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ABSTRACT: Attaining controllable molecular motion at the
nanoscale can be beneficial for multiple reasons, spanning from
optoelectronics to catalysis. Here we study the movement of a two-
legged molecular walker by modeling the migration of a phenyl
aziridine ring on curved graphene. We find that directional ring
migration can be attained on graphene in the cases of both 1D
(wrinkled/rippled) and 2D (bubble-shaped) curvature. Using a
descriptor approach based on graphene’s frontier orbital
orientation, we can understand the changes in binding energy of
the ring as it translates across different sites with variable curvature
and the kinetic barriers associated with ring migration. Addition-
ally, we show that the extent of covalent bonding between
graphene and the molecule at different sites directly controls the binding energy gradient, propelling molecular migration.
Importantly, one can envision such walkers as carriers of charge and disruptors of local bonding. This study enables a new way to
tune the electronic structure of two-dimensional materials for a range of applications.

■ INTRODUCTION

Performing directional and controlled translational and
rotational motion of molecules has been an active area of
research because of its immediate application in areas spanning
from energy conversion and optoelectronics to molecular
aggregation and catalysis.1−6 A set of strategies has been
developed to realize controllable molecular motion at the
atomic scale. This includes the rational tailoring of chemical
interactions to synthesize chemical motifs, e.g., molecular
shuttles,7,8 nanocars,9,10 and molecular walkers,11,12 as well as
harnessing geometric effects to direct molecular migration.13
To this end, the selection of a support or platform with which
one can perform such motions can provide an additional
design dimension to work with. In this context, two-
dimensional materials (2D) offer a unique opportunity, due
to their control over atomically precise synthetic protocols and
accurate characterization.14−21 Molecular migration on gra-
phene has been realized experimentally, and molecular motion
has been shown to depend on the electronic nature of the
molecular functional groups present, i.e., electron-donating vs
electron-withdrawing groups.22
Previous reports show that mechanical perturbations, such

as strain and curvature of 2D materials, can be realized
experimentally using state-of-the-art methods.23−30 The use of
mechanical distortion provides an alternate avenue to perform
chemical reactions apart from thermal, photochemical, or
electrochemical approaches. Furthermore, mechanochemistry
enables one to realize novel chemical processes and perform
directed chemical syntheses on 2D materials.31−43 Recently, we

have demonstrated that directional molecular motion can be
attained on graphene by exploiting mechanical distortions.13 In
that study, an aromatic molecule bound to graphene by one
C−C bond has been shown to migrate from regions of positive
curvature (valley) to regions of negative curvature (mountain)
on sinusoidally curved graphene. We denoted this system a
one-legged walker as there is only a single bond between the
molecule and the graphene at any given time as the molecule
migrates. Interestingly, for noncovalent interactions, we have
recently shown that these prefer motions opposite to covalent
systems, with mechanical distortions driving molecular motion
from the mountain regions to the valley regions on curved
graphene.44

Moving beyond these studies, we have now designed and
investigated a two-legged walker, where two bonds migrate in
tandem, one after another. This can be realized by bonding a
terminal N group across the CC bond network of graphene,
forming an aziridine ring,45−51 with individual molecule−
graphene bonds breaking and reforming as the molecule
moves. This class of functionalization has been reported to
locally open a band gap in graphene,48,52 and therefore it
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provides a way to tailor nanomaterials for optoelectronic
purposes.53 Migration of a functionalized center on graphene
provides a way to spatially control the local frontier energy
levels as well as the carrier (electron/hole) concentrations and
defect states. Moreover, understanding how a ring moves on
curved graphene can be crucial for driving cyclization reactions
and facilitating the movement of such rings on curved
graphene, which has been a key area of interest.54−56 Herein,
we demonstrate through density functional theory (DFT)
calculations that directional ring migration of a two-legged
walker (4-carboxamide phenyl aziridine) can be induced on
graphene via control of the curvature effect. We first show that
ring migration can be generalized across different graphene
structures encompassing one-dimensional (1D, wrinkled) and
two-dimensional (2D, bubble-shaped) curvatures; we discuss
this process as mechanochemical ring migration. Furthermore,
we apply a descriptor approach based on the graphene orbital
orientation at the functionalized centers to understand the
thermodynamic stabilization of the rings across different
curvature types. We then established the atomistic and
electronic origins of the trends observed in the kinetic barriers
of ring migration. The results illustrate that curvature in 2D
materials can be used to direct the motion of a two-legged
walker, providing a dynamic way to control the carrier
concentration and defect states of 2D materials via their
bonding location.

■ RESULTS AND DISCUSSION

Binding Energy of Aziridine on Graphene. We have
considered two different graphene geometries, wrinkled
(Figure 1A) and bubbled (Figure 1B), as representative
systems for 1D and 2D curvature, respectively, to study the
migration of a two-legged walker on a 2D platform.
Experimentally, both 1D curvature and 2D curvature of 2D

materials have been realized.30,57−68 For wrinkled (Figure 1A)
graphene, 1/R = 0.06 Å−1, and for bubbled (Figure 1B)
graphene, 1/R = 0.04 Å−1, are considered, where R is the
radius of curvature, and such curvatures have been realized
experimentally.30,64−67 We note that changing R can affect the
relative energetics, although the trends are expected to remain
the same. Hence, the migration of aziridine can have dynamic
(spatiotemporal) effects on carrier and defect properties.
Accordingly, we consider an aziridine ring (Figure 1C) as a
model two-legged walker on graphene. The details of the DFT
calculations are given in the computational details section.
We first focus on understanding the binding energy of an

aziridine ring (ΔE) on different sites of wrinkled and bubbled
graphene. In general, we find that for wrinkled graphene
(Figure 1A), the mountain sites have stronger binding energy
than the valley sites, and for bubbled graphene, the top sites
have stronger binding energy than the flat sites (Figure 1B).
To understand the binding energy trend, we first apply the π-
orbital axis vector (POAV)-based descriptor.69−72 POAV can
capture the orientations of orbitals for nonplanar conjugated
organic molecules, and a similar situation can be envisioned for
functionalized graphene. Here, we use the POAV approach to
find the orientation of the out-of-plane 2pz orbitals, the frontier
orbitals of graphene. The angle between two POAVs is defined
as the POAV angle (Figure 1D) and has been reported
previously to explain the barrier trends of a single C−C bond
migration.13 We extend the POAV angle descriptor for ring
binding on graphene and find that the POAV angle between
the two C atoms of graphene is correlated with the ΔE (Figure
1E) of aziridine binding across that CC bond. In other
words, given the POAV angle of the unfunctionalized curved
graphene, the ΔE of aziridine binding can be predicted. We
find that when the POAV angle is positive, graphene−aziridine
binding is stronger, wherein negative POAV corresponds to a

Figure 1. Aziridine ring formation on graphene. (A) Wrinkled/rippled graphene as a representative system for 1-dimensional curvature. Three
types of CC bonds are present, bonds along the uphill directions (A) and bonds at angle (B, B′). (B) Bubble-shaped graphene as a representative
system for 2-dimensional curvature. (C) Studied three-membered aziridine ring, 4-carboxamide phenyl aziridine, was a two-legged walker. (D)
Schematic showing the π-orbital axis vector (POAV) angle. (E) Correlation between the POAV angle and the binding energy of the aziridine ring.
The linear fits for wrinkled (red lines) and bubbled graphene (blue lines) individually and for both of them together (black lines) are shown as
dotted lines. The atomic color code is C (black), H (white), O (red), and N (light blue).
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weaker interaction (Figure 1E). This is in line with previous
findings from our groups, showing that positive POAV angle
regions (such as mountains) are more prone to out-of-plane
functionalization and have stronger covalent binding with an
adsorbate.13,30 This is due to the fact that the functionalization
of graphene CC causes pyramidalization and out-of-plane
distortion of the graphene C.13,30 Therefore, regions that are
closer to pyramidal geometry, that is, the regions with positive
POAV angle, can offer a stronger binding.
To understand the origin of the covalent bond strength at

different regions of the curved graphene, we study H
adsorption as a model system. We focus on understanding
the extent of covalent binding when only one orbital is
involved from the adsorbate, here 1s of H, and correlate these
results with the POAV angle descriptor findings described in
the previous paragraph. We find that for a C−H bond
formation on graphene, three different regions appear in the
projected density of state (PDOS) plot (Figure 2A), bonding,
nonbonding, and antibonding regions, in accordance with the
previous observation.73 We calculate the center of the H band
below the Fermi energy (red dotted lines in Figure 2A) and
above the Fermi energy (blue dotted line in Figure 2A) and
define it as the H band split ( Esplit

H band in Figure 2A).74 Hence

=E
E E E

E E

E E E

E E
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Therefore, a higher value of Esplit
H band corresponds to a

higher extent of covalent interaction via orbital hybridization.
We find that the mountain region has a higher Esplit

H band than
the valley region in wrinkled graphene. Similarly, the top
convex region (top of the bubble) has a higher Esplit

H band than
the concave underside (opposite to top of the bubble) and flat
regions in bubble-shaped graphene. Figure 2B shows that such
a higher Esplit

H band corresponds to stronger covalent interaction
with H, resulting in more favorable H binding energy (ΔEH).
The higher Esplit

H band (stronger covalent interaction) at the
bottom of the wrinkled graphene and the top of the bubble-
shaped graphene indicates a higher extent of available electron

density for covalent bond formation. In other words, regions
with a positive POAV angle have higher Esplit

H band than regions
with negative and zero POAV angles due to higher orbital
interaction, explaining the origin of differential binding energy.
Note that the ΔEH for the flat region of bubble-shaped
graphene and for no curvature, flat graphene are slightly
different. This happens because of the sp3 distortion due to the
C−H bond near a bubble, which does not exist for planar flat
graphene. Therefore, we confirm that closer to the
pyramidalization geometry, covalent bond strength increases
due to the increased orbital interaction (higher extent of
available electron density) with H. The same model can be
applied to explain the binding energy trends when many orbital
interactions are involved, such as phenyl aziridine in Figure
1C,E.
Hence, we show that the POAV angle descriptor can help us

understand the binding energy trend in both wrinkled (red
markers in Figure 1E) and bubbled (blue markers in Figure
1E) graphene. Note that we observe a relatively higher amount
of scatter in binding energy vs POAV for wrinkled graphene,
which can be a consequence of the different orientations
observed for the aziridine ring (vide infra). Using H as a model
adsorbate, we then confirm that regions with a positive POAV
angle offer stronger bond formation due to the higher extent of
orbital interaction. This confirms the generalizability of the
proposed POAV angle descriptor to understand the binding
energy trends. Furthermore, this suggests that the aziridine ring
binding energy is dictated by the immediate local environment,
as the binding energy for graphene with different curvatures
can be predicted and understood using a descriptor featuring
only the local environment. Overall, the results illustrate that
there is a binding energy gradient depending on the local
geometry of the wrinkled and bubbled graphene. Moreover,
because aziridine is bound to the two nearest-neighbor
carbons, this gradient should strongly dictate the direction of
aziridine migration based on curvature. Furthermore, to
understand the generalizability of the thermodynamic drive
toward mountain sites (wrinkled graphene) and top sites
(bubble-shaped graphene), we examine epoxide, aziridine, and
cyclopropane rings. Additionally, we vary the nature of the
functional group at the para position of the aryl adsorbate. We
find that the thermodynamic drive exists across ring types, and

Figure 2. Graphene−adsorbate interaction. (A) Projected density of states of H adsorbed on planar flat graphene. Black dotted line corresponds to
the Fermi energy, and red and blue dotted lines correspond to the center of the H band below and above Fermi energy, respectively. The integrated
local density of states (ILDOS) for different energy regions is shown on the right. Note that ILDOS plots also have contributions from graphene
orbitals. (B) H band split E( )split

H band vs H binding energy (ΔEH) is shown for planar (flat), wrinkled, and bubble-shaped graphene. ΔEH is
calculated relative to an isolated H atom.
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further details are provided in the Supporting Information
(Figure S6). To explore this, in the next section, we investigate
whether there is also a kinetically feasible pathway to move to
the lowest energy sites in order to achieve mechanochemically
driven two-legged walker on curved graphene.
Kinetics of Ring Migration. After establishing the binding

energy trend, we now focus on understanding the kinetics of
ring migration in wrinkled and bubbled graphene. The ring
migration here is defined as the motion of the aziridine ring N
attachment from one CC bond of graphene (which becomes
C−C as a result of functionalization) to the adjacent CC.
Since we envision including curvature to perform such
migration, we view these events as mechanochemical ring
migration. Here the ring migration pathway is considered from
the valley to the mountain on a wrinkled graphene (Figures 1A
and 3A) and ring migration from the flat region to the top of a
bubble in graphene (Figures 1B and 3B).
First, we establish ring migration on (1D) wrinkled

graphene. Unlike the migration of a single-legged walker,13

we do not observe a linear change in ring migration barrier as it
moves from the valley toward the mountain. We find that there
are two different orientations for the bound aziridine ring,
along A and B graphene CC, respectively, as represented in
Figure 1A. Those different orientations are depicted using the

red and green lines in Figure 3A. The chemisorption energies
for each orientation separately follow a linear trend13 as the
ring moves toward the mountain. In addition, as the molecule
moves to more stable sites, the ring migration barrier also
increases. For example, for the pathway connecting inter-
mediates I−III−V in Figure 3A, I−III has a lower kinetic
barrier than III−V, where the barrier refers to the highest
transition-state energy (blue lines) connecting the intermedi-
ates. The same trend is followed for the migration pathway
connecting II−IV−VI in Figure 3A. Therefore, we have
investigated the spatial pathway of how directional ring
migration can happen from the valley regions to the mountain
regions on wrinkled graphene. It is worth noting that the ring
walker follows the direction of higher electron density as it
moves from the valley to the mountain sites on the wrinkled
graphene. In other words, the walker moves at each step to
achieve a higher extent of covalent binding, which occurs due
to the greater available electron density near the mountain
regions, as shown in Figure 2B.
We now focus on the ring migration kinetics for (2D)

bubble-shaped graphene. Here, the ring migration is studied
from the flat to the top of the bubble (Figure 1A) as shown by
the green arrows in the inset of Figure 3B. We find two
different sets of orientations of the aziridine on graphene, (I,

Figure 3. Two-legged molecular walker on graphene. (A) Ring migration on wrinkled/rippled graphene as a result of one-dimensional curvature.
Blue lines represent transition states, and red and green lines correspond to intermediates with different molecular orientations. Co-adsorbed −H is
included to stabilize the sinusoidal curvature of graphene. (B) Ring migration on bubble-shaped graphene as a result of two-dimensional curvature.
The direction considered is shown in the inset by using green arrows. Blue lines correspond to transition states, and red and green lines correspond
to the intermediates with different molecular orientation. The atomic color code is C (black), H (white), O (red), and N (light blue).
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III, V) and (II, IV, VI) in Figure 3B, resembling the binding
geometries in Figure 3A. We find the same migration barrier
trend as observed in wrinkled graphene; two different sets of
intermediates (red and green lines in Figure 3B) follow the
increasing migration barrier trend as the ring gains
thermodynamic stability. Hence, we demonstrate that for
bubble-shaped graphene also one can attain directional
migration from the flat regions to the bubble top regions.
Similar to the migration pathway on the wrinkled graphene, it
is important to highlight that the ring walker traces the path of
heightened electron density while it transitions from the flat to
the top sites on the bubble-shaped graphene. As previously
mentioned (refer to Figure 2B), this phenomenon is a
consequence of the increased electron density in the vicinity
of the top convex regions on the bubble-shaped graphene. We
note different patterns for the two-legged molecular walker in
the two different cases (Figure 3), such as a relatively more
linear change in energetics for bubbled graphene than wrinkled
graphene and relatively higher migration barriers for bubbled
graphene. As the curvature affects the CC bonds in different
ways (A, B, and B′ in Figure 1A and uniform orientation in
Figure 1B), such a geometric effect can also influence the
relative ring migration energetics. It is worth noting that the
two orientations mentioned above for Figure 3 are also a
consequence of how the curvature direction affects the CC
bonds in both wrinkled and bubble-shaped graphene. There-
fore, the distinct energy trends can be traced back to the
different nature and amount of curvature involved (1D vs 2D
curvature) for the two cases, although we do not focus on the
quantitative trends between the two curvature scenarios in this
work.
Overall, in this section, we show that directional ring

migration can be attained using the thermodynamic drive and
related kinetic feasibility for both wrinkled (1D) and bubbled
(2D) graphene. Furthermore, Boltzmann population analyses
show that the walkers will be nearly corralled to the mountain
and top sites of the wrinkled and bubble-shaped graphene,

respectively, at room temperature or at any lower or
moderately elevated temperature, confirming the directional
ring migration trend on curved graphene (Figure S5). In the
next section, we focus on understanding the atomistic origin of
the kinetic barrier trends, i.e., why the kinetic barrier depends
on the orientation of the aziridine and why kinetic barriers can
be different as one varies the type and amount of curvature.

Understanding the Kinetic Barrier Trends of Ring

Migration. In this section, we seek to understand the kinetic
trends observed in ring migration on wrinkled and bubble-
shaped graphene by using a descriptor-based approach. As out-
of-plane functionalization requires the participation of
graphene 2pz orbitals, we focus on the graphene 2pz frontier
orbital orientation and how the orientations of the
participating orbitals change as the molecule migrates. Here,
we apply the POAV method69−72 to quantify the orbital
reorientation. In the case of migration of a C−C bond on
graphene, it has been shown that the angle between two
POAVs (Figure 1D) can explain the migrational barriers.13 As
shown in Figure 4A, two-legged ring migration happens via a
one-legged transition state (middle panel in Figure 4A). Ring
migration directly involves three carbon atoms (the two that it
is currently bonded to plus the one it is moving toward, Figure

4A); thus we consider the POAV of three C centers (V1 , V2 ,

and V3 ), unlike the migration of one C−C bond, where two C

centers sufficed.13 The three POAVs in the initial state are V1 ,

V2 , and V3 , and the three POAVs in the final state are V1 , V2 ,

and V3 (Figure 4A).
Three POAVs in both the initial and final states allow us to

define three angles between the vector pairs in each state. The
angles directly quantify the amount of 2pz orbital reorientation
at the three carbon centers involved in migration. The change
in the angles between the initial and final states should capture
the relative amount of orbital orientation involved in the ring

Figure 4. Understanding the kinetic barrier trends. (A) Schematic showing the migration of the two-legged aziridine ring (two C−N bonds) via a
one-legged transition state. POAV at each participating C atom in the initial and final states are labeled. (B) Correlation between mean POAV
angle and kinetic barrier of ring migration on wrinkled graphene. (C) Correlation between mean POAV angle and kinetic barrier of ring migration

on bubble-shaped graphene. Mean absolute change of the POAV angles is defined as | · · |< V V V Vi j i j i j
1
3

. The atomic color code is C (black),
N (light blue).
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migration step. To be specific, we consider the POAV angle

differences between ·V V1 2 and ·V V1 2 , ·V V1 3 and ·V V1 3 , and

·V V2 3 and ·V V2 3 . We find that the mean absolute change in
the POAV angles , which can be expressed as

| · · |< V V V Vi j i j i j
1
3

(mean change of POAV angle in
Figure 4B,C), can explain the migration barrier trend (Figure
4B,C) for both the wrinkled and bubble-shaped graphene. We
find that the R2 values are 0.76 and 0.89, respectively, for
wrinkled and bubble-shaped graphene, confirming the validity
of the descriptor. The change in POAV angles represents the
extent of orbital rearrangement involved in the ring migration
step at the three participating carbon centers. Note that the
descriptor helps explain the importance of the frontier orbitals
which have out-of-plane orientations, in the in-plane migration
process. So, a higher value of mean POAV angle change
indicates that more 2pz frontier orbital reorientation is
involved in that step, resulting in a higher migration barrier.
We find that for both wrinkled and bubbled graphene, higher
orbital reorientation entails a higher migration barrier (Figure
4B,C). This is chemically intuitive, since the orbitals first need
to reorient to attain the one-legged transition state and then
need to reorient further to attain the ground-state structure of
the next intermediate of the migration pathway (Figure 4A).
Therefore, we show that the feasibility of the migration process
is controlled by the orbital reorientation required going from
the initial state to the final state. Furthermore, it is worth
mentioning that the descriptor derived from the ground-state
aziridine-functionalized graphene geometries can capture the
kinetic barrier trends reasonably well. Note that the absolute
change in mean POAV angle is different for wrinkled and
bubbled graphene (x axis in Figure 4B,C), which can be traced
back to the variable nature and amount of the curvature
involved (1D vs 2D curvature) as discussed before. To be
specific, the relative orientation of the CC bonds with
respect to the migration direction in the two different cases
(such as A, B, and B′ for wrinkled graphene and the uniform
orientation of the CC bonds for bubble-shaped graphene in
Figure 1) can affect the absolute values of the descriptor. Also,
we conjecture that the different orientations of the walker,
which have a more pronounced effect on the ring migration
kinetics for wrinkled graphene (Figure 3A), can lead to some
scatter in Figure 4B.
Overall, we find that the amount of 2pz orbital reorientation

involved in the migration step at the three C centers is
quantitatively correlated with the ring migration barrier.
Furthermore, we illustrate that the descriptor developed herein
can be generalized across different types and values of
curvature. Additionally, the descriptor reveals that all three C
centers are actively involved in the ring migration step, which is
in contrast to the migration of a C−C bond, where a two-
centered descriptor could explain the trends. The developed
descriptor can further be used to understand how adsorbates
migrate on curved 2D materials in general.
Note that the migration energetics reported herein for this

particular adsorbate, with a fixed rumple length of graphene,
can be further tuned to control the time scale of the migration
process. In this regard, varying the rumple length and curvature
can be explored to either facilitate or slow down the migration
process.13 Higher rumple length of graphene or lower
curvature will lead to a lower POAV angle,13 resulting in a

lower thermodynamic drive for the migration (Figure 1E).
Additionally, it can be conjectured that a lower curvature will
also necessitate a smaller change in the 2pz orbital
reorientation for the migration step, leading to reduced
migration barriers and consequently faster kinetics (Figure
4). Separately, previous studies have demonstrated that distinct
migration trends can be observed for electron-rich and
electron-poor walkers.13,22 Therefore, by modifying the
electronic nature of the ring walker through the substitution
of different functional groups in the aziridine ring, the
migration kinetics and associated time scale can be further
varied. Future studies will focus on exploring these effects to
control the migration kinetics and time scale.
Because the barriers are on the order of 1 eV, diffusion

occurs on a reasonably fast time scale, enabling experimental
demonstrations of this effect at room temperature. Our studies
point to the ability to direct molecular migration exper-
imentally as a means of tuning the physicochemical properties
of 2D materials. We have previously shown that spatially
controlled functionalization of graphene with azides can yield
localized scattering of the graphene plasmon,53 and thus by
depositing graphene on patterned substrates with controlled
localized curvature, one can envision tracking migration to
locations of high localized curvature using spatially resolved
vibrational spectroscopies,22,30 near-field scattering,53 or high-
resolution optical fluorescence measurements.75

■ CONCLUSIONS

We demonstrate that a two-legged molecular walker can be
realized by exploring the effect of graphene curvature on
mechanochemically driven diffusion by using a ring migration
model. We describe the thermodynamics and kinetics of the
ring migration of functionalized phenyl aziridine for different
graphene geometries, and we find that the 2pz orbital
reorientation involved in the migration step can quantitatively
explain the atomistic origin of the ring migration barriers. We
derive a descriptor using the ground-state properties of a
curved graphene, specifically the angles between the relevant C
2p orbitals, and relate that further to the covalent strength at
different regions on curved graphene. Thus, the results provide
experimentally tunable and predictable ways to design systems
to perform mechanochemical ring migration. As ring migration
can also be considered as a dynamical carrier and defect
migration, we show that controllable carrier and defect
migration and thereby local concentration can be achieved
using mechanochemistry. For instance, the electronic nature of
the walkers can be adjusted by substituting the para position of
the aryl group with various groups (electron-donating/
withdrawing), resulting in the directional movement of
electron-rich or electron-poor states. This can potentially
provide a new dimension in flexoelectronics and catalysis using
2D materials. The results suggest that more 2D materials can
be explored as a platform to attain the directional motion of a
two-legged walker, which can provide control over its local
electronic structure.

■ COMPUTATIONAL DETAILS

DFT calculations have been performed using the QUANTUM
ESPRESSO software package.76 The climbing image nudged
elastic band method is used to calculate the kinetic barriers for
the migration.77 1-Dimensional curvature is modeled using a
(6 × 6) supercell of graphene with a Γ centered (3 × 3 × 1) k-
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point grid (Figure 1A). 2-Dimensional curvature is modeled
using a (8 × 8) supercell of graphene with a Γ centered (2 × 2
× 1) k-point grid (Figure 1B). Electronic exchange−
correlation energy was calculated using the generalized
gradient approximation.78 Designed, optimized, norm-conserv-
ing, and nonlocal pseudopotentials generated using OPIUM
(version 3.7) software are employed.79,80 The energy cutoff
used was 50 Ry to expand the wave functions of the valence
electrons in plane-wave basis. Additionally, we have used DFT-
D3 dispersion correction to capture noncovalent interac-
tions.81
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