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ABSTRACT

Very recently, the 2D form of poly-benzimidazobenzophenanthroline (BBL) structures has been successfully fabricated [Noh et al, Nat.
Commun. 369, 670 (2020)]. Motivated by these exciting experimental results on 2D layered BBL structures, herein we perform density func-
tional theory-based first-principles calculations in order to gain insight into the structural, electronic, and optical properties of the BBL
monolayer and bilayer honeycomb crystal structures (planar and vertical). Our computational structural optimization reveals that the BBL
monolayer crystallizes in a puckered, anisotropic hexagonal structure, while the BBL bilayer is composed of covalently bonded shifted one
with respect to the other BBL layers. Two terminations with hydrogen and fluorine atoms are considered for the BBL bilayer, namely, H-BBL
and F-BBL, respectively. The direct bandgaps of H-BBL; and F-BBL; are ~ 1eV and ~ 1.2 eV. The top of the valence band and the bottom of
the conduction band are flat due to the localized carbon states. The BBL monolayer and bilayer can absorb a wide range of visible light. The
calculated refractive index of the BBL monolayer is ~ 1, i.e., it is smaller than the refractive index of the common natural or synthetic
polymers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035132

The successful discovery of graphene by Geim and colleagues'
and its unusual physical properties have motivated the scientific
community in the search for novel layered materials with promis-
ing characteristics for designing high-performance nanodevices. In
addition to the search for novel two-dimensional graphene-like
materials, such as transition metal dichalcogenides” " and phos-
phorene,” the scientific community has also focused on planar 2D
porous organic networks,””'” metal and covalent organic frame-
works,' " porous coordination polymers,'” and porous cage-like
structures.'® These 2D organic networks can be considered as
promising candidates for high-performance applications.'” "’
Unfortunately, most of these organic networks exhibit poor
stability at room temperature, which hinders their practical appli-
cations. Therefore, finding a way to improve the stability and the

search for new organic networks with better properties are very
challenging tasks nowadays.

The poly-benzimidazobenzophenanthroline layer (BBL) is an 1D
planar organic network, which contains multiple strands of fused
aromatic rings.”””' The BBL was experimentally synthesized a long
time ago.”” Furthermore, several 1D BBL, were created employing dif-
ferent strategies.””** It is interesting that the conjugated ladder BBL
proposed by Van Deusen” exhibits excellent chemical and thermal
stability due to the expanded 7m-conjugated systems. Owing to the
extraordinary properties, the ladder-type BBL, are suitable for the
design of new organic nanodevices, such as field-effect transistors,”
as well as for photovoltaic solar cells.”®

Very recently, a new class of organic networks, namely, a 2D
layered benzimidazobenzophenanthroline layer has been developed by
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reacting triptycene hexamine with naphthalenetetracarboxylic dianhy-
dride.”” It has been demonstrated that the thermal, chemical, and
mechanical stability increase as the extended m-conjugated systems
increase.”””" The conjugated 2D-BBL are expected to offer significant
advantages over their 1D linear analogues such as larger specific sur-
face area, microporosity, and functionality.”” The bilayer BBL structure
has two configurations: (1) parallel BBL (the second BBL layer is paral-
lel to the stacking direction) and (2) vertical BBL (the second BBL
layer is perpendicular to the stacking direction).”” Also, two different
terminations with hydrogen and fluorine atoms H-terminated BBL
(H-BBL,) and F-terminated BBL, (F-BBL,) are considered in this
study.

Recently, the planar 2D layered BBL has been used to remove
toxic ions, a property with huge application potential.”' Therefore,
motivated by the recent experimental realization of the 2D BBL struc-
tures, in this study we investigate the structural, electronic, and optical
properties of monolayer and bilayer forms of the 2D BBL polymers by
theoretical approaches. Our computational results reveal that the BBL
monolayer crystallizes in a puckered, anisotropic hexagonal structure,
while the BBL bilayer is composed of covalently bonded shifted one
with respect to the other two BBL layers. The bandgaps of the H-BBL,
and F-BBL, have been determined to be ~1eV and ~1.2 eV, respec-
tively. The BBL monolayer and bilayer can absorb a wide range of
visible light. The calculated refractive index of the BBL monolayer is
~1, which is smaller than the refractive indexes of the common poly-
mers with natural or synthetic origin.

All calculations were performed using the SIESTA code,” based
on the density functional theory. The wave functions were expanded by
the linear combination of atomic orbitals (LCAOs). The generalized gra-
dient approximation in the scheme of Perdew-Burke-Ernzerhof was
employed as the exchange-correlation functional.”” The double zeta
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basis sets and norm-conserving Troullier-Martins pseudopotentials”*
for core electrons were used. The cutoff energy is 250 eV and the geome-
tries were fully relaxed until the force acting on each atom is less than
0.04eV/A and the total energy converges until 1.0meV/atom. The
k-points for sampling over the Brillouin zone (BZ) integration were gen-
erated employing the Monkhorst-Pack scheme and were determined
using 23 x 23 X 1 for the primitive unit cell. For the supercell including
one BBL monolayer (100 atoms) and the planar and vertical BBL
bilayers (256 atoms), the 5 x 5 x 1 k-mesh was used. We set the
vacuum region in the z-direction that separates the successive BBL layer
and bilayer at 20 A to avoid interaction between adjacent layers. The
DFT-D2 method is also applied to describe the weak interactions, exist-
ing in the BBL bilayer. Spin-polarized calculations were performed to
check the presence of magnetic behavior. The computational results
showed that the 2D BBL polymers are non-magnetic semiconductors in
the ground state.

Figure 1(a) discloses the structure of the BBL monolayer in differ-
ent views, while Fig. 2(a) illustrates the BBL (I) bilayer, where the two
layers are in the same direction of stacking (AA stacking). Figure 2(b)
shows the BBL (II) bilayer with stacking AB of the two layers. The cal-
culated lattice constant of the monolayer is 29.97 A, while the lattice
constant of the both types of bilayers is 29.66 A, as listed in Table I.
The thickness of the BBL defined by the difference between the largest
and smallest distances in the z-direction is determined as 4.39 A for
the monolayer and 7.73 A for the bilayer. The nanopore diameter of
the BBL monolayer and bilayer is ~34.65 A and the distance between
the nearest two branches (L) in the BBL is calculated to be 17.52 A for
the monolayer and 17.41 A for the bilayer [see Fig. 1(a), blue square].
The distance between the two layers in the BBL bilayer is 3.10 A. All
the optimized structure parameters and bond lengths between the
atoms of the BBL monolayer and bilayer are elucidated in Table I.
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FIG. 1. (a) Different views of the BBL monolayer atomic structure with a primitive unit cell indicated by a red hexagonal. A schematic view of the BBL monolayer structure with
the structural parameters is shown by the blue line square. (b) Electronic band structure of the BBL monolayer. Zoom of the band structure indicated in the left panel. (c) DOS/
PDOS of the BBL-monolayer. Zoom of DOS/PDOS indicated in the left panel. The zero of energy is set to the Fermi level.
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FIG. 2. Different views of the atomic structure of the H-BBL bilayer in the (a) planar AA-stacking (1) and (b) vertical AB-stacking (II) with the primitive unit cell indicated by a red
hexagonal. Schematic view of the BBL monolayer structure with structural parameters is shown in the right panel. (c) Electronic band structure and DOS/PDOS of the H-BBL
bilayer (1). Zoom of the band structure and DOS/PDOS indicated in the top panel. The zero of energy is set to the Fermi level.

Top view

Side view

The cohesive energy E,,, for the monolayer and bilayer is then than that of the corresponding H-terminated structures due the higher

given by electronegativity of F as compared to H. In addition, one can find that
the cohesive energies are comparable to those of other systems, includ-
Eon = ncbe + nnBy + nofo + ~Eu: , (1)  ing graphene (—7.9€V/atom)” and diamond (—7.73eV/atom),”
Mot implying that these 2D BBL systems are structurally stable.
o The density of states (DOS), projected DOS (PDOS), and band
Eon = ncbe + nvEy + noko 1 i Bur) ~ Bt , 2) structures of they BBL monolayer atl?e ethibited in Figs. 1(b) and 1(c).

Mot The calculated direct bandgap value is 0.95 eV, and the C states domi-

respectively, where n, and E, are the number of x atoms and the nate in the considered energy range. The O and N states have a signifi-

energy of x atoms, x = C, N, O, H, F, respectively. n,,, and E,,, repre-
sent the total number of atoms and total energy, respectively. The
energy of atoms is calculated using the energy of the x* molecule,
E, = E(x*)/2. The cohesive energy is found to be —7.72 eV/atom for
the monolayer, —7.44 (—8.35) eV/atom for the H-(F-)BBL planar
bilayer, and —7.33 (—8.12) eV/atom for the H-(F-)BBL vertical bilayer.
The negative sign of the energy confirms the stability of the BBL struc-
tures. The cohesive energy of F-terminated structures is more stable

cant contribution at —1.6 eV and little contributions above —1.6eV as
well as in the conduction band. The band structures show the flat
bands at the top of the valence band and the bottom of conduction
bands due to the localized states of C atoms at the band edges.

Figure 2(c) shows the DOS/PDOS and band structure of the pla-
nar H-BBL bilayer. The effect of interaction between the two layers
has significant changes in the DOS as compared to the DOS of the
BBL monolayer. The band structure is slightly shifted toward the low

TABLE I. The structural and electronic parameters of the BBL monolayer and BBL bilayer shown in Fig. 1. The corresponding structural and electronic parameters including the
lattice constant (a); the bond length between C-C, C-N, C-O, and C-H (F) atoms (ds, d,, d3, and d,); the bond angles between C lines atom atoms (6); the thickness of the
BBL defined by the difference between the largest and smallest z coordinates of atoms (f); the distance between atoms (L1, ); the distance layer (h); the nanopore diameter

(D); the cohesive energy per atom, (E.,;,); the electronic state (ES) specified as a semiconductor (SC); and the bandgap (Eg).

a d d, ds dy ©) (h) Ly, D 0, Econ E,
(A) @ @ @ @K @K (A) (A) () (eV/atom) (eV)
BBL monolayer 29.97 1.41 1.42 1.22 e 4.89 . 17.52, 8.18 34.64 104 —7.72 SC (0.95)
H-BBL bilayer (I) 29.66 1.42 1.40 1.23 1.08 7.73 3.11 17.41, 8.17 34.60 105 —7.44 SC (1.00)
H-BBL bilayer (II) 29.66 1.42 1.40 1.23 1.08 7.73 3.12 17.41, 8.17 34.66 105 —7.33 C (1.02)
F-BBL bilayer (I) 29.66 1.41 1.36 1.22 1.33 7.23 3.10 17.44,9.97 34.62 105 —8.53 SC (1.18)
F-BBL bilayer (II) 29.66 1.41 1.36 1.22 1.33 7.22 3.11 17.47,10.16 34.62 105 —8.12 SC (1.20)
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FIG. 3. Numerically calculated spectral dependencies of the absorption coefficient (a) and the refractive index (b) of the BBL monolayer and bilayer.

energy. The C states dominate in the energy range from —1.6 to
—0.6eV and at 0.6 eV, while the O states dominate below —1.6 with a
certain contribution of the H states. Thus, a direct bandgap becomes
1.00 eV, which is slightly larger than the bandgap of the BBL mono-
layer. There are no states in the energy range of 0.6-1.9 V. For the
vertical H-BBL bilayer in the AA-stacking, the behavior of the elec-
tronic structure is very similar to the planar case (see supplementary
material, Fig. S1). The bandgap is 1.02 eV, which is slightly larger than
the corresponding values of the monolayer and the planar bilayer. For
the F-BBL bilayer, we also found that the electronic structures for pla-
nar and vertical structures are very similar (see supplementary
material, Fig. S2). The direct bandgaps of the planar and vertical F-
BBLs are 1.18 eV and 1.20 eV, respectively.

The absorption spectra («(w)) and refractive index (n(w)) are
calculated using

o(w) = ﬂw\/ Ve (@) + & (w) — & (o) 3)
n(e) = %(\/s%(w +8+ar(@)?, ()

where ¢ (w) and & (w) are the real and imaginary parts of the dielec-
tric function at angular frequency w, respectively. The transmission
matrix between the valence band /; and conduction band y;, is calcu-
lated to evaluate &, () by

and

2me)’ :
o SULPNDIE ~F o).

and the Kramers-Kronig relation is used to obtain

&(w) =

sl(w):%PJda)/%, (6)

where e, m, V, and p are the charge, mass of the electron, volume of
the supercell, and momentum operator. Ey:, Eyc, and ho are the

occupied, unoccupied, and incident light energies, respectively. P in
Eq. (5) indicates that the integral is calculated by the Cauchy’s princi-
pal value. Figure 3(a) shows the absorption coefficient of the BBL
monolayer. Several peaks emerge at 220, 300, 380, 460, and 650 nm.
The highest peak appears at 380 nm, and the widest peak occurs at
650 nm. The BBL can absorb the UV and a wide range of visible light.
For bilayer (I), the absorption peaks have shifted toward higher wave-
lengths and they appear at 250 nm, 320 nm, 400 nm, and 720 nm. The
H-(F-)BBL bilayer (I) can absorb longer wavelengths as compared to
the monolayer. The H-(F-)BBL bilayer (II) absorption spectra are very
similar to the corresponding H-(F-)BBL bilayer (I) ones due to the
similarity of their electronic structures. The absorbed light by the H-
(E-)BBL bilayer is larger than the corresponding one by the monolayer
in the wavelength range from 200 to 480 nm and above 750 nm due to
the larger thickness of the bilayer.

Figure 3(b) depicts the refractive index dispersion of the BBL
monolayer. The first distinct peak of the BBL monolayer appears at
1.0 eV (1240 nm) and of the bilayers at ~1.2 eV (1033 nm). The refrac-
tive index of the BBL monolayer is 0.98 and that of the BBL bilayer is
1.1. These values are close to the refractive index value of air and,
meanwhile, are lower than those of the common polymers™ at 2.1V
(589 nm). The refractive index of the BBL bilayer is larger than the
corresponding one of the monolayer.

First-principles calculations have been used to investigate the
structural, electronic, and optical properties of 2D BBL polymers. We
found out that the structure parameters of the BBL bilayers for AA
and AB stackings are the same. Also, there is no change in the elec-
tronic and optical properties for AA and AB stackings. The bandgap
of the BBL monolayer is 0.95eV, which is very similar to the BBL
bilayer bandgap of ~1eV. The ability of the BBL bilayer to absorb
light is larger than that of the BBL monolayer. Our findings show that
the refractive index of the BBL monolayer and bilayer is ~1.

See the supplementary material for the complete electronic struc-
ture with the corresponding density of states of the studied
F-terminated BBL bilayer.
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