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ARTICLE INFO ABSTRACT

Keywords: Recently, the diblock co-oligomers concept, a new design method to obtain conjugated organic compounds for
Electronic structure calculation varied applications in photovoltaics was proposed. These materials combines the interesting properties of ex-
Polythiophene tended systems and the versatility of small molecules, leading to low bandgap materials with improved prop-
PO;)YPYTTOI erties, such as adjustable open circuit voltages and promising optical responses. Aiming to evaluate possible
T ridge . improved routes for the design of such materials, in this report we present a study on the effect of 7-bridges
Oligomeric system . . S . . s s . .

Photovoltaics incorporation on the properties of diblock co-oligomers. Six different 7-bridges were inserted between poly-

thiofene (Th) and polypyrrol (Py) oligomers with five units, following the structure [Th]s-[7-bridge]-[Py]s. The
geometry optimization and optical absorption studies were carried out in the density functional theory (DFT)
and time dependent-DFT (TD-DFT) frameworks, respectively, using the B3LYP correlation-exchange functional
and 6-31G(d,p) basis set. The results point out that compounds with improved opto-electronic properties can be
obtained by an appropriated choice of the 7-bridges. The possible improvements are associated with the higher
delocalization of the 7-systems on the molecules, reduction of the effective optical/electronic bandgaps, high
optical transition probability between the new highest occupied and lowest unoccupied molecular levels

(HOMO-LUMO), optimized charge transport properties and reduced exciton dissociation energies.

1. Introduction

Organic compounds with low bandgaps have been considered in-
teresting materials for varied applications, from solar cells to near-IR
photodetectors and ambipolar field effect transistors, mainly due to
their unique opto-electronic properties, high versatility of synthesis and
relative low cost [1-3].

In particular, a great variety of low bandgap organic materials has
been applied in photovoltaics, specially in bulk-heterojunction (BHJ)
organic solar cells (OSCs) [2]. Such devices are based on a blend of two
or more organic materials with distinct electron affinities, where at
least one of them is an optically active compound with significant ab-
sorption in the solar spectrum. Such materials act as donors or accep-
tors of free charge carriers that are generated after the dissociation of
bounded electron-hole pairs (called excitons) coming from the material
photoexcitation [4,5]. Considering all the mechanisms involved in
these devices, materials with low bandgaps have presented good re-
sults, mainly due to their relevant photophysical properties that lead to
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several advantages [6,3]. Among them it is possible to highlight: (i) the
better adjustments between the frontier molecular levels (involving the
lowest unoccupied and the highest occupied molecular orbitals, LUMO
and HOMO, respectively) with the electrodes and other components
present in the devices, which assures higher open circuit voltages and
efficient charge transfer processes; (ii) broader overall absorption
spectra, that leads to improved photon-harvesting efficiencies and total
current densities, and (iii) lower exciton binding energies, that facil-
itates the exciton dissociation and the generation of free charges in the
devices [1,7-10]. In this context, the engineering of materials with
appropriate bandgaps is a very active research area for the development
of both, polymeric and small molecules based devices [11,12,6,13].
The design of low bandgap polymer-based systems is generally
carried out via the co-polymerization of subunits with dissimilar do-
nor-acceptor properties (DA concept), or through the stabilization of
the quinoidal conformation of the conjugated structures [14,15]. On
the other hand, the bandgap engineering of small molecules is a more
challenging issue, mainly due the typical reduced conjugation of these
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systems. Compounds of interest are usually obtained via the DA ap-
proach [1,14,16-19], however the obtained bandgaps are still high for
some applications, specially for OSCs [1,20].

In this context, a recent study has pointed out that the use of diblock
co-oligomers could be considered as a relevant alternative for the de-
sign of improved low bandgap materials for applications in photo-
voltaics [21]. Given their reduced extension, such materials present the
typical advantages associated with organic small molecules, as ease of
synthesis and higher purity [1,10,22], at the same time that it allows
the mitigation of relevant setbacks associated with morphological
problems and low fill factors (FF) commonly associated with polymeric
systems [22,23].

Similarly to co-polymerization process, the bandgap engineering of
such systems is based on the combination of oligomeric blocks with
distinct frontier orbital levels. However, given the spatial separation
between the employed blocks (and then between their frontier orbitals
spatial distributions) a good balance between the oligomers extension is
vital to favor optical transitions between these states. For example, it
was shown that for a oligothiophene-oligopyrrole system the optimal
blocks extension is around 5 units ([Th]s-[Pyls) [21].

An effective HOMO and LUMO distribution on the diblock structure
is an important feature to obtain compounds with intermediate opto-
electronic properties in relation to their constituting blocks. A common
strategy in co-polymeric systems is the insertion of small molecules
with strong 7-systems between two distinct monomeric structures [24].
The main role of these compounds is establishing an effective connec-
tion between the 7-systems of the co-polymer constituents and for this
reason it is generically called as a 7-bridge [25].

In the context of diblock co-oligomers, the presence of such bridges
could indeed lead to significant improvements, not only in the 7-system
extension, but also in the resulting bandgaps. In this sense, here we
evaluate the influence of 7-bridges insertion on the opto-electronic
properties of the [Th]s-[Py]s diblock co-oligomer as a study case for the
proposition of new materials with improved features for applications in
OSCs. The obtained results indicate that an appropriate choice of the
7-bridges can indeed lead to low bandgap materials (E; ~ 0.8eV) with
interesting properties for photovoltaic applications, as higher HOMO/
LUMO overlap (with active optical transitions), lower exciton binding
energies, and lower electron reorganization energies. In addition to the
improvement of materials for photovoltaics, the obtained results also
suggest an interesting design strategy for others varied applications
employing distinct organic small molecules.

2. Materials and methodology

Fig. 1 illustrates the compounds evaluated in this study. The choice
of thiophene and pyrrole structures with five units (pentamers) for the
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design of the diblock co-oligomers ([Th]s-[Py]s) was based on a pre-
vious work of our group, where it was demonstrated that such systems
result in low bandgap materials with improved opto-electronic prop-
erties [21]. In particular, in that work it was shown that the diblock co-
oligomers properties are modulated by the resulting HOMO/LUMO
overlap, mainly at the diblocks interface. In this context, aiming to
improve this feature, six distinct 7-bridges has been considered: benzo
[1,2-c:4,5]bis[1,2,5]thiadiazole (BBT), benzothiadiazole (BT), carba-
zole (CAR), thiadiazoloquinoxaline (TDQ), thiophenopyrazine (TP),
and vinyl (VIN). The choice of these bridges was based on both, spatial
and energetic issues: (i) it was selected compounds with strong 7-sys-
tems to facilitate the spatial distribution of 7-electrons along the two
oligomers; and (i) the bridges should present specific energy level
distributions in relation to the HOMO and LUMO of the unmodified
diblock co-oligomer. In particular, regarding the last issue it was tested
three distinct configurations: (a) bridges with LUMO levels inside the
bandgap of the original diblock co-oligomer (typical acceptors), (b)
bridges with HOMO levels inside the bandgap of the original diblock co-
oligomer, and (c) bridges with frontier levels outside the bandgap of the
original system, aiming to investigate the effect of the formation of new
intermediate states.

Preliminary dihedral analyses were performed for each system
employing monomeric structures ([Thl;-[7-bridge]-[Py];). For this
purpose, four distinct conformations were constructed considering di-
hedrals of 0° and 180° between [Th];-[7-bridge] and [Py];-[7-bridge]
subunits, which were then fully optimized. Since planar structures were
obtained for all the monomer-based systems, restricted geometry opti-
mizations of planar configurations have been carried out for [Th]s-
[7-bridge]-[Pyls structures. This approach is indeed relevant for the
description of organic thin films, since the formation of planarized
structures should be the expected after solvent evaporation [26].

All the geometry optimizations were performed in the framework of
the density functional theory (DFT), with Becke’s LYP (B3LYP) ex-
change-correlation functional [27-29] and 6-31G(d,p) basis set. In fact,
there is a multitude of functionals available in the literature. However,
in the case of oligomers and polymers it is known that their perfor-
mance are quite dependent of the property under consideration, which
suggests the necessity of employing distinct approaches to reproduce
the structural, electrical and optical properties of these systems in a
appropriate way [30-32,29,33-36]. Since in the present report we are
more interested in evaluating tendencies than providing precise elec-
tronic parameters, the DFT/B3LYP approach have been chosen because,
in average, it provides a reasonable description of both optical and
electronic properties of non-extended oligomeric structures [29,34,36],
being then appropriated to our systems.

The theoretical absorption spectra of the compounds were evaluated
in a time dependent DFT approach (TD-DFT) [37], using the same
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Fig. 1. Schematic representation of the investigated systems and associated bridges.
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Fig. 2. Frontier molecular levels for the isolated bridges and resulting diblock compounds.

functional and basis set employed in the geometry optimizations. All
the calculations were carried out with the aid of Gaussian 09 compu-
tational package [38].

Aiming to better evaluate the performance of the bridged diblock
co-oligomers in solar cells some simple descriptors associated with
charge transport and exciton dissociation were estimated: (i) electron
and hole reorganization energies (1, and 1;) [39,40] and (ii) exciton
binding energies (Egx) [40].

The reorganization energy (1) represent the energy required for the
geometric relaxation during charge transfer processes, being inversely
proportional to the charge carriers mobilities [40-44]. These values can
also indicate which is the dominant charge transport mechanism in the
systems: in general 1, is lower than A, in donor materials where greater
mobility of holes is expected, while the inverse relation is observed for
acceptors [45-47]. Egy, in turn, indicates the energy that is required to
dissociate a photogenerated exciton in the molecule, leading to the
formation of free charges in the devices [48]. In this sense, small Egx
values are associated with efficient exciton dissociation, which is a
desired characteristic for solar cells.

Supposing a compound M with N electrons, the electron (4,) and
hole (4;,) reorganization energies are obtained via Egs. (1) and (2):

Ae = [Er (N4 1.N)=E7r (vn.N)| + [Er(Wn.N + D—Er (n4.N + 1)] (@)

Ap = [Er Wn—1,N)—Er (n,N)] + [Er (Wn,N=1)—Er(vy_1,N-1)] )

where Er (Vn4k,N + j) represents the total energy obtained via a single
point calculation of the species M~ (with N + j electrons) for which the
nuclear positions (represented by vy, ) were previously obtained from
the geometry optimization of the M—* specie (where k and j represents
the changes in the electron number, being equal to —1, 0 and + 1 for
cationic, neutral and anionic species, respectively). For example, the
first parcel of 1, is obtained from the difference between the total en-
ergy of the charged specie M~! (j = +1, i.e. with the addition of one
electron in relation to M) for which the geometry was previously op-
timized in the neutral state (k = 0), Er(vy+1,N), and the total energy of
the neutral specie M (j = 0) for which the geometry was pre-optimized
in the neutral state (k = 0), Er(vy,N). In order to better describe the
real potential curves involved in the charge transfer processes, fully
optimized structures were considered for the estimation of re-
organization energies. The geometry optimizations and single point
calculations followed the same above presented DFT approach.

The exciton binding energy of each system was estimated via Eq. (3)
[49,50]:

3

Epx = [Erumo—Eromol—Eoptical

where Epopmo and Epyyo represent the HOMO and LUMO energies, es-
timated from the Kohn-Sham orbital energies, while E,p;., represents
the lowest-singlet excited energy coming from TD-DFT calculations.

3. Results and discussion

Fig. 2 presents the Egoyo and Eppyo levels of the unmodified [Th]s-
[Pyls diblock, isolated 7-bridges and the resulting [Th]s-[7-bridge]-
[Py]s systems. Note that the employed bridges present distinct frontier
levels distributions in relation to the bandgap of the unmodified di-
blocks: while the Ejyy0 of BBT, BT and TDQ and the Eyopo of TP are
located inside the diblock bandgap, CAR and VIN bridges present their
frontier levels outside of this range.

In general it is possible to observe that the bridged co-oligomers
present different Eyopo and Eppypyo in relation to unmodified [Th]s-
[Pyls. In particular, the most prominent changes are observed for BBT,
BT and TDQ bridges, which suggests the relevance of the bridge LUMO
level position for the design of low bandgap materials. Interestingly this
trend is not observed when the HOMO of the bridge is inside of the
diblock bandgap, as evidenced in TP-based system, for which no sig-
nificant effects are observed. Finally, for CAR and VIN no effect can be
noticed.

Despite of the above presented consideration, it is interesting to
note that the new Epyyo observed in the bridged oligomers present
small deviations in relation to the Ejypyo of the isolated bridges. This
effect is apparently associated with interactions between the orbitals of
the bridges and the frontier molecular orbitals of the [Th]s-[Py]s sys-
tems, being less expressive when the bridge LUMO level is located at
the center of the diblock bandgap (see TDQ case in relation to BBT and
BT).

In addition to the energetic distribution of the frontier levels, an-
other relevant information to evaluate and predict the opto-electronic
properties of the bridged systems is the spatial distribution of these
molecular orbitals on the co-oligomer structures. In general a sig-
nificant HOMO/LUMO overlap is desired to ensure an effective con-
tribution of the new frontier orbitals to the optical and electrical re-
sponse of the obtained materials. Fig. 3 shows the spatial distribution of
the HOMO and LUMO on the compounds. The result obtained for the
non-modified diblock co-oligomer is also presented for comparison.

As can be noticed, the presence of the BBT bridge leads to the most
representative HOMO/LUMO overlap, followed by TDQ and BT. In

14



G.G.B. Alves et al.

Computational Materials Science 152 (2018) 12-19

~ LUMO

1 HOMO

)

Fig. 3. HOMO and LUMO spatial distributions on the compounds structure: (a) [Th]s-[Py]s, (b) [Th]s-BBT-[Py]s, (c) [Th]s-BT-[Py]s, (d) [Th]s-CAR-[Py]s, (e) [Th]s-

TDQ-[Pyls, (f) [Th]s-TP-[Py]s and (g) [Th]s-VIN-[Py]s.

particular, BBT promotes an optimized interconnection between the
two oligomeric blocks, extending the electronic 7-system along the
entire compound structure. VIN presents intermediary results, that are
similar to the non-modified diblock co-oligomer. Finally, CAR and TP
lead to a reduction of the effective overlap in relation to unmodified
diblock.

The above presented results indicate how relevant is the choice of
the 7-bridge for an effective orbital delocalization on the compound
structure. Similar results have already been pointed out by Szarko and
collaborators, in the study of oligomeric systems based on 3-hex-
yltiophene (3HT) oligomers and thienothiophene (TT) 7-bridges [51].
In particular, Szarko et al. have shown that the presence of TT 7-bridge
between long 3HT blocks leads to the formation a localized state in the
bandgap of the structures. For shorter oligomers, however, the new
LUMO generated in the bandgap (associated with the bridge) is delo-
calized on the entire compound structure, leading to significant changes
on the opto-electronic properties of the resulting systems.

From the work of Szarko it can be noticed that, when the frontier
levels of the bridges and those of the unmodified compounds are close
in energy, they can effectively interact, changing their overall spatial
distribution. On the other hand, if the unmodified system is composed
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of extended oligomers, the interaction between the adjacent units of
these structures is very strong and the effect of the 7-bridges is quite
small, leading to the generation of localized defect states.

Our results not only corroborate these observations but also allow
the proposition of simple rules for the design of new low bandgap
materials with effective optical responses. In particular for the BBT and
TDQ based systems it is noticed that the LUMO of the bridges are lo-
cated in the middle of the bandgap of the [Th]s-[Pyls, so they can ef-
fectively interact with both the frontier levels of the unmodified di-
block. This interaction results in new HOMO and LUMO orbitals that
present a significant spatial contribution of the bridge, extending the
n-system on the diblock co-oligomers (see Fig. 2b and e). On other
hand, for BT based systems it is clear that the LUMO of the bridge in-
teracts more effectively with the LUMO of the original diblock co-oli-
gomer, changing its spatial distribution. However it is not able to in-
teract with the diblock HOMO, which retains the same structure of the
unmodified diblock co-oligomer, i.e. localized on the [Pys] unit (see
Fig. 2¢).

Based on these results it is possible to conclude that very extended
m-conjugated compounds can be obtained via the incorporation of
specific 7-bridges between small conjugated units. For this purpose, it is
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Fig. 4. HOMO/LUMO spatial overlap in 7-bridged systems and unmodified [Th]s-[Py]s structures.

necessary three requirements: (i) not so extended conjugated units; (ii)
a bridge with a well formed 7-system, and (iii) the LUMO of the bridge
must be located inside the bandgap of the original diblock/dimeric
system. It is important to highlight that these simple rules for the de-
signing of low bandgap materials are not restricted to 7z-bridged diblock
co-oligomers but they can be extended for other similar systems based
on small molecules.

Fig. 4 presents a quantitative description of the compounds HOMO/
LUMO overlap, estimated via the spatial overlap matrix elements
(1PnomoN'Prunmo!) [52] that better illustrate the qualitative information
presented in Fig. 3. Note that the frontier orbitals overlap are improved

for BBT, TDQ, BT and VIN (in a decreasing order) and it is reduced for
CAR and TP, as already discussed.

In order to better evaluate the effect of the 7-bridges on the optical
properties of the systems, the theoretical absorption spectra were
evaluated. Fig. 5 shows the obtained results. The [Th]s-[Py]s spectrum
is also presented for comparisons (detailed information associated with
the transitions are presented in the Supplementary Material).

It is worth to note how effectively BBT, TDQ and BT bridges influ-
ence the absorption spectra of the diblock co-oligomer, which is in
accordance with the considerations presented above, i.e. a significant
HOMO/LUMO overlap leads to more intense optical transitions
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Fig. 5. Theoretical optical absorption spectra of the bridged systems in relation to the non modified diblock (dashed lines indicate the position of the main transitions

associated with [Thls-[Pyls).
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article.)

involving these orbitals (the lowest energy transitions). Note that the
insertion of VIN and CAR bridges do not lead to significant changes on
the main peak positions, as expected. The spectra of these compounds
are quite similar to the original diblock one, with small shifts and
changes on the relative amplitudes. Finally, the insertion of TP bridge
does not lead to significant changes in the absorption at low energies,
however some modifications are observed above 2.5 eV.

It is important to highlight how the information presented in Figs. 2
and 4 are linked to the resulting absorption spectra shown in Fig. 5.
Fig. 2 shows that, when the LUMO of the bridge is located inside the
original diblock co-oligomer gap, it presents a substantial contribution
to the construction of the frontier orbitals of the bridged systems, which
leads to a new material with a reduced bandgap. This feature, however,
is not strong enough to ensure an effective optical response of these
orbitals in the resulting systems, which can only be obtained if the
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transitions involving the new HOMO-LUMO levels are quite likely,
which in a first approximation depends on their effective spatial overlap
[53,54], as presented in Fig. 4.

According to these observations we can point out the relevance of
the 7-bridge to the transition intensities. The insertion of an appro-
priate m-bridge results in low energy optical transitions
(HOMO—LUMO transitions) with the same amplitude (and sometimes
more intense) than that observed in the unmodified diblock co-oli-
gomer [21,51].

In order to evaluate the performance of the bridged systems in
photovoltaic devices, some electronic descriptors associated with
charge transfer, exciton dissociation and charge collection were eval-
uated. Fig. 6a presents the electron (4,) and hole (4;) reorganization
energies, as well as the exciton binding energies (Epx) estimated for
each bridged compound in relation to the unmodified [Th]s-[Pyls
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diblock. Fig. 6b illustrates the frontier levels alignments of the obtained
systems in relation to typical electron acceptor compounds [55] and
electron and hole collection electrodes [56].

Note that BBT, TDQ and BT bridges lead to reduced A, values (in a
decreasing order) in comparison with the unmodified system. Higher
values are observed for CAR and TP, while no significant changes are
induced by the presence of VIN. Regarding hole transport, it is noticed
that the presence of 7-bridges in general leads to higher reorganization
energies. However, for the most prominent bridges (BBT and TDQ) the
change is just slightly higher than the unchanged diblock (lower than
0.03 eV). Finally, in relation to exciton binding energy it is noticed that
BBT, TDQ and BT bridges lead to the most promising results, with a
percentual reduction of 69.5,49.0 and 27.5%, respectively, in the Epx
values. Less significant changes on this descriptor are observed for the
other bridges.

Finally, through analysis of the levels alignments it is possible to
observe that the recently proposed ICBA and ICTA fullerene derivatives
can still act as effective acceptors for these low bandgap compounds. It
is interesting to note that the use of PCBM is not appropriated for some
systems and Cgg is not indicated at all. Regarding the electrodes it is
possible to note that some commonly employed materials can still be
considered for these compounds, however, given the proximity of the
frontier energy levels, they can play distinct effective roles. For in-
stance, it is noticed that the efficiency of electron collection via Mg
electrodes can be improved in the 7-bridged systems at the same time
that hole collection could also occur.

Based on the above presented results, among the systems in-
vestigated in this report, BBT and TDQ bridged systems have presented
the most significant requirements for applications in solar cells. At the
same time that such compounds show the lowest exciton binding en-
ergies and reorganization energies for electron transfer, the undesired
effect associated with the increases of 1, is less expressive (lower than
2kT at room temperature). In addition, these systems show an efficient
HOMO/LUMO overlap, with active optical transitions, that points out
them as effective low bandgap materials for varied applications. We
consider that the present case study involving [Th]s-[Pyls based sys-
tems indicates a relevant way to obtain new materials with relevant
properties for photovoltaics that can pave the way for the design of new
low bandgap materials.

4. Conclusions

The effect of the inclusion of distinct 7-bridges in the diblock co-
oligomer structures of oligothiophene and oligopyrrole were in-
vestigated via electronic structure calculations.

Simple rules for the design of low bandgap materials based on the
evaluation of frontier orbitals alignments between diblock/dimeric
systems and isolated 7-bridges have been proposed and discussed.

The results indicate that an appropriate choice of bridges can lead to
materials with bandgaps as low as 0.8 eV for the [Th]s-[7-bridge]-[Py]s
compounds, which can be eventually lower for other systems. The ef-
fective HOMO/LUMO overlap leads to improved opto-eletronic and
charge transport properties. In particular very promising results were
obtained for BBT and TDQ bridges in relation to the original diblock co-
oligomer. These bridged systems present the lowest exciton binding
energies and improved reorganization energies for electron transfer, as
well as a substantial HOMO/LUMO overlap.

The results coming from this case study indicate an interesting route
for the design of new and optimized low bandgap materials for opto-
electronic applications which combines relevant properties of polymers
and organic small molecules.

Data availability

Data will be made available on request.
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