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A series of two-dimensional non-traditional carbon materials employing three-membered ring or four-
membered ring as building blocks were systematically investigated by theoretical calculations in
searching of highly conductive metallic carbon materials. It was found all the studied two-dimensional
systems have metallic nature. The three-membered ring derivatives are not kinetically stable, and pre-
sent of trap-like bands. While the four-membered ring systems of C4-8 and its derivatives containing

triple bonds are kinetically stable, which provide a new choice of synthesizing two-dimensional carbon
materials with metallic nature towards the application in the all carbon electronic circuits.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, which is a single sheet composed of sp?-hybridized
carbon with honeycomb structure, has drawn great attention
owing to its outstanding electronic, optical, thermal and mechan-
ical properties [1-5]. Especially, its unique and superior charge
transport and electronic properties strongly stimulate scientists to
find its application in the field of organic field effect transistor
[6—-8]. However, as a semi-metal material with fused six-
membered ring, graphene has unsatisfied application in OFET due
to the smaller on-off ratio [1]. Thus, much effort is paid to open its
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bandgap to address this issue [9—19]. The outstanding progress in
the research field of graphene has triggered many interests in
exploring novel two-dimensional materials through both experi-
ments and theoretical calculations [20—29]. For example, another
important 2D carbon allotrope, graphdiyne, is successfully syn-
thesized by Li et al. through bottom up approach [30]. This new
carbon allotrope has been predicted to be a semiconductor with
theoretical band gap of 0.46 eV and the calculated hole and electron
mobility are 1.97 x 10% and 2.81 x 10°> cm? V! s~ respectively
[31]. However, most of these 2D materials mainly employed six-
membered rings as building units due to the good stability and
lowest ring strain energy. Using the ring systems other than six-
membered rings remains unexplored. Until recently, 2D sp>- or
sp>-hybridized carbon allotropes based on five-membered ring
system (known as “penta-graphene”) was investigated by theo-
retical calculation, and the former is proved to have an intrinsic
quasi-direct band gap of 3.25 eV [32], while the later exhibits
metallic [33,34] and ferromagnetic nature [35]. Synthetic effort has
demonstrated the possible co-existence carbon materials with
other phases [36]. However, searching novel 2D carbon allotropes
based on three- or four-membered rings is not successful due to the
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possible poor stability and synthetic challenge although few
theoretical calculations based on three- and four-membered ring
system have already been conducted [22,37—46].

Considering the emergence of 2D carbon-based materials and
their advantages, it is of extreme importance to systematically
investigate the electronic structures and stabilities of 2D carbon
allotropes based on three- and four-membered rings, which are
connected by single and triple C—C bonds. Such theoretical pre-
dictions are highly desirable and instructive to search metallic
carbon materials.

The simplest three- and four-membered ring organic molecules
are cyclopropene and cyclobutadiene, and the electronic structures
for cyclopropene radical and cyclobutadiene are very unique. Both
cyclobutadiene and cyclopropene radical are anti-aromatic com-
pounds. According to the Hiickel molecular orbital (HMO) theory
[47], the ground state for cyclobutadiene is open-shell triplet,
which has two unpaired electrons with the same o spins. For
cyclopropene radical, there are two degenerate molecular orbitals
for one electron based on HMO theory. We have optimized the
geometrical structures of cyclobutadiene and cyclopropene radical
through DFT calculations (MP2/6-311+G**) [48—50], and the fre-
quency analysis was followed to assure that the optimized struc-
tures were stable states. The calculated spin density for these two
molecules is show in Fig. 1. The optimized structure for cyclo-
butadiene is planar, and the C—C bond length in cyclobutadiene
ring is 1.446 A, which is between the bond length of C—C and C=C.
However, the optimized structure for cyclopropene radical is not
planar (Fig. S1), and the spin is mainly localized on the sp3-hy-
bridized carbon. Therefore there are two kinds of C—C bond in
cyclopropene radical, one is the C(sp®)—C(sp?) bond with length of
1.467 A, the other is C(sp?)—C(sp®) bond with shorter length of
1.326 A. Based on the above calculation results, we are trying to
connect the cyclobutadiene or the cyclopropene radical ring
through C—C single bonds and triple bonds (structures are shown
in Fig. 2) and investigate the electronic structures of the corre-
sponded 2D materials.

2. Computational methods

The first-principle calculations were carried based on density
functional theory (DFT) within the generalized gradient approxi-
mation (GGA). These calculations were performed by Vienna ab
initio simulation package (VASP) [51,52], which implement the
projected augmented wave approach (PAW) [53]. The exchange
correlation was calculated by the Perdew—Burke—Ernzerhof func-
tional as revised for solids (PBEsol) [54]. The PBE-PAW
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Fig. 1. The spin density distributions of cyclobutadiene (a) and cyclopropene radical
(b) calculated by MP2 functional with 6-311+G** as the basis set. Blue surface repre-
sents o spin density (there is only « spin in cyclobutadiene and cyclopropene radical),
drawn at 0.04 e/au® level, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

pseudopotentials with s?p® orbitals were used for carbon ions. The
energy cutoff was set as 500 eV. To avoid interactions between two
layers, a 15 A vacuum layer was inserted. These geometry structures
were optimized until the force on every atom is smaller than
0.001 eV/A. G-centered 9 x 9 x 3 Monkhorst-Pack mesh k-points
were used for static calculations, including density of states (DOS)
and band structure. 60 k points were employed in two high sym-
metric k points in order to get accurate band structures and
effective masses. The details to calculate the effective mass could be
found at our recent works [55]. The phonon band structures and
temperature-dependent free energies were obtained by Phonopy
with the force constants generated based on finite displacement
method [56,57]. Thermodynamic properties are calculated from
phonon frequencies on a sampling mesh in the reciprocal space.
4 x 4 x 1 supercells were used to estimate the force constant for
C4-8, C4-16, C4-24, C3-12 and C3-24. While a 3 x 3 x 1 supercell
was used for C3-36 due to its large unit cell.

3. Results and discussion

All these six 2D materials have planar structure, and the opti-
mized structures with unit cells are show in Fig. S2.

3.1. The optimized geometry of the studied 2D systems

The lattice constants (a or b) are increasing from 3.44 to 6.02 and
8.59 A for C4-8, C4-16 and C4-24. The C—C bond length of the
cyclobutadiene ring in these three materials is almost identical,
with value of 1.465, 1.472 and 1.471 A for C4-8, C4-16 and C4-24,
which is slightly longer than the bond length for the parent
cyclobutadiene calculated by DFT calculation. But the C=C bonds
connected the cyclobutadiene rings show decreased bond lengths
of 1.371, 1.344 and 1.345 A, which indicates C4-8 with the combi-
nation of cyclobutene and cyclooctatetraene units is more stable
(Fig. 3). Similar phenomenon has been also observed in C3-12, the
C—C bond length in the cyclopropene ring is 1421 A, and the
connected bond of the cyclopropene rings is 1.355 A. The lattice
constants for the C3-12, C3-24 and C3-36 are 5.19, 9.64 and 14.08 A,
respectively.

3.2. The ground states of the studied 2D systems

The spin-polarized calculations were performed for these six
structures to confirm their ground state, however, no energy dif-
ference between spin-polarized and spin-unpolarized computa-
tions was observed, which suggests that all these six structures
have a close shell ground state and there are no unpaired electrons
or unsaturated dangling bonds in these monolayers.

3.3. The cohesive energy and temperature dependent free energy of
the studied 2D systems

Moreover, the stability of these 2D materials was compared by
calculating the cohesive energy (Econ), wWhich is defined as Eq (1).

n*E(C) — E(Cp)
n

Ecoh = (l )
Where E(C) and E(C,) are the total energies of single carbon atom
and the studied 2D monolayer (unit cell), and n is the number of
carbon atoms in the repeat units of the studied 2D system. Based on
our calculation, C4-8 shows the largest cohesive energy of 7.46 eV/
atom among all the investigated 2D systems in this work (Table S1),
which is 0.51 eV/atom lower that of graphene (7.97 eV/atom) based
on our calculation with the same theoretical level (the reported Ecqp
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Fig. 3. The resonant structures for C4-8.

for graphene is 7.95 eV/atom in literature [27]). The Ecop for C4-16
and C4-24 is 7.15 eV/atom and 7.08 eV/atom, which is higher than
that of C3-12 (7.01 eV/atom). Both C3-24 and C3-36 exhibit the
same E.qp, value of 6.94 eV/atom. Although the relative stabilities of
these materials could not be compared directly by their cohesive
energy, the rough comparison indicates that the studied four-
membered ring system is more stable than the three-membered
ring systems.

The temperature dependent free energy has also been calcu-
lated [40]. As shown in Fig. S3, C4-8 gives the best thermodynamic
stability (below 730 K) in the studied carbon allotropes in this
work. On the contrary, C3-36 shows the worst thermodynamic
stability below 500 K compared with other 2D materials studied in
this work, and the free energy of C3-36 becomes negative after
834 K.

3.4. The kinetic stability of the studied 2D systems

In order to further compare the stability of these carbon

allotropes, the kinetic stability of these 2D monolayers was inves-
tigated through phonon band structure. As show in Fig. 4, no soft
modes are observed in the studied C4-8, C4-16 and C4-24, which
indicate these three structures are kinetically stable. The highest
frequency of C4-8, C4-16 and C4-24 increases from 1759 cm~! to
2189 and 2221 cm~! with the introduction of one and two triple
bonds, which is higher than that of graphene (1630 cm™') [58],
silicene (580 cm™') [59] and MoS, monolayer (473 cm™!) [60].
However, there are small imaginary frequencies existing in C3-12
and C3-36, which becomes larger in C3-24. The present of imagi-
nary frequencies in these three structures with cyclopropene units
suggests they are not kinetically stable. This is also consistent with
the cohesive energy calculations as discussed above.

The high-frequency phonons above 2000 cm™! for C4-16, C4-24,
(C3-C24 and C3-C36 are clearly related to the stretching mode of
C=C bonds linking the cyclobutadiene or cyclopropene units,
which are quite similar with that of the characteristic one-phonon
Raman lines between 2000 and 2300 cm~! for graphyne de-
rivatives [61].
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Fig. 4. Phonon dispersion curves along the selected directions within the Brillouin zone of C4-8 (a), C4-16 (b), C4-24 (c), C3-12 (d), C3-24 (e) and C3-36 (f).

3.5. The electronic structure of the studied 2D systems

Moreover, the electronic structures of all these carbon allotropes
were calculated and shown in Fig. 5. The bands cross the Fermi
energy level (0 eV) in C4-8, C4-16 and C4-24 indicate that all three
2D carbon monolayers have metallic nature. The corresponding
density of states (DOS) which exhibit non-zero values at the Fermi
levels also confirm this (Fig. S4), and further evident there are
certain occupations in the delocalized w states for these four-
membered ring systems. At the energy of —1 eV, in the vicinity of
M-points or I'-point, the energy depends almost linearly on the
wave vector, which is quite similar with that of the doped gra-
phenes [26]. These dispersions could bring about small effective
masses (as shown in Table S2), and the smallest effective mass is
only about one twentieth of free electron (mg), which indicates C4
derivatives could be very good conductors.

For the C3-12 derivatives, small proportion of conduction band
locates just below Fermi level, as shown in Fig. 5d—f. This indicates
few charge carriers exist at 0 K, and presents half-metallic char-
acters. A very flat conduction band appears near the Fermi level,
which is more proper to consider it as an energy level rather than a
band. Charge carriers at this band are hardly to move due to its
heavier effective mass than free electrons. Especially for C3-24, the
energy is almost constant (M-I") and leads to infinite effective mass,

which indicates that electrons cannot be transported. Therefore,
this level is a trap-like or a recombination center, and C3-12 de-
rivatives exhibit poor charge transport ability according to our
calculation results.

4. Conclusion

To summarize, by systematic ab-initial calculations, we have
investigated a series of 2D carbon allotropes composed of three-
and four-membered ring systems. All the studied three- and four-
membered ring systems exhibit close-shell structures. However,
the 2D allotropes with three-membered ring are not kinetically
stable based on calculating the phonon spectra and cohesive en-
ergy. In addition, few charge carriers and the present of trap-like
bands in three-membered 2D sheet, makes it less possible to
apply in organic electronics. On the contrary, the four-membered
ring systems of C4-8 and its derivatives are kinetically stable. In
addition, they show nearly linear dispersion in the electronic band
diagram. Small effective masses are expected and verified with
calculation, which suggests C4-8 and its derivatives should have
good conductivities. These two advantages provide a new choice of
synthesizing four-membered rings based 2D carbon materials with
metallic nature towards the application in the all carbon electronic
circuits.
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Fig. 5. Calculated electronic band structures of C4-8 (a), C4-16 (b), C4-24 (c), C3-12 (d), C3-24 (e) and C3-36 (f). The Fermi energy level was set at 0 eV.
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