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Effect of Nitrogen Doping and Acene Cores Elongation
on Charge Transport and Electronic Nature
of Organic Semiconductor Materials: A DFT Study
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ABSTRACT: With the intention to tune the charge transport nature of preliminary 4,6-di(thiophen-
2-yl)pyrimidine (DTP) structure, six novel V-shaped organic semiconductor compounds were designed
by nitrogen doping and acene moieties elongation. Initially, the nitrogen atoms were doped in DTP
to design 4,6-bis-thiazol-2-yl-pyrimidine (1). Moreover, by [I-bridge elongation strategy,
4,6-bis-benzo[b]thiazol-2-yl-pyrimidine  (2), 4,6-bis(naphthothiazol-2-yl)pyrimidine (3), 4,6-
bis(anthracenothiazol-2-yl)pyrimidine  (4), 4,6-bis(tetracenothiazol-2-yl)pyrimidine (5), and
4,6-bis(pentacenothiazol-2-yl)pyrimidine (6) were designed by substituting various oligocenes
at both ends. The ground, as well as excited state structures, were optimized using density functional
theory (DFT) and time-dependent DFT at B3LYP/6-31G** and TD-B3LYP/6-31G** levels,
correspondingly. We explored their frontier molecular orbitals, electron injection aptitude, photo-
stability, lonization Energies (IE), electron affinity (EA), and reorganization energies. The bridge
elongation significantly elevates the EA while reducing the IE which would result in to decrease
in the injection barrier for electron and hole transport. Furthermore, acene cores elongation
expressively decreases the hole and electron reorganization energies as compared to frequently used
materials pentacene and tris(8-hydroxyquinolinato)aluminum (mer-Alg3) which revealed that newly
designed materials would be proficient to be used in p- and/or n-type semiconductor devices.

KEYWORDS: Organic semiconductors; Pentacene; tris(8-hydroxyquinolinato)aluminum; Charge
transport; Electronic properties

INTRODUCTION

The Organic Semiconductors Materials (OSMs) based on conversion, towards organic light-emitting diodes,
their carrier mobility have triggered research work to optoelectronic along with photovoltaics [1-4]. Recently
utilize compounds having applications for energy organic optoelectronics has evolved into numerous devices

* To whom correspondence should be addressed.

+E-mail: irfaahmad@gmail com

e Other Address: Research Center for Advanced Materials Science, King Khalid University, Abha 61413, P.O. Box 9004,
SAUDI ARABIA

1021-9986/2022/2/399-409 11/$/6.01

Research Article 399



Iran. J. Chem. Chem. Eng.

within Organic Light-Emitting Diodes (OLEDs), photovoltaics
along with Organic Field-Effect Transistors (OFETS) [5-10].
Marcus' theory explained OSMs, electrons, or hole polarons
cover the compounds with the hopping process. Aromatic
compounds gained too much interest from synthetic
as well as theoretical chemists [11] Based on their broad
range of applications as organic semiconductors [12, 13].
The recent research on Polycyclic Conjugated
Hydrocarbons (PCHSs) has broadened its application in the
organic electronics industry rapidly as well as to produce
new functional compounds instead of inorganic solids [14-17].
The extended conjugation, stable as well as optoelectronic
characteristics in PCHs (e.g., polyacenes) made them
interesting OSMs. Based on inherent instability-many
longer polyacenes dimerize and/or photooxidize easily
within atmospheric surroundings except adequately
stabilized [18]. Keeping in mind, the problems there is
a need to synthesize polyacene substituents having better
stability along with promising electronic characteristics.

To increase the charge carrier mobility values of OSMs
analogous to amorphous silicon, either quantum
proficiency of carrier generation because of light
absorption is significant. These problems determination
inhibited by their physical mechanisms and complications.
To clarify the provided experimental records the
computational analysis appeared extremely effective tool,
through the calculation of novel materials characteristics
along with unique functional systems designing. The
steady demand for computational potential as well as
advancement within complex software packages enabled
computational investigations on a diversity of organic
electronic substances along with systems that could be
extremely hard to access in recent years [19].

Currently, computational analyses have been carried out
to disclose the predicting strength with a first-principles
approach towards the evaluation of lonization Energy (IE)
among conjugated compounds. Based on recent applications
within photovoltaic devices the thiophene-based molecules
IE calculation gained extraordinary attention. These
modifications within the structure of these compounds
are considered the best approach to adjust charge transport as
well as the electro-optical properties of OSMs. The highest
occupied molecular orbital (Exomo) energy, absorption (Aans)
along with the energy of lowest unoccupied molecular orbital
(ELumo), reorganization energy (1), IE, and electron affinity
(EA) were used to probe OSMs characteristics.
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Density functional methods achieved high order
maturation as well as attributed excellent predictive power for
the calculation of molecular geometries along with formation
energies. The extension of these approaches appears naturally
over their original objective to address the non-equilibrium
transport procedures with single (or few) compounds as well as
to investigate their device operations. The DFT [20]
computations for such a purpose generally enable the
molecular system explanation with regard to electronic
properties. The electronic interactions are equivalent to
electron-phonon  correlations in w-conjugated organic
compounds that could be represented with A which is
inversely proportional to the rate of its charge transfer [21].
Intramolecular Charge Transfer (ICT) is used to enhance the
rate of charge transfer, reducing the structural deviation along
with  polarization  after  electron-deficient  groups
incorporation [22]. These environmentally friendly, cost-
effective, tiny organic compounds are usually easy to
manufacture [23]. Furthermore, these tiny organic
compounds after chain alignment accomplished wonderful
charge transport and electro-optical characteristics. The
enhanced electronic applications of these molecular structures
after promising chain conformation [24, 25], are extremely
fruitful with appropriate Exomo, ELumo, IE as well as EA [26].
For the fabrication of proficient OFETS, polyacenes
were considered highly favorable compounds [27, 28].
For the management of the electrical properties of these tiny
organic compounds, the m-conjugated cores, end groups
and substitution of heteroatoms are favorable approaches [13].
Moreover, to enhance the charge transport characteristics,
the introduction of various m-conjugated bridges within
designed compounds would be a nice approach.

Previously, we have displayed that 4,6-di(thiophen-2-
ylpyrimidine (DTP) is an excellent building block
to design efficient optoelectronic substances [22]. In order to
further adjust charge transport as well as electro-optical
characteristics, we designed different compounds. We
have planned six new systems with some structural
alteration through their ring size elongating as well as
nitrogen doping. The obtained products include the
following i.e., the nitrogen atoms were doped in DTP
to design 4,6-bis-thiazol-2-yl-pyrimidine (1). Moreover,
by n-bridge elongation strategy, 4,6-bis-benzo[b]thiazol-
2-yl-pyrimidine (2), 4,6-bis(naphthothiazol-2-yl)pyrimidine
3), 4,6-bis(anthracenothiazol-2-yl)pyrimidine 4,
4,6- bis(tetracenothiazol-2-yl)pyrimidine (5), and 4,6-
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Fig. 1: The structures of DTP and derivatives examined in the
current work.

bis(pentacenothiazol-2-yl)pyrimidine (6) were designed by
substituting various Oligocene at both ends, as shown in Fig. 1.
A new methodology was prescribed comprehensively
within the next section in detail. Furthermore, in the
“RESALTS AND DISCUSSION” section the electronic
properties, the distribution pattern of the frontier molecular
orbitals and energies of HOMO and LUMO, and charge
transport  characteristics ~ (vertical/adiabatic =~ EA,
vertical/adiabatic IE, and hole/electron A) are discussed.

METHODOLOGY

The standard DFT functional (B3LYP) established the
best explanation regarding geometry alterations upon
ionization [29] in ground state (So) optimization.
Currently, 6-31G** basis set [30] level using B3LYP [31]
functional were used for theoretical computations. The
TDDFT has been used for the Aaps calculation proving it as
an efficient methodology [32]. The charge transport
capability performs a central function within the various
organic layer(s). The recombination processes in the bulk
are supported by their higher-charge mobility in which
charges could be limited through organic—organic interfaces [33].
Marcus' theory is used for the measurement of the rate of
charge transfer as per equation 1 [34].

W =vZ/h(x ik, T) exp(-n/ak,T) 1)

The rates of self-exchange electron-transfer along
with their charge mobility used to calculate with two major
standards: (i) A, which should be small for significant
transport, along with (ii) neighboring compounds transfer
integral (V) or electronic coupling which should be
optimized. The term A characterizes the intensity regarding
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electron-phonon interactions (vibration) and it was
evaluated doubled compared with polaron localized
relaxation energy considering individual entity. The A unit

. . (1) (2)
may be segregated into two components: A" and 1 .

The relaxation energy geometry for one compound from
(1)

rel

neutral to charged state resembles 2 and relaxation

energy geometry from the same compound from charged

to neutral state corresponds to 1% [35].

rel

=21 @ )

rel rel

For 4, the two other terms were calculated with the help
of adiabatic potential energy surfaces directly. The
assessment of the two-component of / was determined
quickly in accordance with adiabatic potential energy
surfaces with the help of Eq. (2) [36].

k:kgl)+xle):[E(l)(ﬁ)—E(o)(L*)} + ®3)

[E(l)(L)—E(O)(L)}

In above Eg. (2,) the terms EQ(L), EQ(L*) represents
neutral ground-state energies (optimized) along with charged
ones. The E®(L) is neutral compound energy with optimized
charged geometry whereas EW(LY) is the energy of the
charged state with the geometry of the optimized neutral
compound. It is important to observe that surrounding
compounds' polarization impact along with the realignment
of their charges were ignored in order to reduce the theoretical
computational complications [37]. By using the theory of
B3LYP/6-31G** level, the values of EAa/v and IEa/v were
calculated. All computations analyses were performed with
the help of Gaussian16 software [38].

RESULTS AND DISCUSSION
Electronic properties

The computed values of energies of the frontier
molecular orbitals, i.e., HOMO/LUMO energies
(Enomo/ELumo) and their energy gaps (Egap) displayed
in Table 1. The estimated values of Erxomo/ELumo of DTP
were -6.19/-1.94 at ground state (So), respectively [39].
The computed Enomo/ELumo Of designed derivatives are
-6.60/-2.35, -6.46/-2.51, -5.73/-2.64, -5.24/-2.83, -4.91/-2.73
and -4.66/-2.92 at Sy, respectively. It can be observed that
nitrogen doping lowers the Enomo and Eiumo levels.
Additionally, ©-bridge elongation higher the Exomo While
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Fig. 2: Distribution pattern of the frontier molecular orbitals of studied compounds at ground states.
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Fig. 3: Distribution pattern of the HOMOs and LUMOs at excited states.
lower the ELumo levels resulting in reducing the Egap. This and ELuwo levels. Additionally, n-bridge elongation higher
strategy of integration would be helpful for designing the Enomo While lower the E_umo levels as compared to 1
p- as well as n-type efficient materials. The trend in the resulting to reduce Egap. The trend in the Egaps Was found as

Egaps Was found as DTP (4.25) = 1 (4.25) > 2 (3.95) > 3 DTP (3.92) > 1 (3.55) > 2 (3.31) > 3 (2.69) >4 (1.96) >

(3.09) > 4 (2.51) > 5 (2.08) > 6 (1.74) eV. The Egppis 5 (1.73) >6 (L51) eV.

significantly decreased after the incorporation of pentacene The Egp is significantly decreased after the
moieties at both ends from 4.25 to 1.74 eV. The estimated incorporation of pentacene moieties at both ends from 3.55
values of Eromo/ELumo 0f DTP were -6.02/-2.10 at the excited to 1.51 eV. It is anticipated that this approach of
state (S,), respectively [39]. The computed Enomo/ELumo assimilation would help design longer wavelengths and
of designed derivatives are -6.23/-2.68, -6.14/-2.83, -5.55/-2.86, efficient semiconductor materials.

-4.86/-2.90, -4.67/-2.94, and -4.51/-3.00 at S;, respectively. HOMOs and LUMOs formation patterns for studied
It can be observed that nitrogen doping lowers the Exomo compounds along with its derived compounds at Sp and S,
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Table 1: The ground and first excited states HOMO/LUMO energies (Enomo/ELumo), and their gaps (Egap) in €V calculated
at B3LYP/6-31G** and TD-B3LYP/6-31G** levels, respectively.

é Ground state First excited state )
Complexes
Eromo ELumo Egap Eromo ELumo Egap
DTP -6.19 -1.94 4.25 -6.02 -2.10 3.92
1 -6.60 -2.35 4.25 -6.23 -2.68 355
2 -6.46 -2.51 3.95 -6.14 -2.83 331
3 5.73 -2.64 3.09 -5.55 -2.86 2.69
4 -5.24 -2.73 251 -4.86 -2.90 1.96
5 -4.91 -2.83 2.08 -4.67 -2.94 1.73
_ 6 -4.66 -2.92 1.74 -4.51 -3.00 151 )
Table 2: The electron injection energy (EIE) and hole injection energy (HIE) (in eV) of DTP derivatives calculated
at B3LYP/6-31G** level.
Parameters DTP 1 2 3 4 5 6 A
HIE (Au) 1.09 1.50 1.36 0.63 0.14 -0.19 -0.44
EIE (Au) 3.16 2.75 2.59 2.46 237 227 2.18
HIE (Al) 211 2.52 2.38 1.65 1.16 0.83 0.58
_ EIE (Al) 2.14 1.73 157 1.44 1.35 1.25 1.16 )

were presented within Figs. 2 and 3. At Sy, in the formation
of HOMO charge has been delocalized on sides while
LUMO localized on the central electron-deficient ring.
In all studied molecules the Intra-molecular Charge
Transport (ICT) was perceived from occupied to
unoccupied molecular orbitals. At S;, HOMO charge
density is delocalized on the right moiety while LUMO is
localized at the central pyrimidine core.

The work functions (W) with regards Au and Al
electrodes are 5.10 and 4.08 eV, respectively [40]. From
this, we inspected hole/electron injection energies (HIE/EIE)
of DTP and derivatives (1-6) with respect to Au and Al
electrodes individually as (EIE = —E_umo — (-W of metal))
and (HIE = — W of metal — (~Enowmo). The results of
theoretical EIE revealed that 1-6 could show more
assistance for hole and electron injection when compared
with DTP. Furthermore, it can be observed that Al/Au may
be an appropriate electrode for its better ability towards
electron and hole injection for 1-4, respectively see Table 2.
When Al/Au electrode was used the EIE/HIE energy
hurdle are significantly lessened after Oligocene groups
incorporation. From the results, it is predicted that this

Research Article

method would be supportive of designing improved hole and
electron injection materials for semiconductor substances.

The essential parameters like Global Chemical
Reactivity Descriptors (GCRD) are used to figure out the
reactivity and structural stability. Currently, we have
computed GCRD theoretical parameters as for example
softness (S), electronegativity (), chemical potential (p),
chemical hardness (1) along with electrophilicity index (o)
values for DTP-derived products with the help of IE and
EA, see Table 3.

An approximation for absolute hardness 1} was developed
as given below[41-43]:

IE-EA
L 4)

Where IE is the vertical ionization energy and EA is the
vertical electron affinity.

Values of IE and EA calculated are given in Table 4. The
lower energy of IE corresponds to the more reactive
molecule in the reactions with electrophiles, while lower
EA energy is essential for molecular reactions with
nucleophiles [44].
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Table 3: The n, , S, x, and @ in eV of DTP and derivatives at B3LYP/6-31G** level.

é Parameters DTP 1 2 3 4 5 6 N
Hardness (1) 3.62 3.65 3.27 2.69 2.26 1.94 1.69
Potential (u) -4.06 -4.46 -4.44 -3.13 -3.94 -3.83 -3.77
Softness (S) 1.05 111 1.18 1.27 1.37 1.48 1.61
Electronegativity (x) 4.06 3.46 4.44 4.13 3.94 3.83 3.77

\_ Electrophilic index (®) 2.27 2.73 3.02 3.17 343 3.78 4.20 )

Hence, the hardness of any material is corresponds
to the gap between the IE and EA orbitals. If the energy
gap of HOMO-LUMO is larger then the molecule would
be harder [42].

1
n=;(EA—IE) (5)

The electronic chemical potential () of a molecule is
calculated by:

(IE+EA)

Sarey ”
The softness of a molecule is calculated by:

S=— @)
2n

The electronegativity of the molecule is calculated by:

C(IE+EA)

= — 8
ey ®
The electrophilicity index of the molecule is calculated by:
0=— ©)

The calculated values of GCRD such as #, 4, S, x, and
o for studied molecules are also presented in Table 3.

The 5 of the molecule is interrelated to aromaticity [45, 46].
The u expresses the electron tendency to get await from its
electronic cloud environment. The n value represents the
degree of impediment of the electronic cloud distortion
and stabilization energy values denote ®. The obtained
values of pu demonstrated the incorporation of acene
groups within the parent molecule, the tendency to provide
particles in newly designed derivatives (2-6) might be
smaller than DTP which can additionally increase the
stability.

404

Molecular Electrostatic Potential (MEP)

The MEP is an appropriate parameter to examine the
reactivity of different molecules and/or species. Actually,
MEP is a noticeable property that could be experimentally
evaluated through a diffraction spectrum [47, 48].
Furthermore, it might be explored through computational
resources. It also demonstrates the broad range of nuclear
and electronic charge allocation that is an applicable aspect
to figure out different species interactions. The color
displays in Fig. 4 showed designed derivatives MEP
mapped. Within MEP, the higher negative potential zones
indicated through the red color spot are helpful in order for
electrophilic substitution, while higher positive potential
zones showed with the blue color spot classify favorable
towards nucleophilic substitution attack. The positive
MEP reduces according to the following color ordering
blue > green > yellow > orange > red. The greater
repulsion was observed in red color areas whereas the blue
color area explained the adequate attraction for
nucleophilic attack and vice versa.

The negative electrostatic potential was found on the -
N atoms while the positive one was on hydrogen atoms.
It is anticipated that substantial repulsion would be at —N
atoms along with significant attraction toward hydrogen
atoms wherein nucleophilic attack occurs. Whereas for
instance, electrophilic substitution occurs, significant
repulsion could occur towards -H atoms along with notable
attraction would be at —N atoms, see Fig. 4. As a hole, by
elongating the side chains, e.g. 2-6 are showing more
negative electrostatic potential on entire systems in the
order 6 >5 >4 >3 > 2 > 1. Previously, the photostability
of organic compounds was discussed by considering
the MEP, ie. more electron potential might enhance
the photostability [49]. It was shown that the negative
potential of the compound might hinder the photooxidation
resulting to favor in improving the photostability [49].
It can be found in newly designed derivatives that by the chain
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-

Fig. 4. MEP of studied compounds.

elongation negative potential also increased at both sides
of the DTP which might make oxidation more difficult and
improve the photostability.

Charge transport properties

The EA and IE are remarkable characteristics that
would provide assistance to comprehend the charge
transport barrier. The IE and EA values were obtained with
B3LYP/6-31G** level computation studies and are exhibited
in Table 4. Among organic semiconducting substances,
the higher EA will give rise to greater electron transport
performance while lower IE is very important to boost up
the whole charge transport competency. The computed
adiabatic/vertical IE (IEa/IEv) and adiabatic/vertical EA
(EAa/EAV) of studied compounds (1-6) were presented
in Table 4.

The results showed that nitrogen doping in DTP
increased the IEqy, i.e., 420/440 meV while EAquy, i.e.,
410/380 meV for 1 as compared with DTP, respectively.
Furthermore, it can be observed that elongating the acene
cores at both ends lowers IEy, values as 370/400,
1220/1300, 1820/1910, 2250/2340, and 2560/2620 meV
for 2-6 as compared to compound 1, respectively. It can be
perceived that elongating the acene cores at both ends
considerably enhances the EAq, i.e., 360/360, 630/630,
830/870, 1020/1080, and 1190/1270 eV for 2-6 than that
of compound 1, correspondingly. The IEy, and EAan
of 2-6 are smaller and greater than 1, respectively resulting
in lessening the charge injection barrier. The obtained
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results revealed that designed derivatives (2-6) might have
better hole along with electron charge injection capability
compared with 1. The lower/higher IE/EA disclosed
the fact that these designed derivatives might be good p-
and n-type materials.

The extremely important parameter A is the quantity
that is used for the assessment of the substance's ability
to carry out a charge [36, 50]. The estimated A value at
B3LYP/6-31G** level for electron A(e)/hole A(h) is displayed
in Table 4. It can be seen that nitrogen doping in DTP
increases the A(h) and A(e), i.e., 37 and 65 meV,
respectively. One can see that acene fusion at both ends
helps to decrease the A(h) in designed compounds 2-6, i.e.,
52, 165, 177, 181, and 186 meV than that of 1. On other
hand, acene fusion at both ends also helps to decrease the
Ae) in designed compounds 3-6, i.e., 29, 87, 143, and 182
meV than that of 1. The A(h), as well as A(e), were
associated with well-known referenced compounds giving
an explanation of the charge transport behavior of newly
designed products. The computed A(h) is smaller as
compared to A(e) within studied systems disclosing that
these compounds may act as best hole transport candidates.
The A(h) of 3-6 are smaller than the anthra[2,3-b:7,8-b°]
dithiophene (A(h), 0.096) and anthra[2,3-b:8,7-b°]
dithiophene (A(h), 0.085) reference molecules [39] i.e.,
22,34, 38 and 43 meV as well as 11, 23, 27 and 32 meV,
respectively. The calculated results showed that
pentacene is a proficient hole transport substance.
Gruhn et al. exhibited that A is the crucial constituent that allows
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Table 4: The ionization energies, electronic affinities, reorganization energies (2 (h), and 2 (e)) (in eV) at the B3LYP/6-31G** level.

/ Complexes IEa EAa IEv EAv A (h) A(e) \
DTP 7.58 0.54 7.68 0.43 0.202 0.228
1 8.00 0.95 8.12 0.81 0.239 0.293
2 7.63 131 7.72 1.17 0.187 0.295
3 6.78 1.58 6.82 1.44 0.074 0.264
4 6.18 1.78 6.21 1.68 0.062 0.206
5 5.75 197 5.78 1.89 0.058 0.150
\ 6 5.44 2.14 5.46 2.08 0.053 0.111 /

pentacene to vindicate the particularly higher hole
mobility [51]. The value of A(h) of pentacene was
computed 0.098 eV [52]. The value of A(h) of anthracene,
naphthalene, along with tetracene at B3LYP/6-31G**
levels are 0.138, 0.186, and 0.114, respectively [53]. The
results of Table 4, showed that the A(h) of newly designed
products 3-6 are 24, 36, 40, and 45 meV smaller than
the pentacene, respectively enlightening that these newly
designed molecules could be excellent/comparable hole
transport substance as of pentacene. For the newly
designed molecules (3-6), A(h) is lower compared to
anthracene, naphthalene, tetracene as well as pentacene
which demonstrated that these compounds might act as
excellent hole transfer substances. Furthermore, the
computational A(e) of prominent used electron transport
material mer-Alg3, value is 0.276 eV [54]. The results
showed that values for A(e) of 3-6 are 10, 70, 126, and
165 meV lower than the mer-Alg3 demonstrating that
for these derivatives electron mobility values may be
enhanced/comparable with mer-Alg3. Thus, it is
anticipated that 3-6 would be efficient materials to be used
as p- and n-type in semiconductor devices.

CONCLUSIONS

The HOMO-LUMO energy gaps significantly
decreased after pentacene incorporation at both ends
of the parent compound revealed this approach of
assimilation would be helpful for designing materials with
longer wavelengths for semiconductors. The intra-
molecular charge transfer was observed from occupied to
unoccupied molecular orbitals at the ground as well as
excited states. The smaller the hole and electron injection
barriers, the smaller ionization energy and larger electron
affinity values of newly designed derivatives (3-6)
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revealing that these compounds would have good charge
transfer ability which can ultimately enhance the intrinsic
hole/electron mobility of semiconductors. The inclusion of
acene groups at both ends of the parent compound
significantly decreases the hole and electron reorganization
energy values. The newly designed compounds (3-6)
have smaller hole reorganization values compared with
the commonly used reference molecules anthra [2,3-b:7,8-h7]
dithiophene, anthra [2,3-b:8,7-b% dithiophene, anthracene,
naphthalene, tetracene as well as pentacene. The results
enlightening that our designed compounds should act as
excellent hole transfer materials that may be best/comparable
to frequently used p-type ones. These designed compounds
(3-6) also show smaller electron reorganization energy values
which exhibited that these may be best/comparable with
normally used n-type mer-Alg3. These results are revealing
that the newly designed compounds (3-6) would have a good
hole and electron intrinsic mobility and thus can be used in
semiconductor devices.
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