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Abstract

Organic semiconductors offer a potential class of materials for organic photovoltaic (OPV)
applications due to their tunable optoelectronic properties and low-cost processing. A me-
thodical DFT/TD-DFT study of a library of organic donor-m-acceptor (D-m-A) com-
pounds based on triphenylamine donors, thiophene-based m-bridges, and benzothiadia-
zole/malononitrile acceptors is presented in this work, with the goal of rationalizing the
structure—property relationships governing their photovoltaic behavior. CAM-B3LYP cal-
culations were used to analyze the role of donor, bridge, and acceptor units in modulating
frontier-orbital alignment, charge-transfer character, and optical absorption properties, as
well as to evaluate the active-layer thickness in the estimation of the light-harvesting effi-
ciency. The results, which are intended as internal comparative descriptors rather than
predictive device efficiencies, reveal that the most pronounced bathochromic shifts and
most favorable optical responses are not simply associated with the strongest donor or
acceptor moieties, but rather arise from an optimal balance between frontier-orbital delo-
calization and charge-transfer character across the molecular framework. A preliminary
assessment of photovoltaic descriptors suggests that the proposed computational work-
flow may provide useful guidelines for the descriptor-guided design and screening of
next-generation organic photovoltaic materials.

Keywords: donor-bridge—acceptor architecture; density functional theory; organic
photovoltaics; conjugated molecular systems

1. Introduction

Over the past few decades up to now, organic semiconductors (OS) have achieved
great relevance as active materials in a broad typology of devices such as field-effects
transistors, light-emitting diodes, photodetectors and new generation solar cells [1]. In-
deed, the great interest towards organic photovoltaic (OPVs) devices lies in the peculiar
electronic properties of the conjugated systems for basic research and, from a technologic
point of view, in the easy tuning of their manufacturing characteristics such as flexibility,
cost-effectiveness, and in their capability to be produced in large area systems for low-
temperature solution processing techniques [2,3].

To increase the power conversion efficiency (PCE) of OPVs, it was demonstrated that
one of the most suitable architectures of the device implies a nanoscale interfacing
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between the donor and acceptor active layers [4]; this gives the so-called bulk heterojunc-
tion (BHJ) solar cells. To achieve efficient PCE values, the donor and acceptor molecules
should have: (i) a suitable molecular energy level alignment, (ii) a high charge mobility to
facilitate charge transport, and (iii) a broad absorption spectrum with a high extinction
coefficient for at least one of the two active components, in order to maximize the harvest-
ing of solar energy [5,6]. Among these requirements, it was also found that the most effi-
cient chemical structure for OS is constituted by the presence of both donor and acceptor
moieties in the same molecule, and a large number of works in the literature are focused
on this kind of compounds [7]. Among the most successful molecular-design strategies
for organic photovoltaic materials and DSSCs are the donor-m—acceptor (D-m—A) archi-
tectures. In such systems, efficient charge transfer, light absorption, and charge-transport
properties strongly depend on the electronic and steric characteristics of the three main
building blocks, namely the donor, n-bridge, and acceptor units. For instance, high pho-
tovoltaic performances have been achieved using a wide variety of chromophores incor-
porating triphenylamine-, carbazole-, and benzodithiophene-based donor motifs [7,8].
Similar molecular-engineering principles are also found in DSSC sensitizers, where do-
nor—Tt—acceptor dyes constitute one of the most established classes of organic sensitizers.
For example, quinoxaline-based sensitizers have been shown to combine broad absorp-
tion spectra and high molar extinction coefficients, leading to efficient light harvesting and
promising photovoltaic performances [6]. These examples highlight the importance of un-
derstanding how donor, nt-bridge, and acceptor fragments individually contribute to the
electronic and optical response of the whole chromophore.

In this context, the present work focuses on the systematic assessment of donor, 7-
bridge, and acceptor contributions within a chemically coherent molecular library to ex-
tract transferable structure-property relationships and molecular-design guidelines. At-
tention is devoted to understanding how the individual donor, m-bridge and acceptor
fragments contribute to the electronic, optical and photovoltaic descriptors of the result-
ing D-1t—A chromophores. The reported examples of available donor and acceptor groups
indicate that new systems can be potentially designed and synthesized to further improve
the performance of OPV devices. In this framework, the in silico molecular design [9-13]
by using the selection, connections and functionalization of the donor/acceptor moieties
can easily build a molecular library for the selection of potential structures with the above
characteristics.

In detail, this study reports theoretical insights derived from the investigation of a
novel class of molecules designed within a conventional donor-bridge-acceptor (D-m—A)
framework. The choice of the building blocks forming the chromophores under investi-
gation is supported by numerous studies in the literature. In fact, triphenylamine (TPA)
derivative was chosen as the donor because it is widely used due to its high electron-
donating capacity and chemical stability, which favor charge transport and optimized op-
tical absorption [14]. In addition to the referenced TPA-based structures, an oxygen-
bridged derivative was included as a representative rigidified donor motif, allowing us to
probe the influence of conformational constraint and enhanced m-electron delocalization
on the structure—property relationships of the investigated D-n—A systems. Dithiophenyl
moieties are used as the m—bridge because recent studies indicate that this molecular struc-
ture strongly enhances molecular rigidity, crystallinity and charge mobility, as well as
improves chromophore absorption. The introduction of this group globally reduces the
bandgap and increases the short-circuit current in OPV devices [14]. Finally, thiadiazole-
and malononitrile-derived systems are chosen as acceptor groups because they are com-
monly known [15] to be used in push-pull systems to lower the LUMO level and promote
charge separation, achieving superior photovoltaic efficiency. Through the density func-
tional approach (DFT) together with its time-dependent extension (TD-DFT), we
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systematically investigate the role of the three fundamental subunits, donor, mt-bridge,
and acceptor, in modulating the properties of D-1—A molecules. By exploring different
combinations of these building blocks, we elucidate how donor, mt-bridge, and acceptor
fragments individually and collectively control the electronic structure, optical response,
light-harvesting efficiency and descriptor-based estimation of photovoltaic behavior. We
show that this simple computational screening approach allows for the identification of
the most representative candidates, within the constructed molecular library, for potential
application in OSC devices.

2. Computational Methods and Moieties Used in This Study

The structures of the D-m—A systems were optimized at the B3LYP [16] level using
the 6-311G basis set [17], while the optical properties were calculated in the framework of
the TD-B3LYP approach [18]. All the in silico computations were performed using the
Gaussian 09 software package [19]. This choice represents a reasonable compromise be-
tween the quality and accuracy of the modeling and the computational cost required to
achieve it, since here we are more interested in comparative screening, rather than quan-
titative device-level predictions. To further assess the robustness of the adopted compu-
tational protocol, additional benchmark calculations were performed on the representa-
tive chromophore d1_dt_acl and on the dithiophene bridge (dt) using the larger 6-
311++G(d,p) basis set. The corresponding results are reported in Table S1 of the Supple-
mentary Materials and show only minor variations in the calculated electronic, optical,
and photovoltaic descriptors with respect to the 6-311G calculations. In fact, for structure
optimization it is well known that the B3LYP hybrid functional is widely used in this con-
text and gives good results [20] for ground-state properties such as molecular geometry.
The choice of the 6-311G basis set was motivated by preliminary calculations performed
on thiophene-based model systems which showed that the molecular descriptors em-
ployed throughout the present screening procedure are only weakly affected by basis-set
enlargement, although the inclusion of polarization and diffuse functions improves the
variational description of the electronic energy. For the dithiophene-containing systems,
benchmark calculations performed on both the isolated dithiophene bridge (dt) and the
representative d1_dt_acl chromophore showed that the corresponding trans conformers
are only slightly more stable and lead only to modest variations in the electronic and op-
tical descriptors considered in this work (Table S1). Therefore, both conformations pre-
serve the same qualitative structure-property relationships relevant to the present screen-
ing analysis. Consistent with previous theoretical studies on 2,2"-dithiophene derivatives,
both conformers correspond to genuine minima on the potential-energy surface and ex-
hibit very similar electronic behavior [21]. For this reason, and because both confor-
mations show essentially identical qualitative trends, the cis conformers were retained
throughout the comparative screening analysis in the present study. These results indicate
that the TD-CAM-B3LYP/6-311G and B3LYP/6-311G computational protocol provides a
balanced description of the occupied and virtual orbitals involved in the optically allowed
excitations, while maintaining a computational cost compatible with the systematic
screening of an extended molecular library. In view of the known limitations, associated
with the use of the TD-B3LYP approach [22,23], and in particular for D-t—A systems, the
simulated electronic spectra of these molecules were simulated using the TD-CAM-B3LYP
[24,25].

For the push—pull D-1—A library, remembering that our goal is to provide a guide-
line for the molecular design of potential photovoltaic materials with improved de-
scriptors trends, for the donor (D) moieties we have chosen triphenylamine due to its well-
known electron-donating properties [26], used here as reference donor. In addition to this
reference unit, two further molecules were considered: a methoxy-substituted derivative,
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in order to enhance electron-donating strength through stabilization of the positive
charge, and a structurally constrained derivative featuring intramolecular O-bridges to
induce planarization and increase m-electron delocalization. Similarly, three structures
were considered for the mt-bridge: as a reference, the 2,2"-bithiophene’s widespread use as
an active material in organic solar cells thanks to its favorable charge-carrier mobility [27],
together with two analogous structures characterized by a higher degree of molecular
planarization, allowing investigation of structural effects on the overall system by varying
the relative distance between the donor and acceptor units. Finally, for the acceptors (A),
the [(5E)-5-ethylidene-2,5-dihydro-1,3-thiazol-2-yl]propanedinitrile structure [28] was
chosen as a reference, and based on a literature survey [29,30], two additional molecules
with an extended conjugated framework, which exhibits interesting electronic properties
and absorption bands shifted toward the low-energy visible region, were also selected.
All the molecular structures chosen are shown in Figures 1-3, together with their acronym
used for denoting each specific D-n—A system.

I—Donors’ structures

0}
SO 5O o

Triphenylamine (d1)  4,4"-Dimethoxytriphenylamine (d2) Benzo [5,6][1,4]oxazino [2,3,4kl]phenoxazine (d3)

Figure 1. Sketch of the molecular structures of the donor groups with their name and acronym used

for identification in parenthesis. The symbol (S) represents the binding site in the push—pull system.

| (S)mw
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2,2'-dithiophene (dt) Benzo [1,2-b:4,5-b’]dithiophene (bt)

Benzo [1,2-b:4,3-b’]dithiophene (bt1)
Figure 2. Sketch of the molecular structures of the mt-bridges with their name and acronym used for

identification in parenthesis. The symbol (S) represents the binding site in the push—pull system.
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[(BE)-5-ethylidene-2,5-dihydro-1,3-thiazol-2-  4-((7etynilbenzo[c][1,2,5]thiadiazol-4-yl)ethynyl) benzoic acid
yl]propanedinitrile (acl) (ac2)
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(10-methyl-7-(prop-1-yn-1-yl)-10H-phenothiazin-3-y)methylene malonitrile (ac3)

Figure 3. Sketch of the molecular structures of the acceptor groups with their name and acronym
used for identification in parenthesis. The symbol (S) represents the binding site in the push—pull

system; for acl, (S) replaces the methyl group.

Scheme 1, as a representative example, shows the molecular structure of one of the
D-n—A chromophores studied, denoted by the acronym used for defining the D, r, A

moieties, respectively.

Scheme 1. Molecular structure of d1_dt_acl as an example of a D-mt—A system according to the

acronym notation (D = d1, = dt and A = acl).

3. Results and Discussion
3.1. Analysis of the Frontier Molecular Orbitals (MOs) and Electronic Properties

Although the nine units of Figures 1-3, as well as the built D-n—A molecules, were
optimized at the B3LYP/6-311G level, the data reported for comparison with the com-
puted electronic spectra are based on TD-CAM-B3LYP/6-311G calculations performed on
the optimized geometries. The HOMO/LUMO energies for each molecule are reported in
the graphs of Figure 4, whereas the corresponding numerical values are listed in Table S2
of the Supplementary Materials. The expected result is that ELuvo(D—mt—A) — Enomo(D-mt—
A) <Erumo(A) — Enomo(D), i.e., the electronic absorption spectrum of the push—pull systems
results would be red-shifted with respect to the single building units. A qualitative anal-
ysis of the frontier MOs of the D, , A units could provide hints for the library construc-
tions. In fact, within the hypothesis that in the D-n—A structures the corresponding
HOMO and LUMO orbitals arise from a three-level interaction of the HOMO/LUMO
building moieties, one should expect that ELumo(D-m—A) < Min(ELumo(D, 7, A)) and
Enomo(D-m—A) > Max(Exomo(D, 7, A)). On this basis, the least red-shift could be expected
for the d3_m_ac3 systems.

The analysis of the D-n—A data (numerical results are reported in Table S2) under-
lines that the simple approach based on the three-level interactions holds only for the
LUMO orbitals. From Figure 4 (or from the energies reported in Table S2), it results in the
condition ELumo(D-m—A) < Min(ELumo(D, 71, A)) being practically satisfied. On the contrary,
for the HOMOs, in different cases an appreciable stabilization (by about 0.2-0.3 eV) with
respect to this simple model (for which Eromo(D-mt—A) > Max(Enomo(D, 7, A))) is observed.
This indicates that a more complex interaction scheme should be assumed for HOMO
orbitals, due to the energy ordering of the molecular orbitals of the units and to
HOMO/LUMO mixing. To gain deeper insights into the origin of the electronic trends, a
fragment-orbital interaction analysis was performed on the representative chromophores
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1.00

d1_bt_ac3 and d1_bt_acl (Figure 5). The HOMO and LUMO energies of the D-m—A chro-
mophores are compared with those of the isolated donor (d1), t-bridge (bt), and acceptor
(acl or ac3) building blocks. Inspection of Figure 5 (top) shows that the HOMO energy
alignment qualitatively indicates that the occupied frontier orbitals retain a predominant
donor character. In particular, the HOMO energy of d1_bt_ac3 (—6.47 eV) is almost the
same as that of the isolated donor d1 (—6.48 eV), whereas d1_bt_acl exhibits a more pro-
nounced stabilization of its HOMO, yielding a frontier-orbital energy of -6.74 eV, approx-
imately reduced by 0.26 eV. This behavior suggests that additional orbital interactions
contribute to the occupied electronic manifold and cannot be captured by the simple
three-level scheme.

Frontier Molecular Orbital Energy Levels

2
5 . : : : : . . . . :
_100 g 1 g 3 4 5 6 7 8 9 10 11 12
2 A
—~ -
> - ™ X
& 300 { ~ X + * X
>
g
-5.00
e o
S l - 2]
-7.00 CI) . _ 9 b + v A
+
-9.00
edl md2 Ad3 dt bt ® btl
+acl -ac2 -ac3 +dl bt acl mdl bt ac2 Adl bt ac3
d1_btl_acl ©d1_btl_ac2 e dl_btl_ac3 +d1_dt_acl -dl_dt_ac2 d1_dt_ac3
+d2 bt acl md2 bt ac2 d2 bt ac3 d2 btl acl ©d2 btl ac2 d2 btl ac3
d2_dt acl d2_dt_ac2 d2 dt ac3 d3 bt acl d3_bt_ac2 d3 bt ac3
d3 btl acl d3 btl _ac2 d3 btl ac3 d3 dt acl d3 dt ac2 d3_dt ac3
Column 1D  2mbridge 3A 4dl bt A 5dl btl A 6dl dt A 7 d2 bt A

§d2 btl A 9d2.dt A 10d3 bt A 11d3 btl A 12d3 dt A

Figure 4. Comparison of the TD-CAM-B3LYP/6-311G HOMO and LUMO energies of the different

molecules studied here. The first three columns refer to the single building moieties.
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LUMO Orbitals

0.50 d1;0.65

0.00

-0.50 bt; -0.33

-1.00

-1.50

Energy (eV)

ac3; -1.88 d1l_bt_ac3;-1.89

-2.00

-2.50 acl; -2.61

dl_bt_acl; -2.98
-3.00 e

-3.50 Moieties DA systems

Figure 5. Fragment-orbital interaction diagram for the representative chromophores d1_bt_ac3 and
d1_bt_acl. The HOMO (top) and LUMO (bottom) energies of the D-n—A chromophores are com-
pared with those of the donor (d1), m-bridge (bt), and acceptor (acl or ac3) fragments.

Conversely, the simple three-level interaction model appears to provide a more sat-
isfactory qualitative description of the LUMO energies. For the d1_bt_ac3 chromophore
the LUMO (-1.89 eV) is almost identical to that of the isolated ac3 fragment (-1.88 eV),
indicating that the virtual frontier orbital mainly retains the energetic character of the ac-
ceptor unit. In contrast, the LUMO of d1_bt_acl (-2.98 eV) is stabilized by approximately
0.37 eV relative to the isolated acl fragment. These differences are further corroborated by
the corresponding frontier-orbital isodensities shown in Figure 6.

MO d1_bt_ac3 d1_bt_acl
; O ¢
‘¢ <
REL Sl y ) Ledgens 4O
- ‘::tis:‘, %l -‘."::f ﬁ{;c* ) "?"“ o
% e ‘ = 0%, N
W el AKX “
9' 09?’ Silewl, \9’ %0 0 8
¥, ® )
. pPl 4 % Bl
! "““-‘“tv‘“}“ ) @“@ﬂ‘z’z’-”-
HOMO ° Ll T o b
7Y
@ ) S .
L .0 o
30 % W,  §n L

Figure 6. Sketch of the TD-CAM-B3LYP/6-311G HOMO and LUMO isodensity (0.02 e/ac®) for
d1_bt_ac3 (left) and d1_bt_acl (right). In each panel, the chromophore MOs (top) are compared
with those of the corresponding moieties (bottom). For the acronyms, refer to Figures 1-3.
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Figure 6 shows that for both chromophores the HOMO is mainly distributed over the
donor and m-bridge fragments, whereas the acceptor contribution remains comparatively
limited. The d1_bt_ac3 LUMO exhibits a strong localization on the acceptor moiety,
whereas the d1_bt_acl one shows a more evident participation of the m-bridge.

The combined analysis of Figures 5 and 6 therefore provides a molecular-orbital pic-
ture of the observed HOMO and LUMO energies, HOMO-LUMO gaps, and optical prop-
erties. The increased stabilization and spatial extension of the acl-derived LUMO contrib-
ute to a smaller HOMO-LUMO gap and, therefore, to a more pronounced bathochromic
shift, as observed for the acl-containing D-m—A systems. Similar trends are remarked on
throughout the molecular library explored. Overall, the HOMO and LUMO distributions
indicate that the lowest-energy electronic transitions involve electron-density displace-
ment from the donor-bridge region towards the acceptor moiety one, consistent with the
significant oscillator strengths observed for these chromophores.

In agreement with the molecular-orbital interpretation discussed above, the influence
of the acceptor on the optical properties can be further assessed by comparing D-n—-A
chromophores sharing the same D7t framework. For the systems exhibiting the highest
Amax (i.., maximum absorption wavelength), the AEwumo-tomo) gaps, first optical transi-
tions, and associated oscillator strengths are reported in Table 1. For comparison, the re-
sults obtained for the corresponding moieties are shown, and the results for all the sys-
tems studied are reported in Table S3 of Supplementary Materials. The largest red-shifts
are observed for chromophores containing the acl and ac2 acceptors, in agreement with
the MO analysis discussed above. This trend is further illustrated in Figure 7, where the
relationship between the AEwumo-tomo) gap and vma is reported for the entire chromophore
library.

Table 1. TD-CAM-B3LYP/6-311G HOMO-LUMO energy gap (AEu-L = Ecumo — EHomo), maximum
absorption frequency (Vmax), wavelength (Amax), and oscillator strengths f for selected D-m—A systems

12 compared with the single moieties.

AEn-L Vinax Amax f
D-n-A eV eV nm -

d1_bt_acl 3.79 2.49 498.09 2.1369
d1_btl_acl 3.81 2.53 490.45 1.5780
d1_dt_acl 3.90 2.55 486.15 1.8600
d2_bt_acl 3.68 242 511.80 2.0902
d2_bt1_acl 3.61 2.45 505.72 1.3929
d2_dt_acl 3.57 2.21 560.60 2.0936
d3_bt_acl 3.68 2.51 493.42 2.0651
d3_btl_acl 3.71 2.55 486.79 1.5385
d3_dt_acl 3.65 2.31 537.45 2.0311
d1 7.13 4.56 272.23 0.2769

d2 6.81 4.52 274.10 0.3178

d3 6.82 4.09 303.41 0.1153

dt 7.02 4.46 277.88 0.3867

bt 6.87 4.43 279.86 0.1925

btl 7.14 4.74 261.66 0.3619

acl 5.57 3.50 354.35 0.5592

ac2 5.13 4.26 291.17 0.6483

ac3 5.33 3.31 374.79 0.5778

1 Among the set of D-m—A chromophores, keeping the D—mt unit fixed and varying the acceptor,

those with the highest Amax were selected. 2 For the acronyms, refer to Figures 1-3.
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Figure 7. Plot of the first optical transitions frequencies vmax, in eV, versus the HOMO-LUMO en-
ergy gap (Erumo — Enomo, eV) for the D-n—A systems. The chromophores with the ac3, ac2 and acl
donors are depicted as violet, dark green and green dots, respectively. Calculations were performed
at the TD-CAM-B3LYP/6-311G //B3LYP/6-311G level.

From Figure 7 three distinct groups can be identified; the first group (violet dots),
characterized by Erumo — Enomo gaps in the 4.3-4.7 eV range, corresponds to the D-mt-ac3
chromophores. Consistent with the fragment-orbital and isodensity analyses discussed
above, these systems exhibit the smallest bathochromic shifts because their LUMOs
largely retain the energetic characteristics of the isolated ac3 acceptor. Nevertheless, they
remain associated with significant oscillator strengths (Table S3). The second group
(where the Erumo — Enomo gaps are in the range of about 3.9-4.1 eV, represented by dark
green dots) corresponds to D-mt—ac2 molecules. Finally, the third group (where the Erumo
— Enomo gaps are in the range of about 3.5-3.9 eV, represented by green dots) corresponds
to D—mt—acl molecules.

Within the latter group the most relevant bathochromic shifts are found for the chro-
mophores with the d2 donor (see Tables 1 and S3). Lastly, we observe from Figure 7 a
relative dispersion in the correlation plot; this can be seen because of the multiconfigura-
tional nature of the excited states [31,32], particularly important for push—pull systems
where charge-transfer excitations occur (which involve electron density reorganizations).
An incorrect balancing of short and large distances in the electronic interactions could
artificially collapse a charge-transfer excitation into a monoelectronic HOMO-LUMO
transition and linear correlation. In this framework, but beyond the scope of this work,
the observed “dispersion” could be correlated at a fixed n-bridge unit with the specific
excitonic stabilization/destabilization of the donor and acceptor couple.

The predicted appreciable bathochromic effect and increase of the absorption band
intensity (see Tables 1 and S3) induced by the push—pull character of the molecules can be
exemplified by the comparison between the computed spectra of d1_dt_acl and those of
its individual moieties, shown in Figure 8.

https://doi.org/10.3390/condmat11030029
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Figure 8. Comparison between the TD-CAM-B3LYP/6-311G//B3LYP/6-311G computed electron ab-
sorption spectra of d1_dt_acl, d1, dt and acl. The spectra are reported normalized with respect to
the highest absorption band of d1_dt_acl in order to highlight the absorption changes upon for-

mation of the complete D-m—A chromophore.

Overall, in the (decreasing) magnitude of the bathochromic shift, the following trend
is found: (i) acl > ac2 > ac3 with respect to the acceptor; (ii) dt > bt > bt1l with respect to
the m-bridge; and (iii) d2 > d1 > d3 with respect to the donor unit. Bearing in mind the
previous discussion about the multiconfigurational nature of the wavefunction, which de-
scribes the lowest optical excitation, the scope of our investigation is to describe the work-
flow for a simple screening-oriented study aimed at identifying general structure—prop-
erty correlations. The above predicted trends can be, partially, rationalized by the analysis
of the HOMO/LUMO isodensities. In fact, when ac3 is used as the acceptor in D-n-A
architecture, the LUMO is largely dominated by the acceptor moiety (see Figures 4 and
52), which shows very weak interaction with the D-rt-bridge counterpart. Consequently,
differently from the other acceptors, the D-mt—Avruwmo is not stabilized, and a reduced red-
shift is consequently expected. At the same time, the strong LUMO localization leads to
appreciable expectation value of the transition dipole moment upon the HOMO-LUMO
excitation, resulting in relatively strong oscillator strengths, as confirmed by the TD cal-
culations. For donor units, the simple MOs analysis would suggest that d1 and d2 should
exhibit similar behavior, since both donors efficiently interact with the mt-bridge and the
resulting D-m—Anowmo is delocalized on the D-mt-bridge framework. However, the TD-DFT
results indicate that the largest bathochromic shift is associated with the d2 donor unit.
The larger bathochromic shifts observed for the d2-containing chromophores are con-
sistent with the stronger electron-donating character of the methoxy-substituted donor,
which results in higher HOMO energies and reduced HOMO-LUMO gaps. In contrast,
the oxygen-bridged donor d3 combines enhanced conformational rigidity with an inter-
mediate donor strength, leading to bathochromic shifts that are generally in between those
obtained for d1 and d2.

Taking d2_dt_acl (which exhibits the strongest predicted bathochromic shift) as the
reference molecule, an example of these trends is illustrated in Figure 9. The computed
spectra of all chromophores are instead shown in Figure S3. The spectral profiles highlight
that the largest red-shift in D-n—A chromophores is observed when the frontier orbitals
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of the donor, n-bridge and acceptor units exhibit favorable energetic alignment and inter-

action.
dl _dt acl d2 dt acl
d3 dt acl d2 btl acl
1.0 1 & > —d2 bt acl  --- d2_dt ac2

——d2 dt ac3

Normalized Absobance

280 380 480 580 680 780 880
A(nm)

Figure 9. Comparison between the simulated absorption spectra of the D_dt_acl, d2_m_acl and
d2_dt_A chromophores obtained at TD-CAM-B3LYP/6-311G level. Calculations were performed on
the optimized B3LYP/6-311G geometry.

For example, in Figure 9 the comparison between the D_dt_acl chromophores (yel-
low-green lines) shows that the maximum red-shift is obtained with the d2 donor. Here
at fixed m—A the architecture raises the importance of the excited wavefunction multicon-
figurational nature of the excited electronic state; in this case a deep analysis of the build-
ing unity MOs is required. For a fixed donor, d2, and acceptor, acl, the n-bridge is asso-
ciated with the largest bathochromic shift among the investigated bridges, suggesting that
a more favorable interaction among the frontier orbitals of the building moieties is with
dt (yellow-green continued line). Finally, at fixed D-m structures an increasing hypso-
chromic shift is predicted by switching from acl to ac3 (purple dashed line) which has the
higher value. The band intensity, correlated with its strong charge-transfer character, in-
creases correspondingly. For example, the band intensity ratio between d2_dt_ac3 and
d2_dt_acl is equal to 1.2. To summarize, we have shown that an excessive donor or ac-
ceptor character of the corresponding moieties may give rise to high oscillator strength
due to the localization of the frontier orbitals; however, it could generally increase the
excitation energy, with a less favorable red-shift in the absorption spectra. Instead, the
largest bathochromic shift is obtained when donor, mt-conjugation, and acceptor character
are optimally balanced, thereby maximizing the electronic delocalization, mainly in the
D-m and m—A moieties, in the lowest allowed transition.

3.2. Structure—Property Relationship: Photovoltaic Descriptors

In photovoltaic cells based on inorganic or organic technologies, a key parameter to
optimize is power conversion efficiency (PCE, n1). Currently, the most mature photovoltaic
technology is based on crystalline solar cells, which have reached PCEs in the 23-26%
range [33]. Further progress has been achieved with metal-halide perovskite solar cells,
with certified PCEs of 26-27% for single-junction devices [34]. The BHJ organic solar cells
(OSCs) have increased their PCE performances up to 18-19% [35] by the introduction of
non-fullerene acceptors (NFAs). In this framework the BHJ-OSCs architecture still offers
promising potential considering its advantages, such as solution processability,
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lightweight construction, mechanical flexibility, and tunable optical properties [36]. Con-
sequently, understanding the structure—property relationships of D-m—A chromophores
remains a scientifically relevant task to guiding the rational design of next-generation or-
ganic photovoltaic materials.

In this work, as electron acceptor of the BHJ, we consider the [6,6]-phenylCei-butyric
acid methyl ester (PCBM), which is nowadays primarily used as a benchmark or model
acceptor for fundamental studies rather than for efficiency optimization, and is adopted
here to ensure methodological consistency within a comparative computational frame-
work. The PCE is defined as the ratio between the maximum power output of the solar
cell, Pmax, and the incident solar power Pix (both per area unit), as shown in Equation (1):

_ Prax _ BnaxVoclsc _ VocJsc Pmax _ VocJsc
P; PuVoclse  Pin VocJsc P
FF

FF (1)

where its correlation with the open-circuit voltage, Vo; the short-circuit current, Js; and
the fill factor, FF, is explicitly shown. We underline that here the calculated n values
should therefore not be interpreted as predictive device efficiencies but rather as internally
consistent comparative descriptors within the investigated molecular library.

The PCE is strongly related to the structural and technological characteristics of the
solar cell and is defined as the ratio between Pumx and the theoretical maximum power
(Pmaxt, per area unit), equal to VocJs, which corresponds to the power achievable if the cell
could simultaneously operate at its maximum current and maximum voltage values. In
the literature different theories [37-39] have been developed for modeling FF. In this
work, we follow the semiempirical approach proposed by Alharbi et al. [40], used for
Equation (2) to compute the fill factor:

FF=—o
Voct+ak,T

In Equation (2), T is the system temperature in kelvin, ks is the Boltzmann constant,

@

and o can be regarded as a semiempirical parameter that effectively incorporates the av-
erage effects of energetic disorder, recombination and all the other typical non-idealities
of excitonic or non-excitonic organic solar cells. The authors have found that for the exci-
tonic solar cells the best fit is obtained with o = 12.

For the BH]J organic solar cell, Vi can be defined as:

eVoe = (EZLUMO - EII-’IOM()) — eAVjpss (©)]

where E[Yuyo is the LUMO energy of the n-semiconductor, in our case PCBM, and
EZO wo is the HOMO energy of the p-semiconductor, here represented by the D-m-A
chromophore. The open-circuit voltage loss AVj,ss in organic photovoltaic devices quan-
tifies the deviation from the Shockley—Queisser limit, and is, generally, dominated by non-
radiative recombination processes, which exponentially increase the dark saturation cur-
rent and thus limits the achievable V. [41,42]. For the fullerene-based BH] OSCs AV,¢ is
typically estimated to be around 0.7-1 eV [43].

Finally, Equation (4) is applied for the computation of the short-circuit current, Js
[44]:

Jee = e f FOOLHE()$(A) (D) da @

F(A) is the solar photons flux, strictly correlated with the emission solar spectrum
(AM1.5 solar spectral irradiance) [45]; the Light Harvesting Efficiency, LHE(A), represent-
ing the efficiency of the photon capture by the active layer; and ¢(4), which defines the
quantum yield of charge injection and is related to the efficiency of the conversion from
the excited state to the charge-separated state, that is, to the formation of free charge
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carriers (holes and electrons) and to their mobility within the solar cell. Finally, (1) rep-
resents the efficiency of charge carrier collection at the electrodes.

In the present work, the main objective is a comparative evaluation of the chromo-
phore library; consequently, for sake of simplicity ¢(4) and y(4) are both assumed to be
100%. Similarly, LHE(A) is assumed due only to the internal photon harvesting and given
[46,47] by Equation (5):

I
LHEQ) =1-7=1- 10-¢MAcd (5)
0
where €(A) is the molar absorptivity, obtained in this work from the simulated electronic

absorption spectra; C the chromophore concentration; and d the optical path length. In
this framework, considering that BHJ organic photovoltaic devices typically employ an
active layer thickness of approximately 80-120 nm [48,49], which represents a compro-
mise between optical absorption and charge transport efficiency, here we assume d = 100
nm. Moreover, since the effective transparency range of the cover glasses is about 340—
1200 nm [5,50], this interval is adopted as the integration range. Under these constraints
Equation (4) becomes:

1200nm
Jse = ef F(A)-LHE(A)dA (6)
340nm

In Table 54 of the Supplementary Materials, the calculated values of Vo and FF for all
the systems here considered are reported, while Table 2 summarizes for selected chromo-
phores. For the open circuit voltage (see Equation (3)) AViess = 1.0 V is assumed, while for
the fill factors (see Equation (2)) ot =12 and room temperature (T =298 K) are used, taking
into account the excitonic nature of the proposed BHJ organic solar cell.

The select chromophores reported in Table 2 include some of those exhibiting the
most appreciable red-shift (see Table 1) with respect to the Vo ordering (see Table S4), or
with a more suitable alignment of the frontier orbitals. It should be underlined that the
relatively large predicted Vo values reflect the simplified energetic model adopted here,
as well as the absence of explicit interfacial and non-radiative recombination effects (¢ (1)
= x(1) =100%). Consequently, the calculated photovoltaic descriptors should therefore
be interpreted in a comparative sense, rather than as quantitative predictions of device
efficiencies.

Table 2. Energy off-set AEnomo!, AErumo?, open-circuit voltage, Vo and fill factor, FF # for selected
D-m—A systems. Results from TD-CAM-B3LYP/6-311G calculations.

AEnomo AErumo Voc FF
D-mt-A>s oV v )
d1_btl_acl —0.67 0.74 2.07 0.871
d1_bt_acl -0.64 0.75 2.04 0.869
d1_dt_acl -0.57 0.93 1.97 0.864
d3_dt_acl -0.53 0.72 1.93 0.862
d2_btl_acl -0.44 0.77 1.84 0.857
d2_bt_acl -0.42 0.78 1.82 0.855
d2_dt_acl -0.34 0.83 1.74 0.849
d2_btl_ac3 -0.19 1.25 1.59 0.838
d2_dt_ac2 -0.08 1.30 1.48 0.827

1 AEromo = Enomo(D—-71—A) — Enomo(PCBM), with Enomo(PCBM) = -6.1 eV [51,52]. 2 AEr = Erumo(D—m—
A) = Erumo(PCBM), with ELumo(PCBM) = -3.7 eV [51,52]. 3 Calculated from Equation (3) of the main
text, assuming AViess=1.0 V. * Calculated from Equation (2) of the main text, assuming T =298 K and

o =12. 5 For the acronyms, refer to Figures 1-3.

https://doi.org/10.3390/condmat11030029



Condens. Matter 2026, 11, 29

14 of 18

From Table 2, it can be observed that also the computed frontier-orbital alignments
between the chromophore and the acceptor layers, AEnomo (Enomo(D-1t-A) -
Enomo(PCBM)) and AErumo (Erumo(D—7i—A) — ELumo(PCBM)) are relatively large, with the
former being negative. This condition may imply that, in the corresponding solar cell de-
vices, the effective PCE could be affected by a competitive energy transfer process with
respect to charge-transfer mechanism. Such an effect could be partially mitigated through
appropriate choice of the AViss and o parameters. Nevertheless, these results suggest that
a strategy for increasing the solar cell efficiency would be the replacement of PCBM with
novel NFAs, such as perylene-3,4,9,10-tetracarboxylic diimide (PDI) derivatives, which
may provide a more favorable alignment of the frontier orbitals [53].

The results obtained for Jsc (Equation (5)) and the estimated power conversion effi-
ciency 1 (Equation (1)) for the chromophores with a predicted PCE greater of about 15%
are shown in Table 3. We point out that these values represent a simulated upper limit
and are therefore intended to be considered in a comparative sense rather than as absolute
device efficiencies. All chromophores’ results are reported in Table S5, and for the selected
wavelength integration range and using the spectral solar data reported in Ref. [38], the
incident power Pi» amounts to 73.59 mW/cm?.

Table 3. Computed short-circuit current Jic and power efficiency, 7, for selected D-n—A systems.
Results from TD-CAM-B3LYP/6-311G calculations.

e n

D-n-A mA/cm? -
d2_dt_acl 13.08 26.28%
d3_dt_acl 11.46 25.88%
d1_bt_acl 9.18 22.09%
d1_btl_acl 7.63 18.71%
d2 bt_acl 8.83 18.68%
d1_dt_acl 7.78 17.96%
d2_btl_acl 8.34 17.88%
d3_btl_acl 7.46 17.75%
d3_bt_acl 7.46 17.52%
d1_dt_ac2 8.94 17.11%
d3_dt_ac2 8.67 16.74%
d2_dt_ac2 9.58 15.88%

! For the acronyms, refer to Figures 1-3.

As expected, poor efficiencies are obtained from the D-mt—A chromophores contain-
ing the ac3 acceptor moiety, with 1 below 8%. In contrast, the highest predicted perfor-
mances are generally associated with chromophores containing the acl acceptor, particu-
larly when combined with the dt m-bridge, consistent with their pronounced batho-
chromic shifts and favorable light-harvesting properties. On the other hand, the energetic
descriptors reported in Table 2 indicate that some ac2-containing systems exhibit a differ-
ent balance between HOMO and LUMO offsets. This result highlights the importance of
combining electronic, optical, and photovoltaic descriptors in the screening procedure,
since favorable energetic offsets do not necessarily translate into the highest predicted
photovoltaic response. Within the investigated molecular library, particularly promising
candidate chromophores incorporate the methoxy-substituted donor (d2) moiety. In par-
ticular, d2_dt_acl exhibits the highest predicted photovoltaic response, while d2_dt_ac2
combines comparatively slightly more favorable frontier-orbital alignment with still-
promising descriptor-based photovoltaic performances. These systems are expected to
further improve their photovoltaic performance upon additional optimization of
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electronic delocalization and frontier-orbital engineering, as they already exhibit a favor-
able balance between orbital delocalization and molecular energy-level ordering.

4. Conclusions

In this work, a computational workflow based on density functional theory (DFT) is
proposed to identify potential candidate chromophores from a selected molecular library
within a conventional donor-bridge-acceptor (D-m—A) molecular framework. The screen-
ing is performed using a set of molecular descriptors, including: (a) molecular delocaliza-
tion, as a qualitative indicator of charge-transfer character; (b) simulated absorption spec-
tra; (c) frontier-orbital offsets between n- and p-type organic semiconductors; and (d) key
photovoltaic parameters, such as energetic offsets, open-circuit voltage (V.c), short-circuit
current (Jsc), and overall efficiency trends.

The main results indicate that the ac3 acceptor yields a strongly localized LUMO,
leading to high oscillator strengths but limited m—A interaction, reduced red-shift, and
lower Jsc contribution. Conversely, the dt_acl segment shows a more favorable balance,
with HOMO delocalization over the D-dt moiety and LUMO delocalization over the
dt_ac1 unit, resulting in improved optoelectronic response.

Overall, this study highlights the usefulness of a fragment-based analysis for ration-
alizing the individual roles of donor, m-bridge and acceptor units in D-n—A chromo-
phores. The results show that the most favorable optoelectronic responses are obtained
when charge-transfer character and frontier-orbital delocalization are appropriately bal-
anced within the molecular architecture. It must be noted that the adopted model is not
intended to provide quantitative efficiency predictions but rather to establish a simple
computational workflow. The internally consistent trends obtained indicate that the pro-
posed descriptor-guided approach can effectively support the comparative screening and
rational prioritization of candidate materials for organic photovoltaics.

The present results also provide qualitative structure—property relationships and a
basis for further experimental and higher-level theoretical investigations. Additional op-
timization of the investigated systems could be achieved by coupling the proposed donor
units with alternative non-fullerene acceptors featuring more favorable frontier-orbital
alignment. Future research should aim to further elucidate donor-acceptor interfacial
mechanisms and establish more quantitative descriptors of charge-transfer dynamics and
morphology-dependent effects, ultimately improving the reliability of photovoltaic per-
formance predictions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/condmat11030029/s1, Figure S1: Sketch of the TD-CAM-
B3LYP/6-311G HOMO and LUMO isodensity (0.02 e/ao®) for the single units of donor, m-bridge and
acceptor groups. For the acronyms, refer to Figures 1-3 of the main text; Figure S2: Sketch of the TD-
CAM-B3LYP/6-311G HOMO and LUMO isodensity (0.02 e/a03) for the D—rt—A chromophores. For
the acronyms, refer to Figures 1-3 of the main text. Figure S3: TD-CAM-B3LYP/6-311G//B3LYP/6-
311G simulated electronic spectra of the D-mt—A chromophores. The acronyms are defined in Fig-
ures 1-3 of the main text. Each spectrum is normalized with respect to its highest absorption peak.
Table S1: CAM-B3LYP basis set and conformers effects on the molecular descriptors adopted in the
present work, for 2,2'-dithiophene (dt) and d1_dt_ac1. Table S2: TD-CAM-B3LYP/6-311G HOMO
and LUMO energy (in eV) of the molecular systems investigated in the present work. Table S3: TD-
CAM-B3LYP/6-311G HOMO-LUMO energy gap (AEn-.= ELumo — Eromo, eV), maximum absorption
frequency (vmax), wavelength Amax, (€V, nm) and oscillator strengths f for the D—ri—A systems. Table
S4: Energy off-set AEromo, AELumo, open-circuit voltage, Voc and fill factor, FF for the D-ri—A systems
considered in the present work. Results from TD-CAM-B3LYP/6-311G calculations. Table S5:
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Computed short-circuit current, Jsc and power efficiency, n, for the D-r—A systems. Results from
TD-CAM-B3LYP/6-311G calculations.
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HOMO  Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
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