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nanoporous organic nanocrystals†

Isaiah A. Moses a and Veronica Barone *ab

In this work, we present the optimized geometric stacking of several layered nanoporous organic

nanocrystals (NONs) and the stacking effect on their electronic structure. Hexagonal layered structures,

C12H6-h2D, B6N6H6-h2D and C6N6-h2D are built from aromatic organic molecular units benzene,

borazine and 1,3,5-triazine, respectively while oblique structures, C10N2H4-o2D, C8N4H2-o2D, C10P2H4-

o2D and C10As2H4-o2D, are built from pyridine, 1,3-diazine, phosphinine and arsinine, respectively. Our

density functional theory calculations show stacking energy profiles of NONs that are similar to

graphene in both the stand-alone and bulk C12H6-h2D and B6N6H6-h2D structures while the rest of the

studied layered materials deviate from the perfect AB stacking. The number of layers as well as the

stacking configuration significantly influence the electronic properties of these materials. Indirect to

direct band gap crossovers from the bulk to monolayers are observed in all of the NONs except in

C6N6-h2D which exhibits a direct band gap in both the monolayer, isolated few-layers, and bulk.

Furthermore, it is observed that the electronic nature of C10As2H4-o2D changes from a semiconducting

character in the isolated monolayer to a metallic character in the bulk. The porous nature and the

stability of these layered NONs combined with the electronic properties observed in this work point at

them as valuable materials for potential applications in nanoelectronics and gas separation membranes,

as well as deep ultraviolet optoelectronics and laser devices.
1. Introduction

Two-dimensional (2D) materials present unique features due to
their reduced dimensionality which results in unusual struc-
tural, chemical, and electronic properties that are rarely found
in bulk materials. These characteristics have made 2Dmaterials
a very important class of materials for technological applica-
tions such as in nanoelectronics,1,2 optoelectronics3,4 and pho-
tocatalysis.5,6 A crucial electronic feature for such applications is
their semiconducting character. The application of graphene
for such purposes is therefore limited, despite its excellent
carrier mobility as well as unique electronic, mechanical, and
thermal properties,7 since it exhibits a zero bang gap. Efforts in
band gap engineering have been directed at addressing the lack
of band gap in graphene through doping8,9 strain10,11, graphene-
substrate interaction6,12 as well as electrically gating bilayer
graphene.13 These methods, however, have been applied with
a trade-off of desirable intrinsic properties of graphene. There is
therefore a great interest in nding other 2D materials with
nite band gaps for applications in such areas. Some examples
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the Royal Society of Chemistry
of 2D materials beyond graphene include C2N-h2D,14 phos-
phorene,15,16 and transition metal dichalcogenides.17 The elec-
tronic and optical properties of these layered materials can be
also tuned by stacking two or more layers. Band gap tuning has
been observed in bilayer graphene,13,18,19 black phosphorus,20,21

and graphene-BN heterostructures.22 By modifying the stacking
and the number of layers, a complete transition from semi-
conducting to metallic has been reported in some of these
materials, including transition metal dichalcogenides23 and
graphene-like BC3.24 It is worth mentioning that while free-
standing 2D materials have been shown to be corrugated,25,26

the layered bulk units do not exhibit out-of-plane deformations.
Another important application for which 2D materials are

being sought for is as separation membranes27 since they are
compact and easy to operate compared to cryogenic distillation
and absorption/adsorption separation.28–30 Graphene is not only
gapless but it is also poreless. The synthesis of nanoporous
graphene,31 a graphene-like structure made out of seamlessly
connected benzene units, offers an alternative in membranes
for gas separation as it shows the advantage of intrinsic and well
dened porosity. Nanoporous graphene has shown a high
selectivity, superior to conventional polymer membranes, for H2

and He permeability relative to other atmospheric gases such as
Ne, O2, N2, CO, CO2, NH3, Ar and CH4.32–34

Our recent study reported new 2D structures beyond
nanoporous graphene.35 The reported graphene-like porous
RSC Adv., 2021, 11, 5773–5784 | 5773
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materials are 2D sheets built from organic molecules other
than benzene (i.e. borazine, pyridine, 1,2-diazine, 1,3,5-
triazine, phosphinine, and arsinine) as fundamental units.
They are stable monolayers with well dened small pores of
typical dimensions varying from 3.1 Å to 5.94 Å and large band
gaps ranging from 2.10 eV to 6.04 eV. However, little is known
about the multi-layer stacking characteristics of these 2D
materials.

The present study is focused on the interlayer stacking and
electronic properties of these nanoporous organic nanocrystals
(NONS). Understanding the interactions between layers in these
systems is important for practical applications. In particular, it
is important to address if the stacking and strength of the
interlayer interactions differ from that of well studied graphene
and other layered materials. Therefore, in this work, we utilize
density functional theory (DFT) calculations to examine the
interlayer interaction as well as the stacking energy prole of
these novel NONs which provides an insight on the relative
stability of the different stacking schemes. We also investigate
how the stacking arrangement affects the electronic properties
of these NONs. This study sheds light on the potential appli-
cations of NONs as membranes for gas separation as well as
potential alternatives to graphene in, for example, nano-
electronics and switches in electronic devices.36,37
Fig. 2 Stacking energy profile for (a) bulk C12H6-h2D, (b) bulk B6N6H6-
h2D, and (c) bulk C6N6-h2D. (XB, YB) is the shift in the top layer relative
to the bottom layer. (XB ¼ 0, YB ¼ 0) corresponds to the AA stacking.
AB0 denotes themost stable stacking in C6N6-h2D, which corresponds
to neither AA nor AB. Eint values presented are relative to the most
stable stacking configuration.
2. Computational details

DFT calculations with plane-wave basis sets are carried out
using the Quantum-Espresso soware.38,39 It is well known that
nonlocal van der Waals interactions (vdW) in layered materials
are not accounted for by traditional DFT functionals. Moreover,
standard exchange functionals used within the vdW-DF over-
estimate the repulsion energy at shorter distances.40 These
issues have been signicantly improved by the use of the
generalized gradient approximation exchange functional
developed by Cooper (C09x)40 in combination with the vdW
correlation functional of Lee et al. (vdW-DF2)41 and results with
high accuracies have been reported with this method.42 We have
Fig. 1 Bilayer stacking scheme. Cartesian coordinates of the atoms in the
y + YB). XB and YB vary from 0 to a full lattice constant a and b sin g, respe
of B relative to A.

5774 | RSC Adv., 2021, 11, 5773–5784
therefore used the vdW-DF2C09x exchange–correlation func-
tional in our calculations in combination with norm-conserving
pseudo potentials in order to replace core electrons.
bottom layer are fixed at A(x,y) while those for the top layer are B(x+ XB,
ctively so that B(x + a, y + b sin g) corresponds to a full lattice mismatch

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stacking energy profile in (a) bulk C10N2H4-o2D, (b) bulk C8N4H2-o2D, (c) bulk C10P2H4-o2D, and (d) bulk C10As2H4-o2D. (XB, YB)
represents the shift in the top layer relative to the bottom layer. (XB ¼ 0, YB ¼ 0) corresponds to the AA stacking. Eint values presented are relative
to the most stable stacking configuration.
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For each of the studied NONs, convergence tests were carried
out for the kinetic energy cutoffs and the Monkhorst–Pack43

mesh. Our assessments indicate that a kinetic energy cutoff of
about 140 Ry is suitable for all the studied materials. We nd
Fig. 4 Top views of AA and equilibrium AB stacked NONs. AB0 is the
equilibrium bilayer/bulk structure in C6N6-h2D differing from AA and
AB. In the AB stacked structures, half of the atoms in 50% of the
hexagons in the B layer lie directly on top of the occupied (hexagon)
center of the A layer for both C12H6-h2D and B6N6H6-h2D. In AB
stacked C6N6-h2D, half of the hexagons in B lie directly on top of
another hexagon but with C atoms on top of N atoms while the other
half symmetrically occupy the pore space of layer A.

© 2021 The Author(s). Published by the Royal Society of Chemistry
that while a 14 � 14 � 1 and 14 � 14 � 14 Monkhorst–Pack
meshes are needed for graphene and graphite, respectively, 4 �
4 � 1 and 4 � 4 � 4 meshes are sufficient for mono-layer and
multiple layers/bulk, respectively, in the studied NONs. To
model isolated two-dimensional structures we utilized
a vacuum of at least 15 Å. Structural optimizations are carried
out with convergence thresholds in total energy, atomic forces,
and stress of 10�5 Ry, 10�3 Ry per bohr, and 0.5 kbar,
respectively.
Fig. 5 Top views of AA and equilibrium AB0 stacked NONs. AB0 stacked
are the equilibrium structures in the bilayer and bulk forms differing
from both AA and AB.

RSC Adv., 2021, 11, 5773–5784 | 5775
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Table 1 The interlayer separation, d (Å), and interaction energy, Eint
(meV per atom), for stand-alone bilayers and bulk NONs. The equi-
librium stacking in C12H6-h2D and B6N6H6-h2D is AB while the
stacking of the remaining systems slightly differs from AB and is
denoted by AB0

Stacking

Isolated Bulk

AA AB or AB0 AA AB or AB0

d Eint d Eint d Eint d Eint

C12H6-h2D 3.68 10.0 3.24 13.0 3.63 22.7 3.19 37.0
B6N6H6-h2D 3.59 10.0 3.20 15.4 3.60 22.9 3.13 36.1
C6N6-h2D 3.70 6.2 3.59 17.5 3.60 14.9 3.06 49.1
C10N2H4-o2D 3.63 11.0 3.23 15.5 3.58 25.1 3.18 36.3
C8N4H2-o2D 3.61 10.8 3.19 17.5 3.57 23.8 3.12 39.5
C10P2H4-o2D 3.73 14.8 3.26 23.0 3.24 35.20 3.21 52.7
C10As2H4-o2D 3.80 15.0 3.28 25.2 3.30 55.3 3.15 59.7
C2N-h2D

44 3.183 23.9 3.162 51.6

Fig. 6 Effect of stacking on the electronic structure of C6N6-h2D for (a)
the bulk system with the specified stackings. The fundamental band gap
AB0 indicates that the most stable stacking corresponds to neither AA no

5776 | RSC Adv., 2021, 11, 5773–5784
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In order to study the stacking energy prole of these systems,
we rst dene the interlayer interaction energy per atom, Eint, as
shown in eqn (1).

Eint ¼
P

i

Ei � Ecell

Ncell

(1)

where Ei and Ecell are the energies of mono-layer and the
multiple-layer unit cell, respectively, i is the number of layers
contained in each unit cell and Ncell is the total number of
atoms in the unit cell. Using this denition, positive values of
Eint imply a thermodynamically stable stacking while structures
with a negative value of Eint are unstable. To obtain the stacking
energy prole, the two layers are moved relative to each other in
the xy plane as depicted in Fig. 1. The bottom and top layers are
denoted as A and B, respectively. The atomic coordinates of the
atoms in A are denoted as A(x,y) while those in B are B(x + XB, y +
YB). When B is directly above A, i.e. XB ¼ 0 ¼ YB, the stacking is
said to be AA.

In order to obtain the stacking energy prole, the atoms in A
are kept xed at A(x,y) while those in B move incrementally at
isolated one, two, and three layers with the specified stackings and (b)
is marked with an arrow that indicates their direct nature. The stacking
r AB. The Fermi level is set at the top of the valence band.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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steps of XB ¼ 0.2 Å and/or YB ¼ 0.2 Å. In each step, the cartesian
coordinates along the c lattice direction are relaxed thus
providing an optimized interlayer distance d. The value of the
interlayer energy is then computed for each stacking all through
a full cell vector mismatch, B(x + a,y + b sin g) (where a and b are
the lattice parameters and g is the angle between them), relative
to A(x,y).
3. Results and discussion
3.1. Stacking schemes

The stacking analysis was rst carried out for graphite to
establish the appropriateness of the proposed methodology.
Assessment results are reported in ESI.† By exploiting the
symmetry of the hexagonal NONs structures � C12H6-h2D,
B6N6H6-h2D and C6N6-h2D – built respectively from benzene,
borazine and 1,3,5-triazine, it is sufficient to perform calcula-
tions for stackings from AA to a half cell vector mismatch, B(x +
a/2,y + b sin g) (a ¼ b, g ¼ 60�), and use the symmetry to obtain
the energies for the second half (from B(x + a/2,y + b sin g) to B(x
Fig. 7 Effect of stacking on the electronic structure of C10As2H4-o2D fo
(b) the bulk system with the specified stackings. The fundamental band g
The stacking AB0 indicates that themost stable stacking corresponds to ne
top of the valence band.

© 2021 The Author(s). Published by the Royal Society of Chemistry
+ a,y + b sin g)). The energy prole for the bulk structures of
hexagonal symmetry are shown in Fig. 2. The energy proles for
the bulk oblique structures; C10N2H4-o2D, C8N4H2-o2D,
C10P2H4-o2D and C10As2H4-o2D built respectively from pyri-
dine, 1,3-diazine, phosphinine, and arsinine are shown in
Fig. 3. The stacking energies presented in the gures are relative
values with respect to that of the equilibrium stacking.

In addition to bulk structures, similar calculations have been
carried out in bilayer systems in order to determine differences
in stacking arising from bulk to few-layer structures. These
energy proles are presented in ESI (Fig. S3 and S4).† Our
calculations indicate that the AA stacking is the least stable
conguration for both the isolated bilayers (Fig. S3 and S4†) and
the bulk structures in all systems (Fig. 2 and 3) except in bulk
C10As2H4-o2D (Fig. 3(d)), where AA, although not the most
stable stacking, it is also not the least stable arrangement. We
also observe that structures where the B layer with atomic
positions around the coordinates B(x + a,y + 0.0) and B(x + 0.5a,y
+ b sin g) closely follow those with B at B(x + 0.0,y + 0.0) in their
relatively low thermodynamic stability (Fig. 2 and 3). The most
r (a) isolated one, two, and three layers with the specified stackings and
ap is marked with an arrow that indicates their direct or indirect nature.
ither AA nor AB. In semiconducting systems, the Fermi level is set at the

RSC Adv., 2021, 11, 5773–5784 | 5777
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stable stackings are obtained with B at around B(x + 2.6,y + 2.8),
B(x + 0.0,y + 3.0), and B(x + 0.0,y + 4.8) in the hexagonal struc-
tures C12H6-h2D (Fig. 2(a)), B6N6H6-h2D (Fig. 2(b)), and C6N6-
h2D (Fig. 2(c)), respectively, in both isolated bilayers and bulk.
For the oblique structures, the B layer at coordinates B(x + 0.0,y
+ 6.0), B(x + 3.6,y + 0.6), B(x + 5.4,y + 2.6), and B(x + 0.0,y + 3.2)
produce the bulk and stand-alone bilayer structures with the
highest interlayer interaction energies in C10N2H4-o2D
(Fig. 3(a)), C8N4H2-o2D (Fig. 3(b)), C10P2H4-o2D (Fig. 3(c)), and
C10As2H4-o2D (Fig. 3(d)), respectively.

In the equilibrium stacking scheme of C12H6-h2D (Fig. 4),
half of the carbon atoms in 50% of the carbon hexagons in the B
layer are directly on top of the occupied (hexagon) center of the
layer A. Also, carbon trigonal planes in the B layer symmetrically
lie above the pore in A. In B6N6H6-h2D AB stacked structures
(Fig. 4), half of the atoms, consisting of boron and nitrogen, in
50% of the hexagons in B are directly on top of the occupied
hexagon center of the layer A with boron on top of boron. The
equilibrium stacking in C12H6-h2D and B6N6H6-h2D can
therefore be thought of as an AB type, also referred to as Bernal
Fig. 8 Effect of stacking on the electronic structure of C12H6-h2D for (a)
the bulk systemwith the specified stackings. The fundamental band gap is
Fermi level is set at the top of the valence band.

5778 | RSC Adv., 2021, 11, 5773–5784
stacking (Fig. 4). Other NONs with equilibrium stackings
differing from AB are denoted as AB0 stacked structures. The
only hexagonal structure with equilibrium bulk stacking
different than the Bernal stacking, C6N6-h2D, has an interaction
energy only 0.6 meV per atom smaller than the Bernal stacking.
The top views of AA stacked and equilibrium bilayer/bulk
structures are presented in Fig. 4 for the hexagonal NONs and
Fig. 5 for the obliques.

The optimum interlayer distances and the corresponding
interlayer energies extracted from the energy proles are pre-
sented in Table 1. These results show that isolated bilayers have
higher values of interlayer separations and smaller interaction
energies than the bulk counterparts. This trend is in agreement
with previous observations in layered materials.44 The interlayer
distance of van der Waals heterostructures has been observed to
also depend on the composition.45,46 For equilibrium stackings,
the values for the isolated bilayer interlayer separation ranges
from 3.19 Å for C8N4H2-o2D to about 3.59 Å for C6N6-h2D, while
the bulk interlayer separation ranges from 3.06 Å for C6N6-h2D
to 3.21 Å for C10P2H4-o2D (Table 1). The interaction energy, on
isolated one, two, and three layers with the specified stackings and (b)
marked with an arrow that indicates their direct or indirect nature. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the other hand, ranges from 13.0 meV per atom (C12H6-h2D) to
25.2 meV per atom (C10As2H4-o2D) and from 36.1 meV per atom
(B6N6H6-o2D) to 59.7 meV per atom (C10As2H4-o2D) for the
isolated bilayer and bulk, respectively. The highest values of
interaction energy is obtained for C10As2H4-o2D (59.7 meV per
atom), followed by C10P2H4-o2D (52.7 meV per atom) (Table 1).

While the order of d cannot be readily correlated with the
size of heteroatoms in all the bulk NONs, the isolated bilayers
show a trend between size of heteroatom and spacing (Table 1).
In particular, the similarities in the compositions of C10N2H4-
o2D, C10P2H4-o2D and C10As2H4-o2D make their comparison in
terms of the sizes of the group VA atoms (N < P < As) interesting.
It is observed that d for the isolated bilayers follow the same
order, C10N2H4-o2D < C10P2H4-o2D < C10As2H4-o2D, as the size
of the corresponding constituent group VA atoms, the trend is
more pronounced in the metastable AA stacked congurations
(Table 1). Also, the observed trend in the interlayer interaction
energies of the NONs built from the mono-substituted hetero-
benzenes pyridine, phosphinine, and arsinine, can be explained
on the basis of their atomic number. It is well known that
Fig. 9 Effect of stacking on the electronic structure of C8N4H2-o2D for (a
the bulk systemwith the specified stackings. The fundamental band gap is
stacking AB0 indicates that the most stable stacking corresponds to neit

© 2021 The Author(s). Published by the Royal Society of Chemistry
dispersion interactions originate in electron density uctua-
tions which give rise to instantaneous multipole moments.47

Therefore, moving down the group VA from N to As, the
increasing spatial extent of the N, P, and As lone pairs along the
series48 enhances the van der Waals interaction. It is therefore
not surprising to observe an increase in the interlayer interac-
tion energies following the order C10N2H4-o2D < C10P2H4-o2D <
C10As2H4-o2D (Table 1). Interestingly, C10As2H4-o2D has
a higher interaction energy than graphite while Eint in C10P2H4-
o2D is only about 3 meV per atom smaller than the corre-
sponding value for graphite (Table S1†).
3.2. Stacking and electronic properties

In view of the known effect of stacking on the electronic prop-
erties of 2D materials24 we studied the effect of stacking on the
electronic properties of NONs. The study is carried out for
monolayers (A), isolated bilayers and bulk stacked AA and the
most stable stackings obtained from Section 3.1, either AB or
AB0. For the bulk (isolated three layers) with the stackings ABA
) isolated one, two, and three layers with the specified stackings and (b)
marked with an arrow that indicates their direct or indirect nature. The

her AA nor AB. The Fermi level is set at the top of the valence band.
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or AB0A, these are built from the most stable bulk (isolated
bilayers) with the stackings AB and AB0 respectively. The band
structures of the isolated and bulk NONs were obtained along
high symmetry k-points paths of the Brillouin zone.49 The
density of states (DOS) for each of the studiedmaterials was also
calculated.

The number of layers and the stacking order are observed to
have a signicant effect on the electronic properties of the
studied NONs (Fig. 6–12) due to the band splitting originating
from the orbital interaction between the layers.44 Due to the
exchange-correlation functional used in the present work, the
values of the band gaps (Eg) are underestimated compared to
our previous results obtained using the HSE hybrid functional.35

However, as shown in the latter (Tables 1 and 2 in ESI†) the
overall trends in Eg should be well represented by the chosen
functional.

All monolayers present a direct band gap (Fig. 6–12 with
label A). These values monotonically decrease as the number of
layers increase. Additionally, the magnitude of the band gap
Fig. 10 Effect of stacking on the electronic structure of C10P2H4-o2D fo
(b) the bulk system with the specified stackings. The fundamental band g
The stacking AB0 indicates that themost stable stacking corresponds to ne
top of the valence band.

5780 | RSC Adv., 2021, 11, 5773–5784
also depends on the geometric stacking, with the AA stacked
structures presenting a larger decrease in Eg (DEg) than those
with a mismatch between at least two consecutive layers.
Examining the DEg with increasing layer numbers (from single
to three layers) of the different materials, we observe that C6N6-
h2D (Fig. 6) has the smallest response to the number of layers.
While it's monolayer has Eg of 1.585 eV, the AA stacked bilayer
and trilayer has values of 1.35 eV and 1.25 eV respectively. The
DEg between themonolayer and trilayer is therefore 0.33 eV. The
DEg for the C8N4H2-o2D structure (Fig. 9) is 0.40 eV. The values
of the DEg for the rest of the NONs are signicantly higher.
C10P2H4-o2D (Fig. 10), for instance, presents the largest DEg
value of 1.10 eV.

The order of stacking of the layers also determine the values
and, for some of the NONs, the nature of the Eg in the bulk
structures (Fig. 6–12). As in the case for the isolated layers, AA
stacked bulk materials possess lower Eg than those built with
a mismatch between the layers. For NONs that are semi-
conducting in their bulk forms as well as in the isolated
r (a) isolated one, two, and three layers with the specified stackings and
ap is marked with an arrow that indicates their direct or indirect nature.
ither AA nor AB. In semiconducting systems, the Fermi level is set at the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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multiple-layers, the most stable stacking congurations – AB or
AB0 � presents the widest Eg among the different stacking
orders considered. An indirect to direct Eg crossover from the
bulk to monolayer is observed in all the NONs except in C6N6-
h2D (Fig. 6) and C10As2H4-o2D (Fig. 7). The same phenomenon
has been observed experimentally in other layered materials
including h-BN50 and MoS2.51 In particular, C12H6-h2D (Fig. 8)
and B6N6H6-h2D (Fig. 11) exhibit the same trends in all stacking
congurations studied. Their monolayers and AA stacked
multiple-layers and bulk structures show direct Eg while AB and
ABA stacked structures exhibit an indirect Eg.

Interestingly, the electronic properties of the structure ob-
tained from pyridine (C10N2H4-o2D) (Fig. 12) shows a different
Eg nature than those of benzene (C12H6-h2D) (Fig. 8) and bor-
azine (B6N6H6-h2D) (Fig. 11). Only its monolayer presents
a direct band gap while all others, both in the isolated and bulk
forms, present indirect Eg. With one more C atom substituted
by N (1,3-diazine), only the AB0 stacked bulk of the corre-
sponding structure (C8N4H2-o2D) (Fig. 9) exhibits an indirect Eg.
Further substitution of one C atom by N (rendering 1,3,5-
triazine) results in C6N6-hD with direct Eg for the monolayer,
Fig. 11 Effect of stacking on the electronic structure of B6N6H6-h2D for (
the bulk systemwith the specified stackings. The fundamental band gap is
Fermi level is set at the top of the valence band.

© 2021 The Author(s). Published by the Royal Society of Chemistry
few layers and bulk, irrespective of the stacking arrangement
(Fig. 6). A similar structure with the same chemical constitu-
ents, C2N-h2D, has also been reported to exhibit a direct Eg both
in the monolayer and bulk forms.44

It is interesting to note that, while the features exhibited by
C10P2H4-o2D (Fig. 10) and C10As2H4-o2D (Fig. 7) are similar to
those of C12H6-h2D (Fig. 8) and B6N6H6-h2D (Fig. 11) in terms of
layer order effect on the relative position of the valence band
maximum (VBM) and the conduction band minimum (CBM)
(direct or indirect), C10P2H4-o2D presents a metallic character
in the metastable AA bulk and C10As2H4-o2D exhibits a metallic
character in the bulk irrespective of the stacking arrangement.

The observed signicant tuning of the electronic properties
with layer number and stacking order in these materials is
a result of the splitting of the bands induced mainly by the
interaction of atomic orbitals between the layers. It can be
inferred that the chemical composition of the materials as well
as the spatial matching of the bands of different layers arising
from the stacking schemes have a signicant inuence on the
nature of the band structure.
a) isolated one, two, and three layers with the specified stackings and (b)
marked with an arrow that indicates their direct or indirect nature. The

RSC Adv., 2021, 11, 5773–5784 | 5781
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Fig. 12 Effect of stacking on the electronic structure of C10N2H4-o2D for (a) isolated one, two, and three layers with the specified stackings and
(b) the bulk system with the specified stackings. The fundamental band gap is marked with an arrow that indicates their direct or indirect nature.
The stacking AB0 indicates that the most stable stacking corresponds to neither AA nor AB. The Fermi level is set at the top of the valence band.
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Comparing B6N6H6-h2D and the well-studied h-BN, we have
previously reported a small lattice mismatch of 1.2% in their
monolayer.35 Also observed previously is the Eg in the ultraviolet
region of 6.07 eV and 6.04 eV for B6N6H6-h2D and h-BN,
respectively. A similar direct-to-indirect Eg crossover from
mono layer to bulk in h-BN50 is also observed in B6N6H6-h2D
(Fig. 11). Therefore, just as h-BN, B6N6H6-h2D could prove
promising for deep ultraviolet optoelectronic and laser devices
applications.50,52

Some of these NONs present at bands and the corre-
sponding peaks in density of states at the Fermi level. This is
especially pronounced in the NONs containing H and high
concentration of N, B6N6H6-h2D (Fig. 11) and C8N4H2-o2D
(Fig. 9). We were therefore interested in investigating what
orbitals are responsible for the localized states. Projected
density of states for the monolayer and equilibrium bulk
B6N6H6-h2D and C8N4H2-o2D were therefore obtained. The
monolayer (Fig. S5(a)†) and bulk (Fig. S5(b)†) B6N6H6-h2D as
well as the monolayer (Fig. S5(c)†) and bulk (Fig. S5(d)†)
C8N4H2-o2D shows that p bands from the N atom are
5782 | RSC Adv., 2021, 11, 5773–5784
responsible for the peaks in the density of states around the
Fermi level.
4. Conclusions

We have studied the stacking energy proles and the effect of
stacking on the electronic properties of nanoporous organic
nanocrystals (NONs) built from organic molecular units.
Comprehensive stacking energy proles show that the AA
stacked structures are the least stable congurations in all of
the studied NONs except in the case of C10As2H4-o2D. The
equilibrium stacking obtained in both C12H6-h2D and B6N6H6-
h2D is observed to be of the Bernal type while the preferred
stacking for the rest of the hexagonal (C6N6-h2D) and oblique
structures (C10N2H4-o2D, C8N4H2-o2D, C10P2H4-o2D and
C10As2H4-o2D) is observed to slightly deviate from a perfect AB
stacking. Our DFT calculations show that the isolated bilayers
present interaction energies varying from 13.0 meV per atom to
25.2 meV per atom while the values for the bulk counterparts
vary from 36.1meV per atom to 59.7 meV per atom. Calculations
© 2021 The Author(s). Published by the Royal Society of Chemistry
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indicate a signicant effect of the stacking conguration and
the number of layers on the electronic properties of the studied
materials. We observe that the band gap monotonically
decreases as the number of layers increases. Indirect to direct
band gap crossovers from bulk to monolayers are also observed
in all of the NONs except in C6N6-h2D which exhibits a direct
band gap in both monolayer, isolated few-layers, and bulk.
Additionally, it is observed that the electronic nature of
C10As2H4-o2D changes from a semiconducting character in the
isolated monolayer to a metallic character in the bulk. The
porous nature and the stability of these layered NONs combined
with the electronic properties observed in this work point at
them as valuable materials for potential applications in nano-
electronics and gas separation membranes, as well as deep
ultraviolet optoelectronics and laser devices.
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41 K. Lee, É. D. Murray, L. Kong, B. I. Lundqvist and
D. C. Langreth, Higher-accuracy van der waals density
functional, Phys. Rev. B, 2010, 82(8), 081101.

42 I. Hamada andM. Otani, Comparative van der waals density-
functional study of graphene on metal surfaces, Phys. Rev. B,
2010, 82(15), 153412.

43 H. J. Monkhorst and J. D. Pack, Special points for Brillouin-
zone integrations, Phys. Rev. B, 1976, 13(12), 5188.

44 R. Zhang, B. Li and J. Yang, Effects of stacking order, layer
number and external electric eld on electronic structures
of few-layer C2N-h2D, Nanoscale, 2015, 7(33), 14062–14070.

45 O. Kurakevych, T. Chauveau and V. Solozhenko, On crystal
lattice parameters of graphite-like phases of the bc system,
J. Superhard Mater., 2010, 32(4), 231–235.

46 J. Kouvetakis, T. Sasaki, C. Shen, R. Hagiwara, M. Lerner,
K. Krishnan and N. Bartlett, Novel aspects of graphite
intercalation by uorine and uorides and new B/C, C/N
and B/C/N materials based on the graphite network, Synth.
Met., 1989, 34(1–3), 1–7.

47 A. M. Reilly and A. Tkatchenko, van der waals dispersion
interactions in molecular materials: beyond pairwise
additivity, Chem. Sci., 2015, 6(6), 3289–3301.

48 C. Müller, L. E. Broeckx, I. de Krom and J. J. Weemers,
Developments in the coordination chemistry of
phosphinines, Eur. J. Inorg. Chem., 2013, (2), 187–202.

49 W. Setyawan and S. Curtarolo, High-throughput electronic
band structure calculations: challenges and tools, Comput.
Mater. Sci., 2010, 49(2), 299–312.

50 C. Elias, P. Valvin, T. Pelini, A. Summereld, C. Mellor,
T. Cheng, L. Eaves, C. Foxon, P. Beton, S. Novikov, et al.,
Direct band-gap crossover in epitaxial monolayer boron
nitride, Nat. Commun., 2019, 10(1), 2639.

51 K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Atomically
thin MoS2: a new direct-gap semiconductor, Phys. Rev. Lett.,
2010, 105(13), 136805.

52 K. Watanabe, T. Taniguchi and H. Kanda, Direct-bandgap
properties and evidence for ultraviolet lasing of hexagonal
boron nitride single crystal, Nat. Mater., 2004, 3(6), 404.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08856k

	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k

	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k
	Structural and electronic properties of layered nanoporous organic nanocrystalsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08856k


