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Abstract

The effect of the electron-withdrawing fluorine, chlorine, and bromine atoms on the elec-
tronic and optical properties of crystalline tetrathienoanthracene and tetrathionoacridine
derivatives were investigated by dispersion-corrected density functional theory. Our results
also show that the position of sulfur atoms and the substitution of the CH group with a
nitrogen atom can improve the charge transport of the title compounds. In addition, slight
chemical modifications in the considered molecular derivatives makes smaller the molecular
band gaps that facilitates the hole and electron injections. Also the halogenation sub-
stituents enhances the hole and the electron transport of the tetrathienoanthracene and
tetrathionoacridine compounds. Based on our results, we propose a new set of promising
hole and electron transport materials.

Keywords: m-conjugated, Molecular crystal, Chemical modifications, Electronic structure,
Optical properties.

1. Introduction

Organic semiconductors (OSCs) are a class of materials that have a wide range of elec-
tronic device applications such as organic light-emitting diodes [1, 2, 3, 4, 5], organic field-
effect transistors [6, 7, 8, 9, 10, 11, 12], and organic photovoltaic cells [11, 13, 14, 15, 16, 17, 18,
19]. They can produce soft, lightweight, and mechanically flexible materials [20, 21, 22, 23].
The large and the complex design space of conjugated molecules as constituents and their
low manufacturing costs, provide a great opportunity for chemical design to achieve di-
verse physical and chemical properties which make them good alternatives to conventional
inorganic semiconductors such as silicon [24, 25, 26].

The development of n-type OSCs with high electron mobility has largely lagged behind
that of p-types ones and still faces the challenge of improving their operational stability due
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to the high injection barrier of electrons [27, 28]. On the account of this, a large number
of theoretical and experimental works were performed to develop high performance n OSCs
28, 29, 30]. Therefore, developing novel stable and efficient n-type materials is currently
a hot and challenging issue. One promising way to convert p to n type OSCs is the func-
tionalization of the p ones by attaching electron-withdrawing substituents such as fluorine,
chlorine, or bromine atoms [31, 32, 33, 34, 35]. Attaching electron-withdrawing substituents
to m-conjugated ring can lower the energy level of the lowest unoccupied molecular orbital
(LUMO) and provide stronger electron affinities, which will facilitate the injection of elec-
trons [29, 30]. Slight chemical modifications of organic molecules such as changing the
location of a heteroatom, introducing different substituents and alternative m-conjugated
cores are powerful molecular design tools to modulate their optical and electrochemical
performance [28, 36, 37, 38].

A wide range of m-conjugated materials (linear arenes, oligothiophenes, and their coun-
terparts) have been studied [39, 40, 41, 42, 43, 44, 45]. The charge carrier mobility in
organic materials generally increases with the extension of conjugation. Recently, Liu et al.
[46] synthesized a new heteroarene compound called tetrathienoanthracene (denoted here-
after TTAn-H) with enhanced 7-7 stacking and good geometrical stability [36, 47]. An
analogous structure with small change in the sulfur positions reported by Brusso et al. [32],
has shown different optical and electrochemical properties. On the other hand, Robertson
and collaborators have shown in recent study [48] that the substitution of the CH group
instead of the nitrogen atom in the aromatic core of TTAn-H (called tetrathionoacridine
denoted hereafter TTAc-H) reduces the frontier molecular energy levels and the molecular
energy band gap. It has been shown that the functionalization of TTAn-H and TTAc-H
with fluorine [28] and bromine [47, 37| atoms at the molecular level greatly changes the
charge transport, as indicated by X-ray, UV-vis and fluorescence spectroscopy, and scanning
tunneling microscopy (STM) studies [32, 47, 48].

Motivated by the interesting fact that a slight chemical modification of organic molecules
could induce different optical and electrochemical performance, the aim of this study is to
investigate the optical, electronic and transport properties of crystals of TTAn-H and TTAc-
H derivatives, and to study the effect of the change in the position of sulfur atoms as well as
electron-attracting substituents like fluorine, chlorine and bromine on their properties. In
this way, we aim to offer a new set of high-performing n/p type OSCs.

2. Computational details

Molecular and periodic density functional theory calculations were performed using the
SIESTA package that uses a basis set of strictly-localized atomic orbitals [49, 50, 51]. The
exchange and correlation potential was calculated within the generalized gradient approxi-
mation using the Perdew-Burke-Ernzerhof (PBE) formulation [52]. Norm-conserving pseu-
dopotentials of Troullier and Martins in their fully nonlocal form were employed to describe
the core electrons [53, 54]. The van der Waals interactions between molecules were included
within the Grimme approximation (PBE+D2) as implemented in SIESTA [55].



A double zeta polarization basis set, and an energy cutoff of 120 Ry were used for both
TTAn-H and TTAc-H isomers. The Kohn-Sham self-consistent total energy differences were
converged within 5x107% Hartree for both isolated and periodic calculations. Using the
Monkhorst-Pack scheme [56], the 2x5x2 and 2x2x2 k-points were used in the Brillouin-
zone integration for both TTAn-H and TTAc-H derivatives, respectively. In all isolated
molecular systems, the periodically repeated molecules were separated by 20 A of vacuum
in all space directions in order to avoid interactions between them. For the atomic relaxation,
we relaxed the positions of all the atoms of both isolated and periodic systems by annulling
the force on the atoms to within 107> Ry/ A. The real part of the dielectric function was
obtained using the Kramers-Kroning transformation, while the imaginary part is determined
by computing the different elements of the dipolar transition matrix between the occupied
and the unoccupied states [57].

3. Results and discussions

3.1. Structural Models

The TTAn-H and TTAc-H molecular systems and their substituents with F', Cl, and
Br atoms are shown in Figure 1. The TTAn-H molecule contains 36 atoms; 22 carbon, 4
sulfur, and 10 hydrogen atoms. The substitution of the CH group instead of the nitrogen
atom in the aromatic core “star-shaped” of TTAn-H molecule leads to the TTAc-H molecule
and therefore it contains 35 atoms; 4 sulfur, 21 carbon, 9 hydrogen and one nitrogen atoms.
Two molecular isomers for both TTAn-H and TTAc-H are considered in this work: (t-
TTAn-H, I-TTAn-H) and (t-TTAc-H, -TTAc-H), respectively, where the difference between
them is the sulfur positions (with Ry = Ry = R3 = Ry = H). For t-TTAn-H or t-TTAc-H,
the sulfur atoms are positioned inside, while for I-TTAn-H or I-TTAc-H, they are outside.
For each molecular structure, 3 derivatives have been generated by introducing fluorine
(denoted hereafter TTAn-F or TTAc-F), chlorine (denoted hereafter TTAn-Cl or TTAc-Cl),
and bromine (denoted hereafter TTAn-Br or TTAc-Br) substituents at four positions; (R
=Ry=R3y=Ry=F), (R =Ry=R3 =Ry =2Cl), and (R, = Ry = R3 = Ry = Br),
respectively.

After finding the most stable isolated molecular structures for both TTAn-H and TTAc-
H and their derivatives, we have optimized their crystal structures using their total energies
taking into account the weak van der Waals interactions between the molecules. Figure 2
shows the crystal structures of (t-TTAn-H, I-TTAn-H) and (t-TTAc-H, I-TTAc-H) deriva-
tives, while those of their substituted derivatives are given in the Supporting Information.
All the considered systems crystallizes in the monoclinic space group P2;/n. The crystal
structure of each derivative contains two stacked m-7 molecules in their unit cell slided along
the b axis, except for the brominated t-TTAn-H and TTAc-H (t-TTAn-Br and TTAc-Br)
isomers, which are along a and b axis (see Figure S1 in the Supporting Information).

Table 1 shows the cell dimensions of the considered derivatives and their equilibrium
intermolecular distances (S-S, Ri-S, R;-R;, and 7m-7 with R;—1.4 = F, Cl, and Br). Our
results show that the cell parameters are strongly affected by replacing the CH group with
a nitrogen atom on the aromatic ring of TTAn-H precursors, and by changing the sulfur
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t-TTAn-H :R=R~=R=R=H I'TTAn-H :R=R=R=R=H
t+-TTAn-F :R=R=R=R=F I-TTAn-F :R=R=R=R=F
t+TTAn-Cl: R=R,=R,=R=Cl I-TTAn-Cl : R=R=R,=R=Cl
t-TTAn-Br: R,= R,= R;= R,= Br I-TTAn-Br: R=R,=R,=R,=Br

t-TTAc-H : R,=R,=R,=R,=H LTTAeH :R;=R,=R;=R;=H
t+-TTAc-F :R=R,=R;=R,—=F I TTAc-F :R=R,=R,=R=F

t-TTAe-Cl : R,=R,=R,=R,=Cl LTTAcCl : R,= R,= R;= R,= Cl
t-TTAe-Br: R,= R,= R,= R,= Br I-TTAc-Br : R,= R,= R,= R,= Br

Figure 1: Geometrical structure of the molecular isomers of TTAn-H (t-TTAn-H and I-TTAn-H) and TTAc-
H (t-TTAc-H and 1-TTAc-H) and their substituents with F'; Cl and Br atoms: C atoms in dark-gray, S
atoms in orange, N atoms in cyan, R; atoms in blue, and H atoms in white.

positions. The calculated cell parameters for t-TTAn-H system are in agreement with the
experimental results [41] and slightly different for I-TTAn-H system, while there are no
experimental data for the other systems. On the other hand, when the sulfur positions are
inside the molecule, we found that the cell parameters are strongly modified by including
fluorine, chlorine, and bromine into the TTAn-H and TTAc-H precursors instead of hydrogen
atoms which is due probably due to the F-F, CIl-Cl, and Br-Br intermolecular interactions,
while when the sulfur atoms are positioned outside, a slight variation is observed.

The S-S intermolecular distances are found to be 3.70 A for both t-TTAn-H and I-TTAn-
H, and 3.66 A and 3.67 A for t-TTAc-H and -TTAc-H, respectively, with a slight variation of
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(d) -TTAc-H crystal

Figure 2: Top and side views of the crystal structure for both TTAn-H (t-TTAn-H: (a), -TTAn-H: (b)) and
TTAc-H (t-TTAc-H: (c), - TTAc-H: (d)) isomers: C atoms in dark-gray, S atoms in orange, N atoms in cyan,
and H atoms in white. The primitive cell of each crystal structure contains 2 molecules. The optimized S-S
and 7-7 intermolecular distances are shown in red and blue respectively.



Table 1: PBE+D2 calculated crystal cell parameters and equilibrium intermolecular distances (S-S, R-S,
R-R, and w-7 with R = F, Cl, and Br) for the hydrogenation, fluorination, chlorination, and bromination
of TTAn and TTAc derivatives. Experimental results when available, are also reported.

Crystal cell parameters Intermolecular distances

a(A) bA) ¢A) B |S-S(A) RS (A RR(A) nrx(A)

t-TTAn-H 11.40 510 14.34 92.00 | 3.70 - - 3.36
Exp4ll | 11.28 503 1431 9201 3.77 - - 3.35

t-TTAn-F 11.47 517 1440 92.02 | 3.69 2.76 2.88 3.39
t-TTAn-Cl 11.52  5.23 1455 9197 | 3.71 2.78 2.91 3.42
t-TTAn-Br 13.96 3.90 19.98 106.21 | 3.53 4.33 4.96 3.88
I-TTAn-H 12.05 4.96 1242 9758 | 3.70 - - 4.78
Exp4ll | 1238 526 12.80 97.75 | 3.72 _ _ 3.39

I-TTAn-F 12.09 4.97 1250 9758 | 3.71 3.03 2.68 4.79
-TTAn-Cl 12.15  5.02 1269 97.69 | 3.73 3.06 2.69 4.88
I-TTAn-Br 12.23 512 1269 97.75 | 3.76 3.13 2.75 4.98
t-TTAc-H 11.27 5.03 1430 92.01 | 3.66 - - 3.37
t-TTAc-F 11.32 507 14.36 91.99 | 3.68 2.84 2.88 3.40
t-TTAc-Cl 11.40 5.13 1442 9198 | 3.71 2.86 2.89 3.42
t-TTAc-Br 13.86 3.87 19.98 107.45| 3.37 3.86 5.01 3.86
I-TTAc-H 12.00 4.67 1221 9748 | 3.67 - - 4.53
-TTAc-F 12.00 4.74 1250 97.78 | 3.70 2.98 2.59 4.56
-TTAc-Cl 12.05 5.00 1249 9759 | 3.72 3.02 2.67 4.84
1-TTAc-Br 12.04 5.08 12.07 9755 | 3.74 3.05 2.72 4.04

0.03-0.04 A due to the replacement of the CH group by a nitrogen atom. These distances are
slightly affected by putting fluorine and chlorine instead of the hydrogen atoms. However,
for the brominated derivatives for both TTAn-H and TTAc-H, the S-S distances are strongly
affected with a value of 3.53 A and 3.76 A for t-TTAn-Br and I-TTAn-Br, respectively, and
much less for t-TTAc-Br and -TTAc-Br, 3.37 A and 3.74 A, respectively. The intermolecular
distances m-m are found to be 3.36 A and 4.78 A for t-TTAn-H and I-TTAn-H, respectively,
and 3.37 A and 4.53 A for TTAc-H isomers. These distances are significantly changed due
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to changing the sulfur positions and also by replacing the CH group with a nitrogen atom.
Our results show that the 7-7 intermolecular distances are strongly affected by introducing
chlorine and bromine atoms.

Table 1 shows that the intermolecular distances R-R between the different substituents
are similar for both TTAn-H and TTAc-H crystalline isomers. However, our calculated
results show that these distances are strongly influenced with the modification of the sulfur
positions. In particular, the Br-Br distances are found to be 4.96 A and 2.75 A for t-TTAn-
Br and I-TTAn-Br, respectively. While for t-TTAc-Br and 1-TTAc-Br, these distances are
equal to 5.01 A and 2.72 A, respectively. For the intermolecular interaction R-S, we found
that their distances are strongly influenced not only by modifying the sulfur positions, but
also by replacing the CH group with a nitrogen atom in the aromatic core of TTAn-H
isomers. In particular, the Br-S distances are found to be 4.33 A for t-TTAn-Br and 3.13
A for -'TTAn-Br, while for t-TTAc-Br and 1-TTAc-Br, are 3.86 A and 3.05 A, respectively.

4. Electronic properties
4.1. Density of states( DOSs)

t-TTAN-H FTTAN-H t-TTAC-H FTTAC-H

w
o

N
5}
!

H
5}
L

Density of states (states/eV)

Density of states (states/eV)

Density of states (states/eV) Density of states (states/eV)

E-Er(eV) E-Er(ev) E-Er(ev) E - Er (eV)

Figure 3: PBE+D2 computed density of states (DOSs) of the isolated and periodic structures (solid red
and dashed blue curves, respectively) for both TTAn-H and TTAc-H derivatives (t-TTAn-H, I-TTAn-H,
t-TTAc-H, and I-TTAc-H) and their substituents with fluorine, chlorine, and bromine atoms.

Figure 3 shows our computed DOSs for the isolated and molecular structures of TTAn-
H and TTAc-H isomers and their fluorinated, chlorinated, and brominated counterparts,
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and their band gaps are summarized in Table 2. By comparing the DOSs of the TTAn-H
and TTAc-H molecular isomers, we found that the shape and the position of occupied and
unoccupied peaks are strongly influenced by replacing the CH group with nitrogen in the
aromatic core of TTAn-H, and much less by changing the sulfur positions. The replacement
of the CH group with a nitrogen atom shows a shifting of the peaks of the occupied and
unoccupied states towards negative and positive energies, respectively. This increases the
band gap from 2.87 eV for t-TTAn-H isomer to 3.46 eV for t-TTAc-H one, and from 2.69 eV
for I'TTAn-H to 3.19 eV for I-TTAc-H. For both TTAn-H and TTAc-H isomers, our results
show a displacement of the peaks of occupied and unoccupied states to positive energies due
to the change of the sulfur positions. This result in a reduction of the band gap of about 0.18
eV and 0.27 eV for TTAn-H and TTAc-H isomers, respectively. The calculated molecular
band gaps are slightly different from those found in the literature [28, 36, 37], due probably
to the different functional used.

Table 2: PBE+D2 calculated band gaps for isolated and periodic structures for the hydrogenation, fluori-
nation, chlorination, and bromination of TTAn and TTAc derivatives (in eV).

Isomers Isolated Periodic Isomers Isolated Periodic
t-TTAn-H 2.87 1.94 I-TTAn-H 2.69 2.00
t-TTAn-F 2.47 2.03 I-TTAn-F 2.19 1.20
t-TTAn-Cl 2.60 1.96 I-TTAn-Cl 2.42 1.26
t-TTAn-Br 2.73 1.88 I-TTAn-Br 2.06 0.84
t-TTAc-H 3.46 2.03 I-TTAc-H 3.19 2.05
t-TTAc-F 3.10 1.72 I-TTAc-F 2.56 1.04
t-TTAc-Cl 3.29 1.92 I-TTAc-Cl 2.42 1.09
t-TTAc-Br 3.21 1.76 I-TTAc-Br 2.36 0.92

By comparing the DOSs of the isolated molecular systems, we found that the shape of
the occupied and unoccupied peaks is clearly modified by introducing F', Cl, and Br at
four positions into the TTAn-H and TTAc-H precursors. A displacement towards the higher
energies of the occupied states is noticed for the substituted derivatives of both t-TTAn-H
and t-TTAc-H precursors, while for those of -TTAn-H and 1-TTAc-H, the occupied and
unoccupied peaks are moved towards the Fermi level with respect to those of the precursors
ones. This reduces strongly the band gaps of the substituted -TTAn-H and 1-TTAc-H
derivatives, and much less for those of t-TTAn-H and t-TTAc-H ones. The band gaps are of
2.47, 2.60, and 2.73 eV for t-TTAn-F, t-TTAn-Cl, and t-TTAn-Br, respectively, and 2.19,
2.42, and 2.06 eV for -TTAn-F, I-TTAn-Cl, and -TTAn-Br, respectively. The band gaps
of t-TTAc-F, t-TTAc-Cl, and t-TTAc-Br are of 3.10, 3.29, and 3.21 eV, respectively, while
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those of the substituted derivatives of I-TTAc-H, are 2.56, 2.42, and 2.36 eV. We found that
the modification of the sulfur positions and the substitution of the CH group with a nitrogen
atom have a strong effect on the molecular band gaps.

For the crystal structures of the four derivatives (t-TTAn-H, I-TTAn-H, t-TTAc-H, and
I-TTAc-H), most of the peaks of the occupied and unoccupied states are broadened. For t-
TTAn-H and t-TTAc-H crystals, the peaks mostly of the occupied states are displaced to the
Fermi level, while for I-TTAn-H and I-TTAc-H, both the occupied and the unoccupied peaks
are shifted. Therefore, we found that the band gaps of the periodic structures are reduced
compared to those of the isolated ones due to the intermolecular interactions between sulfur
atoms. The band gaps of t-TTAn-H and 1-TTAn-H crystals are found to be 1.94 and 2.00
eV, respectively, while for t-TTAc-H and 1-TTAc-H, are 2.03 and 2.05 eV, respectively.

The substitution of hydrogen by fluorine, chlorine, and bromine atoms shows also that
most of the occupied and unoccupied peaks are broadened and displaced towards the Fermi
level that depend not only on the sulfur sites but also on the F-F', Cl-Cl, and Br-Br
intermolecular interactions. This reduces the band gaps to 2.03, 1.96, and 1.88 eV for t-
TTAn-F, t-TTAn-Cl, and t-TTAn-Br, respectively, while for the substituted derivatives of
I-TTAn-H, they are 1.20, 1.26, and 0.84 eV, respectively. For fluorination, chlorination, and
bromination of the precursor t-TTAc-H, the band gaps are found to be 1.72, 1.92, and 1.76
eV, respectively, while those of the precursors I-TTAc-H, are 1.04, 1.09 eV, and 0.92 eV.
We found that the band gaps of the crystalline structures are strongly affected where the
sulfur atoms exposed outside which increases the S-S interactions. For both TTAn-H and
TTAc-H derivatives, the bromination has stronger effects compared to that of fluorination
and chlorination and leads to smaller band gaps. Our results show that changing the sulfur
positions, replacing the CH group with a nitrogen atom in the aromatic core of TTAn-H,
and the electronic properties, in particular the DOSs, are influenced by introducing F', C1,
and Br instead of hydrogen atoms. We conclude that the chemical modification in TTAn-H
and TTAc-H systems reduces the band gaps, which facilitates electron/hole injection.

We have plotted also the projected DOSs curves (see Figure S4 in the Supporting In-
formation) for the two most representative isomers (I-TTAn-Br and I-TTAc-Br) to indicate
the predominant contributions of the electronic states in the different regions of the valence
band and the conduction band. For the molecular structures, our results show that the top
of the valence band consists of the contribution mainly of carbon and bromine atoms for
both I-TTAn-Br and 1-TTAc-Br systems, while for the bottom of the conduction band is
the contribution of carbon and sulfur atoms for I-TTAn-Br, and carbon and bromine atoms
for I-'TTAc-Br. For the crystal structures, we found that mainly electronic states associated
with carbon and bromine atoms contribute to the top valence band, while the bottom of
the conduction band consists of electronic state contributions of carbon, bromine and sulfur
atoms.

4.2. Band structure

In general, the anisotropy in the electron and/or hole transport of such material can be
understood qualitatively by the appearance of either flat or dispersive bands. A significant
charge (electron/hole) carrier mobility is related to a large (conduction/valence) band, while
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Figure 4: PBE+D2 calculated band structure of crystal isomers of TTAn-H and TTAc-H and their fluori-
nated, chlorinated, and brominated derivatives.

a low mobility correlates with relatively a flat band [28, 36]. Figure 4 shows the computed
band structures of t-TTAn-H, I-TTAn-H, t-TTAc-H, and I-TTAc-H crystals and their deriva-
tives. Because the primitive unit cell of all considered derivatives contains two inequivalent
organic molecules, the conduction and the valence bands are doubly degenerated.

Our results show that both conduction and valence bands of t-TTAn-H are strongly
dispersive along the directions X D, I'A and I'B. We clearly observe that the valence bands
are larger than the conduction bands, which signifies that the holes mobility is greater
than the one of electrons, and therefore t-TTAn-H can act as a two-dimensional (2D) hole
transport material. For I-TTAn-H, the flat conduction and valence bands in all directions
suggesting very low electron and hole mobilities with respect to those of the t-TTAn-H
crystal. We conclude that the Sulfur-Sulfur interactions increased by modifying the sulfur
positions, plays a useful role in controlling the charge carrier transport. The substitution of
the CH group instead of the nitrogen atom in the aromatic core of t-TTAn-H reduces the
hole carrier mobility, and therefore the t-TTAc-H is an electron transport material. However,
the hole and electron transport properties of I-TTAc-H are not affected by this replacement
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in I-TTAn-H. We found that t-TTAn-H and t-TTAc-H are direct bandgap semiconductors.
Our results show that the replacement of CH group has significant effect on charge carrier
transport only where the sulfur atoms are positioned inside.

On the other hand, our results show that the introduction of bromine atoms enhances
the electron and hole mobility of the t-TTAn-H and t-TTAc-H precursors, respectively.
This suggest that t-TTAn-Br can act as an electron transport material, while t-TTAc-Br
is a hole transport one. We found that the chlorination of the t-TTAn-H and t-TTAc-H
precursors improves the electron transport of these systems. In addition, the chlorinated
substituent of t-TTAc-H shows an improvement in the dispersion of the valence band in
all directions. However, by introducing chlorine or bromine atoms into the I-TTAn-H and
I-TTAc-H precursors instead of the hydrogen atoms, our calculations show a large dispersion
of the valence band in different directions and therefore very high hole mobilities.

For t-TTAn-F, I-TTAn-F, and t-TTAc-F, the large conduction bands in all directions
suggests high electron mobilities, and that these crystals are electron organic materials.
The flat valence band of these materials in all directions suggests very low hole mobilities
compared with those of t-TTAn-H, I-TTAn-H, and t-TTAc-H. However, the fluorinated
derivative of I-TTAc-H shows a large dispersion of the valence band while the conduction
band is a flat, which indicates that I-TTAc-F can act as hole transport material.

We therefore deduce that the fluorine, chlorine, and bromine atoms introduced into the
TTAn-H and TTAc-H derivatives instead of the hydrogen atoms are very useful to control the
charge carrier transport. In particular, a large dispersive valence band in different directions
is observed by introducing the chlorine and bromine substituents in I-TTAn-H and I-TTAc-H
precursors, which is also characteristic of a number of chlorine- and bromine-bearing crystals
such as TIPbyBrs [58], TIPbyCls [59], and Tl3PbBrs [60]. On the other hand, we found that
the substitution of the CH group instead of the nitrogen atom in the aromatic ring of TTAn-
H precursors does not affect strongly the transport properties. To conclude, our results show
that t-TTAn-H, I-TTAn-Cl, I-TTAn-Br, t-TTAc-Br, I-TTAc-F, I-TTAc-Cl, and -TTAc-Br
are promising hole transport materials, while, t-TTAn-F, t-TTAn-Cl, t-TTAn-Br, - TTAn-F,
t-TTAc-H, t-TTAc-F, and t-TTAc-Cl are promising electron transport materials.

4.83. Optical properties

For such systems, the optical absorption properties are generally investigated by com-
puting the complex dielectric function:

e(w) = e1(w) +igs(w), (1)

where w is the frequency and e1(w) and e5(w) represent its real and imaginary parts, re-
spectively. Figure 5 shows the computed real and imaginary parts of the dielectric function
with energy. The static values of the real part of the dielectric function at w = 0 for the
hydrogenation, fluorination, chlorination, and bromination of TTAn and TTAc crystalline
isomers are summarized in Table 3.

According to the calculated values of £1(0) of t-TTAn-H, I-TTAn-H, t-TTAc-H, and I-
TTAc-H derivatives in Table 3, we found that t-TTAc-H has the largest €,(0) and therefore
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Figure 5: PBE+D2 calculated €;(w) (dashed blue curve) and e2(w) (solid red curve) as a function of
total energy in eV for the hydrogenation, fluorination, chlorination, and bromination of TTAn and TTAc
derivatives.

it shows the best optical screening, while I-TTAc-H has the lowest value and therefore it has
the poorest one. The static dielectric constant £ (0) of t-TTAn-H, I-TTAn-H, t-TTAc-H, and
I-TTAc-H isomers are found to be 3.90, 4.18, 5.94, and 2.68, respectively. The calculated
results show that the sulfur positions and the introduction of the CH group instead of a
nitrogen atom influences the optical properties.

The fluorination, chlorination, and bromination of both TTAn-H and TTAc-H derivatives
show good optical response. In all cases, attaching electron-withdrawing substituents to the
TTAn-H and TTAc-H isomers increases €1(0), except for the substituted derivatives of t-
TTAc-H, it decreases compared to the precursor one but it remains higher compared to
the other compounds. The static dielectric constant £1(0) of t-TTAn-F, t-TTAn-Cl, and t-
TTAn-Br are found to be 4.73, 5.13, and 4.77, respectively, while for -TTAn-H derivatives,
are 5.67, 5.52, and 5.58. For t-TTAc-H derivatives, the €,(0) are found to be 4.85, 5.10,
and 5.11 eV by replacing hydrogen with fluorine, chlorine, and bromine atoms, respectively,
while those of the I-TTAc-H derivatives, are 7.00, 5.28, and 4.22, respectively. Our results
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Table 3: PBE+D2 computed £1(0) for the hydrogenation, fluorination, chlorination, and bromination of
TTAn and TTAc derivatives.

Systems £1(0) Systems 1(0)
t-TTAn-H 3.90 I-TTAn-H 4.18
t-TTAn-F 4.73 I-TTAn-F 5.67
t-TTAn-Cl 5.13 I-TTAn-Cl1 5.52
t-TTAn-Br 4.77 I-TTAn-Br 5.58
t-TTAc-H 5.94 I-TTAc-H 2.68
t-TTAc-F 4.85 I-TTAc-F 7.00
t-TTAc-Cl 5.10 I-TTAc-Cl 5.28
t-TTAc-Br 5.11 I-TTAc-Br 4.22

show that I-TTAc-F has the best optical response.

The variation of €1 (w) and e9(w) (see Figure 5) shows mainly two peaks for all derivatives,
where the two peaks of the imaginary part. e;(w) shows oscillations up to 3.5 eV, then all
curves merge and the optical response becomes very low. On the other hand, it is shown that
for the best optical response, by replacing the hydrogen atoms with fluorine and bromine
into the TTP systems, the peaks of £1(w) and e5(w) are shifted towards lower energies with
respect to those of the precursor ones, while when they are shifted towards higher energies,
the optical response is weak. In this work, by introducing fluorine, chlorine, and bromine into
both TTAn-H and TTAc-H derivatives instead of hydrogen atoms, we found that the peaks
of the real and the imaginary parts of the dielectric function are shifted to lower energies
as compared to those of the precursor ones, and therefore they have good optical response.
Our results show that the most optimal optical response are obtained with the following
systems: t-TTAn-H, t-TTAn-F, t-TTAn-Cl, t-TTAn-Br, I-TTAn-F, I-TTAn-Cl, -TTAn-Br,
t-TTAc-H, t-TTAc-F, t-TTAc-Cl, t-TTAc-Br, I-TTAc-F, I-TTAc-Cl, and -TTAc-Br. The
optical absorption properties are consistent with the results obtained in the electronic part
(DOSs and band structure).

5. Conclusions

The electronic and optical properties of crystalline structures of the hydrogenation, flu-
orination, chlorination, and bromination of tetrathienoanthracene and tetrathionoacridine
derivatives are predicted by means of density functional theory. We have analyzed how
the position of the sulfur atoms, the replacement of the CH group with nitrogen and flu-
orination, chlorination, and bromination change the transport properties in TTAn-H and
TTAc-H derivatives. Our results show that the chemical modifications in TTAn-H and
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TTAc-H molecular derivatives reduces the gaps, which facilitate the hole and the electron
injections. We found that the location of the sulfur atoms has a strong effect on the band gap
of the crystalline structures. Also we showed that the replacement of fluorine, chlorine, and
bromine instead of the hydrogen atoms enhances the hole/electron transport of the TTAn-
H and TTAc-H precursors. Moreover, the chlorination and bromination of I-TTAn-H and
I-TTAc-H give rise to a large dispersing valence band in different directions and therefore a
very high hole mobility. The calculated band structures indicate that t-TTAn-H, I-TTAn-Cl,
I-TTAn-Br, t-TTAc-Br, I-TTAc-F, I-TTAc-Cl, and I-TTAc-Br are promising hole transport
materials, while, t-TTAn-F, t-TTAn-Cl, t-TTAn-Br, I-'TTAn-F, t-TTAc-H, t-TTAc-F, and
t-TTAc-Cl are promising electron transport materials. The computed dielectric functions
confirm that the most optimal optical response are obtained with the following systems: t-
TTAn-H, t-TTAn-F, t-TTAn-Cl, t-TTAn-Br, - TTAn-F, I-TTAn-Cl, I-TTAn-Br, t-TTAc-H,
t-TTAc-F, t-TTAc-Cl, t-TTAc-Br, I-TTAc-F, -TTAc-Cl, and I-TTAc-Br.
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