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Among the new materials currently employed as electron donor element in active layers of organic solar
cells (OSCs), PTB7 holds the best results. It has been extensively studied and now there is a search for
new derivatives to improve its properties. In this work, a set of 24 polymers derived from polythieno|3,4-
b]-thiophene-co-benzodithiophene (PTB7) was studied theoretically, using chemical modifications in the
benzodithiophene (BDT) moiety of the PTB7 monomeric units. After evaluations of the electronic and

optical properties, including the open circuit voltage and exciton dissociation and recombination con-

Keywords:
Computational modeling !
DFT acceptor material.
Chemical modifications

PTB7

Organic solar cells

ditions, the results indicate that employing chlorine as substituent yields the most promising material for
application in active layers together with Phenyl-Cgi-Butyric-Acid-Methyl-Ester (PCBM) as electron

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Since the 1980s, intense research has been focused on producing
organic solar cells (OSC) more efficient than that conventional
made of silicon [1]. Currently, the most efficient OSCs are those in
which the active layer is produced by mixing conjugated electron
donor polymers with molecules of Phenyl-Cg-Butyric-Acid-
Methyl-Ester (PCBM) as electron acceptor [2,3]. This type of active
layer is known as bulk heterojunction (BHJ) [3]. BHJ OSCs have
reached an efficiency in converting solar into electrical energy of
around 11% [4]. However, studies suggest that the maximum
theoretical efficiency that can be achieved is 13%, employing the
conventional polymers already used in OSCs and through other
improvements in BHJ processing [5].

In order to improve the efficiency of BHJ OSCs, and perhaps even
exceed the theoretical limit of 13%, it is necessary to find new
polymeric materials that have improved intrinsic properties than
those currently employed [2,5,6]. Several methods have been pro-
posed in the literature with the aim of synthesizing new electron
donor polymers, the most common being the synthesis of new
copolymers [7—9] and the use of chemical substitutions in existing
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polymers [2,10]. We have shown in previous studies, in which
chemical modifications were performed in the empty beta-position
of poly(3-hexylthiophene) (P3HT) monomeric units, that it was
possible to obtain new materials that exhibit improvements in
bandgap, solubility or ionization potential [11,12], and when
considering a combination of these with PCBM, it was possible to
find new blends that could increase the efficiency of the OSC [12].

Polythieno [3,4-b]-thiophene-co-benzodithiophene (PTB7), as
shown in Fig. 1, is a copolymer, recently proposed in the literature,
that has shown very promising properties for application as elec-
tron donor material in active layers of OSC [13—17], making it a
possible alternative to the widely employed P3HT [15]. Modifica-
tions made in PTB7 have been reported in the literature, mainly in
the side chains and performed in the benzodithiophene (BDT) or
the thienothiophene (TT) moieties that compose the monomeric
units. This has led to new polymers with different properties that
are sometimes more interesting than those of PTB7 [4,14,15].

In this work, we conducted a theoretical study on chemical
modifications in the BDT moiety of the monomeric units of PTB7 in
which we replace the hydrogen atoms of positions 1 and 2, as
depicted in Fig. 1, with small substituents with charge releasing or
withdrawing properties. We have chosen to modify the main chain,
since there have been few attempts to employ chemical sub-
stitutions in this part of the PTB7 monomer. The results yielded
new materials with modified frontier orbital energies compared to
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Fig. 1. Structure of the monomer of PTB7 and its derivatives (R = 2-ethylhexyl).

PTB7, especially the derivative with chlorine, which showed elec-
tronic properties very close to those reported in the literature as the
best in relation to PCBM as electron acceptor [7].

2. Materials and methodology

To build the PTB7 derivatives, the following substituents were
selected: chlorine (Cl), bromine (Br), fluorine (F), hydroxy (OH),
cyano (CN), amino (NH>), methyl (CH3) and ethenyl (CH=CH>). For
each substituent, the substitutions were performed at positions 1, 2
and both in the PTB7 monomeric units (see Fig. 1), totaling 24 new
PTB7 derivatives. Regarding the nomenclature adopted to refer to
PTB7 derivatives, assuming a substituent X, we used PTB7-X-1 for
substitution at position 1, PTB7-X-2 for substitution at position 2
and PTB7-X-12 for substitutions at both positions. Substituents
with different charge releasing/withdrawing effects [18] were
chosen in order to enhance the variations caused in the frontier
electronic levels of the polymer when these substituents are
inserted in the material. It should be noted that small substituents
were chosen to fit between neighboring 2-ethylhexyl side chains.

To analyze the electronic properties of PTB7 and its derivatives,
the oligomers approach was adopted [19,20] in which the elec-
tronic and optical properties of the homopolymers and copolymers
are estimated through an extrapolation method from the oligo-
mers' results [12,19,20]. Due to the size of the monomeric unit of
PTB7 and the derivatives, oligomers ranging from one to five
monomeric units were used for each case analyzed.

Considering the size and quantity of the structures to be studied
and the exclusive use of ab-initio methods that would result in a
considerable computational cost, we optimized the geometric
structures through the Hartree-Fock semi-empirical method PM6
[21], as implemented in the computational package MOPAC2012
[22]. We chose the PM6 because of its satisfactory performance
reported in the literature in studies of conjugated polymers
[20,23—27]. After the geometry optimization, data regarding the
electronic structure of the studied structures was obtained through
the Density Functional Theory (DFT), employing the hybrid func-
tional B3LYP [28,29] with the software GAUSSIANO9 [30] and the
basis function set 6—-31G(1d) [31]. This methodology has been
applied in studies of conjugated polymers, proving suitable for
obtaining good results [24,32,33]. Simulation of optical absorption
spectra, i.e., the allowed vertical transition energies (Eyert), were
calculated using the Time Dependent Density Functional Theory
(TD-DFT) [34] with the same functional, basis function set and
software employed to obtain the electronic structure of the studied
structures.

The literature reports some theoretical and experimental
studies suggesting that the most probable conformation of the
PTB7 main chain is fully coplanar, in accordance with the expected
in the solid state [14,35,36]; however, as we will also study some
PTB7 derivatives, we must analyze if the substituents are able to
cause distortions in the main chain of the polymer, making it less
planar. Thus, we conducted a preliminary study to evaluate the
initial conformations of the geometric structures that would be
adopted for this study. For this, we built a structure for PTB7 and
each of its derivatives studied using three parallel oligomeric
chains, which we referred to as a “sandwich”. The central chain had
two monomeric units, and the other two on the borders had four
monomeric units; the oligomeric backbone and the side chains
were predisposed initially coplanar with an interchain distance of
approximately 4 A, as observed for some polymers in the solid state
[35,37,38]. Fig. 2 presents the initial conformation of the PTB7
sandwich before geometry optimization. The oligomeric chains on
the borders have a larger number of monomeric units in an attempt
to eliminate the border effects on the central chain. The optimiza-
tion of all geometric parameters of the central oligomeric chain was
allowed, however, for that of the borders we kept the backbone
restricted to the plane, and the alkyl side chains were set free to
optimize. The geometry optimization of the studied sandwiches
were made using the PM6 method, with the addition of the
Grimme approximation [39] in order to incorporate the Van der
Waals interactions between the chains.

After completing geometry optimizations of the sandwiches
discussed above, it was verified that the side chains tend to be
coplanar to the plane of the oligomeric backbone. By analyzing the
distortions that occur in the central oligomeric chain, dihedral
angles of at most 7° out of total planarity were noted. According to
studies conducted by Zade and Bendikov [40], polymers in the solid
state may have dihedral angles up to 36° out of planarity, but up to
16° no significant variations were observed in the energy of the
lowest unoccupied and highest occupied molecular orbitals (LUMO
and HOMO, respectively) or in the energy gap (AEy.) between the
energies of the LUMO (Erymo) and the HOMO (Egowmo) [40]. As in
this work we want study the energies of the frontier molecular
orbitals, we decided to check whether the energies Egomo and
Erumo (and consequently AEy; ) obtained for the central oligomers
of the sandwiches were significantly different from those obtained
for totally coplanar. As variations smaller than 0.1 eV in energies
Exomo. ELumo and AEy, were observed between the sandwiched
oligomers and those totally planar, we decided to conduct our
studies with fully planar oligomers.

After deciding to study planar oligomeric chains of PTB7 and its
derivatives, we replaced the 2-ethylhexyl side chains with methyl
groups, an approach that is proven to be feasible for planar struc-
tures, so that the electronic and optical properties remain practi-
cally unchanged [23,41-43].

The optical and electronic properties of the polymers were
estimated theoretically using the oligomers approach, in which
extrapolation of the results obtained for the oligomers were made.
The most common extrapolation methods are the Kuhn fit (Equa-
tion (1)) [44], the exponential mixed Kuhn fit (Equation (2)) [45,46],
the Meier fit (Equation (3)) [47], the linear fit (Equation (4)) [26]
and the 3rd degree polynomial fit (Equation (5)) [48]. In the
equations below, E is the orbital energy, N is the number of double
bonds in the main chain, n is the number of monomer units and the
remaining constants are adjustable parameters. However, it has
been observed in studies with oligomers that there is no better
method of fitting, some of which often have more consistent results
for the energy of HOMO orbitals and others for LUMO orbitals. So, to
choose the extrapolation method of optical and electronic proper-
ties that we would use throughout the study, we decided to make



248 J.C. Roldao et al. / Organic Electronics 33 (2016) 246—252

Fig. 2. Initial PTB7 3-chains structure submitted to geometry optimization with chain axis along y direction: (a) front view and (b) side view.

an initial analysis for PTB7, comparing our theoretical results with
the published experimental data. Table S1 in the Supplementary
Material presents the results obtained for the Egomo, ELumo, AEHL
and Eyer¢ extrapolations of PTB7. It is possible to conclude that ex-
trapolations made with the Meier fit (Equation (3)) had the lowest
overall deviation (around 6%) compared to other methods. Thus, we
decided to use the Meier fit to obtain all extrapolated properties for
PTB7 and its derivatives.

E(N) = Eg/1 —Acos(N—L> (1)
E(N) = Egy /1A cos(N:TL 1) —Be ™ 2)

E(n) = Eq + dEe~ 11D (3)
1

E(X):ax+b,wherexzﬁ ()

E(X):ax3+bx2+cx+d,wherex:% (5)

3. Results and discussion
3.1. Optical and electronic properties of PTB7 derivatives

The experimental values for Egomo, Erumo, AEyL and Eyere of
PTB7 are, respectively, —5.15, —3.31,1.84 and 1.68 eV [ 14]; regarding
our results, we find deviations of 5.6, 10.4, 3.2 and 5.5% for Eqomo,
Erumo, AEnr and Eyert, respectively. In the literature, theoretical
studies with polymers employing DFT/B3LYP have shown de-
viations up to 10% for the electronic properties in relation to the
experimental data can be found [32]; thus, the deviations found for
the electronic properties of PTB7 in this study are in accordance
with the adopted methodology. Regarding the electronic properties
of the 24 PTB7 derivatives, the results obtained for Eqomo, ELumos
AEy; and Eyere can be seen in Table S2 of the Supplementary Ma-
terial, together with the percentage variations in relation to PTB7
properties. As we know, there is already a percentage deviation in
the theoretical data obtained for PTB7. For the derivatives, there
should be a double deviation, i.e., a percentage variation compared
to the theoretical PTB7 data, which already has a percentage vari-
ation over the experimental data. To improve the reliability of our
study, we employ scale factors (SF) on the theoretical data of PTB7
derivatives. Thus, using the theoretical and experimental data for
PTB7, the theoretical values for Eyonmo, ELumo, AExL and Eyer of PTB7
and its derivatives were multiplied by the following SFs:
SFHOMO = (5.15/4.86), SFLUMO = (3.31/2.96), SFAEHL = (1.84/1.89) and

SFgvert = (1.68/1.69). The new scaled data of the electronic structure
of PTB7 and its derivatives are shown in Fig. 3 (these data are
reproduced in Table S3 in the Supplementary Material). As can be
seen in Fig. 3, the use of chemical substitutions in PTB7 resulted in
various new materials with modified optical and electronic
properties.

Regarding the values obtained for Egomo, we noted that half of
the derivatives showed lower values than the PTB7; the lowest
value was for the PTB7-CN-12 derivative, with a Ejomo of
approximately —6.0 eV. The PTB7-OH-1 derivative had the highest
Enomo, approximately —4.3 eV. Interestingly, all derivatives that
had a lower Egomo were those in which we employed electron
withdrawing substituents [12]; it is known from the literature that
electron withdrawing groups are able to stabilize the Egopmo energy
of the material [2,6], therefore, our results were consistent with the
expected effect. The opposite occurs for the case in which we used
electron releasing substituents, which promote destabilization in
Enomo [12]. In BH] OSCs that employ PCBM as an electron acceptor,
it is estimated that the ideal electron donor material possesses a
value for Eyomo of approximately —5.4 eV [7]; compared to our
results for PTB7 derivatives, the PTB7-CN-1, PTB7-CN-2, PTB7-Br-1,
PTB7-Br-12, PTB7-Cl-1 and PTB7-Cl-12 were the cases in which the
Exomo was closest to the ideal, so that these new materials appear
promising for use in OSCs.

It is interesting that the materials used in the active layers of
0SCs have a good stability to oxidation when exposed to the
environment, which directly influences the device's lifetime. The
oxidation stability of a material is proportional to its ionization
potential (IP) [6,7]. With the results obtained for the Egomo, and
using Koopmans Theorem [49], IP can be estimated as equal to the
negative of Egomo. According to Takimiya et al. [50], in order to have
good oxidation stability, it is important that the material has an IP
higher than 5.0 eV. In our results, we noted that, in addition to the
PTB7, 15 derivatives met the condition of IP > 5.0 eV. It should be
noted that the cases that presented an Egowmo close to the ideal for
combination with PCBM also showed stability against oxidation.

Seven PTB7 derivatives had values of Ejyyo smaller than that of
PTB7, and the smallest was obtained for the PTB7-CN-12 derivative
(approximately 26% lower than PTB7); PTB7-NH,-12 presented the
highest value for Ejymo, 15% higher than that of PTB7. The ideal
value of E ymo for the electron donor material to be used in com-
bination with PCBM in BH] OSCs is —3.9 eV [7]; PTB7-CN-1 and
PTB7-CI-12 presented an Ejymo of approximately —3.7 eV, and they
were the closest to the ideal. In combination with the analysis
carried out previously for Eyomo, we can see that the PTB7-CN-1
and PTB7-CI-12 derivatives may be promising materials for use in
active layers of BH] OSCs with PCBM, once Egomo and Epymo are
close to that which is considered as ideal.

Regarding AEy; and Eyert, Which are related to the absorption
band of the solar spectrum that in turn has a direct impact on the
electric current generated in OSCs, by decreasing AEy; and Eyert
more photons can be collected by the material [2,51]. We noted that
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Fig. 3. Results obtained for (a) Egomo and Ejymo, and (b) AEy; and Eyere of PTB7 and derivatives; the dashed lines indicate the PTB7 values.

the derivatives substituted with the hydroxyl (OH) and amine
(NHy) groups were those with the lowest AEy; and Eyert, around
1.2—1.3 eV. It is known that using groups with strong electron
releasing characteristics usually results in materials with low AEy;,
but with a disadvantage in relation to the energy of the frontier
electronic levels, which increase significantly, resulting in less
stable materials [11,12]. The lowest results for AEg; and Eyert
without loss of stability was achieved by the PTB7-Cl-12 derivative.
As for the ideal AEy; for use in OSCs, the literature points to a value
of around 1.5 eV [7]. We realize that PTB7 is a little above this value,
however, the PTB7-Cl-12 derivative presented a result of ~1.6 eV,
which is closer to the ideal.

The PTB7-F-12 derivative has previously been synthesized and
characterized experimentally [14]. According to the experimental
data, when inserting fluorine atoms at both positions 1 and 2 in the
BDT of PTB7 monomeric units, it was noted that a blueshift occurs
in optical absorption, there is a slight lowering of Egomo and a
bandgap increase. The same was observed in our theoretical data
for PTB7-F-12 in relation to PTB7 (see Fig. 3). This shows that the
theoretical methodology used to study PTB7 and its derivatives
corresponds to the trends. Therefore, if the predictions made for
PTB7-F-12 are consistent with what is observed experimentally, it
is possible that the estimates for other derivatives will be also.

It is interesting to note that the values of Eyomo and Ejymo of
PTB7-CI-12 are lower than those of the PTB7-F-12. This is coun-
terintuitive, since it is known that fluorine has a higher tendency to
withdraw electrons than the chlorine, which should make the en-
ergy of the orbitals most stable, with lower energy [6,7,52—55]. On
the other hand, we know that Ejomo and Ejymo are much more
sensitive to the effects of charge exchange via w than ¢ bonds,
occurred between the polymer backbone and the substituent [12].
As fluorine have an electron donation through the m system
stronger than chorine [56], the frontier electronic orbitals are less
stable for fluorine than chlorine substitution.

Overall, if we were to make a previous selection of a new

electron donor material derived from PTB7 for BH] OSCs with
PCBM, taking into account only the optimum position for the
frontier electronic levels and AEy;, we could choose the PTB7-Cl-12
derivative as the most promising. However, if we take into account
other properties related to the operation of the OSC, perhaps other
PTB7 derivatives may also be feasible for use; the next section will
carry out such analyses.

3.2. Prospects of the solar cell performance employing PTB7
derivatives and PCBM

Several intrinsic properties of conjugated polymers have a direct
influence on the efficiency of OSCs [2,6], and therefore, choosing a
material for use in the active layer is indeed an important step [2]. A
starting point for the selection of a particular material is to analyze
the combination of the energies of the frontier electronic levels of
the acceptor (A) and donor (D) materials [6]; through these, direct
correlations with some of the properties of the device can be per-
formed. Fig. 4 presents a sketch of the frontier electronic levels of
donor and acceptor materials in the BHJ active layer of the OSC.
Photons absorbed by the donor materials produce electron-hole
pairs (excitons), which must be dissociated to generate free
charge carriers [2,57]. The exciton dissociation will only occur if the
difference, AEq, between the LUMOp energy of the donor (Erymo,p)
and the energy of the LUMO, of the acceptor (Erymoa) is at least
equal to the exciton binding energy (Ep) of the electron donor
material [6,7]. When the exciton is dissociated, the hole remains in
the donor material and the electron goes to the acceptor material;
to prevent that the hole that remains in the donor material
recombines with an electron of the acceptor material, we need to
ensure that the difference, AE3 between the energy Eyomo,p of the
donor and the energy Eyomo a of the acceptor is at least equal to Ey,
[6,51]. The open circuit voltage (Vo) of the device is proportional to
the energy difference, AE; between the energies Eyomop and Epy.
Mo.a [6]. The Vi in the device also depends on other factors related
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to the morphology of the active layer [2,6,7,51], however, experi-
mental findings reinforce that if AE; is higher, an increased Vo may
be achieved [2,6,7]. Thus, we noted that the adjustment of the
frontier electronic levels concurrently with the parameters AE4, AE;
and AEs is extremely important to achieve a more efficient OSC.
Fig. 5 shows the results for AE;, AE; and AE3 with combinations
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made between PTB7 derivatives as electron donor materials and
PCBM as electron acceptor. We also present the Ej, results that will
be used to make comparisons with the parameters AE; and AEs; Ep
is estimated by subtracting AEy; and Eyert (Ep = AEgi-Eyert) [51]. The
experimental data of the electronic structure of PCBM are
Exomo = —6.0 eV and Ejymo = —4.2 eV [7]. Table S4 in the Sup-
plementary Material presents the data of Fig. 5.

As can be seen in Fig. 5(a) and (c), excepting PTB7-CN-12, the
parameters AE; and AE3 are larger than the Ep; this indicates that
the use of chemical substitutions in PTB7 in general does not bring
problems related to exciton dissociation and no recombination in
the active layer in which the electron acceptor material is PCBM.
Regarding the Ep,, we obtained a value of 0.16 eV for PTB7, which is
in agreement with values observed in the literature [14,36]; seven
derivatives have an E, smaller than that for PTB7, indicating that
the exciton will be more easily dissociated. However, many of the
derivatives that have an E}, smaller than PTB7 also have an IP below
the limit at which the material can be considered stable to
oxidation.

In Fig. 5(b) the values for AE, are shown, which is proportional
to the Vo reached in OSCs; the greater AE;, the greater will be the
Voc. We observed that 12 PTB7 derivatives had a AE; larger than
that for the combination PTB7/PCBM. It is known from the litera-
ture that achieving a V. greater than 1 V is still a challenge [2];
experimentally, the combination PTB7/PCBM presents a Vo of
around 0.74 V [14]. Thus, the derivatives that yielded a AE, greater
than that for PTB7/PCBM have the potential to optimize the V. of
the OSC, if employed in active layers together with PCBM.

Taking into account all the obtained results, we concluded that
the PTB7-Cl-12 derivative is indeed a promising material, once it
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meets all the requirements for its use in active layers of BH] OSCs
that use PCBM as electron acceptor element. However, according to
the results obtained for AE;, AE,, AE3 and Ep, we noted that there
are also other derivatives that may be taken into account, even if
the position of the frontier electronic levels or AEy; are not close to
those considered ideal; this was the case for the derivatives PTB7-F-
1, PTB7-F-2, PTB7-F-12, PTB7-CN-1, PTB7-CN-2, PTB7-Br-1, PTB7-
Br-2, PTB7-Br-12, PTB7-Cl-1 and PTB7-Cl-2. It is worth remem-
bering that in this study the feasibility of employing PTB7 de-
rivatives in BH] OSCs that make use of PCBM as an electron acceptor
was analyzed. Perhaps if we perform the same analysis, but with
other electron acceptors, other PTB7 derivatives proposed by us
might be the best options.

4. Conclusions

We studied the electronic and optical properties of 24 PTB7
derivatives in order to verify if any could present potential for
application in BHJ OSCs. Chemical substitutions were made in the
BDT moiety of the PTB7 monomeric units, and similar to other
studies [11,12], it was observed that the use of chemical sub-
stitutions was able to provide new polymers derived from PTB7
with variation in the energies of the frontier electronic levels,
ionization potential and bandgaps.

In BHJ] OSCs that use PCBM as electron acceptor material, it is
interesting that the electron donor material has Eyomo and Epymo of
approximately —5.4 and —3.9 eV, respectively [7]. According to our
results, PTB7-CN-1 and PTB7-Cl-12 presented the values for Egono
and Epypmo close to the value that is suggested as ideal, which make
them good candidates for application in OSC. Regarding AEy, it is
estimated that a value around 1.5 eV would be ideal [7]. We noted
that the derivatives PTB7-OH-12 and PTB7-Cl-12 come close, with a
AEy; of approximately 1.6 eV; however, the electronic levels of the
PTB7-OH-12 derivative are higher than would be ideal, destabiliz-
ing the material and making it unfeasible for employment in BH]
0SCs with PCBM.

The analysis of the parameters AE;, AE, and AEs, together with
Ep, allowed us to verify that the use of chemical substitutions in
PTB7 does not seem to cause problems for dissociation and no
recombination of excitons. The only case in which a good
compromise between the parameters AE; and AE3 and Ep, was not
found was for the PTB7-CN-12 derivative. In blends with PCBM, half
of the derivatives studied could exhibit a V,. greater than that
observed for the combination PTB7/PCBM.

In fact, we found several interesting results in this study, but the
most promising derivative to employ in the active layer of BH] OSCs
with PCBM was PTB7-Cl-12; this derivative had results close to the
ideal for Egomo, ELumo and AEy;, a good compromise between the
parameters AE; and AE,, and Ep, and suggests that it has a Vg
greater than PTB7. We can not rule out the other PTB7 derivatives
studied, since some cases also exhibit interesting electronic prop-
erties. Certainly, if additional analyses were conducted in this study,
using another electron acceptor material, it is likely that other
promising PTB7 derivatives for use in OSC would be found.
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