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ABSTRACT
The properties of a particular kind of small molecule that is built from two oligomers of different monomers, 
i.e. a diblock co-oligomer, as the electron donor in the active layer of organic solar cells are investigated 
theoretically. For these molecules, this work shows that it is possible to predict the energies of the frontier 
molecular orbitals by knowing the same energies for the oligomers that constitute the diblock, opening 
the possibility of designing new materials with optimal energy levels and optical properties. Furthermore, 
it was observed that the optical absorption bands of these diblock co-oligomers were broader than that 
of the constituent oligomers and also of the homopolymers, allowing greater absorption of photons and 
possibly an improved electric current in the device. It was also shown that these phenomena are size-
dependent.

1.  Introduction

New materials for organic solar cells (OSCs) must have prop-
erties such as good solubility, stability and other features that 
allow a good morphology of the active layer and high production 
at low cost [1–3]. In addition, the materials used in the active 
layer of such devices should also have properties that increase 
the efficiency of solar energy conversion [4]. In particular, the 
new electron donor material should provide: (i) an adjustment 
of the energies of the lowest unoccupied and highest occupied 
molecular orbitals (LUMO and HOMO, respectively) in relation 
to the acceptor materials, in order to ensure a higher open circuit 
voltage (VOC); (ii) a higher electric current via a wider photon 
collection, resulting from a small energy difference between 
HOMO and LUMO (ΔEHL); and (iii) an ability to promote the 
exciton dissociation, avoiding recombination [1–5].

Although most of the active layers of bulk heterojunction 
OSCs are made from polymers and fullerenes, small molecules 
have been employed as electron donor materials due to sev-
eral advantages such as easy synthesis and high purity [3,5,6]. 
Efficiencies around 10% were reported for solar cells with small 
molecules as electron donors and fullerenes derivatives as elec-
tron acceptor materials [6,7]. The drawback commonly found 
in these materials is lower values for the fill factor (FF) that are 
related to morphology problems [6,7]. The use of several new 
small molecules has been proposed in the literature, usually built 
from electron donor and electron acceptor constituent units (DA 
concept) [3,8–12]. This approach has proven to be effective to 
obtain new small molecules with HOMO and LUMO energies 
(EHOMO and ELUMO, respectively) more adjusted to the adopted 

electron acceptor material, thereby providing an optimised VOC. 
However, the ΔEHL still have values above those suggested as ideal 
(around 1.4 eV) [3,13].

In this paper a proposal is presented to design small organic 
molecules as electron donor materials. Making use of theoretical 
chemistry calculations, it will be shown that for a small molecule 
that is built from two oligomers of different monomers, i.e. a 
diblock co-oligomer (DCO), it is possible to predict the ener-
gies of the frontier molecular orbitals by knowing beforehand 
the same energies for the oligomers. Based on a long series of 
results, we concluded that the DCO’s EHOMO and ELUMO can be 
estimated as approximately equal to the EHOMO of the oligomer 
that has the highest energy for the HOMO orbital and the ELUMO 
of the oligomer that has the lowest energy for the LUMO orbital, 
respectively (see Figure 1). This concept allows that from a col-
lection of oligomers with known EHOMO and ELUMO, it is possible 
to plan a new electron donor molecule with the best possible fit 
of the frontier electronic levels both in relation to the acceptor 
material to be used as well as to the lowest ΔEHL. And the results 
show that there is still the bonus of a broader optical absorption 
band than the simple overlap of the optical absorption bands of 
the constituent oligomers. Such a scheme opens the possibility 
of saving efforts to find new materials that bring together good 
electronic and optical properties that can be predicted, and also 
good morphology and charge transport, which can normally 
only be evaluated after the device is built.

In the following sections, in order to show the plausibility 
of our proposal, we present our study of a DCO consisting of 
oligomers of thiophene and pyrrole, [Th]n-block-[Py]n, since 
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the other monomers, for which we already knew the frontier 
electronic energy levels from previous works [16–18]. Based on 
the electronic properties of the isolated oligomers, the chosen 
combination for the DCOs are: Th + Py, CNPh-PV + 3HOT, 
3HT-OH + 3HT-CN, 3HT-F + 3HT-CN, 3HT-NH2 + 3HT-CN 
e 3HT + 3HT-CN.

We decided to use DCOs bonding together two different oli-
gomers with the same number of monomeric units. Thus, if we 
have two monomers, A and B, our DCOs are of the type [A]n-
block-[B]n. The number n of monomeric units was varied from 
2 to 10 in order to analyse the electronic properties’ dependence 
on the size of the DCO. We adopted oligomeric chains with 20 
monomers to represent the polymer, because usually for this 
oligomer size the electronic properties are very close to the pol-
ymer limit [20–23].

All geometry optimisations were carried out in vacuo using 
the Hatree–Fock method PM6 [24] with the MOPAC2012 pack-
age [25]. Next, we obtained the electronic structure data using 
the Density Functional Theory (DFT) [26], employing the B3LYP 
hybrid functional [27,28] and the basis functions set 6–31G(d) 
[29] with the GAUSSIAN09 program [30]. There are today a 
large amount of available functionals and theoretical studies have 
shown that B3LYP provides in average a very good agreement 
with the experimental values for optical and electronic properties 
in studies with organic small molecules and polymers [31–36], 
whereas coulomb attenuated and long-range separated function-
als generally overestimate these values [32,35]. To reduce com-
putational costs, we replaced the long side chains of the studied 
structures (octoxy of CNPh-PV, hexyloxy of 3HOT, and hexyl 
of 3HT and its derivatives) with methyl groups, an approach 
that has been shown to be feasible, as the electronic and optical 
properties basically remain unchanged [37]. Such an approach 
of combining a geometry optimised at a semiempirical level of 
theory and the electronic properties through DFT calculations 
has been applied with satisfactory results in conjugated polymer 
studies [17,18,37–39]. This methodology makes our study pos-
sible, as exclusive use of ab initio methods would have resulted 
in a high computational cost because of the size of the systems 
and mainly the number of conformers analysed.

We adopted fully planar oligomeric structures with anti-
conformation, since this is the most probable conforma-
tion pointed out in theoretical and experimental studies 
[17,20,21,39,40] and is the expected conformation in the solid 
state [20,41,42]. As the polymers and oligomers selected for this 
study already tend to be planar, it was assumed that the same 
conformation holds for the DCOs, an option also supported 
by experimental works on small molecules [5,32]. We also did 
some tests optimising the structures without constraints, i.e. not 
restricted to a planar conformation; the results obtained showed 
that the structures became slightly twisted with variations smaller 
than 0.1 eV for the energy of the frontier electronic levels between 
the twisted and those totally planar structures. These results sug-
gest that employing full planar structures is a realistic approach.

In addition to the electronic structure of oligomers and 
DCOs, we also evaluated the allowed optical transitions between 
the ground and excited states of the studied materials. The opti-
cal absorption calculations, represented by the energies of the 
allowed vertical transitions (Evert), were performed through the 
Time Dependent Density Functional Theory (TD-DFT) [43] 

these materials are well know and have electronic properties 
[14,15] that allow to show the concepts we want to develop. It 
will be shown that there is a mixture of the electronic properties 
of both oligomers, so that the EHOMO and ELUMO of the DCO can 
be predicted from the same energies of the thiophene and pyrrole 
oligomers. In addition, and perhaps just as important, due to the 
mixing of the individual oligomers’ properties, it is observed 
that the DCO has a wider optical absorption band. However, 
both phenomena are size-dependent. Finally, five other studies 
of DCO will be shown in which we use units of thiophene deriv-
atives as co-oligomers and the validity of the prediction rule of 
the HOMO and LUMO energies, the widening of the absorption 
band and the possibility of modelling the ΔEHL becomes clear.

2.  Materials and methods

We studied DCOs built from thiophene (Th), pyrrole (Py), 3-hex-
ylthiophene (3HT), 3-hexyloxythiophene (3HOT), 1,4-diocty-
loxyl-p-2,5-dicyano-phenylenevinylene (CNPh-PV) and some 
3HT derivatives in which chemical substitutions at position 4  
of its monomeric units were conducted, including [16–19]: 
hidroxyl (3HT-OH), cyano (3HT-CN), fluorine (3HT-F) and 
amino (3HT-NH2) (see Figure 2). Thiophene and pyrrol mono-
mers were chosen because the oligomers and polymers are very 
well know in the organic conducting polymers field and their 
frontier electronic energy levels allow to demonstrate very easily 
the main idea of this work. This is the same reason to choose 

Figure 1.  (Colour online) Frontier electronic energy levels for oligomers [A]n, 
[B]m and for the diblock co-oligomer built from [A]n and [B]m, according to the 
predicting rule for them.

Figure 2. (Colour online) Monomeric units employed in this study.
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with the same functional, basis set and software described above. 
Orbital pictures were drawn with Jmol [44].

3.  Results and discussions

For the reasons presented in the preceding Section, our most 
detailed study is of the Th and Py oligomers and the DCOs 
built from them. As the same conclusions were observed in all 
cases, the main results for the other DCOs are presented in the 
Supplemental Online Material (SOM).

The [Th]n and [Py]n homo-oligomers ranged from 2 to 10 
monomeric units, and from these we built DCOs. According to 
Figure 3, the homo-oligomers present EHOMO and ELUMO values 
reasonably different and one intense optical absorption peak 
relating to the HOMO  →  LUMO transition (see Figure S1 of 
SOM). It is noted that the [Th]n-block-[Py]n DCOs have EHOMO 
and ELUMO values approximately equal to the EHOMO of the [Py]n 
and to the ELUMO of the [Th]n oligomers, respectively. The same 
effect is observed for the other studied DCOs, as can be seen in 
Figures S3, S6, S9, S12, and S15 of SOM. This set of results cor-
roborates the rule of prediction of the frontier electronic levels 
of DCOs presented in the Introduction. As a consequence, the 
ΔEHL can be modelled, choosing oligomers with the appropriate 
EHOMO and ELUMO values. In the case of Th and Py monomers, 
the values of ΔEHL of the DCOs are always lower than the con-
stituents oligomers.

To present the results of the theoretical optical absorption of 
the DCOs of Th and Py, the case [Th]5-block-[Py]5 will be taken 

as an example; the other studied cases can be seen in Figure 
S1 of SOM. Figure 4 shows the optical absorption spectrum of 
the DCO, together with the spectra of homo-oligomers [Th]5 
and [Py]5. It is possible to observe that the DCO’s first optical 
transition has a lower energy compared to the homo-oligomers, 
as the calculated ΔEHL already indicated. We also note that the 
spectrum of [Th]5-block-[Py]5 is broader and shows about four 

Figure 3. (Colour online) (a) ELUMO and (b) EHOMO for [Th]n (red), [Py]n (black) and [Th]n-block-[Py]n (green).

Figure 4.  (Colour online) Theoretical optical absorption spectra of 5 monomeric 
units of Py (red) and Th (blue) compared to [Th]5-block-[Py]5 (black).
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Figure 5 shows the orbitals involved in the first four most 
intense allowed optical transitions for [Th]5-block-[Py]5, and, 
as can be seen, there is no strong orbital localizations. This is 
important, because it is known that localised orbitals may act 
as exciton traps, leaving them with a smaller diffusion length. 
Looking at the first transition (Figure 5(a), HOMO → LUMO), an 
overlap of only a portion of the involved orbitals was observed. 
However, the situation is improved for the other transitions in 
which the orbitals above or below the HOMO and LUMO are 
involved; they are more delocalized than the frontier ones (see 
the orbitals HOMO-1, HOMO-2 and LUMO + 2 in Figure 5) 
so as to allow excitons with larger diffusion lengths [3,5,45,46].

Enlargement of the optical spectrum in diblock materials has 
been observed previously by Szarko et al. [46], with a theoretical 
and experimental study of a type of diblock oligomer, different 
from the DCO that we propose in this work. The authors studied 
oligomers of 3HT of the same size connected by a thienothio-
phene (TT) π bridge, resulting in diblock oligomers of different 
sizes. Analysing the experimental and theoretical optical absorp-
tion spectrum of these diblock oligomers, the authors observed 
a broadening compared to the polymer of 3HT (poly(3-hexylth-
iophene), P3HT); two intense peaks of optical absorption were 
present and the first associated to a HOMO → LUMO transi-
tion. With these results, the authors suggested that these types of 
materials would have some advantage over the homopolymers, 
once the P3HT always displays only one intense peak of opti-
cal absorption [46]. When increasing the size of 3HT oligomers 
in the diblock, the optical spectrum becomes broader, and for 
oligomers with four monomeric units on each side this effect 
disappears, and the first most intense peak of optical absorption 
(the HOMO → LUMO transition) starts to lose intensity. Finally, 
the authors stressed that solar cell efficiency could be improved 
using the synthesised diblock oligomers, since there would be 
an increased absorption of the solar spectrum band that would 
allow more electrons to be excited and possibly contribute to a 

intense peaks (with a normalised oscillator strength greater than 
0.2 au); the first absorption peak is assigned as a HOMO → LUMO 
transition and the others are combinations of transitions between 
orbitals below the HOMO and above the LUMO. This suggests 
that this kind of molecule may provide a wider optical absorption 
when considering the possible transitions from all conformations 
accessed when the system changes from the ground to the excited 
state, with the possible consequence of a higher current in the 
device [3,5]. On the other hand, the [Th]5 and [Py]5 oligomers 
have both only one intense peak of optical absorption in accord-
ance to what is experimentally observed, that is associated with 
a HOMO → LUMO transition [45].

Figure 5.  (Colour online) Orbitals (Kohn-Sham representation, isovalue surface of 0.01 au) involved on the (a) first, (b) second, (c) third and (d) fourth most intense 
transitions for [Th]5-block-[Py]5.

Figure 6.  (Colour online) Ratio between the oscillator strengths of the 
HOMO  →  LUMO and most intense transitions. The insets depict the optical 
absorption spectrum of selected cases; the red arrows indicate the HOMO → LUMO 
transition.
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frontier electronic levels of the constituent oligomers are quite 
dissimilar. It was observed that the greater the energy differ-
ences in |EHOMO,A − EHOMO,B| and |ELUMO,A − ELUMO,B|, the greater 
the extension of the absorption band. However, due to the large 
differences between the EHOMO and ELUMO of the constituent oli-
gomers, it was also observed that there is a smaller range for n 
in which the DCOs are interesting. In these cases, the optimal 
value for n is four, however, DCOs with n equal to three or five 
can still be interesting. Furthermore, the DCOs with four mon-
omeric units of each homo-oligomer have a ΔEHL close to that 
suggested as ideal (1.4 eV) [3,13].

4.  Conclusions

This work presents a theoretical study in which we propose the 
use of diblock co-oligomers (DCO) as small donor molecules 
for the active layers of OSCs for which it is possible to design 
the energies of the frontier electronic levels. We verified that it 
is possible to predict the HOMO and LUMO energies of these 
types of molecules, knowing beforehand the same values for each 
of the oligomers employed. Choosing the appropriate oligomers, 
it is possible to obtain new small molecules with low ΔEHL and 
close to what is considered ideal for applications in solar cells.

The DCOs have a wider optical absorption spectrum when 
compared to the constituent oligomers and the homopolymers 
composed of the same monomers. The expected result is a higher 
conversion efficiency (PCE) as a function of photon harvesting 
over a wider range of the solar spectrum, with the possibility to 
produce a higher electrical current in the device. The greatest 
enlargement of the optical absorption band is obtained for the 
largest difference between the energies of the frontier electronic 
levels of the constituent oligomers. There is, however, a size effect; 
the advantages of the DCOs are observed for a narrow range of 
the number of monomers.

Overall, the DCOs bring together a number of advantages 
over the materials commonly used as electron donor elements 
in active layers of OSCs: the possibility of modelling the HOMO 
and LUMO energies, the energy difference between the HOMO 
and LUMO and the enlargement of the optical absorption spec-
trum. As the field of small molecules-based OSCs is very active, 
with recent results for PCE around 10% [6,7], we believe that the 
DCOs is a class of promising materials.
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