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In a recent experimental investigation, the chlorination of the highly effi-
cient Y6 fluorinated molecule improved up to 16.5 % the power conver-
sion efficiency of an organic solar cell. To understand the better perfor-
mance of BTP-4CI:PBDB-TF acceptor-donor combination in comparison
with BTP-4F:PBDB-TF in the newly reported organic solar cell, DFT cal-
culations were performed in order to obtain a diversity of parameters re-
lated to molecular properties, such as electroacceptance, electron energy
levels, absorption spectrum, charge mobility, and kinetics in exciton dis-
sociation/recombination processes. Interestingly, chlorination improves
charge mobility and the capacity to accept electrons. The binding en-
ergy is lower for the chlorinated than the fluorinated molecule, revealing
an easier exciton cleavage in the former. Absorption spectra are in line
with experimental ones, suggesting an excellent donor-acceptor comple-
mentarity. Additionally, novel molecules were proposed taking into ac-
count synthesized compounds, and the same parameters were analyzed.
Results showed exciting behavior for the theoretically suggested com-
pounds. Many properties were improved with the proposed molecules,
which can also be exploited in solar photocells. Although it is a challenge
to simulate/model a complete photoactive layer of an organic solar cell,
it is proved through electronic structure calculations that the properties
of the materials involved in the photovoltaic device can be obtained. In
this way, give some light on the power conversion efficiency comparison
and propose new compounds.
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1 | INTRODUCTION

As a result of the increasing global energy demand, photovoltaic solar energy has become one of the most promising
renewable energy alternatives [1, 2]. The photovoltaic devices are divided mainly into inorganic, organic, and hybrid
solar cells. Although inorganic cells are still more efficient, these kinds of artifacts are also more expensive, which
represents a vital barrier [3]. On the other hand, organic solar cells (OSC) have become a very favorable alternative to
inorganic silicon-based solar cells [4, 5, 6, 7]. OSC offers the benefits of low production cost, lightweight, flexibility,
transparency, and high production control, which in turn represents some implementation advantages[8, 9, 10, 11].
Whereas a few years ago, the most common organic solar cells were based on fullerenes, in recent years, the highest
efficiencies have been found in cells without fullerenes or non-fullerene solar cells [12]; in fact, regarding OSC, the
current top in the power conversion efficiency (PCE) was reached mainly by small molecules (SM) and polymer-based
devices [12, 13, 14].

Non-fullerene n-type organic semiconductors have attracted significant attention due to their great potential as
acceptors in photovoltaic cells [15]. Specifically, in 2019 it was synthesized an acceptor molecule that employs a
ladder-type electron-deficient-core-based central fused ring (di-thienothiophen[3.2-b]-pyrrolobenzothiadiazole) with
a benzothiadiazole (BT) core to fine-tune its absorption and electron affinity. This is an end fluorinated molecule and
is known as Y6 (see Fig. 1) [16]. Fluorination was of great importance due to several characteristics of these com-
pounds (down-shifted highest occupied molecular orbital [HOMO] and lowest unoccupied molecular orbital [LUMO)],
increased intermolecular and intramolecular interactions, high polarization, and low coulombic potential between
holes and electrons), which resulted in increased PCE [17]. Later, a new (chlorinated) acceptor-donor-acceptor (A-D-
A) type small-molecule acceptor, NCBDT-4Cl, was reported, showing wide and efficient absorption ability in the range
of 600-900 nm with a narrow optical bandgap of 1.40 eV [18]. On the other hand, Zhang et al. [19] showed that chlo-
rination had more capacity to lower molecular energy levels and broaden the absorption spectrum in comparison with
fluorination, which allows an increase in the PCE. Additionally, since chlorination is easier than fluorination synthesis,
material costs decrease, which benefits large-scale production.

Recently, Cui et al. [20] synthesized a chlorinated low-bandgap acceptor, BTP-4Cl, by replacing the halogen
atoms of the fluorinated acceptor Y6, called BTP-4F. According to their report, LUMO showed a decrease, owing to
chlorination [19, 21], however an increase in open-circuit voltage is obtained unexpectedly. Additionally, a series of
experimental parameters were improved, including the non-radiative energy loss, contributing to the enhancement in
open-circuit voltage. Furthermore, an extended optical absorption was produced by chlorination, which contributed
in the same way to the increase in PCE, going from 15.6 % for BTP-4F compound to 16.5 % for BTP-4Cl compound,
both using the same donor polymer PBDB-TF and an area of 0.09 cm? per independent cell. These high PCE values
placed these photovoltaic materials among the top devices for single-junction organic photovoltaic (OPV) cells.

In addition to the broadening of optical absorption through chlorination, there are factors directly related to the
electronic structure of photovoltaic materials that impact the PCE. Thus, even though it is no possible to model or
simulate an entire experiment, it is viable to obtain valuable information from theoretical calculations [22, 23, 24].

The dipole is an indicator of electron distribution. A low dipole moment favors conduction because it indicates a
greater delocalization of electrons [25]; in addition, it has an inverse relationship with the mobility of charge carriers
[26]. After exciton is created, it is dissociated at the donor/acceptor interface of the photoactive layer, for which it is
convenient to have materials that are quality acceptors and donors in this layer to efficiently carry out the separation
of the exciton [27]. The binding energy is another crucial factor in the efficiency of a photocell. The smaller the binding
energy, the easier the exciton dissociation [28]. Reorganization energy is related to the transport process in molecules.

Therefore, this amount provides essential information for the proper functioning of a photocell [29]. HOMO and
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LUMO position for donor and acceptor is prime because it is related to open-circuit voltage; more precisely, this
parameter depends on the energy difference between HOMO of donor and LUMO of acceptor [30]. On the other
hand, the LUMO offset between donor and acceptor should be well controlled to be of considerable size to provide
enough energetic driving force for efficient charge separation to minimize the energy loss [31, 32].

From an experimental point of view, several parameters like open-circuit voltage (VOC), short-circuit current (Jsc)'
and fill factor (FF) are relevant to obtain a good performance in solar cells. Additionally, many of these experimental
parameters are associated with the electronic structure of materials used in the organic photovoltaic (OPV) device,

concretely in the photoactive layer.

In the particular case of Cui et al., chlorination of Y6 broadens the absorption spectrum and modifies the frontier
molecular orbitals. However, while the former undoubtedly improves the PCE, the latter unexpectedly also enhances
it. Even though chlorination lowers the position of the frontier molecular orbitals, which could result in a V. de-
crease, the F — Cl exchange resulted in a V. increase, and finally, an increase in PCE. Nevertheless, as will be seen
in this report, chlorination not only broadens the absorption spectrum but also improves several parameters related
to the electronic structure, such as the ability to accept/donate electrons, charge transfer/mobility, and exciton disso-
ciation. Improvement of several of these parameters can demonstrate the enhancement of PCE in PBDB-TF:BTP-4Cl
compared to PBDB-TF:BTP-4F junction. In addition, also from a theoretical point of view, here was observed that
the following halogenation, CI — Br, once again improves all these parameters, which results in an engaging novel
proposal to continue increasing the PCE. Even the substitution by iodine proposes parameters comparable to those

obtained with fluorine. In this way, motivating results are achieved from the proposed systems.

This paper is organized as follows: in the next section, details of computational calculations are shown. Addition-
ally, in the supporting information, the justification of our methodology is extended. After that, results and discussion

are presented. Finally, conclusions are stated in the last section.

2 | COMPUTATIONAL DETAILS

In order to have a better description of the molecules, a total of five different exchange-correlation potentials (XC-
functionals) and up to nine different basis sets were tested (see supporting information). Our theoretical frontier
molecular orbital energies were compared with their experimental analogs obtained in [20] employing square-wave
voltammetry to find the most reliable method of calculation. In a first step, molecules were optimized with all exchange-
correlation potentials and the 6-31G** basis set. The results of each XC-functional were compared with the experi-
mental reference values, and the most accurate functional was selected. After the XC-functional selection, molecular
geometries were reoptimized using the nine proposed basis sets, and HOMO-LUMO frontier orbital energies were
compared anew, with the experimental reference values. It is worth mentioning that the vibrational frequencies were
obtained for all optimized geometries to corroborate that each structure was at a minimum of the potential energy sur-
face. Among all theory frameworks (see supporting information), the HSE [33] hybrid exchange-correlation potential
and the 6-311G** [34] triple zeta basis set showed the minimum difference concerning the experimental HOMO-
LUMO energies reported by Cui et al. Given the above mentioned, the HSE potential and the 6-311G** basis set
were the natural selection to carry out the present work. Lastly, we are conscious that the size of the iodine atom is
more significant than the rest. Therefore, for this atom we used the Def2-TZVP triple zeta valence basis set proposed
by Ahlrichs and coworkers [35, 36], which is a good compromise between computational cost and accuracy.

All geometry optimizations, vibrational frequencies, single point, and excited-state calculations, as well as the

inclusion of the solvent effect with the solvation model based on density (SMD) [37] were performed in the well-known
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computational chemistry package Gaussian16 [38]. In contrast, exciton binding energies and transition distributions
were obtained with the Multiwfn software [39].

Molecular structures of acceptors BTP-4X (X = F, Cl) and donor PBDB-TF are shown in Figure 1, and the optimized
geometries of the proposed compounds BTP-4Br and BTP-4l, as well as the nonhalogenated system BTP-4H, can be
observed in Figure 2. Lateral alkyl chains 2-ethylhexyl and undecyl were replaced with methyl groups to reduce the
computational cost; as has been discussed in other reports, the influence of these aliphatic chains does not significantly
affect the electronic structure [40, 41]. Regarding the donor PBDB-TF, all calculations were performed on one unit of
the polymer. Including more units (up to four), a meaningful difference between theoretical and experimental frontier
orbital energies was found, especially in the case of the HOMO (see the supporting information).

Finally, to complete the description of the methodology, the charge transfer descriptors, reorganization energies,
and exciton binding energy are briefly described in the supporting information.

3 | RESULTS AND DISCUSSION

3.1 | Dipole moment

Dipoleis an indicator of electron density distribution. A low dipole moment favors semiconduction because it indicates
greater electron delocalization [25], in addition to being inversely proportional to mobility of charge carriers [26].

Table 1 shows, in light cyan, values of dipole moment of the two acceptors experimentally studied by Cui et al.
calculated in gas phase (GP), chloroform (CF), and chlorobenzene (CB). As can be seen, BTP-4Cl is the molecule with
the lowest dipole moment in gas phase and chloroform, then, it is possible to argue it is also the one with the highest
delocalization of electron density and mobility of charge carriers on its surface. Such assertions in gas phase and
chloroform are consistent with the better experimental performance of PBDB-TF:BTP-4Cl. On the other hand, the
value of dipole moment in chlorobenzene is reversed, which would lead to a situation that is not so favorable for the
transport of charge in this solvent.

Another promising finding was that the proposed BTP-4Br molecule is the one with the lowest dipole moment in
the three phases (see Table 1). In calculations without solvent, its dipole is only two-thirds of its BTP-4Cl counterpart.
The conjecture that is reached is that BTP-4Br could show excellent delocalization of electron density thanks to the
extraordinarily low magnitude of its dipole. Such assertion could be explained by the possible equilibrium between
the length of the C-Br bond, its moderate covalent radius and the electronegativity of bromine, which is less than 3
points on the Pauling scale (against 3.16 for chlorine and 3.98 for fluorine) [42]. This aspect would have a positive
effect on its semiconductor character and its ability for the mobility of charge carriers. In addition, the same table
reveals there is a significant increase of dipole moment in solvent phases, except in the already mentioned system
with Br.

The other proposed acceptor, BTP-4l, exhibits a dipole moment slightly lower than that of its fluorinated coun-
terpart in the solvent-free medium, but higher when solvents are taken into account. It is not wise here to speak of
a hint of a hypothetical improvement in semiconduction-related properties. Finally, the halogen-free acceptor is the
one with the highest values of the referred parameter, with more than 5 debyes in the gas phase and exceeding 8 in

solution. The negative consequences of dehalogenation did become evident in this area.
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3.2 | Charge transfer descriptors

Donating and accepting charge are two key processes in the operating principle of photovoltaic devices. As it is well
known, Density Functional Theory (DFT) has been widely used to obtain the donor or acceptor capacity. In the present
work, so as to get deep insight into the donating-accepting character, different indicators such as I, A, w*, w™, y*, and
x~ were calculated. Here is important to mention that, the lower I, ™, and y~, the better donating character has the
molecule, and by the other hand, as the higher A, w*, and y* are, the better acceptor capacity.

According to results shown in Table 2, in regard to electron affinity (A) and ionization potential (I) calculated in
gas phase, it is possible to observe that in a consistent way the electron affinity index is higher for both acceptors
experimentally studied (highlighted in light cyan in Table 2) compared to the donor compound (highlighted in yellow)
and the ionization potential is lower for the donor. Interestingly, BTP-4Cl is better acceptor than BTP-4F according
to all A, w*, and y* indicators.

With the purpose of resemble the experiment, the above mentioned indicators were calculated including the sol-
vent effect through the solvation model based on density (SMD). Both chloroform and chlorobenzene were modeled
by SMD method; interestingly, the same tendencies were observed, it is, also the electron affinity is higher in BTP-4Cl
as well as w™ and y*. These theoretical results shed some light on explaining the experimental results reported in [20],
where the photovoltaic system formed by a photoactive layer with the PBDB-TF donor and the BTP-4Cl acceptor has
a better efficiency than the system formed by a photoactive layer with the same donor and BTP-4F acceptor.

In gas phase, none of the proposed molecules (BTP-4Br, BTP-4l, and BTP-4H) exhibits an increase in electron
charge acceptance property with respect to BTP-4F or BTP-4Cl, and in the presence of solvents the situation changes
a little. In chlorobenzene, for example, BTP-4Br would seem to be the best electroacceptor system because it has y*
=16.61 eV and w™ = 9.71 eV, which are slightly higher values, especially w*, than those of the chlorinated system. In
chloroform, on the other hand, parameters that define the acceptor character of molecules are almost identical for
the compound postulated with bromine and the well-known chlorinated system. While y* for BTP-4Br is greater by
only 10 meV, w™ is less by 20 meV in the brominated system compared to the chlorinated one, moreover electron
affinity is the same for both compounds, which corroborates the equality in the acceptor capacity of both acceptor
compounds.

BTP-41, although not dazzling, does improve the numbers of BTP-4F in solution. In both solvents, the iodinated
acceptor prevailed over the fluorinated one for the three indices that measure the electroacceptor ability. These
theoretical results make us suspect that the proposed systems could well compete with BTP-4F and BTP-4Cl systems
in the separation of negative charge carriers and be a viable option for their application in bulk heterojunction organic
solar cells.

BTP-4H is the worst acceptor of all, which accentuates the deficiency due to dehalogenation that has been envi-
sioned throughout the study.

3.3 | Reorganization energies

In the process of transporting charge, the molecules of photoactive zone undergo structural adjustments. Some ex-
amples of these adjustments are the passage of a geometry electrically neutral to a cationic or anionic and the reverse
case. The reorganization energy is related to the activation energy that supposes the global reaction of electron trans-
fer; having said that, it is natural to think that the reorganization energy should ideally be minimum, because thus
the kinetics of the transfer is maximum (faster) [43, 44]. Reorganization energies for holes and electrons of the six

molecules under study in gas phase, chloroform, and chlorobenzene are shown in the Table 3.
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Reorganization energy comprises the contributions belonging to electrons (A_) and those relating to holes (A,).
As can be seen in Table 3, A_ is considerably lower than A, in the two acceptors, which gives an idea of which type
of charge carrier is more likely to transit on its surface. On the contrary, A, dominates in the field of PBDB-TF, which
suggests the preference that this system has for the transport of holes (or, in other words, the donation of electrons).
A very interesting point to highlight in this table is the comparison between the two acceptors experimentally studied,
where lower A_ is clearly observed in the chlorinated compound compared to the one with F in gas phase and solvents.
This last result indicates that, following the same theoretical interpretation, BTP-4Cl is a better electron transporter
system and contributes to a better performance in the photoactive film, which is in line with the experiment and
preliminary estimates.

In the solvent-free medium, reorganization energy belonging to the negatively charged carriers for BTP-4Br and
BTP-41 acceptors is 0.126 €V, a value which is lower than 0.134 eV of BTP-4F, but it is above 0.123 eV of BTP-4Cl.
In solvents, A_ of BTP-4Br is 0.101 eV and 0.099 eV in chloroform and chlorobenzene, respectively. These amounts
are below their BTP-4Cl and BTP-4F counterparts. Likewise, BTP-4l also has a A_ in solution that is lower than that
of systems with fluorine and chlorine. This numerical assessment has a positive impact on our reflection on the
possible semiconductor properties of the suggested systems and their implications in photovoltaic devices. From the
quantitative perspective given in this work, the capacity that BTP-4Br and BTP-41 would have in transport of electron

charge on their surface is promising.

3.4 | Binding energies

In order to carry out an effective photovoltaic process that generates electrical energy from absorption of light is
necessary to dissociate the exciton, freeing the hole and electron in the photoactive layer. Exciton binding energy
(Ep) is the indicator of the feasibility for such separation to occur. Since binding energy is related to the coulombic
attractive force between hole and electron, the smaller E,, the greater the possibility of exciton separation.

E, obtained for all the compounds and solvents contemplated in the present investigation can be consulted in
Table 4. Comparing E, for the two acceptor molecules (highlighted in light cyan in table) used by Cui et al., it is
observed that the compound with Cl has a lower binding energy regardless of the type of calculation (gas phase or
with solvents). This would indicate a lower energy required to separate charges and due to this a better efficiency of
photoactive layer.

Exciton binding energy turned out to be smaller for both proposed compounds (BTP-4Br and BTP-4l) than that of
molecules investigated by Cui et al. This observation is generalized for gas phase and the two solvent phases. The 2.57
eV in gas phase improves the 2.60 eV that BTP-4Cl has, which is a good sign that exciton dissociation could occur more
easily in acceptors with bromine and iodine atoms. Once in solution, the difference in favor of the aforementioned
remains, since there is an £, of 2.54 €V (2.53 eV in the case of BTP-4l) against 2.57 eV for the chlorinated system.

Regarding the solvent effect, it should be noted that, in the five acceptors, there was a regular decrease in E, of
approximately 0.03 eV if we compare what is shown in gas phase with that obtained in chloroform and chlorobenzene.

In addition, it can be said that results between one and another solvent remained practically identical.

3.5 | Position of frontier molecular orbitals and related properties

Frontier molecular orbitals are intrinsically linked to processes such as semiconduction and optical absorption, as well
as governing some other photovoltaic parameters.

In Table 5, the congruence between the HOMO and LUMO energy obtained from experiment and the one esti-
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mated theoretically can be clearly observed for both acceptors, as already highlighted in the supporting information.
Energy levels of BTP-4F and BTP-4Cl are quite close, but those of BTP-4Cl are in lower positions (they are more
negative), which is also in agreement with the measurements of Cui et al. Similarly, the donor's HOMO and LUMO
orbitals are above their homologues on the acceptor molecules. This alignment is essential for the correct transfer of
charge from donor to acceptor in the photoactive layer.

The poor description of donor by methodology used yielded discordant amounts that were far from experiment:
HOMO-LUMO gap was positioned at 2.37 eV (ideally being between 1.3 and 1.9 eV [45]), which can be explained by
the overestimation of LUMO. However, the HOMO calculated at HSE/6-311G** level agrees well with what has been
reported and with what is recommended in the literature. The value obtained is close to -5.27 €V, the limit associated
with the stability of a donor in an oxidizing environment such as air [40].

The driving force that guides the diffusion of the exciton is given by the energetic difference between the donor
and acceptor LUMOs, Lp — L 4. The subtraction must be greater than 0.3 eV to achieve a successful transfer at the
D-A interface [46, 47]. As can be seen, the theoretical values far exceed the minimum necessary to drive the exciton
between both units. It can also be observed there is a larger energy difference between LUMO of donor and BTP-4Cl
acceptor compared to the same energy difference taking into account BTP-4F acceptor. This result leads us to obtain
a larger energetic driving force in system with CI, which is required to separate the exciton into free charge carriers
during the interface charge transport process. Therefore, a better charge separation process is expected in the system
with Cl than in the system with F.

Position of acceptor-HOMO and donor-LUMO has a great influence on open-circuit voltage (VOC), a factor that di-
rectly affects the efficiency of the photovoltaic device. A model proposed by Scharber et al. [30] empirically estimates
Vo by means of Eq. 1:

Vee = (3 e, - 255257 - 03v. @
Results of application of Scharber’s formula to data previously exposed and its contrast with that determined by
square-wave voltammetry are shown in Table 6.

A consequence of trying to improve the short-circuit current density (Jsc) is a possible detriment in V. due to the
modification in position of orbitals and in the properties that determine the absorption of light. In general, the increase
of one parameter leads to the decrement of the other, so finding a balance that maximizes the simultaneous values
between V. and J . is of utmost importance. In this study, as expected, open-circuit voltage decreased for BTP-
4Cl:PBDB-TF combination because LUMO of BTP-4Cl increased in magnitude. This phenomenon does not converge
with information provided by Cui et dl., since they found a surprising increase in V. in the photocell built with the
new acceptor. Here it is worth mentioning that even for them this result was unexpected, as mentioned in [20]. On
the other hand, it is important to note the great description of Schaber's model and theory used, since open-circuit
voltages obtained experimentally and theoretically (see Table 6) differ only in quantities less than 100 mV.

Energy of frontier molecular orbitals were also calculated for all molecules under study. Results are concentrated
in Table 7. In gas phase, a slightly smaller HOMO-LUMO gap (E,) was obtained in BTP-4Br than in BTP-4Cl, which
would indicate that, in the former, photovoltaic effect would be more benefited. It is easier, of course, for an incident
photon to promote an electron from ground to excited state if it must overcome a barrier of 1.62 eV rather than one of
1.65 eV. This theoretical improvement in brominated compound becomes even more extensive when analyzing E; in
chloroform and chlorobenzene. On the other hand, BTP-41 also deserves to be highlighted in this area. Position of its

orbitals is very similar to what BTP-4F exhibits, nevertheless, it has a slightly smaller gap. Up to now, it is possible to
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say that proposed systems have shown very favorable values of parameters associated with their electronic structure.

Another point to note is the difference between energy calculated before and after considering solvent. Decrease
of approximately 0.2 or 0.3 eV in magnitude of HOMO and LUMO, as well as decrease of a few hundredths of an eV
in energetic gap are noticeable in acceptor molecules. Interestingly, opposite effect was observed in donor, since
HOMO energy increased in magnitude.

Contrasting with experimental data (see Table 5), energy of the two frontier molecular orbitals of BTP-4F and
BTP-4Cl does not improve when including solvents, but their energy gap does. For PBDB-TF, the HOMO calculated
in solution was closer to the -5.45 eV measured by Cui et al., although E, was far from that measured.

In all acceptors and solvents, the driving force, Lp — L 4, which aids in the diffusion of exciton from unit A to unit
D of photoactive layer, was greater than 0.3 eV. Alignment of frontier molecular orbitals corresponds, in all cases, with
the basic requirement that both HOMO and LUMO of donor molecule are above their homologues of acceptor species.
This alignment of frontier orbitals is important for the charge transfer from donor to acceptor in the photoactive layer
of the solar photocell, since when the exciton is created, the electron is attracted by the acceptor and in this way it
is possible to separate the exciton. In addition, the -5.27 €V limit was also met in HOMO of PBDB-TF. This value, as
already mentioned, is related to the range in which stability of this compound could prevail in the face of the effects
of an oxidizing environment such as air [40].

Open-circuit voltage for the different donor-acceptor combinations and the three environments was obtained,
anew, with empirical Scharber’s formula. Results are shown in Table 8. One striking effect is the significant change
in V. in different environments, especially when it is compared with and without solvent. It is observed that the
behavior is: V. CB > V. CF > V. GP for the five combinations of acceptors with the PBDB-TF donor. This
is an obvious consequence of increase in HOMO magnitude of PBDB-TF and a less negative LUMO values of the
five electroacceptor systems. Furthermore, comparing with experimental data, open-circuit voltage obtained from
calculations in chloroform and chlorobenzene is overestimated and is further away from that obtained in gas phase.

Finally, V. with BTP-4Br as acceptor is 0.83 V, 1.12V, and 1.15 V in gas phase, chloroform, and chlorobenzene,
respectively. All these quantities are below the other combinations in the three mediums. On the other hand, BTP-
4H:PBDB-TF combination is the one that would present, from the theoretical perspective, a higher V.. Here it is
worth to mention that, it is difficult to arrive at any conclusion with regard to open-circuit voltage, since on one side, in
the present study a lower V. is obtained for chlorinated compound in comparison with the fluorinated one, however,
experimentally Cui et al. unexpectedly (even so mentioned by them) found a higher Vo for chlorinated system. The
reason is not clear from electronic structure calculations since the lower LUMO energy of chlorinated compound

would represent a lower V..

3.6 | Absorption spectra

Absorption spectrum in ultraviolet-visible (UV-Vis) region (approximately 380-780 nm) was simulated using Time-
Dependent Density Functional Theory (TD-DFT) and same methodology as applied in previous calculations (HSE/6-
311G**). Ten excited states were considered.

An important aspect that must be fulfilled in the photoactive layer is the donor-acceptor complementarity, that
is, for a better functioning of the photovoltaic device, donor and acceptor materials must absorb sunlight in regions
(UV-Vis) that are complementary. Fortunately, this condition is satisfied for all acceptors studied here in conjunction
with PBDB-TF donor. In spectrum measured by Cui et al., a slight bathochromic shift of the chlorinated compound can
be observed compared to the fluorinated one. Further, donor has its maximum spectrum values at lower wavelengths.

As can be seen in Fig. 3(a), all these conclusions are well reproduced by the calculated spectra, albeit shifted down
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around 100 nm.

Superposition of spectrum of each acceptor with that of donor covers a good part of UV-Vis and near infrared
(NIR) zone, which shows a good absorption capacity of the photoactive layer and a great coupling between the two
units. The slightly wider range of absorption of BTP-4Cl (given by its bathochromic shift) contributes to its excitability
and, therefore, to a better use of photon harvesting. Additionally, Cui et al. report that BTP-4Cl has a higher molar
absorption coefficient than BTP-4F [20], which is also proved through larger oscillator strenghts of BTP-4Cl compound
than the fluorinated one (see Table 9).

As explained in advance, the spectroscopic data collected with TD-DFT is quite consistent with practical measure-
ments. In the experiment by Cui et al., maximum absorption peak of BTP-4F is located at 732 nm, while chlorinated
acceptor is at 746 nm. Peaks derived from simulation are located correspondingly at 679 and almost 690 nm. The
difference of 50-60 nm towards lower wavelengths that theory exhibits is maintained in both molecules, which rein-
forces the good description that methodology used provided in this area. The second and third peaks of both systems
are relatively close and form a band that spans about 200 nm.

It is worth noting that Cui et al. report a slightly smaller optical gap for the second acceptor, which results in
a lower energy requirement for electronic promotion from HOMO to LUMO and a greater probability of causing a
n — x* transition.

Electron transition analysis is essential to complement what is visually enhanced in the spectrum. Characteristics
of main absorption peaks in UV-Vis region of the two experimentally studied electroacceptor molecules are presented
in Table 9.

Transition with the greatest oscillator strength (f) coincides (H = L with 100 %), for the two systems, with the
one associated with the maximum absorption peak, which reveals that this excited state surely captures most of the
solar radiation useful to the device. In the second peak of both spectra (A ~ 603 nm for the fluorinated system and
A =~ 610 nm for the chlorinated system) the transitions H- 1 = L (12 %) and H = L + 1 (86 %) occur, but they exhibit
very weak oscillator strength.

Regarding the proposed molecules and solvents: the gas phase, chloroform, and chlorobenzene absorption spec-
tra of the five acceptor molecules and the donor are shown in Figure 3. For simulation, 10 excited states were consid-
ered.

The good overlap of spectra of new acceptors with that of donor in the three mediums suggests that coupling in
photoactive layer allows an optimal uptake of light throughout the ultraviolet, visible and near infrared region. Inter-
section of curves is approximately at A = 600 nm. In general, the proposed systems have quite similar characteristics
in terms of bands and peaks with the highest absorption.

In gas phase, it can be observed how the five acceptors under study present spectra with similar shapes between
300 and 900 nm. Curve of donor crosses those of acceptors at just under 600 nm.

In chloroform, the donor curve has flattened and has a small elevation around 400 nm, so its gaussian shape no
longer appears in this solvent. It is clear that the absorption bands have been redshifted, resulting in an elongation of
this region beyond 900 nm.

In chlorobenzene, complementarity of units D and A remains. If we combine PBDB-TF with any of the five
acceptors, the coverage of both molecules within the swept area of the spectrum is evident, which leads us to suppose
that light absorption could be very effective in this solvent.

Anew, analysis of electronic transitions is essential to complement what has already been said in reference to the
plotted spectra. Characteristics of the three most important absorption peaks in the five electroacceptor molecules
are concentrated in Tables 10 (solvent-free medium), 11 (chloroform), and 12 (chlorobenzene).

In gas phase (Table 10), novel systems BTP-4Br and BTP-4| have the maximum absorption peak at 690.38 nm
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and 692.06 nm, respectively, in such a way that they have shifted slightly towards the red in relation to BTP-4F and
BTP-4CI. This displacement is consistent with the fact that electron gap is smaller in these molecules. Transition
from HOMO to LUMO, with 100 %, is also the one with the highest oscillator strength, so it is possible that this is
the excitation that occurs with the greatest regularity during the collection of light energy, it enhances the role they
would play in the optical absorption process. BTP-4H, unlike the previous molecules, has a hypsochromic shift, since
it absorbs at A = 672.12 nm.

In all analyzed acceptors, the next two transitions of greater light absorption are very close to the transition
belonging to the maximum peak, forming a band of just under 200 nm. In the second peak, the five molecules have
aH — L+ 1 (86 %) transition, which is the main contribution, against H - 1 = L with 11, 12 or 13 %. However, the
oscillator strength is very low, barely exceeding the value of 0.05.

When the medium is chloroform (Table 11), the bathochromic shift that was detected in the spectrum was also
shown numerically. Interestingly, as the mass of halogen increases, larger wavelength values are observed, with the
exception of iodine. In this solvent, the point of maximum absorption of BTP-4F is located at 732.56 nm and that of
BTP-4Cl almost at 746 nm. Agreement with experimental values given by Cui et al. is very good. Novel acceptors,
meanwhile, absorb the bulk of radiation at 747.50 nm (BTP-4Br) and 745.22 nm (BTP-4l). These values are in the
near infrared region, where there is a good part of light radiated by the Sun that reaches the Earth’s surface [48].
Furthermore, the only transition associated with that specific wavelength in both cases is H = L (100 %) and has an 7
above 2.3, which suggests that electronic promotion must be carried out between HOMO and LUMO. BTP-4H shows
a blueshift, with a maximum located at 724.78 nm. This is explained by its larger HOMO-LUMO gap.

In chlorobenzene, position in wavelength values for the main peak followed the sequence BTP-4Br > BTP-4Cl >
BTP-41 > BTP-4F > BTP-4H. Unlike calculations in the other solvent, here the regions of the highest light absorption
in BTP-4Cl and BTP-4F were not as accurate with respect to the data of experiment. However, the small difference of
almost 6 nm holds for both systems. BTP-4Br and BTP-4l presented their absorption maxima at 753.19 nm and 750.38
nm, respectively. These quantities are not very different from what was obtained in chloroform, which is consistent
with the fact that £, is practically identical in both solvents. The most important peaks of BTP-4H, as happened in
the two mediums previously described, were located further to the blue than those of the other acceptors.

The general effect of simulating the absorption spectrum in the UV-Vis and infrared region considering molecules
in solution was the appearance of characteristic peaks and bands at wavelengths greater than those of their gas-phase
counterparts. Likewise, higher values of f were obtained. The main configuration of transitions associated with each
peak remained almost invariant in the three environments.

Based on what has been argued in previous paragraphs, it is speculated that photovoltaic properties of some
hypothetical devices built with the two suggested (BTP-4Br and BTP-4l) acceptors could be enhanced by the position
to longer wavelengths of their absorption bands and by the good coupling they have with the donor. Spectroscopic

data predict that such artifacts would have a short-circuit current density that yields better efficiency.

3.7 | Exciton dissociation and recombination

Kinetics of charge transfer, that is, the study of speed at which electrons and holes are exchanged from molecule to
molecule in the immediate stage of exciton cleavage, has great relevance because it makes it possible to understand
what happens on the photoactive layer when a photovoltaic device is working. Monitoring of the process simultaneous
or subsequent to exciton division is carried out by means of unique parameters that govern the reaction and that
bear some analogy with ordinary chemical kinetics. Marcus model of charge transfer considers some parameters to

understand spontaneity of this particular kind of reaction (or, in other words, the measure of how favorable it seems
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in thermodynamic terms). It is also useful to predict its possible reversibility (if, on the contrary, there is a tendency
towards a recombination of holes and electrons) and the hegemony manifested in one direction or another of the
process.

The charge transfer (k.,) and charge recombination (k) rates can be described by Marcus model [49] in the
semi-classical limit,

ko = |22 1, P el 2 ericn N
cricr =\ a7 oAl SR T b

(2
where k., and k., represents exciton dissociation and recombination rates, respectively, A is the reorganization

energy, h is the Planck’s constant, Kg is the Boltzmann's constant, AG is the variation of Gibbs free energy

CT/CR
of the reaction for exciton dissociation and recombination processes, respectively, and Vp 4 presents the electronic

coupling in donor/acceptor interface.

For the aim of this work, a good description can be obtained through k. /k., quotient, therefore, according to
Eqg. 2, the main quantities to take into account and to perform a discussion are the variation of Gibbs free energies
and reorganization energies.

Variation of Gibbs free energies for exciton recombination (AG_,) and dissociation (AG,.;) can be obtained
through [40]:

HOMO LUMO
AGC‘R = Edonor - Eaccepton (3)
AGor = ~AGog — AEy 4 — Ep, (4)

where AE_, refers to the energy of the lowest excited state of free-base donor and £} is the binding energy. Here it
is important to mention that, for an exothermic process, AG.; and AG_, are considered negative.

In addition, in order to calculate A as well as dissociation and recombination rates is necessary the calculation
of inner (A;,) and outer (A,,¢) reorganization energies. The former is related to geometry variations of donor (D) and
acceptor (A) in the charge donating and accepting processes,

Ain = A1 (A) + 22(D), (5)

where

M(A) =E(AT) - E(A) (6)

and
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A2(D) = E(D) — E(DY). (7)

Here, E(A™) and E(A) are the energies of the neutral acceptor at the anionic geometry and optimal ground-state
geometry, respectively, and £ (D) and E (D) are the energies of the radical cation at the neutral geometry and optimal
cation geometry [40]. On the other hand, A, is associated with electronic and nuclear polarization (relaxation) of the
surrounding medium during the charge transfer process [31].
As a first approximation, Ao,r = 0 was taken into account to calculate k. /k., quotient. In Table 13, A;;, AG .,
AEo—o’ AGCT’
Concerning the systems experimentally reported, it is easy to see the close values of A;,, however, BTP-4CI:PBDB-

and k., /k., quotient are shown.

TF combination has lower values than BTP-4F:PBDB-TF in gas phase and chloroform, which is another factor that
contribute to the better performance of chlorinated compound. In the case of proposed systems with Br, I, and H,
solvents modify drastically inner reorganization energies since in gas phase this energy is larger for brominated, iodized
and hydrogenated systems than fluorinated and chlorinated compounds; however, when solvents are contemplated,
Ain values of proposed systems are reduced, even lower than experimentally synthesized systems. It is important to
remember that a low reorganization energy is related to a better charge mobility.

Even though in the calculation of dissociation and recombination rates the sum of Gibbs free energy variation
with reorganization energy is very important because it appears in the exponential function, a little analysis can be

made on the pure Gibbs free energy variation. Interestingly, it is easy to note that AG_, of the fluorinated system

R

is more negative than that of the chlorinated system regardless of the medium (GP, CF, or CB), while AG ... is more

cr
negative for the chlorinated system than the fluorinated one, which could also be related with the better efficiency of
the chlorinated system. Continuing with this type of analysis for the proposed systems, an improvement in efficiency
with the brominated system could be expected due to a less negative AG_., and a more negative AG ., (see Table 13).

ko7 /kcp Quotient can be seen in the last column of Table 13. It is observed that BTP-4F:PBDB-TF combination
has larger quotient than BTP-4CI:PBDB-TF in all environments. This may seem a contradiction with the experimental
efficiency shown by both combinations, however, we must remember that PCE depends on a synergy of several
parameters where, according to the elements used in the manufacture of the photocell, some of these parameters
decrease while others increase, in such a way that as a whole an attempt is made to contribute to the increase in PCE.
Due to this, although in this case higher k.. /k ., was obtained in the fluorinated system compared to the chlorinated
one, it is important to mention that most of the parameters studied in this work are better for the chlorinated system.
With respect to the proposed systems, it is easy to observe that combination with hydrogenated molecule has the
highest quotient, followed by BTP-41:PBDB-TF and finally by BTP-4Br:PBDB-TF.

In addition, it is noted that k., /k., depends drastically on the medium. In gas phase the quotients are much
lower than in CF and CB solvents. These results can be understood by AG_, and AG_.; values. It can be seen that
in GP the difference between AG.; and AG . is smaller than in CF and CB; for example, for the fluorinated system
this difference is 0.03 eV in calculation without solvent, while in CF and CB this difference is 0.61 eV and 0.66 eV,

respectively. Therefore, according to

(AG.; + )2 = (AG,,, + )2
4K, T

kCT

= exp[- I (8)

CR

when AG_.; is too close to AG .., the exponent is small, as in the case of GP. On the other side, when |AG; +A| <

CR?
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[AG g + Al ker [kcr
However, in cloroform and clorobenzene, |AG ., +A| < |AG, + Al is always hold, and therefore k. /k

> 1 and vice versa. It is the reason why the gas phase has values greater than and less than one.
cr > 1is kept.

The previous k., /k., quotient analysis was carried out taking into consideration A, = 0. It is well known that
quantitative calculation of Aoy; is difficult [50, 51, 52], due to this, in several previous works [53, 54, 55] a value for
Aout is proposed according to the characteristics of the system. However, in the present work a whole continuous
variation of its value is proposed, to later carry out an analysis of the k., /k., quotient.

InFig.4,log(k.; ko) VS Aoyt Was plotted. It was decided to plot the log (k. / k) due to the better visualization
of curves in the graph scale. Furthermore, these graphs were obtained only in solvent since A,,; takes into account
the effects of the solvent. Plots in both solvents are very similar. The height of the curves are obtained in BTP-4H
> BTP-4| ~ BTP-4F > BTP-4Cl > BTP-4Br order. At approximately A,,; = 1 the height of the curves is inverted,
however, also at that value of A, the ratio log(k., /k..) goes from being greater than one to being less than one.
This would indicate that beyond that value exciton recombination would be more likely than exciton separation, which
is an unwanted phenomenon. Therefore, our region of interest would be for A,,: < 1. Unfortunately, the k., /k..
quotient in this region is not describing correctly the experimental results since theory predicts BTP-4F as a better
compound than BTP-4Cl to perform the exciton dissociation in comparison with exciton recombination.

Anew, it is expected that a set of parameters holds with a synergy in order to enhance the power conversion
efficiency. Therefore, on one side, in spite of some parameters get not favorable results to increase the PCE, on the
other side, the rest of the parameters can be helpful to rise the PCE.

4 | SUMMARY AND CONCLUSIONS

In this work, a series of parameters were analyzed not only to give some light for explaining the best performance
of the chlorinated compound in a recent experimental study by Cui et al. but also to examine the behavior of new
molecules which are tightly related to synthesized compounds.

Regarding the dipole moment, while the fluorinated system had the lowest dipole values in the gas phase and
chloroform, the chlorinated compound presented the lowest value in chlorobenzene. It is a clear solvent dependence
of dipole moment. Nonetheless, the brominated system seems to be an attractive compound since it had the lowest
dipole moment value compared to all studied molecules and mediums, which is relevant for charge mobility.

All charge transfer descriptors A, y*, and w™ predicted BTP-4Cl as a better acceptor than BTP-4F, which could
be a reason for the outstanding work the photovoltaic device made of PBDB-TF:BTP-4Cl photoactive layer. When
solvents are taken into account for the proposed systems, it is observed that BTP-4Br and BTP-41 have similar charge
transfer parameter values to BTP-4F and BTP-4Cl; in fact, the brominated system presents slightly higher values than
experimental synthesized systems.

Another factor in favor of the better performing of the chlorinated system in comparison with the fluorinated
system is the reorganization energy, A_, which is smaller for BTP-4Cl than BTP-4F, predicts a lower energy barrier in
charge transport. On the other hand, in CF and CB solvents, the theoretically proposed compounds have lower A_
reorganization energy than synthesized molecules. It is a pleasing result to consider for future research.

Binding energy is another parameter indicating that chlorinated compound has a little better behavior than fluori-
nated compound in the photoactive layer since E, is lower for the former, suggesting that exciton is easier dissociated
in the chlorinated compound. Additionally, the brominated and iodized proposed systems have even smaller E, values
than the chlorinated system.

The charge separation process is also related to the difference LUM Op-LUM O 4, known as the driving force. This
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quantity is more significant for chlorinated than the fluorinated system, which is also in line with the better fulfillment
of the former in the experimental study.

The calculated HOMO-LUMO gap is smaller for BTP-4Cl than BTP-4F, which could be seen as a more excellent
opportunity to promote an electron to an excited state. The brominated proposed compound presents an even smaller
electron gap than synthesized systems.

Clearly, our methodology and Scharber’s formula are not describing the experimental open-circuit voltage. From
Eq. 1, V. is related to the difference gdonor _ gacceptor,

Homo ~ fLumo
than LUMO of the fluorinated compound; it is obtained lower V. for BTP-4Cl system theoretically. Nonetheless,

since LUMO of the chlorinated compound is more negative

experimental V. of the chlorinated system was higher than the fluorinated system; an unexpected result even re-
marked in the experimental study carried out by Cui et. al.

In order to get good performance in the photovoltaic device, donor and acceptor materials in the photoactive
layer must have complementary absorption spectra, that is, complement each other to absorb the broad spectrum of
solar radiation. This condition is well satisfied by BTP-4F and BTP-4Cl acceptors in conjunction with PBDB-TF donor.
Actually, the main peak of the chlorinated compound is slightly redshifted concerning the main peak of the fluorinated
compound; therefore, the donor-acceptor combination is better for the former since the main peak of the donor is at
lower wavelengths, and in this way, donor and acceptor are well-complemented. Consequently, it is another reason
for the better execution of chlorinated molecule in the experimental work. Interestingly, the BTP-4Br and BTP-4l
proposed molecules have very similar absorption spectra to chlorinated acceptor, which favors a good achievement
in using these molecules in this kind of photovoltaic device.

Finally, regarding exciton dissociation and recombination processes, A;, AG,, and AG_.; describe correctly the

CR?
better fulfillment of BTP-4CI:PBDB-TF photoactive layer, however, k., / k., quotients describe a phenomenon where
BTP-4F:PBDB-TF performs a more efficient dissociation/recombination process.

As mentioned in previous paragraphs, most of the parameters related to the performance of the solar cell were
improved with the chlorinated molecule compared to the fluorinated compound. The chlorinated system presents
the best data for most of the parameters associated with the best work of the organic solar cell made by Cui et al.
Therefore, this theoretical study can help to understand the highest PCE of PBDB-TF:BTP-4Cl combination in com-
parison with PBDB-TF:BTP-4F combination. Additionally, outstanding results were also obtained for the molecules
theoretically proposed with bromine and iodine, since under the analysis of the same electronic structure parameters,
stimulating results were found. The change of the halogen atom in the original molecule improves several electronic
structure parameters involved in the power conversion efficiency, which could positively impact this kind of organic
solar cell. We are sure these results can help in future organic photovoltaic research.
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PBDB-TF

FIGURE 1 Three-dimensional molecular structures of the BTP-4F and BTP-4Cl acceptors, as well as one unit of
the PBDB-TF donor polymer.
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BTP-4Br

FIGURE 2 Three-dimensional molecular structures of the proposed BTP-4Br/BTP-41 acceptors and the
dehalogenated BTP-4H acceptor.
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FIGURE 3 Normalized simulated UV-Vis spectra for all the analyzed compounds in a) gas phase, b) chloroform,
and c) chlorobenzene.
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FIGURE 4 log(k.;/k;z) as afunction of A, taking into account chlorobenzene and chloroform solvents.
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TABLE 1 Dipole moment calculated for all the molecules in gas phase (GP), chloroform (CF), and chlorobenzene

(CB). Units in Debye.

Molecule
BTP-4F
BTP-4Cl
BTP-4Br
BTP-4l
BTP-4H
PBDB-TF

GP
1.395
0.624
0.404
1.231
5.684
1.192

CF
2116
2.022
0.274
3.683
8.992
1.601

CcB
2452
2771
0.382
3.537
8.314
1.648
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TABLE 2 Accepting (A, y*, and @*)?-Donating (I, y~, and @~)? properties (eV) for the studied molecules in gas
phase (GP), chloroform (CF), and chlorobenzene (CB).

Solvent  Molecule I A X xt @~ @t

BTP-4F 6.68 3.08 2312 1592 9.28 4.40

BTP-4CI 6.70 3.16 2325 1618 9.65 4.63

GP BTP-4Br 6.59 3.04 2281 1572 9.17 436
BTP-4l 657 304 2274 1568 9.15 435

BTP-4H 645 281 2217 1488 8.43 3.80
PBDB-TF 6.35 167 20.71 1136 5.73 1.73

BTP-4F 550 3.3 20.12 1637 13,51 895

BTP-4CI 553 3.69 20.27 1660 13.98 9.37

CF BTP-4Br 553 3.69 20.29 1661 1396 9.35
BTP-41 548 3.64 20.09 1641 13.70 9.14

BTP-4H 543 354 19.83 16.05 13.00 851
PBDB-TF 5.38 277 1892 13.69 8.56 4.48

BTP-4F 544 364 19.97 1637 1384 9.30

BTP-4CI 549 371 20.17 16.60 1426 9.67

CB BTP-4Br 548 371 20.16 16.61 1430 9.71
BTP-41 543 3.66 1996 1641 14.02 947

BTP-4H 539 356 19.72 16.07 1331 8.84
PBDB-TF 535 281 1885 1377 8.74 4.67

2The higher this value, the better the acceptor capacity.

5The lower this value, the better the donor capacity.



26 Romo-Gutiérrez, Cisneros-Garcia and Rodriguez-Zavala

TABLE 3 Reorganization energies for holes and electrons (V) in the six studied molecules (with and without
solvents). GP = gas phase, CF = chloroform, and CB = chlorobenzene.

Solvent  Molecule Ay A

BTP-4F 0.174 0.134

BTP-4CI 0.170 0.123

GP BTP-4Br 0.166 0.126
BTP-4l 0.164 0.126

BTP-4H  0.164 0.135
PBDB-TF  0.233 0.287

BTP-4F  0.163 0.111

BTP-4CI  0.157 0.104

CF BTP-4Br  0.157 0.101
BTP-4l 0.157 0.102

BTP-4H  0.159 0.112
PBDB-TF  0.294 0.297

BTP-4F  0.163 0.109

BTP-4CI  0.151 0.1083

CB BTP-4Br  0.157 0.099
BTP-41 0.155 0.102

BTP-4H  0.161 0.112
PBDB-TF  0.239 0.302
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TABLE 4 Exciton binding energy for all the studied molecules (with and without solvents). GP = gas phase, CF =

chloroform, and CB = chlorobenzene.

Molecule
BTP-4F
BTP-4Cl
BTP-4Br

BTP-4I
BTP-4H
PBDB-TF

GP
2.62
2.60
2.57
2.57
2.63
2.85

Ep (eV)
CF
2.60
2.57
2.54
2.54
2.60
2.98

CB
2.60
2.57
2.54
2.58
2.59
2.97
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TABLE 5 Frontier molecular orbital energies (eV) calculated at HSE/6-311G(d,p) level of theory and experimental
results?.

Molecule HOMO HOMO®* LUMO LUMOS®*P Eg ES*P

g
BTP-4F -5.69 -5.65 -4.02 -4.02 1.67 1.63
BTP-4Cl -5.73 -5.68 -4.08 -4.12 1.65 1.56
PBDB-TF -5.22 -5.45 -2.85 -3.64 237 181

aCui et al. [20].
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TABLE 6 Estimated V. for the two donor-acceptor combinations and experimental V. reported by Cui et al.
Combination Voc (V) VEXP (V)
BTP-4F:PBDB-TF 0.90 0.83
BTP-4CI:PBDB-TF 0.84 0.87
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TABLE 7 Energy of frontier molecular orbitals (eV) for the six analyzed molecules (with and without solvents). GP
= gas phase, CF = chloroform, and CB = chlorobenzene.

Solvent  Molecule HOMO LUMO Eg

BTP-4F -5.69 -4.02  1.67

BTP-4Cl -5.73 -4.08  1.65

GP BTP-4Br -5.71 -4.09  1.62
BTP-4I -5.70 -4.05  1.65

BTP-4H -5.55 -3.88  1.67
PBDB-TF -5.22 -285 237

BTP-4F -5.39 -3.75 1.64

BTP-4Cl -5.42 -3.80 1.62

CF BTP-4Br -5.42 -3.84 158
BTP-4l -5.38 -3.75  1.63

BTP-4H -5.32 -3.67  1.65
PBDB-TF -5.26 -285 241

BTP-4F =537/ -3.73  1.64

BTP-4Cl -5.40 -3.78  1.62

CB BTP-4Br -5.40 -3.82 158
BTP-4l -5.36 -3.73  1.63

BTP-4H -5.31 -3.65  1.66
PBDB-TF -5.27 -285 242
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TABLE 8 Estimated V, for the five donor-acceptor combinations in gas phase and in presence of solvents. GP =

gas phase, CF = chloroform, and CB = chlorobenzene.

Combination
BTP-4F:PBDB-TF
BTP-4CI:PBDB-TF
BTP-4Br:PBDB-TF
BTP-41:PBDB-TF
BTP-4H:PBDB-TF

GP
0.90
0.84
0.83
0.87
1.04

Voc (V)
CF
1.21
1.16
1.12
1.21
1.29

CB
1.24
1.19
1.15
1.24
1.32
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TABLE 9 Characteristics of the main absorption peaks of BTP-4F and BTP-4Cl acceptor molecules in UV-Vis
region (gas phase - HSE/6-311G**) and experimental data.

Molecule  AZYE, (nm) A (nm)
BTP-4F 732 679.38
602.67
525.25
BTP-4Cl 746 689.90
610.09

534.35

E j;f (eV)

1.407

1.400

f
1.99
0.055
0.158
2.04
0.06
0.16

Main configuration
H—L(100 %)
H-1-L(12 %), H-L+1(86 %)
H-L+2(97 %)
H—L(100 %)
H-1-L1(12 %), H—L+1(86 %)
H—L+2(98 %)



Romo-Gutiérrez, Cisneros-Garcia and Rodriguez-Zavala

TABLE 10 Characteristics of the main absorption peaks of the five acceptor molecules in the UV-Vis region (gas

phase).

Molecule

BTP-4F

BTP-4Cl

BTP-4Br

BTP-4I

BTP-4H

A (nm)
679.38
602.67
525.25
689.90
610.09
534.35
690.38
610.59
534.47
692.06
610.21
533.63
672.12
595.82
513.50

1.99
0.055
0.158

2.04
0.060
0.160

201
0.069
0.160

2.02
0.071
0.162

1.97
0.063
0.142

Main configuration
H—-L(100 %)
H-1-L(12 %), H->L+1(86 %)
H->L+2(97 %)
H—L(100 %)
H-1-L(12 %), H->L+1(86 %)
H—=L+2(98 %)
H—-L(100 %)
H-1-L(11 %), H—>L+1(86 %)
H->L+2(97 %)
H—L(100 %)
H-1-L(12 %), H->L+1(86 %)
H—=L+2(97 %)
H—L(100 %)
H-1-L(13 %), H—>L+1(86 %)
H->L+2(97 %)
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TABLE 11 Characteristics of the main absorption peaks of the five acceptor molecules in the UV-Vis region

(chloroform).

Molecule

BTP-4F

BTP-4Cl

BTP-4Br

BTP-4l

BTP-4H

A (nm)
732.56
624.04
536.99
745.91
634.52
550.62
747.50
636.57
553.49
745.22
631.19
544.29
724.78
616.17
524.29

2.340
0.109
0.168
2.370
0.111
0.173
2.307
0.125
0.174
2.319
0.148
0.173
2.296
0.132
0.149

Main configuraion
H—L(100 %)
H-2—L(2 %), H-1—-L(3 %), H=>L+1(93 %)
H—>L+2(98 %)
H—L(100 %)
H-2-L(4 %), H->L+1(93 %)
H—=L+2(98 %)
H—L(100 %)
H-2—-L(3 %), H=>L+1(93 %)
H—>L+2(98 %)
H—L(100 %)
H-2-L(3 %), H-1-L(3 %), H=>L+1(93 %)
H—=L+2(98 %)
H—L(100 %)
H-2—L(2 %), H-1—-L(3 %), H=>L+1(93 %)
H—>L+2(98 %)
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TABLE 12 Characteristics of the main absorption peaks of the five acceptor molecules in the UV-Vis region

(chlorobenzene).

Molecule

BTP-4F

BTP-4Cl

BTP-4Br

BTP-4l

BTP-4H

A (nm)
737.89
626.41
536.36
751.76
637.38
550.66
753.19
639.46
553.33
750.38
633.62
543.67
729.96
618.54
524.03

2377
0.118
0.172
2.409
0.121
0.178
2.335
0.136
0.177
2.346
0.163
0.178
2.325
0.145
0.003

Main configuration
H—L(100 %)
H-2—L(2 %), H-1—-L(3 %), H=>L+1(94 %)
H—>L+2(98 %)
H—L(100 %)
H-2-L(3 %), H->L+1(94 %)
H—=L+2(98 %)
H—L(100 %)
H-2-L(3 %), H=>L+1(94 %)
H—>L+2(98 %)
H—L(100 %)
H-2-L(2 %), H-1-L(3 %), H=>L+1(94 %)
H—=L+2(98 %)
H—L(100 %)
H-2—L(2 %), H-1—-L(3 %), H=>L+1(94 %)
H-2-L(41 %), H-1->L(59 %)
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TABLE 13 Exciton dissociation and recombination parameters (eV) for all the five combinations in gas phase
(GP), chloroform (CF), and chlorobenzene (CB).

Solvent Combination Ain AG AE, AG

CR CcT kCT/kCR

BTP-4F:PBDB-TF  0.189 -1.20 240 -1.17 21.72
BTP-4CI:PBDB-TF  0.183 -1.14 240 -1.23  6.81x107°
GP BTP-4Br:PBDB-TF  0.349 -1.13 240 -124  591x1073
BTP-41:PBDB-TF  0.349 -1.17 240 -1.20  2.47x107"
BTP-4H:PBDB-TF  0.353 -1.34 240 -1.03 1.51 x 108
BTP-4F:PBDB-TF  0.184 -1.51 2.39 -0.90  4.19x10%®
BTP-4CI:PBDB-TF  0.181 -1.46 2.39 -0.95 2.50x 10%*
CF BTP-4Br:PBDB-TF  0.178 -1.42 2.39 -0.99  9.53x10%°
BTP-41:PBDB-TF  0.179 -1.51 2.39 -0.90  3.68x10%
BTP-4H:PBDB-TF  0.184 -1.59 2.39 -0.82  1.35x10%
BTP-4F:PBDB-TF  0.178 -1.54  2.39 -0.88  2.28 x 10%2
BTP-4CI:PBDB-TF  0.178 -1.49 2.39 -0.93  2.85x 107
CB BTP-4Br:PBDB-TF  0.174  -1.45 2.39 -0.97  1.47x10%
BTP-41:PBDB-TF  0.176 -1.54  2.39 -0.88  6.14 x 1032
BTP-4H:PBDB-TF  0.180 -1.62 2.39 -0.80  4.76 x10%°



