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Abstract: A computational study using density functional theory is reported for the coronene monomer 
and selected linear cata-benzocoronene oligomers. Local aromaticity was discussed and analysed using the 
theoretical Harmonic Oscillator Model of the Electron Delocalisation (HOMED) index and its geometric 
(GEO) and energetic (EN) contributions. The [n]acenes (n = 3, 7, 11 and 15) served as reference molecules. 
Local aromaticity of individual superbenzene rings has oscillating character. On the other hand, the highest 
HOMED parameters which are practically independent on the molecular lengths were found for the smallest 
molecules including condensed benzene rings in their structure. For the largest structure of [n]acenes (n = 15), 
the inner rings are less aromatic than the outer ones. Depending on the molecular length, the energy gaps 
between the B3LYP energy levels of the highest occupied and lowest unoccupied molecular orbitals vary from 
2.71 eV to 4.04 eV for coronene series and from 0.61 eV to 3.59 eV for [n]acenes.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are orga
nic compounds containing multiple aromatic rings 
made of carbon and hydrogen atoms only (Fetzer, 
2000; Haynes, 2011). The main source of PAHs is 
coal and tar deposits, but they can also be produced 
by incomplete combustion of organic matter. All 
PAHs are non-polar and possess typical aromatic 
electron delocalisation. The simplest examples of 
these chemicals are [n]acenes, planar benzenoid 
hydrocarbons with linearly condensed benzene 
rings, i.e. naphthalene, anthracene, tetracene, 
pentacene and hexacene. The [n]acenes exhibit 
increasing reactivity with the increasing number of 
rings. It is reported that the higher [n]acenes are 
unstable under light (Dabestani, 1999) and air oxy-
gen exposure (Clar, 1939). Peri-fused benzene rings 
represent other interesting PAHs. The simplest 
representative with six rings is coronene, also known 
as superbenzene with the superaromatic structure 
(Aihara, 2003). This compound has yellow colour 
and dissolves in common non-polar solvents, e.g. 
benzene, toluene, and dichloromethane. Interest-
ingly, coronene occurs naturally as the very rare 
mineral carpathite which is characterised by flakes 
of pure coronene embedded in sedimentary rock 
(Potticary et al., 2017). Coronene is also produced 
in the petroleum-refining process of hydrocracking 
where it can dimerize to form a 15-ring, brick-red 
solid dicoronylene. Thermal pyrolysis of coronene 
generates several condensed trimer, tetramer, 
and pentamer coronenes with black colour. From 

the technological point of view, the formation of 
coronene oligomers in hydrocracking reactors is 
a serious problem because its low solubility makes 
it precipitate in any cooler part of the reactor flow 
path (Mackay and Callcott, 1998). On the other 
hand, the large size and molecular planarity of 
coronene and dicoronylenes make them promising 
as chromatographic separation materials (Kiyo
katsu et al., 1990). They can also be used as solvent 
probes, e.g. pyrene. Interestingly, dicoronylene 
has been studied as a model for interstellar PAHs 
(Clar, 1939).
The concept of aromaticity is fundamental for the 
rationalisation and understanding of the structure 
and reactivity of about two-thirds of all known 
chemical species. To better understand this phe-
nomenon, compounds with condensed benzene 
rings have been studied by many theoretical and 
organic chemists. Electronic structure of aromatic 
molecules can be investigated and described using 
several different techniques, such as the study of 
ring currents (Steiner and Fowler, 1996; Anusooya 
et al.,  1998, Ligabue  et al.,  1999), calculation of 
resonance energies (Behrens et  al., 1994; Moyano 
and Paniaguya,  1993) and the analysis of several 
aromaticity indicators, e.g. Harmonic Oscillator 
Model of Aromaticity (HOMA) Index (Schleyer 
et al., 2001; Krygowski and Cyrański,  2001), mul-
tiple charge density properties derived from the 
Atoms-in-Molecules (AIM) theory (Howard and 
Krygowski, 1997) or graph theory-based descrip-
tors (Randic,  2003). The  Density Functional 
Theory (DFT) represents a  quantum chemical 
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approach for the frontier molecular orbital energy 
modelling of conjugated systems with acceptable 
computational cost (Hohenberg et al., 1964; Runge 
and Gross, 1984). The DFT method is convenient 
for the gas-phase optimal geometry investigation 
of large molecules since it includes the effect of 
electron correlation. Local aromaticity of simple 
six-membered rings in three series of benzenoid 
compounds, namely, [n]acenes, [n]phenacenes, 
and [n]helicenes for n = 1 to 9, has been assessed by 
Portella et al (Portella et al., 2005). This DFT study 
showed that local aromaticity in [n]acenes increases 
steadily from the peripheral to the central rings. For 
[n]phenacenes, all aromaticity indicators show that 
external rings are the most aromatic. Although the 
local aromaticity changes related to the elongation 
of the molecular chain, the acenic structures were 
well characterised; systematic comparative studies 
of hydrocarbons with circular formation of benzene 
rings are less discussed in literature.
Experimental energies of frontier molecular orbi-
tals (MOs) are frequently obtained from the fi rst 
electrochemical reduction peak and the lowest ener-
gy optical band gap. Therefore, theoretical analysis 
of the lowest vertical energy optical transitions is 
necessary for proper determination of the optical 
band gap.
With respect to this fact, theoretical analysis of 
the electronic structure of the model series of 
cata-benzocoronene oligomers made of up to four 

coronene units linearly cata-condensed with a ben-
zene unit (Fig. 1) is presented. Partial goals of this 
study are: (1) to calculate optimal geometries; (2) to 
evaluate energies of the frontier molecular orbitals 
and (3) to calculate the lowest energy optical transi-
tions. Finally, DFT parameters for the evaluation 
of aromaticity indices are suggested. Consequently, 
local aromaticity of the studied coronene series will 
be discussed and compared with the reference [n]
acenes (n = 3, 7, 11 and 15).

Theoretical and computational 
methodology

Quantum chemical calculations were performed us-
ing the Gaussian 09 program package (Frisch et al.,
2010). Optimal geometries of the studied mole-
cules in the electroneutral state were calculated by 
the DFT method with B3LYP functional (Becke’s 
three parameter Lee–Yang–Parr) (Lee et al., 1988; 
Becke, 1988) and Hartree-Fock exchange func-
tional M06-2X (Zhao and Truhlar, 2008) without 
any constraints (energy cut-off of 10−5 kJ×mol−1, fi nal 
RMS energy gradient below 0.01 kJ×mol−1×A−1). 
The 6-31G(d,p) basis set of atomic orbitals was 
applied for all atoms (Hariharan and Pople, 1973; 
Rassolov et al., 1998). The optimised structures 
were confi rmed to be true minima by vibrational 
analysis (no imaginary frequencies). On basis of 
the optimised geometries, 25 vertical transition 

Cor(1): A
Cor(2): A E1 A’
Cor(3): A E1 B E1’ A’
Cor(4): A E1 B E2 B’ E1’ A’
Ac(3): A3 A0 A6
Ac(7): A3 A0 A6 E1 A6’ A0’ A3’
Ac(11): A3 A0 A6 E1 B3 B0 B6 E1’ A6’ A0’ A3’
Ac(15): A3 A0 A6 E1 B3 B0 B6 E2 B6’ B0’ B3’ E1’ A6’ A0’ A3’

Fig. 1. Schematic structure and notation of studied coronene, cata-benzocoronene oligomers
and [n]acenes. Individual aromatic rings are denoted by capital letters.
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energies and oscillator strengths between the initial 
and the final electronic states were computed by 
the  time dependent (TD)-DFT method (Ahlrichs 
and Furche, 2002). In case of B3LYP geometries, 
the range-separated functional CAM-B3LYP (Ya-
nai et al., 2004) was also used in the calculations of 
optical transitions. The  molecules and molecular 
orbitals were visualised using the Molekel program 
package (Flukiger et al., 2002).

Results and Discussion

Structural aromaticity indices and local aromaticity
Aromaticity is a multidimensional property and 
aromatic compounds are very often characterised 
by different sets of indices based on various physi-
cal properties (Cyrański et al., 2002). As a structure-
based measure, geometrical changes of carbon-
carbon bond lengths with respect to the structural 
changes were expressed using the Harmonic Oscil-
lator Model of Electron Delocalisation (HOMED) 
index (Frizzo and Martins, 2012)
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where n represents the number of bonds considered 
and Ri is the actual bond length. The empirically de-
termined parameter a = 257.7 Å–2, and the optimal 
reference bond length Rref = 1.388 Å. These parame-
ters were suggested from the analysis of X-ray struc-
tures of a large set of organic molecules (Krygowski 
and Cyrański, 2001). Nevertheless, a combination of 
the DFT Ri bond lengths with these empirical para
meters can lead to an undesirable HOMED para

meter value for benzene lower than 1. To eliminate 
this problem, these parameters were evaluated using 
the DFT calculation in the 6-31G(d,p) basis set. 
Optimised carbon-carbon bond lengths of the ben-
zene molecule are 1.3963 Å for B3LYP and 1.3928 Å 
for M06-2X. Normalisation constant a was calcu
lated from Eq. 2 (Ośmiałowski et al., 2006)
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where the  reference single bonds, Rsin, and the 
reference double bonds, Rdoub, were estimated from 
ethane and ethene molecules, respectively. The cal-
culated single C—C bond lengths are 1.5300 Å for 
B3LYP and 1.5259  Å for the M06-2X functional. 
The C=C double bond lengths are shorter, i.e. 
1.3302  Å for B3LYP and 1.3267  Å for M06-2X. 
Based on these bond lengths, values of the nor-
malisation constant α are 90 Å–2 and 91 Å–2 for the 
B3LYP and M06-2X functional, respectively.
Optimal geometries of all studied molecules in 
the electroneutral state are planar and symmetric. 
Therefore, aromaticity is affected by the bond length 
changes within these structures. A comparison of 
theoretical and X-ray bond lengths for the smallest 
investigated molecules is presented in Fig. 2. All 
bond lengths for both functionals are evidently 
within the reference Rsin and Rdoub bond lengths. In 
case of superbenzene, the  molecule possesses the 
D6h symmetry and the bond lengths of central ring 
A0 are 1.428 Å for B3LYP and 1.426 Å for M06-2X. 
The anthracene molecule has lower symmetry (D2h) 
and the central ring A0 has four equivalent C—C 
bonds with the length of 1.400 Å and two equiva-

	 a)	 b)

Fig. 2. B3LYP, M06-2X (in parentheses) and X-ray (numbers in bold) (Brock and Dunitz, 1990; 
Potticary et al., 2016) bond lengths of coronene (a) and anthracene (b). Distances are in Angstroms.
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lent C—C bonds with the length of 1.445 Å for the 
B3LYP functional. On the other hand, the M06-2X 
functional indicates slightly shorter bond lengths: 
four equivalent bond lengths of 1.396  Å and two 
equivalent bond lengths of 1.436 Å. A comparison 
of neighbouring bond lengths revealed that both 
DFT functionals can offer a difference of up to 
0.009 Å which can lead to direct influence on the 
structural aromaticity indices. Interestingly, X-ray 
structures of coronene (Potticary et  al., 2016) and 
anthracene (Brock and Dunitz, 1990) have lower 
symmetry and the C—C bonds distances are closer 
to the M06-2X results (see Fig. 2).
HOMED parameters evaluated for the central mo-
lecular rings of coronene series (lying in the long-
est axial direction) and acenes exhibit differences 
in the π-electron delocalisation between the fused 
outer and inner six-membered rings. As illustrated 
in Fig. 3, the anthracene molecule exhibits the 
highest B3LYP HOMED index (0.95) for the cen-
tral ring A0, while the outer rings are less aromatic 
(HOMED = 0.90). Local aromaticity increase from 
the edge to the centre can similarly be observed for 
heptacene Ac(7). According to Portella et al. (Por-

tella et al., 2005), local aromaticity of the peripheral 
and central rings decreases for acenes with higher 
number of rings (n > 7). In case of the coronene 
series, local aromaticity of individual central aro-
matic rings (A0/A0’, B0/B0’, E1/E1’ and E2) has 
an oscillating character. Interestingly, the highest 
B3LYP HOMED parameters (0.97) were found for 
the connecting benzene rings E1/E1’ and E2. For 
better understanding of local aromaticity changes, 
the HOMED formula (Eq. 1) can be split into the 
energetic (EN) and geometric (GEO) contributions 
according to the relation proposed by Krygowski 
and Cyrański (Cyrański et al., 2000)
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where Rav represents the averaged bond length of 
the investigated benzene ring. An analysis of the 
evaluated contributions (Fig. 3) showed that the re-
duction in the HOMED value can be due to either 
an increase in the bond length alternation (GEO) or 
an elongation/shortening of the mean bond length 
of the ring (EN). Mutual comparison of weighted 

Fig. 3. Schematic representation of trends in studied coronene series (solid symbols) and [n]acenes (open 
symbols) according to HOMED, GEO and EN indices of central aromatic rings along the longest axial 
direction (x-axis). B3LYP results are indicated by solid and open squares. Cross signs are used for the 

M06-2X results.
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aromaticity parameters for individual superrings 
in the molecules is presented in Tab. 1. From the 
quantitative point of view, higher differences in the 
evaluated indices between the B3LYP and M06-2X 
functionals were obtained for Ac(11) and Ac(15) 
molecules.
Accumulative local aromaticity can be described 
by the sum of HOMED parameters of individual 
rings of the PAH molecule. Fig. 4 represents the 
dependence of the sum of HOMED (ΣHOMED), 
EN (ΣEN) and GEO (ΣGEO) values on the total 

number of carbon atoms forming the molecule. 
The  accumulative local aromaticity linearly in-
creases with the number of carbon atoms. The slope 
of the linear dependence of ΣHOMED indices is 
higher for the coronene series of molecules (see 
Tab. 2) than in the acenes series for both studied 
functionals. This observation can be associated 
with the peri-fused six-membered ring inside the 
coronene unit. Interestingly, slopes of the ΣEN 
and ΣGEO index dependences for the acene series 
are almost identical. On the other hand, ΣEN 

Tab. 1.	 Separation of B3LYP and M06-2X aromaticity HOMED*/HOMED indices into energetic (EN*/
EN) and geometric contributions (GEO*/GEO) for the superrings and rings of studied coronene 
series. 

B3LYP M06-2X

Molecule Rings
HOMED/ 
HOMED*

EN/EN* GEO/GEO* Molecule Rings
HOMED/ 
HOMED*

EN/EN* GEO/GEO*

Cor(1) A 0.932 0.039 0.029 Cor(1) A 0.928 0.039 0.033

Cor(2) A/A’ 0.914 0.055 0.031 Cor(2) A/A’ 0.906 0.058 0.036

E1 0.965 0.016 0.019 E1 0.973 0.012 0.015

Cor(3) A/A’ 0.912 0.058 0.030 Cor(3) A/A’ 0.906 0.059 0.036

E1/E1’ 0.966 0.016 0.018 E1/E1’ 0.973 0.012 0.015

B 0.893 0.076 0.031 B 0.886 0.076 0.038

Cor(4) A/A’ 0.912 0.058 0.030 Cor(4) A/A’ 0.906 0.059 0.036

E1/E1’ 0.966 0.016 0.018 E1/E1’ 0.973 0.012 0.015

B/B’ 0.893 0.076 0.031 B/B’ 0.885 0.076 0.038

E2 0.966 0.016 0.018 E2 0.974 0.012 0.014

Fig. 4. Dependence of cumulative B3LYP ΣHOMED, ΣGEO and ΣEN indices on the number of carbon 
atoms for studied coronene series (solid symbols) and [n]acenes (open symbols).
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Tab. 2.	 Parameters for linear dependence of total B3LYP and M06-2X aromaticity indices (ΣHOMED, 
ΣEN, ΣGEO) on the number of carbon atoms (x). 

B3LYP Function y = A + B × x

Molecule A B Correlation coefficient 

ΣHOMED Cor –0.121 ± 0.019 0.277 ± 0.000 1.0000

Ac –0.267 ± 0.095 0.210 ± 0.002 0.9998

ΣEN Cor –0.258 ± 0.033 0.021 ± 0.000 0.9993

Ac –0.190 ± 0.011 0.019 ± 0.000 0.9997

ΣGEO Cor –0.005 ± 0.014 0.009 ± 0.000 0.9993

Ac –0.044 ± 0.089 0.021 ± 0.002 0.9862

M06-2X Function y = A + B × x

Molecule A B Correlation coefficient 

ΣHOMED Cor –0.122 ± 0.002 0.276 ± 0.000 1.0000

Ac –0.196 ± 0.096 0.207 ± 0.002 0.9998

ΣEN Cor –0.233 ± 0.003 0.021 ± 0.000 1.0000

Ac –0.197 ± 0.009 0.018 ± 0.000 0.9998

ΣGEO Cor –0.029 ± 0.000 0.011 ± 0.000 1.0000

Ac –0.107 ± 0.087 0.024 ± 0.002 0.9898

and ΣGEO index trends for coronene series are 
concurrent. These dependences show that the aro-
maticity of single rings is practically independent 
on the number of other acene/coronene units. In 
case of the coronene series, the EN term in Eq. 3 is 
higher than the GEO term, which shows that the 
aromaticity decreased mainly due to the systematic 
bond length difference from the reference while 
the increased bond length alternation has a weaker 
effect.

Frontier molecular orbitals
Energy levels of frontier molecular orbitals are 
key parameters in the assessment of the  carrier 
injection ability and stability of materials. Based 
on the  optimised structures of the  neutral state, 
energy levels of the highest occupied (HOMO) 
and the lowest unoccupied (LUMO) molecular 
orbitals were calculated. Dependences in these 
energies on the number of central rings along the 
longest axial direction are depicted in Fig. 5  for 
B3LYP, CAM-B3LYP and M06-2X functionals. 
For the smallest anthracene molecule, Ac(3), 
the B3LYP HOMO energy is –5.24  eV and it is 
the  highest molecular orbital energy compared 
with the other studied molecules. The LUMO 
energy is –1.65 eV. In case of Cor(1), the increase 
of planar p-delocalisation has the minimal effect 
on the energy value of frontier molecular orbitals, 
e.g. –5.46 eV for B3LYP HOMO and –1.43 eV for 
B3LYP LUMO. The  HOMO−LUMO energy gap 
(∆Eg) value represents another important theoreti-
cal parameter corresponding to the electrochemi-
cal gap. The B3LYP ∆Eg energy is maximal for the 

smallest molecules of the studied series (3.59 eV 
for Ac(1) and 4.04 eV for Cor(1)) and minimal for 
the largest ones (0.61  eV and 2.71  eV for Ac(3) 
and Cor(1), respectively). Mutual comparison of 
the DFT functionals showed that the CAM-B3LYP 
and M06-2X values of energy gaps, ∆Eg, are ap-
proximately two-times higher than those of the 
B3LYP HOMO–LUMO.
Shapes of the frontier orbitals of the smallest and 
the largest investigated molecules, anthracene 
and coronene, reveal the  typical p-type molecular 
orbital character. As it is demonstrated in Fig.  6 
for coronene, the  lobes of HOMO are spoke-
wheel oriented towards the central ring A0. For 
anthracene, the lobes of HOMO are uniformly 
delocalised over the  longest axial direction. In
terestingly, this delocalisation is identical with that 
of LUMO clouds over A3, A0  and A6  rings for 
Cor(1). For Ac(3), the  lobes of LUMO are mostly 
delocalised over the bonds parallel with the smaller 
axial direction. Linear condensation of benzene 
or superbenzene rings similarly affects the shape 
of the frontier orbitals. As shown in Fig. 6, the 
major electron delocalisation is over the nine rings 
located along the longest axial direction. Moreover, 
the remaining atoms of the inner superbenzenes 
in Cor(4) also modulate HOMO and LUMO. This 
indicates different geometrical changes upon the 
electron abstraction or addition. On the other hand, 
the shapes and location of nodal planes of depicted 
frontier orbitals for the largest Ac(15) molecule are 
practically identical. The differences are only in 
the orbital phases, i.e. in the positive and negative 
values of the lobes along the shorter axial direction. 

Cagardová D et al., Local aromaticity of linear cata-Benzocoronenes and acenes…
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Finally, it should be noted that the identical shapes 
of analysed orbitals were obtained for CAM-B3LYP 
and M06-2X functionals.

Vertical electronic transitions
The longest experimental wavelength electronic 
singlet transition in the absorption spectrum 
of acenes ranging in size from anthracene to 
heptacene, called p band in Clar’s (Clar, 1949) or 
1La in Platt’s (Platt,  1949) nomenclature, and it is 
due to the HOMO–LUMO transition (Nijegoro-
dov  et  al.,  1997). This band is characterised by 
vibrational fine structure typical of the acene series. 
For anthracene, the experimental wavelength is 
378  nm (3.28  eV) (Nijegorodov  et  al.,  1997) and 
for heptacene is 753 nm (1.65 eV) (Einholz et al., 

2017). Beside these high-intensity transitions, an 
additional feature of lower intensity was observed. 
The value of negligible intensity transition was 
found at 367 nm (3.38 eV) for anthracene and at 
792  nm (1.57  eV) for heptacene. Interestingly, 
similar features were not observed in the absorption 
spectra of octacene and nonacene (Tönshoff and 
Bettinger, 2010). A possible theoretical explanation 
of the weak features is an electric dipole transition 
to a state forbidden in the Franck–Condon approxi-
mation but increasing intensity, for instance, due to 
vibronic coupling with the HOMO→LUMO transi-
tion. The multi-configuration coupled electron pair 
approximation (MC-CEPA) (Fink and Staemmler, 
1993) level of theory using complete active space 
self-consistent field reference wave functions with 

Fig. 5. Energy diagram of B3LYP, CAM-B3LYP and M06-2X frontier molecular orbitals for the studied 
[n]acenes (bars) and coronene series (up and down triangles). HOMO and LUMO energies are blue and 

red coloured, respectively.

Cagardová D et al., Local aromaticity of linear cata-Benzocoronenes and acenes…
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HOMO LUMO

Ac(3)

Cor(1)

HOMO Cor(4)

LUMO Cor(4)

HOMO Ac(15)

LUMO Ac(15)

Fig. 6. Shapes of HOMO and LUMO B3LYP molecular orbitals for the smallest and largest studied 
molecules Cor(1), Ac(3) and Cor(4), Ac(15), respectively. Depicted iso-surface value is of 0.025 a.u.

six electrons in six orbitals [CASSCF(6,6)] sup-
ported this explanation.
Low-lying ultraviolet visible absorptions of coronene 
are characterised by three types of valence transi-
tions denoted as a, p-, and β-bands corresponding 
to electron transitions between two HOMOs and two 
LUMOs. The experimental absorption spectrum for 

Cor(1) measured in cyclohexane at room tempera-
ture exhibits three structured bands modulated by 
vibronic couplings (Nijegorodov et al., 2001). The 
determined energies of the individual states are 
2.90 eV (428 nm), 3.63 eV (342 nm) and 4.07 eV 
(305  nm) and the  reported experimental oscilla-
tor strengths of these electronic states are 0.008, 

Cagardová D et al., Local aromaticity of linear cata-Benzocoronenes and acenes…



39

T
ab

. 3
.	

T
D

-D
F

T
 e

n
er

gy
 t

ra
n

si
ti

on
s 

(i
n

 n
m

/e
V

) 
S 0
→

S n
 w

it
h

 t
h

e 
os

ci
ll

at
or

 s
tr

en
gt

h
 (

in
 p

ar
en

th
es

es
) 

fo
r 

st
u

d
ie

d
 m

ol
ec

u
le

s.
 S

el
ec

te
d

 f
u

n
ct

io
n

al
s 

ar
e 

B
3L

Y
P,

 
C

A
M

-B
3L

Y
P

 a
n

d
 M

06
-2

X
.

T
D

-B
3L

Y
P

C
or

(1
)a

C
or

(2
)a

C
or

(3
)

C
or

(4
)

A
c(

3)
b

A
c(

7)
b

A
c(

12
)

A
c(

15
)

S 0
→

S 1
38

4/
3.

22
9(

0.
00

0)
45

6/
2.

71
9(

0.
05

2)
49

8/
2.

49
1(

0.
07

7)
51

6/
2.

40
4(

0.
09

3)
S 0
→

S 1
37

9/
3.

27
4(

0.
05

9)
10

01
/1

.2
39

(0
.0

28
)

23
86

/0
.5

20
(0

.0
10

)
44

12
/0

.2
81

(0
.0

02
)

S 0
→

S 2
35

9/
3.

45
3(

0.
00

0)
43

3/
2.

86
1(

0.
00

8)
45

1/
2.

75
1(

0.
00

0)
48

2/
2.

57
3(

0.
00

0)
S 0
→

S 2
31

7/
3.

90
5(

0.
00

2)
60

8/
2.

03
9(

0.
00

0)
11

30
/1

.0
98

(0
.0

00
)

25
55

/0
.4

85
(0

.0
01

)

S 0
→

S 3
29

9/
4.

15
3(

0.
66

3)
39

3/
3.

15
6(

0.
00

0)
44

8/
2.

76
8(

0.
03

0)
47

2/
2.

62
5(

0.
00

0)
S 0
→

S 3
27

0/
4.

58
4(

0.
00

0)
54

6/
2.

27
1(

0.
00

0)
10

14
/1

.2
23

(0
.0

00
)

11
70

/1
.0

60
(0

.0
32

)

S 0
→

S 4
29

9/
4.

15
3(

0.
66

3)
38

8/
3.

19
9(

0.
00

0)
44

6/
2.

78
2(

0.
00

0)
45

3/
2.

73
8(

0.
07

3)
S 0
→

S 4
24

9/
4.

98
5(

0.
00

0)
42

5/
2.

91
8(

0.
04

2)
71

0/
1.

74
6(

0.
00

0)
11

62
/1

.0
67

(0
.0

00
)

S 0
→

S 5
28

4/
4.

36
3(

0.
00

0)
38

3/
3.

24
1(

0.
00

0)
41

9/
2.

95
8(

0.
00

0)
44

9/
2.

76
1(

0.
02

8)
S 0
→

S 5
23

4/
5.

30
4(

1.
90

5)
42

1/
2.

94
4(

0.
00

0)
65

6/
1.

88
9(

0.
03

4)
84

2/
1.

47
3(

5.
40

6)

T
D

-C
A

M
-B

3L
Y

P
/

B
3L

Y
P

C
or

(1
)

C
or

(2
)

C
or

(3
)

C
or

(4
)

A
c(

3)
A

c(
7)

A
c(

12
)

A
c(

15
)

S 0
→

S 1
35

5/
3.

49
5(

0.
00

0)
38

0/
3.

25
9(

0.
08

9)
40

7/
3.

04
8(

0.
15

4)
41

6/
2.

98
4(

0.
21

8)
S 0
→

S 1
34

2/
3.

62
5(

0.
08

7)
76

6/
1.

61
9(

0.
06

3)
12

99
/0

.9
55

(0
.0

45
)

29
59

/0
.4

19
(0

.0
16

)

S 0
→

S 2
32

6/
3.

80
1(

0.
00

0)
37

8/
3.

27
6(

0.
00

5)
38

6/
3.

21
2(

0.
01

9)
39

5/
3.

13
8(

0.
00

0)
S 0
→

S 2
30

3/
4.

08
7(

0.
00

3)
47

6/
2.

60
4(

0.
00

0)
78

0/
1.

59
0(

0.
00

0)
23

15
/0

.5
36

(0
.0

01
)

S 0
→

S 3
26

6/
4.

65
5(

0.
99

7)
35

0/
3.

54
2(

0.
00

0)
37

1/
3.

34
0(

0.
00

0)
38

9/
3.

18
8(

0.
04

1)
S 0
→

S 3
23

5/
5.

28
6(

0.
00

0)
41

8/
2.

96
7(

0.
00

0)
61

3/
2.

02
1(

0.
00

0)
82

0/
1.

51
1(

0.
00

0)

S 0
→

S 4
26

6/
4.

65
5(

0.
99

7)
33

9/
3.

65
3(

0.
00

0)
36

7/
3.

37
5(

0.
00

0)
37

7/
3.

28
8(

0.
00

0)
S 0
→

S 4
22

6/
5.

49
2(

0.
00

0)
39

7/
3.

12
6(

0.
04

6)
55

1/
2.

25
1(

0.
03

2)
79

9/
1.

55
2(

0.
10

8)

S 0
→

S 5
25

9/
4.

78
0(

0.
00

0)
32

0/
3.

87
4(

3.
34

7)
34

8/
3.

56
1(

0.
01

8)
36

7/
3.

37
8(

0.
03

4)
S 0
→

S 5
22

4/
5.

53
0(

2.
02

6)
34

8/
3.

56
2(

0.
03

1)
46

0/
2.

70
0(

0.
00

2)
70

6/
1.

75
6(

7.
64

5)

T
D

-M
06

-2
X

C
or

(1
)

C
or

(2
)

C
or

(3
)

C
or

(4
)

A
c(

3)
A

c(
7)

A
c(

12
)

A
c(

15
)

S 0
→

S 1
34

6/
3.

58
2(

0.
00

0)
37

1/
3.

34
4(

0.
08

9)
39

6/
3.

13
0(

0.
15

0)
40

5/
3.

06
3(

0.
20

9)
S 0
→

S 1
33

2/
3.

73
4(

0.
08

3)
74

3/
1.

66
9(

0.
05

7)
30

60
/0

.4
05

(0
.0

10
)

46
14

/0
.2

69
(0

.0
04

)

S 0
→

S 2
31

5/
3.

94
1(

0.
00

0)
37

0/
3.

34
7(

0.
00

5)
37

8/
3.

28
1(

0.
01

5)
38

6/
3.

21
5(

0.
00

0)
S 0
→

S 2
29

7/
4.

17
7(

0.
00

1)
46

7/
2.

65
4(

0.
00

0)
13

48
/0

.9
20

(0
.0

01
)

17
21

/0
.7

20
(0

.0
01

)

S 0
→

S 3
26

5/
4.

68
7(

0.
97

1)
34

2/
3.

62
1(

0.
00

0)
36

4/
3.

41
0(

0.
00

0)
38

1/
3.

25
7(

0.
03

0)
S 0
→

S 3
23

0/
5.

38
1(

0.
00

0)
42

3/
2.

93
2(

0.
00

0)
63

8/
1.

94
2(

0.
00

0)
79

0/
1.

56
9(

0.
00

0)

S 0
→

S 4
26

5/
4.

68
7(

0.
97

1)
33

0/
3.

75
4(

0.
00

0)
36

0/
3.

44
5(

0.
00

0)
36

9/
3.

35
6(

0.
00

0)
S 0
→

S 4
22

4/
5.

53
2(

0.
00

0)
38

8/
3.

19
4(

0.
02

4)
57

7/
2.

14
9(

6.
09

6)
74

6/
1.

66
1(

0.
09

8)

S 0
→

S 5
25

6/
4.

84
5(

0.
00

0)
31

8/
3.

89
4(

3.
22

7)
34

0/
3.

64
4(

0.
00

8)
36

0/
3.

44
2(

0.
03

5)
S 0
→

S 5
22

3/
5.

55
4(

1.
98

5)
34

3/
3.

61
8(

0.
02

7)
54

0/
2.

30
0(

0.
08

8)
69

1/
1.

79
4(

7.
13

4)

a E
xp

er
im

en
ta

l 
va

lu
es

 o
f 

w
av

el
en

gt
h

 a
re

 o
f 

42
8 

n
m

 (
2.

90
 e

V
),

 3
42

 n
m

 (
3.

63
 e

V
) 

an
d

 3
05

 n
m

 (
4.

07
 e

V
) 

fo
r 

C
or

(1
) 

an
d

 o
f 

24
8 

n
m

 (
5.

00
 e

V
),

 3
33

 n
m

 (
3.

72
 e

V
) 

an
d

 4
45

 n
m

 (
3.

65
 e

V
) 

fo
r 

C
or

(2
).

b E
xp

er
im

en
ta

l v
al

u
es

 o
f 

w
av

el
en

gt
h

 a
re

 o
f 

37
8 

n
m

 (
3.

28
 e

V
) 

an
d

 3
67

 n
m

 (
3.

38
 e

V
) 

fo
r 

an
th

ra
ce

n
e 

A
c(

3)
 a

n
d

 o
f 

75
3 

n
m

 (
1.

65
 e

V
) 

an
d

 7
92

 n
m

 (
1.

57
 e

V
) 

fo
r 

h
ep

ta
ce

n
e 

d
en

ot
ed

 a
s 

A
c(

7)
. 

T
h

e 
se

co
n

d
 o

n
e 

h
as

 lo
w

er
 in

te
n

si
ty

.

Cagardová D et al., Local aromaticity of linear cata-Benzocoronenes and acenes…



40

0.670 and 4.900, respectively. The enormous value 
of 4.900 can be explained by the superaromaticity 
imparted by the ring of sextets of coronene. Also, 
oscillator strengths are dependent on temperature 
due to the symmetry perturbation of the coronene 
molecule. In case of Cor(2), three experimental 
structured band systems were identified at 248 nm 
(5.00 eV), 333 nm (3.72 eV) and 445 nm (2.79 eV) 
when the sample was trapped in solid inert-gas 
matrices (Ruiterkamp  et  al., 2002). The  corres
ponding relative intensities are 87:100:76. Spectral 
peaks are slightly red shifted to those observed 
for dicoronylene in 1,2,4-trichlorobenze solution 
(Lempka et al., 1985), i.e. 506 nm (2.45 eV), 369 nm 
(3.36 eV) and 340 nm (3.65 eV).
The calculated electronic gas-phase transition 
energies and oscillator strengths for the first five 
lowest vertical excited states of studied molecules 
are collected in Tab. 3. For the simplest Cor(1), the 
first two optical transitions have negligible oscil-
lator strengths compared with the energetically 
equivalent third and fourth electronic transitions 
at 299  nm (TD-B3LYP), 266  nm (TD-CAM-
B3LYP) and 265  nm (TD-M06-2X). Contrary to 
the acene molecules, the TD-DFT approach pro-
vides correct order of the electronic excited states 
for the  Cor(1) and Cor(2) molecules. However, 
precise interpretation of the experimental spec-
trum should include vibronic couplings between 
the electronic states. Therefore, direct comparison 

of the theoretical line spectra with experimental 
data is problematic.
Interestingly, the HOMO→LUMO transition 
does not occur in the first electronic excitation 
of all three functionals. A consecutive addition 
of superbenzene rings increases the oscillator 
strength of the lowest excitation energy where 
the HOMO→LUMO transition dominates. For 
example, the TD-B3LYP S0→S1  transitions are 
456 nm for Cor(2), 498 nm for Cor(3) and 516 nm 
for Cor(4). In case of the reference acene series, 
the lowest S0→S1 transition of Ac(3) and Ac(7) have 
higher oscillator strength than the other three/two 
transitions. Also, this transition originates in the 
frontier HOMO and LUMO. Linear elongation of 
the molecular structure significantly decreases the 
oscillator strength of the lowest energy transition. 
As shown in Tab. 3, in case of the Ac(3) molecule, 
the TD-B3LYP energy of the lowest transition 
of 379  nm (3.27  eV) is in very good agreement 
with the experimental value of 378 nm (3.28 eV). 
Although the TD-B3LYP optical transitions are in 
better agreement with the experimental observa-
tions for the Cor(1) and Cor(2) molecules, the 
CAM-B3LYP and M06-2X functionals estimate 
the lowest excitation energies more accurately for 
acenes.
The interesting correlation of HOMO–LUMO 
energy gaps, ΔEg, with the S0→S1  energies of the 
B3LYP functional is demonstrated in Fig.  7. 

Fig. 7. Dependence of TD-B3LYP HOMO→LUMO (black solid squares) transition energy on energy 
HOMO-LUMO gaps for the studied [n]acenes and coronenes series. Outlier (red hollow square) 

represents the S0→S1 transition for Cor(1) molecule, which does not correspond to the HOMO→LUMO 
transition. Table includes parameters of linear regression. R is the correlation coefficient.
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The TD-B3LYP S0→S1 correspond to the HOMO→ 
LUMO transition for all studied molecules 
excluding Cor(1). In case of Cor(1), the S0→S2 

energy was applied instead of the S0→S1 one, where 
the  HOMO→LUMO transition dominates. The 
obtained dependence is linear with a  sufficiently 
high correlation coefficient. Similar linear de-
pendences were also obtained for the other DFT 
functionals. Regression parameters including the 
intercept, slope, standard errors and correlation co-
efficient are 1.1 ± 0.1 eV (–0.9 ± 0.2 eV), 1.17 ± 0.05 
(0.78 ± 0.04) and 0.9946 (0.9923) for the TD-M06-
2X (TD-CAM-B3LYP) calculations.

Conclusions

Using the density functional theory, structural 
and electronic properties of coronene and three 
linear cata-benzocoronene oligomers were studied. 
Local aromaticity of six-membered rings along the 
longest axial direction as well as of superbenzene 
and its connecting rings was discussed employing 
HOMED, EN and GEO aromaticity descriptors. In 
case of the benzocoronene oligomers, local aroma-
ticity of individual superbenzene central aromatic 
rings has oscillating character. On the other hand, 
the highest B3LYP HOMED parameters, which are 
practically independent on molecular length, were 
found for the smallest connecting benzene rings 
between the superbenzene units. For the largest 
model of [n]acenes (n = 15), the inner rings are less 
aromatic than outer ones. Linear dependence of 
the sum of HOMED, EN and GEO indices on the 
number of carbon atoms was found for B3LYP and 
M06-2X geometries. Slopes for the HOMED para
meters dependences on the number of carbon atoms 
for Cor(n) are by about 25 % higher than for the 
acenes. On the other hand, for ΣGEO dependences 
the slopes are by 25 % lower for the coronene series 
than for the acenes series of molecules. Interestingly, 
only the slopes of ΣEN indices for both molecules 
are almost identical. Most interesting are the almost 
identical slopes of ΣEN and ΣGEO dependences 
in the acenes series. The obtained theoretical data 
show that local aromaticity of the individual rings 
in the superbenzene is strongly dependent on the 
position within the oligomeric chain. Moreover, the 
shapes of the frontier molecular orbitals indicate 
the geometrical changes upon the abstraction or ad-
dition of electron for Cor(4) compared with Ac(15). 
This behaviour is interesting in the application of 
Cor(n) molecules in opto-electronic devices.
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