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Abstract

We used density functional theory to study the geometric and electronic
structure of dimerized and one-dimensionally polymerized corannulene as
ultra-narrow graphene ribbons with corrugation and topological defects. Our
computations reveal that the relative stability and electronic structure of
dimerized and polymerized corannulene are sensitive to the intermolecular
covalent networks. The energy gap between the highest occupied and lowest
unoccupied states of corannulene dimers is narrower than that of isolated
corannulene. The corannulene polymers are semiconductors with a direct
energy gap of about 1 eV depending on intermolecular bonds. The polymers
possess moderate mechanical stiffness having Young’s moduli of 200 GPa.

Keywords: Corannulene, Graphene nanoribbon, One dimensional
corannulene polymer, Electronic structure

1. Introduction

Over the past decade, graphene has attracted much attention in nanoscale
science and technology research, because of the unique physical and chemi-
cal properties that arise from the honeycomb network of sp2 C atoms with
atom thickness [1, 2, 3, 4, 5, 6, 7, 8]. Because of its metallic electronic
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structure and vanishing density of state at the Fermi level [9, 10], graphene
derivatives exhibit variations in their electronic structure depending on the
boundary conditions imposed upon the two-dimensional honeycomb network.
For instance, an open boundary condition on graphene results in graphene
ribbons with nanometer width (graphene nanoribbons or GNR).The elec-
tronic structure of GNRs strongly depends on their width and the atomic
arrangement at the ribbon edge. GNRs with armchair edges are semicon-
ductors in which the band gap oscillates with respect to the ribbon width
and asymptotically decreases as the ribbon width increases because of the
discretization conditions imposed on the two-dimensional hexagonal Brillouin
zone of graphene [11, 12, 13]. In contrast, GNRs with zigzag edges are metals
with peculiar edge-localized states known as edge states, which lead to spin
polarization at the edge atomic sites [11, 12, 14, 15, 16]. In addition, it has
been pointed out that the edge roughness also causes further variation in
electronic properties of GNRs [17, 18].

In accordance with the variations in the electronic structure of GNRs,
GNRs are applicable as constituent materials for future electronic and spin-
tronic devices. On the other hand, because their electronic structure depends
sensitively on the geometric structure, precise structural control is manda-
tory for practical applications. For such purposes, cyclodehydrogenation of
polycyclic aromatic hydrocarbon (PAH) molecules is one of the plausible pro-
cedures for synthesizing structurally well-controlled GNRs [19, 20]. The most
important advantage of this synthetic technique is that the sizes and shapes
of the resultant GNRs are, in principle, atomically controllable by assem-
bling appropriate PAH molecules under optimum external conditions. For
instance, oligomerization and polymerization of coronene molecules (C24H12)
have been experimentally demonstrated inside carbon nanotubes(CNTs), and
can be regarded as a prototype of ultra narrow GNRs with edge rough-
ness [21, 22]. In addition to coronene [23, 24], corannulene [25, 26] has
been encapsulated into CNTs [27]. Encapsulated corannulene may form
one-dimensional polymeric structures via cyclodehydrogenation in a simi-
lar manner to coronene in CNTs, and can be regarded as narrow GNRs with
structural corrugation and topological defects.

In this work, we investigate the geometric and electronic structures of
polymerized corannulene as a representative prototype of GNRs having struc-
tural corrugation and topological defects, because the curvature and the topo-
logical defects in sp2 hexagonal networks occasionally induce the modulation
of electronic structure near the Fermi level [28, 29]. Our density functional
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theory study reveals that the electronic structure of the polymerized coran-
nulene sensitively depends on the intermolecular network topology but is in-
dependent of the corrugation. Furthermore, the polymers exhibit moderate
mechanical strength, having a Young’s modulus of about 200GPa although
the polymers possess pentagonal rings. In addition, we explore the properties
of corannulene dimers as polymer precursors and find that dimerization leads
to a substantial decrease in the energy gap between the highest occupied and
lowest unoccupied states.

2. Calculation methods

All calculations were performed using the density functional theory (DFT) [30,
31] as implemented within the Simulation Tool for Atom TEchnology (STATE)
package [32]. To calculate the exchange-correlation energy among interact-
ing electrons, we used the generalized gradient approximation (GGA) in-
cluding the spin degree of freedom with the functional forms of Perdew-
Burke-Ernzerhof (PBE) [33]. Ultrasoft pseudopotentials generated using the
Vanderbilt scheme were employed to describe the interaction between the
valence electrons and ions. The valence wave functions and charge density
were expanded in terms of the plane-wave basis set with cutoff energies of
25 and 225 Ry, respectively. To simulate an isolated corannulene dimer, we
used a super cell scheme with a cell size of 31×16×16 Å. For the isolated
corannulene polymer, the polymer is separated from its periodic images by
at least 10 Å vacuum regions. Integration over the Brillouin zone was carried
out using the Γ point and an equidistance mesh of 4-k points for corannulene
dimers and polymers, respectively. Structural optimization was performed
until the remaining force acting on each atom was less than 5 mRy/Å for
each lattice constant.

3. Results and discussion

In our exploration of possible polymeric structures, we start with an in-
vestigation of corannulene dimer structures because of the variety of pos-
sible molecular arrangements subsequent to cyclodehydrogenation. Figure
1 shows optimized structures of the corannulene dimer considered here, in
which the corannulene molecules are connected via hexagonal, pentagonal,
and tetragonal intermolecular rings. In addition, because of the bowl shape of
corannulene, we further consider three dimer conformations, the wavy, flat,
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Figure 1: Top and side views of geometric structures of the corannulene dimer in which
corannulene molecules are connected via (a) six-membered, (b) five-membered, and (c)
four-membered rings.

and rolled conformations for each dimer (Fig. 1). Corannulene molecules
are alternately arranged in the wavy conformation. Corannulene bowls are
aligned in the same orientation without and with curvature for the flat and
rolled conformations, respectively.

The optimized bond lengths of corannulene dimer bond lengths are 1.35
- 1.41 Å within the corannulene unit which is nearly identical to those in an
isolated corannulene molecule (1.37-1.40 Å)(Table. 1). On the other hand,
for the intermolecular bonds, the optimized lengths are about 1.46, 1.47, and
1.50 Å for hexagonal, pentagonal, and tetragonal rings, respectively, which
are longer than the bond lengths in typical sp2 materials. The bond length
associated with the intermolecular rings strongly depends on the intermolec-
ular bond morphology. The bond length increases as bond morphology is
distorted further from an ideal sp2 bond.

The relative energies of three various corannulene dimers are summarized
in Table 2. Energies are measured relative to that of the ground state struc-
ture of the dimer possessing a hexagonal intermolecular ring and the wavy
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Table 1: Bond length of corannulene dimers. Bond indexes are listed in Fig. 1.
(Å) d1 d2 d3 d4 d5
6W 1.45 1.44 1.39 1.36 1.40
6F 1.45 1.44 1.39 1.36 1.40
6R 1.46 1.44 1.39 1.38 1.41
5W 1.46 1.42 1.39 1.35 1.4
5F 1.47 1.41 1.39 1.34 1.4
5R 1.47 1.42 1.38 1.36 1.41
4W 1.49 1.42 1.4 1.44 1.39
4F 1.51 1.41 1.41 1.44 1.39
4R 1.52 1.41 1.41 1.44 1.4

conformation. The corannulene dimer with a hexagonal intermolecular ring
has lower total energy by about 0.4 and 1.1 eV than those with a pentago-
nal and tetragonal intermolecular ring, respectively. In contrast, the energy
of the dimer is less sensitive to the molecular conformations than the in-
termolecular ring: For each dimer with the intermolecular ring, the wavy
conformation has the lowest total energy among the three molecular confor-
mations studied here. The total energy of the wavy conformation is lower
by about 0.1 - 0.2 eV than those of the flat and rolled conformations. This
indicates that the energetics of the corannulene dimers primary depend on
the nature of the intermolecular covalent rings.

Because the wavy conformation is the ground state molecular conforma-
tion for all dimers, we investigate the electronic structure of dimers possessing
hexagonal, pentagonal, and tetragonal rings with the wavy conformations.
Figure 2 shows the electronic structure of corannulene dimers with the wavy
conformation. The calculated energy gap between the highest occupied (HO)
and the lowest unoccupied (LU) Kohn-Sham states is 2.03, 1.80, and 1.12
eV for the dimers with the hexagonal, pentagonal, and tetragonal rings, re-
spectively. The HO-LU gap, calculated using DFT with the local density
approximation, of an isolated corannulene is 3.01 eV, indicating that the for-
mation of intermolecular bonds causes a decrease in the HO-LU gap. The
dimers with the other molecular conformations possess almost the same HO-
LU gap as the dimer with the wavy conformation (Table 2).

Figure 3 shows the squared wave functions of the HO and LU states of
three corannulene dimers. The HO and LU states of all corannulene dimers
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Figure 2: Electronic structures of the corannulene dimers in which corannulene molecules
are connected via (a) hexagonal, (b) pentagonal, and (c) tetragonal rings. Energies are
measured relative to the vacuum level.
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Table 2: Relative total energies and HO-LU gaps of corannulene dimers. Energies are
measured relative to that of the ground state dimer containing a hexagonal ring between
the corannulene molecules.

Energy (eV/corannulene) HO-LU gap (eV)
6W 0 2.03
6F 0.18 1.93
6R 0.14 1.88
5W 0.37 1.80
5F 0.5 1.80
5R 0.63 1.80
4W 1.14 1.12
4F 1.23 1.12
4R 1.15 1.12

exhibit antibonding and bonding nature with respect to the intermolecular
covalent bonds. For all dimers, the LU state possesses a nodal line along
the dimer axis. On the other hand, while the HO state of the dimers with
the hexagonal ring possesses a nodal line with respect to the dimer axis, the
HO state of the dimers with pentagonal and tetragonal ring display different
distributions. The wave function has nodal lines normal to the dimer axis.
The distribution of the HO state of the dimers with the pentagonal and
tetragonal rings is different from that of the isolated corannulene. Thus,
dimerization modulates the wave function distribution of the HO state of
the isolated corannulene molecule.

Because the wavy conformation is most energetically favorable toward
intermolecular bond formation between corannulene by cyclodehydrogena-
tion, we focus on one-dimensionally polymerized corannulene chains with
the wavy conformation in which the polymer contains pentagonal rings as
the intermolecular bonds (Fig. 4(a): polymer[55] ) and the polymer contains
tetragonal and hexagonal rings alternately as the intermolecular bonds ( Fig.
4(b): polymer[46] ). The optimum intermolecular distances are 7.22 and 7.24
Å for the polymer[55] and polymer[46], respectively. Under the optimum in-
termolecular distance, the optimized bond lengths of corannulene polymers
are 1.35 - 1.44 Å within the corannulene unit which is almost the identical
to those in the corannulene and its dimers. For the intermolecular bonds,
optimized values are 1.45, 1.42, and 1.50 Å for pentagonal, hexagonal, and
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Figure 3: (Color online) Squared wave functions of the HO and LU states of corannulene
dimer isomers with (a) hexagonal, (b) pentagonal, and (c) tetragonal intermolecular rings.

tetragonal rings, respectively (Table 3). The bond length is identical to that
in the dimer structure except for the bond length of the hexagonal ring. In
this case, the bond is slightly shorter than that in the dimer.

Table 3: Bond lengths in corannulene polymers. Bond indexes are listed in Fig. 4.

(Å) d1 d2 d3 d4 d5 d6 d7 d8 d9 d10
polymer[55] 1.45 1.42 1.38 1.41 1.41 - - - - -
polymer[46] 1.50 1.40 1.38 1.44 1.41 1.42 1.44 1.39 1.35 1.39

Table 4: Relative total energies of corannulene polymers. Energies are measured relative
to the ground state polymer containing pentagonal rings between corannulene molecules.

Energy (eV/corannulene) Young’s modulus (GPa)
polymer[55] 0 200
polymer[46] 0.38 242

Table 4 shows the relative energies and Young’s modulus of corannulene
polymers. The total energy of polymer[46] is about 0.4 eV higher than that
of polymer[55]. The higher total energy of polymer[46] is ascribed to the
tetragonal intermolecular ring whose energy is higher than the energies of the
hexagonal and pentagonal rings by 1.1 and 0.7 eV, respectively. Furthermore,
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Figure 4: Top and side views of geometric structures of (a) polymer[55] and (b) poly-
mer[46].
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interestingly, this energy difference corresponds to the simple sum of the
relative stability of the intermolecular bonds evaluated in the corannulene
dimer. Thus, the higher total energy of polymer[46] is caused by the large
strain arising from the tetragonal ring. We also calculated Young’s modulus
of the corannulene polymers. As shown in Table 4, the Young’s modulus is
200 and 242 GPa for polymer[55] and polymer[46], respectively, indicating
that the corannulene polymers possess moderate mechanical stiffness despite
the polymer containing structural corrugation and topological defects. On
the other hand, because of these topological defects, the calculated values for
the polymers are smaller than that of GNR with similar width [34].

Figure 5 shows the electronic energy band of corannulene polymers. Both
polymers are semiconductors with the direct energy gap at Γ point of 0.97
and 0.51 eV for polymer[55] and polymer[46], respectively. The gap is con-
siderably narrower than armchair GNRs with the same ribbon width. We
also find that the band width near the fundamental gap is narrower than
that of the pristine ribbons. In particular, the HO and the second highest
occupied states of polymer[46] possess narrow band widths of 0.5 and 0.1
eV, respectively, indicating the possibility that polymer[46] exhibits unusual
physical phenomena by injecting holes into these bands. The polymer[46]
with appropriate hole density may cause spin polarization or charge density
wave on the polymer network. In addition to the electronic structure near the
gap, the electronic structure of the polymers is totally different from that of
graphene nanoribbons with armchair or zigzag edges because of topological
defects in the polymeric networks. The electronic energy band of the poly-
mers is qualitatively insensitive to the structural corrugation, as evidenced
by results of calculations on the polymers under tensile strains that have
nearly planar network structures [Figs. 5(c) and 5(d)].

Figure 6 shows the squared wave functions of the HO and LU states of
the corannulene polymers. The LU state possesses nodal lines parallel to the
polymer axis, as in the case of their dimer structures. In contrast, for the HO
states, the wave function possesses nodal lines normal to the polymer axis.
Furthermore, for the HO state of polymer[46], the wave function distribution
on the hexagonal rings is smaller than that on the tetragonal rings, indicating
weak segmentation of the π electrons.
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Figure 5: Electronic energy bands of (a) polymer[55] and (b) polymer[46] rings under
the equilibrium lattice constatnt. Electronic energy bands of (c) polymer[55] and (d)
polymer[46] under the 10% tensile strain. HO denotes the highest branch of the valence
band. Energies are measured relative to the vacuum level.
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Figure 6: Squared wave functions of the HO and LU states of corannulene polymers: (a)
polymer[55] and (b) polymer[46].

4. Conclusion

We studied the geometric and electronic structures of dimerized and one-
dimensionally polymerized corannulene using first-principles total-energy cal-
culations within the density functional theory framework. Our calculations
reveal that the corannulene dimer has nine possible geometric structures.
Among the corannulene dimer conformations studied here, the dimer with
a wavy conformation and hexagonal ring is the most stable. Dimerization
causes a decrease in the energy gap between the highest occupied and lowest
unoccupied states of the corannulene dimer relative to that of an isolated
corannulene molecule. In the case of corannulene polymers, the corannulene
polymer with pentagonal rings is more stable than the polymer with hexag-
onal and tetragonal rings, because the tetragonal ring considerably increases
the total energy due to the highly distorted intermolecular bonds. All poly-
mers are semiconductors with the direct energy gap at Γ point of 0.97 and
0.51 eV for polymer[55] and polymer[46], respectively. Both polymers possess
moderate stiffness of which Young’s modulus are about 200 GPa.
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