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ow-dimensional carbon allotropes

have received a lot of attention due

to their unique properties. Fullerenes
and carbon nanotubes have been exten-
sively investigated due to their potential for
electronic devices at the nanometer scale
as well as their ability to encapsulate foreign
atoms or molecules with likely applications
in drug delivery.! * These materials also
present unique mechanical properties, aris-
ing from the strong covalent bonds forming
the carbon network.*®

More recently, one of the simplest forms
of carbon, a two-dimensional honeycomb
lattice dubbed graphene, has been synthe-
sized in the lab.%” This carbon network has
been manipulated to form quasi-one-
dimensional strips, graphene nanoribbons
(GNRs), with tunable electronic properties
that depend strictly on their geometry simi-
lar to the case of single-walled carbon
nanotubes (SWNTs).8 1% It is clear now that
carbon nanomaterials present a huge versa-
tility that can be exploited by controlling
their structure at the atomic level.

In the quest of optimizing the electronic
properties of nanocarbons for specific appli-
cations, other nongraphitic all-carbon net-
works and their low-dimensional derivatives
have been proposed. For instance, Crespi et
al. have shown that creation of defects in the
honeycomb lattice can provide a metallic
sheet with high density of states around the
Fermi level." Following this work, Terrones et
al. proposed the Haeckelites and nanotubes
made by rolling them in a seamless manner,
as a new carbon allotrope with well-defined
metallic behavior.'? Although the predicted
stability of these carbon networks is compa-
rable to that of fullerenes,'? their synthesis
has been suggested to rely on the produc-
tion of defects in the hexagonal lattice in a
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ABSTRACT We have studied the electronic properties and relative stability of the biphenylene sheet composed

of alternating eight-, six- and four-carbon rings and its one-dimensional derivatives including ribbons and tubes

of different widths and morphologies by means of density functional theory calculations. The two-dimensional

sheet presents a metallic character that is also present in the planar strips with zigzag-type edges. Armchair-edged

strips develop a band gap that decreases monotonically with the ribbon width. The narrowest armchair strip

considered here (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. We have also found that tubes made by rolling these ribbons in a seamlessly

manner are all metallic, independent of their chirality. However, while the calculated energy landscape suggests

that planar strips present a relative stability comparable to that of C4, in the tubular form, they present a more

pronounced metastable nature with a Gibbs free energy of at least 0.2 eV per carbon higher than in Cs.
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controllable and uniform way. This has
proven to be a complicated task and pre-
vents the production of such interesting all-
metallic carbon structures.

Another two-dimensional carbon net-
work based on the biphenylene dimer
(Figure 1d) has been hypothesized, and
their polymeric one-dimensional counter-
parts have been explored to some
extent.">” "> Importantly, the biphenylene
dimer molecule has been synthesized us-
ing organic chemistry methods.'>'

In this work, the biphenylene sheet, com-
posed of alternating eight-, six-, and four-
carbon rings, and their one-dimensional de-
rivatives, including ribbons and tubes of
different widths and chiralities, are investi-
gated by performing first-principles calcula-
tions based on density functional theory to
explore their electronic structure and shed
light on their relative stability.
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RESULTS

Biphenylene Sheet and Planar One-Dimensional
Derivatives. In Figure 1, we present a scheme
of the various materials studied in this work.
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Figure 1. Scheme of the biphenylene sheet (a), its one-dimensional planar (b) and tubular (c) derivatives, and the bi-

phenylene molecule (d) studied in this work.

The geometry of the two-dimensional biphenylene
sheet is shown in Figure 1a. The limits of the unit cell
employed in the calculations are marked by the dashed
line. This unit cell is somewhat larger than the funda-
mental cell, thus allowing for more degrees of freedom
during the geometry optimization. The optimized two-
dimensional structure presents a metallic character
manifested in the high density of states (DOS) at the
Fermi level (set as zero), as shown in Figure 2.

To study the effect of quantum confinement in the
biphenylene sheet, we consider quasi-one-dimensional
ribbons with two different edge atomic connectivities
and different widths. These polymers are represented in
Figure 1b (in all cases, we consider hydrogen termina-
tion). In analogy to GNRs, these planar ribbons are

dubbed armchair and zigzag, although for the zigzag
case, the bonding at the edges is not equivalent to the
corresponding bonding in GNRs. For each edge morphol-
ogy, we consider five different ribbon widths, w = 0.62,
1.00, 1.38, 1.76, and 2.14 nm for the armchair configura-
tion and 0.75, 1.20, 1.64, 2.09, and 2.54 nm for the zigzag.
By cutting the biphenylene sheet into armchair strips,
electronic confinement along the width produces a band
gap opening. The narrowest armchair ribbon (w = 0.62
nm shown in Figure 1b) presents a large band gap of 1.71
eV. This band gap decreases monotonically as the width
of the ribbon increases in such a way that the widest strip
studied here, with w = 2.14 nm, presents a band gap of
0.08 eV. In Figure 3, we present the band structure and
density of states of three armchair strips with widths of

Density of states
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Figure 2. Density of states of the fully optimized biphenylene sheet obtained at the HSE/6-31G** level.
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Figure 3. Band structure and density of states of planar
armchair strips of different widths obtained at the
HSE/6-31G** level of theory. Widths shown here are

(a) w = 0.62 nm, (b) w = 1.38 nm, and (c) w = 2.14 nm.

0.62, 1.38, and 2.14 nm, where the progressive band gap
closing as w increases can be observed.

Now we turn to the discussion of the effect of the
exchange-correlation functional on the electronic be-
havior of these systems. As mentioned above, the re-
sults presented here were obtained using the HSE func-
tional. For comparison purposes, we have also
performed these calculations with the generalized
gradient approximation functional PBE, and we ob-
tained a similar trend for the band structure than with
HSE. However, PBE naturally underestimates the band
gap in most cases, and therefore, we start observing a
metallic behavior for the armchair strips at widths of
about 1.38 nm, in contrast with the HSE results pre-
sented in Figure 3. As discussed above, this is a known
difficulty of local and semilocal functionals, and there-
fore, the utilization of hybrid functionals in these sys-
tems is critical to obtain a reliable description of their
electronic behavior.

For the zigzag configuration, we find a mostly metal-
lic character except for the narrowest ribbon (w = 0.75
nm). This ribbon presents a band gap of about 0.4 eV.
Larger width ribbons develop bands that cross the Fermi
level (Figure 4). The number of bands crossing the Fermi
level increases significantly with the ribbon width, pro-
ducing an increasingly higher DOS at the Fermi level.

One of the striking properties of GNRs is the pre-
dicted magnetic behavior for the zigzag configura-
tion."” This behavior could provide routes for design-
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Figure 4. Band structure and density of states of planar zig-
zag strips of different widths obtained at the HSE/6-31G**
level of theory. Widths shown here are (a) w = 0.75 nm, (b)

w = 1.20 nm,

and (c) w = 2.54 nm.

ing spin-filters for spintronics applications. Although,

as discussed

earlier, the bonding of the “zigzag” config-

uration in the biphenylene strips does not correspond
to the one in GNRs, we have studied the possibility of
magnetism by performing spin-polarized calculations.
These calculations (performed in both armchair and zig-

zag strips) re
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Figure 5. Band structure and density of states of tubes
made by rolling the biphenylene strips obtained at the
HSE/6-31G** level of theory.
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Figure 6. Relative stability of C-only and C—H compounds obtained at the HSE/6-31G** level of theory. Negative values of
8G indicate stable structures with respect to its constituents (H, and graphene), while positive values indicate metastable
structures. The star represents the two-dimensional sheet; cross and circles represent zigzag and armchair strips of differ-

ent widths, respectively.

ground state solution, which indicates the diamag-
netic nature of the biphenylene polymers.

Tubes. By rolling these strips in a seamless way, it is
possible to create tubular structures in analogy to the
nonchiral armchair and zigzag single-walled carbon
nanotubes but with a distinctive bonding. In the case
of the tubes, both armchair (formed by folding zigzag
strips) and zigzag (formed by folding armchair strips)
present a metallic character with high DOS at the Fermi
level (see Figure 5). Zigzag tubes exhibit a band struc-
ture similar to the armchair strips. However, curvature-
induced hybridization produces a band that crosses the
Fermi level, conferring these tubes the metallic charac-
ter that is absent in the corresponding originating
strips. Armchair tubes present the same trend as zig-
zag strips, with the number of bands crossing the Fermi
level increasing as the diameter of the tube increases.

Energy Landscape. The strain imposed on the bi-
phenylene molecule to the molecular structure by the
four- and eight-membered ring makes it less stable than
regular aromatic molecules.'® It is therefore central to ana-
lyze the stability of the extended structures made out of
the biphenylene dimer studied in this work. In order to do
this, it is important to acknowledge that dangling bonds
in the strips are passivated with H atoms, thus changing
their chemical composition from all-carbon materials to
hydrocarbons. Although formation energies are a way of
studying the stability of the proposed materials, their
meaningful comparison relies on the basis of identical
chemical composition. Therefore, we need to adopt the
approach customary for alloys and compute the Gibbs
Free energy, 3G, of all the systems with respect to the
natural forms of its constituents. In our case, as all the sys-
tems studied here are composed either of C or Cand H,

\\&) VOL.4 = NO.8 = HUDSPETH ET AL.

we compute 3G with respect to graphene and molecular
hydrogen through the equation

0G(x) = E(x) + (1 — xJuy + Xclic (1

where E(x) is the cohesive energy per atom of the sys-
tem under consideration, x¢ is the molar fraction of car-
bon atoms, and 4 and pc are the chemical potentials of
the constituents. We choose .y as the binding energy per
atom of the H, molecule and . as the cohesive energy
per atom of a single graphene sheet.

Using eq 1, we compute 3G in these systems and
present these values in Figure 6. For comparison pur-
poses, we have included in this figure 3G for other mol-
ecules and extended structures such as single-walled
carbon nanotubes, C4, benzene, and the isolated
biphenylene dimer, all optimized at the same level of
theory. In Figure 6, we observe that, while the biphe-
nylene sheet presents a 8G somewhat larger than
fullerenes, their planar one-dimensional counterparts
present a similar relative stability. The armchair config-
uration for the ribbons is more stable than the zigzag
configuration. Tubes formed by rolling these strips are
high in this energy landscape, indicating that they are
less stable than their planar counterparts. 3G for the
dimer is about the same as in the (5,5) SWNT and repre-
sents the lower limit of 3G for the planar strips.

CONCLUSIONS

We have studied the electronic properties and rela-
tive stability of the biphenylene sheet, composed of al-
ternating eight-, six-, and four-carbon rings, and its one-
dimensional derivatives, including ribbons and tubes
of different widths and chiralities. Our DFT calculations
show that the two-dimensional sheet presents a
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metallic character that is also present in the planar
strips with zigzag-type edges. Armchair-edged strips
develop a band gap that decreases monotonically with
the ribbon width. The narrow armchair ribbon (w =
0.62 nm) presents a large band gap of 1.71 eV, while a
2.14 nm wide armchair strip exhibits a band gap of 0.08

METHODS

We have carried out all calculations utilizing a develop-
ment version of the Gaussian suite of programs.'® In this pro-
gram, solid state calculations are performed using all-
electron Gaussian basis sets and periodic boundary condi-
tions imposed specifically in one, two, or three dimensions,
depending on the dimensionality of the system under
consideration.

Density functionals based on the local density approxima-
tion and the generalized gradient approximation predict
Kohn—Sham gaps that severely underestimate experimental
data, and often small gap semiconductors are erroneously pre-
dicted to be metallic. On the other hand, Kohn—Sham gaps from
hybrid functionals (including a portion of Hartree—Fock type of
exchange) are, in general, in better agreement with experimen-
tal gaps, although they tend to overestimate experimental
data.?’~2* Screened exchange hybrid functionals improve upon
regular hybrids and provide good agreement with experiments
and more sophisticated many-electron approaches.??>~28 There-
fore, we have chosen the screened exchange HSE funcional?~3'
and the double-{ 6-31G** basis set®? to perform the present
study.

The reciprocal space integration has been performed in a
12 X 10 uniform k-point mesh per 9.0 X 7.5 A2 cell for the two-
dimensional sheet and in a grid of 35 uniform k-point per 7.5 A of
translational vector for the one-dimensional derivatives. All of
the structures have been fully relaxed until the maximum, and
root-mean-square atomic forces are less than 0.02 and 0.015
eV/A, respectively, and the maximum and root-mean-square
atomic displacements between consecutive iterations are less
than 1073 and 6 X 107 A, respectively.
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