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Graphene has been used as a catalyst to reduce the energy barrier for corannulene inversion. For such a catalytic 
study, corannulene structures are normally assumed to already be in close proximity to graphene, either in the 
concave-up or concave-down orientation. Here we use both the Lennard-Jones potential (pair-wise dispersion 
model) and density functional theory calculations to show that corannulene at a distance further away from 
graphene can adopt various orientations to optimise its interaction with graphene.
1. Introduction

Corannulene (C20H10), also known as a buckybowl, consists of 20 
carbon atoms formed into a bowl-shaped structure with 10 hydrogen 
atoms on the rim. The electronic and mechanical properties of a coran-
nulene are distinct between its concave and convex surfaces making 
this molecule one of the highly studied hydrocarbon compounds. In 
particular, the bowl-to-bowl inversion phenomenon has attracted much 
research attention [1–3]. Many methods have been proposed to induce 
the bowl inversion, one of which is to reduce the inversion energy bar-
rier by using 2D substrates (e.g. graphene) as a catalyst [4–6].

Graphitic surfaces have been used to adsorb planar and curved poly-
cyclic aromatic hydrocarbons (PAHs) [4–21]. While Wang et al. [7] per-
form experiments to confirm the binding of naphthalene, phenanthrene, 
and pyrene on graphene and graphene oxide, other works in this area 
concentrate on using computational approach to model the mechan-
ics of adsorption of different PAHs on graphene [4–6,8–21]. Commonly 
used computational methods include semi-empirical potential, ab initio 
calculations, empirical damping functions and density functional theory 
[5,8–11,13–16,18–20]. For curved PAHs, such as corannulene studied 
here, their interactions with graphene have been investigated mainly by 
density functional theory (DFT) calculations [4–6,19,20]. In particular, 
Karton [4,6] and Dennis [5] use DFT and double-hybrid DFT calcu-
lations to show that a single-layer graphene catalyst can reduce the 
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energy barrier for the bowl-to-bowl inversion by at least 50%. Further-
more, Karton [6] gives the analysis of components of the intermolecular 
interaction energy and shows that dispersion energy dominates the 
corannulene-graphene interaction followed by the electrostatic inter-
actions. These attractive interactions outweigh the Pauli repulsion [6].

The bowl-to-bowl inversion in corannulene occurs when corannu-
lene is located at close proximity to the graphene surface, either in the 
concave-up or concave-down orientation [6,21]. However, at various 
distances away from graphene, corannulene may adopt other orienta-
tions to maximise its interaction with graphene. To confirm this hypoth-
esis, this paper investigates the mechanics of adsorption of a corannu-
lene molecule onto a graphene sheet. We follow the approach proposed 
in [12] which considers the adsorption of a polycyclic aromatic hydro-
carbon (PAH) known as coronene (C24H12) on a graphitic surface. We 
note that coronene is a planar molecule, whereas corannulene studied 
here has a non-planar structure. According to [12], coronene at various 
distances from graphene adopts different orientations. We envisage that 
corannulene, as it approaches graphene, will also adopt various orien-
tations in order to maximise the pair-wise interaction with graphene 
leading to minimum total energy.

Since the interaction considered here is physisorption, for which the 
intermolecular interactions are primarily governed by van der Waals 
forces [13,14], we use the Lennard-Jones potential and extend a hybrid-
continuum approach proposed in [12,21] to obtain the pair-wise disper-
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Fig. 1. Atomic structure of a corannulene (∙ carbon atoms, ∙ hydrogen atoms): (a) side view showing bowl-shaped structure and (b) top view with fitted three inner 
circular rings of carbon atoms and an outer circular ring of hydrogen atoms.

Fig. 2. The model for the interaction between tilted corannulene and graphene: (a) concave-down bowl and (b) concave-up bowl. Note that the distances between 
each ring in corannulene are given by 𝛿 = 0.5442 Å, 𝛿 = 0.3624 Å and 𝛿 = 0.3822 Å.
1 2 3

sion interaction energy between corannulene and graphene. We note 
that the model in [21] considers corannulene at close distances to 
graphene so the orientation of corannulene is assumed to be in the form 
of only concave-up or concave-down. Here, we introduce a new model 
where the interaction energy is a function of both the rotational angle of 
a corannulene and its distance from the graphene sheet. Minimising the 
energy for a given distance, we find favourable orientations at which 
the corannulene structure optimises its interaction with graphene. 
Therefore, this model can be used to inform the behaviour of corannu-
lene as it approaches graphene, which may be useful not only for cat-
alytic applications, but also for gas and pollutant adsorption technology.

In a continuum approach, we replace the summation of pairwise 
atomic interactions seen in a discrete approach by surface integrals of 
a potential function. To evaluate such integrals, assumption of the ge-
ometries of the interacting structures is required so that the surface 
elements, limits of integration and typical distances between two in-
teracting surface elements can be determined. As such, a continuum 
approach is appropriate for regular shaped structures with well-defined 
geometries, such as nanotubes, fullerenes, nanocones and flat graphene 
sheets [22]. Hybrid discrete-continuum approach can also be applied, 
where one structure is treated as continuous, while the other is as-
sumed to be a collection of discrete atoms or sub-structures. We note 
that the Lennard-Jones potential is commonly used in a continuum ap-
proach due to its simple functional form, which enables the integrals 
to be evaluated analytically. While this approach with the Lennard-
Jones potential works reasonably well for isotropic structures and is 
2

able to provide qualitative agreement with dispersion-corrected density 
functional theory (DFT) calculations for interactions involving corannu-
lenes [21,23], quantitatively the Lennard-Jones potential tends to give 
overbinding energy for anisotropic materials [24] and this is also shown 
here when we compare our results with dispersion-corrected DFT inter-
action energies. However, the advantage of continuum approach with 
the Lennard-Jones potential is the derivation of analytical expressions 
for the adsorption energy, which can be readily computed, analysed and 
visualised using an algebraic computer package, such as MAPLE.

This paper is structured as follows. In the following section, we 
mathematically model the adsorption of corannulene on graphene. An-
alytical expressions for the interaction energy are determined, where 
the detailed derivation is provided in Appendix A. In Section 3, numer-
ical results from the pair-wise dispersion model are presented together 
with DFT calculations. Finally, conclusions and remarks are given in 
Section 4.

2. Interaction energy between corannulene and graphene

In order to use a continuum approach to determine the interaction 
energy between corannulene and graphene, we first need to approxi-
mate the geometries of both structures. Here, we assume that corannu-
lene comprises four rings, where rings 𝑅1 and 𝑅2 each consists of five 
carbon atoms, ring 𝑅3 consists of ten carbon atoms and the largest ring 
𝑅4 consists of ten hydrogen atoms (see Fig. 1). Each ring is centred on 
the same axis and tilted by a rotation angle 𝜙 from the 𝑧-axis, where 
𝜙 ∈ [0, 𝜋∕2] (see Fig. 2). The radius, circumference and atomic density 

of each ring are given in Table 1. For the graphene sheet, due to its 
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Table 1

Physical parameters of corannulene where 𝑟𝑖 , 𝑐𝑖 and 
𝜂𝑖 are the radius, circumference and mean atomic 
density of ring 𝑅𝑖, respectively.

𝑟𝑖 (Å) 𝑐𝑖 (Å) 𝜂𝑖 (Å−1)

Carbon ring 1 (𝑅1) 1.2108 7.6074 0.6573
Carbon ring 2 (𝑅2) 2.4958 15.6818 0.3188
Carbon ring 3 (𝑅3) 3.2688 20.5384 0.4870
Hydrogen ring (𝑅4) 4.2572 26.7488 0.3738

large size compared to the diameter of corannulene, we model it as an 
infinite plane with uniform atomic surface density of carbon atoms.

Here, we consider the configurations of corannulene as shown in 
Fig. 2. In particular, Fig. 2(a) demonstrates the model for a concave-
down bowl. We assume the centre of the hydrogen ring 𝑅4 to be 
at (0, 0, 𝜌) and that the other rings are tilted such that the cen-
tres of rings 𝑅3, 𝑅2 and 𝑅1 are given by 

(
0, −𝛿3 sin𝜙, 𝜌 + 𝛿3 cos𝜙

)
, (

0, −(𝛿2 + 𝛿3) sin𝜙, 𝜌 + (𝛿2 + 𝛿3) cos𝜙
)

and 
(
0, −(𝛿1 + 𝛿2 + 𝛿3) sin𝜙, 𝜌 +

(𝛿1 + 𝛿2 + 𝛿3) cos𝜙
)
, respectively. Similarly, Fig. 2(b) shows the model 

for a concave-up bowl. Here, the centre of the smallest carbon ring 𝑅1
is assumed to be located at (0, 0, 𝜌) so the centres of rings 𝑅2, 𝑅3 and 𝑅4
become 

(
0, −𝛿1 sin𝜙, 𝜌 +𝛿1 cos𝜙

)
, 
(
0, −(𝛿1 +𝛿2) sin𝜙, 𝜌 +(𝛿1 +𝛿2) cos𝜙

)
and 

(
0, −(𝛿1 + 𝛿2 + 𝛿3) sin𝜙, 𝜌 + (𝛿1 + 𝛿2 + 𝛿3) cos𝜙

)
, respectively. The 

values of 𝛿1, 𝛿2 and 𝛿3, which are given in Fig. 2, are based on the den-
sity functional theory calculation for the optimised geometries (Carte-
sian coordinates) of all atoms in corannulene [6].

By configuring the model as shown in Fig. 2, the total energy be-
tween the corannulene and the graphene sheet can consequently be 
calculated as the sum of four interactions including the three inter-
actions of carbon rings with the graphene sheet and one interaction 
of the hydrogen ring with the graphene sheet. However, all four in-
teractions are only specific cases of one general problem, namely the 
interaction between a circular ring and a plane. Here, we calculate the 
ring-plane interaction energy using the setup between graphene and 
its closest ring of corannulene, which can be seen in either Fig. 2(a) 
or (b). For such a problem, we assume that the graphene sheet is a 
flat surface on the 𝑥𝑦−plane, so the coordinates of its typical point are 
given by (𝑥, 𝑦, 0). For a ring of radius 𝑟 centred at (0, 0, 𝜌) with a ti-
tled angle 𝜙, the coordinates of a typical point on the ring are given
by (𝑟 cos𝜃, 𝑟 sin𝜃 cos𝜙, 𝑟 sin𝜃 sin𝜙 + 𝜌) where 𝜃 ∈ [0, 2𝜋]. Thus, the dis-
tance between the two typical points is given by

𝑑2 = (𝑟 cos𝜃 − 𝑥)2 + (𝑟 sin𝜃 cos𝜙− 𝑦)2 + (𝑟 sin𝜃 sin𝜙+ 𝜌)2. (1)

Using the Lennard-Jones potential and a continuum approach, the in-
teraction energy can be determined from

𝐸(𝜌,𝜙) = 𝜂𝑔𝜂𝑟𝑟

2𝜋

∫
0

∞

∫
−∞

∞

∫
−∞

(
− 𝐴
𝑑6

+ 𝐵
𝑑12

)
𝑑𝑥𝑑𝑦𝑑𝜃 = 𝜂𝑔𝜂𝑟𝑟

(
−𝐴𝐼3 +𝐵𝐼6

)
,

(2)

where 𝐴 and 𝐵 are the attractive and repulsive constants, respectively, 
and 𝜂𝑔 and 𝜂𝑟 denote the surface density of graphene and the line den-
sity of the ring, respectively. The distance 𝑑 is defined in (1) and

𝐼𝑛 =

2𝜋

∫
0

∞

∫
−∞

∞

∫
−∞

𝑑−2𝑛𝑑𝑥𝑑𝑦𝑑𝜃,

where 𝑛 = 3, 6. The integral 𝐼𝑛 was evaluated in Tran-Duc et al. [12], 
however, we restate the detailed calculation in Appendix A of this paper 
for the sake of completeness.

Based on (2) and by taking into account all four rings of corannu-
3

lene, the total interaction energy is given by
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Table 2

The values of the attractive and repulsive con-
stants for carbon-carbon and carbon-hydrogen in-
teractions used in this paper.

Interaction 𝐴𝑖 (kJ mol−1 Å6) 𝐵𝑖 (kJ mol−1 Å12)

C-C 2865.84 4673725.47
C-H 830.93 606947.72

𝐸𝑡𝑜𝑡𝑎𝑙(𝜌,𝜙) = 𝜂𝑔
4∑
𝑖=1
𝜂𝑖𝑟𝑖(−𝐴𝑖𝐼3 +𝐵𝑖𝐼6), (3)

where 𝜂𝑔 = 0.3812 Å−2 is the atomic density of graphene sheet and 
𝜂𝑖 is the line atomic density of the ring 𝑅𝑖 for which the values are 
given in Table 1. For the attractive and repulsive constants, 𝐴𝑖 =𝐴𝐶−𝐶
and 𝐵𝑖 = 𝐵𝐶−𝐶 when 𝑖 = 1, 2, 3 and 𝐴𝑖 = 𝐴𝐶−𝐻 and 𝐵𝑖 = 𝐵𝐶−𝐻 when 
𝑖 = 4. The values of these constants are prescribed in Table 2, which are 
based on the values of the well depth and van der Waals distance given 
in Rappe et al. [25]. As shown in Appendix A, the integral 𝐼𝑛 has the 
form,

𝐼𝑛(𝜌) =
2𝜋2
𝑛− 1

(
𝑟𝑖 sin𝜙+ (𝜌+ 𝜖𝑖)

)−2𝑛+2
𝐹

(
2𝑛− 2, 1

2
; 1;

2𝑟𝑖 sin𝜙
𝑟𝑖 sin𝜙+ (𝜌+ 𝜖𝑖)

)
,

(4)

where 𝑛 = 3, 6, 𝑟𝑖 is the radius of Ring 𝑅𝑖 and 𝐹 (𝑎, 𝑏; 𝑐; 𝑧) =
∞∑
𝑘=0

(𝑎)𝑘(𝑏)𝑘
𝑘!(𝑐)𝑘

𝑧𝑘 is the hypergeometric function where (𝑎)𝑘 = 𝑎(𝑎 +1)(𝑎 +

2)...(𝑎 +𝑘 −1) is the Pochhammer symbol. We note that 𝜖𝑖 (𝑖 = 1, 2, 3, 4) 
denote the vertical distances from 𝜌 to Ring 𝑅𝑖. For the concave-down 
bowl shown in Fig. 2(a), 𝜖1 = 0, 𝜖2 = 𝛿3 cos𝜙, 𝜖3 = (𝛿3 + 𝛿2) cos𝜙 and 
𝜖4 = (𝛿3 + 𝛿2 + 𝛿1) cos𝜙. Similarly, for the case of concave-up bowl 
presented in Fig. 2(b), 𝜖1 = 0, 𝜖2 = 𝛿1 cos𝜙, 𝜖3 = (𝛿1 + 𝛿2) cos𝜙 and 
𝜖4 = (𝛿1 + 𝛿2 + 𝛿3) cos𝜙. Further, we comment that this model can also 
be used for the interaction of graphene and a planar corannulene (its 
transition state structure), by letting 𝜖𝑖 = 0 for all 𝑖 since all rings are 
concentric sharing the same centre at (0, 0, 𝜌). However, this case is 
not presented here since the transition state of corannulene only exists 
when the molecule is at a close distance to graphene, as mentioned in 
[21].

In the next section, we use (3) and (4) to determine the favourable 
configurations of corannulene at various distances 𝜌 from the graphene 
sheet.

3. Numerical results and DFT calculations

In this section, we determine favourable orientations of corannulene 
corresponding to its distance 𝜌 from graphene sheet. We note that 𝜌 de-
notes the vertical distance measuring from graphene on the 𝑥𝑦−plane to 
the centre of the closest ring of corannulene, which is 𝑅4 for concave-
down bowl and 𝑅1 for concave-up bowl, as shown in Fig. 2. In the 
following subsections, we present results based on the two configura-
tions shown in Fig. 2. The first scenario is when the corannulene is 
tilted from the concave-down bowl by an angle 𝜙, where 𝜙 ∈ [0, 𝜋∕2]
(Fig. 2(a)). Correspondingly, when 𝜙 = 0 we have a fully concave-down 
bowl, and when 𝜙 = 𝜋∕2, we have a standing corannulene. The second 
scenario is when the corannulene is tilted from the concave-up bowl 
by an angle 𝜙, where 𝜙 ∈ [0, 𝜋∕2] (Fig. 2(b)). Correspondingly, when 
𝜙 = 0 we have a fully concave-up bowl, and when 𝜙 = 𝜋∕2, we have a 
standing corannulene. We note that when 𝜙 = 𝜋∕2, both scenarios give 
to the same standing configuration.

3.1. Concave-down bowl

For the first scenario, we first plot the interaction energy (3) be-

tween corannulene and graphene as a function of the intermolecular 
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Fig. 3. The profiles of the interaction energy between concave-down corannulene and graphene sheet with various values of 𝜙.
distance 𝜌 for prescribed values of 𝜙 (Fig. 3). Due to the global mini-
mum energy, concave-down corannulene (𝜙 = 0) near grahpene is the 
most stable configuration. However, for other values of 𝜙, there exist 
local minimum energies. This implies that corannulene can adopt differ-
ent orientations when the molecule is further away from the graphene 
sheet.

Next, we separately investigate three intervals of 𝜌, which lead to 
corannulene adopting fully concave-down, tilted concave-down and 
standing configurations, respectively. In Fig. 4, we show that at close 
distances to graphene, 2.4933 Å < 𝜌 < 3.4336 Å, coronnulene prefers 
to adopt the concave-down bowl (𝜙 = 0). We note that when 𝜙 = 0, 
the lowest minimum energy of −167.3 kJ/mol occurs at 𝜌 = 2.9591 Å. 
In Fig. 5 and Table 3, we see that the corannulene is tilted from the 
concave-down bowl with 0 < 𝜙 < 𝜋∕2 when 𝜌 ∈ (3.4336, 6.6458). We 
note that in Fig. 5(a) and (b), we only plot 6.2 Å < 𝜌 < 6.5 Å so it is 
clear to see the dip in the energy profile. For 𝜌 > 6.6458 Å, Fig. 6 shows 
that corannulene prefers its standing orientation (𝜙 = 𝜋∕2). We note 
that the lowest minimum energy in this interval is −42.1 kJ/mol which 
corresponds to 𝜌 = 6.7974 Å.

In Table 3, when 𝜌 increases, we see an increasing in 𝜙 from 0 to 
𝜋∕2, and the minimum energy also increases from −167.3 kJ/mol to 
−39.9 kJ/mol. This table indicates that a corannulene prefers its ar-
rangement as a concave-down bowl when it is near a graphene sheet. 
As the intermolecular distance increases, the concave-down bowl begins 
to tilt until it reaches a standing configuration when it is approximately 
7 Å from the graphene sheet. Accordingly, we provide a diagram as 
shown in Fig. 7 to summarise possible orientations of a concave-down 
corannulene, which can occur by varying its distance from the graphene 
sheet. The minimum energy corresponding to the distance 𝜌 where 
corannulene begins to change its orientation is also presented in this 
figure.

3.2. Concave-up bowl

Here, we investigate the second scenario where the concave-up bowl 
is rotated by 𝜙, where 𝜙 ∈ [0, 𝜋∕2]. First, we plot Fig. 8 for the interac-
tion energy between the corannulene and graphene shown in Fig. 2(b) 
as a function of the intermolecular distance 𝜌 for given values of 𝜙. Due 
to the global minimum energy, the fully concave-up bowl (𝜙 = 0) near 
4

the graphene sheet is the most stable configuration. However, for other 
Table 3

Numerical values of the minimum interaction en-
ergy for a concave-down corannulene correspond-
ing to particular angle 𝜙 and distance 𝜌 from 
graphene sheet predicted by the pair-wise disper-
sion and PW6B95-D4 simulations (interaction en-
ergies are given in kJ/mol). (∗ denotes the global 
minimum energy.)

𝜌 (Å) 𝜙 (rad) Pair-wise Disp. PW6B95-D4

2.9591 0 -167.3∗

3 0 -166.8 -82.0
3.5 0.0866 -128.2
4 0.2844 -95.3
5 0.5797 -62.0 -25.7
6 0.9168 -46.0
6.5 1.1637 -41.5
7 𝜋∕2 -39.9 -19.9

angles 𝜙, there exists the values of 𝜌 that give rise to local minimum 
energies. This implies that corannulene can adopt different orientations 
rather than the concave-up bowl when the structure is further away 
from the graphene sheet.

Next, we determine three intervals of the distance 𝜌, which lead to 
corannulene favouring fully concave-up, tilted concave-up and standing 
configurations, respectively. For 2.6833 Å < 𝜌 < 3.2536 Å, the concave-
up bowl (𝜙 = 0) is the preferable configuration. Fig. 9 shows that for 𝜌
in this interval, 𝜙 = 0 gives rise to the minimum energy. We obtain that 
the lowest minimum energy of −129.7 kJ/mol occurs at 𝜌 = 3.16342 Å. 
Next, for 3.2536 Å < 𝜌 < 6.8727 Å, corannulene favours the tilted 
concave-up bowl configuration, where 0 < 𝜙 < 𝜋∕2 as shown in Fig. 10. 
We note that in Fig. 10(a) and (b), we only plot 5.5 Å < 𝜌 < 6.8 Å so it is 
clear to see the dip in the energy profile. Finally, for 𝜌 > 6.8727 Å, the 
standing configuration (𝜙 = 𝜋∕2) is favourable as shown in Fig. 11. The 
lowest minimum energy in this interval is −42.1 kJ/mol corresponding 
to 𝜌 = 6.7974 Å.

In Table 4, the minimum interaction energy corresponding to differ-
ent values of 𝜌 and 𝜙 are given. This demonstrates that an increasing 
in 𝜌 leads to an increasing in 𝜙 from 0 to 𝜋∕2, and the minimum en-
ergy also increases. This table indicates that a corannulene is likely to 
adopt a concave-up bowl when it is near a graphene sheet. As the in-

termolecular distance increases, the concave-up bowl starts to tilt until 
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Fig. 4. The interaction energy between corannulene and graphene showing that for 3 Å < 𝜌 < 3.4 Å, the energy is minimised when 𝜙 = 0 confirming that the 
concave-down bowl is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the energy 
shown in (a) (the brightest green is the lowest energy region corresponding to 𝜙 close to 0), and (c) The total energy as a function of 𝜙 for fixed values of 𝜌 = 3 Å 
(solid line), 𝜌 = 3.2 Å (dash line) and 𝜌 = 3.4 Å (dotted line).
it reaches a standing configuration. Based on this table, we present a 
diagram as shown in Fig. 12 to summarise possible orientations of a 
concave-up corannulene, which can occur by varying its distance from 
the graphene sheet. The minimum energy corresponding to the distance 
𝜌 where corannulene begins to change its orientation is also presented 
in this figure.

It is of interest to explore the above interaction energies obtained 
from our pair-wise dispersion model using rigorous quantum mechan-
ical simulations. For this purpose, we performed DFT calculations at 
the PW6B95-D4/def2-TZVPP level of theory [26,27]. The PW6B95 
exchange-correlation functional has been benchmarked and found to 
be robust for reaction and interaction energies involving related sys-
tems [18,19,28–33]. The atomic-charge dependent D4 dispersion cor-
rection was used to account for long-range van der Waals interaction 
[34,35]. The reported interaction energies were corrected for basis set 
superposition error (BSSE) in conjunction with the def2-TZVPP basis 
set [36–38]. All calculations were carried out using the Gaussian 16 
program suite [39]. Following the same approach as in our previous 
5

DFT simulations [6,18,40], the graphene surface is modelled using a 
large C96H24 graphene nanoflake. We note that together with coran-
nulene (C20H10), each graphene–corannulene model system includes 
116 carbon atoms and 34 hydrogens (i.e., 730 electrons). Due to the 
high computational cost of these DFT simulations, we have only sam-
pled three concave-down and three concave-up complexes at various 
intermolecular separations. The PW6B95-D4 results are presented in 
Tables 3 and 4. In these simulations, we use the C96H24 and C20H10
fragments that are optimised separately, however, the geometry of the 
C96H24•••C20H10 dimers is not optimised and the intermolecular dis-
tances and orientations are taken from the above pair-wise dispersion 
simulations. We note that the fully optimised C96H24•••C20H10 dimers 
have been considered by the authors previously [21] and, as expected, 
lead to larger interaction energies. It is important to note that in the 
fully optimised C96H24•••C20H10 dimers, the C96H24 graphene nanoflake 
is no longer planar. Namely, it adopts a shallow bowl structure with a 
bowl depth of 0.7935 Å in the concave-up complex and 0.4056 Å in the 
concave-down complex (see also ref. [40] for a discussion of the dip 
created in large graphene nanoflakes by the interaction with a benzene 

molecule).
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Fig. 5. The interaction energy between corannulene and graphene showing that for 6.2 Å < 𝜌 < 6.5 Å, the energy is minimised when 0 < 𝜙 < 𝜋∕2 confirming that 
the tilted concave-down bowl is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the 
energy shown in (a) (the brightest green is the lowest energy region corresponding to 0 < 𝜙 < 𝜋∕2), and (c) The total energy as a function of 𝜙 for fixed values of 
𝜌 = 5.5 Å (solid line), 𝜌 = 6.0 Å (dash line) and 𝜌 = 6.4 Å (dotted line).

Table 4

Numerical values of the minimum interaction en-
ergy for a concave-up corannulene corresponding to 
particular angle 𝜙 and distance 𝜌 from graphene 
sheet predicted by the pair-wise dispersion and 
PW6B95-D4 simulations (interaction energies are 
given in kJ/mol). (∗ denotes the global minimum 
energy.)

𝜌 (Å) 𝜙 (rad) Pair-wise Disp. PW6B95-D4

3 0 -121.8 -51.2
3.1634 0 -129.7∗

3.5 0.2892 -119.8
4 0.5025 -101.2
5 0.8231 -71.6 -30.8
6 1.1471 -52.7
6.5 1.3493 -45.8
7 𝜋∕2 -39.9 -18.8

A comparison of the PW6B95-D4 and pair-wise dispersion model 
interaction energies reveals that there is a qualitative (but not quantita-
tive) agreement between the two sets of results. In particular, the latter 
tend to overestimate the former by 50% or more (see Tables 3 and 
4). Both models predict that the interaction energy is reduced signifi-
cantly as the distance between the graphene and corannulene increases. 
However, more importantly, both models predict that for a fixed inter-
molecular separation, the concave-down complex is more stable than 
the concave-up complex. The energetic stability of the concave-down 
complex relative to the concave-up complex is reduced with the inter-
molecular separation. We note that there is a generally good quantita-
tive agreement between the two theoretical models regarding the ener-
getic stability of the concave-down complex relative to the concave-up 
complex. In particular, for 𝜌 = 3.0 Å, we obtain that the concave-down 
complex is more stable than the concave-up complex by 45.0 (pair-wise 
dispersion) and 30.8 (PW6B95-D4) kJ/mol. For 𝜌 = 5.0 Å, we obtain 
that the concave-down complex is more stable than the concave-up 

complex by 9.6 (pair-wise dispersion) and 5.1 (PW6B95-D4) kJ/mol. 
6

For 𝜌 = 7.0 Å, the pair-wise dispersion interaction energies of the two 
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Fig. 6. The interaction energy between corannulene and graphene showing that for 𝜌 > 6.6 Å, the energy is lowest when 𝜙 = 𝜋∕2 confirming that the standing 
orientation is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the energy shown in 
(a) (the brightest green is the lowest energy region corresponding to 𝜙 close to 𝜋∕2), and (c) The total energy as a function of 𝜙 for fixed values of 𝜌 = 6.8 Å (solid 
line), 𝜌 = 7 Å (dash line) and 𝜌 = 7.5 Å (dotted line).

Fig. 7. Schematic diagram showing favourable orientations of corannulene 

complexes are identical by definition, whereas the PW6B95-D4 simu-
lations predict a very small energetic difference of 1.1 kJ/mol, due to 
the finite size of the graphene nanoflake. Inspection of Tables 3 and 
4 also reveals that the absolute PW6B95-D4 interaction energies are 
significantly smaller than those predicted by the pair-wise dispersion 
model. In general, the PW6B95-D4 interaction energies are about half 
of the pair-wise dispersion interaction energies. These differences are 
attributed to the tendency of the pair-wise dispersion model to over-
estimate the interaction energies [21] and to the use of a graphene 
nanoflake in the PW6B95-D4 simulations. We expect that the use of 
a larger graphene nanoflake in the PW6B95-D4 simulations would re-
sult in larger interaction energies (see [40] for a detailed discussion of 
the effect of the size of the graphene nanoflake on the interaction ener-
gies). Calculating the interaction energies for C150H30•••C20H10 dimers 
at the above level of theory (PW6B95-D4/def2-TZVPP + BSSE correc-
tions) is beyond the computational resources currently available to us. 
However, we can estimate the increase in the interaction energies when 
moving from a C96H24 to a C150H30 nano-graphene at the PW6B95-
D4/def2-SVP level of theory. While this lower level of theory results in 
overbinding of the dimers, the difference between the C96H24•••C20H10
concave-down bowl as the distance 𝜌 from graphene sheet varies. and C150H30•••C20H10 interaction energies should provide a useful es-
7

timation of effect of the size of the graphene flake on the interaction 
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Fig. 8. The profiles of the interaction energy between concave-up corannulene and graphene sheet with various values of 𝜙.
energies. When moving from a C96H24 to a C150H30 nano-graphene 
the interaction energies increase by merely 1.7 and 2.9 kJ/mol for the 
𝜌 = 3.0 Å dimers. As such, we can say that there is no significant ef-
fect when increasing the size of graphene. We also note that Dennis 
[16] showed that the adsorption energy of helicene (a non-planar PAH) 
on graphene only increases by 0.3 − 0.4 kcal/mol when increasing the 
size of graphene from 6 × 6 unit cell to 7 × 7 unit cell. Therefore, the 
size of the graphene nanoflake used in the DFT simulations is unlikely 
to account for the discrepancy between the pair-wise dispersion model 
and PW6B95-D4 interaction energies. We note that the Lennard-Jones 
potential tends to overestimate the interaction energy and does not ac-
curately model the Pauli repulsion, including for anisotropic structures 
with large 𝜋 systems for which the Pauli repulsion may become sig-
nificant [24,41,42]. Exploring different semi-empirical potentials for 
anisotropic structures that are suitable for a continuum modelling ap-
proach provides scope for future research.

4. Concluding remarks

This paper uses the Lennard-Jones potential and a continuum ap-
proach to determine the interaction energy between a corannulene and 
a graphene sheet. The interaction energy obtained depends on the dis-
tance 𝜌 between graphene and corannulene and the rotation angle 𝜙, 
which represents how much the molecule is tilted from the concave-up 
or concave-down position. For a given distance 𝜌, we can determine 
the orientation (i.e. the angle 𝜙) such that the corrannulene optimises 
the interaction giving rise to minimum energy configuration. Similarly, 
for a given rotation angle 𝜙, we can find the distance 𝜌 that gives rise 
to the minimum energy for that particular orientation. In Fig. 13, we 
present a diagram showing the three intervals of 𝜌, which correspond 
to the three possible configurations of a corannulene, namely lying, 
tilting and standing, for both concave-down and concave-up bowls. 
We comment that in term of length scales, the three intervals shown 
in Fig. 13 are consistent between the two scenarios of concave-down 
and concave-up bowls. For each of these intervals, it is demonstrated 
here that corannulene can adopt either structures. However, at a close 
distance to graphene we predict that the fully concave-down bowl is 
the preferred configuration since it has the lowest minimum energy. 
Our findings here are in agreement with Maruyama and Okada [17]
who use the STATE package based DFT and vdW-DF2 with the C09 
8

exchange-correlation functional for dispersive interaction to show that 
at a fixed distance from graphene, corannulene favours two arrange-
ments, namely the concave-down (hydrogenated rim facing graphene) 
and concave-up bowls. Among these, the interaction energy is lower for 
the concave-down structure. Also, we agree with [17] that the standing 
configuration has highest interaction energy.

We compare the interaction energies obtained from our pair-wise 
dispersion model with those obtained from PW6B95-D4 calculations 
and show that both models predict that for a fixed intermolecular sepa-
ration the concave-down complex is energetically more stable than the 
concave-up complex, and that there is qualitative (but not quantitative) 
agreement between the two theoretical models. Consistent with our 
previous findings [21], the pair-wise dispersion model tends to over-
estimate the absolute interaction energies. Finally, we comment that 
the mechanics of adsorption of corannulene on graphene studied in this 
paper may be useful for future applications of corannulene, which re-
quire controlling the charge distribution by adjusting its configurations 
or locations of the graphene substrate.
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Fig. 9. The interaction energy between corannulene and graphene showing that for 2.6 Å < 𝜌 < 3.2 Å, the energy is minimised when 𝜙 = 0 confirming that the 
concave-up bowl is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the energy shown 
in (a) (the brightest green is the lowest energy region corresponding to 𝜙 close to 0), and (c) The total energy as a function of 𝜙 for fixed values of 𝜌 = 2.8 Å (solid 
line), 𝜌 = 3 Å (dash line) and 𝜌 = 3.2 Å (dotted line).
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Appendix A. Evaluation of 𝑰𝒏

The integral 𝐼𝑛 is given by

𝐼𝑛 =

2𝜋

∫
0

∞

∫
−∞

∞

∫
−∞

𝑑𝑥𝑑𝑦𝑑𝜃[
(𝑟 cos𝜃 − 𝑥)2 + (𝑟 sin𝜃 cos𝜙− 𝑦)2 + (𝑟 sin𝜃 sin𝜙+ 𝜌)2

]𝑛 ,
where 𝑛 = 3, 6. Letting 𝑀 = 𝑟 cos𝜃 − 𝑥, 𝑁 = 𝑟 sin𝜃 cos𝜙 − 𝑦 and 𝑧 =
9

𝑟 sin𝜃 sin𝜙 + 𝜌, we have
𝐼𝑛 =

2𝜋

∫
0

∞

∫
−∞

∞

∫
−∞

1
(𝑀2 +𝑁2 + 𝑧2)𝑛

𝑑𝑀𝑑𝑁𝑑𝜃.

Then, we make a substitution 𝑀 =
√
𝑁2 + 𝑧2 tan𝜓 and get

𝐼𝑛 =

2𝜋

∫
0

∞

∫
−∞

𝜋∕2

∫
−𝜋∕2

1
[(𝑁2 + 𝑧2) sec2𝜓]𝑛

√
𝑁2 + 𝑧2 sec2𝜓 𝑑𝜓𝑑𝑁𝑑𝜃,

which can be reduced to

𝐼𝑛 =

2𝜋

∫
0

∞

∫
−∞

(𝑁2 + 𝑧2)1∕2−𝑛
𝜋∕2

∫
−𝜋∕2

cos2𝑛−2𝜓 𝑑𝜓𝑑𝑁𝑑𝜃. (5)

Using the fact that

𝜋∕2

cos𝑛 𝜃 𝑑𝜃 =

{
𝜋

2 ⋅ (2𝑚−1)!!
(2𝑚)!! when 𝑛 = 2𝑚,

(2𝑚)!!
∫
0 (2𝑚+1)!! when 𝑛 = 2𝑚+ 1,
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Fig. 10. The interaction energy between corannulene and graphene showing that for 5.5 Å < 𝜌 < 6.8 Å, the energy is minimised when 0 < 𝜙 < 𝜋∕2 confirming that 
the tilted concave-up bowl is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the 
energy shown in (a) (the brightest green is the lowest energy region corresponding to 0 < 𝜙 < 𝜋∕2), and (c) The total energy as a function of 𝜙 for fixed values of 
𝜌 = 4 Å (solid line), 𝜌 = 5.5 Å (dash line) and 𝜌 = 6.5 Å (dotted line).
equation (5) becomes

𝐼𝑛 =
(2𝑛− 3)!!𝜋
2𝑛−1(𝑛− 1)!

2𝜋

∫
0

∞

∫
−∞

(𝑁2 + 𝑧2)1∕2−𝑛 𝑑𝑁𝑑𝜃.

Next, we substitute 𝑁 = 𝑧 tan 𝜁 and obtain

𝐼𝑛 =
(2𝑛− 3)!!𝜋
2𝑛−1(𝑛− 1)!

2𝜋

∫
0

𝜋∕2

∫
−𝜋∕2

(𝑧2 sec2 𝜁)1∕2−𝑛(𝑧 sec2 𝜁) 𝑑𝜁𝑑𝜃

= (2𝑛− 3)!!𝜋
2𝑛−1(𝑛− 1)!

2𝜋

∫
0

𝑧2−2𝑛

𝜋∕2

∫
−𝜋∕2

cos2𝑛−3 𝜁 𝑑𝜁𝑑𝜃

= 𝜋

𝑛− 1

2𝜋

∫
0

(𝑟 sin𝜃 sin𝜙+ 𝜌)2−2𝑛 𝑑𝜃.
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By substituting 𝜃′ = 𝜃 − 𝜋2 where 𝜃′ ∈ (0, 2𝜋), we have
𝐼𝑛 =
𝜋

𝑛− 1

2𝜋

∫
0

(𝑟 cos𝜃′ sin𝜙+ 𝜌)2−2𝑛 𝑑𝜃′

= 𝜋

𝑛− 1

2𝜋

∫
0

(𝑟 sin𝜙+ 𝜌− 2𝑟 sin2(𝜃′∕2) sin𝜙)2−2𝑛𝑑𝜃′.

Next, by introducing 𝑡 = sin2(𝜃′∕2) where 𝑡 ∈ (0, 1), we get

𝐼𝑛 =
2𝜋
𝑛− 1

1

∫
0

(𝑟 sin𝜙+ 𝜌− 2𝑟𝑡 sin𝜙)2−2𝑛 1
𝑡1∕2(1 − 𝑡)1∕2

𝑑𝑡

= 2𝜋
𝑛− 1

(𝑟 sin𝜙+ 𝜌)−2𝑛+2

1

∫
0

𝑡−1∕2(1 − 𝑡)−1∕2
(
1 − 2𝑟 sin𝜙
𝑟 sin𝜙+ 𝜌

𝑡

)−2𝑛+2

𝑑𝑡. (6)
Equation (6) can be written in the form



Carbon Trends 15 (2024) 100334P. Sripaturad, N. Thamwattana, A. Karton et al.

Fig. 11. The interaction energy between corannulene and graphene showing that for 𝜌 > 6.8 Å, the energy is minimised when 𝜙 = 𝜋∕2 confirming that the standing 
bowl is the favourable configuration for this interval of 𝜌: (a) The total interaction energy as a function of 𝜌 and 𝜙, (b) Contour plot of the energy shown in (a) 
(the brightest green is the lowest energy region corresponding to 𝜙 close to 𝜋∕2), and (c) The total energy as a function of 𝜙 for fixed values of 𝜌 = 7 Å (solid line), 
𝜌 = 7.5 Å (dash line) and 𝜌 = 8 Å (dotted line).

Fig. 12. Schematic diagram showing favourable orientations of corannulene 

Fig. 13. The interval of the distance 𝜌 corresponding to different orientations 
of corannulene.

𝐼𝑛 =
2𝜋2
𝑛− 1

(𝑟 sin𝜙+ 𝜌)−2𝑛+2𝐹
(
2𝑛− 2, 1

2
; 1; 2𝑟 sin𝜙
𝑟 sin𝜙+ 𝜌

)
,

where 𝑛 = 3, 6 and 𝐹 (𝑎, 𝑏; 𝑐; 𝑧) =
∞∑
𝑘=0

(𝑎)𝑘(𝑏)𝑘
𝑘!(𝑐)𝑘

𝑧𝑘 is the hypergeometric 

function where (𝑎) = 𝑎(𝑎 + 1)(𝑎 + 2)...(𝑎 + 𝑘 − 1) is the Pochhammer 
𝑘
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concave-up bowl as the distance 𝜌 from graphene sheet varies.

symbol.
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