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Abstract. In order to tune the optoelectronic and charge transfer properties of 4,6-di(thiophen-2-yl)pyrimidine (1),
some new compounds were designed, i.e., 4,6-bis(benzo[b]thiophen-2-yl)pyrimidine (2), 4,6-bis(naphtho[2,3-b]thiophen-2yl)pyrimidine (3), 4,6-bis(anthra[2,3-b]thiophen-2-yl)pyrimidine (4), 4,6-bis(tetraceno[2,3-b]thiophen-2-yl)pyrimidine (5)
and 4,6-bis(pentaceno[2,3-b]thiophen-2-yl)pyrimidine (6). Compounds 2–6 were designed by assimilation of benzene, naphthalene, anthracene, tetracene and pentacene, respectively at both ends of compound 1. Integration of oligocene end cores
reduces the energy gap resulting in a red shift in the absorption and ﬂuorescence emission spectra. The legible intra-molecular
charge transfer is signiﬁcant from electron-rich moieties to the electron-deﬁcient core (pyrimidine). The elongation of πconjugation led to escalate the electron afﬁnity, lower the ionization potential and hole reorganization energy. The hole
reorganization energies of compounds 3–6 exposed that these materials would be effective hole transport contenders to be
used in diverse semiconductor devices.
Keywords. Organic thin ﬁlm transistors (OTFTs); oligothiophenes; electron-deﬁcient core; electro-optical properties;
charge transfer.

1. Introduction
Recently, molecular electronics have gained increased interest
especially in research and development of organic semiconductors which are being expected as new low-cost, ﬂexible, lightweight, environment friendly, versatile and green
approach in nature [1–8]. Organic semiconductors can be
installed on several large area substrates at large scale
production by decreasing manufacturing costs. The development of organic semiconductor materials (OSMs) is being
under consideration for multifunctional purposes as organic
light-emitting diodes, organic thin ﬁlm transistors (OTFTs),
photovoltaics, photodiodes etc. [9–21]. Due to variable quantity of OSMs, it is possible to modify at the molecular level.
The design of speciﬁc materials with the desired energy
gap, absorption and emission wavelengths is also conceivable. In OTFTs, the mobility is an important parameter
which has already improved over the past ten years that is
comparable to amorphous silicon. The organic π-conjugated
materials especially acene-based molecules have signiﬁcant
research interest because of their prospective applications
in OTFTs and OFETs. Now, the enduring determination
is to enhance the carrier mobility of organic materials
[21–23].
The ﬁrst OTFT device was fabricated by polythiophene
[24] and then in 1989 a small organic π-conjugated material,

i.e., sexithiophene was used [25]. Since two decades a lot of
efforts has been emphasized on the thiophene and oligocenebased compounds to tune the optoelectronic and charge
transport properties [26–31]. Additionally, oligothiophenes
are also potential candidates for OTFT devices [32]. Hitherto,
an electron transfer rate and efﬁciency have been improved
by incorporating the electron-deﬁcient moiety (pyrimidine)
between the electron rich units [33,34].
Previously, functional properties of 4,6-di(thiophen-2-yl)
pyrimidine (1) were tuned by strengthening the electron rich
moieties, i.e., benzothiophene, naphthothiophene and anthrathiophene in 4,6-bis(benzo[b]thiophen-2-yl)pyrimidine (2),
4,6-bis(naphtho[2,3-b]thiophen-2-yl)pyrimidine (3) and 4,6bis(anthra[2,3-b]thiophen-2-yl)pyrimidine (4) [35]. In the
present study, two more derivatives have been designed,
i.e., 4,6-bis(tetraceno[2,3-b]thiophen-2-yl)pyrimidine (5) and
4,6-bis(pentaceno[2,3-b]thiophen-2-yl)pyrimidine (6) by incorporating the electron-deﬁcient core (pyrimidine) in between tetracenothiophene and pentacenothiophene, respectively.
Then various properties of interest were discussed and compared with the parent compound and its derivatives.
Among quantum chemical methods especially, density
functional theory (DFT) is a good way to rationalize the experimental data of known materials and to predict the geometries,
electronic, optical and charge transfer properties [36,37]. The
effect of oligocene substituents was examined on the highest
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Figure 1. The structures of DTP and its derivatives investigated in the presented study.

occupied molecular orbital energies (E HOMO ), the lowest
unoccupied molecular orbital energies (E LUMO ), the energy
gap (E g ; the difference between the E HOMO and E LUMO ),
absorption spectra (λabs ), ﬂuorescence emission spectra (λf ),
charge transport parameters, e.g., vertical/adiabatic ionization potentials (IPv/a ), vertical/adiabatic electron afﬁnities
(EAv/a ) and hole/electron reorganization energies (λh/e ) and
then compared with some reference compounds. The worthwhile information might shed some light towards the design
of further multifunctional OTFT materials, see ﬁgure 1.

2. Methodology
Previously, it has been found that upon ionization B3LYP
[38,39] of DFT [35,40–44] gave the best geometries as
compared to other functionals [45]. Also, the experimental geometries were reproduced by DFT at the B3LYP
[46] and 6-31G** basis set [47]. In the current study, the
ground state (S0 ) geometries of the neutral, anion and cation
were optimized at the B3LYP/6-31G** level. The frequency
calculations were performed at the same level to see the global
minima. Any imaginary frequency was found revealing that
the optimized geometries are the stable ones with the lowest

energy. The excited state (S1 ) geometries were optimized at
time-domain DFT (TDDFT) [48] at the TD-B3LYP/6-31G**
level. The energies of the frontier molecular orbitals at S1
were computed from the optimized geometries at the TDB3LYP/6-31G** level. Moreover, the TDDFT was proven
to be an efﬁcient approach to reproduce the experimental
λabs and λf [49]. The λabs and λf of the parent molecule (1)
at the TD-B3LYP/6-31G** level were observed at 327 and
353 nm which are in good agreement with the experimental
data, i.e., 329 and 378 nm respectively [50]. The λabs and λf
were calculated by applying the same level [51]. According
to the Marcus theory, the charge transfer rate can be deﬁned
as [52]:
W = V 2 / h(π/λkB T )1/2 exp(−λ/4kB T ),

(1)

where primary parameters are transfer integral (V ) and reorganization energy (λ); the ﬁrst term needs to be maximized
while the second one to be small for signiﬁcant transport.
(2)
The λ can be distributed into two terms, i.e., λ(1)
rel and λrel .
(1)
(2)
λrel and λrel are the energies of the geometry relaxation
from the neutral to charged state and vice versa, respectively
[53].
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(2)
λ = λ(1)
rel + λrel .
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(2)

In the present study, the λ was calculated as [54]:
(2)
λ = λ(1)
rel + λrel

= [E (1) (V +/− ) − E (0) (V +/− )]
+ [E (1) (V ) − E (0) (V )].

(3)

Here, E (0) (V ) and E (0) (V +/− ) are the energies (S0 ) of the
neutral and charged states, E (1) (V ) is the energy of the neutral at the optimized charged geometry and E (1) (V +/− ) is the
energy of the charged state at the optimized neutral geometry.
The IPa/v and EAa/v were calculated at the B3LYP/6-31G**
level. The calculations were executed by the Gaussian 16
package [55].

3. Results and discussion
3.1 Electronic properties
The calculated E HOMO , E LUMO and E g at S0 and S1 compounds (1–6) are illustrated in ﬁgure 2. The computed E HOMO
and E LUMO are: 1 (−6.19, −1.94), 2 (−5.95, −2.16), 3
(−5.46, −2.34), 4 (−5.08, −2.50), 5 (−4.79, −2.64) and 6
(−4.58, −2.78) eV, whereas the trend for E g is 1 (4.25) >
2 (3.79) > 3 (3.12) > 4 (2.58) > 5 (2.15) > 6 (1.80) eV.
It can be seen from ﬁgure 2 that by elongating the π-bridge
usually E HOMO increased while E LUMO decreased. The work
function (φ) of Al is 4.08 eV [56]. The electron/hole injection energies for 1 are around (2.14 eV = −1.94 − (−4.08))/
(2.11 eV = −4.08 − (−6.19)). Here −4.08, −1.94 and −6.19
eV are for φ of Al, LUMO and HOMO of DTP. The φ of gold
(Au) is 5.1 eV and electron/hole injection energies for 1 are
(3.16 eV = −1.94 − (−5.10))/(1.09 eV = −5.10 − (−6.19)).
Thus by depressing/rising the E LUMO /E HOMO level it would
be gentle to obtain better electron/hole injection strength. The
extension of oligocenes declines the electron injection barrier from Al/Au as 2 (1.48/2.50), 3 (1.74/2.76), 4 (1.58/2.60),
5 (1.44/2.46) and 6 (1.30/2.32). The hole injection barrier
decreases from 1 to 6 as the π-bridge expanded. The hole
injection barrier from Al/Au 2–6 is 1.87/0.85, 1.38/0.36,
1.00, 0.71 and 0.50 eV, respectively. It is accounted from
the E LUMO /E HOMO levels that the injection barrier would be
reduced for the electron/hole which is revealing that by elongating the bridge efﬁcient contenders as the electron/hole
transport would be expected.
Similarly, the trend for E g at S1 has been found as 1 (3.92)
> 2 (3.46) > 3 (2.89) > 4 (2.38) > 5 (1.91) > 6 (1.64) eV. It
was detected that the E g decreased by elongating the π-bridge
from benzene to pentacene, see ﬁgure 2. At S0 and S1 , the
formation of the HOMO charge density has been delocalized
on thiophene, benzothiophene, naphthothiophene, anthracenothiophene, tetracenothiophene and pentacenothiophene

Figure 2. HOMO energies, LUMO energies and HOMO–LUMO
energy gaps at ground states (top) and excited states (bottom).

in 1–6, respectively. The LUMO is distributed on whole of
the system. An intra-molecular charge transport has been
observed from side moieties to the pyrimidine units (ﬁgure 3).
3.2 Photophysical properties
The computed λabs , λf , oscillator strengths ( f ) and dominant
transitions at the TD-B3LYP/6-31G** level are illustrated in
ﬁgure 4. The λabs and λf of the parent molecule at the TDB3LYP/6-31G** level of theory have been observed at 327
and 353 nm which are in good agreement with the experimental data, i.e., 329 and 378 nm respectively [50]. The
considerable transitions are H→L and L→H for the absorption and emission, respectively. Additionally, the second peak
for the λabs and λf has been noticed at 280 and 292 nm with
the transitions from H−1→L+1 and L→H−1, respectively.
By introducing benzene at both the end cores the λa and λf
are being red shifted, i.e., 40 and 44 nm in 2 with the main
transitions from H→L and L→H, respectively compared to
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both ends of the parent molecule resulted in the red shift in
the λa and λf , i.e., 337 and 336 nm in 5 with the transitions
from H→L and L→H−1, respectively compared to 1. The
second peak has been noticed that is being 93 and 79 nm red
shifted compared to 1 with the transitions from H–2→L and
L+3→H, respectively. The introduction of pentacene at the
both ends of the parent molecule ensured a red shift in the λa
and λf , i.e., 468 and 467 nm in 6 with the transitions from
H→L and L→H−1, respectively compared to 1. The second
peak has been discerned which is being 222 and 227 nm red
shifted compared to 1 with the transitions from H→L+2 and
L+2→H, respectively.
3.3 Charge transport properties

Figure 3. Distribution pattern of the HOMOs and LUMOs of the
representative compound (4) at the ground state (left) and excited
state (right).

the parent molecule (1). Naphthalene at both the ends lead the
λa and λf towards the red shift, i.e., 123 and 134 nm in 3 with
the transitions from H→L and L→H, respectively compared
to 1. Another peak has also been observed in 3 which is being
28 and 16 nm red shifted than the parent molecule with the
transitions from H−2→L and L→H−2, respectively.
The fusion of anthracene at both the ends also led the λa
and λf towards the red shift, i.e., 220 and 241 nm in 4 with the
transitions from H→L and L→H, respectively compared to 1.
The second peak has been detected that is being 43 and 31 nm
red shifted compared to 1 with the transitions from H−2→L
and L→H−2, respectively. The addition of tetracene at the

To understand the charge transport abilities of the organic
compounds IP and EA play a signiﬁcant role. Usually, higher
EA and lower IP would lead to the higher electron and
hole transport, respectively. In the present study, we have
computed the IPa/v and EAa/v of all the compounds 1–6 at the
B3LYP/6-31G** level and shown in ﬁgure 5. The IPa (IPv )
values of 2–6 are 0.44 (0.48), 1.08 (1.14), 1.58 (1.65), 1.95
(2.02) and 2.23 (2.31) eV smaller than those of the parent compound, respectively. The EAa (EAv ) values of 2–6 are 0.43
(0.43), 0.75 (0.77), 1.02 (1.06), 1.27 (1.33) and 1.49 (1.56) eV
larger than those of the parent molecule, respectively. Here,
it can be found that by elongating the π-conjugation at both
the ends of 1, IP is being small while EA larger than the parent molecule. This observation revealed that it would lower
the charge injection barrier for the hole and electron in new
designed derivatives 2–6 resulting in improving the hole and
electron charge injection ability than the parent molecule.
There is another imperative parameter which help in comprehending the capability of a compound to transport the
charge in solid, i.e., reorganization energy (λ) [54,57]. Here,

Figure 4. The absorption (left) and ﬂuorescence emission spectra (right) of DTP and its derivatives.
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Figure 5. Graphical representation of IPv , IPa , EAv and EAa (left) while λ(h) and λ(e) (right) calculated at the B3LYP/631G** level of theory.

the hole and electron reorganization energies (λ(h) and λ(e))
have been calculated at the B3LYP/6-31G** level and are
shown in ﬁgure 5. The fusion of benzene, naphthalene,
anthracene, tetracene and pentacene at both the ends of
the parent molecule signiﬁcantly lower the λ(h) and λ(e).
The λ(h) and λ(e) of all the newly designed derivatives
have been compared with distinguished referenced compounds to understand the charge transport performance.
The computed values of λ(h) of 2–6 are 0.073, 0.137,
0.146, 0.146 and 0.159 eV smaller than those of the parent molecule, respectively revealing that by elongating the
π-bridge would lead to enhance the hole transport properties. However, the λ(e) values of 2–6 are 0.006, 0.041,
0.091, 0.121 and 0.150 eV smaller than those of the parent
molecule, respectively illuminating that by extending the πbridge would lead to boost up the electron transport properties.
Additionally, the computed λ(h) values of 1–6 are smaller
than the λ(e) enlightening that all the studied compounds
might be better hole transport materials than the electron
ones.
The λ(h) of benzo[1,2-b:5,4-b0 ]dithiophene, naphtho[2,
3-b:6,7-b0 ]dithiophene, naphtho[2,3-b:7,6-b0 ]dithiophene,
anthra[2,3-b:7,8-b0 ]dithiophene, anthra[2,3-b:8,7-b0 ]dithioand
phene,
thieno[2,3- f :5,4- f 0 ]bis[1]benzothiophene
thieno[3,2- f :4,5- f 0 ]bis[1]benzothiophene are 0.108, 0.106,
0.100, 0.096, 0.094, 0.118 and 0.146 eV [58]. The λ(h) of 3
is 43, 41, 35, 31, 29, 53, 81; 4 and 5 are 52, 50, 44, 40, 38, 62
and 90; 6 is 65, 63, 57, 53, 51, 75 and 103 meV smaller than
the λ(h) of benzo[1,2-b:5,4-b0 ]dithiophene, naphtho[2,3-b:6,
7-b0 ]dithiophene, naphtho[2,3-b:7,6-b0 ]dithiophene, anthra
[2,3-b:7,8-b0 ]dithiophene, anthra[2,3-b:8,7-b0 ]dithiophene,
thieno[2,3- f :5,4- f 0 ]bis[1]benzothiophene and thieno[3,2f :4,5- f 0 ]bis[1]benzothiophene, respectively [58]. Pentacene

is an efﬁcient hole transport material which is being used
in OTFT devices. Gruhn et al [59] concluded that the reorganization energy is the important parameter which allows
pentacene to prove the predominantly greater mobility. Previously, the λ(h) of pentacene was calculated to be 0.098 eV
[60]. It can be seen from ﬁgure 5 that the λ(h) values of 3–6 are
33, 42, 42 and 55 meV smaller than those of the referenced
compound, i.e., pentacene, respectively showing that these
new designed materials might be good/commensurate hole
transfer contenders to pentacene. Furthermore, the computed
λ(e) of a renowned and frequently used electron transfer material meridional-tris(8-hydroxyquinolinato)aluminium (merAlq3) is 0.276 eV [61]. We found that the λ(e) values of 1–6
are 48, 54, 89, 139, 169 and 198 meV smaller than mer-Alq3
specifying that electron mobility of these studied compounds
1–6 might be better/corresponding to mer-Alq3.

4. Conclusions
The incorporation of elongated π-bridge increased the HOMO
energy while decreased the LUMO energy values. The electron and hole injection barrier decrease as 2 > 3 > 4 > 5 > 6.
The energy gap is also decreased by elongating the π-bridge
from benzene to pentacene. An intra-molecular charge transport was observed from the oligocene to pyrimidine moiety.
By introducing the oligocene units at both the ends of DTP
leads to a red shift in the absorption and ﬂuorescence. The
fusion of oligocene at the end cores leads to reduction in the
IP and an increase in the EA values resulting in the development of hole and electron charge injection ability as compared
to the parent compound. The incorporation of benzene, naphthalene, anthracene, tetracene and pentacene at both the ends
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of DTP considerably lower the hole and electron reorganization energies as well. Based on the reorganization energy, it
seems that studied compounds might be better hole transport
materials. The hole reorganization energies of compounds
3–6 are 33, 42, 42 and 55 meV smaller than those of pentacene, respectively displaying that prior derivatives might be
good/comparable hole transport contenders to pentacene. The
electron reorganization energy values of 1–6 are 48, 54, 89,
139, 169 and 198 meV smaller than those of mer-Alq3 illuminating that electron mobility of compounds 1–6 might be
better/comparable to mer-Alq3.
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