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Abstract. Charge transport rate is one of the key parameters determining the performance of organic electronic
devices. In this paper, we used density functional theory (DFT) at the M06-2X/6−31+G(d) level to compute
the charge transport rates of nine coronene topological structures. The results show that the energy gap of these
nine coronene derivatives is in the range 2.90–3.30 eV, falling into the organic semiconductor category. The size
of the conjugate ring has a large inﬂuence on the charge transport properties. Incorporation of methyl groups
on the rigid core of tetrabenzocoronene and hexabenzocoronene is more conducive to the hole transport of the
molecule than incorporating methoxyl groups. The derivatisation of a ‘long plate-like’ coronene with methoxyl
groups facilitates both hole and electron transport. This class of molecules can thus be used in the design of
ambipolar transport semiconductor materials.
Keywords. Organic semiconductors; density functional theory; charge carrier mobility; ambipolar transport;
coronene derivatives; topological structures.

1. Introduction
Organic semiconductor materials have attracted great
interest from scientists for the past half century due to
their light-weight nature and good ﬂexibility. 1 They can
be used to create solution-processed printed electronics and hold the promise of low-cost thin-ﬁlm devices,
including organic photovoltaic devices, 2,3 organic lightemitting diodes and organic ﬁeld-effect transistors. 4
To be suitable for high-performance devices, organic
semiconductors must possess desirable characteristics
such as good solubility in organic solvents, molecular self-assembly, and high charge transport rate. In
recent years, the two-dimensional ultra-ﬂat material
graphene has received much attention in both academia
and industry due to its excellent optical and electrical properties. 5,6 However, its lack of an intrinsic band
gap is a major limitation to its further application. On
the other hand, the polycyclic aromatic hydrocarbons
that make up graphene fragments are favourable due
to the tuneable band gaps of their extensive π conjugate systems. 7,8 Polycyclic aromatic hydrocarbons are
an important class of organic semiconductor materials.
* For correspondence

Centred on a polycyclic core, the surrounding ﬂexible
side chains can allow the formation of liquid crystalline
semiconducting materials. 9,10 These side chains are usually ﬂexible aliphatic chains, which can be modiﬁed
to adjust the solubility of the molecule. Common rigid
polycyclic cores include pyrene, triphenylene, perylene,
truxene, porphyrin, phthalocyanine, and coronene. The
rigid polycyclic cores easily self-assemble into columns
through π − π interactions. The charge carriers can
move effectively along the axes of the columns via intermolecular π − π transitions. 11,12
Coronene derivatives are a class polycyclic aromatic
hydrocarbon with high intrinsic carrier mobilities and
the potential for use in organic electronic devices. The
highly ordered columnar arrangements of hexa-perihexabenzocoronenes with hole mobilities as high as
1.0 cm2 V−1 s−1 were ﬁrst synthesized by Müllen and
Spiess, 13 whereas triphenylene generally has a hole
mobility of only 0.1 cm2 V−1 s−1 14 and that of phthalocyanine is slightly higher at 0.7 cm2 V−1 s−1 . 15 The
strong π − π interactions between the rigid cores of
the large polycyclic rings provide a more stable columnar structure for charge transport along the columns,
enhancing charge transport. In addition, side chain modiﬁcation has a negligible impact on carrier
1341
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mobility. Both the resonance area of the rigid cores
and the distance between them play a signiﬁcant role in
the charge transport properties of organic semiconductor materials. Recently, other topological structures of
coronene ring such as tetrabenzo[a, d, j, m]coronene, 16
hexabenzo[a, d, g, j, m, p]coronene 17–20 and octabenzocircumbiphenyl 21 have been synthesized, and their
optical properties have been studied experimentally.
According to band theory, charge transfer consists of the
migration of charge carriers, with the rate of this transfer
being one of the key parameters determining the performance of organic electronic devices. 22–24 Quantum
chemistry calculations can predict the thermochemistry, thermodynamics, and photoelectric properties of
polycyclic aromatic hydrocarbons. 25–27 Density functional theory (DFT) is an effective quantum chemistry
method for predicting the charge transport rates of novel
polycyclic aromatic hydrocarbon molecules to guide
future experimental research. 28,29 Herein, we focus on
the use of DFT to investigate the photoelectric properties of polycyclic aromatic hydrocarbons (PAHs), in
particular the charge transport properties of discotic liquid crystalline semiconductors. 30–33 Currently, quantum
chemistry calculations mainly focus on the photoelectric properties of simple disk-like or triangular PAH
molecules, 34 with less work being performed on PAHs
with other topological structures. However, as discussed

above, the topology of PAHs can signiﬁcantly affect
their photoelectric properties.
In this paper, we used Gaussian 09 E.01 35 and quantum chemistry methods to study the hole and electron
transport properties of the nine coronene topological
structures shown in Figure 1, in order to explore the
relationship between the molecular charge transport
properties and the structures of coronene topological
structures. We hope that this will facilitate the synthesis of organic semiconductor materials with excellent
electrical properties.

2. Theoretical methodology
The mobility of charge carrier μ can be obtained using the
Einstein equation, which is expressed as,
μ = eD/(kB T )

where e is the electron charge (1.60 × 10−19 C), kB is the
Boltzmann constant (1.38 × 10−23 J/K), T is the absolute
temperature, and D is the average diffusion coefﬁcient of the
charge starting from a molecule and towards all directions in
three-dimensional space, as given by Formula (2). The diffusion coefﬁcient is expressed as,
D=

1 2
ri ki pi
6
i

Figure 1.

(1)

Molecular structures of coronene derivatives.

(2)

Density functional theory calculations
where, ri is the distance between adjacent molecules, ki is
the charge transfer rate constant between adjacent molecules,
and pi is the probability,

pi = ki /
ki
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shell system is formed by removing one electron from the
molecular/molecular anion system. The energy level splitting
of LUMO and LUMO+1 at the transition state is calculated.
One half is the negative charge transfer matrix element t− .

i

of charge transfer to molecule i.
The π-conjugated organic semiconductor materials have
the properties of one-dimensional charge carrier migration.
The average diffusion coefﬁcient can be simpliﬁed as,
1 2
r k,
2
where r is the disk spacing between adjacent discotic
molecules, and k is the charge transfer rate constant between
adjacent molecules. The carrier mobility is obtained by substituting into formula (1):
D=

μ=k

r2
2k B T /e

(3)

According to the semi-classical model of Marcus charge
transfer, 28,29 the constant of charge transfer rate between adjacent molecules is expressed as the following formula:
k = (4π 2 / h)t 2 (4 π λkB T )−0.5 exp[−λ/(4kB T )]

(4)

where h is the Planck constant (6.626 × 10−34 J.s), t is the
charge transfer matrix element, λ is the charge reorganization
energy, and T is the absolute temperature. Under a certain temperature, λ and t are the main parameters affecting the charge
transport rate constant. To achieve a larger charge transport
rate constant, the molecule should have smaller reorganization
energy λ and larger intermolecular charge transport matrix
element t.
The reorganization energy λ was directly calculated using
the insulation potential surfaces, that is, the recombination
energy λ+ of the transmission hole and the recombination
energy λ− of the transmission electrons are calculated as follows:
λ+ = E(Ar+ /Ar) − E(Ar+ /Ar+ ) + E(Ar/Ar+ )
−E(Ar/Ar)

(5)

λ− = E(Ar− /Ar) − E(Ar− /Ar− ) + E(Ar/Ar− )
−E(Ar/Ar)

(6)

where E(Ar+ /Ar) represents the total energy of the cationic
single point energy based on the Ar neutral molecular conﬁguration optimization, and E(Ar+ /Ar+ ) represents the total
energy when the Ar+ ion is optimized conﬁguration.
The charge transfer matrix element characterizes the coupling strength of electron-electron interaction, and several
methods have been proposed to evaluate the transfer integral
within a molecular dimer. The simplest way is the frontier
orbit energy level splitting method. 22–24 That is, the closed
shell system was formed by adding one electron to the molecular/molecular cation system. The energy level splitting of
HOMO and HOMO-1 at the transition state was calculated.
One half is the hole transfer matrix element t+ . The closed

3. Results and Discussion
3.1 Molecular design and structural optimization
Using Gaussian 09 E.01, the molecules shown in Figure 1 were optimized and calculated at M06-2X/6−31
+G(d) level to obtain their respective stable structures.
These molecules included tetrabenzocoronene (series
a), hexabenzocoronene (series b), and ‘long platelike’ coronene (series c), as well as their octamethylsubstituted and octamethoxyl-substituted products. The
results show that for the nine molecules, the rigid
coronene cores were not coplanar with the peripheral
benzene rings, with the three molecules of the b series
showing the greatest degree of bending. Figure 2 shows
the optimized computational results for the unsubstituted coronene derivatives a1, b1 and c1.
3.2 Frontier molecular orbitals
The frontier orbital energies and electron absorption
spectra of the nine molecules were calculated at the same
theoretical level as used before. The results are shown
in Tables 1 and 2.
The approximate band gaps of organic semiconductors generally fall between 1.4–4.2 eV. From the data
of Table 1, one can see that the approximate band gaps
of the nine coronene molecules of series a, b, and c are
between 2.90–3.30 eV, which means they are indeed
organic semiconductors. The data in Table 1 shows
that the HOMO and LUMO levels of the methyl- and
methoxyl-substituted molecules in all three series are
higher than those of the three unsubstituted molecules
(a1, b1 and c1). However, as the increase in energy level
is different for the HOMO and LUMO, the resulting
approximate band gaps of the molecules decrease. This
indicates improved charge migration after the incorporation of methyl and methoxyl groups on the rigid
core.
Molecular orbitals play a crucial role in charge migration. 29 According to our calculations, the HOMO and
LUMO electron density distributions are similar for the
unsubstituted and methyl-substituted coronene derivatives, with the electron clouds being evenly distributed
on the rigid core. Figure 3 shows the frontier molecular orbital diagrams of the HOMOs and LUMOs of
the methyl- and methoxyl-substituted molecules in each
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Figure 2.
Table 1.

Optimized structures of unsubstituted coronene derivatives a1, b1 and c1.

HOMO-LUMO approximate band gaps (in eV) of coronene derivatives.

Energy/compound

a1

a2

a3

b1

b2

b3

c1

c2

c3

−5.32 −5.02 −4.90 −5.37 −5.08 −4.88 −5.19 −4.95 −4.86
−2.12 −1.84 −1.72 −2.07 −1.83 −1.75 −2.28 −2.05 −1.97
3.20 3.18 3.17 3.30 3.25 3.13 2.91 2.90 2.89

EH
EL
Eg

Table 2. Disk spacing distance (nm), charge transport matrix element t (kJ/mol), Charge transfer
rate constant (s−1 ), and transport rate μ (cm2 · V−1 · s−1 ) for all nine molecules.
Compd. dis.
a1
a1
a1
a1
a1
a2
a3
b1
b2
b3
c1
c2
c3

0.38
0.45
0.50
0.55
0.60
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55

λ+

λ−

t+

t−

12.464
12.464
12.464
12.464
12.464
12.921
20.239
10.110
10.483
18.046
10.211
10.453
15.472

16.836
16.836
16.836
16.836
16.836
16.680
22.334
14.228
14.257
18.935
13.332
13.463
17.416

5.362
2.852
1.548
0.897
0.627
2.510
0.271
1.246
2.837
2.590
0.699
0.775
1.523

8.951
3.495
1.929
1.114
0.914
1.367
2.808
1.461
2.263
0.563
0.805
0.893
1.784

series. As can be seen, the lone pairs of electrons from
some of the oxygen atoms on the methoxyl-substituted
derivatives contribute to the frontier molecular orbitals,
resulting in a relatively large degree of electron delocalization that indicates enhanced charge transport ability.
The HOMO→LUMO electronic transitions are from
π → π* and n→ π*.

3.3 Carrier mobilities of the molecules
The optimized molecular and ionic energies, ionic energies under molecular conﬁgurations, and molecular

k+
4.127 ×
1.168 ×
2.209 ×
1.154 ×
5.646 ×
8.507 ×
3.801 ×
3.133 ×
1.537 ×
4.572 ×
9.707 ×
1.150 ×
2.210 ×

k−
1013
1013
1012
1012
1011
1012
1010
1012
1013
1012
1011
1012
1012

6.358 ×
9.734 ×
2.966 ×
9.889 ×
6.658 ×
1.516 ×
3.145 ×
1.104 ×
5.743 ×
1.932 ×
8.986 ×
9.958 ×
2.353 ×

1013
1012
1012
1011
1011
1012
1012
1012
1012
1011
1011
1011
1012

μ+

μ−

1.133
0.457
0.166
0.067
0.039
0.592
0.0026
0.218
1.071
0.318
0.068
0.080
0.157

1.754
0.381
0.143
0.069
0.046
0.105
0.219
0.167
0.400
0.013
0.063
0.069
0.162

energies under ionic conﬁgurations were used to calculate the reorganization energies λ+ and λ− for hole
and electron transport in the nine molecules, as listed
in Table 2. When a neutral molecule and a cation of
tetrabenzocoronene a1 completely overlap, they form a
dimer. The change of dimer binding energy with disk
spacing distance is shown in Figure 4. When the disk
spacing distance is between 0.50–0.60 nm, the dimer
binding energy tends to be stable. Within this range,
small differences are seen between the calculated intermolecular transfer matrix elements for the hole and
electron. As the nine coronene molecules have different
degrees of planarity, molecule-ion dimer disk spacing

Density functional theory calculations

Figure 3.

The frontier orbitals of the methyl- and methoxyl-substituted molecules.

distance that is too short could lead to overlapping substituents on the molecule and the ion. So, a disk spacing
of 0.55 nm was chosen for the molecule-ion dimers during the computation of intermolecular transfer matrix
elements for the molecules, which was performed to
look for trends between molecules from different series.
The dihedral angle between the molecule and the ion
in the dimer was increased by 20◦ steps between 0–
180◦ in order to calculate the HOMO/HOMO–1 and
LUMO/LUMO+1 energy gaps of the transition-state
dimers at different angles. The transfer matrix elements

for holes and electrons can be estimated by halving these
values. The mean squares of the charge transfer matrix
elements of the nine coronene derivatives were calculated using Equation (7) according to the Boltzmann
distribution using the energies of the dimers at different dihedral angles (E i ) and the corresponding matrix
elements (ti ) at a temperature of 298.15 K. The root of
< t 2 > is the charge transfer matrix element, t. The carrier transport rates, μ, were also calculated for the nine
molecules using Equations (3) and (4), and the results
are shown in Table 2.
n i = exp(−E i /kT)/ j exp (−E j /kT )
< t 2 > = i n i ti2
= i ti2 exp (−E i /kT )/ j exp (−E j /kT )

0.24

Dimer binding energy (a.u.)
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0.23

(7)

0.22
0.21
0.20
0.19
0.18
0.17
0.16

0.35

0.40

0.45

0.50

0.55

0.60

Disk spacing distance (nm)

Figure 4. The relationship between the dimer binding
energy of a1 dimer molecules and the disk spacing distance.

From the data in Table 2, one can see that the carrier
transport rate decreases with increasing disk spacing
distance for the tetrabenzocoronene a1. For the nine
molecules in the three series, the reorganization energies for hole and electron transport, λ+ and λ− , decrease
with increasing conjugate area (i.e., in the order a > b >
c). In each series, the molecules do not change substantially after methyl substitution, but λ+ and λ− increase
signiﬁcantly for the methoxyl-substituted molecules a3,
b3 and c3 when compared to the other two members of their respective series. For series a and b,
the methyl-substituted molecules a2 and b2 have the
largest hole transfer matrix elements due to the relatively
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large degrees of π − π overlap between neighbouring molecules. The charge transfer rate constants and
the carrier mobilities decrease with increasing molecular reorganization energy, and increase with increasing
charge transfer matrix elements. As such, the hole transport rates for molecules a2 and b2 are the greatest in
their respective series. These two species could be used
as high-performance hole-transporting (p-type) organic
semiconductor materials. Molecules a3 and b2 have the
greatest electron mobilities among the nine molecules
studied because of their relatively large electron transfer
matrix elements, and thus would make good candidates for electron-transporting materials. Molecules in
series c have poorer π − π overlap between neighbouring molecules than those in the a and b series due to
their higher aspect ratios, and they therefore have relatively small charge transfer matrix elements, charge
mobilities, and carrier mobilities. However, λ+ and λ−
and the transfer matrix elements t+ and t- were close
for the holes and electrons of the methoxyl-substituted
molecule c3, resulting in similar hole and electron
mobilities, which were also the largest in series c. This
species could thus be used as an ambipolar organic semiconductor.

4. Conclusions
Through structural optimization and quantum chemistry
calculations of charge mobilities for nine coronene topological structures belonging to three series, we have
learnt that these coronene molecules can be classiﬁed
as organic semiconductors. The rigid coronene core is
not coplanar with the surrounding benzene rings, with
the three molecules of series b being calculated to show
the largest degree of bending. The methyl-substituted
tetrabenzocoronene a2 could be a candidate for a holetransporting (p-type) organic semiconductor material.
The three molecules of series b have relatively small
reorganization energies for hole and electron transport
(λ+ and λ− ), and the elements in the intermolecular
transfer matrix are relatively large, especially for the
methyl-substituted hexabenzocoronene b2, which has
the largest hole and electron mobilities seen for any of
the nine molecules, at 1.071 and 0.400 cm2 · V−1 · s−1 ,
respectively. This species could therefore be used as a
high-performance p-type organic semiconducting material. For molecule c3, the reorganization energies λ+ and
λ− as well as the intermolecular transfer matrix elements
t+ and t− for hole and electron transport were close to
each other, leading to similar hole and electron mobilities, which could allow this species to be used as an
ambipolar organic semiconductor.
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