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Abstract

Molecular design and synthesis of non-fullerene acceptors are critical for the advancement of organic
solar cells (OSCs). In this study, a new series of acceptor - donor- acceptor (A - D - A)-type non-fullerene
acceptors incorporating an oxindole-based = -bridge- denoted WH7, WH11, and WH17, each bearing
distinct branched alkyl side chains- has been developed for bulk-heterojunction OSCs. These side-chain
substituents enable fine tuning of the morphology of the corresponding polymer blends. In preliminary
device optimisation, OSCs exhibited power conversion efficiencies (PCEs) of 5.83% for WH7 with an
octylindoline side chain, 5.33% for WH11 with a (2-ethylhexyl)indoline side group, and 4.26% for WH17
with a butylindoline side group. Upon application of appropriate solvent vapour annealing (SVA), particularly
SVA followed by thermal annealing (TA), the device performance was significantly enhanced. Notably, an
optimised film morphology yielded a maximum PCE of 8.21% with a high fill factor (FF) of 0.65 for the non-
fullerene acceptor WH7 bearing octyl side chains.By employing the space-charge limited current (SCLC)
model to test charge transport and utilizing atomic force microscopy (AFM) to examine morphology, we
determined that solvent treatment enhances performance through increased and more balanced charge
transport, as well as the development of smoother, compact surface morphologies. These factors contribute
to the enhancement of short-circuit current density (Jsc) and FF. This study provides a compelling example
of how side-chain engineering can be used to adjust molecular packing, charge transport, and blend
morphology of acceptors. Additionally, solvent treatment presents a straightforward and effective approach
to improving the efficiency of OSCs.

Keywords

branched alkyl chain, non-fullerene acceptor, solvent vapor annealing, organic solar cells, side-chain
engineering

1.Introduction

Bulk-heterojunction (BHJ) solar cells, formed from a blend of electron-donating m-conjugated polymers
and electron-accepting organic semiconductors, have received enormous academic and industrial
enthusiasm, because of promising advantages such as light weight, mechanical flexibility, and solution-
processed production.’?21The efficiency of OSCs has now been enhanced by more than 20% through
fundamental understanding, new materials synthesis, and device architecture innovation.3-¢ For p-type
semiconductors, conjugated polymers have been well developed and played a key role in the PSC
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applications for many years.”8To improve the photovoltaic performance of OSCs, a variety of n-type
semiconductors with different fused-ring structures have been designed and synthesized.®'° Typically,
fused-ring nonfullerene molecular acceptors consist of a central core, two terminal acceptor units, and side
chains.'12In general, the backbone units have a big influence on the optical and electrical properties of
non-fullerene molecular acceptors.'314

Side-chain engineering is another effective way to tune the energy levels of the acceptors and the
morphology of their blend active layers for improving their photovoltaic performance.'>'® For example, by
introducing branched alkyl chains at the [-position of thiophene moieties on a Y6-based
dithienothiophen[3,2-b]-pyrrolobenzothiadiazole core, Li et al. developed a series of high-performance non-
fullerene acceptors.!” This side-chain modification modulates molecular packing behavior, enhances
structural order and charge transport in thin films, and delivers a PCE of 18.32% for single-junction organic
solar cells. Similarly, Fei et al. modified the side chains of ITIC with alkyl groups to synthesize C8-ITIC. C8-
ITIC exhibits a reduction in the optical band gap, higher absorptivity, and an increased propensity to
crystallize, and the corresponding PBDB-T-based blend films achieve a high PCE of 12.4%.8 in addition,
Yao et al. replaced the 2-ethylhexyl groups on the 1r-bridge of IEIC with alkoxy side chains to synthesize
IEICO." |EICO possesses a substantially narrower optical band gap of 1.34 eV and exhibits strengthened
molecular packing. As a result, IEICO-based devices deliver an improved PCE of 8.4% with higher Jscand
FF compared to IEIC-based counterparts. However, most side-chain engineering efforts have focused on
the side chains attached to the central core, while little attention has been devoted to the side chains on
the terminal groups.

Herein, we design and synthesize three small-molecule acceptors, WH7, WH11, and WH17, by
introducing different branched alkyl side chains onto the terminal indoline units (octylindoline for WH7, (2-
ethylhexyl) indoline for WH11, and butylindoline for WH17). These acceptors exhibit strong absorption in
the range of 500 — 750 nm, enabling good complementary absorption with the PTzBI donor. When blended
with PTzBI, the WH7:PTzBI, WH11:PTzBI, and WH17:PTzBI devices deliver relatively low PCEs of 6.64%,
6.21%, and 5.53%, respectively, primarily due to excessive phase separation. Remarkably, after
chlorobenzene (CB) solvent vapor annealing, the device efficiencies are significantly enhanced, particularly
for the WH7-based OSC, which achieves a PCE of 8.21%. Compared with CB-treated WH11:PTzBI device,
the increased PCE in WH7:PTzBlI could be attributed to the higher/more balanced charge transport, lower
carrier recombination and improved morphology. This work highlights the significance of side-chain
engineering and post-treatment for realizing high photovoltaic performance. Notably, the side chains
anchored on terminal groups cannot be overlooked.

2. Materials And Methods

All reagents and materials were used as received without further purification, unless otherwise
specified. Chlorobenzene, chloroform, acetone (analytical grade) and isopropanol (analytical grade) were
purchased from Guangzhou Reagent Group. Molybdenum trioxide (MoO3) was obtained from Sigma-
Aldrich. Calcium (Ca) was supplied by Zhongnuo New Materials. PEDOT:PSS (Clevious-4083) was
purchased from Hanfeng Group (Shanghai). ITO-coated glass substrates were provided by China Southern
Glass Holding Group (Shenzhen). PFN-Br was synthesized and purified in our laboratory.

The device fabrication procedure was as follows: indium tin oxide (ITO) glass substrates were
ultrasonically cleaned in deionized water and isopropanol for 30 min each, followed by plasma treatment of
the ITO glass for 4 min. A PEDOT:PSS (CLEVIOS PVP AL 4083, 1.0 mg mL™") layer was then spin-coated
onto the ITO at 3500 rpm for 30 s. The ITO glass was subsequently heated on a hot plate at 150 °C for 15
min and then cooled to room temperature for later use. The polymer donor PTzBI and the non-fullerene
acceptor WH were dissolved in chlorobenzene; after stirring the blend solution in a glovebox at 50 °C until
homogeneous, it was spin-coated onto the ITO glass. The resulting blend film, with a thickness of about
100 nm, was subjected to solvent vapor annealing in a glass Petri dish for 30 s, followed by thermal
annealing on a hot plate at 120 °C for 10 min. Finally, PFN-Br was spin-coated onto the blend film, and an
approximately 100 nm thick silver layer was thermally evaporated onto the PFN-Br under a vacuum of 1 x
107® mbar.
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3.Results And Discussion
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Scheme 1. Synthetic Routes of WH7, WH11 and WH17

The synthetic routes of the three A-D-A acceptor WH7, WH11, and WH17 are depicted in Scheme 1,
and their chemical structures are shown in Figure 1A. These three acceptors bear three distinct alkyl chains
on the oxindole-based bridge.The detailed synthetic procedures are described in the Supporting
Information. The center core intermediate 4 was prepared following a previously reported procedure.
20Subsequently, 4 was subjected to Stille coupling with the bifunctional intermediates derived from bridge
precursors 1, 2, and 3, yielding the corresponding intermediates M1, M2, and M3. These intermediates
were then condensed with the 2-( 3-ethyl-4-oxothiazolidin-2-ylidene) malononitrile terminal group to afford
the target acceptor molecules.

The absorption spectra and electronic energy levels were analysed to preliminarily assess the influence
of different substituents on the semiconductor properties of the acceptors. Figure 1B shows the UV-vis
absorption spectra of WH7, WH11, and WH17 in solution. In dilute chlorobenzene, WH7 exhibits an

absorption peak at 425 nm, assigned to the n-n" transition, and a peak at 655 nm, attributed to intramolecular
charge transfer (ICT) from the central IDT donor unit to the two terminal acceptor units.2%-2' For WH11 , the

n-m transition peak locates at 425 nm while the ICT peak locates at 653 nm. All three acceptors display similar
absorption profiles from 350 to 750 nm, with a principal absorption band around 650 nm and a weak
shoulder at 425 nm. The absorption onsets of WH7, WH11, and WH17 are 752, 748, and 751 nm,
respectively, corresponding to optical bandgaps of 1.64, 1.66, and 1.65 eV. Given that PTzBl is a typical
wide-bandgap donor with a broad absorption range from 400 to 685 nm,?? these three acceptors are
expected to afford a broader overall absorption window through complementary absorption with PTzBI.

The electronic energy levels of the acceptors are also critical parameters for their use in OSCs. The
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels
of the acceptors were determined by cyclic voltammetry (CV) using Ag/AgCl as the reference electrode.??
The cyclic voltammograms of the three acceptors are shown in Figure S1. The HOMO/LUMO energy levels
(EHomorumo) were calculated from the onset oxidation/reduction potentials according to Exomorumo = -
e(Eoxred + 4.35) eV,2* where the redox potential of the ferrocene/ferrocenium (Fc/Fc+) couple is 0.45 V vs
Ag/AgCl, and the energy level of Fc/Fc+ is taken as 4.8 eV under vacuum. The resulting EHomoLumo values
for WH7, WH11, and WH17 are -5.44/-3.99 eV, -5.46/-3.97 eV, and -5.42/-4.00 eV, respectively.

As shown in Figure 1C and Table 1, the Exomoumo levels of WH17 are -5.42/-4.00 eV, which exhibit
the highest HOMO and lowest LUMO among three acceptors. The slightly upshifted ELumo of WH7 could
be ascribed to the moderate steric hindrance of n-octyl side chains, which weakens intermolecular = - =
stacking and intramolecular charge transfer (ICT), thus lifting the LUMO energy level. As for the further
upshifted ELumo and downshifted Enomo of WH11, we believe that the largest steric hindrance of branched
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2-ethylhexyl side chains severely twists the dihedral angle between the central IDT core and terminal units,
further suppressing ICT and intermolecular stacking. Such conformational distortion shortens the = -
electron delocalization length on the IDT backbone, stabilizes the occupied HOMO orbital to a more
negative value, and eliminates the electronic stabilization of LUMO simultaneously, resulting in the lowest
Enomo ( -5.46 eV) and highest ELumo (-3.97 eV) of WH11. The steric effect of N-alkyl substituents dominates
intramolecular conjugation and intermolecular packing, triggering divergent shifts of HOMO and LUMO
energy levels, which is consistent with the previously reported.?®

The Enomorumo levels of the PTzBI donor is located at -5.34/ -3.46 eV, respectively. 22 The LUMO
energy offset ( A ELumo) between the three acceptors and PTzBI donor is 0.53, 0.51, and 0.54 eV for WH7,
WH11, and WH17, respectively, and the HOMO energy offset ( A Enomo) between the three acceptors and
PTzBI donoris 0.1,0.12, and 0.08eV for WH7, WH11, and WH17, respectively. The acceptors afford rational
level gradients with the donor PTzBI and could generate sufficient driving force for the photoexciton
dissociation inside the BHJ.

In addition, the thermogravimetric analysis (TGA) curves of the three acceptors WH7, WH11, and
WH17 are presented in Figure S2 of the Supporting Information, and their thermal decomposition
temperatures (Td, defined at 5% weight loss) are 379, 367, and 384 ° C, respectively (see Table 1),
indicating sufficient thermal stability for practical application in OSCs.

Absorption Coefficients (10° M'cm™)

Energy level (eV)
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Figure 1. (A) Chemical structures of PTzBIl and Non-Fullerene acceptors. (B)Absorption spectra of
WH7, WH11 and WH17 in chlorobenzeneform solutions. (C) Diagram of the HOMO and LUMO energy
levels of PTzBI donor and Non-Fullerene acceptors.

Table 1. Physicochemical properties of WH7, WH11, and WH17.

opt
acceptor  Amax®®'[nm]  Aonset>°'[nm] [E‘i/;a LUMOC[eV] HOMO®[eV] EV[eV] Td[°C]
WH7 655 752 1.64 -3.99 -5.44 1.45 379
WH11 653 748 1.66 -3.97 -5.46 1.49 367
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WH17° 650 751 1.65 -4.00 -5.42 1.42 384

a)Calculated from Eq° = 1240/Aonset.

The OSCs devices are fabriated with a conventional configuration of indium-tin-oxide (ITO) poly (3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)/ active layer (PTzBl:WH7, PTzBI:WH11
or PTzBI:WH17 )/ poly(9,9-bis( 3" -( N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene) dibromide) (PFN-Br)/ Ag (device area= 0.04 cm?) to investigate the influence of side-
chain engineering on the photovoltaic properties. The optimized device conditions are described in the
Supplementary Information (Figure S12, Table S1).Table 2 and Figure 2A show the optimal photovoltaic
performances and current density-voltage (J-V) characteristics, respectively.

For the optimised OSC based on WH7 with an octylindoline side chain, a PCE of 8.21% is achieved,
together with a Voc of 0.79 V, a Jsc of 16.04 mA cm™2, and a FF of 64.78%. The OSC employing WH11
with a (2-ethylhexyl)indoline alkyl chain exhibits a PCE of 7.16%, with a Voc of 0.801 V, a Jsc of 16.15 mA
cm2, and a FF of 55.31%. For the butylindoline-substituted WH17-based device, a PCE of 6.45% is
obtained, accompanied by a Voc 0f 0.766 V, a Jsc of 15.59 mA cm™2, and a FF of 54.08%. These results
demonstrate that variation in the terminal side chain exerts a pronounced influence on the photovoltaic
performance of the acceptor materials, with the acceptor bearing the octylindoline side chain delivering
superior device performance relative to those incorporating (2-ethylhexyl)indoline or butylindoline side
chains.

Relative to the photovoltaic performance of devices without solvent vapour annealing, the enhanced
PCE of the PTzBI:WH11-based devices after solvent vapour annealing arises primarily from the
increased FF (see Figure S12A and Table 2). Following solvent vapour annealing, the FF of the WH11-
based OSC increases from 51.71% to 56.01%, which can be attributed to improved molecular packing.
For the PTzBI:WH17 device subjected only to thermal annealing, a relatively low PCE of 5.53% is
obtained; this value increases to 6.03%, with a Voc 0f 0.76 V, a Jsc of 15.19 mA cm, and a FF of
52.01%, after CB-based solvent vapour annealing. This improvement is ascribed to the ability of CB to
diffuse into the active layer during volatilization, thereby optimizing blend-film morphology and molecular
stacking through blend reorganization. Interestingly, for the WH7-based OSC, the enhanced PCE after
solvent vapour annealing results from increases in both FF and Jsc, with FF rising from 55.57% to
63.28% and Jsc increasing from 15.39 to 16.00 mA cm~2. The higher FF is likely associated with improved
active-layer morphology, whereas the increased Jsc can be attributed to reduced charge recombination in
the solvent vapour-annealed blend film due to its more favourable morphology.

Table 2. The photovoltaic performances of PTzBI:WH7, PTzBI:WH11, and PTzBI:WH17 solar cells
with ratio of 1:1.5. All data were obtained under illumination of AM 1.5G (100 mW cm2) light source.

D:A Conditions ~ Vee (V) A//sgmz) FF (%) 5,/?)5) PCEmax (%) (1, A;I;:nz)b)
PTzBI:WH7 TA 0.78 1539 5557  6.64 6.99 15.2
PTzBEIWH7 ~ SVA+TA  0.79 16.00 6328  8.02 8.21 15.5
PTZBI:WH11 TA 0.79 1527 5171 6.21 6.52 14.5
PTzBI:WH11 ~ SVA+TA  0.80 1539 5601  6.85 7.16 15.2

PTzBI:WH17 TA 0.76 14.46 50.44 5.53 5.85 15.0
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PTzBI:WH17 SVA+TA 0.76 15.19 52.01 6.03 6.45 14.7

a Statistical data obtained over 10 devices;
bThe Jsc calculated from external quantum efficiency (EQE) curves.

The external quantum efficiency (EQE) spectra of the corresponding devices are presented in Figure
S3A. The close similarity of the EQE spectra for the three devices indicates that both the PTzBI donor
and the WH acceptor contribute to the photocurrent. In comparison with the EQE spectra of the WH11-
and WH17-based devices, the EQE spectrum of the WH7-based OSC exhibits an enhanced
photoresponse in the 450-650 nm region, leading to a higher Jsc in its photovoltaic performance. As
shown in Figure S3B, the SVA-optimised devices display almost identical spectral ranges of photocurrent
response from 300 to 850 nm, while the response intensity differs markedly. In particular, the SVA-treated
WH?7- and WH11-based devices show higher EQE response intensities than their corresponding as-cast
counterparts in the range of 450-650 nm, demonstrating that CB treatment effectively promotes charge
generation and transport in the active layer and consequently yields a substantially higher Jsc.The Jsc
values of the PTzBI:WH7, PTzBI:WH11 and PTzBI:WH17 devices under CB annealing conditions
integrated from the EQE spectra are 15.5 mA cm=2, 15.2 mA cm™2and 14.7 mA cm2, respectively,
which are consistent well with the current densities acquired from J—V curves (within 5% error). Figure
2(B) shows the EQE curve corresponding to the maximum efficiency of the solar cell under optimal
optimization conditions. The maximum EQE response intensity of CB-treated PTzBI:WH7 device is
72.93%, a bit higher than that (69.07%) generated from CB-treated PTzBI:WH11 device.The reported
PTzBI is a donor with a medium bandgap. The EQE of the PTzBI:WH?7 solar cell is > 40% in the range of
325-375 nm. In contrast, the EQE of the PTzBI:WH11 solar cell is < 35% in this range. The PTzBI:WH7
solar cell has a higher photoelectric conversion efficiency than the PTzBI:WH11 solar cell, which confirms
the effect of different side chains on the photoelectric performance of the material-based BHJ solar cell.
This may be attributed to the better molecular packing between PTzBl and WH?7.

>
[+

5 > 80
= —=— PTzBI:WH7 .;
Do —e— PTzBI:WHIL / 701
S 0
< 601
gy 50
2 =
: 40 .
@ = —=— PTZBI:WHT
=} (=4 ’Oj . T
810 a0l 4 —e— PTZBI:WH11
=

20 /¢
§715~
3 101
-20 : : : : 0 . : . : .
-0.2 0.0 0.2 0.4 0.6 0.8 300 400 500 600 700 800
Voltage (V) Wavelength (nm)

Figure 2. (A) J-V characteristics of the optimized OSCs based on the PTzBIl and Non-Fullerene
acceptors , under the illumination of AM1.5G, 100 mW/cm?. (B) EQE spectra of the corresponding
devices.

To better understand exciton dissociation and charge collection processes, the photocurrent density
(Jph) as a function of the effective voltage (Veff) was plotted, as shown in Figure S4A. The Jph is defined
as the difference between JL and JD (Jph = JL — JD), where JL and JD are the current densities under
illumination and in the dark, respectively. The effective voltage is given by Veff = VO — Vbias, where VO is
the voltage at which Jph = 0 and Vbias is the applied bias voltage.2® At high Veff (greater than 2 V), all
photogenerated electron—hole pairs are assumed to dissociate into free carriers and be efficiently
collected at the electrodes, such that Jph reaches a saturated value (Jsat). In this regime, the ratio
Jph/Jsat is positively correlated with the charge dissociation probability P(E,T). It should be noted that



220
221
222
223
224
225

226
227
228
229
230
231
232
233
234
235
236
237
238
239

240

241

242

243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

P(E,T) is discussed only for the CB-treated devices. Likewise, charge transport, recombination, and
extraction behaviors are compared exclusively for CB-processed PTzBl:WH7 and PTzBl:WH11
devices.The Jph/Jsat ratio for the PSCs based on PTzBI:WH7 and PTzBI:WH11 are calculated to be
0.962 and 0.939 under short-circuit conditions. The results show that the devices based on octylindoline-
substituted WH7 hold higher efficiencies of the photogenerated exciton dissociation and charge collection
than that based on (2-ethylhexyl) indoline alkyl-substituted WH11.

To explore the charge transport properties, the space chargelimited current (SCLC) method is carried
out to estimate both the hole and electron mobilities.2” From Table 2, it is evident that strongly
unbalanced charge transport occurs in PTzBI:WH11-based devices, with hole (uh) and electron (ue)
mobilities of 2.40 x 104 and 3.30 x 10-7cm? V- s™, respectively. The poor electron mobility can be
primarily attributed to the limited crystallinity of WH11, and the pronounced imbalance between ph and pe
is expected to aggravate charge recombination within the device. By contrast, PTzBl:WH7-based OSCs
exhibit not only higher uh/ue values of 1.74 x 1074/4.03 x 107 cm2V-" s~ but also more balanced charge
transport, which can partially account for the enhanced Jsc and FF. Furthermore, PTzBI:WH11-based
OSCs subjected to SVA were also characterized. The device treated with SVA displays high and
relatively balanced charge transport, with uh/pe of 1.28 x 1074/1.58 x 1078 cm2V~' s71, consistent with its
improved FF. Encouragingly, both hole and electron mobilities in the PTzBI:WH7-based device were
further enhanced simultaneously after SVA treatment.The ph/pe reached 3.49 x 1074/1.75 x107% cm2 V-1
s~! with an outstanding pe/ph value, thus resulting in the most competitive Jsc and FF as well as PCEs
between the two OSCs.

Table 2. The electron mobility u e and hole mobility u h of the corresponding devices.

PTzBl:Acceptor Conditions wa(emV's™) welem’V's™) wh/ e
WH7 TA 1.74E-04 4.03E-07 432
WH7 SVA+TA 3.49E-04 1.75E-05 20
WH11 TA 2.40E-04 3.30E-07 727
WH11 SVA+TA 1.28E-04 1.58E-06 81

To gain deeper insight into the influence of the acceptor on photovoltaic performance, we measured
the Jsc as a function of light intensity (Piignt) to evaluate the charge recombination behaviour, as shown in
Figure 3A. Charge recombination is a critical factor that can strongly affect both Jsc and the FF. In
general, the relationship between Jsc and Plight follows Jsc o Plighta; 22 when all photogenerated carriers
are efficiently extracted at the electrodes and bimolecular recombination is negligible, the exponent a
approaches 1.2° In our study, the a values for PTzBI:WH7- and PTzBIl:WH11-based devices subjected to
solvent vapour annealing (SVA) are 0.99 and 0.97, respectively. The higher a value, closer to unity,
observed for the PTzBI:WH?7-based device indicates weaker bimolecular recombination within its active
layer.The relatively low bimolecular recombination losses observed in the optimized devices motivated us
to examine another crucial recombination pathway, namely trap-assisted Shockley—Read—Hall (SRH)
recombination. Trap-assisted SRH recombination can be evaluated from the dependence of the Voc on
the incident light intensity (Pignt), which follows the relationship Voc « (nkT/q) In Plight, where k, T, and q
denote the Boltzmann constant, the absolute temperature, and the elementary charge, respectively.3® The
slope of the Voc versus In Piignt plot yields nkT/q, reflecting the competition between bimolecular and trap-
assisted recombination. A slope approaching kT/q indicates that bimolecular recombination dominates
under open-circuit conditions, whereas a slope close to 2kT/q suggests that trap-assisted recombination
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is the predominant loss mechanism in the device. As shown in Figure 2B, for devices based on
PTzBI:WH7 and PTzBI:WH11, the slopes of the fitted line of Voc vs In Plight are 1.45kT/q and1.38kT/q,
respectively. It suggests that both bimolecular and trap assisted recombination happen in both devices at
open circuit , the bimolecular recombination is the major in PTzBI:WH11 and PTzBI:WH7. Therefore, the
Jscand FF of PTzBI:WH7 are better, while the Voc is smaller.
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Figure 3. (A) Light intensity dependence of Jsc. (B) Light intensity dependence of Voc of the
corresponding devices.

Given that the morphology of the photoactive layer plays a critical role in determining the photovoltaic
performance of PSCs, we directly investigated the surface morphology of the active layers with and without
solvent exposure by tapping-mode atomic force microscopy (AFM). The corresponding AFM topography
images are presented in Figure 4 and Figure S5 in the Supporting Information. As shown in Figure 4, the
root-mean-square (RMS) roughness values are 2.86 and 5.26 nm for the solvent-vapour-annealed active
layers of OSCs based on PTzBI:WH7 and PTzBI:WH11, respectively. In contrast, the AFM images of the
blend films based on WH7 and WH11 without solvent-vapour treatment exhibit RMS roughness values of
3.1 and 6.9 nm, respectively. It implyed that SVA can actually induce the reorganization of donor and
acceptor.Although the 2-ethylhexyl group of WH11 is more sensitive to solvents than the octyl group of
WH?7, and the RMS is reduced by about 1.6 nm, the phase separation degree of the octyl group of WH7
based on the polymer donor is more reasonable. The phase diagram further reveals more information about
uniformity and probe-surface interactions. We note that although both the PTzBI:WH7 film after SVA and
the PTzBI:WH11 film after SVA are relatively smooth, the aggregates of the PTzBl:WH11 film are larger
than those of the PTzBI:WH?7 film. This discrepancy is most likely caused by the distinct dispersion degrees
or molecular stacking modes of the branched C8 and linear C8 alkyl chains in the blend films. These results
further confirm the origin of the enhanced Jsc and FF in the optimized WH7-based device.
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Figure 4. AFM height images of (A) PTzBI:WH7 (TA) , (B)PTzBI:WH7 (SVA+TA), (C) PTzBl:WH11 (TA)
and (D)PTzBI:WH11 (SVA+TA);

4.Conclusion

In summary, We explored the alkyl side chain modification to rationally modulate the property of SMAs.
Specifically, The change of chain-length on the terminal groups provided important parameters to tune
energy levels, charge transport, and the morphology of the blended, which had significant impact on the
device performance. The optimal PTzBIl:WH7-based device delivered a FF of 56.33% and a high PCE of
6.99%, surpassing the best OSCs employing WH11 (6.52%) and WH17 (5.85%). Following solvent vapour
annealing, the Jsc and FF of the OSCs were further slightly enhanced. The champion device achieved a
state-of-the-art PCE of 8.21%, with a Voc 0of 0.79 V, a Jsc of 16.04 mA cm2, and an excellent FF of 64.78%.
Distinct from the many studies that mainly concentrate on tuning the side chains attached to the central
core of SMAs, this work offers a new perspective on side-chain modulation by targeting the terminal groups
of SMAs, which has largely been overlooked. This strategy provides an effective approach for regulating
the morphology of SMAs. Thus, we anticipate that further efficiency gains can be realised through rational
design of SMA side chains and careful matching with donor materials.



308

309

310
311
312

313
314

315

316
317
318

319
320

321

322
323

324
325
326
327
328
329
330
331

Acknowledgments

This work was supported by the Research Start-up Fund for High-level Talents of Xuzhou College of
Industrial Technology (Grant No. XGY2022EG06) and the Technology Research Program of Xuzhou
College of Industrial Technology (Grant No. XGY2024B065).

Author Contributions

K. W. proposed the research and directed the study. J. H.and B. Z. synthesized and characterized the
acceptor materials. K. W. and J. H. helped with the device fabrication and characterization. K. W. prepared
the manuscript. All authors discussed the results and commented on the manuscript.

Declaration Of Interests

The authors declare no competing interests.



332

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

REFERENCES

10.

11.

12.

13.

14.

15.

Hou, J.H., Inganas, O., Friend, R.H., and Gao, F. (2018). Organic solar cells based on non-fullerene
acceptors. Nat. Mater. 17, 119-128. 10.1038/nmat5063.

Li, G., Zhu, R., and Yang, Y. (2012). Polymer solar cells. Nat. Photonics 6, 153-161.
10.1038/nphoton.2012.11.

Zhu, L., Zhang, M., Zhou, Z., Zhong, W., Hao, T., Xu, S., Zeng, R., Zhuang, J., Xue, X, Jing, H., et al.
(2024). Progress of organic photovoltaics towards 20% efficiency. Nature Reviews Electrical
Engineering 1, 581-596. 10.1038/s44287-024-00080-3.

Zhang, Y., Chen, H., Yin, A., Wang, H., Ye, N, Xu, S., Peng, P., Zhang, P., Zhu, J., Zhang, B., et al.
(2026). Ultra-High Dielectric Acceptor Enables 21% Efficiency and Thickness-Insensitive Organic
Solar Cells. Adv. Mater. 38. 10.1002/adma.73497.

Gao, H., Sun, L., Sun, Y., Wang, L., Ma, X., Zu, M., Zou, X., Kan, Y., Wang, X., Yang, R, et al.
(2026). Precise Structure Regulation Induced Morphological Ordering Enables All-Polymer Solar
Cells With 20.29% Efficiency and Extreme Mechanical Robustness. Angew. Chem. 138.
10.1002/ange.5004335.

Su, M., Huang, X., Guo, H., Yu, Z., Wang, Y., Huang, M., and Zhao, B. (2026). Breaking the 21%
barrier: a review on high-efficiency organic solar cells through material innovation and device
engineering. Journal of Materials Chemistry A 14, 30303-30322. 10.1039/d6ta03068h.

Dou, L.T., You, J.B., Hong, Z.R., Xu, Z., Li, G., Street, R.A,, and Yang, Y. (2013). 25th Anniversary
Article: A Decade of Organic/Polymeric Photovoltaic Research. Adv. Mater. 25, 6642-6671.
10.1002/adma.201302563.

Lu, L.Y., Zheng, T.Y., Wu, Q.H., Schneider, A.M., Zhao, D.L., and Yu, L.P. (2015). Recent Advances
in Bulk Heterojunction Polymer Solar Cells. Chem. Rev. 115, 12666-12731.
10.1021/acs.chemrev.5b00098.

Zhang, G.Y., Zhao, J.B., Chow, P.C.Y., Jiang, K., Zhang, J.Q., Zhu, Z.L., Zhang, J., Huang, F., and Yan,
H. (2018). Nonfullerene Acceptor Molecules for Bulk Heterojunction Organic Solar Cells. Chem.
Rev. 118, 3447-3507. 10.1021/acs.chemrev.7b00535.

Wadsworth, A., Moser, M., Marks, A., Little, M.S., Gasparini, N., Brabec, C.J., Baran, D., and
McCulloch, 1. (2019). Critical review of the molecular design progress in non-fullerene electron
acceptors towards commercially viable organic solar cells. Chem. Soc. Rev. 48, 1596-1625.

Lin, Y., Wang, J., Zhang, Z.-G., Bai, H., Li, Y., Zhu, D., and Zhan, X. (2015). An Electron Acceptor
Challenging Fullerenes for Efficient Polymer Solar Cells. Adv. Mater. 27, 1170-1174.
10.1002/adma.201404317.

Yuan, J., Zhang, Y.Q., Zhou, L.Y., Zhang, G.C., Yip, H.L., Lau, T.K,, Lu, X.H., Zhu, C., Peng, H.J.,
Johnson, P.A., et al. (2019). Single-Junction Organic Solar Cell with over 15% Efficiency Using
Fused-Ring Acceptor with Electron-Deficient Core. Joule 3, 1140-1151.
10.1016/j.joule.2019.01.004.

Zhang, J.Q., Tan, H.S., Guo, X.G., Facchetti, A., and Yan, H. (2018). Material insights and
challenges for non-fullerene organic solar cells based on small molecular acceptors. Nature
Energy 3, 720-731. 10.1038/s41560-018-0181-5.

Sun, H., Chen, F., and Chen, Z.K. (2019). Recent progress on non-fullerene acceptors for organic
photovoltaics. Mater. Today 24, 94-118. 10.1016/j.mattod.2018.09.004.

Shen, F., Xu, J., Li, X., and Zhan, C. (2018). Nonfullerene small-molecule acceptors with
perpendicular side-chains for fullerene-free solar cells. Journal of Materials Chemistry A 6,
15433-15455. 10.1039/c8ta04718a.



377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

423

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Luo, Z., Xu, T., Zhang, C.e., and Yang, C. (2023). Side-chain engineering of nonfullerene small-
molecule acceptors for organic solar cells. Energy & Environmental Science 16, 2732-2758.
10.1039/d3ee00908d.

Li, C., Zhou, J., Song, J., Xu, J., Zhang, H., Zhang, X., Guo, J., Zhu, L., Wei, D., Han, G, et al. (2021).
Non-fullerene acceptors with branched side chains and improved molecular packing to exceed
18% efficiency in organic solar cells. Nature Energy 6, 605—613. 10.1038/s41560-021-00820-x.
Fei, Z., Eisner, F.D., Jiao, X., Azzouzi, M., Réhr, J.A., Han, Y., Shahid, M., Chesman, A.S.R., Easton,
C.D., McNeill, C.R., et al. (2018). An Alkylated Indacenodithieno([3,2-b]thiophene-Based
Nonfullerene Acceptor with High Crystallinity Exhibiting Single Junction Solar Cell Efficiencies
Greater than 13% with Low Voltage Losses. Adv. Mater. 30. 10.1002/adma.201705209.

Yao, H,, Chen, Y., Qin, Y., Yu, R, Cui, Y., Yang, B,, Li, S., Zhang, K., and Hou, J. (2016). Design and
Synthesis of a Low Bandgap Small Molecule Acceptor for Efficient Polymer Solar Cells. Adv.
Mater. 28, 8283-8287. 10.1002/adma.201602642.

Guo, Y., Huang, J,, Li, Z., Wu, H., Wang, J., Tang, Z., Ma, Z., Wang, M., and Zhu, Z. (2022). Design
and Synthesis of Acceptor-Donor-Acceptor Type Non-Fullerene Acceptors Journal of Donghua
University 39 272-280. 10.19884/j.1672-5220.202105011.

Cheng, Y.J., Yang, S.H., and Hsu, C.S. (2009). Synthesis of Conjugated Polymers for Organic Solar
Cell Applications. Chem. Rev. 109, 5868-5923. 10.1021/cr900182s.

Fan, B.B., Zhang, K., Jiang, X.F., Ying, L., Huang, F., and Cao, Y. (2017). High-Performance
Nonfullerene Polymer Solar Cells based on Imide-Functionalized Wide-Bandgap Polymers. Adv.
Mater. 29, 1606396. 10.1002/adma.201606396.

Zhang, B., He, M., Wang, X., Ge, C., Ye, G,, Lin, K,, Li, T., Wang, K., and Gao, X. (2026). Hydrogen
Bond-Regulated Rigid Bis-pyridine-Flanked Thiophene Derivatives for Organic Field-Effect
Transistors. The Journal of Organic Chemistry 91, 5838-5846. 10.1021/acs.joc.5c03268.

Huang, J., Ly, S., Chen, P.A., Wang, K., Hu, Y.Y., Liang, Y., Wang, M., and Reichmanis, E. (2019).
Rational Design of a Narrow-Bandgap Conjugated Polymer Using the Quinoidal Thieno[3,2-
b]thiophene-Based Building Block for Organic Field-Effect Transistor Applications.
Macromolecules 52, 4749-4756. 10.1021/acs.macromol.9b00370.

Li, X., Huang, H., Angunawela, I., Zhou, J., Du, J., Liebman-Pelaez, A., Zhu, C., Zhang, Z., Meng, L.,
Xie, Z., et al. (2019). Effects of Short-Axis Alkoxy Substituents on Molecular Self-Assembly and
Photovoltaic Performance of Indacenodithiophene-Based Acceptors. Adv. Funct. Mater. 30.
10.1002/adfm.201906855.

Pang, S., Deng, W., Pan, L., Liu, X., Shen, Z., Li, H., Cheng, P., Zhu, J., Yan, W., and Duan, C. (2025).
Efficient ternary organic solar cells with suppressed nonradiative recombination via B-N based
polymer donor. iScience 28. 10.1016/j.isci.2024.111682.

Rose, A. (1955). Space-Charge-Limited Currents in Solids. Phys. Rev. 97, 1538-1544.
10.1103/PhysRev.97.1538.

Proctor, C.M., Kim, C., Neher, D., and Nguyen, T.Q. (2013). Nongeminate Recombination and
Charge Transport Limitations in Diketopyrrolopyrrole-Based Solution-Processed Small Molecule
Solar Cells. Adv. Funct. Mater. 23, 3584-3594.

Wang, K., Dong, S., Chen, X., Zhou, P., Zhang, K., Huang, J., and Wang, M. (2020). Improving the
all-polymer solar cell performance by adding a narrow bandgap polymer as the second donor.
RSC Advances 10, 38344-38350. 10.1039/D0ORA06143C.

Wang, K., Dong, S., Zhang, K., Li, Z., Huang, J., and Wang, M. (2021). Improving the Fill Factor of
N2200-based All Polymer Solar Cells by Introducing EPPDI as a Solid Additive. Org. Electron. 99,
106319.



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupportingInformationgai.docx


https://assets-eu.researchsquare.com/files/rs-11042823/v1/cc2257ed13db911498573846.docx

