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ABSTRACT

Non-fused-ring electron acceptors have recently gathered substantial interest for the application in organic solar cells because
of their competitive photovoltaic properties and other advantages, including easy synthesis and high yields, facilitating the
production of cost-efficient devices. In this work, a pair of fluorene-based acceptors, FHM-Cl and FHM-F, respectively featuring
a chlorinated and a fluorinated 1,1-dicyanomethylene-3-indanone end group, zz-bridged through alkyl-substituted thiophene
units to a fluorene core, were synthesized through a three-step synthesis from commercially available precursors. Organic solar
cells utilizing these acceptor molecules were subsequently fabricated and optimized with various donor materials. Notably,
the combinations D18:FHM-CI and D18:FHM-F achieved power conversion efficiencies of 10.7% and 7.6%, respectively. A
comprehensive study involving optical and electrical characterization, along with morphological analysis, demonstrated that
the FHM-Cl-based solar cells exhibited superior light absorption, enhanced solid-state packing and reduced trap-assisted
recombination. Moreover, the shelf and thermal stability of the devices further highlight the potential of these acceptors in the
design of low-cost and efficient organic solar cells.

1 | Introduction its derivatives, fused-ring electron acceptors (FREAs) continue

to suffer from complex, multistep synthetic routes and low-

Organic solar cells (OSCs) have attracted significant attention
due to their numerous advantages, including low production
costs, lightweight, semi-transparency, inherent mechanical flex-
ibility, and compatibility with roll-to-roll manufacturing, making
them highly adaptable energy conversion solutions [1-3]. Recent
progress in molecular design and synthesis of high-performance
organic photovoltaic materials has resulted in a remarkable
enhancement of power conversion efficiency (PCE) in OSCs.
Notably, the advent of non-fullerene electron acceptors featuring
an acceptor—donor-acceptor (A-D-A) fused-ring architecture
has pushed PCEs beyond the 20% benchmark in single-junction
devices [4-7]. Despite the improvement achieved with Y6 and

yield ring-closure reactions, which substantially challenge OSCs’
large-scale production and commercialization [8, 9]. To address
these limitations, the development of non-fused-ring electron
acceptors (NFREAs) has emerged as a promising alternative
approach [10-12]. NFREAs simplify the conventional fused-ring
architectures by substituting the rigid polycyclic frameworks with
simpler three-ring or mono-/bi-cyclic units connected through
single o-bonds. Typically, NFREA molecules adopt an A-7—D-7—
A configuration, in which the D core can comprise a substituted
phenyl moiety such as 2,5-difluorobenzene, as well as Si-, N-,
or C-bridged bithiophene or indenothiophene groups, the 7-
bridges are often based on thienyl or benzothiadiazole derivatives,
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and the terminal units are electron-withdrawing groups that
facilitate efficient intramolecular charge transfer [13, 14]. From a
molecular design perspective, core engineering is a tool to tune
energy levels and optoelectronic characteristics through system-
atic conjugated backbone modification. Substituent engineering
enables noncovalent intermolecular interactions and molecular
packing via functional or steric group manipulation, thereby
suppressing intramolecular bond rotation between the aromatic
rings and promoting the extended conjugation length, crucial
for optimal optoelectronic properties in OPV materials [15-18].
One method adopted by Zhang et al. is modulating the size,
number, and position of lateral alkyl chains on the 7-bridge to
effectively promote molecular stacking, achieving a PCE of 14.2%
[19]. Ding et al. implemented a dipole-oriented molecular design
by leveraging polarization from multiple orientations of terminal
chlorine atoms on the alkyl chains. This approach induced the
formation of a locked-in-cavity crystal structure, which enhanced
charge transfer and transport while stabilizing the blend mor-
phology, ultimately achieving NFREA OSCs with a PCE 0f 16.9%
[20]. Recent studies have demonstrated that regulating peripheral
substituents to encapsulate the central bithiophene core, enforces
a more planar conformation, significantly enhancing the device
performance [21, 22]. Through this strategy, a record-breaking
PCE of 18.0% was achieved by Wang et al., greatly narrowing the
efficiency gap between NFREAs and FREAs [23].

Among various donor core moieties, only a few studies have
explored the use of low-cost fluorene as a promising building
block for the design of novel NFREAs [24-27]. In 2015, Holliday
et al. [25] reported FBR, a fluorene-based NFREA incorporating
a benzothiadiazole unit to extend m-conjugation end-capped
with a rhodamine derivative as the electron-withdrawing
end group. In 2018, Zhang et al. [27] further optimized this
design by introducing thiophene n-bridges and employing
the brominated derivative of the well-established end group
1,1-dicyanomethylene-3-indanone, yielding F8IDT-Br. The
corresponding PM6:F8IDT-Br based devices achieved a
maximum PCE of nearly 10% and exhibited good shelf-life
stability, while the thermal stability was limited.

Indeed, end-group halogenation is as an effective approach to
develop high-performance acceptors, as the strong electron-
withdrawing nature of halogen substituents enhances the
push-pull interaction between the D core and the A unit.
Fluorination and chlorination represent the most extensively
explored halogenation strategies reported in the literature [9,
28-30]. Owing to their high electronegativity, both halogens
induce effective intramolecular redistribution of electron density,
leading to a downshift of the frontier molecular orbital energy
levels as well as a modulation of the absorption spectra. Fluorine,
characterized by the highest electronegativity and a small atomic
radius, facilitates specific intra- and intermolecular noncovalent
interactions (F---H and F---S), thereby influencing molecular
conformation and solid-state packing. In contrast, chlorine
substitution, despite introducing increased steric hindrance due
to its larger atomic radius, can promote 7-electron delocalization
due to its higher polarizability, thereby strengthening
intramolecular charge-transfer characteristics [31, 32].

Inspired by these studies, we synthesized two A-7m-D-m-A
-type  NFREAs FHM-Cl (2,2-((2Z,2'Z)-(((9,9-dioctyl-9H-

fluorene-2,7-diyl)bis(3-hexylthiophene-5,2-diyl))bis(methane
ylylidene))bis(5,6-dichloro-3-ox0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile) and FHM-F (2,2'-((2Z,2'Z)-
(((9,9-dioctyl-9H-fluorene-2,7-diyl)bis(3-hexylthiophene-
5,2-diyl))bis(methaneylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile), via a concise
three-step synthetic route starting from commercially available
precursors. In our molecular design, the fluorene core was
selected to facilitate charge transport and maintain conjugation
along the molecular backbone, while alkyl-substituted thiophene
units were employed as 7z-bridges. The incorporation of alkyl
substituents at the S-positions of the thiophene rings enhances
molecular planarity through steric effects, which suppress
torsional rotation around single o-bonds and promote stronger
intermolecular interactions, thereby improving charge transport
properties and conformational stability [10, 33, 34]. In this
work, we present a direct comparison between chlorinated
FHM-CI and fluorinated FHM-F to investigate the influence
of halogen substitution on the intrinsic optoelectronic and
photovoltaic properties [32, 35]. When blended with the donor
D18, the corresponding devices achieved PCEs of 10.7% and
7.6% for FHM-CIl and FHM-F, respectively, remarkable values
considering the concise three-step synthesis of these NFREAs.
Both devices exhibited good thermal stability, with the FHM-F
and FHM-CI based devices showing respectively 15% and 25%
efficiency loss after 950 h of prolonged thermal aging.

2 | Results and Discussion
2.1 | Synthesis and Characterization

A three-step synthesis route, shown in Scheme 1, leads to the
final compounds FHM-F and FHM-CIl with an overall yield of
51% and 40%, respectively. At first, a Suzuki coupling reaction
was carried out to introduce thiophene groups to both sides of
a fluorene core using Pd(PPh;), as catalyst and K,CO; as base.
After purification using column chromatography, a yield of 77%
and 74% was achieved.

In the second step, compound 2 was reacted with DMF and POCI,
in a Vilsmeier-Haack reaction, leading to the introduction of
an aldehyde group on the thiophene rings. After column chro-
matography, yields of 79% and 68% were obtained [36]. Finally, a
Knoevenagel condensation reaction with pyridine as catalyst was
performed with compound 3, resulting in the attachment of the
end groups to the molecule. Column chromatography followed
by recrystallisation from dichloromethane/hexane was used for
purification. The final compounds, FHM-F and FHM-CI, were
obtained as dark blue shimmering solid and the structures were
confirmed by NMR spectroscopy and mass spectrometry (see
Supporting Information Sections 1.2, 1.3, and 1.4). Yields of 86%
and 67% were achieved for the last step, significantly higher than
the 58% reported in the literature [27].

2.2 | Physical Properties
To assess the physical properties of FHM-F and FHM-Cl, UV—vis

absorption spectroscopy and cyclic voltammetry measurements
were performed. The results are summarized in Table 1.
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SCHEME 1 | Synthetic route toward the FHM-F and FHM-CI non-fullerene acceptors and the chemical structure of D18.

TABLE 1 | Optical and electronic properties of FHM-Cl and FHM-F.

Solution Thin film Cyclic voltammetry
£ HOMO LUMO
Anax [NM] E, [eV] [M~'cm™] A4,,, [nm] E, [eV] [eV] [eV] E, [eV]
FHM-Cl 623 1.83 2.09-10° 663 1.70 —6.44 —4.52 1.92
FHM-F 609 1.88 1.96-10° 646 1.74 —6.54 —4.52 2.02
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FIGURE 1 | Optical properties: (a) normalized UV—vis absorption spectra in CHCl; (dashed) and thin film (solid) spectra; (b) normalized UV-vis
absorption thin film spectra of the tested donors and the novel acceptors; (c) normalized thin film absorption of D18:FHM-F and D18:FHM-CI blends.

The UV-vis absorption spectra of both acceptors in solution and
thin films are shown in Figure la. The maximum absorption
occurs at 609 nm for FHM-F and 623 nm for FHM-CI in CHCl,
solution, and at 643 and 663 nm in thin films, respectively.
Therefore, the absorption spectrum of FHM-F exhibits a blue
shift relative to that of the chlorinated analogue, FHM-CI. Both,
the solid-state spectra display a clear red shift resulting from
an ordered intermolecular packing, where the presence of a
shoulder indicates the formation of aggregate species and 7-
7 interactions in the thin film. The shift is greater in the case
of FHM-F indicating a more compact arrangement probably

due to the smaller radius of the fluorine atom. The slightly
higher absorption coefficient (¢) observed in CHCI; solution
for FHM-CI1 (2.09 x 10° M~! cm™) indicates a stronger light-
harvesting capacity compared to FHM-F (1.96 x 10° M~ cm™).
This phenomenon is mainly attributed to the higher dipole
moment and oscillator strength of the C-Cl bond relative to the
C-F bond [32].

The frontier molecular orbital energies were determined by cyclic
voltammetry using the oxidation/reduction onset potentials (see
Supporting Information 2.2, Figure S15). The highest occupied
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FIGURE 2 | (a) Frontier molecular orbital energies determined by
cyclic voltammetry and energy level alignment of donors and acceptors;
(b) DFT-calculated frontier molecular orbitals.

molecular orbital (HOMO) energy levels of FHM-F and FHM-CI
were found to be —6.54 and —6.44 eV, while the lowest unoccupied
molecular orbital (LUMO) energy levels were quantified as
—4.52 eV for both acceptors (Figure 2a). In general, halogenation
effectively tunes the energy levels of organic semiconductors,
with fluorination typically lowering the HOMO energy level
more than chlorination, as observed in our case. This is because
the electronegative nature of fluorine can enhance the overall
electron-withdrawing capacity of the substituent, thus lowering
the orbital energies, which is crucial for facilitating better electron
acceptance from donor materials [37].

DFT (density functional theory) and TDDFT (time-dependent
density functional theory) calculations were carried out to have
a deeper understanding of the structural packing through reorga-
nization energy. Specifically, the BALYP-D3BJ/def2-TZVP method
was used for the geometry optimization and TDDFT/MO06-
2X/def2-TZVPP was employed for assessing optical and electronic
properties of FHM-Cl and FHM-F. The DFT-calculated frontier
molecular orbitals and their energies are shown in Figure 2b.
The hexyl chains in the FHM structures were cropped to methyl
chains, as commonly reported in the literature [38]. Tables
S1 and S2 report computational results, which are consistent
with experimental optical and electronic findings, whereas dis-
crepancies between values derived from CV measurements and
computed DFT ones are due to solvent effects and redox kinetics
mechanisms [39]. Solvation in CV measured energies results
deeper HOMO/LUMO levels compared to vacuum DFT orbitals
[40]. Moreover, donor and acceptor electrostatic potential (ESP)
distributions are displayed in Figure S3a-c, illustrating a positive
ESP in the central backbone among the fluorene core and
thiophenes for FHM acceptors. Conversely, the electronegative
groups, such as fluorine and chlorine, as well as the carbonyl and
cyano groups, show negative ESP.

Moreover, we computationally evaluated the geometry twist
imposed by the fluorene unit, the most probable arrangements
between pairs of acceptor molecules, as well as the electron trans-
fer integral between them. The computational strategy adopted is
described in the Supporting Information (Section 2.3), along with
the torsional energy profile (Figure S14), the structures of the most
strongly interacting dimers (in terms of their interaction energies)
and transfer integrals (see Table S3). Although the fluorene unit
introduces a modest twist (~18°) with the adjacent thiophenes,
the low torsional barrier allows access to nearly planar confor-
mations, which are further stabilized in the condensed phase
by enhanced conjugation and 7-7 stacking interactions. The
transfer integrals govern charge transfer: the higher the value,
the better the transport. The most stable arrangement for FHM-C1
(—=76.2 kJ mol™) has a higher transfer integral (33 meV) than the
most stable arrangement for FHM-F (-96.7 kJ mol™, 21 meV).
The reorganization energy is found to be slightly smaller for
FHM-CI (131 meV) compared to FHM-F (140 meV).

Overall, FHM-CI is indicated to be a better acceptor, according
to these results, owing to its lower reorganization energy and
higher transfer integral in the dimer with the strongest interaction
energy.

2.3 | Surface Energy and Miscibility

Three different polymers, PTQ10, PM6, and D18, (Figure S16 and
Scheme 1) were considered as promising donors in blend with
the acceptors FHM-F and FHM-CL. The evaluation was carried
out based on their complementarity of the absorption spectra
(Figure 1b), alignment of the frontier molecular orbital energies
(Figure 2b), as well as the suitability of the surface free energy.

The morphological behavior of donors and acceptors in blend
films is related to their miscibility. Two materials with a low
interfacial energy value could reduce the energetic penalty
required to create a well-mixed interpenetrating network of
donors and acceptors with a large interfacial area [41]. Con-
tact angle (CA) measurements [42] of thin films with water
and diiodomethane (DIM) as test liquids were performed (see
Supporting Information 2.4 and Figure S17). The Wu method
was used to determine surface free energy values [43] and, con-
sequently, the interfacial energies between donor and acceptor
components were calculated according to the Flory-Huggins
model and summarized in Table S4. The similar CA values
indicate that the PM6 and D18 donors reveal comparable surface
energy (y) values (yp;5s = 351 mN m™, ypye = 35.8 mN m™),
whereas PTQ10 exhibits a weaker surface interaction (31.3 mN
m~1). Considering the neat acceptor films, FHM-F (38.10 mN
m™1), displays a lower y value compared to FHM-CI (44.1 mN
m™!). The Flory-Huggins model quantifies the blend miscibility
within two components through the interaction parameters (x),
given the equation: x = (Vuonor > ~Vacceptor -)*- Extreme miscibility,
associated with a very small y value, can lead to impure phase
domains and detrimental charge recombination, whereas an
excessively large y value may cause pronounced phase separa-
tion. Therefore, a moderate y value is essential for optimizing
the morphology of the blend film [41]. The y values between
FHM-F and PTQ10/PM6/D18 (0.33/0.036/0.062) are one order of
magnitude [41] smaller than the values between FHM-CI and
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FIGURE 3 | Photovoltaic performance: J-V curves of (a) D18:FHM-Cl and D18:FHM-F based solar cells in dark and illuminated conditions; (b) EQE
curves from the corresponding best devices; (c) scheme of the fabricated solar cells in conventional device architecture.

TABLE 2 | Absorber layer thickness and photovoltaic parameters of D18:FHM based solar cells under 100 mW cm™2 illumination with a spectrum

similar to AM 1.5 G.

Thickness Ve e FF PCE? Best PCE R, Jearc?

[nm] vl [mA cm™2] [%] [%] [ohm cm?] [mA cm™2%]
D18:FHM-Cl 75+4 095+0.01 13.85+0.84 0.73+0.03 9.59+0.78 10.69 3.08 13.4
DI18:FHM-F 73+5  094+001 11.80+0.62 0.63+0.02 6.99+0.38 7.64 6.14 1.2

2 Average values obtained from more than 12 devices.
bCalculated J, values obtained from the EQE spectra.

PTQ10/PM6/D18 (1.10/0.44/0.52). It appears that substituting the
F atoms with Cl atoms on the end-groups can increase the surface
tension difference and reduce the miscibility between donors
and acceptors, resulting in an increased phase-separation degree,
which is beneficial for higher domain purity [44] in PM6 and
D18 blends, consistently with the device characterization in the
following section.

2.4 | Properties of FHM-F and FHM-CI Based
Solar Cells

To evaluate the photovoltaic performance of the synthesized
acceptor materials, OSCs in the conventional architecture
glass/ITO/PEDOT:PSS/donor:acceptor/PDINN/Ag were fabri-
cated (Figure 3c). FHM-Cl and FHM-F are tested as acceptor
compounds with the three donors PTQ10, PM6, and D18, by
varying concentration and ratio of the D:A solution. The detailed
procedures for fabricating the OSCs (Sections 2.7 and 2.8) as well
as the photovoltaic parameters of these screening experiments
(Figures S18 and S19 and Tables S5 and S6) are presented in
the Supporting Information. The best performing devices were
obtained for a D:A ratio of 1:1.8, the total concentration of
10 mg mL™! in chloroform and thermal treatment of the active
layer at 100°C for 10 min for the donor polymer D18. Thus, further
optimization and the corresponding device characterizations
were done with D18.

The characteristic photovoltaic parameters of the best opti-
mized devices and the respective current density-voltage (J-V)
characteristics are reported in Table 2 and Figure 3a.

The solar cells with both material systems, D18:FHM-CI] and
D18:FHM-F, exhibit comparable open-circuit voltage (V,.) values
(0.94-0.95 V), which is expected as the LUMO energy of both
acceptors are very similar. In contrast, significant differences are
observed in short-circuit current density (Jy.), fill factor (FF),
and PCE. Notably, solar cells based on the D18:FHM-CI blend,
revealed the highest PCE of 10.69% with a FF of 0.76 and a Jg¢
of 15.15 mA c¢cm~2. Conversely, D18:FHM-F-based devices show
lower Jg, (12.41 mA cm~2) and FF (0.66), leading to a reduced
PCE of 7.64%. This performance disparity correlates with the
series resistance (R;), which is substantially lower for FHM-CI
blends (3.08 Q cm?) compared to FHM-F (6.14 Q cm?), suggesting
more efficient charge transport and reduced resistive losses in the
former. EQE spectra were recorded to validate the variations in J,
among the OPV devices (Figure 3b). Devices incorporating FHM-
Cl exhibited a stronger EQE response across the total wavelength
range, particularly above 70% in the range of 550-700 nm. The
calculated J values (J.,.) derived from the integration of the EQE
spectra showed good agreement with the measured J,., having a
mismatch of 3% and 5%, respectively.

The recombination properties of the D18:FHM-Cl and D18:FHM-
F blends were studied by conducting J-V measurements at
different light intensities (Figure 4 and Supporting Information
2.12). Since the Jg. increases monotonically with the incident light
intensity (P;,) following the power law (Supporting Information
2.12, Equation 1), the experimental data were plotted in a double
logarithmic scale and fitted to a linear regression (Figure 4a). The
a factor is equal to 1 for both D18:FHM-CI and D18:FHM blends,
implying that at short circuit the bimolecular recombination is
very weak. The ideality factor (n) is extrapolated from the relation
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FIGURE 4 | Lightintensity dependence measurements for D18:FHM-CI (green) and D18:FHM-F (orange) solar cells: (a) Jsc and (b) V.

between the V. and P;, (Figure 4b). When the value of n is
1 bimolecular recombination occurs while if it is 2, the system
tends to be subjected to trap-assisted recombination. The ideality
factor n is significantly higher in the fluorinated acceptor blend
(1.8) than in the chlorinated counterpart (1.5), which suggests an
increased trap-assisted recombination in this case.

Additionally, the electron (. ) and hole mobilities (u,) were deter-
mined by using the space-charge-limited current (SCLC) method
(see Supporting Information 2.11). By fabricating electron and
hole only devices, the mobility values can be deduced from the
slope of the J'/2 versus V following the Mott-Gurney law (Figure
S20). The y, and w;, values assessed for D18:FHM-CI blend were
7.14 x 107* and 4.24 x 10~* cm?V~!s7}, respectively. In contrast, the
D18:FHM-F devices exhibited significantly lower mobilities with
ue and py, values of 1.14 X 10~ and 3.15 x 10~ cm?V~!s™, respec-
tively, corresponding to approx. one order of magnitude reduction
compared to the chlorinated counterpart. These reduced charge
carrier mobilities indicate slower charge transport within the
active layer, which increases the likelihood of recombination
prior to charge extraction at the electrodes, consistent with the
higher ideality factor observed for the FHM-F devices. Finally, to
gain further insight into the exciton dissociation (7,) and charge
collection efficiency (9co), the J,,~Vee characteristics were mea-
sured (see Supporting Information 2.13 and Figure S21). J,,, was
extracted from the plateau region of the J,,~V.y characteristic
curves (Jo prv.cr = 16.0 mAcm ™2, Jo, pryp = 13.8 mAcm™2). The
D18:FHM-CI and D18:FHM-F devices exhibit 74 0of 0.93 and 0.91,
and 7,y of 0.80 and 0.70, respectively. These results indicate that
a larger fraction of photogenerated charges in the fluorinated
blend recombines before reaching the electrodes. Overall, the
results suggest that the chlorinated acceptor material facilitates
charge transport and suppressed charge recombination in the
OPV devices, explaining the higher Jsc and FF values than those
in devices fabricated with the fluorinated acceptor.

2.5 | Morphology Characterization
Given the performance difference between the devices based on

D18:FHM-CI and D18:FHM-F, we expected that the molecular
packing and aggregation of neat and blend films would differ

significantly within chlorinated and fluorinated acceptors. The
investigation of the variations in material properties at the
nanoscale was conducted with atomic force microscopy (AFM).
Figure 5 shows the AFM images of D18:FHM-CI and D18:FHM-
F blend films characterized by the typical fibril like structure
given by D18. The direct comparison of the topographic contrast
(Figure 5a, b) shows only a slightly rougher surface morphology
and a stronger phase contrast (Figure 5¢, d) in D18:FHM-F than
in D18:FHM-CI blends with mean roughness values R of 1.67 and
1.46 nm, respectively. The phase contrast looks coarser in the
case of the fluorinated material, which might be a cause of the
difference in mobility.

The molecular stacking, orientation and the degree of crys-
tallinity of the pristine acceptor materials and the blend films
were investigated with 2D grazing-incidence wide-angle x-ray
scattering (GIWAXS) measurements. The 2D GIWAXS patterns
and the corresponding extracted 1D line cuts are shown in
Figure 6, while the specific fitting results are presented in Tables
S7, S8 and S9, for the neat FHM acceptors and D18:FHM-CI and
D18:FHM-F blends. The GIWAXS analysis of the neat acceptor
films revealed that both FHM-Cl and FHM-F exhibit similar 77—
7 stacking (~ 0.36 nm) and lamellar spacing (~1.52-1.54 nm),
indicating minimal impact of the different halogenation on the
packing distances.

A similar morphological behavior is evident in the blend films.
In the out-of-plane (OOP) direction, the DI18:FHM-Cl and
D18:FHM-F films have similar 7—7 stacking peaks at 17.3 and
17.4 nm™, respectively, giving a d-spacing of 0.36 nm comparable
to the pristine acceptors. From the fitting of the peaks in
OOQP direction, the D18:FHM-F sample reveals a narrower full
width at half maximum (FWHM) with slightly longer crystalline
coherence lengths (CCL) of 2.93 nm compared to 2.72 nm
(D18:FHM-CI).

Three lamellar stacking peaks at 3.1 and 5.4 nm™! as well as at
4.1 nm™, corresponding to D18 and FHM features, respectively,
are present in the in-plane (IP) direction for both blends. Upon
blending, the lamellar stacking d-spacing gets marginally larger
from 1.54 nm (FHM-CI) to 1.57 nm (D18:FHM-CI), and from
1.52 nm (FHM-F) to 1.53 nm (D18:FHM-F). While there is no

6 0f 10

Chemistry — A European Journal, 2026

85UB017 SUOWILIOD 3AIERID 3|l idde aup Aq paueAoh a1e Sapie VO ‘SN J0 S9INJ 104 A%eiq 1T 3UIIUO AB|IM UO (SUORIPUCD-PUR-SLLBHLI0D™ A8 | 1M AReJq1[eul [UO//Sa1Y) SUORIPUOD PLe SLLB L 34} 835 *[9202/170/60] U0 A%eiq1T 3UlluO AB|IM BIfE}RURIL0D A 2S60. WeYd/Z00T OT/I0p/Wod A im Akeiq 1 pujuo'adoane-Ansiweyo//sdny woiy papeojumoq ‘0 ‘G9.ET2ST



FIGURE 5 |

g, (nm")
20
{E‘ 15 = OQut-Of-Plane
£ = |n-Plane
o 10
5
0
0 5
d)
20
’-'E 15
£
o 10
5

T
0 5 10 15 20
q, (nm™)

10 15

a, (nm")

FIGURE 6 |
corresponding out-of-plane (blue) and in-plane (green) line-cuts.

significant shift of the D18-IP peak at 5.4 nm™, the other D18-
IP peak shifts from 3.0 nm™' in the pristine polymer to 3.1
nm~! in the blend, suggesting a similar to slightly more packed
structure in presence of the acceptor. Notably, based on the IP
peak at 4.1 nm~, D18:FHM-CI shows a larger CCL (8.18 nm) than
D18:FHM-F (5.88 nm), indicating enhanced lamellar ordering in
D18:FHM-CI (see Table S8).

2.6 | Device Stability

The storage and thermal stability of the optimized D18:FHM-
F and D18:FHM-CI devices were systematically evaluated. The
devices were stored in a nitrogen-filled glove box, and their

Intensity (a.u.)

D18

|

D18:FHM-CI
— PN
M\N

o
N\W’W

3 6 9 12 15 18 21
Q vector (nm™)

2D GIWAXS images of (a) FHM-CI, (b) FHM-F, and (c) D18 neat films and (d) D18:FHM-CI and (e) D18:FHM-F blend films; (f)

photovoltaic parameters were monitored periodically. As shown
in Figure 7, both systems demonstrate good shelf-life stability,
retaining performance for 950 h (D18:FHM-F: 85% of initial value;
D18:FHM-CIL: 75% of initial value). For thermal stability testing,
the devices were stored in the dark at 65 °C, and their performance
evolution was recorded. The D18:FHM-CI devices exhibited a
typical burn-in loss within the first 12 h, but subsequently
maintained 80% of their initial PCE after 500 h of aging. In
contrast, D18:FHM-F devices showed a similar degradation trend
to their shelf-stored counterparts (with hardly any burn in loss),
with no significant additional decline during extended thermal
stress, attributed to the reduced stacking d-spacing observed in
the morphological characterization. The observed decrease in
PCE is primarily driven by losses in FF (Figure 7b). Tracking of
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the maximum power point (MPP) was conducted under 100 mW
cm~2 illumination (Figure 7f). Interestingly, D18:FHM-CI devices
demonstrated a delayed degradation profile arising from a linear
decay of the MPP current (I,,,) (Figure S22), compared to a
burn-in behavior of the D18:FHM-F devices.

3 | Conclusion

In summary, we have introduced two NFREAs, FHM-CI and
FHM-F, featuring a fluorene core, alkyl-substituted thiophene
7-bridges, and chlorinated or fluorinated 1,1-dicyanomethylene-
3-indanone end groups. Chlorination results in a red-shifted
absorption relative to the fluorinated analogue, extending the
light-harvesting range of the solar cells. Although both acceptors
reveal the same LUMO level, FHM-CI exhibits a higher HOMO
energy level than FHM-F. Nevertheless, FHM-CI shows a greater
transfer integral and lower reorganization energy, consistent with
its favorable packing observed in the pristine films, establishing
it as the superior electron acceptor compared to FHM-F. When
blended with the donor D18, the corresponding devices achieved
PCEs of 10.7% (D18:FHM-CI) and 7.6% (D18:FHM-F). Thus, the
PCEs are lower than those of high efficient non-fused NFAs
such as PTTz:EBO-4F [23] but among the highest reported for
comparable fluorene based NFAs, see Table S10. The better
performance of the chlorinated acceptor is attributed to enhanced
charge generation and suppressed charge recombination, result-
ing in higher Js- and FF values compared to the fluorinated
counterpart. Furthermore, the higher charge carrier mobility
in the D18:FHM-CI blend facilitates efficient charge transport,

thereby reducing recombination losses. It was also observed
that substituting the fluorine atoms with chlorine on the end
groups increases the surface tension difference and reduces
donor-acceptor miscibility, leading to a higher degree of phase
separation, as was confirmed by AFM investigations. Both devices
exhibited good thermal stability, with FHM-F and FHM-CI based
devices showing respectively 15% and 25% efficiency loss after
950 h of prolonged thermal aging at 65°C. Owing to their favorable
absorption profiles and wide bandgaps, these novel acceptor
molecules show potential for application in indoor photovoltaic
systems and in ternary device architectures.

4 | Experimental Section

The synthetic routes toward FHM-Cl and FHM-F and their
characterizations as well as the full methodology regarding
solar cell fabrication and characterization are included in the
Supporting Information.
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