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ABSTRACT
We present a comprehensive analysis of the structure–property relationship in small molecule non-fullerene acceptors (NFAs) featuring an
acceptor–donor–acceptor configuration employing state-of-the-art quantum chemical computational methods. Our focus lies in the strategic
functionalization of halogen groups at the terminal positions of NFAs as an effective means to mitigate non-radiative voltage losses and aug-
ment photovoltaic and photophysical properties relevant to organic solar cells. Through photophysical studies, we observe a bathochromic
shift in the visible region for all halogen-functionalized NFAs, except type-2, compared to the unmodified compound. Most of these function-
alized compounds exhibit exciton binding energies below 0.3 eV and �LUMO less than 0.3 eV, indicating their potential as promising candidates
for organic solar cells. Selected candidate structures undergo an analysis of charge transport properties using the semi-classical Marcus
theory based on hopping transport formalism. Molecular dynamics simulations followed by charge transport simulations reveal an ambipo-
lar nature of charge transport in the investigated NFAs, with equivalent hole and electron mobilities compared to the parent compound.
Our findings underscore the crucial role of end-group functionalization in enhancing the photovoltaic and photophysical characteristics of
NFAs, ultimately improving the overall performance of organic solar cells. This study advances our understanding of the structure–property
relationships in NFAs and provides valuable insights into the design and optimization of organic solar cell materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191650

I. INTRODUCTION

In organic solar cells, pursuing high-performance materials
has led researchers to delve into the intricate interplay between
the molecular structure and device properties. Non-fullerene accep-
tors (NFAs) have emerged as promising alternatives to tradi-
tional fullerene-based acceptors,1–4 offering advantages such as
tunable energy levels, improved charge transport, and enhanced
light absorption. In this context, a handful of recent studies have
shown that the power conversion efficiency (PCE) of the NFAs
has reached over 19%.5–8 This transition toward NFAs underscores
the significance of understanding the intricate structure–property
relationships governing their behavior in organic solar cells.

A myriad of strategies have been employed within the literature
to unravel the intricate structure–property relationships govern-
ing non-fullerene acceptors in organic solar cells.9–11 Studies have
focused on fine-tuning NFA structures through judicious molecular
design, manipulating key parameters such as the conjugated back-
bone, side chain engineering, and end-group modifications.12–15

The conjugated backbone serves as the primary scaffold influenc-
ing electronic properties, with adjustments in the backbone length
and architecture, enabling precise control over energy levels and
charge transport. Concurrently, side chain engineering offers a
versatile toolset for optimizing solubility, film morphology, and
intermolecular interactions, crucial factors that govern the device
performance.16–18 In addition, end-group modifications are pivotal
in tailoring the electron-accepting characteristics and intermolecu-
lar interactions.19–21 Combining these strategies has helped decipher
the underlying principles that dictate the correlation between the
NFA structures and the resulting photophysical properties, ulti-
mately steering the rational design of high-performance NFAs for
efficient organic solar cells.

Despite the remarkable progress in understanding the
structure–property relationships of NFAs for organic solar cells,
the existing literature still needs to explore certain critical aspects.
One notable gap lies in the comprehensive exploration of the
vast chemical space available for NFA design and the systematic
evaluation of the potential molecular candidates that could exhibit
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a superior performance. The sheer complexity of organic materials
and the intricate interplay of numerous variables pose challenges
in predicting the most optimal molecular structures through tra-
ditional experimental methods alone. This is where computational
design emerges as a powerful tool to fill this void. It is possible to
efficiently navigate the expansive chemical landscape by leveraging
computational techniques (e.g., quantum chemistry and molecular
simulations), exploring diverse molecular architectures, and pre-
dicting their electronic and optical properties.22–25 This approach
not only accelerates the materials discovery process but also
allows for the identification of promising candidates with tailored
properties, offering a more informed and targeted strategy for the
rational design of high-performance NFAs in organic solar cells.
Integrating computational design methodologies into exploring
structure–property relationships can unlock novel insights and
propel the field toward developing next-generation materials for
efficient and sustainable energy conversion.

In this study, we investigated A–D–A′–D–A type non-fullerene
acceptors—we focused on five distinct systems: BCDT-4F,16 BCDT-
4Cl,16 PCIC-4F,17 BTZO-4F,18 and BFC-4F.26 To systematically
probe the structure–property relationships within these NFAs, we
designed seven derivatives by strategically replacing fluorine (–F)
and chlorine (–Cl) substituents with hydrogen (–H). Employing
electronic structure methods and molecular dynamics simulations,
we delved into the intricacies of these modified NFAs to elucidate
changes in their electronic and optical properties. Our compre-
hensive study provides insights into the impact of subtle chemical
modifications on the performance of A–D–A′–D–A type NFAs and
contributes to a deeper understanding of the underlying molecu-
lar dynamics. This approach aims to unravel nuanced correlations
between structural variations and device-level characteristics, paving
the way for the rational design of highly efficient non-fullerene
acceptors in organic solar cells.

II. COMPUTATIONAL DETAILS
A. Material selection

NFAs play a crucial role in enhancing the efficiency of organic
solar cell devices by facilitating efficient charge separation and
transport. Material design in this context involves tailoring the
chemical structure and properties of NFAs to optimize their
electronic and photophysical characteristics. Adopting suitable
principles makes it possible to fine-tune the molecular architecture
of NFAs, influencing factors such as energy levels, electron mobility,
and absorption spectra. This customization allows for the creation
of NFAs that exhibit improved performance, leading to enhanced
power conversion efficiencies in organic solar cells. Small molecule
acceptors (SMAs) consist of an A–D–A′–D–A type architecture,
where A is the terminal acceptor moiety, D is the donor moiety,
and A′ is the core acceptor moiety. Five well-known experi-
mentally reported acceptor molecules, BTZO-4F,18 BCDT-4F,16

BCDT-4Cl,16 BFC-4F,26 and PCIC-4F,17 were considered whose
PCEs and VOC values are higher than 9% and 0.75 V, respectively.
Details of their photovoltaic parameters are summarized in Table
S1 of the supplementary material. In addition, seven new NFAs
were designed by end-group modification of the existing systems.
Figure 1 illustrates the chemical structures of these compounds. The
substitution of fluorine on the BTZO-4F terminal unit by hydrogen

and chlorine yielded BTZO-4H and BTZO-4Cl, whereas BCDT-4H
was formed by replacing halogen groups with hydrogen in the
BCDT-4F or BCDT-4Cl complex—a similar protocol generated
other SMAs, such as BFC-4H, BFC-4Cl, PCIC-4H, and PCIC-4Cl.
For all the investigated systems, the donor moiety consists of a
cyclopentadithiophene ring with an ethylhexyl alkyl chain, whereas
the terminal acceptor moiety functionalized with halogenated bis
(methanylylidene)bis(3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)
dimalononitrile. However, the core acceptor moiety (A′) func-
tionalized with the 2-ethylhexyl linker is different for all the four
types of SMAs—benzotriazole unit for 2,2′-((2Z,2′Z)-((6,6′-(2-(2-
ethylhexyl)-5,6-bis((2-ethylhexyl)oxy)-2Hbenzo[d][1,2,3]triazole-
4,7-diyl)bis(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-:5,4-b′]dithio
phene-6,2-diyl))bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1Hindene-2,1-diylidene))dimalononitrile (BTZO), ben
zothiatriazole unit for 2,2′-((2Z,2′Z)-(((5,6-bis((2-ethylhexyl)oxy)
benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(4,4-bis(2-ethylhexyl)-4H-cy
clopenta[2,1-b:3,4-b′]dithiophene-6,2-diyl))bis(methanylylidene))
bis(5,6-difluoro]oro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile (BCDT) and 2,2′-((2Z,2′Z)-(((5,6-difluoro
benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(4,4-bis(2-ethylhexyl)-4H-cy
clopenta[2,1-b:3,4-b’]dithiophene-6,2-diyl))bis(methanylylidene))
bis(5,6-difluoro]oro -3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile (BFC), and benzobis(thiazole) unit for 2,2′-
((2Z,2′Z)-(((2,6-dihexylbenzo[1,2-d:4,5-d′]bis(thiazole)-4,8-diyl)bis
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-6,2-
diyl))bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-
indene-2,1-diylidene))dimalononitrile (PCIC), respectively. These
12 molecules are categorized into four families, namely, BCDT-4X
(type-1), BFC-4X (type-2), BTZO-4X (type-3), and PCIC-4X
(type-4) (X =H, F, and Cl).

B. Electronic structure calculation
The ground state energy optimization of all investigated NFAs

was performed utilizing density functional theory (DFT) imple-
mented in the Gaussian 09 program.27 These calculations were
carried out at the ωB97XD level of theory with 6-31G(d,p) basis
sets. The time-dependent density functional theory (TD-DFT)28 was
employed to perform excited state calculations, considering chloro-
form (CHCl3, ε = 4.7713) as the solvent using the Polarizable Con-
tinuum Model (PCM).29 The optimal range separation parameter(ω) for the investigated compounds was estimated by minimizing
J(ω) using the following equation:30,31

J(ω) = �IPN(ω) + EN,HOMO(ω)� + �IPA(ω) + EA,HOMO(ω)�. (1)

Here, A and N represent the anionic and neutral states, respectively.
IPN and IPA denote the first ionization potential for the neutral
and anionic states, while EN,HOMO and EA,HOMO define the HOMO
energy of the neutral and anionic states, respectively. The medium
dielectric constant was set to ε = 3 with the PCM solvation model,
a representative value for organic materials. Therefore, the dielec-
tric constant applied represents the solid-state medium encountered
by a molecule in a thin film.32,33 The estimated tuned ω for all the
complexes is summarized in Table S3 of the supplementary material.

The optimized ω for each complex was utilized to estimate the
following quantities. The energy corresponding to the S0 to S1 exci-
tation (Ex) was estimated via 1240/λmax, where TD-DFT simulations
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FIG. 1. Chemical structures of the investigated NFAs in the present study.
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yield λmax. The exciton binding energy (Eb), the energy required
to separate the coulombically bound electron and hole pair, was
computed using the following equation:

Eb = EIP−EA − Ex. (2)

The ionization potential (IP) and electron affinity (EA) were esti-
mated as follows: IP = EC

c − EN
n and EA = EN

n − EA
a , where the

subscript depicts the charge state (neutral, cation, or anion) and
the superscript depicts the geometry of the optimized structure.
The internal reorganization energy was computed using four-point
relations,34

λh = (EC
n − EN

n ) + (EN
c − EC

c ), (3)

λe = (EA
n − EN

n ) + (EN
a − EA

a ). (4)

Here, the subscript indicates the charge state and the superscript
indicates the molecule’s geometry. The open circuit voltage (VOC)
was evaluated using the following equation:

qVOC = �ED
IP − EA

EA� − 0.3. (5)

Here, EA
EA refers to the EA of the acceptor molecule and ED

IP refers
to the IP of the donor molecule. The 0.3 eV is a generally accepted
value for energy loss due to energy disorder and charge recombina-
tion.35 The PBDB-T donor molecule was chosen to perform these
calculations (shown in Fig. S1 of the supplementary material). The
corrected VOC was estimated by subtracting an average energy dif-
ference of 1.073 V from the simulated results for each NFA. The
above correction factor was computed based on the average differ-
ence between the predicted VOC and experimental measurements of
five NFAs, as summarized in Table S1 of the supplementary material.
The quadrupole moment of all the investigated NFAs was eval-
uated using the Gaussian distributed multipole analysis (GDMA)
program.36

C. Molecular dynamics simulations
Classical molecular dynamics (MD) simulations were per-

formed on six selected NFAs using the GROMACS program
suite v.2022.37,38 These six systems include the five experimentally
reported molecules and BCDT-4H. All bonded parameters were
derived from the all-atom optimized potentials for liquid simu-
lations (OPLS-AA) force field,39,40 whereas atomic partial charges
and Lennard-Jones parameters were considered using the protocol
proposed by Cole et al.41 Atomic partial charges were estimated
from DDEC6 computation implemented in Chargemol of version
09_26_2017.42 The σ and ε parameters in the Lennard-Jones poten-
tial were derived using the Tkatchenko–Scheffler (TS) scheme,43

where the radius of the free atom in vacuum was taken from Ref. 41.
The initial configuration of the materials was generated by randomly
placing 1000 molecules in a cubic box of dimensions 250× 250 × 250
Å3 using the Packmol package.44 The above initial structures were
energy-minimized and annealed from 300 to 800 K within 5 ns, fol-
lowed by rapid quenching to 300 K within 3 ns. Further equilibration
for 5 ns was performed at 300 K. All simulations were performed in
the NPT ensemble using a canonical velocity rescaling thermostat,45

a Berendsen barostat for pressure coupling,46 and the smooth parti-
cle mesh Ewald technique for long-range electrostatic interactions.
A time step of 0.5 fs was used to integrate the equations of motion.
Non-bonded interactions were computed with a real-space cutoff of
1.3 nm.

D. Charge transport calculation
The simulated morphology was taken to extract all possible

dimers with an intermolecular distance less than 10 Å to investigate
charge transport characteristics further. A maximum of 100 dimers
were selected for the above analysis. The charge transfer integral in
a dimer was estimated using the ChArge TraNsfer Integral Package
(CATNIP) program47 by considering the output generated from the
Gaussian 09 calculations at the B3LYP/6-31G(d,p) [IOP(3/33 = 1)]
level of theory. The charge transport rate of the investigated system
was evaluated using the semi-classical Marcus theory based on the
hopping transport formalism,48,49

k12 = J2
12

�
π�h2kBTλ

exp �−(�E12 − λ)2

4kBTλ
�. (6)

Here, �E12 =�(ε1 − ε2)2 − 4H2
12, where ε1 and ε2 are the effective

site energies of the dimer; kB is the Boltzmann constant; λ is the
internal reorganization energy; and T is the temperature (298 K).
The Marcus equation is considered to be suitable for calculating the
rates of these systems, as the reorganization energy of the molecules
is high and hence dominates the electron–phonon coupling effects.50

The following relation was used to evaluate the effective site energies
of the fragments of a dimer:

ε1(2) = (e1 + e2) −H12S12 + (e1 − e2)�1 − S2
12

2(1 − S2
12) . (7)

The electronic coupling elements (J12) were estimated using the
following equation:

J12 = H12 − S12(e1 + e2)�2
1 − S2

12
. (8)

Here, e1 and e2 are the site energies of the monomers in a dimer,
S12 is the spatial overlap matrix element, and H12 is the transfer
integral of the dimer in the molecular system. The charge carrier
mobility of the NFAs was estimated from the diffusion process, in
which the charge carriers hop from one site of the molecular frag-
ments in a dimer to another. Charge carrier mobility was calculated
by implementing a kinetic Monte Carlo (kMC) algorithm using an
in-house code run in Python. A grid of 400 × 400 × 400 sites was
set up with the intersite distance based on the radial distribution
functions obtained from MD simulated morphologies. A sequence
of electron or hole hops was simulated with the rate of charge trans-
fer between pairs of sites having values randomly drawn from those
calculated by the Marcus equation for different configurations. The
mobility was calculated as an average of 10 000 trials, each run for
100 ns.
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III. RESULTS AND DISCUSSION
A. Molecular geometry

The chemical structures of the investigated NFAs are illus-
trated in Fig. 1. In all NFAs, the core acceptor unit is fused with the
donor via a single covalent bond. In contrast, the terminal accep-
tor unit is attached to the donor via a vinyl linker. The topology of
the type-1, type-2, type-3, and type-4 systems is analyzed based on
their connections between donor fragments and core and terminal
acceptor moieties. The computed dihedral angles and ground-state
dipole moments of all NFAs are summarized in Table S2 of the
supplementary material. As seen from Table S2 of the supplementary
material, core acceptor moieties benzothiatriazole and benzobis-
thiazole of type-1 and type-4 are highly twisted from the donor units
with maximum torsional angles of 67.84○(δ1) and 62.26○(δ2) as
compared to type-2 (36.13○) and type-3 (57.05○) NFAs. The above
geometry changes are significant due to the presence of the longer
alkyl chain and the increase in the π-conjugation length of the
core acceptor unit in the molecular system. However, a minimal
torsional angle (δ3 and δ4) is observed in the acceptor–donor con-
nection, which makes the molecule planar at the end position of the
system. As seen from Table S2 of the supplementary material, type-
1 NFAs possess the highest ground-state dipole moments among
the investigated systems, whereas the lowest dipole moment was
observed in the case of type-4 NFAs. Type-2 and type-3 NFAs
exhibit dipole moments in the intermediate range. Generally, a high
dipole moment enables improved charge separation and easy film
fabrication through enhanced solubility in organic solvents.51

B. Electrostatic potential maps
Electrostatic potential (ESP) maps in NFAs play a pivotal role

in shaping the electronic landscape within these organic molecules,
subsequently influencing the current density and PCE in organic
photovoltaic devices. In regions with higher electrostatic potential,
electrons are more likely to accumulate, fostering efficient charge
separation and facilitating the formation of a charge-transfer com-
plex. This localized charge distribution affects the current density
by influencing the rate of charge carrier transport through the NFA
material. Moreover, the potential gradients between the donor and
acceptor units dictate the driving force for charge separation and,
consequently, impact the open-circuit voltage of the solar cell. The
electrostatic potential maps provide insights into the surface charge
distribution within the molecule, resulting in positive, negative, and
neutral charge regions. Figure 2 directly compares the distribution
for the NFAs, whereas the bare and chlorinated NFAs are shown in
Fig. S2 of the supplementary material. For all four types of NFAs, the
regions with positive ESP, represented by the mint color, appear in
the central core of the π-conjugated system. In contrast, the negative
ESP is observed at the –CN and –O groups attached to the end-
group acceptor. As evident from Figs. 2 and S2 of the supplementary
material, it is observed that the halogen atoms attached at the termi-
nal unit influence the ESP value by increasing the electronic cloud
in the terminal units, which is highly desired to tune the electronic
and photovoltaic characteristics of the organic solar cells (OSCs). As
reported in Ref. 52, introducing an electron-rich unit at the termi-
nal negatively impacts electrostatic potential values, decreasing the
current density and PCEs. Meanwhile, adding an electron-deficient
unit contributes to enhancing the ESP values. They noticed that

FIG. 2. Iso-electrostatic potential surfaces of selected non-fullerene acceptors: (a)
BCDT-4F, (b) BFC-4F, (c) BTZO-4F, and (d) PCIC-4F. Similar surface plots for the
remaining systems are shown in Fig. S2 of the supplementary material.

introducing chlorine atoms increased the dielectric constant, sub-
sequently decreasing the exciton binding energy. Based on our ESP
analysis, we exhibited a notable overall increase in electron density
within the halogenated NFAs compared to their respective parent
molecules.

C. Molecular orbitals
Molecular orbital positions and distributions are compared

for all NFAs in Fig. 3, whereas others are provided in Fig. S3 of
the supplementary material. The cyan (pink) colored molecular
orbitals represent the HOMO (LUMO) of the investigated systems.
Figure 3 shows that both HOMO and LUMO are evenly distributed
onto the donor moiety linking with the core acceptor units of the
molecular system. However, end-capped acceptor moieties con-
tribute significantly to the LUMO, making the overall molecule act
as an acceptor. The nitrogen–sulfur–nitrogen (N–S–N) containing
core in the type-1 and type-2 NFAs contributed significantly to the
LUMO compared to the type-3 and type-4 systems. Meanwhile, the
nitrogen–nitrogen–nitrogen (N–N–N) and sulfur–carbon–nitrogen
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FIG. 3. Frontier molecular orbitals (HOMO and LUMO) in selected non-fullerene
acceptors: (a) BCDT-4F, (b) BFC-4F, (c) BTZO-4F, and (d) PCIC-4F. Similar sur-
face plots for the remaining systems are shown in Fig. S3 of the supplementary
material.

(S–C–N) containing the core units of type-3 and type-4 NFAs
exhibit a higher contribution to HOMO than LUMO, as shown in
Figs. 3 and S3 of supplementary material. As can be seen from Figs. 3
and S3 of the supplementary material, in the type-1 systems, the elec-
tron distribution of the LUMO is slightly shifted toward the terminal
acceptor moieties fused with the halogen group rather than the
parent molecule attributed to the presence of electron-withdrawing
halogen groups. Moreover, the HOMO–LUMO (H–L) gap is signifi-
cantly affected by the halogen-functionalized NFAs. As summarized
in Table S2, except for type-2 compounds, the H–L gap decreases
as a decrease in the electron negativity from –F to –Cl. Moreover,
N–S–N and N–N–N containing type-2 and type-3 NFAs showed a
slight decrease in the HOMO–LUMO gap than the type-1 and type-
4 NFAs, which is possible due to the enhancement of the LUMO
character in the former than the latter.

D. Energy levels
Ionization potential and electron affinity are essential para-

meters for controlling the charge transport properties of non-
fullerene acceptors. Reference 53 notes that trap-free electron and
hole transport in organic semiconductors are observed when EA and
IP values are within the 3.4–6.0 eV window. The IP and EA of the
investigated NFAs are summarized in Table S3 of the supplementary
material. As evident, the gas-phase energy levels in these exam-
ined NFAs are very close or within this window, showcasing their
probability of exhibiting excellent charge carrier transport. The
introduction of halogen atoms leads to an increase in the electron

affinity of the NFA. The addition of halogen atoms enhances the
electron-attracting nature of the molecule, effectively increasing the
electron affinity and making it easier for the NFA to accept an elec-
tron during the photoexcitation and charge separation process in a
photovoltaic device.

Reorganization energy (λ) is a critical parameter determining
the charge transport characteristics in organic materials. Generally,
carrier mobility exhibits an inverse correlation with the reorgani-
zation energies, i.e., lower λ corresponds to faster charge transport.
The reorganization energy values of the NFAs are summarized in
Table S3 of the supplementary material. As can be seen from Table
S3 of the supplementary material, the λe values of all NFAs, except
BFC-4X, are found to be smaller than the hole. Such a larger λh of
BCDT-4X, BTZO-4X, and PCIC-4X can be elucidated based on the
twisted molecular geometry arising from larger dihedral angles at
the end-capped acceptor units. In the case of BFC-4X compounds,
λh (0.23–0.33 eV) and λe (0.25–0.33 eV) are found to be similar. In
type-1, type-3, and type-4 complexes, the net decrease in λe is esti-
mated around 0.11–0.29 eV, than the hole. Thus, it indicates that
the significantly lower λe than that of λh possesses better electron
transport characteristics than the hole.

FIG. 4. (a) Q20 against HOMO levels, the color of each point represents the cor-
responding �HOMO–LUMO gap, and (b) Q20 against VOC, the color of the point
represents the corresponding �LUMO gap. The presence of hydrogen, fluorine, and
chlorine in the terminal positions is represented by circle, square, and triangle,
respectively.

J. Chem. Phys. 160, 144709 (2024); doi: 10.1063/5.0191650 160, 144709-6

Published under an exclusive license by AIP Publishing

 12 April 2024 13:18:02

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

E. Quadrupole moment
In NFAs, where efficient charge separation and transport are

critical for photovoltaic performance, the orientation of the molec-
ular dipoles is essential. The quadrupole moment perpendicular to
the π-system (Q20) influences the molecular alignment and inter-
actions within the active layer of an organic solar cell. An optimal
quadrupole moment perpendicular to the π-system can lead to
the ideal orientation of NFAs, promoting favorable charge trans-
fer pathways and reducing recombination losses. In addition, Q20
contributes to the organization of NFAs in the active layer, affect-
ing the packing and intermolecular interactions. An optimal value
of Q20 helps achieve a desirable molecular arrangement that facil-
itates efficient exciton dissociation and charge carrier mobility.20

Q20 regulates the photovoltaic parameters such as short-circuit cur-
rent (JSC) and power conversion efficiency (PCE) of the organic
solar cell. A higher value of Q20 generally enhances the JSC, whereas
VOC is significantly affected negatively.11,20,54 Thus, a balanced JSC
and VOC are highly required for achieving efficient OSCs. The
computed quadrupole moment perpendicular to the π-system for
all the investigated NFAs is summarized in Table S4 of the
supplementary material. Figure 4(a) displays the correlation between
Q20 and the HOMO energy, while the color of each point depicts the
magnitude of the �HOMO–LUMO gap. As can be seen, halogen incor-
poration yields an increased Q20 with a deeper HOMO energy level.
The quadrupole moment, which characterizes the charge distribu-
tion within the NFA molecules, correlates with the spatial arrange-
ment of electron density. This distribution, in turn, affects the
HOMO energy. A higher quadrupole moment is generally associated
with a more dispersed charge, potentially leading to a shift in the
HOMO energy. In addition, the �HOMO–LUMO gap is influenced by
the quadrupole moment. Changes in charge distribution and spatial
orientation impact the energy levels of molecular orbitals, affecting
the energy required for charge transfer processes. Precisely, alter-
ations in the quadrupole moment can modulate the �HOMO–LUMO
gap, influencing the absorption spectrum and the ability of NFAs
to absorb photons and generate charge carriers. Modulating the
quadrupole moment through molecular design not only alters the
charge distribution within the molecules but also influences the elec-
tronic structure, impacting the HOMO energy and the �HOMO–LUMO
gap. This intricate interplay is critical for optimizing the photophys-

ical properties of NFAs in organic solar cells, ultimately enhancing
their efficiency and performance.

Figure 4(b) shows the correlation between VOC and Q20, where
the points are colored based on the magnitude of the difference
between LUMO and LUMO+1, termed as �LUMO. VOC of the inves-
tigated NFAs was estimated by considering the PBDB-T donor, as
shown in Fig. S1 of the supplementary material, and the obtained
results are summarized in Table S4 of the supplementary material.
As seen from Fig. 4(b), the inverse correlation between Q20 and VOC
is observed in all NFAs, which is in accordance with earlier studies
as cited in Refs. 11, 20, and 54. The estimated VOC values lie in the
range of 0.55–1.15 V with a general trend of decreasing VOC upon
halogenation. Moreover, the computed �LUMO values are consis-
tently found to be lower than 0.35 eV (Table S3 of the supplementary
material). The smaller �LUMO, along with a sufficiently low-lying
LUMO+1 level in the acceptor, enhances the probability of accept-
ing electrons from the donor’s LUMO.55,56 Furthermore, the smaller
�LUMO is required to enable the high energy charge transfer (CT)
state, significantly enhancing the charge separation process, which,
in turn, leads to a notable enhancement in power conversion effi-
ciency. In type-1 complexes, the �LUMO decreases from H to F to Cl
and follows a similar trend for the remaining complexes. In Fig. 4(b),
it is evident that most of the complexes display reduced �LUMO, cor-
responding to a higher open-circuit voltage exceeding 0.8 V. Hence,
�LUMO acts as a crucial parameter to determine the efficiency of
NFAs for high-performance OSCs.

F. Photophysical properties
The photophysical properties of the NFAs are analyzed at the

TD-DFT/ωB97XD/6-31G(d,p) level using CHCl3 as the solvent. The
examined photophysical parameters, such as maximum absorption
wavelength (λmax), excitation energy (Ex), oscillator strength ( f ),
and exciton binding energy (Eb), of the NFAs are summarized in
Table S4 of the supplementary material. It is evident that all halo-
genated NFAs, except type-2, possess a bathochromic shift from H
to F to Cl compared to their parent compound. The above shifting is
due to the electron-withdrawing group (i.e., –F and –Cl) functional-
ized at the end-group acceptor moieties of the NFAs. The maximum
shifting ∼20 nm is observed in halogenated type-3 NFAs compared
to the parent molecule. The estimated λmax of investigated NFA lies

FIG. 5. Radial distribution function (RDF) between (a) terminal–terminal (T–T) and (b) core–terminal (C–T) moieties in the selected complexes computed from MD simulation
trajectories.
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in the visible regions of wavelength ∼597–746 nm. Table S4 of the
supplementary material shows that N–S–N containing type-2 NFAs
possess maximum wavelength corresponding to the electronic exci-
tation from S0 to S1, mainly associated with the electronic transition
from HOMO→ LUMO. A similar nature of the significant electronic
transitions (HOMO → LUMO) occurs for the remaining systems.
The computed oscillator strengths fall in the range of 2.19–3.06,
indicating strong light absorption abilities in these NFAs.

Exciton binding energy is one of the crucial parameters govern-
ing an organic solar cell’s overall efficiency and performance. The
exciton binding energy of the NFAs was estimated using Eq. (2).
The computed Eb values of the complexes are summarized in Table
S4 of the supplementary material. As anticipated, a low exciton
binding energy is preferred for spontaneous free charge carrier gen-
eration, leading to enhanced JSC. It is evident from Table S4 of the
supplementary material that the Eb values of the halogen function-
alized NFAs are reduced significantly in comparison with their bare
system. However, no such significant changes are noted for type-3
NFA systems. It is evident from Fig. 1 that the type-3 complexes pos-
sess more units of an alkyl linker, which may significantly change the
geometry and impact Eb.

G. Charge transport simulations
To understand the effects of structural variations along the core

acceptor units on the charge transport efficiencies of the studied
NFAs, we performed molecular dynamics simulations on selected
NFAs and generated their amorphous morphology. Due to the
increased computational cost associated with charge transport sim-
ulations, six systems were considered: type-1 NFAs, fluorinated
type-2, type-3, and type-4 NFAs. The above simulations were car-
ried out by considering 1000 acceptor molecules packed into a
cubic box, followed by simulated annealing and rapid quench-
ing to obtain their amorphous morphology. For example, Fig. S4
of the supplementary material displays the amorphous morphol-
ogy of the BTZO-4F compound. These morphologies were then
used to compute the radial distribution functions (RDFs) between
terminals-to-terminals (T–T) and core-to-terminal (C–T) units. The
computed RDFs are illustrated in Fig. 5. The RDFs show a more
continuous and broad distribution of distances for an amorphous

material, indicating the absence of long-range order. The lack of
sharp peaks in the RDF reflects the randomness in the arrangement
of atoms, with short-range order still present but without any peri-
odicity. As shown in Fig. 5, the RDFs of the T–T units showed a
significant peak near 9 Å, whereas the C–T units are observed at
10 Å. The prominent peaks at T–T and C–T of all NFAs are broader,
indicating an amorphous type of packing arrangement.

We have extracted around 100 molecular dimers from the
simulated morphology by setting the centroid-to-centroid distance
criteria of <10 Å. The charge transport parameters, electronic
coupling, charge transport rate, and mobility were computed
on 100 dimers using Eq. (6). The site energy differences (�E12)

FIG. 6. Distribution of site energy differences for hole and electron transfer process
in the selected NFA systems.

FIG. 7. Correlation plots between the charge transport rates (kh and ke) and electronic coupling (Jh and Je) for (a) holes and (b) electrons of the selected NFAs.
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TABLE I. Computed rates of hole and electron transfer (kh and ke) in s−1 and their mobility (�h and �e) in cm2 V−1 s−1 of the six selected NFAs. The experimental hole and
electron mobilities (�exp

h and �exp
e ) are included wherever available.

Compounds kh ke �h �e �exp
h �exp

e

BCDT-4H 1.25 × 1011 1.88 × 1011 3.322 × 10−5 4.270 × 10−5 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
BCDT-4F16 4.15 × 1010 1.18 × 1011 1.921 × 10−5 3.471 × 10−5 2.60 × 10−4 2.09 × 10−4

BCDT-4Cl16 1.12 × 1011 2.63 × 1011 2.726 × 10−5 4.956 × 10−5 3.73 × 10−4 3.54 × 10−4

BFC-4F26 1.96 × 1011 1.05 × 1011 4.193 × 10−5 3.249 × 10−5 1.78 × 10−4 5.91 × 10−5

BTZO-4F18 3.51 × 1010 4.0 × 1011 1.933 × 10−5 6.046 × 10−5 3.47 × 10−4 3.26 × 10−4

PCIC-4F17 2.52 × 1010 5.36 × 1011 1.671 × 10−5 6.252 × 10−5 2.63 × 10−4 1.84 × 10−4

between the fragments of each dimer for hole and electron
are illustrated in Fig. 6. As depicted in Fig. 6, �E12 for holes
and electrons follows a Gaussian distribution with width 0.14
and 0.16 eV, respectively, similar to the earlier report based
on 2,2′-((2Z,2′Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno
[1,2-b:5,6-b′]dithiophene-2,7-diyl)bis(methanylylidene))bis(3-oxo-
2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (IDIC)
NFAs.57 The energy disorder is quantified by �E12, and the expected
disorder for hole and electron transfer in the studied systems is of
the same order as that reported in Ref. 57 for amorphous NFAs.

Electronic coupling (J12) is an essential parameter governing
the charge carrier transport rate and mobility. Its value depends on
the molecular overlaps between the dimer fragments, and thus, the
orientational and packing between molecular dimers play an impor-
tant role here. Generally, a higher magnitude of J12 yields a larger
rate of charge carrier transport (k12) and mobility (�). Notably, high
values of reorganization energy may negatively impact the rate of
charge transport, as seen in Eq. (6). Thus, a lower reorganization
energy is always preferred to achieve larger hole and electron mobil-
ity. The correlation between the electronic coupling elements and
the rate of charge transfer for holes and electrons in the six selected
NFA systems is illustrated in Fig. 7. It is important to note that these
results are obtained from calculations performed on 100 molecular
dimers selected for each compound from MD simulation trajecto-
ries. In Fig. 7, it is observed that the coupling elements (Jh and
Je) of a maximum number of dimers lie below 0.01 eV. Neverthe-
less, significant pairs possess coupling element values greater than
0.01 eV. Even for a few dimers, the electronic coupling is higher
than 0.03 eV, implying a large constructive overlap between fron-
tier orbitals, HOMO and LUMO, between the molecular fragments
of the dimer separated at a smaller intermolecular distance. These
few pairs are anticipated to exhibit better charge transport rates and
mobility.

Table I summarizes the computed hole and electron mobilities
(�h and �e) calculated based on the kMC method for the investigated
systems, and they are compared against the experimental measure-
ments wherever available. The computed mobilities are found to
be in close agreement with the experimental values for all cases.
As seen from Table I, hole and electron mobilities in these com-
plexes are almost the same order of magnitudes, showcasing the
ambipolar nature of charge transport. Such ambipolar charge trans-
port characteristics were also anticipated based on the gas-phase
ionization energy and electron affinity values, which were found
to be located within the trap-free window as given in Table S3 of

the supplementary material.53 Charge separation and recombina-
tion effects with donor polymers or morphology of donor–acceptor
interface have not been included, as these require a large-scale study.

IV. CONCLUSIONS
In summary, we explored the structure–property relationship

among four different types of halogen-functionalized NFAs via mul-
tiscale simulations. Seven out of 12 NFAs are designed based on
the end-group modification in the terminal acceptor unit of the
A–D–A′–D–A architecture. The materials selection was focused on
the functionalization of halogen atoms (i.e., –F and –Cl) at the
terminal position and the incorporation of varying core acceptor
units within the NFA structure. Structural optimization and elec-
tronic properties were determined within the density functional
theory framework, considering ground and excited-state formalism.
These calculations were performed using range-separated functional
ωB97XD, where the optimum ω for each NFA was optimized before
the final computation was done.

The results obtained from the above quantum chemical cal-
culations helped us understand the geometrical, electronic, and
photovoltaic characteristics of the halogen-functionalized NFAs.
The geometrical analysis carried out by estimating dihedral angles
at the junction of donor and acceptor units revealed that type-2 and
type-3 complexes exhibit a smaller dihedral angle value, indicating
a more planar geometry when compared to the other complexes. In
type-1 and type-4 complexes, the larger dihedral angle is observed
due to the longer alkyl chain and the increase in the π-conjugation
length of the core acceptor unit in the molecular system. These
systems exhibited a nonplanar geometry with a maximum twisting
angle of 67.84○. Altering the electron-withdrawing halogen group in
the terminal acceptor unit of non-fullerene acceptors substantially
influenced the energy levels, electron affinity, ionization potential,
and reorganization energy values. The �HOMO–LUMO gap decreases
as a decrease in the electronegativity from –F to –Cl, whereas EA
increases as compared to the parent compounds. The increased EA
values in halogen-functionalized acceptors imply improved elec-
tron transport characteristics. All the investigated systems exhibited
absorption in the UV–visible region with halogen incorporation,
leading to a bathochromic shift compared to bare systems. Except
for a few complexes BCDT-4H, BFC-4H, and PCIC-4H, all other
systems exhibited �LUMO and Eb lower than 0.3 eV, implying a
higher propensity to form a high energy CT state and thus leading to
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the spontaneous formation of charge separated state and hence free
charge carrier generation.

The charge transport simulations were performed for the six
selected NFAs. Amorphous morphologies generated via molecu-
lar dynamics simulations were used to further compute hole and
electron mobilities. Although the predicted charge carrier mobil-
ity underestimated the reported experimental measurements, the
trend observed in both approaches is the same. Most complexes
possess balanced ambipolar transport of both holes and electrons.
This observation can be attributed to the position of electron
affinity and ionization potential of these systems in the trap-free
window.53 The presented approach thus provides a route to compre-
hensively assess the performance of non-fullerene acceptors and aids
in comprehending the underlying electronic processes governing the
photophysics of these novel molecules.

SUPPLEMENTARY MATERIAL

The supplementary material contains the chemical structure,
electrostatic potential surfaces, frontier molecular orbitals, MD sim-
ulated morphology, and tables of photovoltaic parameters and
computed quantities.
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