
Enumerating Stable Nanopores in Graphene and Their Geometrical
Properties Using the Combinatorics of Hexagonal Lattices
Sneha Thomas, Kevin S. Silmore, Piyush Sharma, and Ananth Govind Rajan*

Cite This: https://doi.org/10.1021/acs.jcim.2c01306 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nanopores in two-dimensional (2D) materials,
including graphene, can be used for a variety of applications,
such as gas separations, water desalination, and DNA sequencing.
So far, however, all plausible isomeric shapes of graphene
nanopores have not been enumerated. Instead, a probabilistic
approach has been followed to predict nanopore shapes in 2D
materials, due to the exponential increase in the number of
nanopores as the size of the vacancy increases. For example, there
are 12 possible isomers when N = 6 atoms are removed, a number
that theoretically increases to 11.7 million when N = 20 atoms are removed from the graphene lattice. In this regard, the development
of a smaller, exhaustive data set of stable nanopore shapes can help future experimental and theoretical studies focused on using
nanoporous 2D materials in various applications. In this work, we use the theory of 2D triangular “lattice animals” to create a library
of all stable graphene nanopore shapes based on a modification of a well-known algorithm in the mathematical combinatorics of
polyforms known as Redelmeier’s algorithm. We show that there exists a correspondence between graphene nanopores and
triangular polyforms (called polyiamonds) as well as hexagonal polyforms (called polyhexes). We develop the concept of a
polyiamond ID to identify unique nanopore isomers. We also use concepts from polyiamond and polyhex geometries to eliminate
unstable nanopores containing dangling atoms, bonds, and moieties. We verify using density functional theory calculations that such
pores are indeed unstable. The exclusion of these unstable nanopores leads to a remarkable reduction in the possible nanopores from
11.7 million for N = 20 to only 0.184 million nanopores, thereby indicating that the number of stable nanopores is almost 2 orders of
magnitude lower and is much more tractable. Not only that, by extracting the polyhex outline, our algorithm allows searching for
nanopores with dimensions and shape factors in a specified range, thus aiding the design of the geometrical properties of nanopores
for specific applications. We also provide the coordinate files of the stable nanopores as a library to facilitate future theoretical studies
of these nanopores.

■ INTRODUCTION
Nanoporous forms of two-dimensional (2D) materials, such as
graphene, have recently received attention for several
applications, such as gas separations,1−5 ionic rejection,6−10

nanofiltration,11,12 and DNA sequencing.13−15 Nanopores in
graphene enable the selective permeation of molecules through
the material, thereby allowing it to function as a mem-
brane.16,17 For this reason, nanopores in graphene have been
studied extensively experimentally18−23 and theoreti-
cally,5,6,24−28 with recent advances involving high-resolution
transmission electron microscopy (TEM) imaging20,29 and
multiscale modeling of the etching of graphene nano-
pores.30−32 As the size of the nanopore, quantified by the
number of atoms etched from the lattice, increases, the number
of possible shapes of nanopores that may exist increases
exponentially.32 Because of this challenge, researchers have not
yet created a library of all possible nanopore shapes in
graphene. Such a data set could not only form a resource for
future simulation studies of nanopores in graphene but could
also enable automated identification of nanopores from TEM
images, using machine learning. Accordingly, in this work, we

develop a searchable library of stable nanopores in graphene,
which allows for filtering nanopores using criteria such as the
absence of dangling atoms/bonds/moieties, specified mini-
mum/maximum values of the nanopore major and minor axes,
and a given range for the nanopore’s shape factor. The filtered
nanopores of various sizes can later be edge-passivated or
functionalized with atoms to design nanopores for specific
separations based on molecular sieving.
In the past, researchers have studied the formation of

nanopores in graphene using ab initio density functional theory
calculations32 and reactive force field molecular dynamics
simulations,33,34 as well as kinetic Monte Carlo simula-
tions.30,32,35 The shapes and sizes of the nanopores (vacancy
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defects) formed play important roles in determining various
properties of graphene, such as its magnetization,36 gas
separation efficacy,28 and water desalination propensity.8,9

This is because molecular and ionic rejections are highly
sensitive to the topology of each nanopore. Apart from this, in
applications like DNA sequencing, the shapes and sizes of
nanopores dictate whether the presence of individual bases
along the DNA can be precisely measured.37 As an attempt to
implement accurate control over the sizes of the nanopores,
Zakharchenko and Balatsky studied the regrowth and healing
of graphene nanopores by means of Monte Carlo simulations
at various temperatures and pore size conditions.38 Govind
Rajan et al. cataloged the unique, most-probable shapes of
nanopore isomers in graphene by combining density functional
theory calculations, kinetic Monte Carlo simulations, and
chemical graph theory.32 Very recently, Sheshanarayana and
Govind Rajan developed a machine learning framework based
on nanopore structural features to predict the formation times
and probabilities of arbitrary nanopore shapes in graphene.39

Experimental studies have focused on unraveling the relative
stability and performance of nanopores of different shapes in
various materials.40,41 The TEM-based investigations by
Robertson et al.20 and Huang et al.29 have imaged many
specific nanopores in graphene, providing a valuable data set to
infer the most-probable shapes of graphene nanopores. It
follows that, for computational as well as experimental studies,
understanding the plausible shapes of nanopores in graphene is
a promising endeavor, from both fundamental and application-
oriented standpoints.
Although several advances have been made in understanding

and predicting nanopore topologies in graphene, as discussed
above, the lack of a method to predict all possible stable
nanopore shapes in a 2D lattice represents a knowledge gap in
the literature. Addressing this gap to enable the screening of
nanopore topologies is important due to the rapid increase in
the possible number of nanopores as the number of atoms
removed from the 2D lattice (N) increases. To this end,
instead of using a probabilistic approach, we use concepts from
the mathematical combinatorics of polyforms42,43 for the
enumeration of nanopores in graphene. Specifically, we employ
a modification of an algorithm, initially proposed by
Redelmeier,43 to enumerate polyforms in rectangular lattices.
This modification was introduced by Aleksandrowicz44 and
made Redelmeier’s algorithm amenable to hexagonal lattices
present in 2D materials, such as graphene. While it is known
that the number of possible nanopore shapes increases
exponentially with the number of carbon atoms removed
(N) (e.g., from 12 possible isomers when N = 6 to 11.7 million
when N = 20),32 we show here that considering only stable
nanopores (i.e., without dangling atoms, bonds, and moieties)
leads to a significant reduction in the possible nanopore
shapes. Note that, in the recent graphene nanopore data set by
Sheshanarayana and Govind Rajan, generated using kinetic
Monte Carlo simulations and chemical graph theory, none of
the 20,840 unique nanopores had dangling moieties present in
them.39 In fact, we show herein using quantum-mechanical
density functional theory (DFT) calculations that nanopores
with dangling bonds, atoms, and moieties are unstable
compared to other regular pore shapes. Furthermore, because
the nanopore size is the most important criterion in
membrane-based applications (e.g., molecular/ionic separa-
tions and DNA sequencing), we facilitate the searching of
nanopores based on their size, by specifying a scheme to filter

nanopores by major and minor axes lengths. Finally, because
recent studies have highlighted the role of the nanopore shape
in determining the performances of graphene membranes,8,9

we also enable the searching of nanopores based on a shape
factor. The rest of the paper is organized as follows. We first
discuss the link between graphene nanopores and the
combinatorics of lattice animals, such as polyiamonds and
polyhexes. Next, we discuss the use of Redelmeier’s algorithm
that was originally developed for square lattices, in 2D
materials possessing hexagonal lattices. Thereafter, we explain
the use of symmetries to group the nanopore shapes, as well as
methods to eliminate nanopores containing nonbonded atoms
and dangling bonds/moieties. We end with a discussion on
how the data set may be searched for nanopores of various
sizes and shapes.

■ METHODS
The Link between Graphene Nanopores and Lattice

Combinatorics. Each nanopore in the graphene lattice can be
considered as a “triangular lattice animal”, i.e., a set of
equilateral triangles sharing common sides with each other
(see Figure 1), where each triangle represents a removed atom.

Lattice animals on square lattices, also called polyominoes,
have been extensively investigated in combinatorial and
recreational mathematics.45,46 On the other hand, two types
of lattice animals exist on hexagonal lattices that are
prominently featured in 2D materials, called polyiamonds
and polyhexes. While a polyiamond is a polyform (a collection
of polygons with common edges) consisting of equilateral
triangles, a polyhex is a polyform consisting of regular
hexagons. Polyhexes are frequently encountered in the study
of polycyclic aromatic hydrocarbons,47−49 while recently, the
correspondence between polyiamonds and 2D nanopores32 as
well as colloidal clusters50 has been alluded to. In Figure 1A,
we depict a nanopore formed by removing six atoms from the
graphene lattice. As seen in Figure 1B, a polyhex consisting of

Figure 1. Correspondence between nanopores in graphene and lattice
animals. (A) An example nanopore formed by removing N = 6 atoms
from the graphene lattice. (B) The polyhex shape corresponding to
the nanopore shown in panel A. (C) The polyiamond shape
corresponding to the nanopore shown in panel A, in yellow color.
The blue colored outer boundary of the polyhex is also shown for
clarity. Note that the center of each hexagon in the polyhex
corresponds to a vertex of the polyiamond. (D) The center of each
triangle in the polyiamond corresponds to a removed carbon atom, as
shown by the filled blue circles.
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seven hexagons captures the shape of this nanopore. Note that
the center of each hexagon can be connected to form a
polyiamond, as depicted in Figure 1C. Although it may not be
apparent, polyiamonds form a convenient representation of a
nanopore in graphene, because the center of each triangle in
the polyiamond corresponds to an atom that was removed
from the graphene lattice, as seen in Figure 1D. Thus, by
representing the antimolecule of the nanopore as a
polyiamond, there is a direct one-to-one correspondence
between the various possible nanopore isomers in a graphene
lattice and the polyiamonds that can exist on a hexagonal
lattice. Indeed, the size of the nanopore, quantified as the
number of carbon atoms etched, N, is the same as the number
of triangles in the corresponding polyiamond.
Based on the above observation, the different shapes of

nanopores in a graphene sheet can be enumerated by finding
all possible polyiamond shapes that can exist. For this purpose,
one needs to make a distinction between f ixed and f ree
polyiamonds. Fixed polyiamonds are distinct if they cannot be
transformed into each other via translations (Figure 2A). For
example, the polyiamonds labeled as a1, a2, ..., a6 in Figure 2A

are distinct fixed polyiamonds, since they can be transformed
into each other by rotation, but not by translation. On the
other hand, f ree polyiamonds are distinct if they cannot be
transformed into one another by a combination of reflections,
rotations, and translations (Figure 2B). Thus, all the fixed
polyiamonds labeled a1, a2, ..., a6 in Figure 2A can be mapped
to a single free polyiamond labeled a as in Figure 2B. Hence, as
seen in Figure 2, there are only three free polyiamonds for a
nanopore of size N = 4 (Figure 2B), but there are 14 fixed
polyiamonds for the same value of N (Figure 2A). Note that,
due to the 12 symmetries present in graphene (six rotational
and six reflectional for space group p6mm), nanopores which
are related by rotations, reflections, and translations, are
equivalent to each other. Thus, in this work, we are interested
in enumerating the f ree polyiamonds on a hexagonal lattice.
Enumerating Graphene Nanopores without Consid-

ering Reflectional and Rotational Symmetries. Since the
number of polyforms on a lattice increases exponentially with
the size of the polyform, their enumeration presents a
computational challenge.43 In 1981, Redelmeier developed a
rapid algorithm to generate all the f ixed polyominoes on a

Figure 2. Distinction between fixed and free polyiamonds. (A) All 14 fixed polyiamonds of size N = 4. Polyiamonds shown in green have their first
triangle as an upright one, and those shown in blue have their first triangle as an inverted one (see the Identifying Reflectional and Rotational
Symmetries of the Generated Nanopores subsection for more details). The red arrows indicate rotation in the counterclockwise direction by 60°.
(B) All three free polyiamonds of size N = 4. Note that in panel A there are a total of 14 fixed polyiamonds, where shapes a1 to a6, b1 to b6, and c1 to
c2 are rotationally equivalent. Panel B shows the three free polyiamonds obtained by choosing one shape each from three groups of rotational
isomers (a1 to a6, b1 to b6, and c1 to c2).

Figure 3. Illustration of Redelmeier’s algorithm for generating fixed polyiamonds. (A) Hexagonal (triangular) grid for polyiamond generation using
Redelmeier’s algorithm. The labels on the triangle centers on the grid are representative coordinates. The corresponding Cartesian coordinates

(x,y) are = ( )x a s
2

along axis a, = ( )y b3 s
2 3

for b = 0,2,4,... along axis b, and = ( )y b(3 1) s
2 3

for b = 1,3,5,... along axis b, where the

representative coordinates of a point are (a, b) and s is the side length of a triangle. The algorithm requires that triangles below the initial triangle
(i.e., the triangle at the coordinate (0,0), the origin), as well as triangles on the same row to its left (gray colored triangles with dashed outlines), are
excluded. A sample polyiamond of size N = 5 is generated, with its constituent triangles depicted in blue color. (B) The polyiamond generated in
panel A is shown in yellow color along with the outer boundary of the corresponding nanopore rim, i.e., the polyhex shape corresponding to the
nanopore generated. (C) Nanopore that is represented by the polyiamond shown in panels A and B in the graphene lattice.
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square lattice.43 (Recall that fixed polyominoes do not take
into consideration reflectional and rotational symmetries.)
Subsequently, Aleksandrowicz proposed a method to apply
Redelmeier’s algorithm to hexagonal lattices in order to
generate fixed polyiamonds.42 In this work, we have modified
the polyEnumDraw code for fixed polyomino generation51 to
make it amenable for enumerating free polyiamonds. To this
end, one starts with a single triangle at the origin, (0,0), and
keeps on adding triangles until a polyiamond of the desired
size is obtained. As shown in Figure 3A, the triangles are
indexed by two numbers which denote the location of each
triangle along the two principal Cartesian axes, labeled a and b
here. Redelmeier’s algorithm requires that no triangles below
the initial triangle, as well as no triangle on the same row to its
left, are considered (see the triangles with a dashed outline in
Figure 3A). The transformation of the polyiamond depicted in
blue color in Figure 3A to a polyhex is shown in Figure 3B,
where the boundary of the corresponding polyhex is marked in
blue color around the polyiamond. After removing the carbon
atoms from the graphene lattice in the pattern specified by the
polyiamond in panel B, the molecular structure of the
corresponding nanopore is obtained (Figure 3C). Thus, we
can rapidly obtain all the fixed polyiamonds corresponding to a
given nanopore size. Nevertheless, two challenges remain with
respect to enumerating nanopore shapes�first, we are
interested in f ree, and not f ixed, polyiamonds, and second,
the polyiamonds generated using Redelmeier’s algorithm
contain “holes” that correspond to unphysical, nonbonded
atoms in the graphene lattice, as well as lead to nanopores
having dangling bonds and moieties. We next discuss the
resolution of each of these challenges one by one.
Removal of Nanopores with Nonbonded Carbon

Atoms. As mentioned above, one needs to exclude
polyiamonds with holes (Figure 4A), because the holes

correspond to unphysical dangling atoms in the middle of a
nanopore (Figure 4B). Indeed, any dangling, nonbonded atom
in the lattice would get etched away rapidly due to the lack of
bonds with other atoms.32 Note that holes appear in
polyiamonds only when N > 9.52 To identify and eliminate
nanopores with dangling atoms, we derived a mathematical
relationship between the total number of vertices, V, the
number of 6-fold-shared vertices, n6, and the number of
triangles, N, in a polyiamond without holes, based on Euler’s
polyhedron formula:

+ = +N V n2 6

The derivation of this equation is presented in the
Supporting Information, Section S1. Any polyiamond that
violates the above equation must necessarily contain a hole
(i.e., a dangling carbon atom) and is removed from the list of
possible fixed polyiamonds. This leads to a reduction in the
number of nanopore isomers, as explained in the Results and
Discussion section.
Identifying Reflectional and Rotational Symmetries

of the Generated Nanopores. As explained before, we are
interested in f ree polyiamonds, since they correspond to
unique nanopores in graphene. The total number of fixed
polyiamonds is constituted by two types of polyiamonds:
polyiamonds with an upright origin triangle (green-colored
polyiamonds shown in Figure 2A) and polyiamonds with an
inverted origin triangle (blue-colored polyiamonds shown in
Figure 2A). As the enumeration of free polyiamonds from an
initial set with a lower number of fixed polyiamonds would be
more computationally efficient, rather than starting with the
entire set of free polyiamonds, we explored the possibility of
considering only fixed polyiamonds with an upright or inverted
origin triangle. It is evident from Figure 2A that the fraction of
polyiamonds with an upright origin triangle is lower (for N = 5,
29%) than the fraction of polyiamonds with an inverted origin
triangle. Although the fraction of polyiamonds with an upright
origin triangle is lower, all free polyiamonds are not present
inside this smaller set (see the Supporting Information, Section
S2). Nevertheless, polyiamonds with an inverted origin triangle
can be used for further reduction to free polyiamonds, as the
map from fixed polyiamonds with inverted origin triangles
onto free polyiamonds is surjective. We verified this by
ensuring that the number of free polyiamonds predicted by our
algorithm (starting with an inverted origin triangle) and that
counted in previous works52 match exactly. Accordingly, we
started Redelmeier’s algorithm exclusively with an inverted
triangle at the origin (Figure 3A). Subsequently, we identified
the reflectional and rotational symmetries in the generated
fixed polyiamonds and chose canonical free polyiamonds by
eliminating the nanopores related to them via any of the 12
symmetries present in graphene (six 60° rotations and six
reflections). Thus, any polyiamond can have a maximum
number of 12 symmetrical equivalents. Figure 5 depicts the
symmetry operations that can be applied to a pentaiamond to
obtain its rotational and reflectional symmetry-related fixed
polyiamonds.Figure 4. Free polyiamonds with holes. (A) The red-colored triangles

in the polyiamonds are holes that got included in the shape while
enumerating polyiamonds of size N = 10. Note that there are 10
yellow-colored triangles. (B) By visualizing the corresponding
nanopore shapes, the presence of nonbonded atoms is evident.
These unremoved nonbonded atoms are represented by the red
triangles in panel A.

Figure 5. Rotational and reflectional symmetry operations to identify
free polyiamonds from fixed ones. The pentaiamond shown here
exhibits no internal symmetries (i.e., all 12 group actions yield a
unique fixed polyiamond), meaning all 12 fixed polyiamonds must be
identified and counted as one shape when enumerating free
polyiamonds.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.2c01306
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01306/suppl_file/ci2c01306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01306/suppl_file/ci2c01306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01306/suppl_file/ci2c01306_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig5&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Development of a Unique ID for Fixed Polyiamonds
to Remove Duplicate Nanopores. Eliminating the
symmetry-equivalent polyiamonds one-by-one via explicit
comparison is computationally quite expensive. Therefore,
we characterized initially each polyiamond by a “vertex
repetition vector” (see below), so that they can be grouped
and compared efficiently. In a polyiamond, a vertex can be
shared by a maximum of six triangles. We define the vertex
repetition vector of any polyiamond as (n1,n2,···,n6), where n1
denotes the number of vertices that are shared by only one
triangle, n2 denotes the number of vertices that are shared by
two triangles, and so on. All the symmetrically equivalent
nanopore shapes (i.e., fixed polyiamonds that map to the same
free polyiamond) necessarily have the same vertex repetition
vector, as rotational and reflectional operations do not affect
vertex topology. Thus, the fixed polyiamonds were grouped
based on their vertex repetition vector and only afterward
compared based on symmetry operations to reduce the set of
the fixed polyiamonds to that of the free polyiamonds.
Subsequently, rather than applying symmetry operations to
the coordinates of the polyiamond vertices and making
comparisons, we developed a unique ID for each fixed
polyiamond, which under specific operations captures the
symmetry operations of rotation and reflection that collapse all
symmetry-equivalent fixed polyiamonds into a single free
polyiamond. The unique ID was the sequence of numbers
representing the number of times each rim vertex is shared, in
the consecutive counterclockwise order of the rim vertices,
starting with the left-most vertex of the bottom-most row of
the triangles. As a result, all the rotation isomers of a particular
fixed polyiamond can be obtained by cyclic permutations of
the ID assigned to that polyiamond. In other words, all
rotational isomers of a particular fixed polyiamond can simply
be detected by determining whether the ID of the candidate
rotational isomer and the given polyiamond are cyclic
permutations of each other (see Figure 6A−E). Similarly, all
reflectional isomers of a particular fixed polyiamond with an

assigned ID can be detected by determining whether the
reversed ID of the candidate rotational isomer and the original
ID of the given polyiamond are cyclic permutations of each
other (see Figure 6F−I). For this method to work, it is
important to list all the rim vertices in their order of
connectivity. The algorithm used to obtain the order of
connectivity is discussed in detail in the Supporting
Information, Section S3. To increase the efficiency of the
code and speed up the searching of the unique nanopore
shapes, the comparison to detect unique free polyiamonds was
only done within the groups created as per the vertex
repetition vector, that was defined earlier. In total, the above
procedure reduced efficiently the whole set of fixed
polyiamonds without holes initially generated (as discussed
in the last section) to free polyiamonds without holes.
Elimination of Graphene Nanopores with Singly

Bonded Carbon Atoms and Dangling Moieties. Carbon
atoms in the graphene lattice have coordination numbers
ranging from one to three (see, e.g., the nanopore depicted in
Figure 7A). Previously, we eliminated carbon atoms with zero
coordination numbers (i.e., nonbonded carbon atoms) from
the list of nanopores when we excluded all polyiamonds with
holes. However, a “dangling bond”, i.e., a carbon atom that is
singly bonded, is also unstable and will be readily etched
during nanopore formation.32

Thus, we developed a methodology to screen and remove
nanopores with singly bonded carbon atoms, by making use of
polyiamond connectivity and polyhex shapes. As is visually
clear in Figure 7, one way to eliminate nanopores with a singly
bonded carbon atom (dangling bond) is to find polyiamonds
containing vertices that are shared by five triangles. Using this
procedure, polyhexes without dangling bonds were isolated
and stored as a library for each N. Exclusion of nanopores with
dangling bonds reduced the data set size enormously and made
it more manageable, as explained in the Results and Discussion
section. Besides nanopores containing nonbonded and singly
bonded carbon atoms, starting from N = 13, there were other

Figure 6. Assignment of IDs to fixed polyiamonds starting with an inverted triangle, for the purpose of mapping fixed polyiamonds to free ones.
Each ID is generated using the sequence of numbers representing the number of times each rim vertex is shared, in the consecutive
counterclockwise order of the rim vertices, starting with the left-most vertex of the bottom-most row of the triangles. Note that the IDs of the fixed
polyiamonds (rotational isomers) in panels A−E and F−I are cyclic permutations of each other, respectively, and thus, they all correspond to the
same free polyiamond. The IDs of the fixed polyiamonds in panels F−I (reflectional isomers) are reversed cyclic permutations of the IDs for panels
A−E.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.2c01306
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01306/suppl_file/ci2c01306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01306/suppl_file/ci2c01306_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01306?fig=fig6&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


highly improbable pores present in the data set, featuring
dangling moieties of various shapes, as shown in Figure 8.

These nanopores contained one (Figure 8A), two (Figure 8B),
or more dangling hexagons inside the rim. We eliminated such
nanopores by deleting the polyhexes with self-intersecting
boundaries (i.e., where the same edge is repeated twice; see the
Supporting Information, Section S4), as edges overlap on the
boundary if and only if there is a dangling moiety. Finally, the
boundary of each polyhex was determined by arranging the
vertices of the polyhex based on the required angle and
distance between consecutive vertices in a polyhex. The order
of connectivity of the rim atoms is required to calculate
different properties to characterize the nanopore. The
algorithm to obtain the order of connectivity of the polyhex

rim is mentioned in detail in Section S4 of the Supporting
Information.
DFT Calculations for Assessing the Relative Stability

of Nanopores. First-principles calculations were performed
within the framework of density functional theory (DFT), as
implemented in the Vienna ab initio Simulation Package
(VASP)53−55 using the projector augmented wave (PAW)
formalism.56,57 We used the Perdew−Burke−Ernzerhof
(PBE)58 generalized gradient approximation functional to
model the exchange-correlation energy of the system. The
PAW_PBE C 08Apr2002 potential from the VASP library was
employed in the calculations. A plane-wave energy cutoff of
500 eV and Γ-point sampling (owing to the large supercell of
size ∼30 Å × 30 Å considered) was used to obtain an accuracy
of 1 meV/atom in absolute energies. We used Grimme’s D3
dispersion correction to include van der Waals interactions in
the system.59 A 20 Å vacuum above the 2D plane was used,
and all the structures were optimized using the conjugate-
gradient algorithm until the maximum force on any atom in the
system was less than 0.01 eV/Å. All the structural
configurations were created using the Visualization for
Electronic and Structural Analysis (VESTA) package.

■ RESULTS AND DISCUSSION
Number of Stable Nanopores in Graphene. Using the

methods described above, we generated a library of stable
nanopores in graphene for sizes ranging from N = 1 to N = 20.
The structures of these nanopores and the code used to
generate them are available in an open-source code repository
(see the Data Availability Statement). Due to the systematic
elimination of unphysical nanopores structures (e.g., those
containing nonbonded atoms and dangling bonds/moieties),
we were able to considerably reduce the size of the nanopore
data set. Figure 9 depicts the workflow used in this work to

generate all the stable nanopores in graphene for a given
number of atoms removed and the corresponding number of
shapes obtained for an example size of N = 15. As shown in
Figure 9, when N = 15, the number of fixed polyiamonds is
886,160 and is reduced to 811,346, when fixed polyiamonds
with holes are eliminated. The consideration of nanopore

Figure 7. Graphene nanopores with singly bonded carbon atoms
(dangling bonds). Polyhexes and polyiamonds (top), polyhex rims
and polyiamonds (middle), and atomic structures (bottom) of
nanopores of size N = 5 (A) and N = 6 (B−D) having dangling
bonds. The green-colored points denote the points inside the polyhex
(these points are hexagonal vertices that are trivalent). In each case, a
vertex shared by five triangles is present. Note that out of the four free
polyiamonds of size N = 5, only one polyiamond represents a
nanopore with a singly bonded carbon atom (dangling bond), as
shown in panel A. Similarly, out of the 12 free polyiamonds of size N
= 6, only three polyiamonds correspond to nanopores with a singly
bonded carbon atom (dangling bond), as shown in panels B−D.

Figure 8. Examples indicating the presence of dangling moieties in
nanopore shapes in graphene. (A) Nanopore of size N = 16 with a
dangling moiety. (B) Nanopore of size N = 18 with a dangling moiety.
In panels A and B, the blue lines mark the rim of the nanopore. Figure 9. Workflow to generate nanopore shapes in graphene. The

number of shapes found at each step is also indicated for the example
case of N = 15. (A) Generation of fixed polyiamonds. (B) Removal of
polyiamonds with holes, i.e., nanopores with nonbonded atoms. (C)
Conversion of fixed polyiamonds to free ones using symmetry
considerations. (D) Exclusion of nanopores with dangling bonds. (E)
Exclusion of nanopores with dangling moieties.
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symmetries led to a more than 10-fold reduction in the number
of shapes to 67,716. Finally, the elimination of nanopores with
dangling bonds resulted in another order of magnitude
decrease in the number of physically possible nanopores to
only 4972, a number which further reduced to 4649 upon

removing nanopores with dangling moieties. Thus, our
physical understanding-based mathematical approach has the
potential to make tractable the exponentially increasing
number of nanopore shapes (free polyiamonds) encountered
in graphene by considering only stable nanopores. Figure 10A

Figure 10. Plot of the total number of nanopores and the nanopores without any dangling bonds and moieties, as a function of N. (A) The navy
bars indicate the number of stable nanopores, i.e., nanopores without dangling bonds and dangling moieties. The yellow bars indicate the total
number of nanopores, i.e., all free polyiamonds without holes, which includes nanopores containing dangling bonds and dangling moieties. (B) Plot
of the fraction of stable nanopores as a function of N. Both plots use a logarithmic scale for the vertical axis.

Figure 11. Searching through the nanopore database using geometric properties such as the major axis length, minor axis length, and shape factor.
(A1−A4) Nanopores for N = 6 with maximum and minimum values of properties. (B1−B4) Nanopores for N = 12 with maximum and minimum
values of properties. (C1−C4) Nanopores for N = 20 with maximum and minimum values of properties. In each case, the nanopore outline is shown
in blue, the major axis in red, and the minor axis in black. (D) A table summarizing the minimum and maximum property values and nanopore
corresponding to each value. (E) Polyhexes of the nanopores shown in panels A1−A4, B1−B4, and C1−C4. nhex denotes the number of hexagons in
each polyhex.
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depicts the total number of nanopore shapes and the number
of stable nanopore shapes for N ranging from 1 through 20. In
addition, Figure 10B shows a plot of the fraction of the
nanopores that are stable for each value of N considered. One
can see clearly that the fraction of stable nanopores is as low as
0.016 for N = 20 and is continually decreasing as the size of the
nanopore increases. Physically, the combinatorial increase in
the number of positions for dangling bonds and dangling
moieties leads to this tremendous decrease in the fraction of
stable nanopores as N increases. This finding provides
confidence that our approach can make the study of graphene
nanopores tractable by making it possible to consider only the
much smaller subset of stable nanopores, rather than
considering the massive set of all free polyiamond shapes.
Distribution and Filtering of the Structural Features

of Stable Nanopores. Computational screening of nano-
pores should prove to be a vital tool for theorists in predicting
structure−property relationships of nanoporous media for a
variety of applications. Recently, Bondaz et al. addressed the
limitations in screening and understanding the transport
characteristics of nanopores (caused by the expensive
computational cost imposed by molecular simulations) using
rapid screening methods based on pore shape and size, as
characterized by the pore limiting diameter (PLD),60 i.e., the
diameter of the largest circle that can fit inside a nanopore. On
the other hand, experimentalists may want to examine the
atomic structures of nanopores like what they may observe in
microscopy studies. To aid such chemical discovery efforts, we
developed a search function based on specified ranges of the
(i) major and minor axes lengths of a nanopore and (ii) shape
factor defined as the ratio of the equivalent circular diameter
and major axis length of a nanopore. The equivalent circular
diameter, dcirc, is simply the diameter of the circle having the
same area as the nanopore shape, with the latter determined by
the number of incomplete hexagons in the graphene lattice
(i.e., the area of the corresponding polyhex). Note that the
number of hexagons in the corresponding polyhex is not the
same (Figure 11E) even if the number of atoms removed is the
same, indicating that the equivalent circular diameter would
not be a constant for any particular N. This shows the
significance of the shape factor, as it always does not have a
direct correspondence with the major axis length, due to the
variation in the equivalent circular diameter among nanopores.
The major axis length, dmax, is the length of the longest line that
can be drawn through an object. The major axis end points
were found by testing every pair of points along the boundary
of the nanopore. The shape factor, S, is defined as

=S
d
d

circ

max

Further, the minor axis was found by determining the
shortest rim-to-rim distance that is perpendicular to the major
axis of the polyhex shape. In Figure 11, we depict the
nanopores with maximum and minimum shape factors, major
axis lengths, and minor axis lengths. As can be seen therein,
expectedly, the pores with the longest major axis are elongated
pores (panels A2, B1, and C1), and they also typically have the
shortest minor axis and a low shape factor (0.4−0.6). In the
table presented in Figure 11D, the nanopores having maximum
major axis length and minimum shape factor are indeed the
same. However, such pores have a low probability to form, as
shown recently in the work by Sheshanarayana and Govind

Rajan.39 On the hand, pores with the longest minor axis
(panels A3, B3, and C2) are more circular and have shape
factors between 0.7 and 0.8. This tendency of pores with
longer minor axis to be circular should reflect in them also
having the maximum shape factors, but, due to the possibility
of curved (Figure 11C2) and horseshoe-shaped (Figure 11B2
and C4) nanopores as N increases, this relationship is not very
much visible among the maximum and minimum values of
shape factors given in the table presented in Figure 11D. This
could be seen as a potential limitation of the shape factor
metric, as further manual intervention would be needed to
distinguish between curved geometries and round- or oval-
shaped geometries, both of which would have shape factors
closer to 1.0. To overcome this potential disadvantage of the
shape factor, the number of hexagons in the polyhex can be
used to distinguish between nanopores with curved geometries
and circular shapes. As mentioned above, the number of
hexagons in the corresponding polyhex of a nanopore shape
are different even for nanopores with the same number of
atoms removed. Indeed, due to a difference in the number of
shared edges, curved nanopores have a larger number of
hexagons removed as compared with circular ones with a
similar shape factor value. As a result, one can divide the shape
factor values with the number of hexagons in a polyhex to
obtain a normalized shape factor to distinguish between
circular and curved shapes having similar shape factor values.
For example, nanopores C4 and C3 in Figure 11 both have
shape factors greater than 0.8, whereas the number of hexagons
in the polyhex of C4 (curved nanopore) and C3 (circular
nanopore) are respectively 22 and 18 (see Figure 11E). This
leads to a normalized shape factor of 0.045 for the circular
nanopore, which is larger than the value of 0.040 for the curved
nanopore. More work would be needed to ascertain if the
proposed methodology of using the normalized shape factor to
differentiate between circular and curved nanopores is
generally applicable.
To obtain further insight into the trends exhibited by the

major axes, minor axes, and shape factors of graphene
nanopores, we present in Figure 12 the density of values of
these properties with varying N. We note that the minimum
length of the minor axis for different N are almost the same
(Figure 12B) due to the similarities among the maximally
elongated shapes (Figure 11A2, B1, and C1). On the other
hand, the minimum and maximum major axes lengths, as well
as the maximum length of the minor axis, increase with N, as
the size of the pore increases (Figure 12A and B). Finally, the
shape factor values range from 0.4 to 0.9, with smaller
nanopores having a more uniform distribution of shape factors
and larger nanopores exhibiting more instances of lower shape
factors, i.e., elongated nanopores. Overall, the minor axis
lengths for nanopores with at most 20 atoms removed range
from 5 to 17 Å, and the major axis lengths for the same
nanopores range from 5 to 28 Å.
Before concluding this subsection, we note the advantages of

the nanopore searching feature made available here in the
context of nanopore design studies using machine learn-
ing.9,39,60−62 As mentioned before, Bondaz et al. used the
concept of PLD as it can capture the protrusions and
irregularities of the pore shape.60 In a similar vein, the
properties that we have enlisted can help the screening process
of finding suitable pores, albeit in a faster manner. Since PLDs
can be seen as a function of the major and minor axes lengths
as well as the shape factor, after screening the nanopores using
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such readily calculated geometric shape properties, the PLDs
of the screened pores can be calculated using more expensive
methods of optimization and/or image processing. Such a two-
step procedure could be very helpful while handling the
massive data of nanopores which is inevitable for studies that
will seek to use reinforcement or machine learning strategies
for the inverse-design of 2D nanopores.
Assessing the Relative Stability of Different Types of

Unfunctionalized Nanopores in Graphene. Finally, we
used DFT calculations to understand the relative stability of
unfunctionalized nanopores in graphene. To this end, we
determined the ground-state energy of five nanopore structures

corresponding to N = 16 after structural relaxation using DFT.
The base case structure used in this study is the most-probable
isomer (MPI) for N = 16, as predicted by Govind Rajan et al.32

and shown in Figure 13A. Apart from this structure, we
considered N = 16 nanopores with a dangling atom, dangling
bond, dangling moiety, and a horseshoe-type structure (Figure
13B−E). Figure 13 depicts the unrelaxed and relaxed
structures, as well as the relative energies of the relaxed
structures as compared to the base case in panel F. As seen in
Figure 13F, DFT calculations indicate that nanopores with a
dangling atom (Figure 13B), dangling bond (Figure 13C),
dangling moiety (Figure 13D), and a horseshoe-type structure
(Figure 13E) are energetically less stable in comparison to the
N = 16 MPI structure. Although the dangling structures relax
with a concomitant displacement of the dangling groups to
new locations on the nanopore rim, their energies are higher
than the N = 16 MPI. For the horseshoe-shaped nanopore
considered, the atoms do not move to newer locations on the
rim but rather just form a 10-membered ring structure that is
highly unstable. It is plausible that the presence of
functionalization and the consideration of entropic effects
can alter the relative stability of the nanopores considered. In
any case, horseshoe-shaped structures could be identified
based on the number hexagons and shape factor values as
discussed above and could in principle be removed from the
data set. However, more work is needed both on the
development of algorithms to identify curved nanopores as
well as rapid methods to predict nanopore stability. We note
that recent work by Sheshanarayana and Govind Rajan is an
effort in this direction as it can identify the probability of
formation of any arbitrary nanopore shapes.39 Accordingly,
future work can combine the methods proposed here with
more advanced machine learning approaches to predict the
relative stability of graphene nanopores.

■ CONCLUSIONS
In this work, we developed algorithms to generate and
characterize stable 2D nanopore shapes corresponding to a
fixed number of atoms removed from a hexagonal lattice. We
used an algorithm from combinatorial mathematics due to
Redelmeier to generate the various nanopore shapes. We
introduced concepts such as fixed and free polyiamonds and
discussed how the latter relates to nanopores in graphene. We
showed that elimination of nanopores with nonbonded atoms
and dangling bonds/moieties can lead to a drastic reduction in
the number of shapes, thereby making the data set tractable for
future studies. Moreover, we implemented a search method to
obtain desired nanopores with sizes quantified by their major/
minor axis length and their shapes quantified by their shape
factor, to aid future studies. Finally, we used DFT calculations
to demonstrate that unfunctionalized graphene nanopores with
dangling atoms, bonds, and moieties are energetically unstable.
Our study will find use in the computational discovery of
nanopore shapes aimed at a specified target application, such as
DNA sequencing, gas separation, or water desalination. Not
only that, the basic nanopore shapes presented in our library
can be used to investigate the effect of the presence of
reconstructions in the surrounding graphene such as Stone−
Wales defects and non-6-membered carbon rings (e.g., 5-, 7-,
and 8-membered rings). One could also build on the DFT
calculations presented in this work to evaluate the stability of
all nanopores in our data set by using reactive molecular
simulations and/or density functional theory calculations to

Figure 12. Violin plots of the geometrical properties of graphene
nanopores (major axis length, minor axis length, and shape factor)
with at most 20 atoms removed. The vertical extent of the violin plot
shows the range of the data, while the width of the violin plot denotes
the frequency of the data points at each value. (A) Violin plots of the
major axes lengths. (B) Violin plots of the minor axes lengths. (C)
Violin plots of the shape factors.
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relax the structures. Moreover, the nanopores selected from
our data set can be further functionalized or edge-passivated to
computationally study the stabilities of functionalized nano-
pores and their resultant properties, such as pore permeance
and selectivity. In the future, our nanopore library can also be
used to rapidly identify nanopore shapes from TEM imaging
using machine-learning based tools. We hope that our study
motivates the investigation of the effects of the shapes and sizes
of nanopores in 2D materials on various physicochemical
properties of interest.
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Data Availability Statement
The MATLAB code used to generate the nanopore library, the
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Agrawal, K. V. Single-Layer Graphene Membranes by Crack-Free
Transfer for Gas Mixture Separation. Nat. Commun. 2018, 9 (1),
2632.
(24) Yuan, Z.; Misra, R. P.; Rajan, A. G.; Strano, M. S.; Blankschtein,
D. Analytical Prediction of Gas Permeation through Graphene
Nanopores of Varying Sizes: Understanding Transitions across
Multiple Transport Regimes. ACS Nano 2019, 13 (10), 11809−
11824.
(25) Cui, Y.; Zhou, C.; Li, X.; Gao, Y.; Zhang, J. High Performance
Electrocatalysis for Hydrogen Evolution Reaction Using Nickel-
Doped CoS2 Nanostructures: Experimental and DFT Insights.
Electrochim. Acta 2017, 228, 428−435.

(26) Sint, K.; Wang, B.; Král, P. Selective Ion Passage through
Functionalized Graphene Nanopores. J. Am. Chem. Soc. 2008, 130
(49), 16448−16449.
(27) Carlsson, J. M.; Scheffler, M. Structural, Electronic, and
Chemical Properties of Nanoporous Carbon. Phys. Rev. Lett. 2006, 96
(4), 1−4.
(28) Yuan, Z.; Govind Rajan, A.; He, G.; Misra, R. P.; Strano, M. S.;
Blankschtein, D. Predicting Gas Separation through Graphene
Nanopore Ensembles with Realistic Pore Size Distributions. ACS
Nano 2021, 15 (1), 1727−1740.
(29) Huang, S.; Li, S.; Villalobos, L. F.; Dakhchoune, M.; Micari, M.;
Babu, D. J.; Vahdat, M. T.; Mensi, M.; Oveisi, E.; Agrawal, K. V.
Millisecond Lattice Gasification for High-Density CO2- And O2-
Sieving Nanopores in Single-Layer Graphene. Science Advances 2021,
7 (9), 1−13.
(30) Dutta, S.; Vahdat, M. T.; Rezaei, M.; Agrawal, K. V.
Crystallization of Gas-Selective Nanoporous Graphene by Compet-
itive Etching and Growth: A Modeling Study. Sci. Rep. 2019, 9, 5202.
(31) Schlichting, K. P.; Poulikakos, D. Selective Etching of Graphene
Membrane Nanopores: From Molecular Sieving to Extreme
Permeance. ACS Appl. Mater. Interfaces 2020, 12 (32), 36468−36477.
(32) Govind Rajan, A.; Silmore, K. S.; Swett, J.; Robertson, A. W.;
Warner, J. H.; Blankschtein, D.; Strano, M. S. Addressing the Isomer
Cataloguing Problem for Nanopores in Two-Dimensional Materials.
Nat. Mater. 2019, 18 (2), 129−135.
(33) Yoon, K.; Rahnamoun, A.; Swett, J. L.; Iberi, V.; Cullen, D. A.;
Vlassiouk, I. V.; Belianinov, A.; Jesse, S.; Sang, X.; Ovchinnikova, O.
S.; Rondinone, A. J.; Unocic, R. R.; Van Duin, A. C. T. Atomistic-
Scale Simulations of Defect Formation in Graphene under Noble Gas
Ion Irradiation. ACS Nano 2016, 10 (9), 8376−8384.
(34) Martinez-Asencio, J.; Caturla, M. J. Molecular Dynamics
Simulations of Defect Production in Graphene by Carbon Irradiation.
Nuclear Instruments and Methods in Physics Research, Section B: Beam
Interactions with Materials and Atoms 2015, 352, 225−228.
(35) Whitesides, R.; Frenklach, M. Detailed Kinetic Monte Carlo
Simulations of Graphene-Edge Growth. J. Phys. Chem. A 2010, 114
(2), 689−703.
(36) Cui, X. Y.; Zheng, R. K.; Liu, Z. W.; Li, L.; Delley, B.; Stampfl,
C.; Ringer, S. P. Magic Numbers of Nanoholes in Graphene: Tunable
Magnetism and Semiconductivity. Physical Review B - Condensed
Matter and Materials Physics 2011, 84 (12), 1−7.
(37) Qiu, H.; Zhou, W.; Guo, W. Nanopores in Graphene and Other
2D Materials: A Decade’s Journey toward Sequencing. ACS Nano
2021, 15 (12), 18848−18864.
(38) Zakharchenko, K. V.; Balatsky, A. V. Controlled Healing of
Graphene Nanopores. Carbon 2014, 80 (1), 12−18.
(39) Sheshanarayana, R.; Govind Rajan, A. Tailoring Nanoporous
Graphene via Machine Learning: Predicting Probabilities and
Formation Times of Arbitrary Nanopore Shapes. J. Chem. Phys.
2022, 156 (20), 204703.
(40) Liu, K.; Lihter, M.; Sarathy, A.; Caneva, S.; Qiu, H.; Deiana, D.;
Tileli, V.; Alexander, D. T. L.; Hofmann, S.; Dumcenco, D.; Kis, A.;
Leburton, J. P.; Radenovic, A. Geometrical Effect in 2D Nanopores.
Nano Lett. 2017, 17 (7), 4223−4230.
(41) Van Den Hout, M.; Hall, A. R.; Wu, M. Y.; Zandbergen, H. W.;
Dekker, C.; Dekker, N. H. Controlling Nanopore Size, Shape and
Stability. Nanotechnology 2010, 21 (11), 115304.
(42) Aleksandrowicz, G.; Barequet, G.Redelmeier’s Algorithm for
Counting Lattice Animals. In Proceedings of the Annual Symposium on
Computational Geometry, 2011; pp 283−284.
(43) Redelmeijer, D. H. Counting Polyominoes: Yet Another Attack.
Discrete Mathematics 1981, 36 (3), 191−203.
(44) Aleksandrowicz, G.Enumeration of Lattice Animals. Ph.D.
Thesis, Israel Institute of Technology, 2011.
(45) Golomb, S. W. Checker Boards and Polyominoes. American
Mathematical Monthly 1954, 61 (10), 675−682.
(46) Delest, M. P.; Viennot, G. Algebraic Languages and
Polyominoes Enumeration. Theoretical Computer Science 1984, 34
(1−2), 169−206.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.2c01306
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1021/nl404118f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c06327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c06327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41699-021-00246-9
https://doi.org/10.1038/s41699-021-00246-9
https://doi.org/10.1038/s41699-021-00246-9
https://doi.org/10.1039/D2TA01737G
https://doi.org/10.1039/D2TA01737G
https://doi.org/10.1021/acs.nanolett.5b00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-021-00933-0
https://doi.org/10.1038/s41565-021-00933-0
https://doi.org/10.1038/s41565-021-00933-0
https://doi.org/10.1038/nbt.2181
https://doi.org/10.1021/jz500498c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500498c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2015.307
https://doi.org/10.1038/nnano.2015.307
https://doi.org/10.1038/nnano.2017.72
https://doi.org/10.1038/nnano.2017.72
https://doi.org/10.1038/nnano.2017.72
https://doi.org/10.1002/adma.201801179
https://doi.org/10.1002/adma.201801179
https://doi.org/10.1021/nn303869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn303869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1119827109
https://doi.org/10.1073/pnas.1119827109
https://doi.org/10.1021/acsnano.5b05700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b05700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202104308
https://doi.org/10.1002/adma.202104308
https://doi.org/10.1002/adma.202104308
https://doi.org/10.1021/acs.jpcc.7b01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-04904-3
https://doi.org/10.1038/s41467-018-04904-3
https://doi.org/10.1021/acsnano.9b05779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b05779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b05779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2017.01.103
https://doi.org/10.1016/j.electacta.2017.01.103
https://doi.org/10.1016/j.electacta.2017.01.103
https://doi.org/10.1021/ja804409f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja804409f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.96.046806
https://doi.org/10.1103/PhysRevLett.96.046806
https://doi.org/10.1021/acsnano.0c09420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c09420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abf0116
https://doi.org/10.1126/sciadv.abf0116
https://doi.org/10.1038/s41598-019-41645-9
https://doi.org/10.1038/s41598-019-41645-9
https://doi.org/10.1021/acsami.0c07277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-018-0258-3
https://doi.org/10.1038/s41563-018-0258-3
https://doi.org/10.1021/acsnano.6b03036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nimb.2014.12.010
https://doi.org/10.1016/j.nimb.2014.12.010
https://doi.org/10.1021/jp906541a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906541a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.84.125410
https://doi.org/10.1103/PhysRevB.84.125410
https://doi.org/10.1021/acsnano.1c07960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c07960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbon.2014.07.085
https://doi.org/10.1016/j.carbon.2014.07.085
https://doi.org/10.1063/5.0089469
https://doi.org/10.1063/5.0089469
https://doi.org/10.1063/5.0089469
https://doi.org/10.1021/acs.nanolett.7b01091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/21/11/115304
https://doi.org/10.1088/0957-4484/21/11/115304
https://doi.org/10.1145/1998196.1998238
https://doi.org/10.1145/1998196.1998238
https://doi.org/10.1016/S0012-365X(81)80015-5
https://doi.org/10.1080/00029890.1954.11988548
https://doi.org/10.1016/0304-3975(84)90116-6
https://doi.org/10.1016/0304-3975(84)90116-6
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(47) Dias, J. R. Perimeter Topology of Benzenoid Polycyclic
Hydrocarbons. J. Chem. Inf. Model. 2005, 45 (3), 562−571.
(48) Dias, J. R. What Do We Know about C28H14 and C30H14
Benzenoid Hydrocarbons and Their Evolution to Related Polymer
Strips? J. Chem. Inf. Model. 2006, 46 (2), 788−800.
(49) Dias, J. R. Mathematics of Periodic Tables for Benzenoid
Hydrocarbons. J. Chem. Inf. Model. 2007, 47 (3), 707−715.
(50) Pham-Van, H.; Tran-Phan-Thuy, L.; Tran-Manh, C.; Do-Danh,
B.; Luc-Huy, H. Two-Dimensional Clusters of Colloidal Particles
Induced by Emulsion Droplet Evaporation. Nanomaterials 2020, 10
(1), 156.
(51) Becker, A. T.PolyEnumDraw code from Aaron T. Becker’s Robot
Swarm Lab . https://www.mathworks.com/matlabcentral/
fileexchange/75698-polyenumdraw (accessed December 2022).
(52) Myers, J.A070764 Number of polyiamonds with n cells, with holes.
https://oeis.org/A070764 (accessed December 2022).
(53) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
Metals. Phys. Rev. B 1993, 47 (1), 558−561.
(54) Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy
Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6 (1), 15−50.
(55) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54 (16), 11169−11186.
(56) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50 (24), 17953−17979.
(57) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59 (3),
1758−1775.
(58) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865−
3868.
(59) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.
(60) Bondaz, L.; Chow, C. M.; Karnik, R. Rapid Screening of
Nanopore Candidates in Nanoporous Single-Layer Graphene for
Selective Separations Using Molecular Visualization and Interatomic
Potentials. J. Chem. Phys. 2021, 154 (18), 184111.
(61) Liang, L.; Zhou, H.; Li, J. C.; Chen, Q.; Zhu, L.; Ren, H. Data-
Driven Design of Nanopore Graphene for Water Desalination. J. Phys.
Chem. C 2021, 125 (50), 27685−27692.
(62) León, C.; Melnik, R. Machine Learning for Shape Memory
Graphene Nanoribbons and Applications in Biomedical Engineering.
Bioengineering 2022, 9 (3), 90.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.2c01306
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

L

 Recommended by ACS

De Novo Direct Inverse QSPR/QSAR: Chemical Variational
Autoencoder and Gaussian Mixture Regression Models
Kohei Nemoto and Hiromasa Kaneko
JANUARY 12, 2023
JOURNAL OF CHEMICAL INFORMATION AND MODELING READ 

Exploration of a Large Virtual Chemical Space:
Identification of Potent Inhibitors of Lactate Dehydrogenase-
A against Pancreatic Cancer
Horrick Sharma, Michael A. Ihnat, et al.
JANUARY 16, 2023
JOURNAL OF CHEMICAL INFORMATION AND MODELING READ 

Combining Group-Contribution Concept and Graph Neural
Networks Toward Interpretable Molecular Property Models
Adem R. N. Aouichaoui, Gürkan Sin, et al.
JANUARY 30, 2023
JOURNAL OF CHEMICAL INFORMATION AND MODELING READ 

Effect of Varying Stiffness and Functionalization on the
Interfacial Failure Behavior of Isotactic Polypropylene on
Hydroxylated γ-Al2O3 by MD Simulation
Yoshitake Suganuma and James A. Elliott
JANUARY 20, 2023
ACS APPLIED MATERIALS & INTERFACES READ 

Get More Suggestions >

https://doi.org/10.1021/ci0500334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci0500334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci050298i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci050298i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci050298i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci600405m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci600405m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10010156
https://doi.org/10.3390/nano10010156
https://www.mathworks.com/matlabcentral/fileexchange/75698-polyenumdraw
https://www.mathworks.com/matlabcentral/fileexchange/75698-polyenumdraw
https://oeis.org/A070764
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/5.0044041
https://doi.org/10.1063/5.0044041
https://doi.org/10.1063/5.0044041
https://doi.org/10.1063/5.0044041
https://doi.org/10.1021/acs.jpcc.1c09470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c09470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/bioengineering9030090
https://doi.org/10.3390/bioengineering9030090
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01298?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01544?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acs.jcim.2c01091?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
http://pubs.acs.org/doi/10.1021/acsami.2c19593?utm_campaign=RRCC_jcisd8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1675753896&referrer_DOI=10.1021%2Facs.jcim.2c01306
https://preferences.acs.org/ai_alert?follow=1

