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Abstract

We have study electronic, optoelectronic, linear and nonlinear optical; thermodynamic properties and UV-Vis Spectrum
of Coronene and Coronene substituted with Chlorine using time-dependent density functional theory TD-DFT (TD-
wB97XD, TD-B3LYP, TD-LSDA and TD-CCSD(T)). We quantified the effect of substitution of hydrogen atoms with Chlorine
for a series of molecular properties relevant for molecular electronics and photonics. Results obtained with TD-B3LYP
and TD-CCSD(T) are closer to experimental results reported in literature for Coronene substituted with Chlorine. Second
hyperpolarizability (y,,) values show that the molecules have very good optoelectronic, linear and non linear optical
properties. E; show that the molecules may have semiconductors properties and hence have applications in photonic,

electronic and optoelectronic devices.

Keywords TD-DFT - Electronics - Optoelectronics - Photonics - Second molecular hyperpolarizability

1 Introduction

Recently, studies have shown that the production and
consumption of energy might change if the research in
organic electronics can improve on the efficiency and
application in optoelectronic materials. Organic molecules
have applications in photonic, linear and nonlinear optics,
thin-film transistors (TFT), light emitting diodes (OLED)
and thin-film photovoltaic cells (OPV). This is because
organic molecules are relatively cheap, light and flex-
ible and are in great abundant [1]. Equally, the physical,
chemical, mechanical and electronic properties of these
molecules can vary by adding specific functional groups
at different positions and doping of the molecules with
other atoms. Studies have proven that the homologous

classes of polycyclic aromatic hydrocarbons in their crys-
talline state are among the materials which can be used in
organic electronics [2]. For instance, oligoacenes and their
derivatives, are constantly being used as active elements
in various optoelectronic devices like in organic thin—film
field—effect transistors [3], light-emitting diodes [4], pho-
tovoltaic cells [5], and liquid crystals [6].

Organic electronics based on acenes and heteroacenes
is presently an interesting area of research [7-11]. For-
mation, migration, and dissociation of exciton, charge
transport, charge collection at the electrodes, molecular
packing in the bulk material, and absorption and emis-
sion properties are the main features controlling organic
semiconductor devices [12, 13]. Consequently, a detailed
understanding of the electronic structure of the molecular
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building blocks, the dependence of the microscopic opti-
cal properties on the molecular structure, and the dif-
ferences between the isolated properties of the doped
molecule when inserted in a macroscopic devices is of
fundamental importance. Therefore, systematic quantum
chemical calculations on doped molecule can significantly
contribute to our understanding of the electronic and
optical properties with promising optoelectronic applica-
tions since most of these properties pertain to the molecu-
lar structure.

As part of a more extensive research on organic mol-
ecules [14-26], and following our previous works on
coronene (a polycyclic aromatic hydrocarbon of the cir-
cumacene class) [17], we present in this paper a compre-
hensive comparative theoretical study of Coronene and
Coronene substituted with Chlorine usng TD-DFT ((TD-
wB97XD, TD-B3LYP) and TD-LSDA and TD-CCSD(T)). The
choice of this molecule was motivated by the availability
of reliable experimental data for undoped coronene and
theoretical results for doped coronene molecule. Equally,
circumacenes are promising candidates for organic and
molecular electronics [27]. Furthermore, as reported in
literature, the modification of polycyclic aromatic hydro-
carbons and conjugate pi-electron systems with strong
electronegative substituent is an effective approach for
converting p-type organic semiconductors to n-type
[28-30]. The study was motivated by the fact that the
electrical properties of semiconductor materials are sig-
nificantly altered by presence of impurity atoms which
are responsible for the development of transistors and
has opened up the entire field of solid state device tech-
nology. Equally, n-type materials from polycyclic aromatic
hydrocarbons can be obtain by attaching strong electron-
withdrawing groups such as CN to the conjugated core, or
by replacing some or all of the peripheral hydrogen atoms
with halogen atoms (in particular F and Cl) [12, 29-31].
Functionalized coronene [32-35] and other organic com-
pounds [35-37] are of profound interest nowadays for the
fabrication of organic field effect transistors OFETs and
organic thin film transistors (OTFTs) for better performance
[37,38]. Sanyal et al. 2013 investigated the effect of imide
functionalization on the electronic, optical, and charge
transport properties of coronene derivatives(coronene-
5-diimide, coronene-6-diimide, and coronene-tetraimide)
and their results suggested that these imide functionalized
coronene have potential use in optoelectronic and field
effect transistor devices [39].

They equally studied the energetics, photophysical
properties, charge transfer integrals and reorganization
energy of coronene and its various imide derivatives
using DFT methods and their results showed that the
introduction of imide functional group, an electron accep-
tor, strongly modulates the charge transfer behaviors of
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coronene [39]. Moreover, calculations on the electronic
properties of solid coronene doped with potassium has
demonstrated superconductivity as reported in literature
[40-42].

There are many situations in which a judicious control of
the types and amounts of imperfections can bring about
specific characteristics desired in a system which can be
achieved by proper processing techniques. The effects of
imperfections or crystal defects and functionalization have
some important properties of solids. The fact that such
small amounts of impurity atoms can significantly alter the
electrical properties of semiconductors and other organic
materials is responsible for the development of transistor,
light-emitting diodes [4] and photovoltaic cells [5] and has
opened up the entire field of solid state device technology.
Practically most of the semiconducting properties that led
to this engineering are not found in a perfect crystal.

Our main objective is to see how some of the proper-
ties of coronene like electronic, optoelectronic, linear and
nonlinear optical properties and UV-Vis Spectrum can be
improved by doping the molecule with chlorine. This is
because since chlorine atom has a high electron affinity,
large dipole moment and effective delocalization of the
pi — electrons, the introduction of the chlorine atom to
the coronene may be a good choice to construct a high
acceptor molecule. Also, since fluorine atom has been
widely introduce into organic semiconductors material to
synergistically improve the molecular energy level, optical
absorption and carrier mobility properties for photovol-
taic applications, due to it high electronegativity and small
atomic radius [30, 43-46], we think that chlorine atom can
do same. Equally, Kan et al. 2018 [47] showed that the chlo-
rination of small-molecule acceptor for organic solar cells
reduces the optical band gap, the energy loss, increases
the efficiency of the molecule and broaden the effective
absorption range.

2 Computational methodology

The electronic structure, the structural parameters and the
vibrational analysis of Coronene and Coronene substituted
with Chlorine were optimized with the aid of the Gaussian
09 program package [48]. Following our previous studies
on coronene, the geometry optimization was carried out
using the RHF, WB97XD and B3LYP hybrid exchange-cor-
relation functional in combination with the correlation-
consistent polarized Valence Double Zeta basis-set [17].
In this work, geometric optimizations of the electronic
structure of the molecules were fully optimized using
TD-DFT (TD-wB97XD, TD-B3LYP, TD-SVWN (LSDA) and TD-
CCSD(T)) with correlation-consistent polarized Valence
Double Zeta basis set. The TD-DFT was performed using
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the route section in the Gaussian 09 by define the Nstates
(the number of excited states) with the method used. In
all cases, structural optimizations were performed without
any symmetry constraints and the optimized geometric
structures were confirmed as correct minima by the vibra-
tional frequency analyses. These optimized stationary
points characterized by harmonic vibrational frequency
analyses confirm that local minima were found due to
the absence of imaginary vibrational frequencies. The
minimum energy configurations of chlorinated coronene
obtained by complete peripheral Chlorine substitution
and by substituting 6 hydrogen atoms with 6 chlorine
atoms maintained the planar geometry of the substituted
Coronene molecule. The adiabatic electron affinities and
ionization energies were calculated using the total energy
differences. The vertical ionization energies (IE,) and elec-
tron affinities (EA,) were evaluated at the relaxed geom-
etry of the neutral molecule. This enabled us to calculate
the quasi-particle corrected energy gap which is defined in
the self consistent field scheme as: Eqpq =1E, —EA, = (g, —
En) — (Exy—En-;) [49, 50], where Ey is the total energy of the
N -electron system.

The Eyomor ELumo @and related properties such as elec-
tronegativity ¢, chemical hardness & and chemical softness
dwere also determined. The quantities ¢, £ and 9 were bet-
ter discussed in terms of expressions given in literature [14,
51, 52]. The IP and EA of the molecules were calculated
using the equations IP =—Ey 0 and EA=—E, ;o found
in literature [15, 16, 53].

Thus, the values of ¢ and & according to Pearson, were
evaluated using the following relations [54]: ¢ = PHEA and
&= P~EA The chemical softness 39, which describes the
ability of an atom or group of atoms to receive electrons
[55] was estimated by using the equation: 9 = % = IP—ZEA'
The chemical softness is proportional to the magnitude of
the electrical conductivity. The electrical conductivity of

organic materials usually exhibits a thermally activated
behavior. Experimental data obtained on high-quality sin-
gle crystals indicate that the appearance of an activated
transport is in many instances more likely due to the pres-
ence of structural disorder and chemical defects rather
than corresponding to the intrinsic signature of polaron
formation. The chemical hardness of the molecules gives
us information on how the electron cloud can be
deformed. From the maximum hardness principle, which
states that the most stable systems are correlated with
higher chemical hardness and therefore correspond to
larger HOMO-LUMO energy gaps. Low hardness, which
correlates to small HOMO-LUMO energy gaps correspond
to easily deformable electron cloud.

3 Results and discussion

3.1 Optimized geometric structure of coronene
(C,4H,,) and coronene substituted with chlorine

The optimized structure of coronene (C,,H;,), that
obtained when 6 hydrogen atoms are substituted by 6
chlorine atoms (C,,H¢Cls) and the complete peripheral
chlorine substitution (C,,Cl;,) are shown in Fig. Ta-c
respectively. We observed that the planar geometry of the
molecule did not change compared to the original planar
molecular structure for complete peripheral and partial
chlorine substituted coronene.

3.2 Dipole moment, first molar hyperpolarizability
and second molecular hyperpolarizability

The values of the dipole moment, first molar hyperpolariz-
ability and second molecular hyperpolarizability of C,,H;,,
C,4HeClg and C,,Cl,, are reported in Table 1.

Fig. 1 a Optimized structure of Coronene (C,,H;,), grey balls are C atoms, white are H atoms. b Optimized structure of C,,HCl,, grey balls
are C atoms, white are H atoms and green are Cl. ¢ Optimized structure of C,,Cl,,, grey balls are C atoms and green are Cl atoms

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences (2020) 2:1247 | https://doi.org/10.1007/542452-020-3028-1

Table 1 Dipole moment p, first molecular hyperpolarizability S,
second molecular hyperpolarizability y,,, total electronic energy
Ey LUMO-HOMO Energy band gap E, lonization potential IP, Elec-
tron affinity EA, Kohn-Sham HOMO-LUMO gap Egs, quasi-particle
energy corrected gap Eqp work function E, chemical hardness ¢,

chemical softness 9, and electronegativity ¢ of the molecules Cor-
onene and coronene doped with Chlorine atom obtained at the
TD-wB97XD, TD-B3LYP, TD-SVWN (LSDA) and TD-CCSD(T) level of
theory using the cc-pVDZ basis set

TD-B3LYP/cc-pVDZ

TD-SVWN/cc-pVDZ

TD-CCSD(T)/cc-pVDZ

Molecule Basis set/properties of TD-wB97XD/cc-pVDZ
the molecule
Cy4Hiy u(Cm)x 10733 267
By (€5U) X 10736 7.33
Yay (€SU)X 10733 -23,382.68
E, (a.u) -921.64
IP (eV) 8.99 (7.36)
EA (eV) 6.04 (0.05)
IP, (eV) 7.41
EA, (eV) 0.60
E4(eV) 2.95
Eqpg (V) 6.81
Egs (eV) 7.31
Er (eV) -7.52
S 7.52
9 0.68
& 1.48
CpqHeClg H(Cm)x 1073 3.33
Brno (€5U) X 1073 8.87
Yaulesu)x 10733 —62,491.90
Ep(a.u) —3679.24
IP(eV) 8.52(8.14)
EA (eV) 5.97 (1.04)
1P, (eV) 8.46
EA, (eV) 1.74
E4 (eV) 2.59
Eqpg (€V) 6.72
Egs (eV) 7.10
E: (eV) -7.23
< 7.25
9 0.78
& 1.28
Cy,Cly,y H(Cm)x 10734 0.001
Brno (€5U) X 1073 0.02
Yarlesu)x 1073 -98,944.19
E, (a.u) —6436.47
IP (eV) 7.15(8.28)
EA (eV) 5.69 (1.58)
Eqy (eV) 1.46
EfS(ev) 6.70
E: (eV) -6.42
< 6.42
9 1.37
& 0.73

233

6.97
—23,789.15
-921.95
8.99 (5.66)
6.04 (1.59)
7.15

0.45

2.95

6.70

4.07
-7.52
7.52

0.68

1.48

3.33

8.81
-—62,612.47
—3679.64
8.52(6.37)
5.59 (2.50)
8.31

1.87

2.59

6.44

3.87
-7.23
7.25

0.78

1.28

0.001

0.02
—494,496.67
—6436.95
7.15(6.27)
5.69 (2.95)
1.46

3.32
-6.42
6.42

137

0.73

2.67

4.65
—23,562.22
-916.62
8.99 (5.83)
6.04 (2.89)
7.22

0.58

2.95

6.64

294
-7.52
7.52

0.68

1.48

0.87

8.84
—61,803.06
—3667.46
8.52(6.45)
5.59(3.73)
8.38

2.00

2.59

6.38

2.72
-7.23
7.25

0.78

1.28

333

0.16
—402,436.11
—6417.98
7.15(5.87)
5.69 (4.10)
1.46

1.77
-6.42
6.42

137

0.73

3.00

1.23
23,687.41
-916.01
8.99 (7.08)
6.04 (1.65)
7.28

0.53

2.95

6.75

5.44
-7.52
7.52

0.68

1.48

6.67

10.21
—63,969.46
—3669.50
8.52(8.01)
5.59(2.97)
8.40

1.92

2.59

6.48

5.04
-7.23
7.25

0.78

1.28

13.33

0.19
—-506,391.43
—6422.56
7.15(8.42)
5.69(0.18)
1.46

8.24
-6.42
6.42

137

0.73

Chemical hardness &, chemical softness 9, and electronegativity ¢ are unitless quantities
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The first molecular hyperpolarizability g, can be cal-
culated from the Gaussian output file by using equation
found in literature [12, 14, 15, 52, 55-58]. The f,,,, value
of the molecules was determined using the equation
below given in literature [14, 15, 19-21, 59].

Prnol = [(ﬁxxx + ﬂxyy + ﬂxzz)2 + (ﬂyyy + ﬂyxx + ﬁyzz)2
B+ o+ By

The values of g, for the molecules are small com-
pared to that of Urea given in literature [20, 21, 57, 58,
60]. Due these relatively small values of g, we decided
to calculate the second order hyperpolarizability.

The second order hyperpolarizability y,, which is
a microscopic property of the molecules was also
determined and calculated y,, values in atomic unit
were converted into Sl units using conversion fac-
tors given in literature [17, 56]. The values of y,,
were determined by usingzthe equation [17, 61, 62]

Yoo Py T zeze 20y 2y T
Yav = 5
The results showed that y,,,, and y,,,, which are the
tensor components of y in the x and y directions respec-
tively gave the highest contribution in the calculation
of y,, and these tensor components are approximately
the same. From Table 1, it is observed that all y,, values
are negative which indicates that the contributions to
Yav 1S due to the pi electrons except for the molecule
C,4H,, that we obtained a positive value at the TD-
CCSD(T) level. This implies that in calculating the y,, of
the molecule C,,H,, at the TD-CCSD(T) level, the con-
tribution was due to the pi and sigma bonds with the
sigma bond giving the highest contribution. The TD-
B3LYP method gave the highest values of y,, for the
molecule C,,H;, compared to that obtained using the
wB97XD, TD-SVWN and TD-CCSD(T) while that of the
TD-CCSD(T) was the largest for the C,,H¢Clg molecule.
We also observed that with the complete peripheral
chlorine substitution of the hydrogen atoms in Coro-
nene (C,,Cl;,), the y,, values are greater than those
obtained from C,,H.Cl; and C,,H,, with that of C,,H.Cl,
greater than that of C,,H,, at all the levels of study. For
instance, the y,, value of C,,Cl;, obtained by using the
TD-SVWN (LSDA) is approximately 6.5 times larger than
that of C,,HCl; and that of C,,H,Cl, is approximately
2.6 times greater than that of C,,H,,. It implies that as
the number of peripheral Chlorine atoms substitution
increases, the y,, value also increases. The large val-
ues of y,, permit us to conclude that these molecules
have very good linear and nonlinear optical effects and
hence can be used in linear and nonlinear materials
which may have electronic, optoelectronic and pho-
tonic applications. Hence, these molecules may have

Vxxzz

all or some of the following effects: second harmonic
generation, optical rectification, electro-optic Pockel
effect, electric induced second harmonic generation
and the electro-Kerr effect.

3.3 lonization potential IP, electron affinity EA,
chemical hardness &, chemical softness J,
and electronegativity ¢, HOMO-LUMO energy
band gap E , work function E,, Kohn-Sham
HOMO-LUMO energy band gap Egs,

quasiparticle energy corrected gap £y, total
Electronic Energy E, and molecular orbital
diagrams of the molecules C,,H,, and C,,H,Cl,

The ionization potential, electron affinity, chemical hard-
ness, chemical softness, electronegativity and total Elec-
tronic Energy of coronene, when 6 hydrogen atoms are
substitute with 6 chlorine atoms and the complete periph-
eral chlorine substitution obtained by using TD-wB97XD,
TD-B3LYP, TD-SVWN (LSDA) and TD-CCSD(T) are shown in
Table 1. The IP and AE values were obtained using formu-
lae given in literature [24, 49, 53, 63]. The ionization energy
values and electron affinity values obtained directly from
the Kohn-Sham eigenvalues are given in brackets. The cc-
pVDZ basis set which is approximately equal to the com-
monly used 6-31G basis set was employed in all the cal-
culations. Thereafter, we compared our theoretical results
with experimental results given in literature. The IP, results
for coronene are closed to the experimental results of the
vertical ionization potential (7.29 eV) found in literature
[64], the value of 7.34 eV reported by Boschi and Schmidt
[65] and to the experimental results of the adiabatic ioniza-
tion potential given in literature (7.64 eV) [66], 7.29 eV [67]
and (7.29+- 0.03)eV [31, 68]. Our estimated EA, value of
coronene are close to the experimental adiabatic electron
affinity values (0.47 +—0.09)eV) [31] and the theoretical
values (0.47 eV and 0.54 eV) [69] reported in literature and
are the same with those previous reported by using RFH,
wB97XD and B3LYP methods with the cc-pVDZ [17].

We equally observed that &, 9 and ¢ values of coronene
remain unchanged at all the levels of theory. It implies
the electrical conductivity of the molecule also remain
unchanged since the chemical softness & is proportional
to the magnitude of the electrical conductivity.

LUMO-HOMO Energy band gap Eg, work function E,
Kohn-Sham HOMO-LUMO energy band gap EgKS and work
function E; of the molecules C,,H,,, C,,H¢Cl; and C,,Cl,,
are given in Table 1 and the molecular orbital diagrams
are shown in Fig. 2. The £ value determined for coronene
is the same as that obtained in our previous studies by
using RHF, wB97XD and B3LYP methods with the cc-pVDZ
[17] and smaller than the theoretical value reported in
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C

HOMO

LUMO

Fig.2 a HOMO and LUMO molecular orbital diagrams for Coronene (C,,H;,). b HOMO and LUMO molecular orbital diagrams for C,,H4Clc. €
HOMO and LUMO molecular orbital diagrams for C,,Cl;,

Table 2 Singlet-singlet permitted excitation energies E,; (in eV) B3LYP, TD-SVWN (LSDA) and TD-CCSD(T) level of theory using the
and corresponding oscillator strength f of unsubstituted and chlo- cc-pVDZ basis set. Values of E,,; and f given in brackets correspond
rinated coronene as obtained by TD-DFT at the TD-wB97XD, TD- to the excited state in bracket

CoaHiy

Method/basis set TD-wB97XD/cc-pVDZ TD-B3LYP/cc-pVDZ TD-SVWN/cc-pVDZ TD-CCS(T)/cc-pVDZ
Excited state Eeycit (€V) F Eexeit (€V) F Eeyeit (€V) F Eeycit (€V) F

1 3.57 0.00 3.29 0.00 2.98 0.00 4.22 0.00

2 3.87 0.00 3.48 0.00 3.18 0.00 4.27 0.00

3 4.73 1.02 4.16 0.64 3.75 0.44 5.44 0.64

4 4.73 1.02 4.16 0.64 3.75 0.44 5.51 0.64

5(30) 4.75 0.00 4.33 0.00 3.86 0.00 (8.37) 0.00 (2.47)
6(31) 4.75 0.00 4.33 0.00 3.88 0.00 (8.37) 0.00 (2.47)
Excited state Cy4HeClg

1 3.44 0.00 3.1 0.00 2.76 0.00 4.13 0.00

2(8) 3.72 0.00 3.31 0.00 2.95 0.00 4.18 (5.68) 0.00 (2.71)
3(9) 4.49 217 3.90 0.72 3.42 0.47 5.38 (5.68) 0.00 (2.71)
4(17) 4.49 217 3.90 0.72 3.42 (4.56) 0.47 (0.01) 5.49 (7.25) 0.00 (0.002)
5(18) 4.63 (6.10) 0.00(0.013) 4.17 (5.34) 0.00 (0.005) 3.62 (4.56) 0.00 (0.01) 5.49 (7.25) 0.00 (0.002)
6(19) 4.63 (6.10) 0.00 (0.013) 4.17 (5.34) 0.00 (0.005) 3.63 0.00 5.60 0.00

20 - - 5.34 0.005

21(22) - - 534 0.005 (4.62) (0.06)

23 - - 5.51 0.12 4.62 0.06

24 - - 5.51 0.12 - - 7.45 0.24

27 (25) 6.38 0.18 5.70 0.16 - - (7.45) (0.24)

28 6.38 0.18 5.70 0.16

31(37) - - - - (4.93) (0.08) 8.20 (8.69) (0.06) 2.50
32(38) 6.66 1.01 (5.85) (0.15) (4.93) (0.08) 8.20 (8.69) 2.50(0.06)
34(39) 6.66 1.01 (5.85) (0.15) - - (8.75) (0.42)

40 - - - - - - 8.75 0.42
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literature (4.3 eV) [31] obtained using B3LYP/def2-TZVP
method. The Eg,, and E¢ value did not change at all levels
of study. From Table 2, it is observed that when coronene
is doped with Cl (when we substitute 6 atoms of hydro-
gen with 6 atoms of chlorine), the E; decreases while E
values increases. Comparing the Eg values of C,,H¢Cl¢ and
C,,4Cl,, with that of coronene when doped with an atom
of Cl (C,,H;,Cl), with an atom of F (C,,H,,F) [31], with the
peripheral substitution of all hydrogen atoms by fluorine
atoms C,4F,, [30] and Co(coronene) [70] given in litera-
ture, our studies reveal that there is increase conductivity.
From our previous studies, we observed that the Eg val-
ues of C,,HCl; and C,,Cl,, are less than that of Coronene
doped with B, N, and BN [17]. As reported in literature,
the modification of polycyclic aromatic hydrocarbons
with strong electronegative substituent is an effective
approach for converting p-type organic semiconductors
to n-type [28-30]. Typically, n-type materials based on
polycyclic aromatic hydrocarbons are obtained by attach-
ing strong electron-withdrawing groups such as CN to the
conjugated core, or by replacing the peripheral hydrogens
with halogen atoms (in particular F and Cl) [29, 30] hence,
C,4HClg and C,,Cl;, can be used as n-type semiconduc-
tors. From our results, the calculated Eg value at all levels
of theory show that charge transfer occurs within these
molecules. The associated E, of the doped C;gH¢Cjg mol-
ecule is 2.59 eV which is within the range of electrochemi-
cally and optically Eg values of thin films (2.08-2.77 eV) as
documented in literature [71] while the Ej value of C,,Cl;,
molecule is 1.46 eV smaller than the E; values of thin films
and that of some inorganic semiconductors. Futhermore,
we observed that our E/ values for the doped coronene
are lower than that of potassium doped coronene [72]
reported in literature. Hence we can conclude that these
molecules have very good electronic, optoelectronic and
photonic applications.

The work function E; of the molecules reported was
obtained from the Fermi energy [17, 73] Er = Ejjomo + %
where ;oo is the energy of the highest occupied molec-
ular orbital and E,, is the band gap of the system. The
E; value for C,,H,, is =7.52 eV, —7.23 eV for C,,H,Cl, and
—-6.42 eV for C,,Cl;, molecule for all the methods. In gen-
eral, our study reveal that the complete substitution of the
peripheral hydrogen atoms with chlorine in the coronene
(C,4Cl;5) molecule gives rise to a decrease in ionization
energy, electron affinity, total electronic energy, electron-
egativity, LUMO-HOMO energy gap, chemical hardness
and an increase in the chemical softness, second order
hyperpolarizability, excitation wavelength, absorption
coefficient and the Fermi energy. Due to the large chemi-
cal softness of the molecules, it implies the molecules
have a high electrical conductivity since the chemical
softness is proportional to the magnitude of the electrical

conductivity with C,,Cl,, being a better conductor com-
pared to C,,H,, and C,,HCl,. The order of increase con-
ductivity is as follows: the conductivity of C,,Cl,, greater
than that of C,,HsCl, and that of C,,H,Cl is greater than
that of C,,H,,. From the above results, we observed an
improvement in the electronic, optoelectronic, linear and
nonlinear optical properties of chlorine substituted coro-
nene with those of C,,Cl;, being more pronounced com-
pare to those of C,,H.Cl,.

The HOMO and LUMO molecular orbital diagrams of
the molecules are shown in Fig. 2. The HOMO and LUMO
molecular orbital diagrams of the molecules C24H18,
C18H6CI6 and C,,Cl,, obtained using TD-wB97XD, TD-
B3LYP, TD-SVWN (LSDA) and TD-CCSD(T) methods with
the cc-pVDZ basis set are the same.

3.4 Excitation energy, oscillator strength and UV
spectrum

The computed first singlet-singlet permitted excitation
energies of unsubstituted and chlorinated coronene
as obtained by TD-DFT at the TD-wB97XD/cc-pVDZ,
TD-B3LYP/cc-pVDZ, TD-SVWN (LSDA)/cc-pVDZ and TD-
CCSD(T)/cc-pVDZ level of theory are reported in Table 2.
Only the values of the first 6 excitation energies of the
excited states with corresponding oscillator strength f
and all the excited energies with oscillator strength differ-
ent from zero were reported. TD-CCSD(T)/c-pVDZ method
gave the largest excited energies values with the corre-
sponding oscillator strength compared to the other meth-
ods for the molecules C,,H;, and C,,H,Cl,.

The spectra are reported in Figs. 3, 4 and 5. The sin-
glet-singlet excitation energies and the electronic spec-
tra in the visible/near-UV region (UV-vis spectra) were
obtained by performing TD-DFT calculations at the TD-
wB97XD/cc-pVDZ, TD-B3LYP/cc-pVDZ, TD-SVWN (LSDA)/
cc-pVDZ and TD-CCSD(T)/cc-pVDZ levels as employed for
the electronic ground-state. The frequency-space imple-
mentation of TD-DFT based on the linear response of the
density-matrix was used. Here the pole strengths cor-
respond to the oscillator strengths and the poles of the
linear response function correspond to vertical excitation
energies [30]. The required number of transitions and
electronic excitations are limited to the low-energy part
of the spectrum. Our restriction is based on the first 42 sin-
glet-singlet roots which are sufficient to cover the optical
window for each molecule in all the cases. The calculated
UV-Vis (vertical excitation) spectra of C,,H,, obtained with
the TD-wB97XD/cc-pVDZ, TD-B3LYP/cc-pVDZ, TD-SVWN
(LSDA)/cc-pVDZ and TD-CCSD(T)/cc-pVDZ methods are
shown in Fig. 3. Figure 4 gives the TD-wB97XD/ cc-pVDZ,
TD-B3LYP/ cc-pVDZ, TD-SVWN (LSDA)/ cc-pVDZ and TD-
CCSD(T)/cc-pVDZ UV-Vis Spectra of C24H6CI6 while the

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:1247 | https://doi.org/10.1007/542452-020-3028-1

Fig.3 TD-wB97XD, TD-B3LYP, 2.5x10°
TD-LSDA, TD-CCSD(T) UV-Vis
Spectrum of C,,H,, obtained
by employing the cc-pVDZ . WB97XD
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Fig.4 TD-wB97XD, TD-B3LYP, 2 5x10°
TD- LSDA, TD- CCSD(T) UV-Vis
Spectrum of C,,HCl, obtained )
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TD-wB97XD/ cc-pVDZ, TD-B3LYP/ cc-pVDZ, TD-SVWN
(LSDA)/ cc-pVDZ and TD-CCSD(T)/cc-pVDZ UV-Vis Spectra
of C,,Cl,, are given in Fig. 5.

The UV spectrum is made up of large bands which
correspond to the superposition of the electronic, vibra-
tional and rotational transitions. The electron transitions
are highly energetic, the vibrational transitions are weakly
energetic and the rotational transitions are more weakly
energetic. The spectra presented in Figs. 3,4 and 5 present
one or two maximum which correspond to the absorp-
tion coefficient corresponding to a maximum wavelength,
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Excitation Energy (nm)

which is more or less as a result of the electron delocali-
zation for organic molecules. The spectra of C,,H,, and
C,4HcClg present two maximum wavelengths while the
spectra of C,,Cl;, show one maximum wavelength. Epsi-
lon on the y-axis is a constant which is proportional to the
absorption coefficient. From our spectra, we observed that
the value of epsilon is higher for C,,Cl,, compare to that
of C,,H(Clg and C,,H,, at all level of theory. This implies
the wavelength and absorption coefficient are higher
when coronene is completely substituted by chlorine at
the peripheral.
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Fig.5 TD- wB97XD, TD- B3LYP, 2.5x10°
TD- LSDA, TD- CCSD(T) UV-Vis
Spectrum of C,,Cl,, obtained
by employing the cc-pVDZ 2:0510°
basis set
1.5x10°
5
&
1.0x10°
0.5x10°
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4 Conclusion

In this work we have investigated theoretically the elec-
tronic, optoelectronic, linear and non linear optical prop-
erties and UV-Vis Spectrum of Coronene and Coronene
substituted with Chlorine. By means of TD-wB97XD, TD-
B3LYP, TD-SVWN (LSDA) and TD-CCSD(T) calculations
we have quantized the effect of Coronene substituted
completely and partially with Chlorine on a series of key
molecular properties of interest for solid-state appli-
cations. We observed that the partial substitution of 6
peripheral hydrogen atoms with 6 Chlorine atoms in
coronene molecule gives rise to increase second order
hyperpolarizability, chemical softness, Fermi energy
while the ionization energy, electron affinity, chemical
hardness, LUMO-HOMO energy gap and dipole moment
decrease. The second order hyperpolarizability of the
molecule C,,H4Cl, obtained using the TD-wB97XD, TD-
B3LYP, TD-SVWN (LSDA) and TD-CCSD(T)) method is 2.67,
2.63,2.62 and 2.70 times greater than its corresponding
value of coronene respectively. Equally, EgKS and E, values
of C;gHeCjc are smaller than their corresponding values
obtained with C,,H;, molecule. Since most of the above
quantities change by approximately the same amount,
the corresponding quasi-particle corrected energy gap
is observed to vary slightly following chemical substitu-
tion for all the methods. Hence, the partial or complete
substitution of hydrogen atoms in coronene by chlorine
atoms or other atoms may give rise to interesting elec-
tronic, optoelectronic, linear and nonlinear optical prop-
erties of this molecule.

The large values of y,, and E; permit us to con-
clude that these molecules have very good linear and

100

150 200 250 300 350 400 450 500 550 600

Excitation Energy (nm)

nonlinear optical effects and hence can be used in lin-
ear and nonlinear materials which may have electronic,
optoelectronic and photonic applications.
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