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INTRODUCTION

The efficiency and effectiveness of organic electronic devices,
as well as their prospective uses, have recently been shown to
have the potential to increase energy consumption and output.
These electronic devices include electronic, optoelectronic and
photovoltaic applications [1-4], which have been commonly
used in sensors [5-7], photodetectors [8], transistors [9], organic
light-emitting diodes [10,11] and large-area integrated circuits
[12]. Organic compounds based on polycyclic aromatic hydro-
carbons are currently gaining popularity due to their potential
applications in nanotechnology and optoelectronics [13-17].
However, the optoelectronic properties of polycyclic aromatic
hydrocarbons are significantly influenced by their size, shape
and periphery substitution [18-22]. The insertion of hetero-
atoms like nitrogen into the polycyclic aromatic framework is
another effective method for improving their essential chemical
as well as physical characteristics, such as lowering the lowest
unoccupied molecular orbitals, efc. [23-26].

Bunz [27] investigated the electric properties and appli-
cation in electronic devices of larger linear N-heteroacenes,
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referred to as azaacenes. The results revealed that the insertion
of nitrogen atoms to the aromatic moiety of acenes stabilizes
their frontier molecular orbitals and raises their electron affinity.
Moreover, by increasing the number of nitrogen atoms, attaching
electronegative substituents and extending the m-perimeter on
azaacenes, increasing their electron affinity while reduction
potential decreases [27]. Moreover azaacenes, such as bis(tri-
isopropylsilylethynyl)-substituted tetraazapentacene with sym-
metrical properties, are extensively employed in organic field
effect transistors. However, smaller azaacenes are also effective
as organic light-emitting diodes (OLEDs).

Diazatetracenes and modified benzoquinoxalines compared
to pure tetracene are successful in improving electron injection
and OLED brightness. Furthermore, the addition of oligocene
units e.g. benzene, naphthalene, anthracene, tetracene, pentacene
and heptacene) attached at the end cores of 2,5-di(pyrimidine-
5-yl)thieno[3,2-b]thiophene results in the enhancement of the
optoelectronic properties as reported by Irfan et al. [28]. The
oligocene units are able to inject charges because their electron
affinity is high, while their ionization potential and energy
gap are low.
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The optical property suggest that these compounds might be
good near-infrared and visible emitters. Vidya & Chetti [29]
investigated the effects of polycyclic aromatic hydrocarbons
and heteroatomic bridges (N, S and O) on the optoelectronic
characteristics of 1,3,5-triazine based derivatives. Addition of
aromatic rings along the molecular axis in the Y-direction results
in an increase in the energy gap and a shift in the absorption
maxima towards the shorter wavelength while adding the
aromatic rings one after the other without a bridge along the
molecular axis in the X-direction decreases the energy gap and
shifts the absorption maxima towards the longer wavelength.
In another study, Tri et al. [30] examined the optoelectronic
properties of unsubstituted heptacene, its fluorinated derivatives
and thiophene, silol analogues. They found that unsubstituted
heptacene can be employed as a p-type semiconductor, whereas
fluorinated derivatives can be used as n-type semiconductors.
The electronic absorption shifting occurred towards red light
for fluorinated derivatives, blue light for thiophene derivatives
and red light for silol derivatives as compared to unsubstituted
heptacene.

The improvement of the optoelectronic properties of organic
materials, insertion of heteroatoms and periphery substitution
into the organic materials framework would be an excellent
agreement. In this work, we have designed six derivatives of
pentacene-tetrapyrrole (PTP) and investigated the effect of the
exchange position of the —NH group at the pentacene’s peri-
phery from inward to the outward and central benzene ring of
pentacene with nitrogen containing cyclic rings in pentacene-
tetrapyrrole molecules on the electronic properties, reactivity
indices, optical and thermodynamic properties. The DFT and

HN: /

TD-DFT approaches were used to calculate all of these prop-
erties at 6-311(d,p) in the gaseous state. TD-DFT/6-311(d,p)
was used to evaluate electronic properties, reactivity indices and
optical properties at plenty of functionals: B3SLYP, CAM-B3LYP,
B3PWO91, PBEPBE and WB97XD.

EXPERIMENTAL

Designed molecular structures: As in Fig. 1, four pyrrole
rings were affixed at the periphery of pentacene in PTP1 and
PTP2. The only difference between molecules PTP1 and PTP2
is that the -NH group presents inward and outward, respec-
tively. Furthermore, replace the central benzene ring of penta-
cene with nitrogen containing cyclic rings in pentacene-tetra-
pyrrole molecules (in PTP1 and PTP2). PTP3 and PTP5 mole-
cules develop with the help of PTP1 molecule, whilst PTP4
and PTP6 molecules are made with the help of PTP2 molecule
by substituting the core benzene ring of pentacene with nitrogen
containing cyclic rings in the PTP molecules. As aresult, PTP1,
PTP3 and PTP5 compounds have -NH groups facing inside
while PTP2, PTP4 and PTP6 compounds have -NH groups facing
outside. Furthermore, the effect of the swap of the NH group’s
position at the pentacene’s periphery from inward to outward
as well as the central benzene ring of pentacene with nitrogen
containing cyclic rings in PTP molecules, on electronic prop-
erties, reactivity indices, optical and thermodynamic properties
was investigated.

Computational methods: All calculations in this study
were carried out using the Gaussian software package [31]. The
structures of the designed PTP derivatives were optimized using
the molecular mechanics, semi-empirical approach at PM6 level

—_— ——
HN N NH
X
/
HN N NH
— PTP6 —_

Fig. 1. Structure of designed pentacene-tetrapyrrole (PTP) molecules
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and DFT method at B3LYP/6-311(d,p) levels of theory in gase-
ous state. Semiempirical and DFT approaches were used to
optimize the structure of the PTP derivatives with frequency,
resulting in the identification of structures at minima on the
potential energy surface. The thermodynamic characteristics
and electrostatic potential mapping of PTP derivatives were
determined using the DFT-optimized structures approach at
the B3LYP/6-311(d,p) theo-retical levels. The TD-DFT appr-
oach was employed on ground state optimized structures to
examine the frontiers molecular orbitals and optical properties
at a variety of functionals: B3LYP, CAM-B3LYP, B3PW91,
PBEPBE and WB97XD with 6-311 (d,p) basis set. Further-
more, using the frontiers molecular orbital energies, the energy
gap between frontiers molecular orbitals and chemical reactivity
indices was calculated. The Gauss Sum software [32] was used
to determine the total density of state results for PTP molecules.

Reactivity indices: The energy band gap is the difference
between the lowest unoccupied molecular orbitals (LUMO) and
the highest occupied molecular orbitals (HOMO), which can
be calculated using the following formula:

E; = ELumo — Exomo = IP — EA @))

The following formulas were employed to determine the
reactivity indices, which include ionization potential, electron
affinity, electronegativity, hardness, softness, chemical index,
electrophilicity index, electrodonating power, electroaccepting
power, net electrophilicity and nucleophilicity index:

The energies of the HOMO and LUMO orbitals were used
to calculate the ionization potential and electron affinity:

IP = _EHOMO (2)
EA = _ELUMO (3)
The chemical hardness was obtained by half of the energy

band gap [33], whereas the chemical softness is inversely related
to chemical hardness [34]:
_(IP-EA)
N 2
2

~(IP—EA)
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The electronegativity [33] and the chemical potential were
obtained using eqns. 6 and 7, respectively:

IP-EA
= (©)

IP+EA
H:_[ ) j:_X @)

The electrophilicity index was obtained using the following
formula [34,35]:

o= (®)

The electrodonating power, electroaccepting power and
net electrophilicity were obtained using rqn. 9-11, respectively
[36,37]:

__ BIP+EA)”
~16(IP—EA) )

o = IP+3EA)
"~ 16(IP—EA) (10)
0" =0 -(-0)=0"+o (11

The nucleophilicity index (NI) [38-41] was calculated
using the following formula:

NI =-IP (12)

RESULTS AND DISCUSSION

Optimized structures: The structures of pentacene-tetra-
pyrrole (PTP) molecules were initially optimized using molecular
mechanics, afterward reoptimized using the semi-empirical
approach at the PM6 functional and at last optimized using density
functional theory (DFT) using the 6-311(d,p) basis set/B3LYP
functional. These DFT-optimized structures contain zero imag-
inary frequency, indicating that they have been fully optimized
and identified on minimum-energy surfaces. Fig. 2 and Table-1
present the DFT-optimized structures and ground state energies
of PTP molecules, respectively. Replacement of the -NH group
from inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4

PTP1

PTP2

PTP3

PTP4

PTP5

PTP6
Fig. 2. DFT optimized structures of pentacene-tetrapyrrole (PTP) molecules using B3LYP/6-311(d,p) level
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TABLE-1
GROUND STATE TOTAL ENERGIES OF PTP
MOLECULES USING DFT/B3LYP/6-311(d,p) level

Compounds Ground state total energy (a.u)
PTP1 -1373.40548778
PTP2 -1373.39745537
PTP3 -1389.45159329
PTP4 -1389.44266066
PTP5 -1405.49397478
PTP6 -1405.48406968

and PTP6) increases the ground state energy. The ground state
energy decreases if the core benzene ring of pentacene in PTP1
and PTP2 is replaced by nitrogen containing cyclic rings (PTP3,
PTP4, PTPS and PTP6). The ground state energy order is as
follows: PTP2 > PTP1 > PTP4 > PTP3 > PTP6 > PTP5. The
predicted outcomes demonstrate that PTP5 molecule is the
most stable because it exhibits the lowest ground-state energy
among all the PTP molecules.

Electronic properties: The frontier molecular orbitals,
known as lowest unoccupied molecular orbitals (LUMO) and
highest occupied molecular orbitals (HOMO), play a crucial
role in optical and electrical properties [42]. In general, when
a molecule has a small energy gap between the HOMO and
LUMO, then it has more charge transfer tendency. The higher
the energy of HOMO, the easier it is to donate electrons and
lower the energy of LUMO, the easier it is to accept electrons.
The energies of frontier molecular orbitals and their electronic
density distribution patterns were computed using the TD-DFT/
6-311(d,p) level of theory at B3ALYP, CAM-B3LYP, B3PW91,
PBEPBE and WB97XD functionals in the gaseous phase and
the energy gap. In the B3LYP functional, the HOMO and LUMO
energies of PTP molecules are in order: PTP2 > PTP4 > PTP1

> PTP6 > PTP3 > PTPS5. The order of HOMO and LUMO
energies in CAM-B3LYP, B3PWO91, PBEPBE and WB97XD
functionals is the same as in B3LYP functional. The trend of the
HOMO-LUMO energy gap in B3LYP and CAM-B3LYP is
PTP2 > PTP4 > PTP6 > PTP1 > PTP3 > PTPS5 and PTP4 >
PTP2 > PTP1 > PTP6 > PTP3 > PTP5 whereas, order of the
HOMO-LUMO energy gap in PBEPBE is: PTP2 > PTP4 >
PTP1>PTP6 >PTP3 >PTP5. The order of the HOMO-LUMO
energy gap in B3PW91 and WB97XD functionals is the same
as in the B3LYP functional. The NH group is switched from
inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4 and
PTP6), which increases the HOMO-LUMO energy gap as well
as HOMO and LUMO (destabilized the HOMO and LUMO)
energy levels. PTP3/PTP4 and PTP5/PTP6 compounds show
lower HOMO, LUMO levels and reduced HOMO-LUMO energy
gap when the core benzene ring of pentacene in PTP1 and PTP2
is replaced by the nitrogen containing cyclic rings, pyridine
and pyrazine, respectively. Because of its strong electron-
withdrawing tendency and inductive effect, the nitrogen atom’s
insertion into the core benzene ring of pentacene in PTP1 and
PTP2 (benzene — pyridine) stabilized the frontier molecular
orbitals. The strong electronegativity of the nitrogen atom creates
an inductive effect that stabilizes the frontier molecular orbitals
when the number of nitrogen atoms increases (from benzene
— pyridine — pyrazine or benzene — pyrazine). The LUMO
energy of PTP molecules is greater than TiO, (4.01 eV) condu-
ction band [43] (Fig. 3), allowing electrons to freely pass through
the semiconductor substrate. Table-2 reveal that PTP5 molecule
has the highest charge transfer tendency among all PTP mole-
cules due to its lowered HOMO-LUMO energy gap. Further,
the core region of the compounds under study contains most
of the electronic density in the HOMO and LUMO (Fig. 4).
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Fig. 3. Energies of HOMO, LUMO and HOMO-LUMO gap of pentacene-tetrapyrrole (PTP) molecules at several functionals B3LYP, CAM-
B3LYP, B3PW91, PBEPBE and WB97XD using TD-DFT/6-311(d,p) level
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TABLE-2
ENERGIES OF HOMO, LUMO AND HOMO-LUMO GAP OF DESIGNED PTP MOLECULES AT SEVERAL
FUNCTIONALS B3LYP, CAM-B3LYP, B3PW91, PBEPBE AND WB97XD USING DFT/6-311(d,p) LEVEL
. IEHOMO ELUMO Eg IEHOMO ELU'MO Eg IEHOMO ELUMO Eg
Functionals
PTP1 PTP2 PTP3
B3LYP -4.461 -2.135 2.326 -4.191 -1.719 2.472 -4.668 -2.364 2.305
CAM-B3LYP -5.597 -1.208 4.388 -5.301 -0.747 4.554 -5.833 -1.457 4.376
B3PW91 -4.554 -2.224 2.330 -4.284 -1.806 2.478 -4.762 -2.454 2.308
PBEPBE -3.899 -2.563 1.336 -3.644 -2.181 1.463 -4.085 -2.773 1.312
WB97XD -6.155 -0.667 5.488 -5.856 -0.202 5.654 -6.393 -0.919 5.475
PTP4 PTP5 PTP6
B3LYP -4.422 -1.960 2.462 -4.836 -2.649 2.188 -4.602 -2.264 2.337
CAM-B3LYP -5.562 -1.001 4.560 -6.021 -1.769 4.252 -5.762 -1.324 4.438
B3PWI1 -4.516 -2.049 2.466 -4.930 -2.741 2.189 -4.695 -2.355 2.340
PBEPBE -3.852 -2.408 1.444 -4.237 -3.033 1.204 -4.016 -2.694 1.322
WB97XD -6.117 -0.459 5.658 -6.584 -1.236 5.348 -6.318 -0.784 5.534
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Fig. 4. Electron density distribution patterns of FMOs of PTP molecules using TD-DFTB3LYP/6-311(d,p) level

Density of states: The density of states for all designed
compounds in serval functionals viz. BALYP, CAM-B3LYP,
B3PW91, PBEPBE and WB97XD was estimated by employing
the Gauss Sum software [32]. The density of state graph for all
the PTP molecules is shown in Fig. 5. Consideration of both
occupied and empty molecular orbitals is taken into considera-
tion in this density of state analysis, which explains the validation
of FMO results and accounts for any electronic transition. The
density of states analysis for all the PTP molecules is quite
consistent with the FMO results.

Reactivity indices: Reactivity indices, which include ioni-
zation potential, electron affinity, electronegativity, hardness,
softness, chemical potential, electrophilicity index, electro-

donating power, electroaccepting power, net electrophilicity
and nucleophilicity index, are useful for analyzing the react-
ivity and stability of molecule. The results of reactivity indices
for PTP molecules are listed in Tables 3 and 4, respectively.
Ionization potential and electron affinity: The ability to
lose and gain electrons is investigated using the ionization pote-
ntial and electron affinity. Removing an electron becomes more
challenging as the ionization potential increases, while adding
an electron becomes more difficult as the electron affinity
decreases. The ionization potential and electron affinity at B3LYP,
CAM-B3LYP, B3PW91, PBEPBE and WB97XD functionals
in the gaseous phase were calculated using the energies of
frontier molecular orbitals. In the B3LYP functional, the ioni-
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Fig. 5. Density of state of PTP molecules at several functionals B3LYP, CAM-B3LYP, B3PW91, PBEPBE and WB97XD using Gauss Sum software

TABLE-3
REACTIVITY INDICES SUCH AS IONIZATION POTENTIAL, ELECTRON AFFINITY, ELECTRONEGATIVITY, CHEMICAL
POTENTIAL, HARDNESS AND SOFTNESS OF DESIGNED PTP MOLECULES AT SEVERAL FUNCTIONALS B3LYP,
CAM-B3LYP, B3PW91, PBEPBE AND WB97XD USING TD-DFT/6-311(d,p) LEVEL

Functionals 1P EA X = U § 1P EA X = l 5
PTP1 PTP2
B3LYP 4.461 2.135 3.298 -3.298 1.163 0.430 4.191 1.719 2.955 -2.955 1.236 0.405
CAM-B3LYP  5.597 1.208 3.402 -3.402 2.194 0.228 5.301 0.747 3.024 -3.024 2277 0.220
B3PW91 4.554 2224 3.389 -3.389 1.165 0.429 4.284 1.806 3.045 -3.045 1.239 0.404
PBEPBE 3.899 2.563 3.231 -3.231 0.668 0.749 3.644 2.181 2913 -2.913 0.731 0.684
WBI97XD 6.155 0.667 3.411 -3411 2.744 0.182 5.856 0.202 3.029 -3.029 2.827 0.177
PTP3 PTP4
B3LYP 4.668 2.364 3.516 -3.516 1.152 0.434 4.422 1.960 3.191 -3.191 1.231 0.406
CAM-B3LYP  5.833 1.457 3.645 -3.645 2.188 0.229 5.562 1.001 3.281 -3.281 2.280 0.219
B3PW91 4.762 2.454 3.608 -3.608 1.154 0.433 4.516 2.049 3.282 -3.282 1.233 0.406
PBEPBE 4.085 2.773 3.429 -3.429 0.656 0.762 3.852 2.408 3.130 -3.13 0.722 0.693
WBI97XD 6.393 0.919 3.656 -3.656 2.737 0.183 6.117 0.459 3.288 -3.288 2.829 0.177
PTP5 PTP6
B3LYP 4.836 2.649 3.742 -3.742 1.094 0.457 4.602 2.264 3.433 -3.433 1.169 0.428
CAM-B3LYP  6.021 1.769 3.895 -3.895 2.126 0.235 5.762 1.324 3.543 -3.543 2219 0.225
B3PWI1 4.930 2.741 3.835 -3.835 1.095 0.457 4.695 2.355 3.525 -3.525 1.170 0.427
PBEPBE 4.237 3.033 3.635 -3.635 0.602 0.831 4.016 2.694 3.355 -3.355 0.661 0.756
WBI97XD 6.584 1.236 3.910 -3.910 2.674 0.187 6.318 0.784 3.551 =391 2.767 0.181

zation potential and electron affinity of PTP derivatives are in
order: PTP2 < PTP4 < PTP1 < PTP6 < PTP3 < PTP5. The
order of the ionization potential and electron affinity in CAM-
B3LYP, B3PW91, PBEPBE and WB97XD functionals is the
same as in B3LYP functional. The -NH group is switched from

inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4 and
PTP6), which decreases the ionization potential and electron
affinity (Fig. 6). It suggests that more difficult to add an electron
and easier to remove an electron if the position of -NH group
is altered at the periphery of pentacene. The ionization potential
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TABLE-4
REACTIVITY INDICES SUCH AS ELECTROPHILICITY INDEX, ELECTRO-DONATING POWER, ELECTRO-ACCEPTING
POWER, NET ELECTROPHILICITY AND NUCLEOPHILICITY INDEX OF DESIGNED PTP MOLECULES AT
SEVERAL FUNCTIONALS B3LYP, CAM-B3LYP, B3PW91, PBEPBE AND WB97XD USING TD-DFT/6-311(d,p) LEVEL

. ® o+ (0= O+/— Nu [0} o+ - O+/— Nu
Functionals
PTP1 PTP2
B3LYP 4.677 6.345 12.941 19.286 -4.461 3.532 4.419 10.329 14.747 -4.191
CAM-B3LYP 2.638 2.422 9.229 11.651 -5.597 2.008 1.561 7.609 9.171 -5.301
B3PWI1 4.929 6.761 13.539 20.3 -4.554 3.742 4.748 10.838 15.586 -4.284
PBEPBE 7.814 12.564 19.026 31.59 -3.899 5.804 8.873 14.702 23.574 -3.644
WB97XD 2.120 1.515 8.337 9.852 -6.155 1.623 0.923 6.981 7.904 -5.856
PTP3 PTP4
B3LYP 5.364 7.503 14.535 22.038 -4.668 4.136 5.388 11.77 17.159 -4.422
CAM-B3LYP 3.036 2.974 10.264 13.238 -5.833 2.361 2.011 8.575 10.586 -5.562
B3PWI1 5.640 7.961 15.177 23.138 -4.762 4.368 5.763 12.331 18.094 -4.516
PBEPBE 8.962 14.659 21.517 36.176 -4.085 6.785 10.62 16.88 27.499 -3.852
WB97XD 2.442 1.912 9.224 11.136 -6.393 1911 1.241 7.817 9.057 -6.117
PTP5 PTP6
B3LYP 6.402 9.335 16.817 26.152 -4.836 5.042 6.941 13.807 20.748 -4.602
CAM-B3LYP 3.568 3.772 11.562 15.335 -6.021 2.828 2.669 9.755 12.423 -5.762
B3PWI1 6.716 9.875 17.542 27.417 -4.930 5.310 7.388 14.438 21.825 -4.695
PBEPBE 10.974 18.464 25.734 44.199 -4.237 8.514 13.839 20.549 34.388 -4.016
WB97XD 2.859 2.476 10.296 12.772 -6.584 2.279 1.698 8.8 10.498 -6.318
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Fig. 6. Ionization potential and electron affinity of PTP molecules at several functionals B3LYP, CAM-B3LYP, B3PW91, PBEPBE and

WB97XD using TD-DFT/6-311(d,p) level

and electron affinity increase if the core benzene ring of penta-
cene in PTP1 and PTP2 is replaced by nitrogen containing
cyclic rings i.e. pyridine and pyrazine (PTP3, PTP4, PTP5
and PTP6). The outcomes demonstrate that the PTP5 and PTP2
molecules are good donor and acceptor because they exhibit a
small ionization potential and high electron affinity among all
the PTP derivatives (Table-3).

Electronegativity and chemical potential: The electro-
negativity determines a molecule’s tendency to attract electrons,
whereas chemical potential represents an electron’s desire to
escape and is related to molecular electronegativity. The higher
the electronegativity, the greater the tendency to attract an electron,
but the lower the chemical potential, the more difficult it is to
lose an electron but easier to gain one. The electronegativity
and chemical potential of PTP derivatives in the B3LYP func-

tional are as follows: PTP2 < PTP4 < PTP1 < PTP6 < PTP3 <
PTP5 and PTP2 > PTP4 > PTP1 > PTP6 > PTP3 > PTPS. In
CAM-B3LYP, B3PW91, PBEPBE and WB97XD functionals,
the electronegativity and chemical potential are ordered in the
same pattern as in the B3LYP functional. The —NH group is
switched from inward (PTP1, PTP3 and PTP5) to outward
(PTP2, PTP4 and PTP6), which decreases the electronegativity
and increase the chemical potential (Fig. 7). It suggests that
more difficult to attract and gain an electron an electron if the
position of the -NH group is altered at the periphery of penta-
cene. Increased values of electronegativity and decrease the
values of chemical potential if the core benzene ring of pentacene
in PTP1 and PTP2 is replaced by nitrogen containing cyclic
rings i.e. pyridine and pyrazine (PTP3, PTP4, PTPS and PTP6)
(Table-3). The outcomes demonstrate that PTP5 molecule has
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Fig. 7. Electronegativity and chemical potential of PTP molecules at several functionals B3LYP, CAM-B3LYP, B3PW91, PBEPBE and
WB97XD using TD-DFT/6-311(d,p) level

greater tendency to attract and gain an electron easily because
it exhibits low chemical potential and high electronegativity
values among all the PTP molecules.

Hardness and softness: The HOMO-LUMO energy gap
is directly related to the chemical hardness. A harder molecule
is less reactive and more stable, which reduces the ability of
charge transfer. Chemical softness, on the other hand, has an
inverse relationship with hardness. A molecule becomes less
stable and more reactive as its softness increases, which enhances
charge transfer tendency. The hardness and softness at B3LYP,
CAM-B3LYP, B3PW91, PBEPBE and WB97XD functionals
in the gaseous phase. The hardness and softness of PTP mole-
cules in the B3LYP functional are as follows: PTP2 > PTP4 >
PTP6 > PTP1 > PTP3 > PTPS and PTP2 < PTP4 < PTP6 <
PTP1 < PTP3 < PTPS5. In CAM-B3LYP, B3PWO1, PBEPBE
and WB97XD functionals, the hardness and softness are ordered
in the same pattern as in the B3LYP functional. The -NH group
switches from inward (PTP1, PTP3 and PTP5) to outward
(PTP2, PTP4 and PTP6), decreasing softness while increasing
hardness. It suggests that changing the position of the -NH
group at the periphery of pentacene reduces charge transfer
tendency and reactivity. The results show that among all the
molecules based on PTP molecules, PTP2 molecule is less reac-
tive and more stable, which reduces the charge transfer ability
due to its hard character (Table-3). Among all the designed
molecules, PTP5 molecule is the softest, least stable and most
reactive, which increases the charge transfer ability.

Electrophilic character, electrodonating power, electro-
accepting power and nucleophilic character: Electrophilicity
index, electrodonating power, electroaccepting power, nucleo-
philicity index and electrophilicity at B3ALYP, CAM-B3LYP,
B3PW91, PBEPBE and WB97XD functionals in the gaseous
phase. A molecule with a high electrophilicity index and net
electrophilicity values has a good electrophilic character,
whereas a high nucleophilicity index value indicates a superior
nucleophilic character (Table-4). In the B3LYP functional, the
order of electrophilicity index, electrodonating power, electro-
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accepting power and net electrophilicity of PTP molecules are
as follows: PTP2 < PTP4 < PTP1 < PTP6 < PTP3 < PTP5 while
the order of nucleophilicity index is as occur: PTP5 < PTP3 <
PTP6 < PTP1 < PTP4 < PTP2. In CAM-B3LYP, B3PWO9I,
PBEPBE and WB97XD functionals, the electrophilicity index,
electrodonating power, electroaccepting power, net electro-
philicity and nucleophilicity index are ordered in the same pattern
as in the B3LYP functional. The —-NH group is switched from
inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4 and
PTP6), which decreases the electrophilicity index, electrodo-
nating power, electroaccepting power and net electrophilicity
while increases the nucleophilicity index. It implies that altering
the location of NH group on the perimeter of pentacene will
increase the nucleophilic and decrease the electrophilic chara-
cter. Increased the values of electrophilicity index, electro-
donating power, electroaccepting power and net electrophilicity
while decreasing the values of nucleophilicity index if the core
benzene ring of pentacene in PTP1 and PTP2 is replaced by
nitrogen containing cyclic rings i.e. pyridine and pyrazine
(PTP3, PTP4, PTP5 and PTP6). Among all the designed mole-
cules based on PTP, PTP5 molecule shows the highest electro-
philicity index, electrodonating power, electroaccepting power
and net electrophilicity values, indicating that it has a better
ability to attract and gain an electron with ease. However, out
of all the designed molecules, PTP2 molecule has a good nucleo-
philic character due to its large nucleophilicity index values.
Molecular electrostatic potentials mapping: The mole-
cular electrostatic potential mapping is an important aspect of
understanding the reactivity sites for electrophilic and nucleo-
philic attack [44-47]. By utilizing the DFT technique at 6-311
(d,p) basis set and the B3LYP functional, the mapping of the
molecular electrostatic potential of PTP molecules was deter-
mined. The electrostatic potential mapping is visible on the
surface of PTP based on red and blue hues (Fig. 8). The colour
blue represents the positive electrostatic potential or electron-
poor site, whereas red represents the negative electrostatic
potential or electron-rich site. As a result, blue (positive electro-
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Fig. 8. Molecular electrostatic potential mapping of PTP molecules using DFT/B3LYP/6-311(d,p) level

static potential) site prefers a nucleophilic attack, whereas red
(negative electrostatic potential) site prefers an electrophilic
attack.
The range of colour coding in the mapping for PTP mole-
cules is listed below:
PTP1 = -5.710e (deep red) to +5.710e (deep blue)
PTP2 = -7.767¢* (deep red) to +7.767¢* (deep blue)
PTP3 = -5.951¢? (deep red) to +5.951e* (deep blue)
PTP4 = -7.894¢ (deep red) to +7.894¢e (deep blue)
PTP5 = -5.533¢ (deep red) to +5.533¢e (deep blue)
PTP6 = -8.100e (deep red) to +8.100e (deep blue)
The analysis of molecular electrostatic potential mapping
for PTP molecules (Fig. 8) illustrates that red colour (negative
electrostatic potential site) is located on the nitrogen atom present
in pyridine (PTP3 and PTP4) and pyrazine rings (PTP5 and
PTP6), indicating that this site is preferred for an electrophilic
attack. On the other hand, the blue colour (positive electrostatic
potential site) is concentrated on the hydrogen atom attached
to the nitrogen i.e., the -NH group of the pyrrole rings at the
peripheral region of pentacene, implying that this site is more
appropriate for a nucleophilic attack in PTP molecules.
Optical properties: To understand the optical properties
of PTP molecules, the absorption wavelength, oscillation stre-
ngth, electronic transition energy and main transition with their
percentage contribution were estimated using TD-DFT/6-311
(d,p). To further investigate the effect of various functionals on
optical properties, TD-DFT calculations were done by various
B3LYP, CAM-B3LYP, B3PW91, PBEPBE and WB97XD
functionals utilizing DFT-optimized structures PTP molecules
which are shown in Table-5. The trend of absorption maximum
wavelength in B3LYP and WB97XD is PTP6 > PTP5 > PTP3
>PTP1 > PTP4 > PTP2 and PTP6 > PTP2 > PTP5 > PTP3 >
PTP1 > PTP4 whereas order of the HOMO-LUMO energy gap
in PBEPBE is: PTP2 > PTP4 > PTP1 > PTP6 > PTP3 > PTP5.
The order of the absorption maximum wavelength in CAM-

B3LYP, B3PW91 and PBEPBE functionals is the same as in the
B3LYP functional (Fig. 9). From the TD-DFT calculation results,
the absorption wavelength for the PTP1 compound is at 752
nm with 0.004 oscillating strength and 1.649 eV electronic
transition energy due to HOMO to LUMO (98%) transition.
A second excitation was at 538 nm with 0.239 oscillating
strength and 2.306 eV electronic transition energy due to
HOMO-1 to LUMO (82%) transition. For PTP2 compound,
the calculated absorption wavelength is observed at 687 nm
with 0.021 oscillating strength and 1.805 eV electronic
transition energy due to HOMO to LUMO (96%) transition
while second excitation was at 448 nm with 0.098 oscillating
strength and 2.765 eV electronic transition energy due to
HOMO-3 to LUMO (69%) and HOMO to LUMO+2 (30%)
transitions (Fig. 9). In PTP1 and PTP2 (position of -NH group
replacing inward to outward) compounds, the absorption maxi-
mum was observed at 538 nm and 448 nm i.e., towards the
shorter wavelength. The position of the -NH group is switched
from inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4
and PTP6), which shifts absorption maximum towards the
shorter wavelength for PTP1 and PTP3 while observed towards
the longer absorption maximum wavelength in case of PPT5.
Further, if the core benzene ring of pentacene in PTP1/PTP2
is replaced by nitrogen containing cyclic rings i.e. pyridine
and pyrazine i.e. PTP3/PTP4, PTP5/PTP6, then absorption
maximum was observed at 558 nm/458 nm and 590 nm/794
nm. The absorption maximum wavelength range lies in visible
from 447-794 nm in PBEPBE functional. Among all the PTP
molecules, the PTP6 molecule shows the largest absorption
maximum wavelength (lower excitation energy) among all the
investigated compounds.

Thermodynamic properties: The DFT/B3LYP/6-311(d,p)
methodology was used to determine the thermodynamic prop-
erties at | atm pressure and 298.15 K temperature of PTP mole-
cules. These properties included zero-point vibrational energies
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TABLE-5
OPTICAL PROPERTIES OF DESIGNED PTP MOLECULES AT SEVERAL FUNCTIONALS B3LYP, CAM-B3LYP,
B3PW91, PBEPBE AND WB97XD USING TD-DFT/6-311(d,p) LEVEL

Functional A f E., MT (%C;) s f E., MT (%C;)
PTP1 PTP2
B3LYP 630  0.009 1.968 H—L (100%) 583 0.036 2128 H-L (99%)
457 0261 2712 H-2-L (80%) 399 0.096  3.109 H-2-L (67%), HL+2 (32%)
CAM-B3LYP 514  0.022 2411 HL(98%) 485 0.068 2557 H-L (97%)
392 0218 3.165 H-1-L (69%), HSL+1 (23%) 362 0078 3422 H-2-L (60%), HL+2 (33%)
B3PW91 628  0.009 1974 H-L (100%) 581 0.037 2135 H—L (100%)
456 0261 2719 H-2-L (80%) 397 0092  3.120 H-2L (67%), HL+2 (32%)
PBEPBE 752 0.004 1.649 H—L (98%) 687 0021 1805 H-L (96%)
538 0239 2306 H-1-L (82%) 448  0.098 2765 H-3—L (69%), HL+2 (30%)
WB97XD 497  0.026 2496 H-L (96%) 471 0.075  2.633 H-L (96%)
383 0203 3233  H-1-L (65%), HoL+1 (23%) 358 0074 3464 H-2-L (58%), HL+2 (32%)
PTP3 PTP4
B3LYP 648  0.006 1913 H-L (100%) 506  0.031 2.081 H-L (99%)
514 0002 2413 H-1-L (97%) 485 0.002 2556 H-1-L (99%)
473 047  2.621 H2L (86%) 405 0313 3.061 H-2-L (79%)
CAM-B3LYP 520 0.016 2385 H—L (97%) 485 0.061 2555 H-L (97%)
408  0.025 3.038 H-2—L (62%), H-1-L (30%) 380 0005 3264 H-1-L (90%)
402 0518 3.084 H-2—L (28%), H-1—L (53%) 366 0.338  3.386 H-2—L (74%)
B3PW91 647  0.006 1.918 H-L (100%) 594 0.031  2.087 H-L (99%)
513 0002 2418 H-1-L (97%) 484  0.002 256 H-1-L (99%)
472 0472 2.627 H2-L (86%) 404 0311  3.072  H-2-L (79%)
PBEPBE 782 0.003 1.586 H—L (98%) 717 0017 1729 H-L (96%)
631 0001 1966 H-1-L (97%) 606  0.001  2.047 H-1-L (98%)
558 0371 2223  H2L (87%) 458 0262 2708  H-2-L (79%)
WB97XD 501  0.019 2477 H-L (96%) 470 0.068  2.639 H-L (95%)
394 0309 3.149 H-2-L (27%) 366 0.007 3385 H-1-L+2 (84%)
392 0231 3.159  H-1-L (56%), H-2—L (60%) 362 0335 3429 H2L (73%)
PTP5 PTP6
B3LYP 703  0.004 1.764 H—L (100%) 646 0023 1919 H-L (100%)
500 0.636 2478 H-2-L (92%) 434 0.001  2.856 H-4—L (99%)
CAM-B3LYP 553  0.011 2241 H-L (97%) 513 0.048 2417 H-L (96%)
423 0801 2929 H-1-L (87%) 381 0.001 325  H-6-L (94%)
B3PW91 702 0.004 1.766 H—L (100%) 645 0.023 1922 H-L (100%)
500  0.641 2482 H-2-L (92%) 442 0.001  2.807 H-4—L (99%)
PBEPBE 858  0.001 1.445 H-L (98%) 794  0.012 1.563 H-L (97%)
590 0.48 2102 H-2—L (90%) 550  0.001 2256 H-2—L (100%)
WB97XD 531 0013 2337 H-L (96%) 495 0.054 2506 H-L (94%)
414 0812 2998 H-1-L (84%) 380 0001  3.184 H-4—L (94%)

(ZPVE in kcal mol"), thermal energies (Er in kcal mol ™), heat
capacity at constant volume (C, in cal mol” K™), entropy (S in
cal mol” K, enthalpies (H in kcal mol ') and Gibbs free energies
(G in kcal mol™). The results of thermodynamic properties are
presented in Table-6. The order of zero-point vibrational ener-
gies, thermal energies and entropy are: PTP6 < PTP5 < PTP4 <
PTP3 < PTP2 < PTP1 and PTP5 < PTP3 < PTP6 < PTP1 <

PTP4 < PTP2 while trend of heat capacity at constant volume,
enthalpies and Gibbs free energies are as follows: PTP5 < PTP6
< PTP3 < PTP4 < PTP1 < PTP2. The —NH group is switched
from inward (PTP1, PTP3 and PTP5) to outward (PTP2, PTP4
and PTP6), which decreases the zero-point vibrational energies
and thermal energies while increasing the heat capacity at cons-
tant volume, entropy, enthalpies and Gibbs free energies. If

TABLE-6

THERMODYNAMIC PROPERTIES OF DESIGNED PTP MOLECULES COMPUTED USING DFT/B3LYP/6-311(d,p) LEVEL

Compounds ZPVE E; S H G
PTP1 251.978 266.982 102.013 162.882 -861558 -861607
PTP2 251.677 266.866 102.63 164.088 -861553 -861602
PTP3 244.788 259.636 100.77 161.993 -871635 -871683
PTP4 244.441 259.487 101.459 163.259 -871629 -871678
PTP5 237.398 252.107 99.715 161.069 -881709 -881757
PTP6 236.985 251912 100.512 162.546 -881703 -881751




Vol. 36, No. 9 (2024)

Theoretical Studies of Pentacene-Tetrapyrrole Derivatives using DFT Method 1999

104@ B3LYP il (b) CAM-B3LYP  —— PTP1 © B3PWOT — PP
1.01 ——PTP2 1.0 1 —— PTP2
~—— PTP3 ~—— PTP3
—~ 0.81 ~0.81 ——PTP4| ~0.8 —— PTP4
3 2 ——PTP5| 3 —— PTP5
® 0.6 5 0.6 ——PTP6[ 0.6+ — PTPE
(] (&) [$]
C c C
8 8 8
5 0.4 1 = 0.4 5 0.4
S 8 7]
< £ <
0.2 <0.21 0.21
0 - - v — - 0 . . 0 : T
300 400 500 600 700 800 900 300 400 500 600 700 300 450 600 750 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d PBEPBE —PTP1 e WB97XD == PTP1 900
1.0{@ Poa 1.04© o o [_IBaLvp
PTP3 P i 800 Il cAm-B3LYP
— [ B3Pwort
i ——PTP4 ] |
308 —prps| 308 —PTP4 700 [ PBePBE
e S ——PTP5| £ 6001 [ weo7xD
o 0.6 ® 0.61 £ ]
g £ - 500
£ 0.41 £ 0.4 < 4001
e 2
2 g 300 1
0.2 0.2 o004
0 ¥ T T . 0 e T 1007
400 600 800 1000 1200 300 400 500 600 700

Wavelength (nm)

Wavelength (nm)

BTP1 PTP2 'PTP3 PTP4 PTPS TIPS

Fig. 9. Absorption spectra (a, b, c, d, e) and absorption maxima wavelength (f) of PTP molecules at several functionals B3LYP, CAM-
B3LYP, B3PW91, PBEPBE and WB97XD using DFT/6-311(d,p) level

the core benzene ring of pentacene in PTP1 and PTP2 is replaced
by nitrogen containing cyclic rings i.e. pyridine and pyrazine
(PTP3, PTP4, PTP5 and PTP6) then thermodynamic properties
decrease.

Conclusion

In this work, DFT and TD-DFT methodology at 6-311
(d,p) basis set have been used to perform all the calculations
for the theoretical study of the electronic properties, reactivity
indices, optical and thermodynamic properties of pentacene-
tetrapyrrole (PTP) molecules at several functionals B3LYP,
CAM-B3LYP, B3PWO91, PBEPBE and WB97XD. Because of
the smallest HOMO-LUMO energy gap, the PTP5 molecule
possesses the strongest charge transfer ability among all the
designed PTP molecules. The PTP5 and PTP2 molecules are
effective donors and acceptors due to their low ionization
potential as well as high electron affinity. The PTP5 molecule
has a higher tendency to attract and gain electrons than any
other pentacene-tetrapyrrole derivatives due to its low chemical
potential and high electronegativity values. The PTP5 molecule
is also the softest, least stable and most reactive, which increases
its charge transfer capabilities. The PTP5 molecule has the
highest electrophilicity index, electrodonating power, electro-
accepting power and net electrophilicity values, indicating that
it can attract and acquire electrons more easily. However, out
of all the molecules based on pentacene-tetrapyrrole, PTP2
molecule has a good nucleophilic character due to its nucleo-
philicity index values. The absorption maximum wavelength
range lies in visible from 447-794 nm (in PBEPBE functional).
The PTP6 molecule shows the largest absorption maximum
wavelength (lower excitation energy) among all the investigated

compounds. The results, in addition to this theoretical investi-
gation, contribute to the development of new organic materials
that contribute to the improvement of optoelectronic devices.
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