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A B S T R A C T

The oligomeric small-molecule acceptors (OSMAs) could combine the advantages of small-molecule acceptors 
(SMAs) and polymerized acceptors (PSMAs), including the definite molecular structures, high glass transition 
temperatures and low diffusion rates. However, a reduction in molecular symmetry and planarity usually de-
creases the intermolecular stacking strength and ordering, thus lowering the power conversion efficiencies 
(PCEs) of organic solar cells (OSCs). Herein, the maximum fluorination was conducted on the periphery of two- 
dimensional plane of OSMA, rendering a 14 fluorine-containing dimeric acceptor of CH14F which affords the 
most fluorine-rich molecular backbone among all the OSMAs currently. The sufficient peripheral fluorination of 
backbone leads to more compact and orderly molecular packing and consequently improved the fill factor of 
OSCs. As a result, the PM6:CH14F:CH6 ternary device achieved a first-class PCE of 19.72 %. More importantly, 
the PM6:CH14F device retained over 80 % of initial PCE after being continuously heated at 65 ◦C for 1032 h. Our 
work demonstrates that implementing sufficient peripheral fluorination on OSMAs could conquer the molecular 
stacking disorder through the significantly enhanced fluorine-induced secondary interactions, thereby providing 
a new insight into OSCs with excellent efficiency and stability simultaneously.

1. Introduction

Organic solar cells (OSCs), which utilize modifiable organic mate-
rials as their photosensitive active layer, offer distinct advantages 
including translucency, flexibility, lightweight design, and large-scale 
production [1]. In addition to serve as a power generation device, 
these features make OSCs particularly promising for applications in 
areas such as wearable devices that has sparked significant interest from 
both academia and industry [2]. In recent years, benefiting from the 
rational design and innovation of non-fullerene molecules, the power 
conversion efficiencies (PCEs) of OSCs are constantly being refreshed 
and have exceeded 20 % thus far [3]. To achieve the commercial 
viability of OSCs, the high PCEs and long-term stability should be 
satisfied at the same time. However, the long-term stability of OSCs that 

utilize small-molecule acceptors (SMAs) still faces challenges [4]. 
Among them, the degradation of optimal blended morphology may be 
the main factor for its poor stability when prolonged exposure to light or 
heat [5]. This is largely determined by the low glass transition tem-
perature (Tg) and high diffusion coefficient of small molecules [6]. In 
response to these stability challenges, researchers have proposed the 
polymerized small-molecule acceptors (PSMAs) with multiple SMA units 
linked by benzodithiophene or thiophene etc [6a,7]. PSMAs have dis-
played the higher Tg and lower diffusion coefficient, thus making them 
more advantageous in stability compared to SMA. However, the disor-
dered intermolecular stacking and lower crystallinity of PSMAs have 
resulted in a lower PCE of all-polymer OSCs [3e,8], compared to that of 
OSCs based on SMAs. Furthermore, all-polymer OSCs are still confronted 
with the challenge of batch-to-batch variations which is not conducive 
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to large-scale preparation.
To overcome the above challenges, the emergence of oligomeric 

SMAs (OSMAs) that consist of a precise number of SMA units, is 
inspiring. These OSMAs maintained the potential in achieving excellent 
long-term stability because of the much higher Tg compared to SMAs 
[9]. Moreover, they also possess the well-defined molecular structures 
and good repeatability compared to PSMAs. Consequently, OSMA could 
combine the advantages of SMA and PSMA successfully, and showed the 
great potential for preparing OSCs with excellent PCE and long-term 
stability simultaneously [6c,10]. The oligomeric SMAs (dimer and 

multimer acceptors) were first explored in PDI based cores [11]. In 
2013, Zhang designed a dimeric acceptor which linked two PDI groups 
by using a thiophene [11b]. Compared to monomeric PDI (0.13 %), the 
dimeric PDI possesses a much higher PCE of 4.03 %. Thereafter, by 
adapting this or similar design concept, a lot of exploratory work on 
OSMAs have been carried out [12]. However, compared to SMAs, 
OSMAs still lag behind in efficiency, mainly attributed to the relatively 
inferior fill-factor (FF) and short-circuit current density (JSC) [13]. The 
root cause of this PCE gap may be caused by the reduction in molecular 
symmetry and planarity, which could decrease the intermolecular 

Fig. 1. (a) Chemical structures of CH10F and CH14F. (b) Spatial distributions of molecular frontier orbitals. The values of HOMO and LUMO energy levels were listed 
for a better comparison. (c) Energy levels derived from CV measurements. (d) UV–vis spectra in both solutions and solid films.
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stacking strength and ordering.
Inserting enough heteroatoms, such as halogen atoms, into the pe-

ripheral active sites of molecules have been proven as an effective way to 
enhance the intermolecular packing force and form an ordered 
arrangement of molecules [14]. Among all the heteroatom candidates, 
fluorine is featured with the smallest atomic radius but largest electro-
negativity. Therefore, it plays an important role in regulating the 
intermolecular packing modes of acceptors and the nanoscale 
morphology of blend films [15]. Additionally, sufficient peripheral 
fluorination is also beneficial for obtaining the smaller exciton binding 
energies (Eb) of acceptors and achieving the efficient exciton dissocia-
tion even under a quite small driving force [16]. Currently, peripheral 
fluorination primarily occurs at the terminal unit of acceptors [17]. 
However, when introducing too many fluorine atoms to terminal units, 
the lowest unoccupied molecular orbital (LUMO) energy levels of ac-
ceptors will drop greatly, leading to the mismatch with donors and 
deceasing open-circuit voltages of OSCs. Note that the CH-series ac-
ceptors developed by our group possess sufficient peripheral reactive 
sites on central units in addition to terminal units [14,18], which allows 
for the feasible fluorination not only at terminals but also at central 
units. Interestingly, the LUMO energy level of acceptors only experi-
ences a slight downward shift if conducting sufficient or even complete 
fluorination on central units.

Bearing these in mind, on a two-dimensional (2D) conjugated 
extended molecular platform, the sufficient fluorine atoms were intro-
duced into the dimeric molecular backbone, including central units, 
terminal units and connecting units (Fig. 1a). This provides a dimeric 
acceptor of CH14F with 14 fluorine atoms around the molecular skel-
eton, affording the most fluorine-rich molecular backbone among all the 
OSMAs currently. Benefitting from the secondary interactions induced 
by fluorine atoms, CH14F achieved the tighter and more ordered mo-
lecular packing. This thus helps to establish a better charge carrier 
transport pathway in films comparing to the control of CH10F with 10 
peripheral fluorine atoms only. By employing PM6 as a donor, PM6: 
CH14F binary devices achieved a good PCE of 18.36 %, with an excellent 
FF of 79.30 %. In contrast, PM6:CH10F only afforded a PCE of 16.38 % 
with a much lower FF of 74.45 %. In order to improve photovoltaic 
performance, CH6 was further added into PM6:CH14F blends to expand 
their absorption range. As a result, PM6:CH14F:CH6 ternary devices 
achieved an improved PCE of 19.72 % with an exciting FF of 80.25 %. 
More importantly, the PM6:CH14F device retained over 80 % of initial 
PCE after being continuously heated at 65 ◦C for 1032 h, providing a 
new insight into OSCs with excellent efficiency and stability 
simultaneously.

2. Results and discussions

The chemical structures of CH10F and CH14F were illustrated in 
Fig. 1a. The detailed description of molecular synthesis (Scheme S1 and 
S2) and characterized data/spectra have been summarized in Support-
ing Information. Notably, both the dimeric acceptors could achieve the 
satisfactory yields. The impact of more peripheral fluorination on the 
frontier molecular orbitals of acceptors was revealed by density func-
tional theory (DFT) calculations. As shown in Figure S1, both CH10F and 
CH14F exhibit relatively planar geometric shapes, but there is a signif-
icant difference in their dipole moments (0.97 Debye for CH10F and 
1.70 Debye for CH14F). If the similar molecular skeletons were applied, 
a larger dipole moment may promote the more compact and ordered 
packing of molecules, consequently, enlarge the FFs of OSCs through 
improving charge transport dynamic in blend films [19]. The highest 
occupied molecular orbitals (HOMOs) and LUMOs of CH10F and CH14F 
were illustrated in Fig. 1b. The HOMOs and LUMOs are alternately 
distributed across the central donor and terminal acceptor segments of 
molecular backbones, respectively, indicating an effective intra-
molecular charge transfer (ICT) [20]. Compared to CH10F, the HOMO 
energy level of CH14F is lowered by 0.06 eV, while the LUMO energy 

level is only lowered by 0.04 eV. Comparing to the fluorination at ter-
minals, peripheral fluorination at the central unit could not only in-
crease the fluorine density significantly but also minimize the 
downward shift of LUMO energy levels, thus preserving the high 
open-circuit voltage advantage. This manifests the advantages of central 
fluorination over terminal fluorination as we discussed above, especially 
for the delicately control of LUMOs. As shown in Figure S2, electrostatic 
potential (ESP) maps reveal that the central framework of CH10F ex-
hibits a significantly higher electron-rich character compared to CH14F, 
which is consistent with the downshifted HOMO energy level of CH14F.

Cyclic voltammetry (CV) characterization of films determines the 
HOMO/LUMO energy levels to be －5.63 eV/－3.77 eV for CH10F and 
－5.69 eV/－3.79 eV for CH14F (Fig. 1c and Figure S3). The reversal 
tendency of LUMO energy levels alignment from single molecules (DFT 
calculation) to solid films (CV) suggests the different molecular packing 
behaviors of CH10F and CH14F. The energy gap of CH10F is 1.86 eV, 
whereas that of CH14F is 1.90 eV. Furthermore, to assess the light- 
harvesting capabilities of CH10F and CH14F, their absorption spectra 
in both solutions and solid films were recorded and depicted in Fig. 1d. 
In diluted solutions, the maximum absorption peaks of CH10F and 
CH14F appeared at 753 and 739 nm, respectively (Table S1). The cor-
responding optical bandgaps of CH10F and CH14F were evaluated to be 
1.45 and 1.48 eV, respectively, by comparing their absorption edges of 
neat films. Compared to CH10F, the absorption spectra of CH14F in both 
solution and film exhibit an obvious blue shifting, which could be pri-
marily attributed to the more peripheral fluorination and agrees well 
with the CV results (Fig. 1c). Notably, the enlarged molar extinction 
coefficients for CH14F could be observed in solutions (2.47 ×105 M− 1 

cm− 1), comparing to that of CH10F with 1.76 × 105 M− 1 cm− 1 

(Figure S4), underscoring the enhanced light absorption conferred by 
the complete peripheral fluorination. To investigate the effect of pe-
ripheral fluorination on electron transport, we measured the electron 
mobility of CH10F and CH14F pure films by the space charge limited 
current (SCLC) measurements (Figure S5). CH14F demonstrated a larger 
electron mobility of 5.19 × 10− 4 cm− 2 V− 1 s− 1 than that of 3.69 × 10− 4 

cm− 2 V− 1 s− 1 for CH10F, which is consistent with our hypothesis that 
additional fluorination improves acceptor-mediated charge transport.

As we have mentioned above, sufficient peripheral fluorination is 
expected to induce the more compact and orderly stacking of molecules, 
thereby improving FFs of OSCs. Thus, we utilized grazing-incidence 
wide-angle X-ray scattering (GIWAXS) to elucidate the potentially pos-
itive impact of more peripheral fluorination (Fig. 2a and 2b) [21]. As 
depicted in the line-cut profiles from Fig. 2c, 2d and the parameters 
summarized in Table S2, both CH10F and CH14F exhibit the strong 
(010) peaks in the out-of-plane (OOP) direction, indicative of a face-on 
stacking arrangement. Notably, the intermolecular π-π stacking distance 
(dπ-π) and crystal coherence lengths (CCLs) of (010) peaks along the OOP 
direction were measured to be 3.79 and 26.06 Å for CH14F, while 3.81 
and 25.36 Å for CH10F, respectively. Additionally, the d-spacings/CCLs 
of the (100) peaks along the in-plane (IP) direction were 20.87/61.47 Å 
for CH10F and 20.60/68.96 Å for CH14F (Table S2). Apparently, the 
intermolecular packing distances slightly decrease but the CCLs increase 
in both OOP and IP directions after more peripheral fluorination on 
central units, suggesting a tighter and ordered molecular arrangement in 
CH14F film.

When molecules are arranged in a tight and organized stack, it may 
promote the delocalization of exciton vibrational relaxation across 
several molecules, which is beneficial for more efficient exciton disso-
ciation. Therefore, we conducted the temperature-dependent photo-
luminescence (PL) measurements to evaluate the energy barrier (Eb) for 
charge separation (similar to exciton binding energy) of CH10F and 
CH14F in their neat films [14]. As illustrated in Fig. 2e, 2f and S6, the 
variation of PL intensity along with the temperature could reflect the 
recombination of charge carriers back into emitting excitons [22]. 
Therefore, the quite small Eb of ~35 meV for CH10F and ~30 meV for 
CH14F have been afforded (Figure S6). It is worth noting that the 
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absolute values of Eb are hard to be obtained by temperature-varying PL 
herein, only the relative varying tendency between similar molecules is 
meaningful. This favorable characteristic of photogenerated excitons in 
CH14F films can boost effective exciton dissociation even driven by a 
quite small energy offset, meanwhile, suppress the non-radiative 
recombination from charge transfer (CT) states [23]. Furthermore, the 
pristine film of CH14F exhibits a higher dielectric constant (εᵣ) of 3.74 
than 3.56 for CH10F (Figure S7), which aligns with its larger dipole 
moment and stronger intermolecular interactions. The enhanced εᵣ may 
facilitate charge generation/migration, thereby contributing to 
improved FF and JSC.

In light of the proven advantages of more peripheral fluorination, the 
high-performance OSCs based on CH14F is expected. Herein, photo-
voltaic devices with a ITO/PEDOT:PSS/D:A blends/PNDIT-F3N/Ag ar-
chitecture were fabricated (Fig. 3a). Upon blending with the well- 
matched polymer donor of PM6 (Figure S8), OSCs based on PM6: 
CH10F achieved a PCE of 16.38 % (Table 1), along with a VOC of 
0.919 V, a JSC of 24.03 mA cm− 2, and an FF of 74.45 %. In contrast, after 
more peripheral fluorination on CH14F backbone, the PM6:CH14F- 
based OSCs exhibited a larger VOC (0.930 V) and JSC 
(25.04 mA cm− 2), yet demonstrated a significantly enlarged FF of 
79.30 %. Apparently, the more compact and ordered molecular stacking 
of CH14F should response for these improvements. What is more 
exciting is that when CH6 is introduced into the binary devices based on 
PM6:CH14F, the resulting ternary device reaches an excellent PCE of 
19.72 %, primarily due to the further enhancement of a JSC 
(27.93 mA cm⁻²) and FF (80.25 %) (Table 1 and Figure S9). The device 
fabrication details and photovoltaic data were presented in Supporting 
Information (Table S3~S20), and the best current density-voltage (J–V) 
curves of PM6:CH10F-, PM6:CH14F- and PM6:CH14F:CH6-based OSCs 
were shown in Fig. 3b. The external quantum efficiencies (EQEs) of three 
OSCs were also measured and illustrated in Fig. 3c. The integrated JSC 
can be calculated as 23.06, 23.85 and 26.57 mA cm⁻² for PM6:CH10F, 
PM6:CH14F and PM6:CH14F:CH6-based OSCs, respectively, matching 
well with their J–V tests. In comparison with the binary devices of PM6: 
CH14F, one of the reasons for the enhanced JSC in ternary devices of 
PM6:CH14F:CH6 is the expansion of photoelectric response from 

900 nm to nearly 950 nm which is attributed to CH6’s broad absorption 
(Fig. 1d). Concurrently, a significant increase, even surpassing 90 % at 
500–600 nm (Fig. 3c) in the EQE intensity for the PM6:CH14F:CH6 has 
been observed. This should be caused by some tangled factors, for 
example, the improved charge generation/transport, light harvesting or 
suppressed charge recombination, etc.

To disclose the root cause of better JSCs and FFs for PM6:CH14F and 
PM6:CH14F:CH6-based OSCs, a systematic study has been performed. 
Firstly, the exciton dissociation efficiency (Pdiss) was approximately 
evaluated by measuring the photoluminescence (PL) quenching of the 
blend films (Figure S10). CH14F possessed the higher Pdiss of 95.69 %, 
compared to CH10F with 91.60 %. And then we measured the depen-
dence of the photocurrent density (Jph) on the effective voltage (Veff) as 
shown in Fig. 3d. The exciton dissociation probability (ηdiss)/charge 
collection efficiency (ηcoll) values for the PM6:CH10F, PM6:CH14F and 
PM6:CH14F:CH6-based devices were found to be 95 %/80 %, 98 %/ 
90 %, and 98 %/92 %, respectively (Fig. 3d). The larger ηdiss/ηcoll values 
for CH14F-based devices suggest the more efficient charge generation 
and exciton dissociation, agreeing with their larger EQEs. Furthermore, 
transient photocurrent (TPC) decay analysis (Figure S11) reveals a 
shorter charge extraction time for the CH14F-based device (0.25 µs) 
compared to that of 0.38 µs for CH10F. Concurrently, transient photo-
voltage (TPV) decay fitting (Figure S11) demonstrates a longer charge 
carrier lifetime in the PM6:CH14F binary device (186 µs) than PM6: 
CH10F (121 µs). Those results disclose the superior charge extraction 
and suppressed charge recombination in CH14F system. Based on the 
SCLC measurements (Fig. 3e), the electron (µe) and hole mobilities (µh) 
of blend films could be roughly estimated, being 2.83 × 10− 4 and 
3.39 × 10− 4 cm− 2 V− 1 s− 1 for PM6:CH14F and 3.24 × 10− 4 and 
3.53 × 10− 4 cm− 2 V− 1 s− 1 for PM6:CH14F:CH6. Both of them surpassed 
the 1.76 × 10− 4 and 2.54 × 10− 4 cm− 2 V− 1 s− 1 for PM6:CH10F. Besides, 
the devices based on CH14F exhibit a more balanced μh/μe ratio of 1.20 
and 1.09, comparing to that of 1.44 for CH10F. The higher and more 
balanced charge mobilities observed in the CH14F-based device should 
be attributed to the tight and orderly molecular stacking caused by more 
peripheral fluorination, thereby leading to the improved JSC and FF.

Furthermore, the charge recombination behaviors were analyzed 

Fig. 2. (a, b) 2D GIWAXS patterns of neat films, respectively. (c, d) Line-cut profiles of CH10F and CH14F neat films. (e, f) The temperature-dependent PL spectra of 
neat film.
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and shown in Fig. 3f and 3g. Firstly, the JSC verses light intensity (Plight) 
dependency curves of all devices presented the slopes that are 
approaching unity, suggesting the greatly suppressed bimolecular 
recombination. Next, the dependence of VOC on Plight rendered an S/(kT/ 

q) value of 1.22 for PM6:CH10F, 1.16 for PM6:CH14F and 1.08 for PM6: 
CH14F:CH6, suggesting the stepwise suppressed trap-assisted charge 
recombination[24]. The EQEs for electroluminescence (EQEEL) of PM6: 
CH10F, PM6:CH14F and PM6:CH14F:CH6 based devices were presented 
in Fig. 3h with the non-radiative energy losses estimated to be 0.182, 
0.163 and 0.221 eV, respectively (Fig. 3i, S12 and Table S21) [23b]. The 
reduction in non-radiative energy losses for PM6: CH14F-based OSCs 
can be attributed to the improved molecular packing features and 
nanoscale film morphology, which also underscore the advantages of 
more peripheral fluorination on dimeric acceptors.

The improved device performances for OSCs are mainly owing to the 
more efficient charge generation/collection processes. These enhance-
ments are closely associated to the optimized morphologies of active 
layers. Therefore, atomic force microscopy (AFM) was performed to 
reveal the surface morphologies of blend films and the quite uniform and 
smooth surfaces could be observed generally for all the blend films 
(Fig. 4a and S13). In particular, PM6:CH14F:CH6 displayed a smoother 
surface morphology, indicted by a slightly smaller root-mean-square 
roughness (Rq) value of 0.77 nm, compared to PM6:CH10F blends 
(0.84 nm) and PM6:CH14F blends (0.81 nm). AFM-based infrared 
spectroscopy (AFM-IR) was further employed to detect the D/A inter-
penetrating structures. Herein, we use the specific infrared (IR) ab-
sorption at 2215 cm− 1 to detect the acceptors (Fig. 4b). By performing a 

Fig. 3. (a) Schematic diagram of the device architectures. (b) J–V curves for OSCs. (c) EQE plots and integrated JSC curves. (d) Jph versus Veff curves indicating ηdiss 
and ηcoll. (e) Hole and electron mobilities of the OSCs. (f) Light intensity (Plight) dependence of Jsc. (g) Light intensity (Plight) dependence of VOC. (h) The spectra of 
electroluminescence EQE. (i) Eloss and detailed three parts of ΔE1, ΔE2 and ΔE3 values of OSCs.

Table 1 
Summary of device parameters of the optimized OSCs.

Active 
layers

VOC 

(V)
JSC 

(mA cm¡2)
JSC

cal.b 

(mA 
cm¡2)

FF 
(%)

PCE 
(%)

PM6: 
CH10F

0.919 
(0.915 
± 0.007)

24.03 
(23.96 
± 0.39)

23.06 74.45 
(73.60 
± 3.08)

16.38 
(16.04 
± 0.28)

PM6: 
CH14F

0.930 
(0.927 
± 0.006)

25.04 
(24.93 
± 0.29)

23.85 79.30 
(78.95 
± 0.46)

18.36 
(18.19 
± 0.17)

PM6:CH6 0.858 
(0.859 
± 0.005)

27.56 
(26.83 
± 0.73)

26.24 77.86 
(79.19 
± 1.33)

18.33 
(18.13 
± 0.20)

PM6: 
CH14F: 
CH6

0.881 
(0.876 
± 0.003)

27.93 
(27.83 
± 0.10)

26.57 80.25 
(79.59 
± 1.27)

19.72 
(19.29 
± 0.43)

aAverage parameters derived from 10 independent OSCs (Table S15~S20). 
bCurrent densities calculated from EQE curves.
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statistical analysis of phase size (Fig. 4c), a gradually enlarged fibril 
diameter can be observed as 11.8, 20.0 and 26.7 nm for PM6:CH10F, 
PM6:CH14F and PM6:CH14F:CH6, respectively, suggesting the 
enhanced molecular crystallinity after more peripheral fluorination. 
Separation phase size correlates with the miscibility of PM6 and ac-
ceptors. Therefore, the surface tension (γ) and D/A miscibility were 
further assessed by measuring the contact angles (Figure S14 and 
Table S22). The compatibility of donor and acceptor was evaluated by 
calculating the Flory–Huggins interaction values (χ) [25]. Here, CH14F: 
CH6 has a χ value of 0.25, which is slightly higher than those of CH14F 
(0.17) and CH10F (0.13) (Figure S14 and Table S22). Such contributions 
might account for the enlarged separation phase size in PM6:CH14F: 
CH6 blends, which also aligns with the AFM-IR data (Fig. 4b).

The molecular packing behaviors in blend films were also unveiled 
by recording their GIWAXS patterns (Fig. 5a~5c and S15). All the blends 
afford the clear (010) peaks in the OOP direction and (100) diffraction in 
the IP direction, suggesting a dominant face-on molecular packing 
orientation (Fig. 5d, 5e and S15). In detail, the blend films exhibited a 
pronounced (010) diffraction peaks at 1.677 Å− 1 for PM6:CH10F, 
1.686 Å− 1and 1.702 Å− 1 for PM6:CH14F and PM6:CH14F:CH6 in OOP 

directions (Fig. 5d and Table S2), the smaller π–π stacking distance of 
3.73 Å and 3.69 Å for PM6:CH14F and PM6:CH14F:CH6 blends can be 
afforded comparing to that of 3.75 Å for CH10F-based one (Fig. 5f). 
Furthermore, the slightly larger CCLs for PM6:CH14F(29.30 Å) and 
PM6:CH14F:CH6 (32.13 Å) can be also observed than that of 26.30 Å for 
PM6:CH10F (Figure S16 and Table S2), indicating more ordered mo-
lecular packings in CH14F-based blends. PM6:CH14F and PM6:CH14F: 
CH6 possess shorter π–π stacking distance (21.59 Å and 21.44 Å) and 
larger CCLs (78.54 Å and 84.40 Å) compared to PM6:CH10F (21.89 Å 
and 74.41 Å) in IP direction (Fig. 5f, S16 and Table S2). Generally, the 
enhanced charge migration and higher FF observed in OSCs based on 
CH14F blends can be attributed to the more compact π–π stacking.

To investigate the effect of the peripheral fluorination on stability, 
thermal stability, storage stability and photostability of the devices 
based on CH10F and CH14F were evaluated (Figure S17, Figure S18 and 
Figure S19). The initial efficiency of the unencapsulated PM6:CH14F- 
based devices was 18.06 %, and still retained 80 % after 1032 h under 
continuous heating at 65 ◦C. On the contrary, devices based on PM6: 
CH10F rapidly degrade under the same conditions and have already 
decayed to 82 % of the initial PCE after 240 h (Figure S17). In addition, 

Fig. 4. (a) AFM height and (b) AFM-IR images recorded at 2215 cm− 1 of the blend films. (c) Statistical distribution of fibril diameters for blend films.
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for devices located in nitrogen glove box at the room temperature, 
approximately 89 % of their initial PCE could be maintained after 
3792 h for devices based on CH14F (Figure S18), while only 84 % of 
their initial efficiency was maintained after 504 h for devices based on 
CH10F (Figure S18). Furthermore, the PM6:CH14F binary device 
maintained the 87.39 % of its initial performance after 185 h under 1 
sun illumination, while the PM6:CH10F device showed the faster 
degradation, retaining only 81.14 % of its PCE over the equivalent time 
period (Figure S19). This sharply contrasting difference could be 
attributed to the more fluorine induced secondary interactions, which 
enhanced the morphology stability of blend films of CH14F (Figure S20).

3. Conclusion

In order to overcome the defects of oligomeric SMAs caused by the 
reduction in molecular symmetry and planarity, sufficient fluorine 
atoms were introduced into the active sites of molecular skeleton, 
providing a dimeric acceptor of CH14F containing 14 peripheral fluo-
rine. Benefitting from the enhanced intermolecular secondary in-
teractions induced by more fluorine, CH14F exhibits the stronger and 
more ordered molecular stacking comparing to its control molecule of 
CH10F with only 10 peripheral fluorine atoms. This favorable molecular 
stacking feature of CH14F helps to establish a better charge carrier 
transport pathway in blend films. Therefore, OSCs based on PM6:CH14F 
achieved a good PCE of 18.36 % with an excellent FF of 79.30 %, which 
is far superior to the OSCs based on CH10F with 16.38 % PCE and 
74.45 % FF. By further employing CH6 as a third component, PM6: 
CH14F:CH6-based ternary OSCs afford an increased PCE of 19.72 % 
and more exciting FF of 80.25 %. More importantly, the device based on 
PM6:CH14F maintained over 80 % of its initial PCE after continuous 
heating at 65 ◦C for 1032 h, while the T80 of PM6:CH10F was only 
240 h. By constructing such a 14 fluorine-containing or the most 
fluorine-rich OSMAs, our work highlights the great importance of suf-
ficient fluorination (especially central fluorination) in overcoming the 
inferior intermolecular stacking strength and ordering caused by the 
reduction in molecular symmetry and planarity, especially, provides a 
potential pathway to establish OSMAs-based OSCs with excellent effi-
ciency and stability simultaneously.
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