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TUNING THE CHARGE TRANSFER AND OPTOELECTRONIC PROPERTIES OF 4,6-DI(THIOPHENE-2-YL)PYRIMIDINE
VIA OLIGOCENOTHIOPHENE SUBSTITUTION

Five new derivatives of 4,6-di(thiophen-2-yl)pyrimidine (DTP) were designed by structural modification with the aim to
tune the electro-optical and charge transfer properties. The effect of oligocene and oligocenothiophene incorporation/substitution
was investigated on various properties of interests. The smaller hole reorganization energy revealed that compounds 1-5 might be
good hole transfer contenders. The smaller hole reorganization energy of newly designed five DTP derivatives than the pentacene
showed that prior compounds might be good/comparable hole transfer materials than/to that of pentacene. The computed electron
reorganization energy of DTP derivatives 1-5 are 124, 185, 93, 95 and 189 meV smaller than the meridional-tris (8-hydroxyquino-
line) aluminum (mer-Alq3) illuminating that electron mobility of these derivatives might be better/comparable than/to referenced

compound.
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1. Introduction

Since the last three decades a lot of development has
been made in organic semiconductor devices. The organic
n-conjugated materials have been extensively studied due to their
potential applications in electronics and optoelectronics [1-4],
e.g., organic field-effect transistors (OFETSs), organic thin-film
transistors (OTFTs), organic light-emitting diodes (OLEDs),
photovoltaic and sensors [5-7]. In organic n-conjugated ma-
terials the electron-phonon interactions are equivalent to the
electronic interactions which can be addressed by reorgani-
zation energy (A) that is inversely proportional to the charge
transfer rate [8]. The charge transfer rate can be increased by
enhancing the intra-molecular charge transfer (ICT), minimiz-
ing the polarization and structural variation by incorporating
the electron-deficient moieties [9,10]. Small organic molecules
are mainly cost-effective, environmental friendly and ease to
fabricate [11]. Moreover, excellent electro-optical and charge
transfer properties can be achieved by chain alignment of small
organic molecules. The favorable chain conformation [12,13],
molecular structure with suitable highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
electron affinity (EA) and ionization potential (IP) of organic
molecules are particularly profitable for improved electronic
applications [ 14]. Polyacenes are utmost favorable molecules to

fabricate proficient OFETs [15,16]. Furthermore, the end groups,
m-conjugated cores and heteroatoms substitution are favorable
strategies to modify the small organic molecules and to control
the electrical properties [17].

In our previous study, it has been shown that 4,6-di(thiophen-
2-yl)pyrimidine (DTP) is a good building block to design effi-
cient optoelectronic materials [18]. With the aim to tune the
electro-optical and charge transfer properties, thiophene and oli-
gocene moieties have been incorporated on DTP by chain align-
ment technique. Here, five new star shaped systems have been
designed by structural modification the longitudinal wings, i.e.,

(2,5-di(thiophen-2-y1)-4,6-di

(tetracenothiophen-2-yl)pyrimidine) (1),

(2,5-di(benzothiophen-2-yl)-4,6-di

(tetracenothiophen-2-yl)pyrimidine)  (2),
2,5-di(naphthothiophen-2-yl)-4,6-di
(tetracenothiophen-2-yl)pyrimidine 3),
2,5-di(anthracenothiophen-2-yl)-4,6-di
(tetracenothiophen-2-yl)pyrimidine 4)
and

2,4,5,6-tetrakis(tetracenothiophen-2-yl)pyrimidine  (5),
see Fig. 1. The electronic properties (frontier molecular orbitals
(FMOs), total/partial density of states (T/PDOS) and molecular
electrostatic potentials (MEP)), optical properties (absorption
spectra (4,p,), fluorescence spectra (1), major contributions/
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transitions of excitations and charge transfer properties (ver-
tical/adiabatic EA (EAv/a, vertical/adiabatic IP (IPv/a), and
hole/electron reorganization energies (A(%)/A(e)) were studied
thoroughly.

2. Methodology

It is well-known that B3LYP is a sound functional of
density functional theory (DFT) [19-22] which reproduce the
experimental structural data than the other functionals [23].
Moreover, Petersson et al. showed that B3LYP functional [24]
and 6-31G** basis set [25] is reasonable for the reproduction
of structural parameters. Thus to keep in mind the reliability of
B3LYP/6-31G** level, here the ground state (S,) geometries of
the neutral, anion and cation were optimized at the same level.
The real frequency values of DTP and its derivatives 1-5 showed
that optimized structures are the stable ones with the lowest
energy which are reliable for further calculations. The excited
state (S7) geometries were optimized at time dependent DFT
(TDDFT) [26] at TD-B3LYP/6-31G** level of theory. Likewise,
the TDDFT was confirmed an effective approach to reproduce
the experimental absorption (4,) and fluorescence spectra (4y)
successfully [27, 28]. The 4, and A were computed by applying

LD

Fig. 1. The structures of DTP and its derivatives investigated in the presented study

the TD-B3LYP/6-31G** level of theory [29]. According to the
Marcus theory charge transfer rate can be defined as [30].

W = /h(w/ g T)"* exp(—A/4kgT) (1)

The transfer integral () and reorganization energy (1) are
noteworthy parameters which help to understand the charge
transfer behavior. Usually, ¢ needs to be maximized whereas 4
to be small for significant transfer. The /lr(el,) and /13,) are the main
parts of 4 which are geometry relaxation energy from neutral
to charged state and charged to neutral state, respectively [31].

=200+ 28 )

rel rel

The A can be evaluated as [32].
A= hyed + g = [EDL) ~ EOL )] +
+[EV(L) - EOL)] A3)

where, EO(L) is the S, energy of the neutral state, £O(L™") is
energy of charged states, V(L") is the energy of the charged
state at the geometry of the optimized neutral molecule and
EW(L) is the energy of the neutral molecule at the optimized
charged geometry. The B3LYP/6-31G** level of theory was used
to calculate the [Pa/v and EAa/v [33, 34]. All the calculations
were performed by Gaussian 09 package [35].



3. Results and discussion
3.1. Electronic properties

In Table 1, the energies of the FMO, i.e., HOMO/LUMO
energies (Egono/Erumo) and HOMO-LUMO energy gaps (£,)
have been tabulated. The calculated Eypu0/Er a0 of DTP were
—6.19/~1.94 at S and —6.02/-2.10 eV at S, respectively [18].
The computed Eyoro/Ervuo at the Sy of 1-5 are —4.65/-2.42,
—4.67/-2.46, —4.68/-2.48, —4.68/-2.49, and —4.68/-2.60 while
at S| —4.46/-2.68, —4.45/-2.64, —4.46/-2.65, —4.46/-2.66, and
—4.46/-2.68, respectively. It can be found that elongation of
oligocene core has moderate effect on the £, 4, of the S, which
decreases by increasing the oligocene moieties. The tendency in
the £, at the S, has been observed as DTP (4.25) > 1 (2.29) >
2(2.27)>3(2.25) > 4 (2.23) > 5 (2.16) eV. The E, is slightly
decreased after substituting the benzene, naphthalene, anthracene
and tetracene.

The electron injection energy (EIE) can be calculated as
LUMO energy — work of function Aluminum (i.e., 4.08 eV) [36].
The EIE in DTP is 2.14 eV = —1.94 — (—4.08). The calculated
EIEin1-5is 1.66, 1.62, 1.60, 1.59 and 1.48 eV, respectively. The
hole injection energy (HIE) for DTP can be calculated as 2.11
eV (=—4.08 — (—6.19)). The calculated HIE in 1-5is 0.57, 0.59,
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0.60, 0.60 and 0.60 eV, respectively. From these results, it can
be found that by lowering the LUMO energy level the electron
injection ability can be enhanced. Similarly, by increasing the
HOMO energy level hole injection ability can be improved.
Generally, by incorporating the oligocene moieties (elongation
of z-bridge) the hole and electron injection barrier of 1-5 reduced
as compared to the parent compound revealing that prior com-
pounds would be proficient hole and electron transfer materials
than the later one.

TABLE 1

The HOMO energies (Eyop0), LUMO energies (E;u0), and energy

gaps (Ey,,) of DTP and its derivatives (in €V) at the ground and first

excited states at the B3LYP/6-31G** and TD-B3LYP/6-31G** levels
of theory, respectively

Complexes Ground state First excited state
Eyomo | Erumo | *ELumosn| Es | Enomo|Erumo| E

DTP —6.19 | —1.94 425 | —6.02 | -2.10 | 3.92

1 —4.65 | 242 | 236 [229|-446|-2.68|1.78

2 —4.67 | 246 | 240 |2.27|-445|-2.64]|1.81

3 —4.68 | 248 | 243 |225| 446 |-2.65]|1.81

4 —4.68 | 249 | —2.45 [2.23" 4.46|-2.66|1.79

5 —4.68 | -2.60 | —-2.52 |2.16 | -4.46 | 2.68 |1.78

AEr uno+n 18 Epypo+ except for 4 where it means E; 30+, (contributing in
the major transition); bEgap between Epouo and Ep o4
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Fig. 2. Distribution pattern of the frontier molecular orbitals of the parent compound DTP and its derivatives 1-5 at the ground state
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The charge density distribution of FMOs for DTP and its de-
rivatives at the Sy and S| are illustrated in Fig. 2. At.S;, the HOMO
is mainly delocalized at thiophene moiety while LUMO is local-
ized at whole DTP compound revealing comprehensible ICT
from thiophene to pyrimidine ring. In 1, ICT was observed from
tetracenothiophene (HOMO-2) to pyrimidine ring (LUMO+1) for
the major transitions involved in absorption spectra. In 2, ICT
was observed from benzothiophene (HOMO-2) to pyrimidine
ring (LUMO+1) for the major transitions involved in absorp-
tion spectra. In 3, ICT was observed from tetracenothiophene
(HOMO) to pyrimidine ring (LUMO+1) for the major transitions
involved in absorption spectra. In 4, ICT was observed from
tetracenothiophene (HOMO) to anthracenothiophene side rings
as well as pyrimidine ring (LUMO+3) for the major transitions
involved in absorption spectra. In 5, ICT was observed from
tetracenothiophene (HOMO) to tetracenothiophene of side rings
as well as pyrimidine ring (LUMO+1) for the major transitions
involved in absorption spectra

3.2. Photophysical properties

The computed absorption wavelengths (4,) and fluores-
cence wavelengths (4y), oscillator strengths (f) and transitions
have been tabulated in Table 2. The calculated 4, and A, for
parent molecule DTP are 327 and 353 nm [18] which are in
good agreement with the experimental data, i.e., 329 and 378
nm, respectively [37]. The red shift of 94, 107, 308, 234 and
330 nm was noticed for 1-5 in the 4,, respectively. The major
transitions for 1-5 are H-2 —> L+1, H-2 > L+1, H—>L+1, H—>
L+3 and H —> L+1, respectively. The calculated A;values were
observed 48, 50, 234, 262 and 262 nm being red shifted than
the parent molecule DTP. The major transitions were observed
H-4 — [ and H-1 —> L+2 for 1 and 2 while H-1 — L for 3-5,
respectively. It can be found from Table 2, that the oligocene
incorporation significantly tune the optical properties. For all the
newly designed compounds broader peaks have been observed
revealing multiple orbitals participation in the excitation. On the
basis of maximum oscillator strength of fluorescence spectra,
it is expected that 1 and 2 might be violet, 3 yellow, 4 and 5 as
orange light emitter materials.

TABLE 2

Calculated absorption (4,) and fluorescence (4) in (nm) of DTP and
its derivatives at the TD-B3LYP/6-31G** level of theory®

Complexes f 2, | Transition f A | Transition
DTP 04158327 | H—>L |04326(353| H—>L
0.3545| 280 | H-1 = L+1|0.5006 | 292 | H-1—>L

1 0.1413 | 421 |H-2 > L+1|0.5977| 401 | H-4—>L

0.3107 | 403 | H-1 = L+2

2 0.1486 | 434 | H-2 —> L+1 01695 | 584 | 1 > 1

3 0.1053 | 635 | H—>L+1 |0.1725|587 | H-1—>L

4 0.1491 | 561 | H—>L+3 |0.2468 | 615 | H-1—>L

5 0.1664 | 657 | H—>L+1 |0.2448 | 615 | H-1—>1L

“The experimental absorption wavelength (4,) = 329 nm; emission wave-
length fluorescence (4;) = 378 nm from ref. [34]; /= Oscillator Strength

3.3. Charge transfer properties

The IP and EA are the noteworthy properties which would
help to understand the charge transfer barrier. Here, the IP and EA
were calculated at B3LYP/6-31G** level of theory and tabulated
in Table 3. In organic semiconducting devices higher EA would
lead to the higher electron transfer behavior while lower IP is very
essential to boost up the hole charge transfer capability. The [Pa/
IPv and EAa/EAv of studied compounds (1-5) were computed
and presented in Table 3. The [Pa/IPv and EAa/EAv of all the
studied compounds are smaller and larger than DTP, respectively
resulting lower the charge injection barrier revealing that newly
designed derivatives might have better hole and electron charge
injection ability than the parent molecule. The reorganization
energy is the quantity which is very important for estimation of
the ability to carry the charge in solid [32, 38]. The reorganization
energy values for electron A(e)/hole (%) calculated at B3LYP/6-
31G** level have been given in Table 3. The substantial effect
towards lowering the A(%) and A(e) have been perceived in all
the studied newly designed derivatives compared to the DTP.
The A(h) and A(e) of 1-5 have been compared with well-known
referenced compounds to shed some light on the charge transfer
behavior of newly designed derivatives. The computed values of
A(h) are 0.202, 0.061, 0.033, 0.065, 0.042 and 0.028 eV for DTP,
1, 2, 3, 4 and 5, respectively, whereas the A(e) were evaluated
as 0.228, 0.152, 0.091, 0.183, 0.181 and 0.087, respectively.
The smaller calculated values of A(%) compared to the A(e) are
revealing that all the newly designed derivatives might be good
as hole transfer materials. The A(h) of 1 is 47, 45, 39, 35, 33, 57,
85;21s 75,73, 67, 63, 61, 85, 113; 3is 51, 49, 43, 39, 37, 61,
89; 4 is 66, 64, 58, 54, 52, 76, 104; 5 is 80, 78, 72, 68, 90, 118
meV smaller than the A(k) of benzo[1,2-b:5,4-b%]dithiophene,
naphtho[2,3-b:6,7-b"]dithiophene, naphtho[2,3-b:7,6-b"]dith-
iophene, anthra[2,3-b:7,8-b"] dithiophene, anthra[2,3-b:8,7-b"]
dithiophene, thieno[2,3-f:5,4-f"]bis[1]benzothiophene and
thieno[3,2-f:4,5-f%]bis[ 1 Jbenzothiophene, respectively [18].
The pentacene is efficient hole transfer material. Gruhn et al.
showed that reorganization energy is the crucial component
that allows pentacene to vindicate the particularly higher hole
mobility [39]. The A(%) of pentacene was calculated 0.098 eV
[40]. From Table 3, it can be seen that the A(%) of newly designed
derivatives 1-5 are 37, 65, 33, 56 and 70 meV smaller than the

TABLE 3

The vertical and adiabatic ionization potentials (/P,/IP,), vertical and

adiabatic electronic affinities (£A4,/EA,), hole reorganization energies

A(h), and electron reorganization energies A(e) of DTP and its deriva-
tives (in eV) at the B3LYP/6-31G** level of theory

Complexes 1P, EA, IP, EA, A(h) Ae)
DTP 7.58 0.54 7.68 043 | 0.202 | 0.228

1 5.56 1.65 5.59 1.57 | 0.061 | 0.152

2 5.57 1.72 5.60 1.63 | 0.033 | 0.091

3 5.56 1.78 5.60 1.68 | 0.065 | 0.183

4 5.52 1.83 5.54 1.73 | 0.042 | 0.181

5 5.38 1.91 5.39 1.87 | 0.028 | 0.087




pentacene, respectively revealing that all the new designed DTP
derivatives might be good/comparable hole transfer materials to
pentacene. Additionally, the computed A(e) of well-known and
commonly used electron transfer material meridional-tris(8-
hydroxyquinoline)aluminum (mer-Alq3) is 0.276 eV [41]. We
found that the A(e) values of 1-5 are 124, 185, 93, 95 and 189
meV smaller than the mer-Alq3) indicating that electron mobility
of these derivatives might be better/comparable with mer-Alq3.
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3.4. Density of states

For comprehensive understanding of the electronic struc-
tures, we have calculated explicit contributions for the individual
parts in the form of their TDOS and PDOS shown in (see Fig. 3).
We describe two fragments for the parent DTP molecule; frag-
ment one is the central pyrimidine ring, while fragment two
contains two thiophene rings. On the other hand three fragments
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Fig. 3. Graphical representation of TDOS and PDOS for all derivatives
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have been defined for molecules 1-5; fragment one is the central
pyrimidine ring; fragment two contains benzothiophene, naph-
thothiophene, anthracenothiophene and tetracenothiophene for
1-5, respectively, whereas fragment three consists of the two
tetracenothiophene wings (see Fig. 3). The individual fragment
represents its contribution to the TDOS of the whole molecule
with different curves, see Fig. 3.

As shown in Fig. 3, for DTP, the major contribution from
the fragment one (central pyrimidine ring) is between —9 to —8
eV in valance bands and at—4 eV in conduction bands, similarly
the peaks from —12 to —6 ¢V in valance band and from 0 to 8 eV
in conduction bands are due to the fragment two. In derivative
1-5 the fragment 1 and the fragment 3 are same so they have the
similar kind of contribution in TDOS and PDOS for all deriva-
tives as shown in Fig. 3.

In derivative 1, the fragment two is contributing in lower
valance bands from —12 to —7 eV; while in conduction bands, the
peaks from 1 to 7 eV are also from thiophene rings of fragment
two. In derivative 2, the peaks between —14 to —6 eV in the val-
ance bands and the peaks from 0 to 7 eV in the conduction bands
are contribution from the fragment two (benzothiophen rings).
Similar kind of contribution has been observed for derivatives
3, 4 and 5 in valance as well as conduction bands with increased

Fig. 4. Molecular electrostatic potential surfaces of all molecules

intensity due to the enlargement of fragments two, which are
naphthothiophene, anthracenothiophene and tetracenothiophene
for derivatives 3, 4 and 5, respectively.

3.5. Molecular electrostatic potential

The Molecular electrostatic potential (MEP) is a convenient
property to investigate the reactivity of derivatives and mapped
for all derivatives as shown in Fig. 4. The pink color indicates the
higher negative regions that are advantageous for electrophilic
attack, while the green color specifies the maximum positive
potential regions and these are promising for nucleophilic
attack, respectively. The MEP decreases in the order blue >
green > yellow > orange > red, while the red color indicates the
strongest repulsion and the blue illustrates the ample attraction.
This MEP is actually a physical visible property, which could
be experimentally accomplished through diffraction approaches
[42,43] also by the computational methods. MEP exemplifies
the comprehensive distribution for electronic and nuclear charge
for a material and is very suitable feature for investigating the
reactivity of a certain derivative [44]. In all the derivatives we
witnessed that the maximum negative electrostatic potential is



scattered on the sulpher atoms only, that may be because of the
present lone pair at sulpher atoms (see Fig. 4). These results
reveal that the significant repulsion is at sulpher atoms whereas
the significant attraction is near nitrogen atoms.

4, Conclusions

The optoelectronic and charge transfer properties of DTP
were successfully tuned by introduction/incorporation and
elongation oligocene/oligocenothiophene core(s). The fusion of
benzene, naphthalene, anthracene and tetracene at side wings of
compound 1 also decrease the energy gap resulting tuning the
photophysical properties. The electron and hole injection abil-
ity was successfully enhanced by lowering the LUMO energy
level and incorporation the oligocene units. Comprehensible ICT
was observed from occupied to unoccupied molecular orbitals.
The experimental absorption and fluorescence spectra of parent
compound was successfully reproduced by TD-B3LYP/6-31G**
level of theory. It is anticipated that compounds 1 and 2 might
be violet, 3 yellow, 4 and 5 orange light emitters. The HOMO
energies, LUMO energies, [P and EA values showed that newly
designed derivatives would have superior hole and electron
charge injection ability than the parent compound. The smaller
A(h) values than A(e) revealed that newly designed compounds
would be good hole transfer contenders. The A(%) of newly de-
signed derivatives are smaller than the pentacene illuminating
that prior compounds might be good/comparable hole transfer
materials to that of pentacene. The A(e) values of 1-5 are also
smaller than the mer-Alq3 (an electron transfer materials) in-
dicating that electron mobility of earlier compounds might be
better/comparable with mer-Alq3. This quantum chemical study
would also help to design efficient optoelectronic and charge
transfer semiconducting materials.
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