.25 eV). It is also found that molecular motions are quite confined inside the GDY
pores and that, as a consequence, quantum effects (zero-point energy) are significant in the studied
processes. Finally, we explore the possibility of 0,/°0, isotopologue separation due to these mass-
dependent quantum effects, but it is found that the process is not practical since reasonable selectivities
are concomitant with extremely small permeances.

stability, an important requirement for membranes is a satis-
factory trade-off between permeability (flow of the desired

Molecular oxygen (O,) and nitrogen (N,) are the major compo-
nents of the atmosphere and, at the same time, are the two
most demanded gases after hydrogen.'™ Nitrogen is used as a
feedstock, as an inert atmosphere or as a cryogenic agent in
many industrial and scientific applications. Oxygen is a key
ingredient in industry (chemical, petrochemical, etc.) and an
essential element in medical treatments. Extracting high purity
oxygen from air is conventionally carried out using techniques
such as cryogenic distillation and pressure swing adsorption;
however, these techniques require large capital costs and high
energy consumption. An interesting alternative is the utiliza-
tion of separation membranes, and in fact there has been
intense research on a large set of membranes for O,/N,
separation.®” Besides good mechanical and chemical
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species) and selectivity (rejection of undesired species), as it
is known that high selectivities are often accompanied by
low permeances, and vice versa.””® Since decreasing the thick-
ness of the membrane increases the permeability, new two-
dimensional (2D) materials are viewed as very promising can-
didates for achieving large transport fluxes together with
acceptable selectivities.”™?

Among new 2D membranes, graphdiyne (GDY) stands out as
an ideal material for gas separation applications. GDY is a
planar carbon allotrope characterized by diacetylenic
linkages joining graphene-like hexagons,'* thus leading to an
uniform web of triangular pores of subnanometric size. This
membrane was first synthesized'® in 2010 and, since then,
there has been a burst of experimental and theoretical studies
on its properties and applications,’®" including gas and
isotopic separation.’*>> The main separation mechanism in
GDY is known as size sieving,'"*® where molecules smaller
than the pore size are able to permeate, while larger molecules
are rejected, the sizes being correlated with kinetic diameters.””
In this way, various studies have predicted high selectivities for
the separation of H, and He from larger molecules.”®*" It is
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worth pointing out that, due to the small size of the pores, the
transport involves surmounting potential barriers, ie., the
molecule-membrane interaction is repulsive at the pore center.
Moreover, the molecular motion along directions transverse to
the transmission path becomes confined and, as described by
Beenakker et al.,** this feature can lead to an increase of the
transmission barrier due to the zero-point energy (ZPE) asso-
ciated to these transversal degrees of freedom, a quantum
effect that is mass-dependent. Therefore, different isotopes
would experience different effective barriers, allowing their
separation (quantum sieving), as has been indeed found**?**
for the separation by GDY of “He/*He and D,/H..

Separation processes of larger molecules by GDY have been
also reported, for instance, CO,/N,**> and CO,/CH,*® separa-
tion, or the separation of O, from a mixture of harmful gases
(Cl,, HCI, etc.).*” Selectivity can be enhanced by means of pore
functionalization, as in the CO,/(N,, CH,) separation in oxygen-
doped GDY*® or NO/(O,, CO) in boron-doped GDY.*’ As far as
we are aware, there are no previous studies in which the
transport properties of O, and N, through GDY are compared
on an equal footing. This is the main goal of the present work.

In this paper, accurate electronic structure calculations are
employed to obtain reliable estimations of the N,-GDY and O,—
GDY interaction potentials. It is found that the transmission
barriers are rather high (about 250 and 370 meV for O, and N,,
respectively) and that the interaction potential rapidly increases
for molecular displacements perpendicular to the transmission
path; in other words, the diatoms are confined at the pore
center. Confinement associated to the rotational degrees of
freedom also occurs. In this situation, significant quantum
effects can appear despite the relatively large masses of these
molecules.***® Thus, a quantum approach has been here
chosen to calculate transmission probabilities and permeances
through GDY of the most abundant isotopologues of oxygen
and nitrogen, '°0, and '*N,, as well as their selectivity as a
function of the temperature. In addition, we have also obtained
the permeances of the very scarce ‘%0, isotopologue, with the
aim to explore the extent of mass-dependent quantum effects
and hence the possibility of *0,/*°0, separation, a process that
is of great interest for several applications.**

The paper is organized as follows. The theoretical approach
is presented is Section 2. In Section 3, results are reported and
discussed with regard to interaction potential features, trans-
mission probabilities, permeances, selectivities and the role of
quantum effects. We end with some conclusions in Section 4.

2 Theoretical approach

We have investigated the transport of '“N,, *°0, and "0,
through a periodic single GDY membrane. In this study, the
molecules are considered as rigid rotors. Unlike H, molecules,
heavier species like O, and N, are not expected to be well
described as point-like particles (pseudoatoms) since the orien-
tational anisotropy of the molecules is large.*® Below we firstly
present the electronic structure calculations and the force field
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used for the molecule-GDY interaction potential. Then, we
describe the quantum mechanical model adopted for the
calculation of the transmission probabilities, from which the
permeances and selectivities can be obtained.

2.1 Interaction potential

Electronic structure calculations were performed to obtain
interaction energies at the ‘“coupled” supermolecular second-
order Mgller-Plesset perturbation (MP2C)** theory and density
functional theory (DFT) levels by using Molpro** and ORCA
4.2.1** program packages, respectively. The (MP2C or DFT)
interaction energies between a molecular prototype of GDY
and the studied gases were obtained using

Einteraction = EGDY+gas - (EGDY + Egas) (1)

where Egpyigas, Egpy and Eg, are the total energies of the
adsorbed gas on GDY, isolated GDY and free gas, respectively.
The resulting energies are obtained by applying the counterpoise
correction® to the basis set superposition error and considering
rigid bodies. Neither the ZPE of the monomers (the molecule and
prototype are treated as rigid bodies) nor the ZPE corresponding
to the molecule-GDY prototype interaction (to be taken into
account afterwards in the dynamics calculations) are included
in eqn (1). The GDY prototype used in the calculations is shown in
the inset of Fig. 1(b). It correctly describes the features of the GDY
triangular pore and its finite size has allowed us to carry out high
level ab initio calculations, which are unavoidable to obtain
benchmark estimations of the permeation barrier. The bond
length values related to this geometry*® are as follows: 1.431,
1.231, 1.395, 1.337 and 1.09 A for the aromatic C-C, triple C-C,
single C-C connecting aromatic and triple C-C bonds, single C-C
between two triple C-C bonds and C-H bonds, respectively. In
addition, internuclear distances for N, and O, are 1.1007 and
1.2080 A, respectively.

Accurate MP2C calculations were performed to obtain
benchmark electronic structure estimations of the interaction
in the N,-GDY system. In particular, distinct approach direc-
tions of the diatomic molecule as well as different (perpendi-
cular and parallel) orientations of the latter with respect to the
pore plane have been probed and the corresponding inter-
action energies were obtained by using the aug-cc-VQZ and
aug-cc-VTZ basis sets”” for N, and the GDY prototype, respec-
tively. In addition, several DFT approaches were examined to
assess their performances over the reference MP2C results.
Among the DFT levels tested, the best results were obtained
with the BP86*® (a generalized gradient approximation (GGA)
functional that depends on both the electron density and its
gradient) and B3LYP*® (a hybrid functional combining GGA and
Hartree-Fock exchange) functionals. In these DFT calculations, a
quadruple-zeta valence basis set with two sets of polarization
functions (def2-QZVPP)*° was used and the D3 dispersion
correction®! was applied. The primitive cut-off and integral thresh-
old for the electron integral calculations were set to 2.5 x 10~ *?
and 2.5 x 10~ '" Ey, respectively, and the tolerance energy for
convergence between two self-consistent field cycles was set to
10~% Ey,. These choices provided the best agreement with the
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Fig. 1 Energy profiles for the interaction between N, and a GDY proto-
type, obtained from MP2C, B3LYP and BP86 calculations (points) as well as
the ILJ representation (solid lines), (a) as functions of z for (x,y) = (0,0), with
the N, bond aligned perpendicularly to the prototype plane; (b) as in (a),
with the N, molecular axis being parallel to the prototype plane and
pointing to the triangle vertex; (c) as functions of x, for (y,z) = (0,0), with
the molecular axis perpendicular to the prototype plane (notice that the
interaction is quite repulsive at x « 0 because the molecule becomes very
close to the carbon atoms at the base of the triangular pore); (d) as
functions of y, for (x,z) = (0,0) and orientation as in (c). Inset of panel (b):
Structure of the GDY prototype; the center of the coordinate system is at
the center of the pore, and z and (x.y) axes are perpendicular and parallel to
the prototype plane, respectively.

MP2C data. We have considered that these DFT levels, once
validated for the N,-GDY prototype, can be safely used to obtain
reliable estimations of the O,-GDY interaction, for which the
MP2C approach is not suitable due to the O, open shell character.

Global interaction potentials for the interactions between
0,/N, and the GDY molecular prototype are analytically repre-
sented by the sum of pairwise contributions between the O or N
atoms in the diatom and the carbon and hydrogen atoms of the
prototype. The improved Lennard-Jones (IL])** formula is used
to represent each of these atom-atom contributions, depend-
ing on R, the distance between O (or N) and the C or H atoms,
and given by

This journal is © the Owner Societies 2024
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where R, and ¢ represent the equilibrium distance and well
depth of the interacting pair, respectively. Moreover, n(R) = § +
4.0(R/Ry,)?, where f is a parameter defining the shape and
stiffness of the potential. We have not added electrostatic
contributions to this representation since, being the involved
monomers neutral and apolar, they are expected to play quite a
minor role. Owing to the similar effective atomic polarizabil-
ities of O in O, and N in N,, the IL] potential parameters of O,
and N, are expected to assume comparable values.>®> For
simplicity, we use the same IL] parameters for interactions
with carbon atoms pertaining to different kinds of C-C bonds
composing the GDY structure. This choice is supported by the
fact that the atomic polarizabilities of those carbon atoms vary
within a reduced range (from 1.05 to 1.3 A*).>® Note that Ry, ¢
and f were not considered as fitting parameters since their
zero-order values® have been varied within restricted ranges in
order to maintain their proper physical meaning and transfer-
ability character. In particular, these parameters have been
fine-tuned by exploiting the comparison with the reference
MP2C, B3LYP-QZVPP+D3 and BP86-QZVPP+D3 interaction
energies. The final optimized values are reported in Table 1.

In Fig. 1 and 2, we present the profiles of the interaction
potentials between the GDY prototype and N, and O,, respec-
tively, obtained from the different levels of theory employed
and the ILJ parametrization, for different approach directions
and molecular orientations. From these figures, it can be
concluded that there is a rather good agreement among the
different levels of calculation considered as well as with the ILJ
force field.

Finally, V, the interaction potential between O,/N, and the
extended GDY lattice (Fig. 3), is obtained by adding up all the
pairwise ILJ contributions between the atoms of the molecule
and the carbon atoms of the membrane for as many atoms in
the lattice until a desired convergence in V is reached. The
estimated errors in the determination of V are of about 0.02%
for distances close to the membrane (z < 4 A), increasing up to
about 0.2% for larger distances (z ~ 20 A).

Table 2 presents the molecule-GDY potential barriers as
obtained for the different electronic structure methods and
force field employed, corresponding to the centers of mass of
the molecules placed at the center of the pore and perpendi-
cularly oriented with respect to the GDY plane (for the GDY
prototype, they correspond to the tops of the barriers depicted
in Fig. 1 and 2). Notice that, within the ILJ representation, the
barriers for the extended GDY are slightly lower than those
corresponding to the GDY prototype. This is because the
interaction with the extended layer involves a large number of

Table 1 ILJ optimized parameters for the atom—-atom pairs involved in
the interaction between O, or N, and the GDY molecular prototype. Ry,
and ¢ are in A and in meV, respectively, while 8 is dimensionless

0,/N,-GDY R e B

0-C 3.741 4.001 6.5
N-C 3.801 4.140 6.5
O-H/N-H 3.490 2.076 8.0

Phys. Chem. Chem. Phys., 2024, 26, 24553-24563 | 24555
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Fig. 3 Left panel: Scheme of the GDY membrane and coordinate frame:
the (X,Y) plane is parallel to the membrane layer, Z is perpendicular to the
membrane and the origin of the frame coincides with the center of one of
the pores. The black rectangle depicts the unit cell. Right panel: Sketch of
the coordinates used for the O,/N,—GDY systems. The position of the
center of mass of the molecules is given by (x,y,z) and the molecular
orientation by the polar and azimuthal angles 0 and ¢.

carbon atoms quite distant from the molecule but anyway
contributing with a weak but attractive interaction.
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Table 2 Potential barriers (in meV) for the transmission of N, and O,
through either the GDY prototype or extended GDY, within the different
approaches employed here. These barriers correspond to the energies for
the molecules being at the center of the pores, with their axes oriented
perpendicularly to GDY

NZ 02
GDY prototype MP2C 367.5 —
B3LYP-QZVPP+D3 425.2 251.9
BP86-QZVPP+D3 386.4 255.4
j19) 375.8 254.4
GDY ILJ 368.4 247.3

Apart from the technical details reported here, the general
features of the O,-GDY and N,-GDY interactions are discussed
in detail in Section 3.

2.2 Quantum transmission probabilities, permeances and
selectivities

The Hamiltonian for the interaction of a rigid diatomic mole-
cule of mass m and bond length r, with a rigid membrane can
be written as

27 92 2 2
:2—2{%4-86—)}2—0—%} + B+ V(0,0,x,,z), (3)
where B = 1?/(2mr,?) is the rotational constant, (x,y,2) is the
position of the center of mass of the molecule and 6 and ¢ are
the polar and azimuthal angles defining the orientation of the
molecular axis with respect to a laboratory frame (X,Y,Z), with
(X,Y) being axes parallel to the membrane and Z a perpendi-
cular axis passing through the center of a pore (see Fig. 3). The
molecule-GDY interaction potential, V, obtained as described
in the previous paragraph, is a function of these five coordi-
nates. Finally, the first term in eqn (3) represents the kinetic
energy of the molecular center of mass and J is the angular
momentum operator divided by % such that

Lo 0 1
2 _ __ - Y z -~
= 509050 " sn?0 907 (4)

Masses used in the calculations are 28.0134, 31.9898 and
35.9983 Da, while rotational constants are 0.2477, 0.1782 and
0.1585 meV for *N,, °0, and '®0,, respectively.

In this work, we apply an adiabatic separation between z, the
coordinate representing the molecular incidence towards the
membrane, and the remaining variables, (0,4,x,y), collectively
denoted as Q. This approach is related to reaction path theories
in molecular reactive scattering,”*** and treatments similar to the
present one have been recently reported in simulations of the
transmission of molecules through membranes.>>***” In a first
step, the Schrodinger equation for coordinates Q is solved for a set
of fixed values of z, ranging from zero to the asymptotic region:

K27 A2 2
(% {%+%} + BJ? + V(Q;Z)) ¥ (Q;2) = Wa(2)¥n(0;2).
()

The eigenvalues W,(z) become effective interaction poten-
tials only depending on the molecule-membrane distance.

This journal is © the Owner Societies 2024
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They are obtained from diagonalization of the associated
Hamiltonian. Details on these calculations are given in the
Appendix.

The lowest eigenvalue of eqn (5), Wy(z), corresponds to the
ZPE-corrected potential along the incidence direction. In this
work, we will only consider this lowest effective potential, which
is a reasonable approximation for the study of the transmission
at low energies/temperatures, as discussed in more detail in the
next section.

In a subsequent step, transmission probabilities as func-
tions of the translational energy, P(E), are computed by solving
the scattering problem with a Hamiltonian only depending on
the z coordinate:

7h2 82

z:W'i‘ Wo(z). (6)

This equation is solved by means of a time-dependent wave-
packet approach, as carried out in related works.>'?**® An
approach for solving the corresponding time-independent
Schrédinger equation® was also employed for translational
energies well below the potential barrier (deep tunneling
regime). Details about these calculations are also provided in
the Appendix.

As discussed in earlier works,**** the probabilities P(E)
must be scaled by a factor y that takes into account the fraction

of the membrane area that is effective for the transmission
PX(E) = yP(E), (7)

where y X npAeg/Auc, wWith n, being the number of pores per
unit cell; A, the unit cell area and A, the effective size of the
pore. The latter quantity is estimated from the area covered
by the wavefunction at z = 0, specifically the area where
|¥o(Q:0)[” > 107",

Permeances as functions of temperatures are then obtained
from the transmission probabilities, expressed as functions of
the velocity, v, = (2E/m)*?, as**

S(T) #devzﬂvm v P(r.), (8)

T KsT),

with kg being the Boltzmann constant and f(v,,T) the Maxwell-
Boltzmann velocity distribution given by

L T) = m 1/2X _lmvz2 ©)
Ve a ZTCkBT xp 2kBT ’

Finally, to compare the permeation efficiency of two
species A and B, an A/B selectivity or separation factor is
defined as

Rass(T) = (10)

3 Results and discussion

We start this section with a discussion of the features of the N,—
GDY and O,-GDY interaction potentials. Table 2 gives the

This journal is © the Owner Societies 2024
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energy barriers for the transmission of N, and O, through
GDY (prototype and extended lattice) within different treat-
ments. These barriers correspond to the saddle point in the
transmission path of the molecules through the membrane,
where the molecules are located at the center of the pore with
their axes perpendicularly oriented with respect to the pore
plane. The fact that the barrier for N, is higher than that for O,
is an expected result since the N, kinetic diameter (3.64 A) is
larger than the O, one (3.46 A).”” These diameters are corre-
lated with the widths of the ‘“electron clouds” along the axes
of the diatoms®” or, similarly, with the perpendicular static
dipole polarizabilities (10.24 and 8.23 a.u. for N, and O,,
respectively®’). However, the large difference between the two
barrier heights (the N, barrier is ~50% higher than the O, one)
could seem somewhat surprising, considering the relatively
small difference in the molecular parameters. This feature
can be understood from the repulsive character of the inter-
actions around the pore region since, in this situation, slight
variations in the molecular properties imply exponentially large
differences in the resulting interaction energies.

Another characteristic of the molecule-GDY interactions is
the large confinement of the molecules in the pore region. This
feature can be easily noticed from the inspection of Fig. 1 and 2,
which show scans of the interaction energies between the GDY
prototype and N, and O,, respectively, for various molecular
orientations and approach directions. Firstly, panels (a) and (b)
of these figures show the interaction energies for the diatoms
approaching the pore center along the z direction, for perpendi-
cular and parallel orientations, respectively. It can be seen that
the barrier drastically increases for the parallel orientation of
the molecules, i.e., the rotational motion is hindered inside the
GDY pore. On the other hand, panels (c) and (d) of the same
figures depict the interaction potential for displacements
around the pore center of the (perpendicularly oriented) mole-
cules along the x and y directions, respectively. It is observed
that the translational motion of the molecules is also affected
by confinement.

Moving to the ZPE-corrected effective potentials, W(z),
obtained from solving eqn (5), they are shown using solid lines
in Fig. 4 for N, and *°0,/*%0,, in the upper and lower panels,
respectively. Dashed lines in these plots correspond to opti-
mized molecule-GDY potentials, Vi,(z), which are obtained
by selecting the values of (0,¢,x,y) minimizing V(0,¢,x,y;z) at
each z, i.e., Vin(2) = (Om;Pm,X¥mYm;2)- The extent of ZPE in these
systems can be estimated by the difference between Wy(z) and
Vim(2). It can be noticed that the ZPE is quite significant near the
membrane pore: at z = 0, its contribution to the barrier height
of W, amounts to about 12-15%. This is due to the confine-
ment of the molecules in this region, discussed in the previous
paragraph. Neglecting the ZPE contribution can lead to a
considerable overestimation of the permeances. Indeed, if this
quantum effect were neglected, it is estimated that °0, and
N, permeances would be about four orders of magnitude
larger at a temperature of 50 K, the factor being reduced to one
order of magnitude at 200 K. Concerning the oxygen isotopo-
logues (inset in the lower panel of Fig. 4), it is noted that there
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Fig. 4 Upper panel: Optimized (dashed lines) and ZPE-corrected (solid
lines) potentials (in meV) for the 1*N,—GDY as functions of z (in A). Lower
panel: Same for *0,-GDY and *¥0,-GDY. An enlarged image of these
potentials near the top of the barriers is shown in the inset. See text for
details.

is a small but clear difference between their ZPE-corrected
potential barriers (286.9 and 289.2 meV for '*0, and '°0,,
respectively). The effect of this difference on the permeances
is discussed below.

Regarding the behavior of the ZPE at larger distances to the
GDY layer, it is observed from Fig. 4 that the ZPE monotonously
decreases with z and that at the minimum of both W, and V,,
potentials, at z &~ 2.5 A, it becomes almost negligible. It can be
also noticed that both V,(z) and Wy(z) reach a further (local)
minimum at z ~ 3.5 A. This feature is due to the topography of
the O,-membrane and N,-membrane interaction potentials:
the absolute minima at z & 2.5 A correspond to the molecules
placed on top of the triangular-like pores, while, in the second-
ary minima, they sit on top of the hexagonal pores of GDY
(Fig. 3), at a larger z distance.

The transmission probabilities of *°0,, **0, and N,
through GDY are reported in Fig. 5. It can be seen that these
probabilities rise up at translational energies close to the
barriers of the corresponding ZPE-corrected potentials
(Fig. 4). In particular, it is seen that the '°O, probability
emerges at slightly larger energies than the '®0, one, in
correspondence with its higher ZPE (inset of Fig. 4). After their
thresholds, the probabilities reach nearly similar plateaus
(0.0046-0.0048) which are associated to y, the effective size of
the pore for each species. Comparing the two oxygen isotopo-
logues, the effective pore size for '°0, is larger than that of '°0,
because, being Wy(z = 0) higher for the lighter molecule, the
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Fig. 5 Left panel: Transmission probabilities as functions of the transla-
tional energy for %0, (red) and *80; (black) through GDY. The behavior of
these probabilities (in a logarithmic scale) for energies below the effective
potential barrier (tunneling region) is given in the inset. Right panel: Same
for the transmission probability of *¥N, through GDY. See text for
discussion.

corresponding wavefunction extends over a larger region of the
coordinate space. The behavior of the probabilities at energies
lower than the effective barriers is shown in the insets of Fig. 5,
where it can be seen that, in this tunneling regime, the
probabilities decrease exponentially as the energy decreases.
It can be noticed that the '°0, probabilities decrease less
rapidly than the "0, ones and eventually, for energies below
~252 meV (close to the barrier of the ‘“bare” 0,-GDY
potential), the "0, probabilities become larger than the %0,
ones. This behavior is due to the tunneling effect, which is
more favourable for the lighter species. In conclusion, these
moderately heavy molecules exhibit sizable quantum effects
(ZPE, tunneling) in their passage through GDY. It is worth
mentioning that this behavior of the probabilities is very
similar to that found for lighter species (He**°®°! and H,**)
and their isotopologues.

The permeances of GDY for the transport of nitrogen and
oxygen isotopologues are reported in the upper panel of Fig. 6
for temperatures between 20 and 300 K. In this temperature
range, the "N, (*°0,) de Broglie wavelength approximately
varies from 0.28(0.26) A, at 300 K, to 1.07(1.00) A, at 20 K. It
can be seen that all permeances are extremely small at the
lowest temperatures; however, they rapidly raise with tempera-
ture up to about 100 K, where there is a more moderate
increasing rate. This is the typical behavior of activated pro-
cesses. Due to the fact that the transmission barrier of '°0, is
considerably lower than that of '*N,, the '°0, permeation is
much larger and, consequently, the *°0,/**N, selectivity is very
large, especially at low temperatures, as can be observed in the
lower panel of Fig. 6.

At this point, it is worth recalling that the permeances of
Fig. 6 correspond to the use of the lowest eigenvalue of eqn (5),
Wo(2), as the effective interaction potential. The subsequent
effective potentials, W, ¢(z), should also contribute to the total
transmission probabilities/permeances, but, since they involve
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in the same temperature range. Inset: Selectivity for the separation of oxygen
isotopologues *#0,/*®0, in the 20-60 K range. See text for discussion.

somewhat higher transmission barriers, these contributions
are unimportant at low energies/temperatures. Fig. 7 presents
a diagram of the lowest eigenvalues of eqn (5) at z = 0 for '°0,
and "N, (transmission barriers of W,(z), n = 0-20). We have
estimated that the '°0O, and '*N, permeances corresponding to
the excited effective potentials W, o(z) are negligible below
100 K (less than 10% of the permeances from Wy(z) in this
temperature range). In other words, the permeances reported
in Fig. 6 are accurate enough up to 100 K. Above this tempera-
ture, they are lower bounds of the total permeances because the
contributions from the higher effective potentials are to be
added. Nevertheless, we expect that the O,/N, selectivity would
keep similar values to those shown in Fig. 6. The reason for this
assertion can be better understood looking at Fig. 7, where it
can be seen that the density of energy levels in the O, spectrum
is pretty similar to that in the N, spectrum. As a consequence,
the contribution of the W, -, potentials to the total permeance
should be of the same order of magnitude for both molecules,
hence approximately preserving the selectivity. Finally, it is
worth noting that the O, permeance obtained at 300 K, of
about 10 GPU, is close (considering that it is a lower bound, as
discussed above) to the minimum accepted value of 20 GPU for
industrial applications.®” At this temperature, the O,/N, selec-
tivity is ~100, a value well above 6, the minimum acceptable
value for separation applications.®® To put this result into
context, O,/N, selectivities in the range of 3-15 have been
obtained using a variety of polymer-, perovskite- and carbon-
based membranes." For thin films of graphene, in particular, a
selectivity of 6 has been reported for five layers of graphene
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synthesized by chemical vapor deposition, supported on a
permeable polymer.®® On the side of the theoretical simula-
tions, we mention a molecular dynamics study of the O,/N,
separation using a bilayer nanoporous graphene where a selec-
tivity factor of 26 and a permeance of 5 x 10> GPU were found
for an optimum pore size of 3.45 A.> In summary, it is found
that GDY could be an useful membrane for the separation of
oxygen from air, even under room temperature conditions, a
result that would be worth checking experimentally. Also, it
would be important to investigate the effect of the interactions
among the molecules and the initial O,/N, concentration on
the selectivity, a study that could be carried out by means of
molecular dynamics simulations.

The permeances of the heavier oxygen isotopologue %0, are
also shown in the upper panel of Fig. 6 (points). In the graph, it
appears to be indistinguishable from the '°0, permeance, as in
fact both '®0, and '°0, permeances have very close values.
Their difference can be better noticed by means of their ratio,
i.e., the %0,/'°0, selectivity, which is shown in the inset of the
lower panel of Fig. 6. It is found that the selectivity is very small
(~1.5) for temperatures of 50 K and higher; however, it steadily
increases as the temperature decreases, reaching a value of 3 at
20 K. This trend favouring the transport of the heavier molecule
is due to the lower value of its ZPE-corrected potential barrier.
Extending the calculation of the permeances to lower tempera-
tures, it is found that the '%0,/*°0, selectivity reaches a max-
imum value of 4.5 at about 13.5 K, then rapidly decreases for
lower temperatures. This behavior - also found for the trans-
port of “He/’He and D,/H, through GDY**** - is due to the
onset of tunneling which favors the transmission of the lighter
species at sufficiently low temperatures. At any rate, the present
results indicate that transmission through GDY is not a prac-
tical method for separating '®0, from '°0,, primarily because
the permeances are negligibly small at the temperatures of
eventual interest.

4 Conclusion

Transport of oxygen and nitrogen molecules through GDY has
been studied by means of quantum mechanical methods, with
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the primary aim of assessing the capability of this membrane to
efficiently separate these two main components of air. Density
functional theory calculations, benchmarked against accurate
ab initio methods, have been applied to determine the inter-
action potential between O, (and N,) and a molecular prototype
of GDY and these data have served to build reliable analytical
representations of these potentials, based on an improved
Lennard-Jones formulation. It has been found that the barrier
for transmission through GDY is higher for N, than for O,, the
result being rationalized from the sensitivity in the repulsive
regime of the interaction potential to the molecular properties.
Transmission probabilities and permeances were obtained
from time-dependent wave-packet simulations using effective
interaction potentials that include quantum corrections (ZPE).
These quantum effects make a significant contribution to the
height of the effective potential barriers due to the confinement
of the molecular motions in the pore region. As a consequence
of their different transmission barriers, the permeances for
60, transport are much larger than those for **N, over a large
range of temperatures (20-300 K), predicting in this way that
GDY is a very promising material for the separation and
purification of oxygen from air. However, separation of the
scarce '*0, isotopologue from the abundant '°0, one was
found to be unfeasible.

Given the good prospects for the oxygen-nitrogen separation
by GDY, it would certainly be worth experimentally
checking the present predictions. Recently, Zhou et al.>®> have
pioneered experiments on the permeation of gases of small
molecules through multilayer GDY, so their set-up might be
ideal to study a mixture of oxygen and nitrogen. In addition, it
would be interesting to complement this study with other
theoretical investigations, in particular molecular dynamics
simulations,>®* which would provide insights into the role of
aspects not considered here, such as the molecule-molecule
(self or mixed) interactions, the adsorption on the membrane,
or membrane vibrations, into the O,/N, transport dynamics.

Data availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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Appendix: calculations of effective
potentials and transmission
probabilities

The ZPE-corrected interaction potentials, Wy(z), are obtained

from diagonalization of the Hamiltonian of eqn (5), repre-
sented using the basis set

Dim,if(Q) = ¥ 1 0,0 (X)W (v), (11)
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where %, are tesseral (real) spherical harmonics®® and {x)
and Y;(y) are discrete variable representation (DVR)
functions.®® It should be noted that the shape of the interaction
potential, V(60,¢,x,y;z), changes considerably as z increases from
zero up to the asymptotic region. It is then necessary to adjust
the properties of the basis set for the different molecule-
membrane distances, in order to make the calculations afford-
able. Thus, for z = 0, where V quickly becomes very repulsive for
(x,y) values away from the center of the pore (panels (c) and (d)
of Fig. 1 and 2), we used a set of N = 15 “fixed-node”” DVR basis

functions:®®
2 N x+ay/2 .| nin
——— ) sin|nn| =—2) ] sin ,
(N + l)ax =1 ax N + 1

(12)

defined in [—a,/2,a,/2], the size of this box being very small, a, =
0.6 A (analogously for the y coordinate). The potential is also
very anisotropic at z = 0 (panels (a) and (b) of Fig. 1 and 2) so a
large number of spherical harmonics (up to Iy = 18) were
needed to attain convergence. As z increases, the concavity and
anisotropy of the potential decrease, and therefore the box sizes
(ax,a,) are increased and the size of the angular basis set can be
gradually reduced (to about /;,, = 6). For z ~ 3, the eigenfunc-
tions turn out to be very extended, covering almost all the unit
cell, and for z > 3 A it becomes necessary to work with a basis
function satisfying periodic boundary conditions, such as the
periodic DVR basis set®®

bi(x) =

1 &

e = w2
where k, = 2n — N — 1)n/a, and x; = (2i — N — 1)a,/2N
(analogously for y). In the calculations, we have used a set of
N = 37 and 21 functions for the x and y coordinates, respec-
tively, extended over the unit cell size.

The next step in our procedure concerns solving the quan-
tum problem for the Hamiltonian H, of eqn (6) to obtain the
transmission probabilities. As in previous works,*"*® we apply
the time-dependent wave packet method using the initial wave
packet®”

cos[k,(x — x;)],

(13)

Y(z,t=0)

_ (ZIrTrtlh(oc)

1/4
) explio(z — z0)*/h + ik-o(z — z0)], (14)

where « is a pure imaginary number (0.287 a.u.) related to the
width of |¥|?, z, is the wave packet central position (sufficiently
distant from the membrane, z, = 35 A), and k,, is the central
wave vector (such that the central translational energy is E, =
hszDZ/Zm). Calculations are run for various k. values to ade-
quately represent the transmission probabilities in the desired
energy range. The wave packet is represented in a grid (8192
points in the range of z = —50 to 50 A) and is propagated in time
using the evolution operator exp(—iH,t/h) and employing the
split-operator method®® where, at each time step (0.02 fs), this
operator is approximately split as a product of potential and
kinetic evolution operators, which are successively applied to

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02287d

Open Access Article. Published on 02 September 2024. Downloaded on 7/28/2025 9:10:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

the wave packet. Propagation with the potential and kinetic
terms is performed in the space and momentum representa-
tions, respectively, and the fast Fourier transform is used to
transform the wave packet between both representations.
Finally, the transmission probability is obtained from the flux
of the stationary wave function at a point zr (-5 A) separating
transmitted waves from incident and reflected ones*®%; in
turn, the stationary wave function is obtained from a Fourier
transform of the time-dependent wave packet. In the deep
tunneling regime, we have also applied the method proposed
by Cedillo,*® in which a Numerov recursion is employed to solve
the associated time-independent Schrodinger equation, with a
step size of 0.016 A and integrating between —50 and 50 A.
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