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Abstract

Herein, the HOMO-LUMO energy gaps (Eg) and UV spectra of benzo[1,2-c:4,5-¢’]bis([1,2,5]thiadiazole (BBT) and
[1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ)-based donor—acceptor—donor type-conjugated polymers were computed by
using density functional theory (DFT) and time-dependent density functional theory (TD-DFT) at B3LYP/6-31G(d,p)
level. The donor groups consist of thiophene (TH), 3,4-ethylenedioxythiophene (EDOT), and 3,4-propylene
dioxythiophene (ProDOT) units and the bisthiadiazole and thiadiazoloquinoxaline were chosen as electron acceptor
groups. To examine the effects of the alkyl side chain on the molecular structure and Eg of the polymer, methyl groups
were added at the 3,4-, 2,3-, and 3,3-positions of TH, EDOT, and ProDOT donor groups, respectively. Our calculated
HOMO-LUMO energy gaps are in the range of 0.05 to 1.37 eV. The calculation results show that the energy gaps are in
line with the available experimental values. The novel BBT and TQ derivatives with improved optical and electronic

properties may find use in electronic applications.
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Highlights

* A series of donor—acceptor—donor type polymers based on
benzobisthiadiazole and thiadiazoloquinoxaline are modeled

* Modeled polymers have remarkably low HOMO-LUMO energy gap
values, which are range from 0.05 to 1.37 eV.

 The novel ProDOT and all methyl derivatives of the studied oligomers
with improved optical and electronic properties may be used in the
electronic applications.

* DFT calculations give good results for the HOMO-LUMO gaps of this
type of polymers
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Introduction

The most commonly used method to synthesize and design
new organic conductive polymers with a low band gap is the
usage of the molecules with donor—acceptor—donor (D-A-D)
repeat units. Thiophene (TH), 3,4-ethylenedioxythiophene
(EDOT), and 3,4-propylenedioxythiophene (ProDOT) as do-
nor groups and benzothiadiazole (BTD), benzobisthiadiazole
(BBT), and thiadiazolo[3,4-g]quinoxaline (TQ) as acceptor
groups are the most common examples of the D-A-D type
of polymer. Recent reports show that some low band gap
polymers with BBT and TQ moieties are synthesized and
some of them present very good results in electronic applica-
tions. Their applications are light-emitting devices (LED), or-
ganic field-effect transistors (OFEDs), and solar cells [1-19].
In addition to the experimental studies, computational model-
ing and examination of donor—acceptor—donor type-
conjugated polymers have also been performed to find mate-
rials with low-energy gap [20-26]. Computational studies
greatly contribute to identifying HOMO-LUMO gaps and op-
tical properties and supporting experimental results.
Therefore, quantum chemical calculations play an important
role in the development of new materials with desired
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electronic and optical properties. If the correct functional and
basis set is chosen, the calculation results are quite compatible
with the experimental values of the band gap of the polymers.

Very recently, we reported the structures and HOMO-
LUMO energy gaps of benzo[c][1,2,5]thiadiazole (BTD)
bonded to the thiophene, EDOT or ProDOT units as a
donor, based D-A-D type-conjugated polymers. We re-
vealed that these conjugated polymers show low-energy
gap values (1.28-2.21 eV) and their calculated values were
in a good agreement with the previously reported experi-
mental findings [26]. In this work, we wanted to see how
the acceptor groups affect the HOMO-LUMO energy gap,
and thus, we selected benzo[l1,2-c¢;4,5-¢c-
Jbis[1,2,5]thiadiazole (BBT) and thiadiazolo[3,4-g-
]quinoxaline (TQ) as the acceptor groups. For this aim,
we designed new BBT and TQ polymers with low
HOMO-LUMO energy gap, conducted a quantum chemi-
cal study based on DFT as well as TD-DFT, and compared
our results with experimental values that can be found in
the literature. We report the details of our structural and
energetic results for 13 derivatives. The chemical struc-
tures of monomers studied in this report are shown in
Fig. 1. Our D-A-D type-conjugated polymers consist of
TH, EDOT, and ProDOT units with or without methyl
substitutions as the donor. It is well known that the exis-
tence of alkyl groups on the polymer increases the solubil-
ity of polymers in different organic solvents. Thus, to de-
termine the influence of the alkyl groups on the structure
and energy gap of the examined oligomers, the methyl
groups were added to the TH, EDOT, and ProDOT in the

3,4, 2,3, and 3,3 positions, respectively. Methyl groups
were chosen to simplify the calculations considering the
computing cost.

According to our literature search, the BBT and TQ poly-
mers bonded to the thiophene and EDOT units, which are P1a
[12-15], P2a [16, 17], P4a [14, 16, 18], and P5a [14], were
previously synthesized with a performance on organic light-
emitting devices, solar cells, chemo-sensor, organic photovol-
taic devices, and OLEDs. But, only the HOMO-LUMO ener-
gies of the oligomer of P1a were calculated theoretically using
B3LYP, LSDA, BHandHLYP, and M06-2X functional and 6-
31G(d), 6-31G(d,p), or cc-PVTZ basis sets in the literature
[20-22, 24]. To our knowledge, ProDOT (P3a, P6a, and
P6c) and methyl derivatives (P1b, P2b, P3b, P4b, P5Sb, and
P6b) of BBT and TQ monomers, oligomers, and polymers
have not been studied experimentally and theoretically in the
literature so far; these were investigated for the first time in
this study.

Computational methods

All calculations in this study were done with Gaussian 09W
software [27]. To prepare data for calculations and display the
calculation results, GaussView 5.0.8 molecular visualization
program was used [28]. In our work, we first determined the
most stable conformers of monomers by conformational anal-
ysis. A monomer unit (n = 1, where # is the number of mono-
mer units) studied in this work consists of an acceptor (BBT or
TQ rings) and two identical donor groups (TH, EDOT, or
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ProDOT). The donor groups in a monomer unit have three
possible conformers as cis-cis, trans-trans, and cis-trans rela-
tive to each other. Instead of studying all possible conformers
of'a monomer unit, we planned to continue our work with only
the most stable conformer of the monomer that we can deter-
mine from conformation analysis. After determining the most
stable configuration of all monomers, the most stable con-
formers for dimer and trimer structures were also determined.
In the conformation analysis of the dimers, the rotation around
the single bond connecting only two monomers is considered,
while two rotations around the single bonds connecting each
monomer units for the trimer systems are taken into account.
The conformation analysis was not performed for tetramer and
subsequent oligomers because of the calculation cost. The
semi-empirical PM6 method [29] was applied to find the most
stable conformations of each monomer, dimer, and trimer sys-
tems. In the second stage of calculations, the full geometry
optimizations for only the most stable conformers of the
monomers and oligomers were performed using the DFT
[30, 31] in the gas phase. All molecular geometries were op-
timized with the B3LYP functional [32, 33] and 6-31G(d,p)
basis set [34] and without any symmetry constraints. This
level of theory was chosen since it gave a very good result
for similar systems in our previous work and reduce the com-
putational cost due to the large size of the oligomers [34].

The same level of theory was used to obtain the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies for all
monomers and oligomers (n=1 to 5). Using these calcu-
lated orbital energy values, the HOMO-LUMO energy
gap (Ey), which is the difference between HOMO and
the LUMO energy levels (£, = ELumo — Enomo), was de-
termined for all monomer and oligomer units. Then, the
E, values of the monomer and oligomers were plotted
against the reciprocal of the oligomer length (1/n). The
E, value of the polymer was obtained by extrapolating
the line of best fit. In the last step of our calculations,
time-dependent density functional theory (TDDFT) com-
putations were performed by using the same level of
theory and basis set to the optimized structures. In this
study, only the main transitions of each molecule were
considered. The main excited state transitions (E...) cor-
respond to transitions from HOMO to LUMO. Also, the
exciton binding energy (E,), which is the difference be-
tween the HOMO-LUMO energy gap and excitation en-
ergy, was estimated.

Finally, we compared the calculated energy gaps with
the experimental and previously calculated results when
available and evaluated the reliability of the method
used in estimating £, values of the studied compounds.
Our results obtained from the DFT/TDDFT calculations
and their comparisons with the experimental and theo-
retical values are explained in the following sections.

Results

By our purpose, the structural and electronic characteristics of
the monomers and oligomers are examined computationally and
the results obtained from the calculations are given below. It is
well known that the band gap of the conjugated systems directly
related to the molecular structure. Therefore, before explaining
the HOMO-LUMO energy gaps and absorption spectra of the
studied compounds, we discussed the calculation results related
to the structural parameters of monomers and oligomers.

Structural properties

The inter-ring C—C dihedral angles (¢), which is one of the
structural parameters, are important because it provides for
limiting the delocalization of 7t-electrons along the conjugated
chain and decreasing the HOMO-LUMO energy band. To
determine the most stable conformer and its dihedral angle,
the conformation analysis was performed using a semi-
empirical PM6 method for all structures from monomer to
trimer. The atom-numbering scheme used to illustrate the di-
hedral angles of the oligomers is shown in Fig. 2. The most
stable conformers of all monomers, dimers, and trimers ob-
tained from the conformation analysis are shown in Fig. 1Sa-
1Sm in Supporting Information. The results of the conforma-
tion analysis for all unsubstituted monomers indicate that all
torsion angles between unsubstituted TH, EDOT, or ProDOT
and acceptor group (BBT or TQ) are 0° or almost 0° and the
most stable conformations are planar or almost planar
(Table 1). For all BBT monomers, the sulfur atoms of the
TH, EDOT, or Pro-DOT rings were positioned trans to each
other. In the case of all TQ monomers, it is just the opposite of
that above, that is, the sulfur atoms of TH, EDOT, or Pro-DOT
were in a cis position to each other. However, the sulfur atom
of'the thiadiazole ring of TQ was in trans position to the sulfur
atom of each donor group (TH, EDOT, or Pro-DOT). Methyl
substituted derivatives except PSb monomer have a smaller
torsional energy barrier and are slightly away from planarity
due to the steric effect of the methyl groups.

After determining the most stable conformations for all
monomers, the conformation analysis of the dimers was per-
formed using the data of the monomer conformers. The torsion
angles (3) of all dimers, except Pla, P1b, P4a, and P4b di-
mers, which are the thiophene derivatives, are almost 0° and the
sulfur atoms of the TH, EDOT, or ProDOT rings connecting
two monomer units are positioned opposite to each other (trans
conformation). Calculation results obtained for the trimers are
the same as those obtained for the dimer systems. That is, the
inter-ring dihedral angles (o3 and ) of all trimers, except Pla,
P1b, P4a, and P4b, are almost 180° and the sulfur atoms of
TH, EDOT, or ProDOT rings connecting the monomer units
are located on different sides with respect to each other (trans
conformations). In the case of longer oligomers (# =4 and 5 in
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Fig. 2 Atom numbering scheme used to indicate the inter-ring dihedral angles (denoted as ;) for the oligomers (n = 3)

general), we continued the calculations assuming that the trans
conformers would be the most stable structure.

In the next step, the full geometry optimization was per-
formed by using DFT for the most stable conformers of all
monomers and oligomers. The optimized molecular structures
of all monomers are presented in Fig. 3 together with intramo-
lecular interaction distances, and the optimized structures of
all oligomers (n=2 to 5/6) are given in Fig. 2Sa-2Sm in
Supporting Information. The dihedral angles obtained from
the geometry optimization calculations are also shown in
Table 1. The geometry optimization results indicate that the
dihedral angles (¢1, @2, @3, @4, ¥s, Pe, ©7, s of all oligo-
mers, except Pla, P1b, P2b, P3b, P4a, and P4b, are all equal
to 180° or almost 180°, and most of the oligomers have a
planar or almost planar structure showing a strong n-electron
delocalization in the main chain. P1a and P2a monomers have
crystal structure data in the literature and we compared our
findings to the experimental values. X-ray analysis of the P1a
monomer revealed that this monomer has the planar confor-
mation and the dihedral angles between the thiophene rings
and the central BBT unit are only 0° [13, 14]. The calculated
dihedral angles for P1a monomer are in very good agreement
with these experimental values. However, there is a difference
between the experimentally determined value (53°) and the
computed value (0.6°) of dihedral angles between EDOT
and BBT rings in P2a monomer. This can be attributed to
the magnitude of steric interactions between the nitrogen
atoms of BBT and EDOT’s oxygen atoms in the solid phase
because there are strong molecular interactions in this phase.

The planar monomer systems studied are stabilized in the
planar form by the intramolecular interactions between the do-
nor group’s hydrogen, sulfur or oxygen atoms, and nitrogen
atoms of the acceptor groups. There is no steric repulsion be-
tween adjacent heterocyclic rings of all monomer systems and
the interaction distances are very short. As can be seen from
Fig. 3, the P1a, P1b, P2a, P3a, P4a, P5a, P5b, P6a, P6b, and
P6c monomers have the symmetrical intramolecular interaction
distances (H... N, S... N, or O... N) and the values are very
close to the values observed in similar systems [26, 35].

@ Springer

In this part, the results related to the calculated bond lengths
of the monomers and oligomers are discussed. The atom-
numbering scheme used to show the bond lengths of all mono-
mers is presented in Fig. 4 and the results of the geometry
optimization using B3LYP/6-31G (d,p) for the monomers
are given in Table 2. The selected bond lengths for the dimer
and trimers are given in Table S1 in Supporting Information.
As can be seen from Table 2, for all monomers, the C—C single
bond lengths in the main chain are shorter than C—C single
bonds and larger than C=C double bonds. The calculated S—N
and C-N bond lengths of thiadiazole rings in BBT monomers
are approximately 1.66 and 1.36 A, respectively. Similarly,
the computed S—N and the C—N bonds of thiadiazole rings
of TQ monomers are about 1.69 A and 1.33 A, respectively.
The calculated C—N bond lengths of the quinoxaline ring are
1.31 and 1.42 A. Due to the stronger delocalization of 7-elec-
trons, the calculated S—N and C-N bond lengths are found to
be longer and shorter than the normal S=N (1.54 A) and C=N
(1.38 A) bond lengths, respectively.

Since X-ray crystal structures of the P1a and P2a mole-
cules are available in the literature, we compared the geome-
tries computed using the DFT with the experimental values for
these two molecules in Table 2. There are small differences
between the calculated and the experimental bond lengths of
these compounds and the maximum deviation are around
0.066 A for C—C, S—N, and C—N bonds. This is because the
experimental measurements are taken in the solid phase while
the calculations are performed in the gas phase and it is well
known that there are strong intermolecular interactions in the
solid phase. Therefore, it can be concluded that the DFT-
optimized geometry of the Pla and P2a monomers is in
agreement with the experimental results.

The N-S—-N bond of one of the thiadiazole rings in the BBT
molecule is usually represented as a single bond while the
second ring is denoted as double bonds in the form of N =
S =N as shown in Fig. 1. This resonance structure of the
molecule is more stable than other resonance forms.
However, our calculation results for the larger oligomers
showed that the N-S—N bonds in both thiadiazole rings of
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Pla P1b

P2a P2b

P3a P3b

P4a P4b

Fig. 3 The optimized geometries of all monomers along with intramolecular interaction distances

BBT are single bonds and these resonance structures are more  the studied molecules is expected, and the quinoid contribu-
stable. Both BBT and TQ oligomers are quinoid type accep-  tion of the BBT unit is larger than the TQ unit.

tors as given in Fig. 5. Since the more stable 1,2,5-thiadiazole The bridge bond lengths (LB) were determined to explain
rings are in quinoid form, a strong contribution of this form for ~ the molecular structures of the studied monomer oligomers.
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P5a

Fig. 3 (continued)

The LB values of the calculated oligomers were found in the
range of 1.41-1.44 A, indicating that LB is almost 0.13 A
shorter than experimentally measured bond length of the C—
C bond (1.54 A). The bond length reduction shows that all

Fig. 4 Atom numbering scheme
of the BBT (a) and TQ (b)
monomers

studied monomers and oligomers have a partial double-bond
property. This is because the partial double-bond property of
the bridge bond between the donor and acceptor units
strengthens and shortens the bridge bond length.
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Table 2  Selected bond lengths (A) of all monomers calculated using the B3LYP/6-31G(d,p) along with the experimental values
Monomer Pla P1b P2a P2b P3a P3b P4a P4b P5a P5b P6a P6b Pé6c
Bond Cale.  Exp.? Cale. Cale. Exp.® Cale. Cale. Cale. Calec. Cale. Cale. Cale. Cale. Cale. Calc.
S(1)-C(1) 1.735 1.731 1.743 1.743 1736 1.737 1.737 1743 1.759 1761 1.754 1.755 1.756
S(1)-C4) 1.760 1.756  1.778 1.773  1.776 1.757 1.767 1809 1.806 1.808 1.808 1.808 1.810
C(1)C(2) 1.364 1.365 1.357 1358 1361 1364 1363 1360 1352 1351 1355 1354 1355
C(2-C(3) 1.439 1.460 1.462 1464 1463 1461 1439 146 1464 1466 1466 1465 1464
C(3)C4) 1.372 1.374  1.374 1.375 1381 1371 1370 1377 1369 137 1376 1375 138
C@)»-C(5) 1436 1471 1.441 1430 1.430 1429 1440 1438 1431 1427 1426 1425 1425 1418
C(5)-C(6) 1416 1.405* 1416 1420 1405 1421 1421 1411 1389 1398 1391 1391 1392 1392 1.399
1.406°
C(5)-C(10) 1415 1405** 1413 1416 1416 1417 1415 1448 1451 1449 1451 1451 1451 1449
C(6)-C(7) 1.493 1.497 1.494 1496 1494 1.502 1453 1453 1442 1443 1441 1441 1452
C(7-C(8) 1.415 1413 1416 1416 1417 1416 1389 1383 1391 1391 1392 1392 1383
C(8)-C(9) 1416 1416 1420 1412 1416 1421 1427 1448 1449 1449 1451 1451 1451 1450
CO-C(10)  1.493 1.464 1497 1494 1447 1499 1494 1492 1500 1507 1514 1517 1517 1517 1.506
C(10y-N(1)  1.364 1,3522 1364 1.361 1361 1360 1360 1336 1332 1330 1328 1328 1328 1330
1.350
N(1)-SQ2) 1.655 1.596™*° 1.656 1.656 1.656 1.657 1.665 1.684 1.686 1.689 1.692 1.691 1.691 1.689
S2)y-N(2) 1.657 1.655 1.663 1.603 1.661 1.665 1.663 1.684 1.688 1.689 1.692 1.691 1.691 1.693
N2)-C(©9) 1.365 1.345 1.365 1364 1365 1363 1364 1360 1336 1333 1330 1328 1328 1.328 1.331
C(6)-N(@3) 1365 1.352° 1.364 1.364 1361 1364 1363 1420 1417 1417 1417 1417 1416 1413
N3)»S@3) 1.657  1.590° 1.655 1.663 1.663 1.665 1.660 - - - - - - -
S(3)»-N(4) 1.655 1.656  1.656 1.661 1.657 1.652 - - - - - - -
N(3)»-C(6") - - - - - - 1.306 1308 1.310 1310 1310 1310 1314
c©»-CcTy - - - - - - 1479 1477 1478 1477 1477 1477 149%
C(7'N#4) - - - - - - 1.306 1304 1310 1310 1310 1310 1310
N@)»-C(7) 1.364 1.364 1.361 1360 1360 1362 1420 1422 1417 1417 1417 1416 1419
C@®»C(11) 1436 1.441 1431 1463 1433 1429 1424 1438 1446 1427 1426 1425 1425 1442
C(11)-C(12) 1372 1374 1374 1372 1371 1381 1384 137 1371 1369 137 1376 1375 1374
C(12)-C(13) 1.439 146 1461 1420 1464 1463 1462 1439 1461 1464 1466 1466 1465 1.465
C(13)-C(14) 1364 1.365 1357 1356 1359 1361 1361 1363 1365 1352 1351 1355 1354 1363
C(14)-S4) 1.735 1.731  1.743 1.743 1736 1.735 - - - - - - -
C(11)-S4) 1.760 1.756  1.778 1.768 1.776 1.773 - - - - - - -
c(14)-S@3) - - - - - - 1.737 1733 1759 1761 1.754 1.755 1.735
Ccan-sa3)y - - - - - - 1.767 1.751 1.806 1.808 1.808 1.808 1.752
#Taken from Ref [13]
® Taken from Ref [19]

¢ Taken from Ref [17]

One way to express the correct geometry of molecules
is bond lengths, it is necessary to identify single- and
double-bond changes especially in conjugated systems.
The biggest is the bond length alternation (BLA), the
larger the band gap becomes. The evaluated BLA values
are given monomers, dimers, and trimers in Table S2 in
Supporting Information. Our results show that all the
dimer and trimer structures, except P3b, have almost
the same BLA values and P3b does not follow up on
the alternation pattern of single and double bonds.

@ Springer

However, the BLA values of the trimers for P1b and
P4b, which are methyl-substituted bis-thiophene deriva-
tives, are larger than the other oligomers. The charge
delocalization of the oligomers (Pla, P2a, P2b, P3a,
P4a, P5a, P5b, P6a, P6b, and P6c) on the main chain
is quite strong, so we expect the energy gap values of
these oligomers to be smaller. On the other hand, the
charge delocalization of P1b and P4b oligomers is rela-
tively poor, and their £, values are expected to be higher
than other oligomers.
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Fig. 5 Aromatic (a) and quinoid
(b) structures of the studied
molecules

HOMO-LUMO energy gap

To determine the HOMO-LUMO energies and energy
gaps of the studied monomers and oligomers, the orbital
energies were computed by the DFT at the B3LYP/6-31G
(d,p) level in the gas phase using the previously optimized
structures. The HOMO and LUMO graphs show 7t molec-
ular orbital characteristics and the electronic cloud distri-
bution of both molecular orbitals. The contour diagrams
of HOMO and LUMO orbitals of all monomers are shown
in Fig. 6. From the contour diagrams of the molecular
orbitals, the electron charge density of the unsubstituted
and methyl-substituted monomers” HOMO and LUMO
orbitals shows very similar trends. Similarly, the electron
distribution of HOMO and LUMO orbitals of the thio-
phene and EDOT derivatives bonded to BBT or TQ is
almost the same. However, this differs in ProDOT deriv-
atives. The LUMO molecular orbitals of all monomers are
mostly localized over the BBT and TQ acceptor units. At
the HOMO level, the electron charge density for thio-
phene and BBT-linked ProDOT derivatives spreads on
the main chain, while the electron density for EDOT and
TQ-bonded ProDOT derivatives is mainly localized on
the donor groups. Simulated HOMO and LUMO molecu-
lar orbitals of all pentamers are presented in Fig. S3 in
Supporting Information. From these graphs, it was ob-
served that the results for the pentamers are very similar
to those obtained for monomers. In general, at the HOMO
level, the electron charge density of all pentamers was
mostly on the main chain, while at the LUMO level, it
was mainly on acceptor groups.

The computed Epomo. Erumo, and Ey, Eee Ey
values for the studied monomers and oligomers are giv-
en in Table 3 together with the experimental values that
can be found in the literature. Using the computed E,

values of monomers and oligomers, the £, values of the
polymers were determined by linear regression and an
extrapolation procedure, and obtained results are given
in Fig. 7. The evaluated E, values of the polymers are
in the range of 0.05-1.37 eV and these values are with-
in the band gap range of the semiconductor. As seen
from Table 3, HOMO energies increase from monomer
to pentamer while LUMO energies decrease, and conse-
quently, band energies decrease.

As can be seen from Table 3, BBT polymers have
smaller energy gap than the TQ analogs. This was ex-
pected since BBT is a strong electron-withdrawing mol-
ecule with two-hypervalent sulfur atoms. On the other
hand, the HOMO-LUMO energy gap of the polymers
containing thiophene (Pla, P1b, P4a, and P4b) was
found to be larger than polymers containing EDOT or
ProDOT. The thiophene oligomers deviated slightly
from planarity (157.4° for Pla, 108.1° for P1b, 147.8°
for P4a, and 97.7° for P4b, (5 values in trimers).
Deviation from planarity affects the delocalization of
n-electrons and increases the energy gap. Also, the E,
values of polymers with ProDOT (P3a, P6a, and P6b)
are lower than the EDOT-containing analogs (P2a, P5a,
and PSb), except P2b.

When we examine the effect of alkyl groups on the E,
value, we observed that the methyl groups had two differ-
ent effects on the £, values of the molecular group stud-
ied. The E, values of methyl-substituted thiophene (P1b
and P4b) and ProDOT (P3b) polymers increase compared
with unsubstituted analogs due to the steric effects of
methyl groups. On the other hand, the E, values of
EDOT analogs (P2b, P5Sb, and PSb) decrease due to the
electron donor effects of the methyl groups. Also, the first
group of molecules deviated from the planarity in their
oligomers, while those in the second group retained their

@ Springer
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Fig. 6 HOMO and LUMO
contour graphs of all monomers
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Table 3  Calculated orbital energies (eV), HOMO-LUMO energy gaps (eV), excitation energies (eV), binding energies (eV), oscillator strengths,
maximum wavelengths, A\, (nm), and HOMO-LUMO transitions of all compounds (B3LYP/6-31G(d,p))

n Enomo (6V)  Erumo (6V)  Eg (€V) Eexc €V)  Ep(eV)  Apax (am)  f HOMO—LUMO
transitions

Pla 1 -5.19 -373 1.46 1.29 0.17 958 0.172 91—92

Exp. -532 -3.96 1.47 (O)* 1.49 (E)*
1.48 (0)°%;1.36¢

B3LYP/cc-PVTZ® —5.34 -3.70 1.64 1.43 - -
6-31G(d)f - - 1.56 1.41 0.15 0.201
2 -4.89 -3.86 1.03 0.99 0.04 1254 0.839 181 — 182
3 —-4.78 -3.93 0.85 0.81 0.04 1550 1.660 271 —272
4 —4.72 -3.97 0.75 0.7 0.05 1774 2513 361 >362
5 -4.69 -3.99 0.7 0.62 0.07 1992 3325 451 —452
6 —4.66 -4.01 0.66 0.57 0.09 2155 4113 541 —>542
© 0.51
Exp.>¢ 0.5 (0)

Plb 1 -5.17 -3.51 1.65 1.20 0.16 1001 0.17 107 — 108
2 -5.11 -3.54 1.57 1.24 027 1032 0405 213214
3 -5.12 -3.54 1.58 1.17 0.29 1061 0.696 319 —320
4 -4.99 -3.59 1.39 1.13 0.29 1093 0.811 425426
5 -4.96 -3.59 1.36 1.14 0.30 1090 1222 531532
© 1.37

P2a 1 -4.68 -3.33 1.36 121 0.15 1026 0.191 121 —122
Exp.2 1.6 (O)
2 —-4.28 -3.41 0.87 0.90 -0.03 1377 0.871 241 —242
3 -4.13 —-3.46 0.67 0.72 -0.05 1690 1.667 361 —362
4 —4.04 -3.49 0.55 0.60 -0.05 2005 2618 481 —482
5 -3.83 -3.77 0.06 0.03 0.03 1220 0.013 601 — 602
6 -3.84 -3.76 0.09 0.01 0.04 1265 0.002 721 —722
o -3.82 -3.78 0.1
Exp. 0.5 (0); 0.88 (E)

P2b 1 -4.69 -3.28 1.4 121 0.19 1015 0200 153 — 154
2 437 -3.39 0.99 0.89 0.10 1140 0.546 305 — 306
3 -4.19 -3.48 0.71 0.59 0.12 1190 0321 457 —458
4 -3.73 -3.64 0.08 0.10 -0.01 754 0.069 609 — 610
5 -3.72 -3.66 0.06 0.03 0.03 1270 0.012 761 —762
£ 0.05

P3a 1 —4.54 -322 1.32 1.19 0.13 1038 0203 129130
2 —-4.23 -3.33 0.90 0.91 -0.01 1350 0.862 257 —258
3 -4.10 —-3.40 0.70 0.73 -0.03 1670 1.640 385 — 386
4 -3.85 -3.76 0.09 0.14 -0.05 1145 0.135 513 —514
5 -1.01 -0.94 0.07 0.12 -0.06 1110 0.183 641 — 642
o0 0.05

P3b 1 -4.89 -3.40 1.49 1.20 0.14 1031 0211 145146
2 437 -3.57 0.81 0.79 0.02 1345 0.458 289 —29
3 -3.96 -3.76 0.20 0.31 -0.13 785 0315 433 —434
4 -3.85 3.75 0.10 0.12 -0.03 950 0.092 577 —578
5 -3.80 -3.74 0.06 0.04 0.02 1260 0.022 721 722
© 0.29

Pda 1 -523 —-3.44 1.8 1.51 0.29 820 0.171  90—91
Exp. 1.80(E);2.00 (0)2
2 -4.89 -3.56 1.34 1.16 0.18 1071 0.797 179 — 180
3 —-4.77 -3.61 1.16 0.98 0.18 1265 1456 268 — 269
4 —-4.71 -3.64 1.08 0.88 0.20 1411 2.079 357 —358
5 -4.68 -3.66 1.03 0.79 0.18 1568 3.043 446 — 447
6 —4.66 -3.67 0.99 0.78 022 1600 3301 535536
o 0.84
Exp.®! 0.7 (O)

P4b 1 -5.18 -3.30 1.87 1.20 0.67 1034 0.106 106 — 107
2 495 -3.36 1.58 1.18 0.40 1050 0.062 211212
3 -4.87 -3.38 1.48 1.14 0.34 1099 0.03  316—317
4 -4.83 -3.39 1.44 1.09 0.35 1135 0.802 421 —422
0 13

Psa 1 471 -3.18 1.53 121 033 1028 0.104 120 — 121
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Table 3 (continued)

n Enomo (6V)  Erumo (eV)  Eg (eV) Eee €V)  Ep(€V)  Apax (im)  f HOMO—LUMO
transitions

2 —4.38 -3.29 1.1 0.96 0.14 1295 0.581 239 —240
3 —-4.18 —-3.35 0.83 0.75 0.08 1653 1.240 358 — 359)
4 -4.05 —-3.31 0.75 0.64 0.1 1925 1.550 477 —478
5 —4.04 —-332 0.72 0.60 0.12 2060 1.897 596 — 597
o0 0.51
Exp.° 0.7 (0)

P5b 1 -4.59 -3.09 1.5 1.18 0.33 1054 0.110 152 —153
2 —4.47 —3.28 1.2 0.86 0.1 1225 0.679 303 — 304
3 -3.98 -3.23 0.75 0.69 0.06 1580 1.279 454 — 455
4 -3.89 -3.26 0.63 0.58 0.05 1830 2.030 605 — 606
5 -3.83 —3.28 0.56 0.51 0.05 1930 2.733 756 — 757
6 -3.79 -3.29 0.5 0.44 0.06 2333 3.048 907 —908
o0 0.35

P6a 1 —4.60 -3.10 1.5 1.24 0.26 955 0.147 128 —129
2 —4.23 -3.20 1.03 0.94 0.09 1320 0.773 255 —256
3 -4.09 -3.26 0.83 0.77 0.07 1618 1474 382 —383
4 -4.01 -3.29 0.73 0.66 0.07 1883 2277 509 —510
5 -3.97 —3.31 0.66 0.58 0.08 2125 3.062 636 — 637
6 -3.94 —-3.32 0.62 0.53 0.09 2315 3.846 763 > 764
00 0.45

P6b 1 —4.64 -3.14 1.5 1.24 0.27 950 0.152 144 — 145
2 —4.26 —-3.24 1.02 0.91 0.28 960 0.129 287 — 288
3 -4.12 -3.30 0.82 0.29 -0.12 810 0.279 457 —458
4 -4.05 —-3.34 0.71 0.11 —0.02 1150 0.093 609 —610
5 —3.78 —3.68 0.09 0.03 0.03 1270 0.014 761 —> 762
00 0.19

P6c 1 —-4.77 -291 1.85 1.52 0.33 814 0.134 168 —> 169
2 -4.29 -2.96 1.32 1.10 0.23 1128 0.622  335—336
3 —4.09 -297 1.12 0.91 0.21 1367 1.193 502 — 503
4 —3.88 —3.02 0.86 0.71 0.15 1748 1.972 669 — 670
5 -3.83 —3.03 0.8 0.64 0.16 1923 2.605 836 — 837
0 0.6

E band gap measured electrochemically, O band gap measured optically
#Taken from Ref [12]
® Taken from Ref [13]
¢ Taken from Ref [14]
9 Taken from Ref [15]
¢ Taken from Ref [24]
fTaken from Ref [23]
€ Taken from Ref [16]
" Taken from Ref [17]
i Taken from Ref [18]

planar structures. Another result is that the polymer, Péc,
in which there are two phenyl rings at the 6- and 7-
positions of the quinoxaline, has a large HOMO-LUMO
gap due to the steric hindrance of the phenyl groups.

To show the accuracy and reliability of the method used in
the calculation, computed E, values were compared with ex-
perimental data and previous calculation results. There are
experimental band gap values in the literature for polymers
Pla, P2a, P4a, and P5a. As can be seen in Table 3, experi-
mental £, values for Pl1a, P2a, P4a, and P5a are 0.5, 0.5, 0.7,

and 0.7 eV, respectively, and corresponding energy gap
values are 0.51, 0.1, 0.84, and 0.51 eV. On the other hand,
theoretically calculated energy gaps of the studied polymers,
except Pla, are not included in the literature. The HOMO-
LUMO energy gap computed with B3LYP/6-31G(d) for
Pla is 0.98 eV. The energy gaps computed with the
B3LYP/6-31G(d,p) level are quite compatible with the exper-
imental band gap values. Zhang and Musgrave stated that
HOMO, LUMO, and HOMO-LUMO gap values predicted
by hybrid functionals such as O3LYP, B3LYP, and B1B95

@ Springer
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Fig. 7 HOMO-LUMO energy gap (E,) as a function of reciprocal polymer length (1/n) where # is the number of monomer units

are better than those predicted by non-hybrid functionals with
the pure DFT methods [36]. They also stated that the TD-DFT
method is more suitable than the pure DFT method for
predicting the LUMO, HOMO, and HOMO-LUMO gap. In
order to compare the results of the two methods and test the
reliability of our calculation results, we performed our calcu-
lations with the TD-DFT method. Our prediction results using
both methods showed that the HOMO, LUMO, and HOMO-
LUMO gap values of our highly conjugated molecules are the
same. In addition, there is a high linear correlation between
DFT-HOMO-LUMO gaps and TD-DFT first excitation ener-
gies for the studied compounds (Fig. 5S in Supporting
Information). Thus, it can be concluded that the B3LYP/6-
31G(d,p) level of theory is a good approach to compute the
HOMO-LUMO energy gap of BBT, TQ, and similar type of
copolymers. We can also conclude that BBT and TQ deriva-
tives can be good candidates in electronic applications with
their improved optical and electronic properties.

UV analysis

The properties of a conjugated polymer relate to the en-
ergy gap (E,). The excited energy (Ecy.) of a molecule is
the minimum energy required for an electronic transition
and the lowest transition energy corresponds to the tran-
sition from HOMO to LUMO. The exciton binding ener-
gy (Ep), which allows excitons to separate into electrons
and holes in the donor, is defined as the difference be-
tween the energy gap (E,) and E.. [37]. Therefore, it is
possible to estimate F}, from TD-DFT calculations. To
determine the absorption properties of the monomers
and oligomers studied, UV-Vis spectra of all compounds
were simulated using the TDDFT at the B3LYP/6-31G
(d,p) level from their pre-optimized structures. The com-
puted UV—-Vis absorption spectra of the monomers and
oligomers are presented in Fig. 8 and the absorption
wavelengths (Aqax), oscillator strengths (f), excitation

@ Springer

energies (E..), and exciton binding energies (E,) of all
monomers and oligomers are given in Table 3. According
to the UV simulation results, two absorption bands are
observed in the near-infrared region in all monomers,
but larger oligomers have only a wide absorption band
in the red region. All the lowest energy electronic transi-
tions and the maximum absorption considered here corre-
spond to the transition from HOMO to LUMO in all
oligomers.

The substituted BBT derivatives have been shown to
have NIR absorption and experimental maximum ab-
sorption reported for the monomer Pla is in the wave-
length region longer than 700 nm [21, 24]. In general,
there is a bathochromic shift by increased oligomer
length from monomer to the larger oligomer. However,
it was observed that maximum absorption wavelengths
of tetramer and pentamer of the P2a, P2b, P3a, and
P3b oligomers were reduced.

As seen from Table 3, the absorption wavelengths of
the BBT derivatives are bigger than those of corre-
sponding TQ monomers. The calculated maximum ab-
sorption wavelengths of the TQ derivatives decrease in
the following order: ProDOT >EDOT > TH. The exciton
binding energies (£},) of the BBT derivatives are smaller
than those of corresponding TQ monomers. Low E,
value is required for conjugated material applications
such as photovoltaic. It can be concluded that BBT
acceptors are better candidates than their TQ-based
counterparts for photovoltaic applications.

Conclusions

DFT and TDDFT methods were used to compute the geo-
metric, optical, and electronic properties of a series of D-
A-D type polymers composed of benzobisthiadiazole and
thiadiazoloquinoxaline units symmetrically bonded to two
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Fig. 8 UV-visible absorption spectra of all monomers and oligomers obtained from TDDFT/B3LYP/6-31G(d,p) simulations
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Fig. 8 (continued)

THs, EDOTs or ProDOTSs. The calculated HOMO-LUMO
gaps of the examined oligomers were in the range of 0.05—
1.37 eV and there is good agreement with the experimental
values. The calculation results show that the large increase
in the dihedral angle increases the energy gap. The steric
effect or electron donor effect of methyl groups may cause
the energy to either increase or decrease. BBT copolymers
have smaller energy gap than the TQ copolymers. On the
other hand, the energy gap of EDOT or ProDOT-

@ Springer

containing polymers is lower than the TH-containing de-
rivatives. UV-Vis spectra of all compounds were calculat-
ed by the TDDFT at the B3LYP/6-31G (d,p) level in the
gas phase. Two absorbance bands are observed in all stud-
ied monomers in the NIR region while larger oligomers
have only one wide absorption band in the red region.
The novel BBT acceptors with improved optical and elec-
tronic properties are a good candidate than their TQ-based
counterparts for photovoltaic applications.
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