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In the present study, we calculated the electronic and spectral properties of the one- and two-dimensional
carbon and boron nitride materials composed of four-, six- and eight-membered rings (the (4, 6, 6, 8)
topology) on the basis of density functional theory, including the band structure analysis for the infinite
structures. We found that biphenylene-based two-dimensional (2D) sheets and zigzag-type
biphenylene-based one-dimensional (1D) ribbons exhibit a semi-metal character. At the same time, the
armchair 1D biphenylene-based ribbons possess a narrow-band-gap structure, while boron nitride 2D
sheets, 1D zigzag- and armchair-type ribbons exhibit a wide-band-gap semiconducting nature. Simple
single-point calculations with a periodic boundary condition generally underestimate the band-gap
values in comparison with band structure calculations accounting for the supercell optimization. But in
the general case, both approaches provide a correct explanation of the band-gap value. In this work, we
also performed for the first time computational modelling of a novel porous biphenylene-based wide-
band-gap carbon allotrope, which demonstrated the complexation ability relative to metal atoms
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Introduction

Over the last few decades, the structural study of carbon allo-
tropes has been a focus of many scientific studies and is ex-
pected to continue to be widely used for nanoscience and
nanotechnology. Indeed, carbon is a unique element that can
form numerous combinations with covalent pairing of the sp*-,
sp> and sp-hybridized states. It provides a rich background for
the existence of various carbon allotropes.’ For a long time,
diamond, graphite and amorphous carbon were the most well-
known carbon allotropes. The synthesis of fullerenes,'? carbon
nanotubes® and, of course, graphene¥* led to a great explosion
in material sciences and nanoengineering. The common
feature of graphene, fullerenes and nanotubes is that they are

“Bohdan Khmelnytsky National University, Cherkasy, 18031, Ukraine. E-mail:
karaush22@ukr.net; bfmin@rambler.ru

*Key Laboratory of Engineering Plastics and Beijing National Laboratory for Molecular
Science, Institute of Chemistry, Chinese Academy of Science, 100190 Beijing, China
‘Department of Theoretical Chemistry and Biology, School of Biotechnology, KTH
Royal Institute of Technology, SE-106 91 Stockholm, Sweden

T Electronic supplementary information (ESI) available: Total energy of the
ground singlet state for the Bp- and BN compounds; selected vertical
transitions for the 1D and 2D Bp- and BN compounds; optimized structures
and corresponding Cartesian coordinates for the Bp- and BN compounds. See
DOI: 10.1039/c6ra06832d

This journal is © The Royal Society of Chemistry 2016

forming the metal-carbon intercalates.

strongly conjugated systems that are maintained in either zero-
dimension, quasi-one- or two-dimensional forms. The presence
of conjugation and strong electron correlation features leads to
a pronounced redox activity and unusual electronic properties
of these materials.

Graphene is one of the most promising materials for the next
generation of high-speed and nanoscale electronics,”> spin-
tronics,**” chemical sensors,*> energy generation and storage
devices,"* graphene-based composite materials’*® and even
DNA sequencing¥¢ because of its peculiar physical properties,
including the anomalous room temperature quantum Hall
effect,”* massless Dirac fermion behaviour,”“ high carrier
mobility at room temperature (250 000 cm?® V' s1)3¢
remarkable thermal conductivity (5000 W m™* K ')¥ and
excellent mechanical properties with a Young's modulus of 1
TPa.’® However, pristine graphene is a gapless semiconductor,
which limits its use in some electronic applications.® Therefore,
a number of different approaches have been proposed to
expand the band gap in graphene. The quantum size effects,”
symmetry breaking of the hexagonal graphene sheet,® surface
and edge modifications,” doping and adsorbing atoms or
molecules on the graphene surface do afford the capability to
effectively modulate graphene's electronic properties. For
example, the symmetry breaking of the initial graphene with
a (6, 6) topology can be achieved by the introduction of the four-,
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five-, seven-, eight- or even twelve-membered rings. In this case
the pentaheptite (5, 7),*** pentahexoctite (5, 6, 8),*** haeckelite
(5, 7, 6),"* biphenylene-based (4, 6, 6, 8),"**¥ graphenylene (4, 6,
6, 12),">* planar and buckled T-graphene*?* allotropes are re-
ported to be metallic species, while the (4, 8) carbon sheet,**
cubic porous carbon allotrope Cyg (ref. 13b) and bet-C4-carbon
are predicted to be semiconducting allotropes, with a band gap
of 0.36, 1.85 and 2.56 eV, respectively. Among these, the (4, 6, 6,
8) carbon topology demonstrates the most promising size- and
shape-depending conductivity, exhibiting a metal or semi-
conducting nature.'” For example, two-dimensional (2D) sheet
and planar strips with zigzag-type edges represent a metallic
character, whereas the narrowest armchair strip (0.62 nm wide)
presents a large band gap of 1.71 eV, while the 2.14 nm wide
armchair strip exhibits a band gap of 0.08 ev.'¥ The M-car-
bon,* chiral Cg,"*¢ F-carbon'¥ and W carbon'¢ are considered
as insulating materials, with band gaps of 3.60, 3.72, 4.12 and
4.39 eV, respectively. The Cco-Cg allotrope (E; = 3.12 eV) was
found to be energetically more favourable than the earlier
proposed M-carbon, bct-C,, W-carbon and chiral C¢ carbon
polymorphs.**

Other interesting three-dimensional (3D) metallic carbon
allotropes, named as T6- and T14-carbon, consisting of inter-
locking hexagons were predicted by Jena et al'* They also
proposed a 2D pentagon-based carbon allotrope or penta-
graphene with a band gap of 3.25 eV.**” Similar graphene allo-
tropes composed of 5-6-7 carbon rings (penta-hexa-hepta-
graphene or phagraphene) were designed by A. R. Oganov
et al.*** An unusual feature of the phagraphene is a distortion of
Dirac cones.'*

The rapid progress in graphene and graphene-like material
science has strongly motivated researcher's interest to search
for novel 2D materials consisting of heteroatoms or their
combinations. Initially, following the same methodology as for
graphene, Novoselov et al.*** isolated the individual monolayers
of h-BN, dichalcogenides (such as MoS, and NbSe,) and
complex oxides (such as Ba,Sr,CaCu,0,) from their multilay-
ered materials. Since then, numerous other graphene-like
materials, including silicene,**”* germanene,® BCs;,** the
transition metal carbides TizC, (ref. 15f) and Ti,C,"* porphyr-
in-'** and tetraoxa[8]circulene-based sheets'®¥ and some other
materials,”” have been studied both theoretically and experi-
mentally. These 2D nanostructures listed above also exhibit
a number of fascinating dimension-related properties. For
instance, hexagonal BN-nanosheets are more stable than their
carbon counterparts and possess excellent insulating proper-
ties, good thermal conductivity, extraordinary mechanical
strength and a high resistance to oxidation that allows their use
in graphene-based electronics.'”

The carbon and boron nitrides (BNs) have a lot of related
structures, such as diamond and cubic BN,** graphitic forms of
carbon and boron nitride,®*?¢ fullerenes'®*? and nanotubes.®
Recently, some new boron nitride allotropes were reported*® in
succession and their electronic structure and properties were
successfully studied. Recently, Yakobson et al**? studied
various dislocations and grain boundaries in 2D hexagonal
boron nitride (h-BN). In particular, a new dislocation structure
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was discovered involving a square-octagon pair (4|8) in a h-BN-
sheet, which was more energetically favourable than the corre-
sponding pentagon-heptagon pairs (5]7).*¢ In this paper, we
describe the 1D and 2D structures of boron nitride allotrope
with the (4, 6, 6, 8) topology in comparison with the same pure
carbon species. The dynamic stability of the infinite carbon
structures with the (4, 6, 6, 8) topology was previously validated
on grounds of the phonon-mode analysis.?*** Subsequently, the
finite iodine-containing biphenylene (Bp) ribbons were syn-
thesised by Miillen et al.** However, the electronic structure,
spectra and conductivity of the Bp-based materials are still
unstudied, except for in ref. 20q, in which the electronic prop-
erties of the biphenylene sheet and its 1D derivatives were
studied by density functional theory (DFT) calculations. In the
present paper, we additionally study the structure and UV-vis
absorption spectra of the 1D and 2D Bp-based species with
different sizes and chiralities, as well as proposing here for the
first time a novel porous tunnel-like carbon allotrope that is
able to include metal atoms (Li as an example) to form metal-
carbon intercalates. The studied compounds may hold promise
for their application in modern electronic systems, similar to
graphene and boron nitride with the generally known (6, 6)
topology.

Method of calculation

The finite Bp- and BN-based 1D and 2D structures (Fig. 1), the
“tunnel” carbon allotrope (Fig. 2-4) and its Li-containing
complexes (Fig. 4) were optimized on the grounds of
a DFT*'*® approach using the B3LYP/6-31G(d)** method with
control of the possible symmetry constraints, using the
Gaussian 09 software package.”” The absence of imaginary

> 2D biphenylene
structures
nxm = 3x1.5 (1)
- nxm=3x2 (2)
nxm=3x3 (3)
nxm=4x2 (4)

1D biphenylene
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Fig. 1 The structure of the Bp and BN compounds (where n and m
denote the number of fragments along the horizontal and vertical
directions, respectively).
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Fig.2 The lattice parameters together with the symmetry unique bond lengths (in A) and selected angles (in degrees) for periodic models of the
studied species.
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Fig. 3 Electronic absorption spectra of the Bp- and BN-sheets and ribbons calculated by the TD DFT/B3LYP/6-31G(d) method (band half-width
1500 cm™?, Gaussian distribution function).
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Fig. 4 The optimized structure of the tunnel-like carbon allotrope (a),
lithium-containing complex with a macrocyclic tunnel-like ligand (b),
and the prism-shaped coordination cage comprising Li atoms (c)
(green: carbon atoms; white: hydrogen atoms; magenta: lithium
atoms).

vibrational wavenumbers in the calculated IR spectra indicates
that all the stationary points correspond to genuine minima.
The electronic spectra of the Bp- and BN-based 1D and 2D
structures were calculated by the time dependent (TD) DFT
method in the vacuum approximation using the same B3LYP/6-
31G(d)** method. The optical spectra could be better approxi-
mated with other functionals such as CAM-B3LYP*¢ or
wB97xd.*"

For the “tunnel” carbon allotrope, we also performed the
population analysis by the natural bond orbital (NBO) meth-
0d>** at the same level of DFT using the NBO module** within
the Gaussian 09 package. For the optimized geometry of the
simplest Li-containing complex (Fig. 4), we carried out a topo-
logical analysis of the electron density distribution function p(r)
by the quantum theory of atoms in molecules (QTAIM)
method.”* The energies of the coordination Li-C bonds were
estimated by the following relationship:*

E = 0.51(r), (1)

where E is the bond energy (a.u.) and »(7) is the potential energy
density (a.u.) in the corresponding (3, —1) bond critical point.>*

The electronic origin of the Li-C bonds has been qualita-
tively described on the grounds of the electron density Lap-
lacian V?p(r) and by electron energy density 4.(r) analysis of the
corresponding (3, —1) bond critical points.>**®

The periodic DFT calculations ware performed using the
Cambridge Serial Total Energy Package (CASTEP) module*
implemented in the Materials Studio 5.5 program suite.”® The
exchange and correlation interactions were described using the
generalized gradient approximation (GGA) approach with the
functional parameterized by Perdew-Burke-Ernzerhof (PBE).>
An ultrasoft pseudopotential was used to describe the electron-
core interactions and its representation was performed in
a reciprocal space. For the geometry optimization, the elec-
tronic wave functions were expanded in a plane wave basis set
with an energy cut-off of 500 eV. Thereafter, a denser k-point
mesh, as well as a more extended basis set (with a 600 eV energy
cut-off) was applied for the band structure calculation.
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To examine the stability of the Bp-, BN-based sheets and
tunnel-like carbon allotrope, we calculated the cohesive energy
(Econ) using the following formula:***

FEcon = [Eior(structure) — NE(atom)[/N (2)

where E (structure) and E(atom) are the total electronic ener-
gies of the corresponding unit cell (Bp-, BN-based sheet or
tunnel-like carbon allotrope) and single carbon, boron or
nitrogen atoms, respectively, and N is the total number of the
corresponding types of atoms in the studied structure.

All the calculations were performed in terms of the supercell
approximation. In the case of the ribbon structures, a 15 A
vacuum slab was added in the two perpendicular directions in
order to avoid the unphysical interactions between the neigh-
bouring ribbons. The highest possible symmetry was specified
before starting the geometry optimization in all the cases. Thus,
the studied structures fell into the following space groups:
Pmmm (Bp-sheet); Pmmm (zigzag Bp-ribbon); Pmmm (armchair
Bp-ribbon); P4/mmm (tunnel-like carbon allotrope); Pmma (BN-
sheet); Pmma (zigzag BN-ribbon) and P2/m (armchair BN-
ribbon).

Results and discussion
1. Structural features

All the studied Bp-based 1D zigzag- and armchair-type ribbons
and 2D sheets have a planar structure (D,;, symmetry point
group). The novel designed 1D and 2D BN compounds con-
sisting of equal numbers of nitrogen and boron atoms are
isoelectronic analogues to the similarly structured carbon
counterparts. Generally, these Bp- and BN compounds repre-
sent the graphene and boron nitride allotropes, respectively,
both formed by a combination of the four-, six- and eight-
membered rings in the one- or two-dimensions, similarly to
the well-known graphene and boron nitride modifications with
hexagonal structures.

The general size properties of the studied Bp- and BN
representatives of the (4, 6, 6, 8) topology are presented in
Table 1. In contrast to the Bp-structures, the BN-based ribbons
and sheets possess the C,;, symmetry point group in the ground
singlet state (Fig. 1). All the bond lengths in the simplest BN-
ribbon 2 varied in the narrow range of 1.41-1.47 A (see ESI,
S1t). With the growth of the BN cluster, we observed the
equalization of the B-N bond lengths (1.43-1.46 A); in a similar
manner the C=C bond length alternation decreases with the
increase in the carbon Bp nanoclusters due to the ensuing -
conjugation.

It is interesting to note that the difference in the total ener-
gies of the BN systems with the (4, 6, 6, 8) topology and the
isomeric “classical” (6, 6) topologies is significantly less in
comparison with those for the Bp-systems. For example, the
total energy for the BN cluster (n x m =2 x 1) is higher by =84
kcal mol™' in comparison with the isomeric hexagonal
B;,H;,N5,. As we have noted previously,'" the difference in total
energies for Bp-isomers with (4, 6, 6, 8) and (6, 6) topologies is
about =130 kcal mol'. Thus, we can conclude that the

This journal is © The Royal Society of Chemistry 2016
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Table 1 The general size properties of the designed Bp- and BN-based sheets and ribbons designed by the B3LYP/6-31G(d) computations®

Empirical ~ Boron nitride Empirical
Biphenylene compounds nxm a,nm* b, nm**  formula compounds nxm a,nm* b, nm**  formula
1 3x 1.5 1.20 1.39 CssHig 1 3x15 123 1.42 B,,H;gN,5
2 3 %2 1.39 1.58 CyoHayo 2 3 %2 1.59 1.42 BseH,oNa6
3 3x3 2.34 1.39 CiosHa4 3 3x3 2.36 1.42 BssH,4Ns,
4 4x2 1.58 1.84 CosHaa 4 4x2 1.59 1.87 BugH,,Nyg
1D armchair ribbons (m = 1) 1 0.81 0.51 Cq,Hg 1D armchair 1 0.82 0.52 BgHgNg
2 0.81 0.95 Cy4His ribbons (m = 1) 2 0.82 0.96 Bi.H5N;,
3 0.81 1.39 CiseHie 3 0.82 1.41 BigHi6Nyg
4 0.81 1.83 CasHao 4 0.82 1.86 By,H, 0Ny,
5 0.81 2.28 CooHas 5 0.82 2.31 BsoH,4N30
6 0.81 2.72 CyoHyg 6 0.82 2.76 BasHasNs6
7 0.81 3.16 CgaHay 7 0.82 3.20 By,HioNy,
8 0.81 3.60 CosHse 8 0.82 3.65 B,gH36Nyg
9 0.81 4.04 CiosHao 9 0.82 4.10 Bs H,0Ns,
10 0.81 4.49 CizoHas 10 0.82 4.55 BeoH4sNeo
1D zigzag ribbons (n = 2) 2 1.15 0.95 CusHig 1D zigzag 2 1.59 0.97 B, H 6N,y
3 2.34 0.95 CyoHy ribbons (n =2) 3 2.36 0.97 BasH,Ns6
4 3.10 0.95 CosHy, 4 3.12 0.97 B,sH,4Nus
5 3.87 0.95 Ciz0Hag 5 3.89 0.97 BeoH25Neo

¢ *q or **b — width or length of the corresponding Bp- and BN-based structures.

hexagonal Bp- and BN compounds are more stable relative to
the (4, 6, 6, 8) topology. But this fact does not exclude the
existence of stable isomeric (4, 6, 6, 8) forms that can be
transformed into the corresponding graphene and boron
nitride (6, 6) clusters by overcoming the isomerization energy
barrier.

The lattice parameters and geometrical data for the periodic
models of the studied compounds are presented in Fig. 2. For
Bp-sheets, the bond lengths in the hexagons are pairwise equal
at1.458 and 1.406 A, respectively, while the four-membered ring
represents almost a perfect square (1.446 and 1.458 A, Fig. 2a).
For BN-sheets (Fig. 2f), the octa- and tetragons are significantly
distorted relative to the Bp analogue (the bond angles in the
tetragons equal 97° and 83° instead of 90° in the Bp-sheets). Due
to the symmetry distortion in the BN-sheets, the B-N distances
are almost nonequivalent and range from 1.434 to 1.479 A
(Fig. 2f). For both armchair and zigzag Bp-ribbons (Fig. 2b and
c), we observed a strong bond length alternation.

We can distinguish the series of short (1.385-1.401 A) and
long C-C bonds (1.417-1.517 A) due to the edge effect. In
contrast, the B-N distances for both types of BN-ribbons cover
the shorter range (1.421-1.482 A, Fig. 2d and e), i.e. the edge
effects are less influential due to the absence of m-conjugation.
It is interesting that the calculated cohesive energy of the (4, 6,
6, 8) BN-sheet is 8.52 eV per atom, which is higher than for the
hexagonal BN (calc. 7.91 (ref. 30a)/exp. 6.65 (ref. 30b) eV per
atom).

The lattice structural parameters for the porous tunnel-like
carbon allotrope are discussed in paragraph 3 of this section.
The calculated cohesive energy of the tunnel-like carbon allo-
trope is 8.64 eV per atom, which is 0.28 eV higher than for the (4,
6, 6, 8) carbon sheet (8.36 eV per atom) and much higher than
for many other stable carbon allotropes.***

This journal is © The Royal Society of Chemistry 2016

2. Analysis of the electronic absorption spectra

The calculated electronic absorption spectra of the Bp- and BN-
based ribbons and sheets are presented in Fig. 3. The electronic
structure and spectrum of the initial biphenylene molecule have
been previously published and are well described.®* In partic-
ular, the biphenylene spectrum includes a group of well-defined
bands from 400 to 313 nm.** Carr et al. showed that the first low
intensity band could be observed at 391 nm and it was over-
lapped by one of the more intense bands at 358 nm.*'* Later on,
Hilpern J. W' interpreted these bands as vibronically active.
He also showed that the phosphorescence and fluorescence of
biphenylene occur from the second electronic state. This
behaviour is also well known for a number of other polycyclic
hydrocarbons.

Our DFT calculations for the free biphenylene molecule also
indicated that the first electronic transition (369 nm) is
symmetry forbidden (X'A; — 1'Bj,) in the electric-dipole
approximation but it is allowed as a magnetic-dipole transi-

31d

tion. Although magnetic-dipole transition moment is rather
large (2.19 Bohr magneton), its contribution to the oscillator
strength is negligible. The transition into the S, exited state is
symmetry allowed and was calculated at 310 nm with
a comparatively weak intensity (f = 0.08, see ESI, Table S27).

The next very intense absorption band takes place in the UV
region with a maximum at 248 nm (ref. 31a) and can be
assigned to the electronic transition of the X'A, — 2'By,
symmetry into the S, excited state at 231 nm (see ESI, Table
S271).

The absorption spectra of the designed Bp- and BN
compounds represent a similar two-band shape, but the size of
the nanoclusters strongly affects the bands position, ie. in
terms of the electronic transition energies (see ESI, Tables S2
and S3,T also Fig. 3). For the armchair Bp-ribbons (n = 2-10),

RSC Adv., 2016, 6, 49505-49516 | 49509
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the first broad band has a low intensity and takes place in the
region of 400-470 nm (Fig. 3a), which we assigned to the tran-
sitions of X'A; — 'B,, symmetry (within the D,;, point group).
With the increase in the ribbon length, the first band shifts to
red, but a number of low-lying singlet excited states appear
before the main transition of the band I onset. The second
short-wavelength band of high-intensity takes place in the UV
region for the short oligomers, but with the growth of the
ribbon size, this band shifts to the visible region.

Unlike the armchair samples, the first broad band for the
zigzag Bp-ribbons (m = 2-5) is much more intense and takes
place in a wide visible and near IR range of 500-1100 nm
(Fig. 3b), depending of the length of the ribbon. This band
corresponds to electronic transitions of the XlAg — 3'By,
symmetry (see ESI, Table S2t), which are characterized by high
oscillator strength values (Fig. 3b). Moreover, the first band
intensity correlates well with the total area of the zigzag Bp-
ribbons (Table 1). The second much less intensive absorption
band in the spectra of the zigzag Bp-ribbons (m = 2, 3) is pre-
dicted to be in the range of 300-500 nm due to the high-lying
transitions of X'A, — 'B;, symmetry (see ESI, Table S27). For
the larger zigzag Bp-ribbons of sizen x m=2 x4andn x m=2
x 5, the second absorption band disappears because the cor-
responding electronic transitions becomes very weak (f =
0.004); it also turns out to be overlapped, since the gap between
the I and II bands diminishes.

A size-dependent absorption was also observed for the 2D
Bp-sheets. We found that the absorption spectra of the 2D
sheets were characterized by an intense size-dependent
absorption in the visible-NIR region of 550-1000 nm (the first
band) (Fig. 3c, also see ESI, Table S27). A second, less intense,
absorption band takes place in the range of 300-350 nm
(Fig. 3c). Both bands in their spectra are characterized by
increasing absorption intensity, with the subsequent growth of
Bp-sheets in both directions. This indicates a key role of the -
conjugation effect, similar to with polyenes, polyacenes and
other strongly conjugated systems.

The calculated parameters of the electronic absorption
spectra for the BN-polymers are presented in the ESI, Table S3.1
Here, an important observation is the absence of visible
absorption in the spectra of the BN-ribbons and BN-sheets due
to the absence of -conjugation in the BN-polymers, in contrast
to the Bp-polymers. The electronic transitions of all the BN-
polymers occur in the middle ultraviolet region (Fig. 3d-f).
For example, the armchair BN-ribbons (n = 2-10) exhibit weak
absorption in the range of 225-235 nm (Fig. 3d) (the first band)
and a strong blue-shifted absorption in the range of 195-220
nm (the second band). For the zigzag BN-ribbons, both bands in
the UV spectra are slightly shifted to a longer wavelength
(Fig. 3e).

Another feature of the electronic spectra of BN compounds is
a high density of excited singlet sates (see ESI, Table S3t). For
instance, in the calculated spectrum of the BN-sheet sized n x
m =3 x 1.5 (Fig. 2f), the absorption in the range of 240-265 nm
(Fig. 3f) corresponds to a combination of twenty close-lying
electronic transitions (the four most intense of them are pre-
sented in the ESI, Table S31). While 1D and 2D Bp-polymers
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absorb in the visible region, the BN-polymers exhibit higher
excitation energies that fall in the UV region (4.4-6.2 eV). Thus
indicating that BN-polymers may be useful as UV light
protectors.

3. The tunnel-like carbon allotrope and its Li-containing
complexes

In this paragraph, we present for the first time computational
modelling of the novel tunnel-like carbon allotrope. The
simplest porous cluster (D,;, symmetry point group) of the (4, 6,
6, 8) topology can be represented as a covalence stacked dimmer
of the n x m = 2 x 1 species (Fig. 4a). The calculated bond
lengths and the natural charges at the carbon atoms are pre-
sented in Table 2. We found that the studied cluster included
short double (1.337, 1.341 A, Table 2) and long saturated (1.523-
1.691 A, Table 2) bonds. Being 1.496 A (Table 2) in length, the
C1-C8 bond was indicated as being an intermediate type due to
a partial m-bond contribution. The C5-C10 and C8-C11
distances in the studied cluster (Fig. 4a) were extremely large
(1.636 and 1.691 A, respectively) but were close to the long CC
distances for 2-(1-diamantyl)[121]tetramantane observed by
Fokin et al.**

As can bee seen from the natural bond orbital (NBO) analysis
data (Table 2), the most negative charges (—0.29¢) are located on
the C5 and C10 carbon atoms. The natural electron configura-
tions of these atoms are 15?2 s*°%?2p*2°, which is very close to
the 1s”2s'2p® configuration expected for a tetrahedral carbon.
All the atoms included in the four-membered rings differ from
other carbon atoms by the small positive natural charge (0.0086
and 0.0099e for C1, C4 and C2, and C3 atoms, respectively) with
a number of electrons on these atoms equal to 5.99 (Table 2).

The calculated occupancies of the natural orbitals and the
natural hybrids on the carbon atoms of the tunnel-like carbon
allotrope are presented in Table 3. We suggest that the carbon
atom C1 forms single sigma bonds with its C4 and C8 neigh-
bours and also double ¢ + 7 bonds with the C2 atom. The sigma
bond between the C1 and C2 atoms results from the overlap
between the sp'®! hybrid on C1 and the sp"® hybrid on C2
(Table 3). The 7(C1-C2) bond originates from the almost pure p

Table2 The bond lengths and the NBO atomic charges for the carbon
atoms of the tunnel-like carbon allotrope calculated by the DFT/
B3LYP/6-31G(d) method

Bond Bond length, A Atom Natural charge
C1-C2 1.341 C1, C4 0.0086
C1-C4 1.596 C2,C3 0.0099
C2-C3 1.567 C5, C10 —0.2907
C2-C5 1.508 C6 —0.1920
C5-C6 1.530 c7 —0.1954
C6-C7 1.337 C8, C9, C11 —0.0696
C7-C8 1.523

C1-C8 1.496

C8-C9 1.557

C5-C10 1.636

C8-C11 1.691
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Table 3 Occupancy of natural orbitals (NBOs) and hybrids of carbon atoms in the tunnel-like carbon allotrope calculated by the DFT/B3LYP/6-
31G(d) method

C-C type bond Occupancy Hybrid AO (%)
6(C1-C2) 1.96375 C1: sp"®! C1: s (35.63%) p (64.32%) d (0.05%)
C2: sp"® C2: 5 (35.12%) p (64.83%) d (0.05%)
7(C1-C2) 1.92401 Cl:p C1: 5 (0.00%) p (99.93%) d (0.07%)
C2:p C2: 5 (0.00%) p (99.93%) d (0.06%)
6(C1-C4) 1.94957 C1, C4: sp>®* C1, C4: 5 (27.64%) p (72.31%) d (0.05%)
5(C1-C8) 1.96759 C1:sp"7”? C1: 5 (36.61%) p (63.35%) d (0.04%)
C8: sp>* C8: s (27.12%) p (72.83%) d (0.05%)
o(C2-C3) 1.95564 C2, C3: sp>*° C2, C3: s (28.66%) p (71.29%) d (0.05%)
6(C2-C5) 1.97385 C2: sp"”’7 C2: s (36.09%) p (63.87%) d (0.04%)
C5: sp>® C5: s (26.12%) p (73.83%) d (0.05%)
6(C5-C6) 1.96686 C2: sp>®° C5: s (25.66%) p (74.29%) d (0.05%)
C5: sp>*° C6: 5 (31.30%) p (68.65%) d (0.04%)
6(C5-C10) 1.93091 C5, C10: sp>*® C5, C10: s (24.04%) p (75.93%) d (0.04%)
5(C6-C7) 1.98159 C6: sp™°* C6: 5 (38.31%) p (61.65%) d (0.04%)
C7: sp™*°® C7: s (38.57%) p (61.39%) d (0.04%)
m(C6-C7) 1.95656 C6: sp C6: 5 (0.00%) p (99.93%) d (0.06%)
C7: sp C7: 5 (0.00%) p (99.93%) d (0.06%)
6(C7-C8) 1.96116 C7: sp>*° C7: s (31.32%) p (68.63%) d (0.05%)
C8: sp>7? C8: s (26.84%) p (73.11%) d (0.05%)
5(C8-C9) 1.97038 C8, C9: sp>7”° C8, C9: s (27.02%) p (72.93%) d (0.05%)
o(C8-C11) 1.88727 C8, C11: sp>*® C8, C11: s (18.94%) p (81.03%) d (0.04%)

orbital on the C1 and C2 atoms. The ¢(C1-C4) bond is formed understand the chemical nature of Li inclusions, we analyzed
by the same sp>®® hybridized C1 and C4 atoms, with an the metal-ligand bonding nature for the studied lithium-
approximate composition of 27.64% s and 72.31% p atomic containing complex (Fig. 4b) in the framework of the Bader's
orbitals. On the other hand, the 6(C1-C8) bond is formed from theory formalism.** Each Li atom is included into the carbon
the sp"”? hybrid character on the C1 atom (which is a mixture of ~ cluster by the sandwich-type principle. Eight Li1-C and Li2-C
36.61% s and 63.35% p atomic orbitals). A similar analysis can bonds are equivalent in terms of the bond length and electronic
be applied for all the other bonds in accordance with the NBO  criteria for the designed complex (Table 4). The lithium atoms
data from Table 3. are located in the middle of cavity, jammed between the two
We also DFT-designed the Li-containing complex with the four-membered rings. Therefore, the coordination sphere of
tunnel-like cluster (Fig. 4b). Recently, Liu et al.*** presented the each Li atom represents the irregular quadrangular prism
theoretical results of the DFT study of Li-decorated T-graphene inclined by 15° (Fig. 4c) and contains four bonds with a bond
as a feasible nanosensor. The role of Li doping on band-gap length 2.098 A and four other bonds with a slightly longer
modulation and charge-transfer in band-gap engineering was length (2.188 A) (Table 4).
studied in ref. 33b and ¢ We can generalize that carbon allo- QTAIM analysis* of the Li-C contacts in the studied complex
tropes provide a rich source for the creation of new carbon indicated that all the Li-C bonds critical points can be charac-
materials beyond a hexagonal symmetry for applications for the  terized by the following conditions: V*p(r) > 0 and k(r) > 0 (|¥(7)|
detection of polluting gases. <g(r)) (Table 4), which allowed us to classify the Li-C contacts as
We found that the simplest cluster can include an inner the closed shells interactions. The total complexation energy of
cavity of two Li atoms with a Li-Li distance of 1.72 A. In order to  the eight Li-C bonds calculated by the Espinosa eqn (1) was —67

Table 4 Bond length (d) and selected topological parameters of the electron density distribution function p(r) of the Li—-C bond

Bond d, A (N e x ay? y(r), a.u. g(r), au. he(r)?, a.u. V2o(r) e x ao ® E, kcal mol !

Li1-C3 2.098 2.6567 x 102 —2.896 x 102 3.481 x 102 0.585 x 102 0.1626 -9.1
Li1-C4

Li1-C9

Li1-C10

Li1-C5 2.188 2.4152 x 102 —2.436 x 102 2.933 x 102 0.497 x 102 0.1372 -7.6
Li1-C6

Li1-C7

Li1-C8

“ g, is the Bohr radius. ? h(r) = »(r) + g(r), where g(r) is the kinetic energy density at the (3, —1) critical point. © 1/4Vp(r) = 2g(r) + (7).
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kcal mol ' (Table 4), which defines the great stability of the
designed complex.

We also performed a band structure calculation for the 3D
periodic model of the tunnel-like carbon allotrope (Fig. 2g). The
lattice parameters of the unit cell were equal to 4.560 A for the
a and b axes and 3.861 A for the ¢ axis; all the CC bond lengths
varied in a short range from 1.514 to 1.584 A (Fig. 2g). As one can
see in Fig. 5, this allotrope possesses a wide-band-gap semi-
conducting nature. The partial density of states (PDOS) plot
specifies the tunnel-like carbon allotrope as a material similar
to the p-type extrinsic semiconductor. There is no DOS at or
above the Fermi level, which is shifted down to the VBM. Near
the Fermi level, the DOS almost completely consists of carbon
2p states (Fig. 5). The positions of the valence band maximum
(VBM) and conducting band minimum (CBM) indicate a direct
band gap of 2.985 eV (Fig. 5). An interesting feature is that the
VBM occurs not at the I'-point (indicated by a circle). It is known
that for bulk materials this is often the case, whereas for
monolayered materials, the VBM occurs at the K-point rather
than at the I'-point.** We speculate that this is related with the
2D nature of the bonding in the studied tunnel-like carbon
allotrope. Thus, the latter can be characterized as a partially
layered material.

4. Band-gap engineering

Band-gap engineering® is a powerful technique for the creation
of novel materials, such as the biphenylene and boron nitride
sheets and ribbons, which allows researchers to control or
change the band gap of different polymers.

As one can see from Fig. 6, the HOMO-LUMO gap (HLG) can
be represented as a function of the oligomer size (1/n) for the
studied 1D and 2D Bp- and BN-based structures. For the 2D Bp-
sheets, the band-gap values decrease considerably stronger (by
~3.0 eV) than for the BN-sheet (by ~1.3 eV) when the polymer (n
— ) is compared with the initial Bp- and BN units (1/n = 1),
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Fig. 5 The band structure and partial density of states of the 3D
periodic tunnel-like carbon allotrope.
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Fig. 6 The size dependence behaviour of the band gap for the Bp- (a)
and BN-based (b) 1D and 2D oligomers/polymers (where n and m
denote the numbers of the Bp- or BN-monomers along the horizontal
and vertical directions, respectively).

respectively. The infinite structures calculated with the periodic
boundary conditions (PBC) model demonstrate a close-to-zero
band gap for Bp-sheets and a significantly wider band-gap for
BN-sheets, which was equal to 4.46 eV (Fig. 6a).

For 1D armchair Bp-ribbons, the band-gap values shrink
more slowly in comparison with 2D Bp-sheets and 1D zigzag-
type Bp-ribbons when n — o compared with the initial Bp-
unit (Fig. 6). The DFT calculations of the PBC models demon-
strate the finite band-gap values of 2.14 and 0.24 eV for
armchair and zigzag-type Bp-ribbons, respectively (Fig. 6b).

In contrast to Bp-ribbons, both armchair and zigzag-type BN-
strips demonstrate a wide-band-gap nature, which tends to
show a monotonic decrease with the ribbon growth. It should
be noted that the infinite armchair and zigzag BN-based
ribbons exhibit band gaps of 5.17 and 4.65 eV, respectively
(Fig. 6b).

The aforementioned results are in a good agreement with the
band structure calculations (Fig. 7). Thus, in the case of the Bp-
sheets (Fig. 7a), the calculations reveal a semi-metal nature of
this species. The positions of VBM and CBM specify an indirect
gap. This is in good agreement with the PBC single-point
calculation, which provides the HLG to be equal to 0.06 eV
(Fig. 6a). A similar picture occurs in the case of the zigzag Bp-
ribbon (Fig. 7b). Though, within the PBC model, the HLG
value is equal to 0.24 eV, the band structure calculations indi-
cate a semi-metal nature of this species. These materials can be

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 The band structure and partial density of states of the 1D and 2D structures studied: (a) the Bp-sheet, (b) zigzag Bp-ribbon, (c) armchair
Bp-ribbon, (d) the BN-sheet, (e) zigzag BN-ribbon and (f) armchair BN-ribbon.

used in optoelectronic devices with a photoresponse in the blue
and UV regions.***

The partial density of states (DOS) plot (Fig. 7a) demon-
strates a rather high density of states at the Fermi level in the

This journal is © The Royal Society of Chemistry 2016

Bp-sheet. This is caused by an overlap of the valence and con-
ducting bands and predominantly consists of the p electrons.
The same pattern is observed in the case of the zigzag Bp-ribbon
(Fig. 7b).
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In the case of the armchair Bp-ribbon (Fig. 7c), the band
structure calculations displays a semiconducting nature with
a direct gap equal to 1.047 eV. The PBC single-point calcula-
tions, however, significantly overestimate this value (2.14 eV). It
is interesting that the Fermi level is significantly shifted to the
valence band (Fig. 7c). This pattern is similar to the p-type
extrinsic semiconductors. There are no overlapping bands in
the case of the armchair Bp-ribbon, where the aforementioned
proximity of the valence band and the Fermi level causes a non-
vanishing density of states (Fig. 7c); as in the previous, cases the
DOS includes the p electrons. Thus, at a finite temperature, the
armchair Bp-ribbon can behave as a semi-metal. This structure
possesses promising characteristics for the field of solar-energy
conversion using a single junction photovoltaic cell.**

Concerning the BN structures, both the BN-sheets (Fig. 7d)
and the BN-ribbons (Fig. 7e and f) possess a semiconducting
nature with the direct band gaps. There is also a non-vanishing
DOS at the Fermi level, but the band-gap values are large
enough to neglect the possibility of the electron injections in
the conducting band at a finite temperature. Again, the PBC
calculation at the HLG limit overestimates the band-gap values:
4.46 versus 3.23 eV (BN-sheets), 4.65 versus 3.43 eV (zigzag BN-
ribbons) and 5.17 versus 4.11 eV (armchair BN-ribbons).
Nevertheless, the values of HLG obtained using the PBC
model calculations correlate well with the band-gap values,
showing the correlation coefficient to be equal to R> = 0.9995.
We should also stress that the same shift of the Fermi level is
observed in the latter three cases. Such wide-band-gap semi-
conductors could be attractive materials for aerospace power

systems and transportation.**

Conclusions

Using the DFT method, we systematically studied the electronic
structure and spectral properties of biphenylene and boron
nitride materials formed by a combination of the four-, six- and
eight-membered rings. The following conclusions can be made:

(1) The constructed one- and two-dimensional biphenylene
and boron nitride structures were found to be absolutely planar
in the ground state. In contrast to biphenylene-based polymers,
the boron nitride 1D and 2D materials undergo a symmetry
reduction to the C,, symmetry point group.

(2) All the studied 1D and 2D biphenylene- and boron nitride
compounds were characterized by a strong size-dependent
absorption in the electronic spectra because of the specific -
and o-conjugation of Bp- and BN-based polymers, respectively.
An important observation is the strong UV absorption in the
spectra of the BN compounds, which could be useful for UV
light protectors. In turn, the Bp-polymers exhibit a strong visible
absorption, which could help them find potential application in
solar cell technology.

(3) Our calculations indicated that the band-gap decreases
with the subsequent polymer growth. This fact opens up new
possibilities for creating novel materials with size-controlled
semiconducting properties. The infinite armchair biphenylene
strip and all the boron nitride structures are predicted to be
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organic semiconductors, whereas zigzag biphenylene strips and
sheets possess a metallic nature.

(4) The novel tunnel-like carbon allotrope demonstrated
a direct band gap of 2.985 eV, indicating its wide-band-gap
semiconducting properties. Moreover, it was found that the
unique structure of the designed tunnel-like carbon allotrope
allows binding lithium atoms, in which their size correlates
with the size of the macrocycle cavity. The lithium atoms
forming the sandwich-type coordination structure were
designed to be included in the inner carbon cavity. All the Li-C
bonds could be classified as closed shell interactions.
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