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Porous graphene (PG), graphenylene (GP), inorganic graphenylene (IGP-BN), and porous boron nitride (PBN)
single-layer have been studied via periodic density functional theory with a modified B3LYP functional and an
all-electron Gaussian basis set. The structural, elastic, electronic, vibrational, and topological properties of the
surfaces were investigated. The analysis showed that all porous structures had a nonzero band gap, and only PG
exhibited a non-planar shape. All porous structures seem to be more susceptible to longitudinal deformation

than their pristine counterparts, and GP exhibits a higher strength than graphene in the transversal direction. In
addition, the electron densities of GP and IGP-BN are localized closer to the atoms, in contrast with PG and
PBN, whose charge density is shifted towards the pore center; this property could find application in various

fields, such as gas adsorption.

1. Introduction

The interest in graphene-based systems with a honeycomb network
has considerably increased, owing to their huge scientific and techno-
logical potential in material science and their possible applications in
nanodevices [1,2], supercapacitors [3], theranostics [4], immunother-
apy [5], and fuel cells [6]. Particular attention has been extended to
inorganic graphene analogues, such as hexagonal boron nitride (hBN)
[7], with a lattice parameters [8] mismatch of ~1.8%, relative to
graphene. Similar to graphene, hBN can exist in several allotropes,
such as nanotubes [9], fullerenes [10], and nanoscrolls [11].

Graphene is a zero-gap material, which limits its application in
electronic devices. Consequently, developing approaches aimed at
modifying the material in such a way to remove this band gap
limitation has attracted considerable attention. Different chemical
methods can be used to modify the band gap, such as atomic
adsorption [12], fluorination [13], oxidation [14], and hydrogenation
[15], as well as physical methods such as strain [16] and the
introduction of defects [17] by doping [18] and/or structural modifica-
tions.

In the past years, other kinds of 2D structures have also attracted
attention, such as porous graphene (PG) [19,20]. Even though PG
retains a hexagonal structure similar to that of graphene, this material
has a wide band gap, as theoretically reported by Du et al. [21]. Using
plane-wave density functional theory (DFT) calculations, they obtained
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band gaps of 2.36 and 3.20 eV with LDA and HSEO06 functionals,
respectively. Later on, Ding et al. [22] obtained a band gap of 2.35 eV
using the same methodology with a LDA functional; however, it is well
known that the LDA exchange-correlation functional underestimates
the band gap energy.

In 2012, Brunetto et al. [23] reported a theoretical study of a
structure known as biphenylene carbon or graphenylene (GP), using
the density functional tight-binding [24] method. They showed that in
the basis of ab initio calculations, the selective removal of hydrogens
atoms from the PG triggers a spontaneous conversion of the structure
to a GP sheet, and that the band gaps of PG and GP are 3.3 and 0.8 eV,
respectively. Recently Yu [25] showed that GP has a promising
potential as anode material for lithium-ion batteries and exhibits high
storage capabilities; in addition, Song et al. [26] reported that GP, with
its well-defined porous network, can be used as molecular sieve for gas
separation and storage. Recently GP was obtained experimentally
[27,28] through a different route than that theoretically described by
Brunetto's work.

Using plane-wave DFT calculations, a few years ago Ding and
coworkers [22] proposed a PG analogue, porous boron nitride (PBN),
with a band gap of 4.27 eV. Later on, Perim and coworkers [29]
introduced a GP analogue, inorganic graphenylene (IGP-BN), using a
DFT approach based on localized wave functions and the PBE func-
tional. They reported band gaps of 4.57 and 4.14 eV for the PBN and
IGP-BN structures, respectively.
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The theoretical studies mentioned above have focused only on
evaluating the structural parameters and band gaps of the materials
investigated. Prompted by the need to understand and obtain accurate
predictions of other important properties, here we carried out periodic
DFT simulations to determine the structural, electronic, elastic, and
vibrational properties of the PG, GP, PBN, and IGP-BN materials. To
the best of our knowledge, no previous computational studies of the
elastic and vibrational properties of these porous 2D systems at this
level of theory have been published. Moreover, we present the first
application of the analysis of bond critical points (BCPs) to explore
chemical interactions in solid-state systems by the quantum theory of
atoms in molecules (QTAIM) [30,31].

2. Computational methods and modeled systems

All present calculations were performed using the periodic DFT
approach, as implemented in the CRYSTAL14 [32] software. Owing to
the importance of the choice of the appropriate functional for the quality
of the structural and electronic results, seven functional have been
selected for comparison: BLYP, B3LYP, PBE, PBEO, PBESOLO, HSE06,
and the modified B3LYP* (12% hybrid) functional. The description of
these functionals can be found in the CRYSTAL14 manual and references
[33]. The hybrid percentage denotes the fraction of mixing of exact
Hartree-Fock (HF) and DFT exchange contributions in the modified
functional. The following equation describes the modified B3LYP func-
tional:  E, = (1-A)-(EX**4+0.9-EP5E) 4+ A-EFF10.19-E1P44+0.81-E5%4,
where A is the hybrid percentage (A = 0.12 in the B3LYP* case). The
carbon, boron, nitrogen, and hydrogen atoms were described by a triple-
zeta plus polarization (TZVP) basis set [34]. Other basis set combinations
available in the crystal basis set library (http://www.crystal.unito.it/basis-
sets.php) were tested, and the TZVP basis set was chosen because it
yielded the most accurate description of the experimental band gap energy
and structural parameters of both bulk graphite and hexagonal boron
nitride (Table S3), as well as of graphene and single-layer (0001)
hexagonal boron nitride (Table S4).

All stationary points were characterized as minima by diagonalizing
the Hessian matrix with respect to the unit cell parameters and atomic
coordinates, and then analyzing the vibrational modes shown in Tables
S1 and S2. The convergence was checked on the gradient components
and nuclear displacements, with tolerances on their root mean square
set to 0.0001 and 0.0004 a.u., respectively.

The level of accuracy in the evaluation of the infinite Coulomb and
HF exchange series is controlled by five parameters a;, with i = 1-5,
such that two-electron contributions are neglected when the overlap
between atomic functions is below 107%. In the present calculations, the
five a; parameters have been set to 10, 10, 10, 20, and 40 and the
shrinking factor for the Pack-Monkhorst and Gilat nets was set to 20.

The band structure and density of states (DOS) were analyzed using
the Properties14 routine implemented in the CRYSTAL code, using the
same k-point sampling employed for the diagonalization of the Fock
matrix in the optimization process.

The elastic properties were also studied; the elements of the elastic
constant tensor (C,,) were calculated using the following equation:

1 0°E

vu % anv a"lu \
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where Vis the equilibrium unit cell volume, 7 is the symmetric second-
rank pure strain tensor, and the Voigt's notation is adopted. Second
derivatives were computed as first numerical derivatives of analytical
energy gradients. Owing to the 2D structure of the present systems, the
volume can be approximated using the layer thickness and the atomic
van der Waals radii.

The electron density was further analyzed by QTAIM, which is a
well-established theory providing a quantum description of the prob-
ability of electron localization and of the behavior of atoms in a
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chemical bond. The topological analysis of the electron density can
provide important information on the electronic structure, especially of
chemical bonds, fundamental to understand the type of interaction
between two atoms and the modifications induced by structural
rearrangements. The integration of the charge density over the atomic
basins gives further information, such as the atomic volume, Bader's
atomic charges, and the partitioning of the energy between different
atomic contributions. The QTAIM analysis was carried out via the
TOPOND program [35] incorporated in CRYSTAL14. Further theore-
tical details can be found in articles specifically focused on the
topological analysis [30,36].

The graphite structure consists of flat layers of carbon atoms linked
in a hexagonal shape; in each layer, also known as graphene sheet, the
sp>-hybridized carbon atoms are covalently bonded to three other
carbon atoms. The space group of graphite is P63/mmec, with unit cell
parameters a = 2.456 Aand c = 6.696 A [37].

The structure and lattice parameters of hBN are similar to those of
graphite: space group P-6m2 and unit cell parameters a = 2.504 A and
¢ = 6.661 A [38]. The graphene and hBN structures are composed of a
single-layer in the (0001) direction; graphene has no band gap,
whereas the band gap of hBN is 5.96 eV [39].

As a first step for the construction of the porous single-layers
structures, the optimization of the lattice parameters and internal
coordinates of both bulk graphite and hBN were conducted to
minimize the total energy. Then, hBN (0001) single-layer and
graphene were built from the optimized bulk structure and reopti-
mized in function of the internal coordinates. From the results of the
structural parameters and band gap, the functional that accurately
describes both properties for the bulk and single-layer structures
was chosen. In this way, it is expected that the selected functional
can ensure that the structural, electronic, mechanical and vibra-
tional properties of the porous structures can be described with a
good level of reliability

Fig. 1 shows the structure of PG (Fig. 1a) and PBN (Fig. 1c); both
structures were obtained by substituting each atom in the unit cell of
their base structures by a benzene-like ring with three hydrogen atoms
alternated between carbon atoms. The GP (Fig. 1b) and IGP-BN
(Fig. 1d) structures form by spontaneous interconversion of the rings
when the hydrogen atoms are removed. These dehydrogenated struc-
tures have a higher cohesive energy (E.) and thus seem to be more
stable than the PG and PBN structures, as described in the preliminary
reports of Brunetto [23] and Perim [29].

3. Results and discussion
3.1. Structural properties

A full structural optimization of graphite, hBN and their respective
(0001) surfaces, graphene and single-layer hBN, were initially carried
out using the seven different functionals discussed above, and the
results are listed in Table S3 and S4 (Supplementary material).

As can be seen in Table S3, all selected functionals accurately
predict the a cell parameter of graphite, with virtually no error in the
case of the modified B3LYP* functional. Although the calculated ¢
parameter is not as accurate as the a one, considering the performance
of B3LYP and B3LYP* in the simultaneous prediction of both para-
meters, the B3BLYP* functional yields the lowest overall error and is
thus the best approximation.

The BLYP and B3LYP functionals yield equally accurate estimates
of the a parameter of the hBN cell. On the other hand, all functionals
overestimate the ¢ parameter of hBN. The band gap energies calculated
with the B3LYP* functional show the most accurate agreement with the
experimental band gap data of hBN.

Based on the above discussion, the B3LYP* functional yields the
best description of the cell parameters and band gap energy of both
graphite and hBN bulk structures.
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Fig. 1. Side and top view of porous single-layer unit cell of (a) PG, (b) GP, (c) PBN, and (d) IGP-BN, with atom labels also indicated.

Moreover, all functionals were tested on the graphene and single-layer
hBN (0001) systems, to confirm that the present theoretical models also
provide a reliable description of both surfaces. Table S4 shows the
calculated cell parameters and band gap energies of both systems. The
analysis of the results in Table S4 confirms that the most accurate
structural parameters and band gap for graphene and hBN are once more
obtained with the B3LYP* functional and it also produces a C-C and B-N
bond lengths of 1.42 and 1.45 A for graphene and hBN, respectively, in
almost exact agreement with the experimental values [40,41]. Also, our
group has employed this methodology, and in particular case the hybrid
functional B3LYP was successful in describing the properties of other
materials [42—46].

It is important to mention that the band gap of bulk hBN has been
reported by many experimental and theoretical studies, with different
values. For instance, the reported results for the direct or indirect band
gap span a very wide range, from 3.6 to 7.1¢€V, as reported by
Solozhenko et al. [47]. A few ab initio band structure calculations
predicted an indirect band gap [48—52] between the M and ~K points,
whereas optical measurements indicate a direct band gap [53-55].
Recently, Cassabois [39] and coworkers published an experimental
study that trying to solve this long-standing issue, using optical
spectroscopy to show that bulk hBN has an indirect band gap of
5.96 eV. The computational framework adopted in the present work
also shows an indirect band gap of 5.88 eV between M and ~K points,
in accordance with Cassabois.

For comparison purposes, and in absence of relevant experimental
information, we decided to maintain the above computational setup
also to model the porous structures. As the selected functional and
basis sets yield a good description of the precursor structures, they are

249

also expected to predict the properties of PG, GP, PBN, and IGP-BN
with good accuracy, producing reliable and consistent results.

The full optimization procedure shows that the GP, PBN, and IGP-
BN keep the hexagonal structure, unlike PG, which shows a 0.01 A
difference between the a and b lattice parameters. Brunetto et al. [23]
reported that the space group of PG is C222, but the space groups of the
other structures are not reported in the literature. Our simulations
show that GP belongs to the P¢/mmm symmetry group with one
irreducible atom per unit cell, whereas PBN and IGP-BN belong to the
P-6m2 space group with six irreducible atoms per unit cell and to the
Pg/m space group with two irreducible atoms per unit cell, respectively.
The space group of the PG structure, non-planar and with six
irreducible atoms per unit cell, is consistent with the previous data
reported by Brunetto et al. The calculated lattice parameters, space
group, and internal atomic coordinates of all structures are listed in
Table S5 (Supplementary Material).

The calculated lattice parameters of PG are a = 7.426 A and b =
7.437 A, in good agreement with the reported experimental [19] value
of 7.4 A, whereas the parameters of the GP structure are a = b = 6.735
A. The calculated lattice parameter of PBN, 7.622 A, is in good
agreement with previous theoretical studies [22,29], while a = b =
6.818 A in the case of IGP-BN. Therefore, the GP and IGP-BN
structures present a 10% lattice contraction compared with PG and
PBN.

The cell parameters, bond lengths, bond angles, and dihedral angles
for all studied structures are summarized in Table S6 (Supplementary
Material).

In the PG and single-layer PBN systems, the average lengths of
intra-ring C;-C, (B1-N;) bonds are 1.39 (1.44) A and those of inter-ring
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C4-C, (N»-B3) bonds are 1.49 (1.48) A. The C-H, B-H, and N-H bond
lengths are 1.08, 1.19, and 1.01 A, respectively, whereas the average
bond angles centered on C,4, Bz, and N, atoms are ~120°. The
cyclobutadiene-like unit of GP and IGP-BN is an almost perfect square,
with average C;-C4, C1-Cs, B1-N3, and B;-Ns intra-ring bond lengths of
1.46, 1.35, 1.40, and 1.50 A, respectively, and average intra-ring bond
angles also ~120°. Further information can be found in Table S6
(Supplementary Material).

It is important to observe that PG and PBN have smaller pore
diameters (3.73 and 3.92 A, respectively) compared with GP and IGP-
BN, whose pore diameters are 5.47 and 5.51 A, respectively. These
different pore sizes can find application in gas separation and adsorp-
tion processes.

In order to investigate the planarity of the surfaces, we modeled in-
plane and out-of-plane configurations of the PG and PBN structures.
The out-of-plane configuration was the most stable (as confirmed by
the absence of negative frequencies) for the PG surface, whereas the in-
plane arrangement is the most stable for the PBN surface. On the other
hand, the GP and IGP-BN structures are planar, as illustrated by the
dihedral angles listed in Table S6 (Supplementary Material).

3.2. Elastic properties

To the best of our knowledge, no experimental or theoretical data
on the elastic properties of the present porous surfaces that can be
compared with the results of our simulations are available. Our data
can thus represent an important reference for future experimental
studies.

The calculated elastic constants for graphene and single-layer hBN
(which represent the building blocks of the porous structures investi-
gated) were determined in order to verify the numerical accuracy of the
modified hybrid functional (B3LYP*) and of the adopted basis set.

In a surface, there are only two elastic constants, labeled C;; and
Ci2, which represents the longitudinal compression and transverse
expansion of the system, respectively. The calculated elastic constants
for graphene (hBN) are C;; = 1025.92 (897.58) GPa and C;» = 163.01
(188.02) GPa. In order to compare the elastic properties with previous
related results, we calculated the Young's modulus (Y) and Poisson
coefficients (v), using the following equations: ¥ = (Cy1? - C15%)/C11 and
v = C12/Cq;. The Young's modulus and Poisson coefficient for graphene
(hBN) are 1.0 (858.1) TPa and 0.159 (0.209), respectively. These
results are in good agreement with the reported experimental values of
the Young's modulus (1.0 TPa [56]) and Poisson coefficient (0.165
[57,58]) of graphene, and also with ab initio [59] calculations for hBN.

The good accuracy of the elastic properties calculated for graphene
and hBN should ensure an accurate description of the elastic properties
of the PG, GP, PBN, and IGP-BN structures, listed in Table 1.

These results show that the longitudinal direction of hBN is more
easily deformable than that of graphene, while the transverse direction
of graphene is more easily deformable than that of h-BN. Moreover,
since hBN has low rigidity, its Poisson coefficient is larger than that of
graphene. These observations can assist the prediction of the change in
elastic properties upon deposition of graphene on hBN and vice versa.

The Cy; values in Table 1 also show that the longitudinal direction

Table 1
Elastic constants Cq; and C;» (GPa), Young's modulus (Y, GPa), and Poisson coefficients

).

Ci1 Ci2 Y v
Graphene 1025.92 163.01 1000.02 0.159
PG 304.76 58.45 293.55 0.192
GP 695.44 180.09 648.80 0.259
hBN 897.58 188.02 858.19 0.209
PBN 379.45 109.90 347.62 0.290
IGP-BN 611.09 171.79 562.79 0.281
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of all porous surfaces is more easily deformable compared with the
pristine surfaces; moreover, PG is more deformable than PBN, at
variance with GP that seems to be more rigid than IGP-BN. PG is more
easily deformable than graphene in the transverse direction (based on
the C;» values), whereas GP is over three times more rigid than PG. The
same behavior is observed for the BN-type materials, which thus
exhibit a similar trend in the Young's modulus and Poisson coefficients.
The higher rigidity of the GP and IGP-BN surfaces could be due to the
higher distortion of their atomic network, since the square geometry
formed by their atoms has a lower tension than the hydrogenated
hexagon of PG and PBN, and in the case of PG the non-planarity has a
major influence on the C;; constant.

It is important to note that, the mechanical stability of 2D systems
requires restrictions on the two elastic constants: C1; >0, C;; - C12>0
and Cy; + 2Cy» >0 [60]. The elastic constants, presented in Table 1,
satisfy these restrictions. Also, the C;; is larger than C;, because the
first one is a diagonal component where the stress and strain are
applied in the same direction. In Cy, the stress and strain are applied
and induced in different directions. As a general observation, the
relative order of the elastic constants is: Diagonal constants, C;q, Cao
and Cs3 are larger than C;5, C;3 and Css, called off-diagonal constants,
what are in turn larger than shear, C44, C55 and Cgg constants. Several
studies report these behaviors for bulk and surfaces elastic constants
[42,61,62].

3.3. Electronic properties

Figs. 2 and 3 display the band structure and density of states of the
porous surfaces.

The GP (Fig. 2b) and PBN (Fig. 3a) surfaces have a direct band gap
between the top of the valence band (VB) and the bottom of the
conduction band (CB), located at the K point. The PG (Fig. 2a) and
IGP-BN (Fig. 3b) structures show an indirect band gap between M-K
and K points. The PG structure has a wide band gap (3.78 eV) whereas
the band gap of GP is 0.83 eV. As shown in the figure, the bands of PG
are flat around the top of the VB, which means that the electrons have
low mobility in this region; on the other hand, GP shows non-flat
bands, indicating a good dispersion, smaller effective mass and a higher
mobility for the electrons.

The porosity has a clear impact on the band gap of the graphene-
based systems, because the pores are larger than the standards
hexagonal units of graphene, suggesting that these materials can be
applied in electronic devices, such as transistors [63]. The band gap
reduction from PG to GP probably results from the higher structural
deformation in the latter when hydrogen atoms are removed, it leads to
structural rearrangements, consisting in an alternated rotation (30
degrees) of the hexagonal rings together with a lattice parameter
contraction (~10%) which forms a new square ring between the rotated
hexagonal rings, as illustrated in Fig. S1 (Supplementary Material),
which introduces new virtual energy levels in the forbidden region,
associated with the p, orbitals of the carbon atoms, as can be seen in
the density of states (Figs. 2 and 3).

The band gap of PBN, 6.45 eV, is greater than that of hBN, 6.10 eV,
and both systems exhibit flat valence and conduction bands. The band
gap of IGP-BN decreases to 5.52 eV, which is less than that of the
pristine hBN surface, and this system, also exhibits flat bands.

The DOS of PG (Fig. 2a) indicates that the main contribution to the
valence and conduction bands around the band gap comes from the 2p,
orbital of the carbon atoms, whereas there is no contribution from the
2s orbital of the hydrogen atoms. According to Fig. 2b, the main
contributor to both valence and conduction bands of GP is the 2p,
orbital of the carbon atoms.

In the case of PBN (Fig. 3a), the main contribution to the valence
band comes from the 2p, orbital of the nitrogen atoms, with an
additional small contribution from the 2p, orbital of boron. The
conduction band shows an opposite behavior, with the main contribu-
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r K

Fig. 2. Band structure and density of states of (a) PG and (b) GP.

tion close to the band gap region coming from the 2p, orbital of the
boron atoms, and with a minor contribution from the 2p, orbital of the
nitrogen atoms. The hydrogen atoms do not contribute to the conduc-
tion and valence bands around the band gap.

For the IGP-BN (Fig. 3b), the main contribution to the valence and
conduction bands comes from the 2p, orbital of the nitrogen and boron
atoms, respectively.

3.4. Raman spectra

The Raman vibrational spectra and their most intense modes
(without shifts) obtained for graphene, hBN (0001) surface, PG, GP,

———

DOS (arb. unit.)

PBN, and IGP-BN are displayed in Fig. 4. These spectra provide
chemical and structural information useful to interpret the experi-
mental results, as well as a reference fingerprint for the structures. The
vibrational frequencies at the I' point were calculated using the
numerical second derivatives of the total energies estimated with the
coupled perturbed Hartree-Fock/Kohn-Sham algorithm [64-66].
Graphene exhibits a single Raman-active mode at 1592.92 cm™
(E’, carbon symmetric stretching), in agreement with the experimental
Raman [67] G band at ~1582 cm™'. GP has eight Raman-active modes,
the most intense of which is located at 1743.45 cm™! (Ayg, carbon
asymmetric stretching). The PG structure shows eleven Raman-active
modes, the most intense of which are located at 1399.15 cm™*

1
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Fig. 3. Band structure and density of states of (a) PBN and (b) IGP-BN.
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Fig. 4. Vibrational Raman spectra of (a) graphene (this work and Experimental [67]), GP, and PG; (b) hBN (this work and Experimental [68,69]), IGP-BN, and PBN.

(A, carbon scissoring) and 1622.21 cm™ (B, carbon asymmetric
stretching and hydrogen rocking).

The hBN structure presents a single active mode located at
1349.37 cm™ (E’, nitrogen and boron scissoring), in good agreement
with the peaks in the experimental Raman spectra of two-layer [68]
and single-layer [69] hBN films, with frequencies of 1373.40 and
~1369 cm™?, respectively. The IGP-BN structure displays ten Raman-
active modes, the most intense of which is located at 899.40 cm™* (Eog,
boron and nitrogen asymmetric stretching). PBN has eight Raman
active modes, the most intense of which are located at 1377.14 cm™!
(E’, hydrogen rocking and boron/nitrogen asymmetric stretching),
2641.99 em™! (A, hydrogen intra-ring symmetric stretching) and
3606.45 cm™! (E’, hydrogen intra-ring symmetric stretching).

For both hydrogenated surfaces, PG and PBN, the only vibrational
modes active at frequencies above 3000 cm™ are the symmetric and
asymmetric stretching of bonds involving hydrogen atoms; the modes
below 3000 cm™! are collective vibrations involving all atoms.

3.5. Topological analysis of the electron density (QTAIM)

The QTAIM analysis of PG shown Table 2 highlights the covalent
character of the C-C bonds. The C-H bonds, although covalent, present
a directional character, i.e., the electron density is shifted towards the
H atom, orientating the electron density towards the pore. In this case,
the H atoms (exposed towards the pore) are characterized by van der
Waals interactions, which increase the electron density in this region.

Fig. 5 displays the Laplacian of the electron density, the BCPs, and
the gradient of the electron density for all porous surfaces, showing the
trajectory of the charge density. The blue dashed and red solid lines
represent depletion and accumulation of charge (negative and positive
contours), respectively; Fig. 5a reveals that the trajectory of the
electron density is shifted towards the pore region, especially when
the density originates from the H atoms, indicating a higher density in
this area. It is also interesting to note that the topology of the PG
surface is somewhat similar to a hydrogenated benzene ring, as
illustrated in Fig. S2 (Supplementary Material).

According to Table S7 (Supplementary Material), all C and H atoms
have the same Bader charges (~107° and 1072 for C and H, respec-
tively) and atomic volumes (~60 and 40 bohr® for C and H, respec-
tively): this is a typical characteristic of covalent bonds. Moreover, the
atomic charges of atoms located in different planes are slightly more

Table 2

Topological properties of porous surfaces measured at the BCPs: Laplacian of electron
density (V2p(r)), |V]/G ratio, bond degree (H/p(r)), ellipticity (¢), and bond type. The
“cov”, “T”, and “vdW” labels denote covalent, transitory and van der Waals bond
(interactions) types, respectively.

V2p(r) |V|/G H/p(r) E bond
PG Cg-H3 -0.983 7.64 -1.02 0.017 cov
Cg-Co -0.884 4.21 -1.03 0.197 cov
Cy-Cs -0.887 4.20 -1.03 0.198 cov
C7-C12 -0.885 4.22 -1.03 0.193 cov
Cyo-Hs -0.975 7.64 -1.01 0.018 cov
C12-Cq1 -0.887 4.20 -1.03 0.198 cov
C4-C; -0.684 4.72 -0.89 0.084 cov
He¢-Hs 0.051 0.83 0.13 0.566 vdW
GP Cs5-Cy -0.964 4.01 -1.09 0.250 cov
C1-Cy -0.739 4.29 -0.94 0.139 cov
Ci-Co -0.647 4.26 -0.90 0.071 cov
PBN H;-H, 0.054 0.81 0.13 0.376 vdwW
N»-Bs 0.143 1.83 -0.98 0.012 T
B3-Nj3 0.280 1.74 -1.00 0.056 T
B>-H; -0.376 2.80 -1.14 0.097 cov
B>-No 0.260 1.76 -0.99 0.022 T
N3-H, -1.58 8.31 -1.35 0.018 cov
IGP-BN B;-N3 0.356 1.71 -1.01 0.046 T
B;-N» 0.143 1.83 -0.99 0.037 T
B;-Ny 0.242 1.75 -0.97 0.031 T

positive, as in the case of nonplanar Cg and Cy atoms, although have the
same atomic volume of planar atoms.

The BCPs of GP are located at the center of the C-C bonds, i.e., the
electron density is uniformly distributed between the two C atoms. The
analysis of the Laplacian, V/G, and bond degree (H/p(r)) shows that all
C-C bonds are covalent, which is also confirmed by the elliptical shape
of the bonds (¢ = 1). Although all bonds had the same character, the
Cs5-C; bonds in the pore region have a higher electron density, bond
degree, and ellipticity than the other bonds, suggesting a more
pronounced covalent character, i.e., the electrons are more “arrested”,
which can have a direct influence on the applications of these materials,
such as adsorption of electron-acceptor molecules. As shown in Fig. 5b,
"scattered" bonds can be seen along the entire GP structure, even in the
vicinity of the pores. The trajectories show that the electron density is
distributed closer to the atoms than to the pores, confirming the
accumulation of electron density in GP, in contrast with the behavior of
PG. As expected for this material, consisting of C atoms and covalent
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Fig. 5. Laplacian of electron density, BCPs (represented by the black dots), and trajectory of charge density (red lines) for (a) PG, (b) GP, (c) PBN, and (d) IGP-BN surfaces.

bonds, the Bader charges and atomic volumes of all atoms the same,
0.00123 a.u. and 67.45 bohr®, respectively, i.e., there is no charge
transfer between the atoms.

The topological analysis of PBN shows that the B-N bonds are
transitory, although they have an accentuated covalent character, as
indicated by the negative bond degree (H/p(r) =~ 1), along with the
localization of the BCPs and the low ellipticity value (even though
different from zero), which denote directional bonds. The B-H and N-H
bonds have covalent character, although the N-H bond seems to be
more directional and covalent than the B-H one: this can have direct
influence on the B3-N3 bonds. As it was observed for PG, PBN there is a
weak interaction, a van der Waals type, between the H atoms in the
pores. For this reason, both structures present a higher electron density
in the pore region than the other materials. Fig. 5¢ highlights the more
directional bonds (due to the proximity of the BCPs of the N atoms)
and the electron density depletion in the regions corresponding to the
H and B atoms. The higher electron density in the PBN than IGP-BN
pores represents an important factor, which can affect and/or enhance
the applications of PBN. The analysis of the Bader charges highlights
charge depletion for H atoms bonded to N and charge accumulation for
H bonded to B. The same conclusion is reached by analyzing the atomic
volumes, which increase when H is bonded to B, thus explaining the
different charge density trajectories observed for H atoms in Fig. 5c.
The B; atom, being bonded to two N atoms, presents low charge and
atomic volume values, owing to its charge transfer to N atoms.

Finally, in the case of IGP-BN, the bonds exhibit the same behavior
observed for PBN, and the topological properties confirm the transitory
and strongly covalent character of the B-N bonds. Despite having the
same porous geometry of GP, in IGP-BN the electron density is not
localized near the B and N atoms, as confirmed by the trajectory of the
Laplacian in Fig. 5d, which also highlights a higher electron density in
the pores. All B and N atoms have the same Bader charges, 0.179 a.u.,

with different signs, although the N atoms have the largest atomic
volume, which indicates charge transfer from B to N. This charge
transfer explains the higher density in the pores, in contrast with what
observed for the covalent GP material. Further information about BCP
distances and charge densities can be found in Table S8
(Supplementary Material).

4. Conclusions

Periodic DFT calculations using BLYP, B3LYP, PBE, PBEO,
PBESOLO, HSE06, and modified B3LYP*(12% hybrid) functionals with
all-electron TZVP basis sets were performed to simulate the structural,
electronic, elastic, and Raman properties of PG, GP, PBN, and IGP-BN
single-layers. Among the tested functionals, the B3LYP* yielded the
most reliable results, in terms of structural and electronic properties of
both bulk graphite and hBN, and for graphene and hBN (0001) single-
layer. As the selected functional yield a good description of the
precursor structures, they are also expected to predict the properties
of PG, GP, PBN, and IGP-BN with good accuracy.

The analysis of the band structure shows that PG and GP presents a
indirect band gap between M-K and K points, and a direct band gap
located at the K point, respectively. For the PBN and IGP-BN, the inverse
behavior was found, as for PBN has a direct band gap, and IGP-BN has
an indirect band gap. A significant displacement of the conduction band
toward the forbidden region is observed for GP and IGP-BN.

The analysis of the elastic properties indicates that all porous
structures are more deformable in the longitudinal direction than their
pristine counterparts: the corresponding elastic constants of GP and
IGP-BN are around two-thirds of the values measured for their
respective precursors. Moreover, GP shows higher rigidity than gra-
phene in the transverse direction. The Young's modulus and Poisson
coefficient values exhibit the same trend.
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The Raman spectra of graphene and hBN are in good agreement
with the experimental results, which allowed us to determine with
reliability the Raman spectra of the porous structures and determine
their correspondent most intense vibrational modes.

The QTAIM analysis showed that the charge density of the
dehydrogenated structures, GP and IGP-BN, is located close to the
atoms, whereas that of the hydrogenated PG and PBN materials is
shifted towards the pore center, which can directly influence their
applications in adsorption processes, among the others. Moreover,
PBN, owing to its transitory bonds, has a higher charge density than
IGP-BN.

The porous structures examined in this work can play an important
role in improving the performance of current and new nanosystems,
motivating further experimental and theoretical studies in this field.
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