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Abstract: A new benzotrithiophene-based small molecule, namely 2,5,8-Tris[5-(2,2-dicyanovinyl)-
2-thienyl]-benzo[1,2-b:3,4-b′:6,5-b′′]-trithiophene (DCVT-BTT), was successfully synthesized and
subsequently characterized. This compound was found to present an intense absorption band at a
wavelength position of ∼544 nm and displayed potentially relevant optoelectronic properties for
photovoltaic devices. Theoretical studies demonstrated an interesting behavior of charge transport
as electron donor (hole-transporting) active material for heterojunction cells. A preliminary study
of small-molecule organic solar cells based on DCVT-BTT (as the P-type organic semiconductor)
and phenyl-C61-butyric acid methyl ester (as the N-type organic semiconductor) exhibited a power
conversion efficiency of 2.04% at a donor: acceptor weight ratio of 1:1.

Keywords: benzotrithiophene derivative; organic semiconductors; π-stacked assemblies; small
molecule; organic solar cells

1. Introduction

There is a growing need for more environmentally friendly and renewable energy
since its access still remains challenging. Among natural energy sources, the limitless
potential of sunlight is still a highly relevant strategy for fully realizing its potential. In
this context, organic solar cells (OSC) are currently attracting much attention due to their
wide range of optoelectronic properties, lower production cost, ease of processing, and a
large variety of applications for the design of flexible devices [1–5] with the challenge of
increasing the power conversion efficiency (PCE) [6,7]. Even nowadays, the access to clean,
sustainable, and affordable energy [8–14] remains the seventh goal of the world agenda
2030 for sustainable development.

In contrast to the widely studied polymer-based OSC, small-molecule organic solar
cells (SM-OSC) have demonstrated several outstanding advantages, including their well-
defined structure and precise molecular weight, ease of purification, and as a result, little
batch-to-batch variation [15,16]. Recently, high power conversion efficiency [17] has been
achieved for SM-OSC, indicating that their PCE could reach values similar to polymer
solar cells [2]. These PCE values can be obtained by utilizing the combination of adequate
molecule design and device optimization. The PCE of photovoltaic systems is determined
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by three parameters, namely open-circuit voltage (VOC), short-circuit current density (JSC),
and fill factor (FF). Generally, SM-OSC possess a high VOC and FF over 50% [18–20] and
improving the JSC without sacrificing VOC and FF is one of the effective strategies to attain
a high PCE for OSCs. There are many methods to improve the JSC, such as active layer
morphology, which can be controlled by adding additives and modification of the buffer
layer [21]. The direct and fundamental strategy to improve the JSC is to design new electron
donor (D) molecules with a broad light absorption range and high light harvesting efficiency.
These properties allow the sunlight to be captured more efficiently, thus increasing the
formation of charge carriers that are responsible for producing the photovoltaic effect.

Another simplified approach for the design of new small molecules is by increasing
conjugation length through the π-spacer. A suitable compound to be used as a spacer is
the asymmetric core benzo [1,2-b:3,4-b′:6,5-b′′]trithiophene (BTT), which has been used in
several investigations as a molecular basis for the manufacture of new compounds with
electron donor behavior [22–25]. Unlike the symmetric BTT ring, the cis arrangement of
the sulfur atoms in asymmetric BTT facing each other in the π-spacer core (Scheme 1)
may be further benefited in the intermolecular π-interaction, thus allowing enhanced hole
extraction [22–24,26–28].
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Scheme 1. Synthetic routes for the preparation of DCVT-BTT compounds.

Another strategy used to modify the electronic properties of a molecule is the incor-
poration of specific functional groups with high electron-withdrawing potential, called
acceptor groups (AG). These groups decrease the electronic bandgap, which corresponds
to the difference in energy between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), facilitating the exciton formation [29,30].
This originates from an electron-attracting effect that induces an increase in molecular
polarizability, causing a push–pull effect [31,32]. One of the most used acceptor groups
is dicyanovinylene (DCV), which in addition to fulfilling its structural function, offers
a simple synthetic methodology. DCV has been used in various studies related to the
synthesis and evaluation of small molecules, oligomers, polymers, and organic electronic
systems [33,34]. In order to extend the light absorption range and induce an efficient
solid-state packing and by considering the previously mentioned factors, we designed
a small molecule that has an asymmetrical benzotrithiophene (BTT) unit as the π-spacer
central core and three dicyanovinyl-thiophene (DCVT) acceptor group (Scheme 1). This
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was obtained using a new organic synthetic process referred to as direct (hetero)arylation
(DHA) [35]. As expected, the final compound exhibited broad and solar redshift absorption
in contrast to the core structure alone and can be used as electron donor active material in
OSC devices with bulk heterojunction architecture using phenyl-C61-butyric acid methyl
ester (PC61BM) as an electron acceptor active material.

2. Materials and Methods

All the chemical substances used in the present study were purchased from Sigma-
Aldrich and Merck Chemicals, and were subsequently used without further purification.
The solvents were distilled and dried by standard methods before use.

2.1. Chemical Synthesis
2.1.1. Synthesis of 2,2′:3′,2′′-Terthiophene (1)

A solution of 2-bromothiophene (3.6 g, 22 mmol) in 15 mL of ether was added dropwise
over Mg turnings in 45 mL of ether under a controlled N2 atmosphere. The resulting
mixture was subsequently refluxed for 12 h. The Grignard reagent was subsequently added
dropwise into a mixture of 2,3-dibromothiophene (6.05 g, 0.025 mol) and Ni(dppp)Cl2
(65 mg, 0.12 mmol) in 25 mL of ether. The resulting brown solution was refluxed for 15 h
and cooled down to room temperature. Finally, 150 mL of HCl 1M was added to stop
the reaction. The ether layer was separated, washed with saturated NaCl, dried over
MgSO4, and concentrated, resulting in a yellowish-brown oil. The oil was purified by flash
chromatography silica gel, where hexane was used as the solvent. This resulted in obtaining
4.05 g of light cyan crystals. Mp: 39–40 ◦C. UV EtOH: λmax/nm: 303 (log ε = 4.04).

2.1.2. Synthesis of Benzo[1,2-b:3,4-b′:6,5-b′′]trithiophene (BTT) (2)

A mixture of 156.8 mg (0.6314 mmol) of (1) and 8.1 mg (0.0319 mmol) of iodine was
dissolved in 40 mL of toluene. The mixture was stirred in a quartz-glass tube under gentle
oxygen flow and 400 W mercury lamp illumination overnight. The mixture was washed
with an Na2S2O3 solution (10 g in 50 mL of deionized water). The organic phase was dried
over MgSO4 for 3 h and separated by chromatography column, where hexane was used
as eluent. A white crystalline solid was obtained (125.3 mg, 0.516 mmol, yield = 81.0%).
Mp: 157–158 ◦C. 1H-NMR (CDCl3): δ 7.50 (d, 1 H, J = 5.4 Hz), 7.51 (d, 1H, J = 5.1 Hz),
7.53 (d, 1H, J = 5.4 Hz), 7.63 (d, 1 H, J = 5.4 Hz), 7.76 (dd, 2H, J = 5.4 Hz, J = 1.8 Hz).
13C-NMR (CDCl3): δ 122.72, 122.89, 123.04, 124.61, 124.65, 125.22, 130.91, 131.22, 131.75,
132.42, 132.90, 132.95. UV–Vis (EtOH) λmax/nm: 288 (log ε = 4.21), 267 (log ε = 4.84).

2.1.3. Synthesis of 5-Bromo-2-dicyanovinylthiophene (3)

Solutions of malononitrile (1.2 g, 18 mmol) and 5-bromothiophene-carbaldehyde
(15 mmol) in ethanol (50 mL) were added in piperidine (1 drop). The solution was heated
and refluxed for 1 h, subsequently cooled down to ambient temperature, and finally the sol-
vent was removed under reduced pressure to obtain a crude dicyanovinyl compound. The
resulting solids were recrystallized, resulting in a pale orange solid (91.2%). Mp: 157–158 ◦C.
(eluent ethyl acetate/n-hexane). UV (CH3Cl): λmax nm: 317.5 (log ε = 4.23). FT-IR (cm–1)
3310, 2224. 1H NMR (CDCl3): δ 7.25 (d, 1H, J = 4.0 Hz, 4-H), 7.51 (d, 1H, J = 4.0 Hz, 3-H),
7.75 (s, 1H, CH=C(CN)2).

2.1.4. Synthesis of 2,5,8-Tris[5-(2,2-dicyanovinyl)-2-thienyl]-benzo[1,2-b:3,4-b′:6,5-b′′]
trithiophene (DCVT-BTT)

First, a mixture of (2) (500 mg, 1.7 mmol), potassium acetate (334 mg, 3.4 mmol) and
palladium acetate (1.9 mg, 8.4 mmol) was prepared, to which compound (3) (419 mg,
3.74 mmol) and N,N-dimethylacetamide (6 mL) were subsequently added. This was
performed, under a controlled N2 atmosphere, using a 100 mL capacity three-necked round-
bottomed flask fitted with a thermometer, a magnetic stirrer, a condenser, and a rubber seal.
The mixture was heated to 150 ◦C under vigorous stirring for 24 h, resulting in a dark red
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solution. The latter was cooled down to room temperature, filtered, washed with water,
ethyl acetate as well as petroleum ether, and finally dried. A total of 430 mg of solid dark
purple product was obtained corresponding to a yield of 71%. The chemical characterization
by FT-IR (cm−1) and 1H NMR (CDCl3) is included in Supporting Information: Figure S9
and Figure S10, respectively.

2.2. DCVT-BTT Compound Characterization

Fourier-transform infrared spectra were obtained using a spectral resolution of 2 cm−1.
A Perkin Elmer Model Spectrum One FT-IR spectrometer was utilized to obtain the spec-
trum. UV–visible spectra of DCVT-BTT were monitored using a Hewlett-Packard 8452-A
diode array spectrophotometer. Measurements were performed in the liquid state, using
acetone as solvent. 1H NMR spectra (400 MHz) were determined using a Bruker Model
Advance Digital. The electrochemical properties of the DCVT-BTT compound were mea-
sured by cyclic voltammetry (CV) using a CHI-660E electrochemical workstation (Chenhua
Instruments Co., Shanghai, China). All electrochemical experiments were performed using
a conventional three-electrode system fitted with a glassy carbon electrode GCE (ϕ = 2 mm)
as the working electrode, a platinum wire as the counter electrode, and an Ag/AgCl (sat.
KCl) as the reference electrode. The solution utilized is a 0.1 M Bu4NPF6/CH3CN. The
scan rate of 100 mV s−1 was used to perform the experiments.

2.3. Computational Methods

The BTT-TDCV structures (monomers and dimer) were calculated with an M06-2X
functional and 6-31G (d,p) basis set. In addition, the BTT-TDCV monomer geometry
optimization was performed with B3LYP/6-31G (d,p) for comparison. All these calculations
were carried out using Gaussian 09 [36]. The electronic transitions in acetone as continuum
were calculated by TD-DFT using the PCM method. The electron excitation properties were
obtained with Multiwfn 3.8 software [37].

2.4. Organic Solar Cells Fabrication

All materials were deposited onto indium tin oxide substrates (ITO). The ZnO layer
was prepared from a 50 g L−1 zinc acetate solution (Zn(OAc)2 × 2H2O) dissolved in 96%
2-methoxy ethanol and 4% ethanolamine and deposited as reported before in the literature [1,2].
1,2-dichlorobenzene was used to dissolve both DCVT-BTT and PC61BM, separately, and
each solution was stirred at 50 ◦C overnight. The solutions were subsequently combined,
stirred at 70 ◦C for 2 h, and finally sonicated (at 50 ◦C for 30 min) prior to depositing the
mixture by spin coating. Weight ratios of 1:2, 1:1 and 2:1 were obtained and prepared
from the mixed DCVT-BTT:PC61BM solution having a concentration of 32 g L−1. Each
organic active blend was spin coated, individually, at 600 rpm for 5 min using a WS-400B-
6NPP/LITE spin coater (Laurell Technologies Corporation, Lansdale, PA, USA) under N2
flow. The spin-coated films were subsequently annealed at 110 ◦C for 10 min under vacuum.
Both buffer layers and Ag anodes were fabricated using a vacuum evaporator (Edwards
Auto 306, Edwards Vacuum LLC, New York, NY, USA) from a ceramic jar and an Mo boat,
respectively. The successive depositions were carried out under vacuum (~6.10−6 mbar),
while maintaining the growth rate constant (0.01 nm s−1). The buffer layer thickness was
kept constant (~5 nm) for all cells. An Ag layer thickness of ~150 nm was formed by
evaporation (shadow mask) to fabricate the OSC devices. Finally, for each cell, a layered
structured of ITO/ZnO (25 nm)/DCVT-BTT:PC61BM (110 nm)/MoO3 (5 nm)/Ag (150 nm)
was obtained [38] as shown in Figure 1 and as reported before in the literature [39–41].
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2.5. Photovoltaic Characterization of Solar Cells

The current–voltage (I–V) characteristics in dark and under simulated AM 1.5 sunlight
illumination (50 mW cm−2) were measured using a source meter (Keithley 2400, Artisan
Technology Group Ltd., Champaign, IL, USA). The AM 1.5 sunlight illumination was
produced with a filtered Xe-lamp in the Simulator Solar (Sciencetech SS 150W Ltd., London,
ON, Canada). All measurements were carried out in the air and at room temperature,
without encapsulation of the devices. Unfortunately, it was not possible to perform certified
efficiency measurements in the frame of the present study. It must be highlighted, however,
that the scope of the present work was not to obtain absolute efficiency values. Instead, an
estimation of the relative efficiency resulting from the use of new buffer layers based on the
newly synthesized benzotrithiophene-based small molecule is provided.

3. Results and Discussions
3.1. Molecular Design and Synthesis of Compounds

The synthetic route for the preparation of DCVT-BTT is reported in Scheme 1. The
first step is the synthesis of terthiophene (1), which involves a nickel-catalyzed Kumada
coupling process occurring between Grignard reagent and 2-bromothiophene. The asym-
metrical central core of BTT (2) was synthesized by oxidative photocyclization by irradiation
with a mercury lamp 400 W of a diluted toluene solution of (1) under aerobic conditions in
the presence of a catalytic amount of iodine. Finally, a carbon–carbon coupling of 5-bromo-
2-dicyanovinylthiophene (Compound (3)) with (2) is produced by DHA with yields being
typically higher than 80% [35,42,43].

3.2. Experimental UV–Visible Spectrum and Theoretical UV–Visible Electronic Transitions
for DCVT-BTT

Figure 2 reports a typical experimental UV–visible spectrum for the DCVT-BTT com-
pound. One can observe a principal electronic transition at a wavenumber position of
∼557 nm, which corresponds to the HOMO-LUMO transition. In addition, Table 1 reports
calculated values for oscillator strength with a maximum value being located at a wave-
length of ∼543 nm corresponding to the lower energy band in the UV–Vis spectrum of
DCVT-BTT. The wavelength position of ∼557 nm obtained experimentally is relatively
close to the value of ∼543 nm obtained theoretically. One can also observe that the os-
cillator strength of the lower energy electronic transition (λ ∼543 nm) possesses higher
relative intensity (more allowed) than the other electronic transitions. This is also observed
experimentally in the UV–visible spectrum, where the major transition also has a higher
relative intensity than the other electronic transitions with lower relative intensities.
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Figure 2. Comparison of a UV–visible spectrum of DCVT-BTT (black) with calculated oscillator
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were scaled to match the experimental spectrum.

Table 1. Energy values obtained for frontier molecular orbitals (HOMO and LUMO) determined
experimentally and theoretically by molecular modeling in acetone as continuum.

Frontier Molecular Orbital Theoretical Energy with
M06-2X/B3LYP Functionals (eV) Experimental Energy (eV)

HOMO −7.12/−6.04 −5.06
LUMO −3.05/−3.61 −3.21

Figure 3a,b report the HOMO and LUMO frontier molecular orbitals of DCVT-BTT,
respectively. One can see that the HOMO is centered on the BTT core and the outer
thiophene rings. When this molecule absorbs a photon, one electron is ejected from an arm
of the molecule from the HOMO to the LUMO, through the alternating double bonds and
the electron-withdrawing nitriles. The theoretical energies of the HOMO and the LUMO,
using the M06-2X functional, were found to be −7.12 eV and −3.05 eV in the gas phase,
respectively. When using the B3LYP functional, however, energy values of −6.04 eV and
−3.61 eV were obtained.
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Oxidation and reduction potentials for the DCVT-BTT were quantified by cyclic voltam-
metry in solution state using a previously reported method [44] and the following equations:

HOMO = Ionization Potential = −(EOX + 4.4) eV (1)

LUMO = Electron Affinity = −(ERED + 4.4) eV (2)

An ITO electrode was used as the anode, with a potential value of −4.80 eV. An Ag
electrode with a potential value of −4.74 eV was used as the cathode. A difference of
2.32 eV between the HOMO (calculated with the M062X functional) of DCVT-BTT and the
ITO anode was found. When using the B3LYP functional, this difference was found to be
1.24 eV. In order to allow for ohmic contact, however, these energy differences should not
exceed 0.3 eV for DCVT-BTT in solution. In a previous study of a BTT derivative RO-TriT,
the calculated HOMO energy from a B3LYP to M06-2X level of theory was also found
to produce differences [45]. The experimental difference between the HOMO of CV and
the ITO anode was 0.26 eV, which favored the ohmic contact, resulting in photovoltaic
behavior. This suggests that the injection of holes from DCVT-BTT to the ITO electrode
and the injection of electrons from the LUMO level of DCVT-BTT to the LUMO level of
PC61BM occurs.

Discotic stacking in BTT derivatives has been previously reported in the
literature [24–26,46–49]. Consequently, in the present study, the electron excitation and
charge transport properties of DCVT-BTT as the monomer as a π-stacked dimer were
calculated since the stacking interaction properties of DCV-BTT provide worthy informa-
tion compared to the single molecule. Figure 4a shows the optimized π-stacked dimer
of DCVT-BTT. The calculated interaction energy between monomers without the BSSE
correction was found to be −8.28 Kcal/mol, suggesting great structural stability.
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For the HOMO (Figure 4b) and the LUMO (Figure 4c) of DCVT-BTT, it is possible
to observe that the HOMO is mainly centered on the bottom monomer (X) and partly
on the top monomer (Y). Nevertheless, the LUMO is centered almost entirely on the top
monomer (Y). This suggests that the monodirectional migration of one electron when the
electronic HOMO-LUMO transition occurs from the bottom monomer (X) in HOMO to the
LUMO in the top monomer (Y) of the dimer.

3.3. Electronic Excitation Properties of DCVT-BTT

Recently, electronic excitation properties have been studied for diverse organic
molecules [50–55]. Table 2 displays the electron excitation properties such as ∆r index [56],
which measures the CT length during electron excitation. The D index is defined as the
distance between the centroid of the hole and the electron along their corresponding
directions and it characterizes the total CT length. The t index [57] measures the separation
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degree in relation to the hole and the electron distribution. The S index is useful to
characterize the overlapping extent of holes and electrons. Exciton binding energy [58,59]
is the hole–electron Coulomb attractive energy, which is closely related to the electron
excitation characteristics. Among all, the most influential factor should be the D index. It
is easy to understand that the larger the D index is, the greater the distance between the
main distribution regions of the hole and the electron, and thus the weaker the Coulomb
attractive energy. H index [57] is an overall measure, which reflects the breadth of the
average distribution of the hole and the electron. The Λ index essentially measures the
overlapping degree of the hole and the electron of the electron excitations [60]. The hole
delocalization index (HDI) and the electron delocalization index (EDI) are pretty useful in
quantifying the breadth of spatial distribution (i.e., degree of delocalization) of the hole
and the electron, respectively.

Table 2. Electron excitation properties obtained for monomer and dimer of DCVT-BTT.

DCVT-BTT Trans ∆r(Å) D(Å) t(Å) H(Å)
Ecoulomb

(eV) Sr (a.u.) Λ(Å) HDI EDI LE(%) CT(%)

Monomer
S0→S1

1.95 1.68 −2.30 6.25 2.75 0.708 0.698 4.53 4.44 27.6 72.4

Dimer 2.13 2.11 −0.320 6.27 2.29 0.580 0.570 3.56 3.52 38.8 61.2

For the dimer, the ∆r index for the S0→S1 transition was to be 2.134 Å, which is
higher than 2 Å and consequently can be considered as a charge transfer transition. For
the monomer, however, this value is slightly below 2 Å (Table 2). A negative value for the
t index implies no special separation between hole and electron but the value in the dimer
is closer to zero than the value obtained for the monomer. D index for the dimer shows
a greater value for the distance between centroid hole and electron than the monomer, in
agreement with a smaller value for the exciton dissociation energy obtained for the dimer
compared to the monomer. The S index values suggest that there is a major overlap of
hole and electron for the monomer compared to the dimer. The H index is similar for
both, indicating a large distribution of hole and electron for the S0→S1 transition. A large
Λ value implies a high degree of overlap between hole and electrons, which is, however,
not the case for both monomer and dimer. HDI and EDI are both larger for the monomer
than the dimer. Finally, interfragmental charge transfer analysis for the S0→S1 excitation
for the monomer and dimer resulted in large values in charge transfer percent (over 50%)
with regard to the local excitation, suggesting a CT character for the S0→S1 transition.
Another graphical representation of the electronic excitation for the DCVT-BTT monomer
and dimer are provided in ESI (Figures S1–S8). All these features show a good charge
transfer behavior when DCVT-BTT interacts with a light photon, typical for the behavior of
an electron donor material in an organic solar cell.

3.4. Calculation of Charge Transport Properties for DCVT-BTT

Charge transport in discotic compounds mostly occurs by hopping mechanism [61,62].
This process is described as a self-exchange hole/electron transfer reaction between two
neighboring molecules. The semiclassical Marcus theory defines the charge transfer rate
constant kET at room temperature as

kET =
4π2

h
1√

4πλkBT
t2 exp

[
−λ

4kBT

]
(3)

where t is the electronic coupling and λ the reorganization energy. The electronic coupling
t (or charge transfer integral) is an extent of the strength of the electronic interactions
between two contiguous molecules and it is dependent on the distance between molecules.

Here, we used the Koopman methodology to study the electronic coupling [63–65].
The reorganization energy λ is produced by fast changes in molecular geometry (the inner
contribution) and by speed-reduced changes in polarization around the medium (the
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outer contribution). The latter contribution can be neglected [66] because these molecules
represent a static organic crystal packing and the outer contribution is minimum. The inner
reorganization energy λi can be obtained by

λ
(A1 hole)
i = E(A1)(M+

)
− E(A1)(M) (4)

λ
(D2 hole)
i = E(D2)(M)− E(D2)(M+

)
(5)

λ
(A1 electron)
i = E(A1)(M−

)
− E(A1)(M) (6)

λ
(D2 electron)
i = E(D2)(M)− E(D2)(M−

)
(7)

λi = λ
(A1 hole/electron)
i + λ

(D2 hole/electron)
i (8)

The charge mobility (µ) shows how quickly a hole or electron can move through a
semiconductor. It can be calculated by the Einstein equation [67,68]

µ =
eD
kBT

=
el2

kBT
kET (9)

For a one-dimensional system, it is possible to obtain D, where l is the distance between
molecules and kET is the charge transfer rate constant between contiguous molecules. Since
the outer λout can be neglected to obtain kET, the charge mobilities should be considered
as relative.

Table 3 shows that the t value for HOMO is larger than the t value for LUMO that
is characteristic of face to face conformation of studied BTT derivatives [45]. λ hole and
λ electron (both inners) satisfy the condition λ >> t [69,70], which is necessary for the
hopping mechanism. λe > λh shows the typical tendency that promotes a greater mobility
for holes than electrons. The calculated relative charge mobilities, in general, produce low
values for holes and electrons, but the strong P donor character vs. N acceptor is clear in
this organic semiconductor.

Table 3. Theoretical charge transport parameters obtained from DCVT-BTT dimer using the hopping
mechanism. Subscripts h and e correspond to holes and electrons, respectively.

[t HOMO]
(eV)

λh
(eV)

[t LUMO]
(eV)

λe
(eV)

l
(cm)

kET h
(seg−1)

kET e
(seg−1)

µh
(cm2/V∗s)

µe
(cm2/V∗s)

0.0200 0.4650 0.0030 0.5820 3.32 × 108 1.07 × 1010 7.34 × 108 4.60 × 10−3 3.16 × 10−5

3.5. SM-OSCs Performance and Evaluation

Solar cells were fabricated using DCVT-BTT (small molecule) as an electron donor,
and PC61BM was used as the electron acceptor, which were deposited by spin coating
using dichlorobenzene as the solvent. The SM-OSC devices were tested separately at room
temperature in darkness and exposure to simulated AM 1.5G illumination at 100 mW cm−2.
Different weight ratios of donor and acceptor molecules were used (2:1, 1:1, 1:2), and the
photovoltaic effect was quantified for all compositions. In order to manufacture and mea-
sure the photovoltaic performances of DCVT-BTT, SM-OSC devices were fabricated in an
inverted bulk heterojunction configuration of ITO/ZnO/DCVT-BTT:PC61BM/MoO3/Ag,
based on the existing bibliography [38,39]. The UV–visible absorption spectra of DCVT-
BTT:PC61BM active thin layers, prepared at different weight ratios, are reported in Figure 5.
The absorption band of DCVT-BTT in solid state exhibited a broad peak that allows cover-
ing a wide area of the visible spectrum (from λ = 420 nm up to λ = 670 nm), permitting a
much higher energy uptake due to the broader absorption wavelength range measured for
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all DCVT-BTT:PC61BM film compositions. Compared to the UV–visible spectra obtained
for the small-donor molecule in acetone solution, the maximum wavelength in the visible
spectrum of the films as well as its redshift (12 nm) also suggested an intermolecular
interaction in the solid state. An increase in the maximum wavelength absorption for the
DCVT-BTT:PC61BM films manufactured using a weight ratio of 2:1 was observed in the UV
region, while for the fabricated films with a higher proportion of DCVT-BTT (1:1 and 1:2),
a relative intensity increase in the absorption peak was observed in the visible region. Both
results suggest than intensification of the optoelectronic properties is not occurring.
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The structure and surface morphology of the active layer is essential for the ad-
equate manufacturing of OSC systems. A high film quality allows a greater intercon-
nection between the donors and acceptors species, thus allowing better interfacial con-
tact with the buffer layer and electrode, which has been shown to improve photovoltaic
properties [38–41]. SEM micrographs of the active donor: acceptor layer of OSC devices are
reported in Figure 6. It is possible to observe that the surface morphology is homogeneous
without imperfections or crystallization zones, offering potentially excellent adherence
to the substrate. Samples with various D:A weight ratios were evaluated and presented
similar surface morphology characteristics. This suggested an excellent intermolecular
interaction between the active organic compounds (DCVT-BTT and PC61BM), which is
relevant to obtain D:A interfaces that allow an efficient photovoltaic process.
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Table 4 and Figure 7 report solar cell parameters and J-V curves for SM-OSCs fabricated
using DCVT-BTT:PC61BM at various D:A ratios. The device based on DCVT-BTT:PC61BM
blend film with a D:A weight ratio of 2:1 possesses a PCE of 1.09% with a Voc of 570 mV,
a Jsc of 4.07 mA cm−2, as well as an FF of 47.15%. For the blend film with a D:A weight
ratio of 1:2, the PCE value decreased to 1.03% with a Voc of 530 mV, a Jsc of 4.21 mA cm−2,
and an FF of 45.96%. Finally, the blend film with a D:A weight ratio of 1:1 showed a PCE of
2.04% (the highest observed in this work) with a Voc of 591 mV, a high Jsc of 6.33 mA cm−2,
and an FF of 54.64%. The differences observed in the photovoltaic behavior for the OSCs
prepared using DCVT-BTT:PC61BM at various weight ratios are mainly related to an
effect of saturation of active species, either donors or acceptors, which causes an easier
recombination of excitons, reducing its photovoltaic properties [71–73]. In this sense, it
is possible to observe that, as the weight ratio of active components increases, the VOC
value decreases. These studies demonstrate that the designed molecule presents an electron
donor behavior in heterojunction solar cells, due to its molecular structure, electronic
properties, and bulk distribution of their components.

Table 4. Circuit voltage (VOC), short-circuit current density (JSC), and fill factor (FF) solar cell
parameters for three different combinations of weight ratio of DCVT-BTT:PC61BM active compounds.

Compounds (Weight Ratio) JSC
(mA cm−2) VOC (V) FF

(%)
PCE
(%)

DCVT-BTT:PC61BM (2:1) 4.07 0.570 47.15 1.09
DCVT-BTT:PC61BM (1:1) 6.33 0.591 54.64 2.04
DCVT-BTT:PC61BM (1:2) 4.21 0.530 45.96 1.03
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AM 1.5G illumination at various weight ratios of D:A: 2:1 (green line), 1:1 (red line), and 1:2 (blue line).

According to the results presented in the previous sections and with respect to the
dynamics of electron transfer between donor and acceptor species, it is quite clear that
the most efficient factor achieved for the 1:1 ratio is directly related to the increase in the
number of electrons that are transferred through the interface, in relation to the strong
interaction between DCVT-BTT and PC61BM and leading to a decrease in the recombination
of charge carriers. Moreover, the relative position of the energy bands of these molecules
favors the direct injection of charge carriers.
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4. Conclusions

In the present study, 2,5,8-Tris[5-(2,2-dicyanovinyl)-2-thienyl]-benzo[1,2-b:3,4-b′:6,5-b′′]-
trithiophene (DCVT-BTT) was successfully synthesized and characterized. The optical
experimental characterization of the compound showed a UV–vis absorption spectrum
with an intense absorption band located at a wavelength of ~544 nm that corresponds to
the allowed HOMO-LUMO electronic transition in agreement with theoretical calculations.
Electronic excitation studies of DCVT-BTT showed favored charge transfer properties when
these molecules are stacked, compared to when using monomer molecules only. Regarding
the obtained theoretical charge transport properties, the bandgap determination, and the
preliminary tests of the electrical behavior of this compound in a bulk heterojunction
solar cell, the DCVT-BTT molecule displayed a remarkable behavior as a P-type organic
semiconductor. Using phenyl-C61-butyric acid methyl ester (PC61BM) as an N-type organic
semiconductor, the fabrication of small-molecule organic solar cells (SM-OSC) was carried
out for its efficiency evaluation. This type of assembly exhibited a power conversion
efficiency (PCE) of 2.04% at a donor: acceptor weight ratio of 1:1. It is important to note
that new cell architectures, which consider the stacking of DCVT-BTT molecules, could
potentially increase this efficiency.
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BTT monomer for the excitation S0→S1. Figure S3: Electron distribution in DCVT-BTT monomer
for the excitation S0→S1. Figure S4: The charge difference densities for DCVT-BTT monomer on the
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Author Contributions: Conceptualization, C.C. and A.A.; methodology, C.C., A.A. and L.B.; software,
A.A.; validation, C.C., A.A. and L.B.; formal analysis, C.C., A.A. and L.B.; investigation, C.C., A.A.,
L.B., G.N., L.G. and F.Q.; resources, C.C., A.A. and L.B.; data curation, C.C., A.A. and L.B.; writing—
original draft preparation, C.C., A.A. and L.B.; writing—review and editing, C.C., A.A., L.B., G.N.,
L.G. and F.Q.; supervision, C.C., A.A. and L.B.; project administration, C.C.; funding acquisition, C.C.
and A.A. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by Vicerrectoría de Investigación de Universidad de Las Américas.
Check carefully that the details given are accurate and use the standard spelling of funding agency
names at https://search.crossref.org/funding. Any errors may affect your future funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work has been supported by FONDECYT postdoctoral grant number
3160488 (C. Castillo). This research was partially supported by the supercomputing infrastructure
of the NLHPC (ECM-02). A. Aracena acknowledges the financial support from FONDECYT grant
number 11220544. L. Ballesteros acknowledges support from FONDECYT grant number 11190415.
L. Gence acknowledges the PIA Anillo project ACT192023 and the Agencia Nacional de Investigación
y Desarrollo grant 1220359.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ma16103759/s1
https://www.mdpi.com/article/10.3390/ma16103759/s1
https://search.crossref.org/funding


Materials 2023, 16, 3759 13 of 15

References
1. Rappaport, P. The photovoltaic effect and its utilization. Sol. Energy 1959, 3, 8–18. [CrossRef]
2. Saga, T. Advances in crystalline silicon solar cell technology for industrial mass production. NPG Asia Mater. 2010, 2, 96–102.

[CrossRef]
3. De Wolf, S.; Descoeudres, A.; Holman, Z.; Ballif, C. High-efficiency Silicon Heterojunction Solar Cells: A Review. Green 2012, 2, 7–24.

[CrossRef]
4. Miles, R.; Zoppi, G.; Forbes, I. Inorganic photovoltaic cells. Mater. Today 2007, 10, 20. [CrossRef]
5. Le Donne, A.; Scaccabarozzi, A.; Tombolato, S.; Marchionna, S.; Garattini, P.; Vodopivec, B.; Acciarri, M.; Binetti, S. State of the Art

and Perspectives of Inorganic Photovoltaics. ISRN Ren. Energy 2013, 2013, 830731. [CrossRef]
6. Tamai, Y. What’s Next for Organic Solar Cells? The Frontiers and Challenges. Adv. Energy Sustain. Res. 2022, 4, 2200149.

[CrossRef]
7. Shangfei, Y.; Linji, Y.; Shasha, S.; Yang, Z.; Min, L.; Wenhao, Z.; Songlin, C.; Ciyuan, H.; Tao, L.; Bingsuo, Z. A Two-in-One Annealing

Enables Dopant Free Block Copolymer Based Organic Solar Cells with over 16% Efficiency. Chin. J. Chem. 2023, 41, 672–678. [CrossRef]
8. Kim, S.; Jahandar, M.; Jeong, J.; Lim, D. Recent Progress in Solar Cell Technology for Low-Light Indoor Applications. Curr. Altern.

Energy 2019, 28, 3–17. [CrossRef]
9. Ma, L.-K.; Chen, Y.; Chow, P.C.; Zhang, G.; Huang, J.; Ma, C.; Zhang, J.; Yin, H.; Cheung, A.M.H.; Wong, K.S.; et al. High-Efficiency

Indoor Organic Photovoltaics with a Band-Aligned Interlayer. Joule 2020, 4, 1486–1500. [CrossRef]
10. Xu, X.; Liu, W.; Luo, X.; Chen, H.; Wei, Q.; Yuan, J.; Zou, Y. An Overview of High-Performance Indoor Organic Photovoltaics.

ChemSusChem 2021, 14, 3428. [CrossRef]
11. Xie, L.; Song, W.; Ge, J.; Tang, B.; Zhang, X.; Wu, T.; Ge, Z. Recent progress of organic photovoltaics for indoor energy harvesting.

Nano Energy 2021, 82, 105770. [CrossRef]
12. Zheng, H.; Li, D.; Ran, C.; Zhong, Q.; Song, L.; Chen, Y.; Müller-Buschbaum, P.; Huang, W. Emerging Organic/Hybrid Photovoltaic

Cells for Indoor Applications: Recent Advances and Perspectives. Sol. RRL 2021, 5, 2100042. [CrossRef]
13. Jahandar, M.; Kim, S.; Lim, D. Indoor Organic Photovoltaics for Self-Sustaining IoT Devices: Progress, Challenges and Practical-

ization. ChemSusChem 2021, 14, 3449. [CrossRef] [PubMed]
14. Burwell, G.; Sandberg, O.; Li, W.; Meredith, P.; Carnie, M.; Armin, A. Scaling Considerations for Organic Photovoltaics for Indoor

Applications. Sol. RRL 2022, 6, 2200315. [CrossRef]
15. Wu, J.; Lan, Z.; Lin, J.; Huang, M.; Huang, Y.; Fang, L.; Luo, G. Electrolytes in Dye-Sensitized Solar Cells. Chem. Rev. 2015, 115, 2136.

[CrossRef]
16. Roy-Mayhew, J.; Aksay, I. Graphene Materials and Their Use in Dye-Sensitized Solar Cells. Chem. Rev. 2014, 114, 6323–6348.

[CrossRef] [PubMed]
17. Xu, C.; Zhao, Z.; Yang, K.; Niu, L.; Ma, X.; Zhou, Z.; Zhang, X.; Zhang, F. Recent progress in all-small-molecule organic

photovoltaics. J. Mater. Chem. A 2022, 10, 6291–6329. [CrossRef]
18. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-Sensitized Solar Cells. Chem. Rev. 2010, 110, 6595–6663. [CrossRef]
19. Scharber, M.; Sariciftci, N. Efficiency of bulk-heterojunction organic solar cells. Prog. Polym. Sci. 2013, 38, 1929–1940. [CrossRef]
20. Mishra, A.; Bauerle, P. Small Molecule Organic Semiconductors on the Move: Promises for Future Solar Energy Technology. Ang.

Chem. Int. Ed. 2012, 51, 2020. [CrossRef]
21. Zang, Y.; Huang, J.; Li, H.; Yu, J.; Jiang, Y. Effect of Molybdenum Oxide Anode Buffer Layer on the Performance of Inverted Small

Molecular Organic Solar Cells. Energy Procedia 2011, 12, 513. [CrossRef]
22. Guo, X.; Wang, S.; Enkelmann, V.; Baumgarten, M.; Müllen, K. Making Benzotrithiophene a Stronger Electron Donor. Org. Lett.

2011, 13, 6062–6065. [CrossRef]
23. Patra, D.; Chiang, C.; Chen, W.; Wei, K.; Wu, M.; Chu, C. Solution-processed benzotrithiophene-based donor molecules for

efficient bulk heterojunction solar cells. J. Mat. Chem. A 2013, 1, 7767. [CrossRef]
24. Santi, S.; Rossi, S. Molecular design of star-shaped benzotrithiophene materials for organic electronics. Tetrahedron Lett. 2019, 60, 151021.

[CrossRef]
25. Dang, D.; Zhou, P.; Wu, Y.; Xu, Y.; Zhi, Y.; Zhu, W. Isomeric organic semiconductors containing fused-thiophene cores: Molecular

packing and charge transport. Phys. Chem. Chem. Phys. 2018, 20, 13171–13177. [CrossRef] [PubMed]
26. Termine, R.; Golemme, A. Charge Mobility in Discotic Liquid Crystals. Int. J. Mol. Sci. 2021, 22, 877. [CrossRef]
27. García-Benito, I.; Zimmermann, I.; Urieta-Mora, J.; Aragó, J.; Molina-Ontoria, A.; Ortí, E.; Martín, N.; Nazeeruddin, M.K.

Isomerism effect on the photovoltaic properties of benzotrithiophene-based hole-transporting materials. J. Mat. Chem. A 2017, 5,
8317–8324. [CrossRef]

28. Budiawan, W.; Lai, K.W.; Karuppuswamy, P.; Jadhav, T.S.; Lu, Y.A.; Ho, K.C.; Wang, P.C.; Chang, C.C.; Chu, C.W. Asymmetric
Benzotrithiophene-Based Hole Transporting Materials Provide High-Efficiency Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2020.
[CrossRef]

29. Sena, E.L.; Peel, J.H.; Wesenberg, D.; Nathan, S.; Wallis, M.; Giammona, M.J.; Adalsteinsson, T.; McNelis, B.J.; Barber, R.P., Jr.
Transport and spectroscopic studies of the effects of fullerene structure on the efficiency and lifetime of polythiophene-based
solar cells. Sol. Energy Mater Sol. Cells 2012, 100, 192–198. [CrossRef]

30. Lanzi, M.; Paganin, L.; Caretti, D.; Setti, L.; Errani, F. Synthesis of new methoxy-functionalized polythiophenes for charge
transport in organic solar cells. React. Funct. Polym. 2011, 71, 745–755. [CrossRef]

https://doi.org/10.1016/0038-092X(59)90002-7
https://doi.org/10.1038/asiamat.2010.82
https://doi.org/10.1515/green-2011-0018
https://doi.org/10.1016/S1369-7021(07)70275-4
https://doi.org/10.1155/2013/830731
https://doi.org/10.1002/aesr.202200149
https://doi.org/10.1002/cjoc.202200645
https://doi.org/10.2174/1570180816666190112141857
https://doi.org/10.1016/j.joule.2020.05.010
https://doi.org/10.1002/cssc.202100386
https://doi.org/10.1016/j.nanoen.2021.105770
https://doi.org/10.1002/solr.202100042
https://doi.org/10.1002/cssc.202100981
https://www.ncbi.nlm.nih.gov/pubmed/34056847
https://doi.org/10.1002/solr.202200315
https://doi.org/10.1021/cr400675m
https://doi.org/10.1021/cr400412a
https://www.ncbi.nlm.nih.gov/pubmed/24814731
https://doi.org/10.1039/D1TA10581G
https://doi.org/10.1021/cr900356p
https://doi.org/10.1016/j.progpolymsci.2013.05.001
https://doi.org/10.1002/anie.201102326
https://doi.org/10.1016/j.egypro.2011.10.069
https://doi.org/10.1021/ol2025372
https://doi.org/10.1039/c3ta11544e
https://doi.org/10.1016/j.tetlet.2019.151021
https://doi.org/10.1039/C7CP08567B
https://www.ncbi.nlm.nih.gov/pubmed/29658014
https://doi.org/10.3390/ijms22020877
https://doi.org/10.1039/C7TA00997F
https://doi.org/10.1021/acsami.0c02204
https://doi.org/10.1016/j.solmat.2012.01.014
https://doi.org/10.1016/j.reactfunctpolym.2011.04.004


Materials 2023, 16, 3759 14 of 15

31. Meyers, F.; Brédas, J. Electronic structure and nonlinear optical properties of push-pull conjugated molecules. Int. J. Quantum
Chem. 1992, 42, 1595–1614. [CrossRef]

32. Malytskyi, V.; Gadenne, V.; Ksari, Y.; Patrone, L.; Raimundo, J. Synthesis and characterization of thiophene-based push-pull
chromophores for tuning the electrical and optical properties of surfaces with controlled SAM formation. Tetrahedron 2017, 73,
5738–5744. [CrossRef]

33. Fitzner, R.; Reinold, E.; Mishra, A.; Mena-Osteritz, E.; Ziehlke, H.; Körner, C.; Leo, K.; Riede, M.; Weil, M.; Tsaryova, O.; et al.
Dicyanovinyl-Substituted Oligothiophenes: Structure-Property Relationships and Application in Vacuum-Processed Small
Molecule Organic Solar Cells. Adv. Funct. Mater. 2011, 21, 897–910. [CrossRef]

34. Fitzner, R.; Elschner, C.; Weil, M.; Uhrich, C.; Körner, C.; Riede, M.; Leo, K.; Pfeiffer, M.; Reinold, E.; Mena-Osteritz, E.; et al.
Interrelation between Crystal Packing and Small-Molecule Organic Solar Cell Performance. Adv. Mater. 2012, 24, 675–680.
[CrossRef] [PubMed]

35. Nitti, A.; Po, R.; Bianchi, G.; Pasini, D. Direct Arylation Strategies in the Synthesis of π-Extended Monomers for Organic Polymeric
Solar Cells. Molecules 2016, 22, 21. [CrossRef]

36. Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.; et al.
Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009.

37. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2011, 33, 580–592. [CrossRef]
38. White, M.; Olson, D.; Shaheen, S.; Kopidakis, N.; Ginley, D. Inverted bulk-heterojunction organic photovoltaic device using

a solution-derived ZnO underlayer. App. Phys. Lett. 2006, 89, 143517. [CrossRef]
39. Yafei, W.; Zhong, Z.; Jianqiu, W.; Xiaoyu, L.; Junzhen, R.; Cunbin, A.; Shaoqing, Z.; Jianhui, H. New Method for Preparing ZnO

Layer for Efficient and Stable Organic Solar Cells. Adv. Mater. 2023, 35, 2208305. [CrossRef]
40. Zisheng, S.; Lidan, W.; Yantao, L.; Guang, Z.; Haifeng, Z.; Haigui, Y.; Yuejia, M.; Bei, C.; Wenlian, L. Surface Plasmon Enhanced

Organic Solar Cells with a MoO3 Buffer Layer. ACS Appl. Mater. Interfaces 2013, 5, 12847–12853. [CrossRef]
41. Yoosuf-Ameen, M.; Pradhan, S.; Remyth-Suresh, M.; Reddy, V. MoO3 anode buffer layer for efficient and stable small molecular

organic solar cells. Opt. Mater. 2015, 39, 134–139. [CrossRef]
42. Kudrjasova, J.; Kesters, J.; Verstappen, P.; Brebels, J.; Vangerven, T.; Cardinaletti, I.; Drijkoningen, J.; Penxten, H.; Manca, J.; Lutsen,

L.; et al. A direct arylation approach towards efficient small molecule organic solar cells. J. Mater. Chem. A 2016, 4, 791–795.
[CrossRef]

43. Wu, W.; Xin, H.; Ge, C.; Gao, X. Application of direct (hetero)arylation in constructing conjugated small molecules and polymers
for organic optoelectronic devices. Tetrahedron Lett. 2017, 58, 175–184. [CrossRef]

44. Newman, C.; Frisbie, C.; da Silva Filho, D.; Brédas, J.; Ewbank, P.; Mann, K. Introduction to Organic Thin Film Transistors and
Design of n-Channel Organic Semiconductors. Chem. Mater. 2004, 16, 4436–4451. [CrossRef]

45. García, G.; Moral, M.; Granadino-Roldán, J.; Garzón, A.; Navarro, A.; Fernández-Gómez, M. Theoretical Approach to the Study
of Thiophene-Based Discotic Systems As Organic Semiconductors. J. Phys. Chem. C 2012, 117, 15–22. [CrossRef]

46. Demenev, A.; Eichhorn, S.H.; Taerum, T.; Perepichka, D.F.; Patwardhan, S.; Grozema, F.C.; Siebbeles, L.D.A.; Klenkler, R. Quasi
Temperature Independent Electron Mobility in Hexagonal Columnar Mesophases of an H-Bonded Benzotristhiophene Derivative.
Chem. Mater. 2010, 22, 1420–1428. [CrossRef]

47. Tober, N.; Winter, J.; Jochem, M.; Lehmann, M.; Detert, H. Tris(5-aryl-1,3,4-oxadiazolyl)benzotrithiophenes–Discotic Liquid
Crystals with Enormous Mesophase Ranges. Eur. J. Org. Chem. 2021, 2021, 798–809. [CrossRef]

48. Sanders, A.; Kale, T.; Katz, H.; Tovar, J. Solid-Phase Synthesis of Self-Assembling Multivalent π-Conjugated Peptides. ACS Omega
2017, 2, 409–419. [CrossRef]

49. Casellas, N.M.; Urbanaviciute, I.; Cornelissen, T.D.; Berrocal, J.A.; Torres, T.; Kemerink, M.; García-Iglesias, M. Resistive switching
in an organic supramolecular semiconducting ferroelectric. Chem. Commun. 2019, 55, 8828–8831. [CrossRef]

50. Gogoi, G.; Bhattacharya, L.; Rahman, S.; Sarma, N.S.; Sahu, S.; Rajbongshi, B.K.; Sharma, S. New donor-acceptor-donor type of
organic semiconductors based on the regioisomers of diketopyrrolopyrroles: A DFT study. Mater. Today Commun. 2020, 25, 101364.
[CrossRef]

51. Ahmed, S.; Dutta, R.; Kalita, D. Strategical designing of diketopyrrolopyrrole-thiophene based donor-acceptor type organic
oligomers and study their transport properties: A DFT/TD-DFT perspective. Chem. Phys. Lett. 2019, 730, 14–25. [CrossRef]

52. Jebasingh-Kores, J.; Danish, A.; Sasitha, T.; Gershom-Stuart, J.; Pushpam, J.; Jebaraj, W. Spectral, NBO, NLO, NCI, aromaticity and
charge transfer analyses of anthracene-9,10-dicarboxaldehyde by DFT. Heliyon 2021, 7, e08377. [CrossRef] [PubMed]

53. Khan, S.; Hussain, R.; Sattar, A.; Assiri, M.A.; Imran, M.; Hussain, A.; Yawer, M.A.; Mehboob, M.Y.; Sumrra, S.H.; Khalid, M.; et al.
Correction to: Quantum chemical designing of novel fullerene-free acceptor molecules for organic solar cell applications. J. Mol.
Model. 2022, 28, 91. [CrossRef]

54. Khalid, M.; Khan, M.U.; Ahmed, S.; Shafiq, Z.; Alam, M.M.; Imran, M.; Braga, A.A.C.; Akram, M.S. Exploration of promising
optical and electronic properties of (non-polymer) small donor molecules for organic solar cells. Sci. Rep. 2021, 11, 21540.
[CrossRef] [PubMed]

55. Khalid, M.; Ahmed, R.; Shafiq, I.; Arshad, M.; Asghar, M.A.; Munawar, K.S.; Imran, M.; Braga, A.A.C. First theoretical
framework for highly efficient photovoltaic parameters by structural modification with benzothiophene-incorporated acceptors
in dithiophene based chromophores. Sci. Rep. 2022, 12, 20148. [CrossRef] [PubMed]

https://doi.org/10.1002/qua.560420531
https://doi.org/10.1016/j.tet.2017.08.004
https://doi.org/10.1002/adfm.201001639
https://doi.org/10.1002/adma.201104439
https://www.ncbi.nlm.nih.gov/pubmed/22223468
https://doi.org/10.3390/molecules22010021
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1063/1.2359579
https://doi.org/10.1002/adma.202208305
https://doi.org/10.1021/am404441n
https://doi.org/10.1016/j.optmat.2014.11.012
https://doi.org/10.1039/C5TA09023G
https://doi.org/10.1016/j.tetlet.2016.11.126
https://doi.org/10.1021/cm049391x
https://doi.org/10.1021/jp304952y
https://doi.org/10.1021/cm902453z
https://doi.org/10.1002/ejoc.202001475
https://doi.org/10.1021/acsomega.6b00414
https://doi.org/10.1039/C9CC02466B
https://doi.org/10.1016/j.mtcomm.2020.101364
https://doi.org/10.1016/j.cplett.2019.05.027
https://doi.org/10.1016/j.heliyon.2021.e08377
https://www.ncbi.nlm.nih.gov/pubmed/34825087
https://doi.org/10.1007/s00894-022-05079-x
https://doi.org/10.1038/s41598-021-01070-3
https://www.ncbi.nlm.nih.gov/pubmed/34728752
https://doi.org/10.1038/s41598-022-24087-8
https://www.ncbi.nlm.nih.gov/pubmed/36418911


Materials 2023, 16, 3759 15 of 15

56. Guido, C.; Cortona, P.; Mennucci, B.; Adamo, C. On the Metric of Charge Transfer Molecular Excitations: A Simple Chemical
Descriptor. J. Chem. Theory Comput. 2013, 9, 3118–3126. [CrossRef]

57. Le Bahers, T.; Adamo, C.; Ciofini, I. A Qualitative Index of Spatial Extent in Charge-Transfer Excitations. J. Chem. Theory Comput.
2011, 7, 2498–2506. [CrossRef]

58. Kraner, S.; Scholz, R.; Plasser, F.; Koerner, C.; Leo, K. Exciton size and binding energy limitations in one-dimensional organic
materials. J. Chem. Phys. 2015, 143, 244905. [CrossRef]

59. Kraner, S.; Prampolini, G.; Cuniberti, G. Exciton Binding Energy in Molecular Triads. J. Phys. Chem. C 2017, 121, 17088–17095.
[CrossRef]

60. Peach, M.; Benfield, P.; Helgaker, T.; Tozer, D. Excitation energies in density functional theory: An evaluation and a diagnostic
test. J. Chem. Phys. 2008, 128, 044118. [CrossRef]

61. Brédas, J.; Beljonne, D.; Coropceanu, V.; Cornil, J. Charge-Transfer and Energy-Transfer Processes in π-Conjugated Oligomers and
Polymers: A Molecular Picture. Chem. Rev. 2004, 104, 4971–5004. [CrossRef]

62. Wang, L.; Nan, G.; Yang, X.; Peng, Q.; Li, Q.; Shuai, Z. Computational methods for design of organic materials with high charge
mobility. Chem. Soc. Rev. 2010, 39, 423–434. [CrossRef] [PubMed]

63. Li, X.; Tang, X.; He, F. Electron transfer in poly(p-phenylene) oligomers: Effect of external electric field and application of
Koopmans theorem. Chem. Phys. 1999, 248, 137–146. [CrossRef]

64. Lan, Y.; Huang, C. A Theoretical Study of the Charge Transfer Behavior of the Highly Regioregular Poly-3-hexylthiophene in the
Ordered State. J. Phys. Chem. B 2008, 112, 14857–14862. [CrossRef]

65. Bao, Z.; Locklin, J. Organic Field-Effect Transistors; CRC Press: Boca Raton, FL, USA, 2018. [CrossRef]
66. McMahon, D.; Troisi, A. Evaluation of the External Reorganization Energy of Polyacenes. J. Phys. Chem. Lett. 2010, 1, 941–946.

[CrossRef]
67. Lemaur, V.; Filho, D.A.D.S.; Coropceanu, V.; Lehmann, M.; Geerts, Y.; Piris, J.; Debije, M.G.; van de Craats, A.M.; Senthilku-

mar, K.; Siebbeles, L.D.; et al. Charge Transport Properties in Discotic Liquid Crystals: A Quantum-Chemical Insight into
Structure−Property Relationships. J. Am. Chem. Soc. 2004, 126, 3271–3279. [CrossRef] [PubMed]

68. Pope, P.; Swenberg, C. Electronic Processes in Organic Crystals and Polymers, 2nd ed.; Oxford University Press: New York, NY, USA, 1999.
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