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ABSTRACT: Herein we propose a new way to drive and
control directional molecular motion on graphene by modifying
the noncovalent interactions (NCIs). We show that molecules
noncovalently interacting with graphene selectively diffuse away
from the mountain (negative curvature) regions to the valley
(positive curvature) regions. This is in contrast to previously
reported molecular migration from the valley to the mountain
of covalently attached molecules on graphene. To generalize the
concept, we investigate a series of NCIs, including π−π, C−
H−−π, lone pair−π, halogen−π, cation−π, and anion−π, and
find the same robust trend. We further demonstrate that such
directional motion of noncovalently bonded molecules can be exploited to create binding sites with tunable chemisorption
energy on curved graphene. As a proof-of-concept demonstration, we consider the motion of strong electron acceptor
tetracyanoquinodimethane (TCNQ) and show that a noticeable change in chemisorption energy can be attained for a set of
adsorbates as a consequence of NCI-driven molecular migration of TCNQ. Thus, we propose that NCI-driven molecular
migration can provide an additional controllable dimension to overcome the fundamental limitations of heterogeneous
catalysis using 2D materials.

Research in the field of two-dimensional (2D) materials
has skyrocketed in the last few decades because of their
interesting light-matter interaction behavior,1−6 appli-

cations in ferroelectrics,7,8 piezoelectrics,9,10 and catalysis,11−16

and other fundamentally interesting condensed matter physics
applications.5,17−22 Atomically precise synthetic protocols and
spectroscopic characterization tools have further fueled the
growth, as they have enabled the design and realization of a
broad range of 2D materials.1,23−29 To this end, graphene
specifically has garnered immense interest, due to its
interesting electronic structure and consequent application in
optoelectronics and catalysis.17−19,30−32 In this regard, covalent
functionalization and mechanical perturbations using strain
have been established as one of the key methods to further
tune its electronic structure.33−49 The covalent chemistry of
molecule-graphene interfaces can have a great potential impact
in optoelectronics and catalysis.40−48 Additionally, mechano-
chemical effects can help tune the reactivity of graphene, and
this has been realized experimentally.50−57 The reactivity
modulation of graphene is proposed to happen due to a

decrease in electron delocalization as an effect of applied strain
and/or curvature.51,55,56,58−61

On the other hand, controlled molecular motion at the
nanoscale provides a dynamic way to control material
properties.62−73 To this end, we have recently shown that
mechanochemical (curvature-driven) directional molecular
motion can be realized on graphene.74 In that study, covalently
functionalized graphene was considered to demonstrate the
molecular migration of one C−C bond, and it was predicted
that the molecules selectively migrate from the valley to the
mountain regions of sinusoidally curved graphene. Such a
process can also be exploited to dynamically tune the local
defect states of graphene. Understanding and control of the
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defect states and their dynamics are crucial, because of their
importance to physical and chemical response properties.75−79

Covalent functionalization generally perturbs the geometric
structure of a material to alter its electronic structure and
properties. On the other hand, a noncovalent interaction
(NCI) can affect the electronic structure without inducing any
strong geometric perturbation to a system and therefore can
exert an additive effect. The NCI has been established as an
extremely important component in different areas, including
catalysis,80,81 layered nanomaterials, materials growth and
stability,82,83 and solvation dynamics.83,84 Although establish-
ing the exact type of NCIs is often challenging due to their
inherently nonlocal nature, different types of NCIs have been
proposed. This includes π−π, C−H−π, lone pair-π, and
halogen-π NCIs. In this regard, there exist multiple ways to
combine mechanochemical perturbations of 2D materials and
different types of NCIs, inspiring the design of multi-
component systems in order to perform molecular motion
driven by NCIs. In such a system, mechanochemical effects can
induce varying extents of NCIs in different spatial regions and
therefore can provide a dynamic way to induce molecular
motion and thereby to control the electronic structure of a 2D
material without covalent functionalization.
The activity and selectivity of heterogeneous reactions are

limited by the Sabatier volcano and scaling relations associated
with the surface−adsorbate combinations.85,86 To this end,
Sabatier’s principle considers the adsorption and desorption of
an adsorbate and concludes that catalytic activity of a surface is
limited by an optimum adsorbate binding strength and
therefore follows a volcano shaped curve.85 On the other
hand, scaling relations indicate that the multidimensional
nature of the catalytic activity can be portrayed with a linear
model using one descriptor.85,87 The nature of the descriptor
varies from reaction to reaction; for example, the activity of N2
to NH3 conversion can be explained using the −N binding
energy.85 In this area, designing multicomponent systems is
proposed as one of the ways to circumvent the fundamental
limitations of heterogeneous catalysis.88−91 As the molecular
motion introduces a dynamic effect on the electronic structure
of 2D materials, this NCI effect can potentially be harnessed to
create binding sites with tunable adsorption energy.
In this study, we explore the effect of different NCIs on

directional molecular diffusion on a curved graphene via
density functional theory calculations. We investigate mole-
cule-graphene interfaces having different types of NCIs,
including π−π, C−H−π, lone pair−π, halogen−π, cation−π,
and anion−π. We find that irrespective of the nature of the
NCI, the molecules physisorb more strongly near the valley
regions (positive curvature) rather than the mountain regions
(negative curvature). This suggests that the molecules will
move toward the valley regions, which is in contrast with the
migration of covalently bonded molecules on graphene,74
which prefer to go from the valley to the mountain. We then
demonstrate that by judicious choice of the molecule and by
capitalizing on its migration toward the valley sites, binding
sites with tunable adsorption energy can be created on
graphene. We conclude that NCI-driven molecular migration
can provide an additional dimension in overcoming the
limitations of heterogeneous catalysis.
The Effect of Noncovalent Interaction on Molecular

Migration. We consider a sinusoidally curved graphene, which
has valley (positive curvature) and mountain (negative
curvature) sites, and such one-dimensional curvature can be

attained experimentally.33−39 In a previous work, we showed
that one can attain directional molecular migration of a
covalently attached aromatic adsorbate from the valley regions
to the mountain regions.74 Directional migration can happen,
as the adsorbate has higher binding energy at the mountain
site, which is a consequence of the concave-down/pyramidal
geometry of the mountain regions. As the mountain sites have
concave-down geometry, pyramidalization, which is the
conversion from sp2 to sp3 hybridization upon functionaliza-
tion, requires less energy at the mountain sites than the valley
sites (concave up geometry). In other words, the mountain
sites on unfunctionalized curved graphene provide greater
disruption of the in-plane delocalization, giving them a closer
resemblance to sp3 pyramid-like centers. This causes a
directional migration from the valley to the mountain for
covalently bonded molecules because of this thermodynamic
drive. On the other hand, this also suggests that because of the
broken in-plane π-conjugation at the mountain sites, it should
have a less prominent noncovalent interaction (NCI) with an
adsorbate than the valley sites. This hypothesis stems from the
fact that less conjugated (more localized) electrons near the
mountain lead to lower polarizability and hence a lower extent
of the NCI. This motivates us to explore the effect of the NCI
on the molecular migration. The density functional theory
(DFT) calculation details are provided in the Supporting
Information.
To understand the effect of the NCI on molecular migration,

we first explore the π−π type of the NCI by taking benzene
(C6H6) as a representative adsorbate (Figure 1a). We find that

the benzene noncovalently interacting with graphene is
thermodynamically more stabilized near the valley than the
mountain, which is in contrast to the covalent functionalization
trend. This is comprehensible, as the concave-down (moun-
tain) geometry is closer to sp3, so therefore, the extent of NCI
stabilization due to π−π interaction is greater at the valley sites.
This indicates that the benzene will diffuse away from the
mountain sites and will concentrate near the valley sites
because of the energy gain. We find that such migration from
the mountain to the valley site is barrierless (Figure 1a), and
hence, kinetically the molecule can rapidly move toward the

Figure 1. The influence of the π−π noncovalent interaction on
molecular migration: a) Migration of benzene on curved graphene.
b) Noncovalent interaction (NCI) plot showing the interaction
between the graphene and benzene. c) The relative stabilization
(Evalley − Emountain = ΔE) as a function of the radius of curvature
(R). d) The ratio between the relative stabilization at the valley site
(ΔE) to the physisorption energy at the valley site (ΔEBE).
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valley. In other words, the barrier of migration from one valley
site to another one via a mountain site is 0.17 eV. To confirm
the higher extent of NCIs at the valley sites than the mountain
sites, we generate NCI plots (Figure 1b) wherein the reduced
electron density gradient ( = | |s 1

2(3 )2 1/3 4/3 ) can capture the

extent of the NCI.92 Such a plot considers the electron density
and reduced density gradient and captures the interactions in
the low electron density regime.92 The green shaded region
between the graphene and the benzene indicates the extent of
NCIs at the interface, and it portrays graphically the greater
extent of NCIs at the valley (top panel in Figure 1b) than at
the mountain (bottom panel in Figure 1b). Therefore, the
results suggest that an adsorbate interacting noncovalently with
graphene via π−π stacking can undergo directional migration
from the mountain to the valley sites. To understand the
spatial scale to observe such migration, we calculate the
stabilization at the valley site (ΔE) relative to the mountain
site, as a function of the radius of curvature (R) (Figure 1c).
We find that although ΔE decreases with increasing R, there is
substantial thermodynamic drive to migrate toward the valley
sites. To quantify the extent of the thermodynamic drive, we
plot the ratio between the relative stabilization at the valley site
(ΔE) and the physisorption energy (ΔEBE) of benzene at the
valley site, as a function of R (Figure 1d). We find that the
ΔEBE of benzene at the valley site is in the range of −0.41 to

−0.48 eV. Therefore, a ( )E
EBE

value of 0.25 in Figure 1d

corresponds to ≈0.10 eV of thermodynamic drive when the
ΔEBE is ≈−0.40 eV. Hence, we conclude that the
thermodynamic drive is substantial enough to observe the
π−π NCI-driven migration for experimentally realizable
curvatures and length scales.93−97

Next, we study a set of molecules representing different
types of NCIs to see how migration depends on the type of the
NCI (Figure 2a). We consider H2O for lp−π, C2H6 for C−

H−π, C2F6 for C−F−π, C2H4 for aliphatic π−π, Li for
cation−π, and I for anion−π NCI (Figure 2a). We find that
irrespective of the NCI type, the molecules prefer to stay near
the valley site. This trend is shown clearly in Figure 2b, where
(ΔE) represents the stabilization at the valley sites relative to
the mountain sites. The different extent of stabilization is
comprehensible, as these interactions correspond to different
types of NCIs.98,99 It is worth noting that the stabilization
becomes more prominent as the conjugation in the aromatic
ring increases (Figure 2b), i.e., naphthalene experiences more
stabilization at the valley than benzene, and anthracene
experiences more stabilization at the valley than naphthalene.

Thus, we conclude that by tuning the nature of the aromatic
adsorbate, one can tailor the thermodynamic drive and thereby
further extend the spatial length-scale over which one can
experimentally observe the migration process (Figure 1d). We
also emphasize that the molecular migration from the
mountain to the valley can be attained for a wide range of
adsorbates, irrespective of the type of the NCI. As one can
select the nature of the adsorbates, incorporating a range of
chemical functionalities such as aromatic conjugation, electron-
donating and/or electron-accepting groups, the directional
migration provides a new dimension to tune the electronic
structure of graphene in different regions without necessitating
any covalent functionalization. To this end, we hypothesize
that the NCI-driven migration can also create different binding
sites on graphene, as the sites near the valley will have a
different electronic and steric environment than the mountain
sites.
Tuning Adsorption Energy Using NCI-Driven Molecular

Migration. In this section, we investigate the possibility of
tuning the energy of important reaction intermediates via NCI-
driven molecular migration. To this end, we consider the
migration of a strong electron acceptor adsorbate, tetracyano-
quinodimethane (TCNQ), to induce changes in the electronic
environment. The ΔE of TCNQ is −0.36 eV, where it is more
stable at the valley site. As the covalent functionalization
preferentially happens at the mountain sites, NCI-driven
migration of TCNQ to the valley can influence the binding
energy at the mountain site opposite to it (Figure 3a).

Specifically, for monolayer graphene, the same in-plane
location on the opposite of the valley is a mountain site;
once the TCNQ molecule migrates to the valley site, the
mountain site opposite should have a different electronic
environment than the mountain sites with no TCNQ adsorbed
underneath. As shown in the charge density difference plot
(Figure 3a), we find that TCNQ creates electron depletion in
the graphene through the NCI (charge transfer). To
understand the effect of TCNQ migration on adsorption
energy, we compare the (covalent) binding energy of
adsorbates in the absence of TCNQ (ΔEg) and in the
presence of TCNQ (ΔEg−TCNQ) on curved graphene. The
binding energy of intermediates important for the hydrogen
evolution reaction (HER), oxygen reduction reaction (ORR),
and oxygen evolution reaction (OER), such as −H, −OH, and

Figure 2. Comparison of various noncovalent interaction types and
their influence on molecular migration: a) Details of the molecular
systems considered to study the different types of NCIs. b) Effect
of NCIs on the thermodynamic stability of the molecules at the
mountain and valley sites. The relative stabilization at the valley
site is ΔE.

Figure 3. Tuning adsorption energy via molecular migration: a)
Charge density difference plot showing the interaction between
electron acceptor TCNQ and graphene and resulting electron
transfer from the graphene to TCNQ. Magenta and teal colors
correspond to electron depletion and accumulation, respectively.
b) Difference in covalent binding energy of different adsorbates at
mountain sites of curved graphene as a result of NCI-driven
TCNQ migration to the valley sites on the opposite side. The
binding energy of adsorbates in the absence of TCNQ is denoted
as ΔEg, and in the presence of TCNQ, it is denoted as ΔEg−TCNQ.
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−O, is considered. Furthermore, we consider intermediates
which prefer different charge environments, such as −I, −F,
−Cu, −CuCO, and −Li, as proof-of-concept examples to
establish the binding energy tunability trend. We find that
depending on the nature of the adsorbates, ΔEg−TCNQ differs
from ΔEg. The green dashed line in Figure 3b corresponds to
when there is no difference, a negative value in Figure 3b
means a stronger binding at the graphene without TCNQ, and
a positive value means stronger binding at the graphene with
TCNQ on it. We find that the adsorbates which prefer an
electron-rich environment, i.e., −F, −OH, −O, and −I, bind
more weakly to graphene when TCNQ is present (Figure 3b).
On the other hand, the adsorbates which prefer an electron-
depleted environment, i.e., −Cu, −CuCO, and −Li, bind more
strongly to graphene when TCNQ is present (Figure 2b). It is
worth noting that adsorbates which have weak charge
preference such as H have almost the same binding energy
in both environments.
Therefore, we demonstrate that one can use molecular

migration due to NCIs to create sites with tunable adsorption
energies that can change the covalent binding energies of
various functionalizing species. As adsorption and desorption
energies are usually intrinsic to the adsorbing material and the
adsorbate, catalytic processes are generally limited by a
volcano-shaped curve, which is also referred to as the Sabatier
principle in heterogeneous catalysis.85−87,100 The peak of the
volcano corresponds to the maximal activity, wherein the left
or right side of the volcano represents too strong or too weak
adsorption. One can envisage that rational choice of the
molecule participating in the NCI-driven migration process
can tailor both the adsorption and desorption energies.
Therefore, the limitations imposed by the Sabatier principle
can be potentially lifted. Thus, we propose that a multi-
component system can be designed where molecular migration
can dynamically control the adsorption and desorption
processes, i.e., molecular motion assisted adsorption/desorp-
tion can happen at nearby spatial locations, and thus, it can
break the scaling relations in catalytic processes.
Conclusions. Overall, we demonstrate that directional

molecular motion from the mountain to the valley can be
attained on graphene by leveraging the NCI. This is in contrast
to the migration from valley to the mountain of a covalently
attached molecule. Additionally, we showcase that this
migration trend holds across various types of NCIs. Hence,
the covalent and noncovalent interactions provide opposite
molecular migration directions. In this regard, judicious choice
of the interaction type and nature of the migrating molecule
can help tailor the electronic structure of two-dimensional
(2D) materials via a molecular additive effect. We furthermore
demonstrate that such NCI-driven migration can help create
binding sites with tunable chemisorption energy without
introducing any geometric perturbation and therefore can
improve the efficiency of catalytic reactions on graphene. The
results indicate that molecular migration can be explored to
design multicomponent 2D systems to transcend the
limitations of heterogeneous catalytic reactions.
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