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Organic m-conjugated chromophores represent a unique and compelling class of materials with intrinsic
properties that are highly valuable for the design and fabrication of optoelectronic devices, such as
organic photovoltaic cells (OPV) and organic light-emitting diodes (OLEDs). To meet the specific
performance requirements of such applications, tailored chromophores are designed and synthesized
using a variety of strategies. Among these, the development of push—pull chromophores—featuring a -
conjugated spacer flanked by electron-donating and/or electron-withdrawing groups—has emerged as
a key approach for tuning the bandgap and optimizing optoelectronic behavior. Recently, we have
demonstrated the superior performance of novel bridged heteroaryl-vinylene scaffolds as narrow

bandgap platforms for the construction of efficient push-pull chromophores. In particular, their
Received 3rd July 2025 int ti ith electron-deficient ¢ h indan-13-di derivati h led to th
Accepted 3rd November 2025 integration with electron-deficient acceptors such as indan-1,3-dione derivatives has led to the
identification of promising chromophores that outperform the classical Y6 NFA archetype. These new

DOI: 10.1039/d5ra04742k compounds exhibit a favorable balance of electronic and photophysical properties, underscoring their
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Introduction

Over the last few decades, considerable attention has been paid
to developing strategies and approaches for reducing the energy
bandgap in organic m-conjugated chromophores. The under-
lying motivation lies in the use of these systems, for instance, as
active components in organic optoelectronic devices such as
field-effect transistors, light emitting diodes, memory chips,
chemical sensors, nonlinear optics and/or solar cells.** Some of
these approaches involve reducing the bond-length alternation
(BLA),® extending the m-conjugated backbone®” or introducing
appropriate donor (D)-acceptor (A) moieties (push-pull effect).?
This research work focuses on the latter strategy. Indeed, the
bandgap energy can be easily tuned by selecting and combining
a specific electron-rich part (D) with an electron-deficient part
(A) connected through a m-conjugated spacer leading to the
classical D-m-A push-pull chromophores. More complex
chromophore architectures can also be designed and envi-
sioned by combining several Ds and/or As with different
strengths. These push-pull compounds can be either symmet-
rical or asymmetrical affording D-mt-A-mt-D, A-t-D-Tt-A, A4—Tt—
D-7-A;, A—Tt-Ay,-Tt-D-Tt-A,-Tt-A; type structures® ' or exhib-
iting various shapes (quadrupolar, tripodal etc.),”> enabling
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potenial for application in advanced organic electronics.

finer control and tuning of the bandgap energy and optoelec-
tronic properties of these entities. In such D-m-A chromo-
phores strong intramolecular charge transfer (ICT) occurs due
to the direct interaction between the donor and acceptor
moieties through the m-conjugated spacer associated with (i)
the formation of new orbitals, (ii) a net increase of the dipole
moment and (iii) changes in the optical properties. The
magnitude of the ICT can be expressed by two limiting reso-
nance forms (Fig. 1). Indeed, optical excitation of the m-elec-
trons by visible light induces charge transfer (CT) which
characterizes the colour of the push—pull chromophores.
Thus, fundamental properties of the push-pull chromo-
phores (HOMO, LUMO energy levels, CT band, carrier mobil-
ities and dipole moment) can be easily tuned by judiciously
alternating the m-conjugated spacer (7) and the D, A moieties.
m-conjugated spacer engineering (nature, length, planarity,
polarizability, composition) and variation in the type and
strength of acceptors and donors as well as their mutual
arrangement and number are essential for designing efficient
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Fig. 1 General structure of linear D—mt—A push-pull chromophore
and its two limiting resonance forms.
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chromophores and have been extensively developed to modu-
late optoelectronic properties for the foreseen applications.*®**
Regarding the m-conjugated spacer five- and six-membered
heterocycles or their fused analogues are widely used as scaf-
folds for the construction of push-pull chromophores.
Compared to their hydrocarbon analogues they usually exhibit
higher polarizability due to the presence of heteroatoms along
the mt-conjugated system and can act either as donor or acceptor
unit. Typical donors involve chemical groups/structures pos-
sessing an electron-donating character while acceptors entail
groups/structures with electron-withdrawing properties: this
distinction can be qualitatively assessed through the meso-
meric effect as understood in terms of resonance limit-
structures. In this framework, +M (positive) effect is associ-
ated with donors while —M (negative) effect is ascribed to
acceptors.” Among the latter, indan-1,3-dione and its deriva-
tives'®"” (Fig. 2) are classical electron-deficient units that have
proven to be efficient for the synthesis of push—pull
chromophores.

Based on these findings, linear D-7-A push-pull chromo-
phores have been extensively developed using these indan-1,3-
dione-based acceptors notably for nonlinear optical'®**® and/or
sensing®*>* applications. More recently the replacement of the
classical fullerene acceptors in organic solar cells by non-
fullerene acceptors (NFAs) based on small-molecule acceptors
has gained a tremendous interest due to their strong light
harvesting capabilities, tunable excited state energies, and
observed lower voltage loss qualities.”® Among the various NFAs
systems (A-mw-D-m-A),-type acceptors have drawn a peculiar
attention because of the high photoconversion efficiencies
attained. Unfused-or fused-ring spacers (D) such as ITIC, BTP,
ITCC, PZ etc.>** can be used for the construction of these NFAs
in combination with the indan-1,3-dione-based acceptors
(A).**** As shown by the most efficient spacers, heteroaryl-based
T-conjugated systems were widely developed for such purpose
leading to the highest reported photoconversion efficiencies of
up to 20%.*> However, there is still significant room for
improvement at the spacer level and the challenge of identifying
highly efficient spacers to construct more straightforward and
powerful NFAs remains. In this context, the bridged di-
thienylethylene 1 (BDTE, Fig. 3) have been the focus of interest
for the construction of low bandgap polymers. Compared to its
non-bridged analogue (DTE) significant decrease of the oxida-
tion potential associated with a net reduction of the BLA
contribute to generate narrow bandgap polymers.***” These
intrinsic properties led to synthesis of efficient linear D-m-A
push-pull chromophores highlighting the strong impact of the
covalent rigidification concept on the linear and nonlinear
optical properties.*®** This concept of covalent rigidification
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Fig. 2 Classical acceptor structures based on the indan-1,3-dione
skeleton.
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Fig. 3 Bridged diheteroaryl-vinylene scaffolds BDTE 1-4.

including fused- or annulated-rings has been largely extended
and adopted for the construction of other m-conjugated
systems.*® Interestingly, BDTE 1 has not been used for the
construction of A-m-D-m-A systems although interesting
features had been recently demonstrated to offer appealing
opportunities.** In addition, we have recently shown through
theoretical calculations the superiority of novel diheteroaryl-
vinylene scaffolds (Fig. 3).*>

To the best of our knowledge, none of these new scaffolds
have been synthesized (except BTDE 1 and its regioisomers)***°
and none of them have been used for the development of (A-7t-
D-1-A)-type acceptors paving the way of novel potential classes
of NFAs (Fig. 4). In addition, it is well-documented that indan-
1,3-diones symmetrically substituted with halogens (F, Cl) at
the 5,6-positions act as strong electron withdrawing groups and
have been used for the synthesis of NFAs. In this context, 5,6-
dichloro-3-oxo0-2,3-dihydro-1H-indene-2,1-diylidene di-
malononitrile and derivatives* in particular will serve as the
basis of this study. To explore the potential of bridged
heteroaryl-vinylene scaffolds, we provide an initial computa-
tional assessment of their optoelectronic properties. By
applying a consistent theoretical framework, we enable
systematic comparison and identification of the most prom-
ising candidates for synthesis.

Computational methods

All computations were performed in the gas phase utilizing
density functional theory (DFT)** and the time-dependant
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Fig. 4 Novel A-m-D-m—-A-type acceptors based on bridged
heteroaryl-vinylene scaffolds 1-4 and indan-1,3-dione-based
derivatives.
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formalism (TDDFT)*® is used for vertical excitation energies and
photophysical properties with the Gaussian 16 package.*”” For
both, the dispersion-corrected (Grimme) B3LYP-D3 (ref. 48-52)
hybrid density functional comprising Becke-Johnson damping
(BJ)** was applied in association with the triple-{ 6-
311+G(d,p)**** basis set. Initially, all compounds were first
subjected to optimization calculations, and confirmation that
these stationary points are minima was obtained through
analytical frequency calculations, with all frequencies found to
be positive. After optimizing the geometries, theoretical
absorption spectra and associated transitions were obtained
through TDDFT calculations, considering forty singlet excited
states. Triplet excited states were not considered in this initial
screening, as the primary focus of our study is on the singlet
optoelectronic properties relevant to photovoltaic performance.
More computational details and methodologies for calculating
reorganization energies, interfragmentary charge transfer
(IFCT) and charge transfer matrix (CTM) are detailed in the SI.
IFCT and CTM were generated with Multiwfn 3.6 (ref. 56 and 57)
package while the Chemecraft®® software was used for plotting
structures and molecular orbitals.

Results and discussion

This section consists of several subsections and is structured
into two main parts. First, we present the results of our calcu-
lations of key properties relevant to NFAs and we subsequently
provide a detailed qualitative assessment of the expected
photovoltaic performance of these novel compounds when
compared to a selected, well-known NFA. Although this study
focuses on 0 K geometries, finite-temperature effects (~300 K)
can populate higher-energy conformers and enable vibronic
pathways, potentially altering optoelectronic properties.
Assessing these effects would require molecular dynamics and
temperature-dependent optimizations, which we highlight as
a direction for future work.

NFAs properties

Geometrical aspect. First of all, the association of donor and
acceptor units raises the critical question of identifying the
most stable isomers. This stability is primarily influenced by (1)
the electrostatic interactions at play and (2) the steric hindrance
generated, which can already be anticipated in the case of the
doubly functionalized acceptor moiety ¢ with malononitrile
groups. For each of the 12 studied compounds, computational
analysis of multiple isomers, involving variations in the dihe-
dral angles between donor and acceptor moieties, allowed us to
identify the most energetically favourable geometries (SI, Table
S1).

For instance, in the case of 5a, stabilizing electrostatic and
orbital interactions®>*® between the oxygen atom of the carbonyl
group and the sulphur atom of the donor moiety seems to be
favoured over the oxygen/hydrogen interaction observed in 6a.
Such non-covalent interactions are particularly valuable as they
can promote planarity and consequently favour conjugation
over aromaticity in m-conjugated systems.®" In these systems,
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analysing structural properties such as planarity and bond
lengths can provide insights into the conjugation efficiency
within the studied compounds. Specifically, the values of three
dihedral angles, which are directly linked to planarity, were
extracted: the dihedral angle (®,) within the donor moiety, and
the two dihedral angles (@, and @) separating the donor and
acceptor moieties (Fig. 5a). First, focusing on @, it is worth
noting that despite some variability depending on the acceptor
unit, all dihedral angle values remain below 1°, suggesting they
have no significant impact on conjugation within the donor
units. Turning to the other two dihedral angles, @, and @,
optimal planarity is observed for all compounds featuring the
acceptor moiety a (shown in green), with dihedral angle values
ranging between 0.0° and 0.1°. For the sulfonated acceptor
moiety b (in orange), a slight increase in the dihedral angles is
observed, though still modest, ranging from 1.5° to 2.5° for @,
and from 4.3° to 4.7° for @;. A notable exception is observed for
compound 8b, where all dihedral angles are equal to 0°. Given
that the only structural difference between compounds 7b and
8b lies in the modification of a bond within the donor moiety, it
appears that the additional double bond in 8b contributes to
enhanced planarity. Finally, as expected due to the predictable
steric hindrance of the malononitrile group, the most signifi-
cant dihedral angle values are observed when the acceptor
moiety c (in blue) is involved. Specifically, @, ranges from 9.0° to
16.8°, while @; exhibits even higher values, ranging from 14.9°
to 18.7°. However, as these dihedral angles remain below 20°,
the impact on conjugation should be moderate and still lie
within acceptable limits. Another approach to evaluate the
conjugation property within the studied compounds is the
analysis of single and double bond lengths. As it is expected that
single bonds shorten and double bonds lengthen with
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Fig. 5 Structural parameters of all compounds: (a) dihedral angle
values within the donor core (®,) and those (&, and @) located
between the donor and acceptor moieties, in degrees. (b) Bond length
alternation, in angstrom (A).
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increasing conjugation efficiency, the difference between the
average lengths of single and double bonds should approach
0 A. This parameter, which refers to the well-known bond length
alternation (BLA), provides a quantitative measure of conjuga-
tion efficiency (Fig. 5b, see also SI Table S4 for detailed calcu-
lations).®> From the perspective of donor moieties, a similar
ranking of BLA values can be observed in compounds decorated
with acceptor moieties b and ¢: 7 < 6 < 8 < 5. With the exception
of 6a, the “a” series follows a similar trend, leading to the
identification of nitrogen-based donor moiety 3 as the most
effective in minimizing BLA regardless of acceptor unit, in
contrast to BDTE 1. On the other hand, among acceptor moie-
ties, it can generally be established that the best BLA values are
obtained for acceptor ¢, confirming the negligible impact of
previous dihedral angles observed in compounds 5c¢c-8c.

Frontier molecular orbital. One of the most critical factors to
consider, especially in OPV applications, is the impact of the
design of non-fullerene acceptors on the energy levels of frontier
molecular orbitals (FMOs). Since the active layer consists of
donor and acceptor materials, the proper alignment of their
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is one of the primary
parameters influencing, for example, open-circuit voltage (Vc),
charge separation and, consequently, the performance of the
cell.®*** First, the analysis of the FMOs reveals that the HOMO,
appearing as the bonding 7 orbital, and the LUMO, as the anti-
bonding one, are well-localized within the m-system of the
studied compounds (SI, Table S5). Regarding the HOMO, we
qualitatively observe a higher electronic density on the donor
moiety compared to the acceptor moiety, while the opposite
trend is observed for the LUMO. However, an exception is noted
for compounds 8a, b, and ¢ where the electronic density remains
more concentrated on the donor moiety in both FMOs. Thus, the
desired push-pull effect does not appear to be optimal, which
suggests that efficient charge transfer might be compromised.
This aspect will be discussed in greater detail below.

In terms of FMO energy levels, the studied compounds
exhibit high electron affinity, with LUMO levels below —3.9 eV,
confirming their acceptor character (Fig. 6). Overall, the FMO
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Fig.6 Calculated HOMO and LUMO energy levels and corresponding
bandgap energy (AEy,) of all compounds.
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energy levels decrease systematically with the electron-
withdrawing strength of the acceptor moieties, progressing
from moiety a to moiety b, and then to moiety c. This trend has
a greater impact on the LUMO levels than on the HOMO levels.
Specifically, from moiety a to b and from b to ¢, the LUMO
energy levels decrease on average by —0.21 and —0.12 eV,
respectively, compared to an average of —0.09 eV for the HOMO
energy levels in both cases. When examining the influence of
donor moiety on the FMO energy levels, only slight differences
are observed when comparing sulphur- and oxygen-based cores,
1 and 2 respectively. From HOMO and LUMO energy levels
perspective, an absolute maximum deviation of 0.08 and 0.03 eV
is observed, by comparing 5a/6a, 5b/6b and 5¢/6¢. Compared to
the latter, the HOMO energy levels of nitrogen-containing
compound series 7 appear very similar, calculated at —6.08 eV
(7a), —6.18 eV (7b), and —6.22 eV (7c), while LUMO energy levels
stand out with the highest values: —3.93 eV (7a), —4.20 eV (7b),
and —4.25 eV (7¢). Finally, with HOMO/LUMO levels of —6.29/
—4.45 eV (8a), —6.41/—4.65 eV (8b), and —6.44/—4.71 eV (8c), the
fully conjugated core of the 8 series compounds exhibits the
deepest FMO energy levels among the studied systems. Based
on the results obtained, it seems that the studied compounds
exhibit FMOs energy levels of interest that are relatively deeper
compared to those of currently developed NFAs.*>%

Light absorption. Since the main envisaged application of
NFAs is their use in photovoltaic devices, whose intrinsic
operation mechanism is due to the interaction between
photons and matter, calculating the maximum absorption
wavelength (Anax) and the oscillator strength (f) provides valu-
able insights in order to benchmark the studied compounds. In
particular, NFAs development aims at obtaining efficient
absorption in the 700 nm to 1100 nm wavelength range. Most
importantly, the oscillator strength, empirically linked to molar
extinction coefficient ¢, evaluates the efficiency of light
absorption, which is crucial for maximizing photon capture and
thus improving cell performance. Theoretical absorption
spectra calculated in the visible and near-infrared regions (600-
1000 nm) qualitatively show that a single transition dominates
the maximum absorption wavelength, ranging from 628 nm up
to 785 nm, for all compounds (SI, Fig. S3). The analysis of these
vertical transitions for each compound reveals that the optimal
Amax corresponds to the transition from the ground state (S,) to
the first excited state (S;). In terms of molecular orbitals, this
transition is specifically attributed to the HOMO(®) —
LUMO(Tt*) excitation (SI, Table S6). The moderate oscillator
strengths observed across the series suggest suppressed radia-
tive recombination, aligning with the requirement for poor
fluorescence qualities in efficient NFA-based OPVs. The f vs.
Amax plot reported in Fig. 7 shows calculated values for all
compounds, color-coded according to the three investigated
acceptor moieties: more specifically, the green region corre-
sponds to moiety a, the orange region to b, and blue region to c.

Considering the considerations discussed above regarding f
and Amax and their impact on NFA performance in an OPV
device in terms of light absorption properties, the most prom-
ising materials should be positioned in the top-right corner of
the graph. A clear trend is easily identified: a redshift in Apax

RSC Adv, 2025, 15, 43808-43817 | 43811
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Fig. 7 Calculated maximum absorption wavelength (ina.) corre-
sponding to Sg — S; vertical transitions and their associated oscillator
strength (f). Amax and f labels in italic and brackets, respectively.

accompanied by a decrease in oscillator strength going from the
carbonyl-based acceptor moiety a to the sulfonated moiety b,
and then to the fully cyano-substituted moiety c. The average
values of A,.x and ffor each acceptor moiety reveal the following
trends: a (671 nm) < b (703 nm) < ¢ (754 nm) for Anax, and ¢
(1.63) < b (2.05) < a (2.26) for f (see SI, Table S6). Interestingly,
despite the substantial deviation from planarity, evidenced by
dihedral angle analysis shown earlier, compound 8c presents
the third largest absorption wavelength across the 8-compound
series. From the perspective of donor moieties, the average
values of An,.x and fyield the following rankings: 7 (666 nm) < 8
(716 nm) < 5 (720 nm) < 6 (735 nm) for Apax, and 6 (1.73) <5
(1.95) <7 (2.02) < 8 (2.22) for f. This indicates that the nitrogen-
containing cores 7 and 8 tend to favour photon absorption
efficiency, whereas the sulphur-containing core 5 and oxygen-
containing core 6 are associated with the highest A,,.x values.
A rough quantitative comparison among all compounds can be
obtained by defining the product An..-f as a figure of merit.
According to this metric, the series 8 compounds appear to be to
the most promising in terms of light absorption properties, as
evidenced by the following ranking according to Anax-f values
normalized to 1: 8a (1.00) > 8b (0.99) > 6a (0.97) > 8¢ (0.95) > 5a
(0.94) > 5b (0.93) > 7b (0.87) > 7a (0.84) > 7¢ (0.77) = 6b (0.77) > 5¢
(0.71) > 6¢ (0.59). Nonetheless, compounds 6a, 5a, and 5b show
relatively high values while series 7 compounds fall at still
relevant values (normalized An.c:f = 0.77). However, other
relevant parameters will be evaluated in the sections to allow
a proper assessment of the potential of all compounds to
improve performance in OPV devices.

Charge transfer. Charge transfer processes, with their
complex influence on optical and electronic properties at both
the molecular and active layer scales, remain a topic of debate.
However, advances brought forth by the development of Y6 as
a NFA have highlighted their role in the performance of NFAs,
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particularly in explaining the success of this A-m-D-m-A
archetype.®”” For A-m-D-1-A type NFAs, where the LUMO is
localized on the terminal acceptor moieties, studying intra-
molecular charge transfer is crucial. This analysis aims to
confirm the polarization from the donor to the terminal
acceptors, which helps retain the electron on the LUMO after
exciton dissociation, facilitating its transfer to the electrodes
while minimizing intramolecular recombination. Charge
transfer matrices (CTMs) provide a detailed visualization of
charge transfers occurring between atoms (Table 1). While
fragment-based pairwise CTMs can simplify analysis, we opted
for an atom-wise N x N representation to capture subtle elec-
tron-hole delocalization patterns that might be overlooked in
a coarse-grained approach. Partial charges were considered in
the normalization, ensuring the matrices are properly scaled.
Future work could explore fragment-level simplifications for
larger systems. Carbon (C), nitrogen (N), oxygen (O), sulphur (S),
and chlorine (Cl) atoms are symmetrically listed from one end
of the molecule to the other (see SI, Table S1 for details). This
arrangement ensures that the central region of the matrices
corresponds to the donor moiety (D), while the extremities are
associated with the acceptor moieties (A). Specifically, the first
two and last two numbered atoms represent the four chlorine
atoms located at the terminal positions of the compounds. As
hydrogen atoms do not contribute to charge transfer, they have
been omitted to enhance the clarity of the matrices. As
hydrogen atoms do not significantly contribute to charge
transfer, they have been omitted to enhance the clarity of the
matrices. Additionally, magenta lines indicate the boundary
between the donor and acceptor moieties, corresponding to the
single bond adjacent to the donor moiety. Based on the struc-
ture of the matrices, the predominant and common charge
transfer across all compounds is observed in the central column
of the matrices. This corresponds to the transfer from the two
carbon atoms of the central double bond in the donor motif (D)
to the carbon atom in the acceptor motif (A) near the -
boundary with D. Then, three distinct groups can be identified,
ranked from the least to the most efficient charge transfer: the
first group includes compounds 8a and 8b, the second consists
of those with acceptor motif ¢ (5c-8c), and the final group
comprises the six remaining compounds (5a, 5b, 6a, 6b, 7a, 7b).
The first group is characterized by density spots primarily
localized along the horizontal central zone, particularly near the
magenta lines referring to the m-boundaries.

This indicates charge transfers both from A and D towards
these boundaries and within D itself. In the second group,
compounds with acceptor moiety ¢ exhibit less concentrated
charge transfer near the m-boundaries and a reduced transfer
from A to D. This is evidenced by significantly smaller density
spots in the left and right columns of the matrices. Finally, the
last group shows the most interesting pattern, with relatively
high-density spots in the middle of the upper and lower sections
of the central column. This reflects substantial charge transfers
from D to A, specifically from the carbon atoms of the central
double bond in D to the carbon atoms of the double bond
bearing the malononitrile group in A. While such transfers are
also observed in the first two groups, they occur on a much

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Charge transfer matrix (CTM) calculated using Multiwfn. The atoms are numbered symmetrically from one end of the compounds to the
other, i.e. Cl to Cl atoms. Hydrogen atoms are omitted for clarity. Magenta lines indicate the m-boundaries of the donor (D) and acceptor (A)
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smaller scale when compared to the third group. For these six
compounds, the matrices reveal very similar profiles among 5, 6
and 7 compounds, suggesting no noticeable influence of the
donor moiety.

In contrast, comparisons between a and b moieties consis-
tently show more significant charge transfer for the latter.
Indeed, the density spots around lines 9 and 10 are higher when
the sulfonated acceptor b is used. To quantitatively support the

© 2025 The Author(s). Published by the Royal Society of Chemistry

qualitative observations made from the CTMs, the inter-
fragmentary charge transfer (IFCT) calculation was performed.
This method allows for an accurate determination of the elec-
tron density transferred from the donor moiety to the acceptor
moieties (see SI, for more computational details). Consistent
with the CTM analysis, the compounds incorporating donor
and acceptor moieties with the weakest charge transfers are 8
and c, respectively (Fig. 8).
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Specifically, the average values obtained for the donor and
acceptor moieties yield the following rankings: 8 (0.0695) << 6
(0.2654) < 5 (0.2770) < 7 (0.3323) for donor moieties and c
(0.1986) < a (0.2321) < b (0.2775) for acceptor moieties. Thus,
donor moieties 5 and 6, along with acceptor moiety a, show
promising values, while the nitrogenated donor 7 and the
sulfonated acceptor b stand out presenting the highest overall
IFCT.

Moreover, it is particularly noteworthy to observe the
significant impact of the additional double bond in the donor
moiety 8 compared to 7. This subtle modification positions
them as polar opposites in terms of charge transfer property as
evaluated by this methodology. Referring to the FMOs of
compounds 8a-c previously analysed, it can be inferred that the
concentration of electron density on the central donor moiety in
both the HOMO and LUMO likely hinders the desired charge
transfer between the donor and acceptor moieties.

Reorganization energy. When the charges of the exciton are
separated, the ability of the donor and acceptor materials in the
active layer to transport these charges stands as a critical aspect.
This capability is essential for minimizing energy losses due to
recombination processes and enhancing charge collection effi-
ciency at the electrodes.®® Specifically, at the OPV cell scale,
NFAs are responsible for capturing electrons from the donor
material and are therefore expected to exhibit high electron
mobility. From a computational perspective, one method
commonly used to predict this property is the calculation of
reorganization energy (A, SI, for methodology details).**”
Briefly, reorganization energy refers to the energy difference
between the geometries of the neutral species and its negatively
charged radical counterpart. An inverse correlation is observed
between A. and electron mobility, i.e. the lower the 2. value, the
smaller the geometric change, allowing the NFA to more easily
accept an additional electron and, consequently, facilitate its
transport. For the studied compounds, the average reorganiza-
tion energy values, categorized by donor and acceptor moieties,

IFCT

5a | 0.2707

6a | 0.2755

7a ] 0.3375

8a I 0.0447

5b

6b
7b
8b

5¢c ] 0.2353

6c | 0.2067

7c 0.2987

8c 0.0538

Fig. 8 Calculated interfragmentary charge transfer (IFCT) occurring
for each compound from the central donor moiety to the two adjacent
acceptor moieties.
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yield the following rankings: b (0.2461) <a (0.2577) << ¢ (0.4997)
for acceptors and 7 (0.2895) < 6 (0.3232) < 5 (0.3563) < 8 (0.3690)
for donors (Fig. 9).

With an average A. almost twice as high as those observed for
the carbonyl- and sulfonate-containing acceptors a and b, the
bis-malononitrile functionalized acceptor ¢ appears to hinder
electron mobility. From the donor perspective, the fully conju-
gated sulphur-based (5) and nitrogen-based (8) moieties exhibit
the highest reorganization energies, marking them as the least
efficient for electron mobility. In contrast, the oxygenated donor
6 and the carbonyl acceptor a demonstrate relatively interme-
diate values, suggesting moderately promising performance.
Finally, the nitrogen-based donor 7 and the sulfonated acceptor
b once again emerge as the most promising moieties for the
studied property, electron mobility.

Comparative study with the Y6 archetype

In an OPV cell, the key performance parameters are the short-
circuit current density (Js.), the open-circuit voltage (V,.), and
the fill factor (FF), which collectively determine the power
conversion efficiency (PCE). These parameters are directly
influenced by the interaction and compatibility of the donor
and acceptor materials in the active layer. Through computa-
tional modelling, it becomes possible to estimate certain
properties, such as the A;,.x and FMOs, which can be used as
indicators of key performance metrics. To qualitatively assess
the relevance of our studied compounds, we focus on the well-
known Y6 molecule, a benchmark in the field of OPVs that has
achieved record-breaking PCEs, particularly when using its
derivatives.””® To ensure a relevant comparison and given that
the Y6 molecule closely resembles our studied compounds in
terms of atomic composition and heteroatom distribution, we
applied our computational methodology to determine its Ayax, f;
and IFCT, as well as the energy levels of its FMOs and A, (see SI,
for detailed values). The studied compounds were compared to
Y6 based on these six key parameters, leading to the

Reorganization energy (eV)

5a | 0.2544

6a | 0.2681

7a I 0.1903

8a | 0.3179

5b
6b
7b
8b

5¢ | 0.5443

6c | 0.4543

7c | 0.4881

8c ] 0.5120

Fig. 9 Calculated reorganization energies relative to electron trans-
port (Ae) of all compounds.
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Fig.10 Radar plots of the similarity of studied compounds and Y6 in terms of (a) electronic properties, (b) photophysical properties and (c) global

similarity score.

establishment of individual similarity scores (SS) as well as
a Global Similarity Score (GSS) to highlight the most relevant
candidates. Briefly, for each parameter, a score of 100 corre-
sponds to the Y6 reference value, while a score of 0 is assigned
to the compound with the most divergent value. The GSS is then
calculated as the average of the six individual scores, normal-
ized with respect to the highest observed mean score. The
outcomes of this comparison are represented through three
radar plots reported in Fig. 10 (see SI, for detailed methodology)
where compounds are grouped according to the type of acceptor
moiety a, b, and ¢ corresponding to the green, orange and blue
regions, respectively. The first radar plot, associated with elec-
tronic properties (Ae, Enomo, and Epymo), reveals that
compounds bearing the acceptor moiety ¢ generally display
results furthest from the Y6 reference, with the notable excep-
tion of compound 7c¢, which emerges as the best performer
within this group (Fig. 10a). Compounds with the b acceptor
moiety show intermediate similarity, while 7b stands out for its
excellent reorganization energy score (90) and FMO energy
levels scoring above or equal to 70. Among the compounds
bearing acceptor moiety a, 5a, 6a, and 7a exhibit the highest
similarity scores, with Egomo scores above 90 and Epymo and A
values above or equal to 70. Notably, compound 7a appears to
display electronic properties most closely aligned with those of
Y6. Regarding photophysical properties (f, Amax, and IFCT),
represented in the second radar plot, compound 7b emerges as
the closest analogue to Y6, achieving similarity scores of 99, 96,
and 98 for oscillator strength, maximum absorption wave-
length, and intramolecular charge transfer, respectively. Several
other compounds also demonstrate strong performance in
terms of oscillator strength (f), particularly 7a, 5b, and 8c, all
scoring above 90. FOr Amax, compounds within group a (5a, 6a,
and 8a) achieve scores above or equal to 80. Intermediate
scores, ranging from 40 to 70, are observed for 7a, 5b, 8b, and
7c¢, whereas compounds 5c¢, 6¢, and 8c show the weakest
performance. For charge transfer capability (IFCT), compounds
7a and 5b again score above 90, followed by 6b and 7c¢ with
respectable scores of 87 and 82, respectively. Finally, when
considering the GSS as a comprehensive measure of similarity,
compounds incorporating the nitrogen-based donor core 3 are
consistently the most promising across all acceptor moiety
groups, particularly compounds 7a and 7b, which achieve GSS

© 2025 The Author(s). Published by the Royal Society of Chemistry

values of 100 and 99, respectively. Compound 7a demonstrates
superior performance in terms of electronic properties, while 7b
excels in the photophysical domain. In contrast, compounds
incorporating donor core 4 show the lowest similarity scores
across all acceptor groups, with GSS values of 55, 48, and 26 for
8a, 8b, and 8¢, respectively — indicating that the fully w-conju-
gated nitrogen core tends to negatively affect most properties
compared to Y6. A similar trend is observed for compounds
incorporating acceptor moiety ¢. Nevertheless, compounds 5b
and 6b show relatively promising GSS values of 83 and 73, while
5a and 6a perform even better with scores of 93 and 90,
respectively.

Conclusions

Building upon previous computational investigations centred
on novel donor moieties derived from BTDE, the present study
aimed to explore the evolution of their optoelectronic properties
through the incorporation of diverse acceptor moieties in the
design of NFAs for OPV applications. Specifically, we assessed (i)
the planarity and aromaticity of the compounds, (ii) the energy
levels of their frontier molecular orbitals, (iii) their maximum
absorption wavelengths, (iv) their intramolecular charge trans-
fer capabilities, and (v) their reorganization energies, as indi-
cators of electron mobility. From the comprehensive analysis of
the influence of donor and acceptor moieties on the investi-
gated properties, the nitrogen-containing donor moiety 3 and
the sulfonyl acceptor moiety b emerged as the most promising
structural units. These motifs were found to promote efficient
T-conjugation (as evidenced by BLA values), enhanced charge
transfer (IFCT), and favourable electron transport properties
(low A.). Moreover, the incorporation of the sulfonyl acceptor
b was associated with near-infrared A,,,x values combined with
relatively high oscillator strengths, which is advantageous for
light harvesting. More specifically, the comparative evaluation
against the archetype NFA Y6 — based on six key parameters —
identified compounds 7a and 7b as the most promising
candidates, followed closely by 5a and 6a. These compounds
exhibit a favourable balance of photophysical and electronic
properties. These promising results will serve to guide future
experimental synthesis efforts toward the aforementioned four
compounds. Beyond assessing their photovoltaic performance

RSC Adv, 2025, 15, 43808-43817 | 43815
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as NFAs in OPV devices, it will also be essential to validate the
accuracy of the computational methods employed. In partic-
ular, benchmarking calculated values such as IFCT and A.
against experimental data will be critical for refining our
predictive capabilities. The more experimental data we acquire,
the better we can calibrate our database and enhance the
robustness of our computational methodologies.
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