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ABSTRACT

Geometric and electronic structures of a corannulene (C20H10) intercalated bilayer graphene are investigated in terms of the molecular
conformation using density functional theory. Our calculations indicate that the electronic structure of bilayer graphene is tunable by control-
ling the molecular conformation of corannulene. Holes and electrons coexist on the upper and lower layers of graphene, which are situated at
the convex region and edge of corannulene when it has the bowl conformation. In contrast, bilayer graphene has a tiny gap of 4.7 meV at the
K point owing to the substantial interaction between graphene and corannulene when corannulene has flat conformation. Electron and hole
redistribution in bilayer graphene intercalating corannulene indicated the possibility of all carbon p-n border at an interface between coran-
nulene with convex and concave arrangements. The intercalation substantially decreases the energy difference between the ground state bowl
conformation and the metastable state flat conformation by approximately 400 meV. Accordingly, the two-dimensional nano-spacing
between the graphene layers changes the molecular conformation of corannulene from a bowl to a flat structure at 139MPa.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083616

I. INTRODUCTION

Graphite has attracted much attention in pure and applied sci-
ences over the last century because it is a common elemental con-
densed matter possessing exotic physical and chemical properties.1,2

Graphite has constituent layers called graphene, which has unique
mechanical, thermal, optical, and electronic properties.3–6 The hon-
eycomb covalent network of σ bonds of sp2 C atoms in graphene
endows it with remarkable mechanical stiffness4 and high thermal
conductivity.5 Itinerant π electrons in this honeycomb network
cause further unique physical and chemical properties such as
conical dispersion bands at the Fermi level and at the six corners of
the two-dimensional Brillouin zone. This conical dispersion band
with its network topology gives graphene a remarkable carrier
mobility of a few hundred thousand cm2 V�1 s�1 (Refs. 7–10) and
peculiar electron states when appropriate boundary conditions are
imposed.11–14 In contrast, owing to the weak dispersive interaction
between graphene layers, graphite has thermal and electronic trans-
port between layers that is an order of magnitude lower than along
a sheet. The weak dispersive interlayer interaction allows us to tailor
the mutual stacking arrangement of graphene layers. Although

natural graphite possesses Bernal (AB) or rhombohedral (ABC)
interlayer stacking, twisted bilayer and few layer graphene have been
synthesized as turbostratic graphite thin films where the twisting
angle is precisely controllable.15–18 In such systems, wave function
hybridization between layers causes versatile electronic properties
depending on the stacking arrangement and the number of gra-
phene layers.19,20 The surface of rhombohedral graphite exhibits
spin polarization owing to the edge localized mode arising from the
symmetry breaking of the sublattice structure across layers,21,22 and
superconductivity has been observed on twisted bilayer graphene
with a particularly small twisting angle.23

Graphite is also an important host material for intercalation
compounds with various guest atoms and molecules, owing to
stable two-dimensional covalent networks that are bound via weak
interaction with a 0.3 nm vacuum spacing. These compounds are
called graphite intercalation compounds (GICs).2,24 GICs have a
wide variety of physical properties that strongly depend on the
guest intercalants. Depending on the stoichiometry and staged
structure, intercalation of alkaline and alkaline-earth elements
enhances the transport properties of GICs25–28 through charge
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transfer from these atoms to graphite and hybridization between
their electron states.29,30 Magnetism has also been induced by inter-
calated atoms or molecules with spin polarization.31 In addition to
atomic intercalants, molecules and nanoscale materials such as aro-
matic hydrocarbon molecules and fullerenes can be accommodated
in interlayer spaces of graphite.32–37 Guest materials form two-
dimensional layered structures in nanoscale spacing between gra-
phene layers, where the intercalant materials possess different
arrangements from their bulk forms.

Recent advances in layer-by-layer growth techniques for graphene
and other atomic layered materials such as h-BN and transition-metal
dichalcogenides15–17 have yielded a new class of GICs called van der
Waals heteromaterials, where both the host graphene and guest mate-
rials form two-dimensional covalent networks. Layer-by-layer growth
also has the potential to produce unique GICs where unusual mole-
cules are intercalated in interlayer spacings of graphite or graphene
thin films. Furthermore, the technique can control the GIC thickness,
leading to bilayer graphene intercalating with atoms or molecules as
ultimate versions of GICs.38,39 Buckybowls such as corannulene
(C20H10)

40,41 and sumanene (C21H12)
42 are plausible intercalant mole-

cules for bilayer graphene that may yield unusual physical and chemi-
cal properties because these molecules can form a two-dimensional
triangular lattice on appropriate substrates43–45 and a substantial dipole
moment normal to the molecular plane. The electronic structure of
bilayer graphene is expected to be modulated by the intercalations of
the buckybowls.46 Their conformations and arrangements are also
expected to be different from those in the bulk condensed phases of
corannulene and sumanene in carbon nanotubes.47

In this work, we investigate the physical properties of
corannulene-intercalated bilayer graphene using density functional
theory (DFT).48,49 Confined nanoscale spacing between the graphene
layers and substantial interaction may enhance modulation of the
molecular conformation or arrangement in bilayer graphene because
corannulene undergoes inversion structural modulation via flat transi-
tion conformation. Our calculations reveal that a graphene layer

substantially decreases the energy barrier of the bowl-inversion reac-
tion by approximately 0.4 eV, making the flat transition conformation
stable with an energy being close to that of the bowl conformation.
We also demonstrate that the two-dimensional nano-spacing between
the graphene layers changes the molecular conformation of corannu-
lene from bowl to flat under a compression of 139MPa. Owing to the
dipole moment arising from its bowl shape, corannulene intercalated
in bilayer graphene induces a charge transfer between the graphene
layers owing to the electron polarization in the molecule. Holes and
electrons, each with a density of 5:3� 1012=cm2, are induced on gra-
phene layers located at the convex and edge sides of corannulene,
respectively. Therefore, corannulene-intercalated bilayer graphene has
potential application in semiconducting devices where the material
itself works as p-n border at the interface where the intercalation
compound possesses a different corannulene arrangement.

II. CALCULATION METHOD

The geometric and electronic structures of corannulene-inter-
calated bilayer graphene were investigated using the STATE package
based on DFT.50,51 For the exchange-correlation potential energy
among interacting electrons, the generalized gradient approximation
was used with the Perdew–Burke–Ernzerhof functional forms.52,53

The dispersive interaction between corannulene and graphene was
treated using vdW-DF2 with the C09 exchange-correlation
functional.54–56 An ultrasoft pseudopotential was used to describe
electron–ion interactions.57 A plane-wave basis set with cutoff ener-
gies of 25 and 225 Ry was adopted to expand the valence wave func-
tions and deficit charge density, respectively. The above cutoff
energies give enough convergence in the relative energy of carbon-
related materials within 1meV/atom. Self-consistent electronic
structure calculations were conducted with 4� 4� 1 ~k-meshes for
corannulene-intercalated bilayer graphene, where the corannulene
molecules are sandwiched between graphene layers with 5� 5
lateral periodicity. This choice of Brillouin zone integration corre-

FIG. 1. (a) Geometric structure of corannulene on graphene with tilt angle θ ¼ 90�. The black and pink balls denote C and H atoms, respectively. (b) Relative total
energy of corannulene on a graphene layer as a function of tilt angle θ. Energy is measured from that of the ground state (θ ¼ 0�).
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sponds to the 20� 20� 1 ~k-meshes in a conventional unit cell of
graphene, which gives sufficient convergence in the total energy and
electronic structure of graphene and its derivatives. Structural opti-
mization was carried out until the remaining forces on each atom
were less than 5 mRy/Å. Because an intrinsic dipole moment
normal to the molecular plane of corannulene is expected, we
adopted the effective screening medium method (ESM) to avoid an
unphysical interaction between dipoles in imaging cells normal to
the corannulene-intercalated bilayer graphene, separated by a
vacuum spacing of at least 10 Å, under a conventional plane-wave
DFT code.58 In the ESM, we adopted an open boundary condition
with respect to the electrostatic properties normal to the graphene
layers by considering the generalized Poisson equation with a rela-
tive permittivity of 1 for all systems and a vanishing potential gradi-
ent at the cell boundaries.

III. RESULTS AND DISCUSSION

Before considering corannulene-intercalated bilayer graphene,
we investigated the molecular arrangement of corannulene on a
graphene layer because corannulene can possess several arrange-
ments with respect to the graphene sheet. Figure 1 shows the rela-
tive energy of corannulene on graphene as a function of the tilt
angle of the molecular plane with respect to the graphene layer.
Corannulene has two stable molecular arrangements with respect
to the tilt angle. A corannulene molecule favors arrangements
where either its edge H atoms are on the graphene side (θ ¼ 0�) or
the convex region is on the graphene side (θ ¼ 180�). Among these
two arrangements, θ ¼ 0� is the ground state, with an energy
69 meV lower than that of θ ¼ 180�. The energy monotonically
increases with increasing or decreasing tilt angle from θ ¼ 0� or
θ ¼ 180�, respectively, and has a peak around θ ¼ 90�, where

FIG. 2. Top and side views of optimized geometric structures of bilayer graphene with AA stacking arrangement intercalating corannulene with (a) bowl and (b) flat confor-
mations. The black, pink, and blue circles indicate C atoms of corannulene, H atoms of corannulene, and C atoms of graphene, respectively. The gray parallelograms
denote the lateral super cell of corannulene-intercalated bilayer graphene corresponding to 5� 5 lateral periodicity of graphene.
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corannulene has a standing arrangement as it does in carbon nano-
tubes.47 The asymmetric energy profile with respect to the tilt angle
is due to its bowl shape. The energy measured from the ground
state increases because the CH-π interaction decreases with increas-
ing tilt angle. The decrease in energy from the peak is due to the
increase in π–π interaction between corannulene and graphene.
This implies that corannulene molecules form a two-dimensional
membrane structure on graphene.

Figure 2 shows optimized geometries of corannulene-intercalated
bilayer graphene where corannulene has bowl and flat conformations.
These complexes with different molecular conformations have
approximately the same total energy, but the bowl conformation is
more stable than the flat by 65meV/molecule. This energy difference
is substantially smaller than that of isolated corannulene, where the
transition energy of the flat conformation is 434meV/molecule
higher than that of the ground state bowl conformation. Therefore,

the nanoscale spacing in bilayer graphene realizes flat conformation
of corannulene under adequate conditions in addition to the bowl
shape ground state conformation. The small energy difference
between the bowl and flat conformations of corannulene may also
cause a quick bowl-inversion reaction inside the confined space of
bilayer graphene.59 The bowl-inversion reaction probability in nano-
spacing substantially increases compared with that in the vacuum by
thousand and million times under the temperatures of 500 and
300 K, respectively. The optimum spacing between the convex part or
H atom on the edge of corannulene and the graphene layers is 3.0 Å
for the bowl conformation, whereas the spacing between corannulene
with flat conformation and a graphene layer is 3.3 Å. Note that coran-
nulene intercalated in bilayer graphene with 5� 5 lateral periodicity
is separated from its six adjacent molecules by 3.8 and 3.4 Å in the
bowl and flat molecular conformations, respectively.

Figures 3(a) and 3(b) show the electronic structures of
corannulene-intercalated bilayer graphene with bowl and flat con-
formations, respectively. The bilayer graphene intercalating coran-
nulene with bowl structure is a metal possessing Dirac cones
around the Fermi level. Interestingly, the two Dirac cones are split
into upper and lower cones with an energy difference of 0.44 eV at
the K point [Fig. 3(a)]. This splitting may enable electron transfer
from the upper Dirac cone to the lower one, leading to electron
and hole redistribution in a bilayer graphene intercalation com-
pound consisting of carbon atoms. The calculated electron and
hole densities of the lower and upper Dirac bands are each
5:3� 1012=cm2, estimated by integrating the electron and hole
densities injected into these bands. Note that the carrier density is
comparable to that realized in conventional field effect transistors.
The energy bands associated with the highest occupied and lowest
unoccupied states of corannulene emerge 1 eV above and 1.5 eV
below the upper Dirac point (DPU ) and lower Dirac point (DPL),
respectively. Furthermore, each of these states loses its twofold
degeneracy and is highly modulated when the states cross the dis-
persive energy bands associated with graphene. These facts imply
that the electronic states of corannulene highly affect the electronic
properties of graphene. Indeed, the upper and lower Dirac cones
have tiny energy gaps of 4.0 and 4.7 meV at the K point owing to
orbital hybridization between corannulene and graphene.

In contrast, corannulene-intercalated bilayer graphene with a
flat conformation approximately retains the characteristic electronic
structures of bilayer graphene with large interlayer spacing. Two
Dirac cones emerge at the Fermi level, indicating that charge trans-
fer is absent [Fig. 3(b)]. By carefully checking the energy band at
the Fermi level, these Dirac bands are no longer degenerate with
each other but are split into four individual states with a gap of
approximately 4.7–9.3 meV. This electronic band structure modula-
tion also implies that the interaction between graphene and coran-
nulene is crucial in determining the electronic properties of this
complex, irrespective of the molecular conformation in bilayer
graphene.

To investigate the physical origin of the Dirac cone splitting,
we investigated the wave function distribution of Kohn–Sham
orbitals of the Dirac bands of corannulene-intercalated bilayer gra-
phene (Fig. 4). For the bilayer graphene intercalating bowl confor-
mation, the wave functions of the upper and lower Dirac points are
distributed in layers at the convex and H-terminated edge sides of

FIG. 3. Electronic band structures of corannulene-intercalated bilayer graphene
with (a) bowl and (b) flat conformations. The vertical blue and horizontal red
dotted lines denote the symmetric points in reciprocal space and the Fermi
level, respectively. Electronic structures of an isolated corannulene molecule
with bowl and flat conformations are also shown in the middle panel of each
figure. The degeneracy labels 1 and 2 indicate the non-degenerated and doubly
degenerated states, respectively. Asterisks denote the highest occupied states
of an isolated corannulene. Enlarged band structures near the Fermi level and
the K point are shown in the right panel in each figure. Labels DPU and DPL
indicate the upper and lower Dirac points split by the intercalation of corannu-
lene with bowl conformation. Energy is measured from that of the vacuum level.
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corannulene, respectively, both with π state nature similar to that of
an isolated graphene layer [Fig. 4(a)]. This result confirms that
holes and electrons are injected into the graphene layers at the
convex and edge sides, respectively. In addition, a substantial wave
function distribution is found on corannulene for both states.
Thus, the orbital hybridization between graphene layers and coran-
nulene is crucial in this material. For the corannulene-intercalated
bilayer graphene with flat conformation, the wave functions of the
valence band edge and the conduction band edge are distributed
over both graphene and corannulene with π state nature [Fig. 4(b)],
indicating that the substantial interaction between graphene and
corannulene affects the electronic structure modulation of
graphene.

The Dirac cone splitting of 0.44 eV suggests that the electron
and hole redistribution in the bilayer graphene is due to the dipole
moment of corannulene sandwiched between graphene layers. To
clarify the physical origin of the charge transfer between the top
and bottom graphene layers, we investigated the electrostatic poten-
tial of corannulene-intercalated bilayer graphene with a bowl con-
formation [Fig. 5(a)]. The electrostatic potential of the top vacuum
is 0.45 V higher than that of the bottom vacuum, which is approxi-
mately the same as the Dirac cone splitting. According to this
potential difference, electrons are transferred from the top graphene
layer to the bottom one, resulting in holes residing in the top layer
and electrons in the bottom layer. The potential difference between
the upper and lower graphene layers implies the dipole moment of
corannulene sandwiched between them. Therefore, the molecular
dipole moment is the physical origin of the induced charge transfer
between the graphene layers owing to the electrostatic potential dif-
ference between them. Notably, the convex region of corannulene
has a higher potential profile than that induced by the C-H polari-
zation at the edge atomic sites. There is obviously no potential dif-
ference between graphene layers for corannulene with flat
conformation [Fig. 5(b)]. The electrostatic potential is symmetric
with respect to the middle of the upper and lower graphene layers.

Electron and hole redistribution in bilayer graphene intercalat-
ing corannulene suggests the possibility of all carbon p-n border at
an interface between corannulene with convex and concave arrange-
ments. To assess the possibility, we consider the superlattice consist-
ing of strips of bilayer graphene with 20� 5 supercell where
corannulene is alternately arranged in convex and concave with

quadruple periodicity [Fig. 6(a)]. Figure 6(b) shows the projected
density of states (pDOS) of corannulene-intercalated bilayer gra-
phene on C atoms belonging to upper and lower layers. Dirac
points on upper and lower graphene layers strongly depend on the
molecular arrangement of corannulene: the Dirac point on the
upper graphene layer shifts downward, while that on the lower gra-
phene shifts upward with increasing x coordinate. Accordingly, the
Dirac bands belonging to the upper and lower graphene layers inter-
sect each other owing to the polarity change at the interface
between corannulene with convex and concave arrangements in
bilayer graphene [Fig. 6(c)]. Therefore, p-n and n-p borders realized
on upper and lower graphene layers, respectively, at the interface
between convex and concave molecular arrangement [x � 17 Å in
Fig. 6(b)], indicating that the corannulene-intercalated bilayer gra-
phene is the possible all carbon p-n border whose polarity is
tunable by controlling molecular arrangement and conformation.

The Dirac point bending with respect to the atomic position
on upper and lower graphene layers is corroborated by the electro-
static potential on graphene layers. Figure 7 shows color plots of
electrostatic potential on upper and lower graphene layers which
sandwich corannulene membrane. Electrostatic potential on upper
graphene around the convex region is shallower than that around
the concave region. In contrast, electrostatic potential on lower

FIG. 4. (a) Isosurfaces of the squared wave function of Kohn–Sham orbitals of lower Dirac point (DPL) and upper Dirac point (DPU ) at the K point of
corannulene-intercalated bilayer graphene with bowl conformation. The labels correspond to those in Fig. 3. (b) Isosurfaces of the squared wave function of Kohn–Sham
orbitals of the valence and conduction band edges at the K point of corannulene-intercalated bilayer graphene with flat conformation.

FIG. 5. Contour plots of the electrostatic potential of corannulene-intercalated
bilayer graphene with (a) bowl and (b) flat conformations on the plane normal to
the graphene layers and corannulene. The red and blue regions indicate the
regions of high and low electrostatic potential, respectively. Each contour line
represents double (or half ) the density of the adjacent contour lines.
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graphene around the convex region is deeper than that around the
concave region. The estimated potential difference on the graphene
layer between convex and concave regions is approximately 0.16 V.
This value is smaller than that obtained in bilayer graphene encap-
sulating corannulene that is unidirectionally aligned because of the
small width of concave and convex regions.

Molecular conformation and arrangement crucially affect the
electronic properties of bilayer graphene. Applying pressure is one
plausible way to achieve flat molecular conformation of corannu-
lene between graphene layers. Figure 8 shows the calculated total
energy of bilayer graphene intercalating corannulene with bowl and
flat conformations as a function of interlayer spacing. The energy

FIG. 6. (a) A geometric structure of superlattice consisting of strips of bilayer graphene with 20� 5 supercell where corannulene is alternately arranged in convex and
concave with quadruple periodicity. Red, blue, gray, and pink balls denote C atoms of corannulene molecule with convex arrangement, C atoms of corannulene molecule
with concave arrangement, C atoms of bilayer graphene, and H atoms, respectively. Right blue lines indicate a unit cell. (b) Projected density of states (pDOS) of
corannulene-intercalated bilayer graphene on C atoms belonging to the upper layer (the upper panel) and lower layer (the lower panel). Vertical dotted lines indicate the
corannulene position. A corresponding side view of the geometric structure of corannulene-intercalated bilayer graphene is given in the middle panel. (c) A schematic band
diagram associated with the Dirac points near the interface between corannulene with convex and concave arrangements in bilayer graphene. Blue and red cones corre-
spond with the Dirac cones belonging to upper and lower graphene layers, respectively. Arrows indicate the direction of polarity of corannulene.
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profile suggests the possibility of a structural transformation of cor-
annulene from bowl to flat conformations between the graphene
layers. The free energy of the system is expressed as F ¼ U � TS,
where U corresponds to the calculated total energy, S is the
entropy, and T is the temperature. We can use this to discuss the

pressure-inducing phase transition on the complex under 0 K using
the energy curves in Fig. 8. The fitting curves in Fig. 8 are obtained
through polynomial fitting up to the fifth order of z. The common
tangential line for both energy curves is then calculated from
P ¼ 1

Suc
@F
@z ¼ 1

Suc
@U
@z , where Suc is the area of the unit cell. We can

conclude that the intercalated corannulene undergoes a structural
phase transition from bowl to flat molecular conformations under a
critical pressure of Pc ¼ 139MPa. Notably, flipping motion of cor-
annulene increases with increasing temperature (Fig. S1 in the
supplementary material) so that the critical pressure decreases with
increasing temperature. Thus, corannulene with flat conformation
can be obtained by applying external pressure, and it retains its
conformation under the pressure. In addition to the pressure, an
external electric field normal to the molecular plane may also
control the molecular conformation (Fig. S2 in the supplementary
material).

IV. CONCLUSION

On the basis of DFT with the generalized gradient approxima-
tion, we theoretically investigated the geometric and electronic
structures of a carbon-based intercalation compound comprising
bilayer graphene and a bowl-shaped hydrocarbon corannulene, as
the thinnest potential graphite intercalation compound.
Corannulene favors a lying molecular arrangement with respect to
the graphene layer, so it forms a potential molecular layer on gra-
phene or between graphene layers. Intercalation of corannulene into
bilayer graphene decreases the energy difference between the bowl
and flat conformations of corannulene, so corannulene has a flat
conformation in the interlayer spacing of bilayer graphene under a
uniaxial pressure of 139MPa. Furthermore, a rapid bowl-inversion
reaction is expected to occur under room temperature. The dipole
moment normal to the molecular plane of corannulene causes an
electrostatic potential difference between graphene layers when
bowl-shaped corannulene is intercalated into the interlayer spacing
of bilayer graphene. The Dirac cones split into upper and lower
cones reflecting the potential difference between the graphene layers
such that the splitting induces opposing carriers in the layers. Hole
and electron densities, each 5:3� 1012=cm2, are induced on the gra-
phene layers situated at the convex and edge sides of intercalated
corannulene, respectively. Substantial orbital hybridization between
graphene layers and corannulene causes substantial modulation in
the electronic states of each constituent unit. Electron and hole
redistribution in bilayer graphene intercalating corannulene indi-
cated the possibility of all carbon p-n border at an interface between
corannulene with convex and concave arrangements.

SUPPLEMENTARY MATERIAL

See the supplementary material for the geometric structure of
bilayer graphene intercalated corannulene under the temperature
300 K, using ab initio molecular dynamics simulation, and a bowl
inversion of an isolated corannulene under the external electric field.
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