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Balancing Flexible Side Chains on 2D Conjugated Acceptors
Enables High-Performance Organic Solar Cell

Xingqi Bi, Shitong Li, Tengfei He, Hongbin Chen, Yu Li, Xinyuan Jia, Xiangjian Cao,
Yaxiao Guo, Yang Yang, Wei Ma, Zhaoyang Yao,* Bin Kan, Chenxi Li, Xiangjian Wan,
and Yongsheng Chen*

Balancing the rigid backbones and flexible side chains of light-harvesting
materials is crucially important to reach optimized intermolecular packing,
micromorphology, and thus photovoltaic performance of organic solar cells
(OSCs). Herein, based on a distinctive CH-series acceptor platform with 2D
conjugation extended backbones, a series of nonfullerene acceptors
(CH-6F-Cn) are synthesized by delicately tuning the lengths of flexible side
chains from n-octyl to n-amyl. A systemic investigation has revealed that the
variation of the side chain’s length can not only modulate intermolecular
packing modes and crystallinity but also dramatically improve the
micromorphology of the active layer and eventual photovoltaic parameters of
OSCs. Consequently, the highest PCE of 18.73% can be achieved by OSCs
employing D18:PM6:CH-6F-C8 as light-harvesting materials.

1. Introduction

Organic solar cell (OSC) has unique characteristics such as
flexibility, nontoxicity, good transparency, etc.[1–5] Moreover,
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large-area OSC panels can be manufac-
tured by low-cost solution processing meth-
ods, which further improves their com-
mercial feasibility.[6–15] These advantages
make their great potential applications
that can complement traditional silicon-
based photovoltaic cells well.[16–24] In re-
cent years, the power conversion efficien-
cies (PCEs) of OSCs increased rapidly
and have exceeded 19% for single-junction
devices.[25–35] Thanks to the extensive explo-
ration of A-D-A type acceptors, their tun-
able structure and energy levels enable or-
ganic photovoltaic devices to achieve the
short circuit current (JSC), open circuit volt-
age (VOC) and fill factor (FF) in a bal-
anced manner to achieve higher PCEs.[36–58]

In 2019, Zou et al. reported a noteworthy molecule, de-
noted as Y6,[59] featuring an electron-withdrawing benzothia-
diazole as the central unit. Since then, numerous modifica-
tions have been conducted on the Y6 framework with the aim
of fine-tuning intermolecular packing properties and nanoscale
morphologies.[29,30,59–62] Notably, much optimization to the side
chains has been proven as a crucial factor in achieving bet-
ter photovoltaic performances of OSCs greatly. For instance,
Hou’s group has synthesized a series of compounds, namely
BTP-eC11, BTP-eC9, and BTP-eC7, by gradually shortening the
lengths of the side chain.[60] Among them, BTP-eC9 exhib-
ited exceptional solubility along with improved intermolecu-
lar ordering, which makes it one of the best acceptor ma-
terials so far.[29] Furthermore, Sun et al. explored an accep-
tor (L8-BO) by incorporating 2-butyloctyl alkyl chain as side
groups, which contributed to OSCs with a remarkable PCE
of 18.2% and an excellent FF exceeding 81%.[30] In a simi-
lar approach, Yan et al. replaced alkyl side groups with aro-
matic ones, resulting in a significant enhancement in PCEs.[61]

The studies above revealed that delicately tuning side chains
on such an excellent Y6 backbone could regulate simultane-
ously the solubilities, light absorptions, crystallinity, accumula-
tion modes, and phase separations of light-harvesting materials,
thus could maximize the resulting photovoltaic performances of
OSCs.

Recently, a series of CH-series acceptors have been devel-
oped by our group, which are featured with 2D conjugated
backbones.[38,63,64] Note that the conjugated extension of CH-
series acceptors with respect to that of Y6 could give rise to
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Figure 1. a) Chemical structures of CH-6F, CH-6F-C8, and CH-6F-C5. b) Normalized absorption spectra of neat films. c) Energy levels derived from the
CV of neat films.

much enhanced intermolecular actions through more efficient
𝜋–𝜋 stacking and superior intermolecular packing modes.[63,64]

As a result, CH-series acceptors demonstrate smaller exciton
binding energies, larger relative dielectric constants, and im-
proved molecular crystalline ordering compared to those of
Y6.[65] It would be really exciting that if the evolution path-
way of previous successful optimization of side chains on Y6
could be one lesson, CH-series acceptors are very likely to af-
ford a more promising molecular platform capable of reach-
ing record-breaking OSCs, especially when taking their vari-
ous structural modification possibilities into consideration.[63–67]

Based on this, three CH-series molecules of CH-6F, CH-6F-C8,
and CH-6F-C5 with different lengths of side chains at the thio-
phene beta position were constructed (Figure 1a). The short-
ening of side chain length changes the physicochemical prop-
erties of acceptors, micromorphology of blended active layers,
charge transfer/transport kinetics, and even photovoltaic param-
eters to some degree. Among them, CH-6F-C8 demonstrates
fewer molecular conformations and intermolecular accumula-
tion modes, enhanced molecular packing order, and suppressed
non-radiative recombination in photovoltaic devices compared
to CH-6F and CH-6F-C5. Thus, OSCs based on D18:CH-6F-C8
reached a PCE up to 18.15% and further increased to 18.73%
after adding polymer PM6 as the third component. Our work
revealed that for the current highly efficient CH-series ma-
terials, although typical 2D conjugated extension of molecu-
lar backbone significantly enhances the accumulation between
molecules, and even solidifies the micromorphology to a cer-
tain extent, the fine regulation of side chains will still have
a significant impact on their basic physicochemical proper-
ties, aggregation behaviors and even final PCEs of resulting
OSCs.

2. Results and Discussions

2.1. Synthesis and Characterization

Compound CH-6F, CH-6F-C8, and CH-6F-C5 were synthesized
through a similar method according to the literature[38,63,64] and
the detailed procedures and characterizations were deposited in
the Supporting Information and Schemes S1–S4 (Supporting In-
formation). The UV–vis spectra of these CH-series acceptors-
based films are presented in Figure 1b. The very similar optical
bandgaps (Eg

opt) of CH-6F, CH-6F-C8, and CH-6F-C5 could be
derived from their thin-film onset absorption wavelengths (𝜆onset)
of 897, 896, and 903 nm, being 1.38, 1.38, and 1.37 eV, respec-
tively (Table S1, Supporting Information). The CH-6F-C5 film
exhibits a slightly red-shifted absorption, indicating the possi-
ble formation of more compact packings in its neat films. Cyclic
voltammetry (CV) was employed in order to assess the energy
levels of frontier molecular orbital (Figure 1c; Figure S1, Sup-
porting Information). The lowest unoccupied molecular orbital
(LUMO) energy levels of CH-6F, CH-6F-C8, and CH-6F-C5 are
almost identical, being −3.83, −3.83, and −3.84 eV, respectively.
Whereas the highest occupied molecular orbital (HOMO) energy
levels gradually move up from −5.72, –5.70 to –5.68 eV. There-
fore, the bandgaps decreased slightly with the shortening length
of side chains from 1.89, 1.87 to 1.84 eV. The similar but slightly
smaller bandgap for CH-6F-C5 with respect to the other two ac-
ceptors is roughly consistent with the trend of optical bandgaps.

2.2. Molecular Packing in Single Crystals

Our previous investigations have revealed that even a mi-
nor structural change in CH-series acceptors could result in
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Figure 2. Molecular packing diagrams in single crystals (top view). Red: end unit (E); blue: central unit (C). The packing modes with >|70| kJ mol−1 UNI
intermolecular potentials were extracted.[68]

significant variation of intermolecular packings and the eventual
photovoltaic performance of OSCs.[50] In a similar fashion, the
different lengths of side chains may also have a significant in-
fluence on the molecular stacking of acceptors. Consequently,
single-crystal X-ray diffraction analysis of these CH-series accep-
tors was conducted to unveil the variation of molecular stacking
modes arising from the different side chains. By use of a slow sol-
vent diffusion method with methanol as an antisolvent, needle-
like single crystals for CH-series acceptors were obtained in the
chloroform phase.[43] The parameters of CH-6F, CH-6F-C8, and
CH-6F-C5 single crystals were illustrated in Table S2 (Supporting
Information). As displayed in Figure S2 (Supporting Informa-
tion), all three acceptors are featured with helical molecular ge-
ometries and banana-curved profiles. Among them, CH-6F and
CH-6F-C5 show two configurations, whereas CH-6F-C8 has only
one. The less conformation of CH-6F-C8 may be in favor of form-
ing more ordered molecular stacking and further contribute to
much lower energetic disorders.[50] The distances (dS-N) between
the N atoms on the phenazine unit and S atoms on adjacent thio-
phenes are 3.30–3.37 Å, slightly smaller than the sum of their van
der Waals radius (≈3.45 Å) and indicative of the possible pres-
ence of effective S–N interactions. Note that the efficient S–N in-
teractions provide extra strength to maintain the relatively planar
molecular backbones.[32]

As shown in Figure 2, different lengths of side chains on 2D-
conjugated CH-series acceptors indeed result in different inter-
molecular stacking modes and 3D molecular packing network
structures. For CH-6F, four stacking modes have been identi-
fied: Mode 1, referred to as “E/E-1,” involves 𝜋–𝜋 interactions

of end units from two molecules. Mode 2 represents distinctive
dual-end groups and bridged units’ stackings between neighbor-
ing molecules (dual E/b). Mode 3 is characterized by tight in-
termolecular packing involving not only end units but also cen-
tral cores (E/E+C/C). Additionally, CH-6F also exhibits Mode
4 (E/E-2), which is not presented in CH-6F-C8 and CH-6F-C5
crystals. In the cases of CH-6F-C8 and CH-6F-C5, three simi-
lar stacking modes have been observed: “E/E-1,” “dual E/b” and
“E/E+C/C.” Among these, Mode 3 is particularly noteworthy as it
has also been observed in highly efficient Y6 and CH series small
molecules. Mode 3 exhibits the largest overlap area between
neighboring molecules, leading to a substantial enhancement
in intermolecular interactions. The corresponding intermolecu-
lar stacking potential energy of Mode 3 (−230 to –240 kJ mol−1)
is significantly higher compared to those of Mode 1 (−85 to –
90 kJ mol−1) and Mode 2 (−170 to –180 kJ mol−1). In addition,
the denser molecular accumulations for CH-6F-C8 and CH-6F-
C5 may be formed with a much smaller void size of ≈10 * 16 Å
than that of ≈25 * 15 Å for CH-6F. It is believed that such re-
duced pore sizes may facilitate the formation of more efficient
3D charge transport channels.[64]

2.3. Photovoltaic Properties

Different molecular aggregation properties should impact the
photovoltaic performances of OSCs. Therefore, OSCs with an
architecture of ITO/PEDOT: PSS/Active layer/PNDIT-F3N/Ag
(Figure 3a) were fabricated. As regards active layers, a polymer
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Figure 3. Photovoltaic performances. a) Device structure. b) J--V curves. c) PCE variations counted by ten devices. d) EQE spectra and integral JSC values.

donor D18[28] with matched energy levels and complementary
absorption spectra was selected to blend with CH-6F, CH-6F-
C8, and CH-6F-C5 to compose the active layers. As summa-
rized in Tables S3–S8 (Supporting Information), each system
has been systematically optimized. The optimal device parame-
ters including J–V curves for each system are shown in Table 1
and Figure 3b. The device based on CH-6F-C8 presents an im-
pressive PCE of 18.15% better than that of 17.26% for CH-6F-
based devices, along with both excellent JSC of 26.12 mA cm−2

and VOC of 0.901 V. CH-6F-C5-based OSCs has slightly lower ef-
ficiency of 17.81%, mainly due to their inferior VOC (0.887 V)
and JSC (25.81 mA cm−2) compared to those of CH-6F-C8-
based one. The efficiency distributions counted by ten devices
(Figure 3c) showed excellent device reproducibility for all three
acceptors. Note that despite similar bandgaps of CH-6F and CH-
6F-C8, a higher VOC of 0.901 V for CH-6F-C8-based OSCs than
that of 0.894 V suggests a probably suppressed non-radiative
recombination.[69] Besides, considering the importance of device
lifespan, the thermal stability of OSCs was preliminarily inves-

tigated. As shown in Figure S4 (Supporting Information), after
heating all devices at 65 °C for 480 h, the PCEs of CH-6F-, CH-
6F-C8-, and CH-6F-C5-based binary OSCs could be maintained
above 90% of their initial PCEs.

The external quantum efficiency (EQE) spectra were measured
and presented in Figure 3d. The integrated current densities de-
rived from the corresponding EQE plots are 24.68, 25.89, and
25.61 mA cm−2 for D18:CH-6F, D18:CH-6F-C8, and D18:CH-6F-
C5-based OSCs, respectively. To investigate the reasons for the
differences in EQE spectra and JSC of D18:CH-6F, D18:CH-6F-
C8, and D18:CH-6F-C5 systems, absorption spectra of blended
films were measured. As shown in Figure S5 (Supporting Infor-
mation), CH-6F-C8 displays slightly larger absorption extinction
coefficients than those of CH-6F-C5 and CH-6F. The larger ab-
sorption extinction coefficient of CH-6F-C8 is beneficial for utiliz-
ing photons, which should partially account for its higher EQEs
in OSCs. Then, photo-luminescence (PL) spectra were mea-
sured in order to understand the charge transfer processes occur-
ring at the donor and acceptor interface. Figure S6 (Supporting

Table 1. Optimized device performances for D18:CH-6F, D18:CH-6F-C8, D18:CH-6F-C5 and D18:PM6:CH-6F-C8.

Active layer VOC [V] JSC [mA cm−2] JSC
cal [mA cm−2] FF [%] PCE [%]

D18:
CH-6F

0.894
(0.898 ± 0.003)

24.81
(24.43 ± 0.28)

24.68 77.8
(77.6 ± 0.4)

17.26
(17.04 ± 0.13)

D18:
CH-6F-C8

0.901
(0.899 ± 0.002)

26.12
(25.96 ± 0.29)

25.89 77.1
(77.4 ± 0.7)

18.15
(18.07 ± 0.05)

D18:
CH-6F-C5

0.887
(0.887 ± 0.003)

25.81
(25.58 ± 0.44)

25.61 77.4
(77.5 ± 0.9)

17.81
(17.62 ± 0.14)

D18:PM6:
CH-6F-C8

0.888
(0.885 ± 0.002)

26.59
(26.65 ± 0.35)

26.48 79.3
(78.2 ± 0.6)

18.73
(18.43 ± 0.19)
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Figure 4. a) Jph versus Veff curves. b) Light intensity (Plight) dependence of JSC. c) Light intensity (Plight) dependence of VOC. d) Histograms of the electron
mobility (μe) and hole mobility (μh). e) Transient photocurrent measurements. f) Transient photovoltage measurements.

Information) demonstrates that after blending with D18, the film
of D18:CH-6F-C8 exhibits the largest PL quenching efficiency
of acceptor emission, reaching 96.2%, followed by the D18:CH-
6F-C5 film with 90.2% and the D18:CH-6F film with 90.1%, re-
spectively. These results indicate a more efficient charge trans-
fer between the acceptor and D18 in the D18:CH-6F-C8-based
blended films and match the highest short-circuit current den-
sity obtained by its devices. As shown in Figure 4a, measure-
ments of photocurrent density (Jph) versus effective voltage (Veff)
were conducted under short-circuit conditions to further gain in-
sights into the charge generation and migration in OSCs. The
efficiencies of exciton dissociation (𝜂diss) and charge extraction
(𝜂coll) can be obtained by comparing the ratio of Jph/Jsat un-
der the short-circuit condition and the maximum power output
point, respectively. Here, Jsat represents Jph reaching a saturated
state. As a result, the D18:CH-6F-C8 device exhibits the highest
𝜂diss/𝜂coll (98.75%/89.6%) in comparison with those of D18:CH-
6F (97.8%/86.8%) and D18:CH-6F-C5 (98.4%/87.8%) devices,
indicating better exciton dissociation and charge collection in
D18:CH-6F-C8 devices, which should also account for its high-
est EQE response.

Subsequently, charge recombination processes of OSCs were
further evaluated by measuring the change of JSC/VOC with light
intensity (Plight). Under different Plight, the corresponding JSC fol-
lows the equation JSC ∝ (Plight)

𝛼 . The closer the value of 𝛼 to
the unit, the less degree of bimolecular recombination should be
suggested.[64] As shown in Figure 4b, the 𝛼 of the three systems
is basically the same and very close to one unit, which is 0.997,
0.998, and 0.997, respectively, indicating that the bimolecular re-

combination in all three devices is rather low and is not an is-
sue for these devices. Then, the trap-assisted recombination was
evaluated by the exponential S in relational VOC ∝ S * ln (Plight). A
value of S closer to kT/q indicates that the trap-assisted recombi-
nation is suppressed. Among the three systems, CH-6F-C8-based
OSCs have the smallest slope of 1.10 kT q−1, which is significantly
lower than that of the D18:CH-6F (1.20 kT q−1) and CH-6F-C5
(1.15 kT q−1)-based devices, indicating that the defect-assisted re-
combination degree in the D18:CH-6F-C8-based devices is the
smallest. In Table S12 (Supporting Information), a summary of
all relevant parameters has been presented.

The charge mobilities for the hole (μh) and electron (μe) were
measured by employing the space-charge limited current (SCLC)
method and illustrated in Figure 4d. D18:CH-6F/D18:CH-6F-C5
exhibits hole mobility of 1.64/1.42 × 10−4 and electron mobility
of 1.49/1.53 × 10−4 cm2 V−1 s−1, respectively. Notably, the de-
vices based on D18:CH-6F-C8 exhibits a hole and electron mo-
bility of 2.03 × 10−4 and 2.15 × 10−4 cm2 V−1 s−1, respectively.
Comparatively, the devices based on D18:CH-6F-C8 exhibit the
most effective and balanced mobilities when compared to those
of D18:CH-6F/D18:CH-6F-C5. This balanced mobility profile is
conducive to efficient charge transport and suppressed recombi-
nation, leading to an enhanced JSC of OSCs. Moreover, the tran-
sient photocurrent and photovoltage (TPC and TPV) decay kinet-
ics of these devices are shown in Figure 4e,f and Figure S7 (Sup-
porting Information). As plotted in Figure 4e, the extraction time
based on D18:CH-6F-C8 device is 0.34 μs, slightly smaller than
that of D18:CH-6F (0.54 μs) and D18:CH-6F-C5 (0.38 μs), which
implies that the charge extraction is very rapid and less charge is
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Figure 5. Morphology characterization of blend films. a–c) TEM images. d–f) AFM height images. g–i) 2D GIWAXS patterns of the D18:CH-6F, D18:CH-
6F-C8, and D18:CH-6F-C5-based devices.

trapped in D18:CH-6F-C8 based devices. Additionally, the photo-
generated carrier lifetime of devices based on D18:CH-6F-C8 is
97 μs according to the TPV characterization (Figure 4f), which is
much longer than that of D18:CH-6F (59 μs) and D18:CH-6F-C5
(73 μs). This suggests that the charge recombination process has
been suppressed in D18:CH-6F-C8 system, in good accordance
with results in above recombination behavior measurements.

In order to achieve a higher PCE for CH-6F-C8-based OSCs,
PM6 was selected as the third component.[26,70] Excitingly,
D18:PM6:CH-6F-C8-based ternary OSC affords an improved
PCE of 18.73%, along with enhanced JSC of 26.48 mA cm−2 and
FF of 79.3% as collected in Table 1. The J–V curves and EQE plots
of the best devices are displayed in Figure S8 (Supporting Infor-
mation). As shown in Figure S8 (Supporting Information), the
ternary devices have obviously higher EQE values of 600–700 nm.
To explain the increase in EQE, absorption spectra of binary and

ternary blended films were carried out. As shown in Figure S5b
(Supporting Information), ternary blended films exhibit stronger
absorption at 600–700 nm, which should come from the absorp-
tion of PM6.

2.4. Morphology Analysis

To unveil the influence of the side chain’s length on phase sepa-
ration, we further resorted to transmission electron microscopy
(TEM) and atomic force microscopy (AFM). It is clear that the
whole film presents a uniform and flat surface in D18:CH-6F
blended film from the TEM image (Figure 5a). AFM images
(Figure 5d,f) further corroborate the flat surface in D18:CH-
6F blended films and the root mean square (RMS) of sur-
face roughness is 0.71 nm. The regular fibrous structure can
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Table 2. Detailed values for energy losses of OSCs.

Active layer Eg [eV] VOC [V] Eloss [eV] VSQ
OC [V] ΔE1 [eV] ΔE2 [eV] ΔE3

[a] [eV] EQEEL [×10−4] ΔE3
[b] [eV]

D18:CH-6F 1.418 0.894 0.524 1.154 0.264 0.071 0.189 2.04 0.221

D18:CH-6F-C8 1.420 0.901 0.519 1.157 0.263 0.068 0.188 5.58 0.195

D18:CH-6F-C5 1.421 0.888 0.534 1.158 0.263 0.065 0.205 0.77 0.246

a)
Calculated from VSQ

OC through the equation of ΔE3 = Vrad
OC − qVOC ;

b)
Calculated from the EQEEL through the equation of ΔE3 = − kTln (EQEEL).

be seen in the TEM images of D18:CH-6F-C8 blended films
(Figure 5b), forming a suitable phase separation scale. Mean-
while, the RMS is slightly increased to 0.87 nm (Figure 5e).
D18:CH-6F-C5 blended film shows large-scale phase separation
with some large light/dark regions discretely distributed on its
TEM images (Figure 5c) and the largest RMS of 2.08 nm can
be also obtained (Figure 5f). This rough surface topography may
be due to excessive molecular aggregation as the side chains
shorten.

To intuitively compare the differences among the three blend
films, we have conducted a statistical analysis of nanofiber size
(Figure S9, Supporting Information). A gradually increased fiber
size can be observed with 8.9 nm for CH-6F 10.4 nm for CH-
6F-C8 and 16.6 nm for CH-6F-C5, suggesting that shortening
the side chain could enhance molecular crystallinity and enlarge
phase domain sizes. As shown in Figure S10 and Table S13
(Supporting Information), 𝜒 D: A for D18: CH-6F-C8 (0.58) and
D18:CH-6F-C5 (0.66) are slightly larger than that of D18: CH-6F
(0.51), indicating lower D/A miscibility after shortening the side
chain of SMAs. This may contribute to the higher domain pu-
rity and larger nanofiber size, which is in good accordance with
results from AFM and TEM images.

To further comprehend the molecular packing in neat and
blended films, grazing incidence wide-angle X-ray scattering (GI-
WAXS) was carried out. As shown in Figure S11 (Supporting In-
formation), the neat CH-6F, CH-6F-C8, and CH-6F-C5 films ex-
hibit a pronounced (010) peak at ca. 1.73, 1.73 and 1.83 Å−1 in
out-of-plane (OOP) direction respectively, indicating preferential
face-on molecular packing patterns. Note that CH-6F-C5 displays
the more prominent (010) diffraction peaks with slightly shifted
to larger q values, indicative of a shorter 𝜋-𝜋 stacking distance
of 3.43 Å than those of 3.64 Å for CH-6F and 3.62 Å for CH-
6F-C8. In addition, CH-6F-C5 exhibits more diffraction peaks in
the out-of-plane direction due to its stronger crystallinity. Mean-
while, In the in-plane (IP) direction, the (100) diffraction peaks
of CH-6F, CH-6F-C8, and CH-6F-C5 are located at 0.32, 0.36,
and 0.39 Å−1, respectively, indicative of gradually decreasing in-
terchain distances of 19.97, 17.68 and 15.99 Å, respectively. As
shown in Figure 5g,i, after blending with the D18 donor, the
sharp peaks of (010) and (100) diffractions can be still observed in
OOP and IP directions, respectively, suggesting that the preferen-
tial face-on orientation has been well maintained. As it is summa-
rized in Table S15 (Supporting Information), the (010) diffraction
peaks in the OOP direction for three blended films are located at
1.71, 1.72, and 1.83 Å−1, corresponding to the 𝜋-𝜋 stacking dis-
tances of 3.67, 3.66, and 3.43 Å, respectively. On the other hand,
the interchain stacking distances of D18:CH-6F, D18:CH-6F-C8,
and D18:CH-6F-C5 blend films are 20.27, 19.93, and 20.14 Å,
respectively.

As the CH-6F side chain shortened to C8, the stacking distance
of 𝜋–𝜋 and the stacking distance between chains were decreased.
This enhances the ordering of the active layer. After further short-
ening the C8 side chain to C5, the phase separation scale of the
D18:CH-6F-C5 blend film becomes too large, thus the film be-
comes non-uniform, and the system may experience significant
nonradiative recombination losses. In short, among the three
molecules, CH-6F-C8 presents the most suitable stacking, form-
ing obvious fiber-like surface morphologies in the D18:CH-6F-
C8 pristine film. This optimized structure is likely to lead to the
fewest trap-assisted recombination and improved performance
of D18:CH-6F-C8-based devices.(Table 2)

2.5. Energy Loss Analysis of OSCs

Herein, we conducted a comprehensive energy loss analysis to
quantitatively assess the voltage loss in D18:CH-6F-Cn-based de-
vices. By applying the detailed balance theory, the total Eloss was
partitioned into three parts, as described below.[71,72]

Eloss = (Eg − qVSQ
OC) +

(
qVSQ

OC − qV rad
OC

)
+

(
qV rad

OC − qVOC

)
= ΔE1 + ΔE2 + ΔE3 (1)

The bandgaps (Eg) of blended films, determined by the sen-
sitive EQE (EQEPV) spectra are ≈1.42 eV for all three accep-
tors. Therefore, the energy loss of the first part (ΔE1) for three
acceptors-based devices is similar (≈0.265 eV). The ΔE2 is usu-
ally defined as additional radiative recombination loss caused by
absorption below the bandgap. For D18:CH-6F, D18:CH-6F-C8,
and D18:CH-6F-C5 based OSCs, ΔE2 values were determined to
be 0.071, 0.068, and 0.065 eV, respectively. The ΔE3 is nonradia-
tive energy loss. Herein, D18:CH-6F-C8-based OSCs afford the
smallest ΔE3 of 0.188 eV among the three acceptors, which is
further supported by the notably higher external electrolumines-
cence quantum efficiency (EQEEL). Therefore, the higher VOC of
the D18:CH-6F-C8-based devices can be attributed to the reduc-
tion in radiative and non-radiative recombination losses.[73–75]

3. Conclusion

Three acceptors, CH-6F-Cn (n = 5, 8, and 11), have been de-
signed and synthesized to study the significant effects of flexible
side chain lengths on our recently developed 2D conjugated CH-
series acceptor platform. A systemic investigation has revealed
that CH-6F-C8, with a balanced side chain group, could afford
more favorable morphology with a clear and regular nanofiber
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structure and moderate 𝜋–𝜋 stacking distance and inter-chain
stacking distance when blended with donor D18 material, thus
rendering the device with more efficient exciton dissociation, bal-
anced hole/electron mobility (μh/μe) and less charge recombina-
tion. Thus, a champion PCE of 18.73% of the D18:PM6:CH-6F-
C8 system trinary OSCs was achieved. These results indicate that
for the current highly efficient CH-series materials, in addition to
the already observed significant improvement from the 2D conju-
gated extension of molecular backbone to their performance, the
widely used fine regulation of side chains could also have a great
impact on their basic physicochemical properties and even final
PCEs. This would clearly offer a promising direction for the fur-
ther optimization of CH-series materials with already observed
high performance.
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the author.
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