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Introduction

Modulating the packing and photovoltaic
performance of (bisthiophene)benzene-linked
polymer acceptors through simple methylation
engineeringf

Ruigi An,?® Menggi Cao,*” Hongxiang Li,© Zhongxiang Peng,? Xiaofu Wu, (2 *@
Hui Tong 2 *2® and Lixiang Wang () *2®

Three polymerized small molecule acceptors (PSMAs), namely PY-TP, PY-TPMe2, and PY-TPMe4, were
designed and synthesized by employing (bisthiophene)benzene linkers containing various methyl-substi-
tuted phenylene groups. All the PSMAs exhibit similar absorption maxima in films as well as LUMO energy
levels. However, the increased number of methyl groups on the linkers induces steric hindrance and
decreases the coplanarity of the polymer backbones, which, in turn, increases intermolecular n—x stacking
distances. When the three acceptors are blended with a classical polymer donor PM6, PY-TPMe4 with a
highly twisted backbone has a large n—=n stacking distance and excessive phase separation, whereas
PY-TP and PY-TPMe2 with moderately twisted backbones demonstrate more compact n—= stacking and
suitable phase separation morphology. As a result, PY-TP and PY-TPMe2 exhibit better exciton dis-
sociation and charge transport, leading to much higher photovoltaic performance compared to
PY-TPMe4. Particularly, PY-TPMe2 effectively regulates the crystallinity and achieves a more suitable
phase separation morphology in the blend films. The optimal PY-TPMe2-based photovoltaic device exhi-
bits the best exciton dissociation and charge transport performance, achieving the highest power conver-
sion efficiency (PCE) of 8.4% among the devices based on the three PSMAs, with a high open-circuit
voltage (Vo) of 0.97 V, a short-circuit current density (Jsc) of 14.74 mA cm™ and a fill factor (FF) of
59.65%. These findings provide new insights into the regulation of the molecular packing and photovoltaic
performance of polymer acceptors through simple methylation modification on linkers for designing
novel PSMA materials.

dicyanobenzothiadiazole,®'® and B-N bridged bipyridine

moieties.""'*> However, the polymer acceptors based on these

Over the past several years, all-polymer solar cells (all-PSCs)
have garnered significant attention due to their exceptional
flexibility, mechanical robustness, and large-area solution pro-
cessability, making them promising candidates for the devel-
opment of portable and wearable electronic devices." > Recent
advances in the field of all-PSCs have focused on the develop-
ment of n-type conjugated polymers incorporating electron-
deficient building blocks, such as aromatic diimides,®’
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electron-deficient units usually suffer from some intrinsic
flaws, including a narrow absorption range, low extinction
coefficient and relatively deep energy levels, which limit the
performance of the corresponding all-PSCs. To further
improve the performance of polymer acceptor materials,
researchers have recently adopted small molecule acceptors
(SMAs) with a low bandgap A-D-A structure as the key build-
ing block connected by n-bridge linkers to create polymerized
small molecule acceptors (PSMAs)."*° This method utilizes
small molecule acceptor units as polymerizable motifs, com-
bining the advantages of polymers and small molecule recep-
tors, like high absorption coefficients, broad light absorption
ranges, and appropriate energy levels matched with efficient
donors, which demonstrates significant potential in improving
the power conversion efficiency (PCE) of all-PSCs.”’ On the
other hand, challenges remain in controlling the morphology
and improving the performance of PSMAs. Further research
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efforts are needed to advance the development of all-polymer
solar cells.

PSMAs are composed of small molecule acceptor fragments
and linkers in their main chains, with the former playing a
crucial role in determining their photovoltaic properties.**™
The state-of-the-art Y-series SMAs as small molecule acceptor
fragments in polymer acceptors have maintained narrow
absorption spectra and high crystallinity, significantly contri-
buting to improved PCE.>** However, researchers have pri-
marily focused on optimizing the small molecule acceptor
building fragments, while the n-bridge linkers have received
relatively little attention. To date, representative PSMAs typi-
cally employ aromatic n-bridges, such as thiophene, bithio-
phene and selenophene, as linking units.>”*? In general, the
linkers induce twisted conjugated backbones between the
linker and end groups, which are considered detrimental to
ordered molecular packing, charge transport, and photovoltaic
performance in all-PSCs.>*” Consequently, most of the
research studies on the design of linkers have been aimed at
improving the coplanarity of the linking units to achieve
tighter interchain packing and better charge transport. On the
other hand, moderately twisted conjugated backbones or par-
tially conjugated unit configurations are helpful for mitigating
excessive molecular aggregation as well as regulating the solu-
bility and pre-aggregation capabilities of PSMAs.**™*! Utilizing
steric hindrance to finely adjust the planarity of the polymer
main chain is an effective strategy for modulating inter-
molecular interactions, packing morphology and crystallinity.
However, the modulation of steric effects has primarily been
achieved through the control of alkyl side chains in small
molecule acceptor fragments to improve the performance of
all-PSCs.>®**™*> There is still insufficient research on utilizing
the steric effects of linkers to finely adjust polymer confor-
mation, intermolecular packing and crystallinity to improve
charge transport and photovoltaic performance. Li et al
employed thiophene-thiazolothiazole-thiophene as linking
units to construct PSMAs, in which alkyl substitutions at
various positions on the thiophene units play a crucial role in
steric hindrance, self-aggregation, and crystallinity.?”*?
Therefore, a systematic investigation into the steric effects of
linker units on polymer acceptors is essential for elucidating
structure-performance relationships and developing high-per-
formance all-PSCs.

In this study, we designed and synthesized three polymers,
namely PY-TP, PY-TPMe2, and PY-TPMe4, incorporating
different numbers of methyl-substituted (bithiophene)benzene
linkers, and explored their potential as PSMAs for all-PSCs.
The methylation of benzene rings on the linkers induces
different degrees of distortion compared to the pristine
(bisthiophene)benzene linker, which in turn regulates the
polymer backbone conformation and intermolecular stacking.
As the number of methyl groups increases, the degree of dis-
tortion of (bithiophene)benzene also increases, and the di-
hedral angle between the benzene and thiophene increases
from 24.7° to 41.9° and then to 88.2°, leading to a decrease in
the planarity of polymer acceptors. Although the absorption in
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films and LUMO energy levels of the three polymer acceptors
changed minimally, the intermolecular n-r stacking distance
became larger with the increased distortion. When blended
with PM6 to fabricate all-PSCs, the optimized binary device
based on PY-TPMe2 exhibits the best PCE of 8.43% with a Vy¢
of 0.97 V, a Jsc of 14.74 mA cm™2, and a FF of 59.65% among
all three PSMA-based devices. PY-TP with better planarity
achieves a relatively lower PCE of 6.90% due to the decreased
Voc, while PY-TPMe4 with the largest steric hindrance shows a
poor photovoltaic response with a PCE of only 1.61% as a
result of a large n-rm stacking distance and excessive phase
separation.

Results and discussion
Synthesis and characterization

The synthesis routes of polymer monomers BTP-DT-2Br,
TP-Sn, TPMe2-Sn and TPMe4-Sn are depicted in Scheme S1.}
Through the lithiation reaction with n-butyllithium followed
by quenching with tributyltin chloride, TP-Sn, TPMe2-Sn and
TPMe4-Sn were afforded in yields of about 80%. BTP-DT-2Br
was obtained via BF;-OEt,-catalyzed Knoevenagel conden-
sation at room temperature between BTP-DT and IC-y-Br in a
yield of 90%.%®*” Finally, we obtained the target polymer pro-
ducts PY-TP, PY-TPMe2 and PY-TPMe4 through the Stille
polymerization reaction, as shown in Scheme 1. In the Stille
polymerization reaction, a moderate amount of Cul was added
as an additive to facilitate the transmetalation of the tin com-
pound and enhance the yield.*®*°
the above-mentioned compounds were characterized by 'H
NMR spectroscopy and mass spectrometry (MALDI-TOF-MS)
(Fig. S14-S22, ESIf). The number-average molecular weights
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Scheme 1 Synthesis routes of PY-TP, PY-TPMe2 and PY-TPMe4.
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(M,,) are 9.2 kDa for PY-TP, 8.8 kDa for PY-TPMe2, and 9.1 kDa
for PY-TPMe4, with the corresponding polydispersity index
(PDI) of 1.72, 1.92 and 1.78, respectively. All polymers display
good solubility in organic solvents such as chloroform and
chlorobenzene, which ensures the preparation of all-PSC
devices using the solution-processing method. The thermal
decomposition temperature (5% weight loss) tested by thermo-
gravimetric analysis (TGA) is 335 °C for all the polymers,
which indicates good thermal stability of all three polymers

(Fig. S21).

Theoretical calculations and electrochemical properties

In order to better explain the influence of different linker units
on the molecular geometry of the three polymer molecules,
density functional theory (DFT) calculations at the B3LYP/6-
31G (d,p) level are performed based on two repeated units of
the polymer acceptors. It is clearly seen that compared with
the (bithiophene)benzene linker without methyl groups, the
introduction of methyl groups brings about different steric
hindrance, which makes the dihedral angles between the thio-
phene ring and benzene ring increase from 24.7° for the
benzene-containing linker to 41.9° for the dimethyl benzene-
containing linker and 88.2° for the tetramethyl benzene-con-
taining linker (Fig. 1a). Since the acceptor units (BTP and IC)
almost maintain a coplanar structure, the distorted linkers
induce the included angles of the adjacent acceptor planes to
enlarge from 4° to over 28°, implying the decreased coplanar
structures of polymer main chains (Fig. 1b).>” According to the
calculated wave function distributions, the highest occupied
molecular orbital (HOMO) energy levels and the lowest unoc-
cupied molecular orbital (LUMO) energy levels of the three
polymers are localized on the BTP-DT-IC units but not on
(bithiophene)benzene linkers (Fig. S1 and Table S1, ESIY).
Cyclic voltammetry (CV) measurements were used to test the
energy levels of the three polymer acceptors using ferrocene/
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ferrocerium (—4.8 eV) as the reference (Fig. 2a and Fig. S3,
ESIT). The HOMO/LUMO energy levels are —5.62/—3.78 eV for
PY-TP, —5.57/-3.77 eV for PY-TPMe2, and —5.58/-3.76 eV for
PY-TPMe4, which agree with the calculation results. The close
HOMO/LUMO energy levels of the three polymer acceptors
suggest that different methylated (bithiophene)benzene
linkers have little influence on the energy levels of polymer
acceptors.

Photophysical properties

The ultraviolet-visible (UV-vis) absorption spectra of PY-TP,
PY-TPMe2 and PY-TPMe4 in CF solutions and as thin films are
shown in Fig. 2b and c. In solution, the maximum absorption
peaks of PY-TP, PY-TPMe2, and PY-TPMe4 blue shift from
752 nm to 743 nm and 737 nm, possibly due to the reduced
planarity of the polymer backbone by the twisted methyl-con-
taining linkers (Fig. 2b). The maximum molar extinction coeffi-
cients (¢°°") are 7.47 x 10* M™* cm™* for PY-TP, 9.23 x 10* M™*
em™" for PY-TPMe2 and 8.38 x 10* M™' cm™" for PY-TPMe4
(Table 1). The polymer acceptor films exhibit absorption peaks
at 786, 785 and 783 nm for PY-TP, PY-TPMe2 and PY-TPMe4,
respectively, which red-shift by 34, 42 and 46 nm, respectively,
as compared to their solution-state absorption, indicating
strong aggregation in the solid state (Fig. 2¢). The maximum
extinction coefficients of PY-TP, PY-TPMe2 and PY-TPMe4
films are 8.97 x 10* em™, 1.02 x 10° em™ and 9.51 x 10*
cm™", respectively. According to the absorption onsets, the
optical bandgaps of PY-TP, PY-TPMe2, and PY-TPMe4 films are
calculated to be 1.42, 1.43, and 1.45 eV, respectively. The
energy levels and absorption spectra of the three polymer
acceptors match well with the wide bandgap polymer donor
PM6, which is suitable for fabricating all-polymer solar cell
devices. Temperature-dependent absorption spectra were
recorded to further investigate the aggregation behaviors of
the three polymer acceptors (Fig. S4, ESIT). Upon raising the
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Fig. 1 The optimized dimer structures of PY-TP, PY-TPMe2 and PY-TPMe4 calculated by a DFT method at the B3LYP/6-31G(d,p) level. (a) front view

and (b) side view.
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Table 1 Optical and electrochemical properties of PY-TP, PY-TPMe2 and PY-TPMe4

Acceptors M, PDI 259 (nm) AMm(nm) £ (M em™) MM (em™) B (eV) Enomo” (€V) Erumo” (€V)
PY-TP 9.2 kDa 1.72 752 786 7.47 x 10* 8.97 x 10* 1.42 —5.62 —-3.78
PY-TPMe2 8.8 kDa 1.92 743 785 9.23 x 10* 1.02 x 10° 1.43 —5.57 -3.77
PY-TPMe4 9.1 kDa 1.78 737 783 8.38 x 10* 9.51 x 10* 1.45 —5.58 -3.76

“ Calculated from the equation Eg’ = 1240/Afm .

solution temperature from 25 °C to 95 °C, the absorption
maxima of PY-TP, PY-TPMe2 and PY-TPMe4 in solution are
blue-shifted by 12, 9 and 6 nm, respectively. The most blue-
shifted absorption peak of PY-TP indicates the strongest preag-
gregation in solution. Compared to PY-TP, PY-TPMe2 and
PY-TPMe4 show gradually reduced blue shifts of absorption
peaks at an elevated temperature, suggesting weakened inter-
molecular interactions, which are attributed to the twisted
polymer backbones.**>>°

Photovoltaic performance

The photovoltaic performance of the three polymer acceptors
was evaluated using bulk heterojunction organic solar cells
with a conventional device structure: indium-doped tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT:PSS)/PM6:PY-TP  series/poly[(9,9-bis(3"-(N,N-dimethyl-
amino)propyl)2,7-fluorene)-alt-5,5-bis(2,2"-thiophene)-2,6-naphtha-
lene-1,4,5,8-tetracaboxylic-N,N'-di(2-ethylhexyl Jimide] (PNDIT-F3N)/

b calculated according to Exomo = —€(Eox + 4.80) eV and Eyypo = —€(Erea + 4.80) €V.

Ag, as displayed in Fig. 3a. The current density-voltage (/-V)
characteristics of the as-cast and optimized device perform-
ance measured under the illumination of AM 1.5 G at 100 mW
cm” are shown in Fig. 3b and c, respectively, and the corres-
ponding photovoltaic parameters are summarized in Table 2.
Chloroform was selected as the processing solvent. The

Table 2 Detailed photovoltaic parameters based on PM6: acceptor-
based devices
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1
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]
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Voe ]sc .]cal. FF PCE
Donor : acceptor (V) (mAem™) (mAcm™?) (%) (%)
PM6:PY-TP as-cast 0.97 12.80 12.88 43.44 5.34
PM6:PY-TP opt 0.88 14.33 14.87 51.35 6.90
PM6:PY-TPMe2 as-cast 0.98 11.37 11.60 48.15 5.33
PM6:PY-TPMe2 opt 0.97 14.74 15.02 59.65 8.43
PM6:PY-TPMe4 as-cast  0.98 1.02 1.17 36.17 0.36
PM6:PY-TPMe4 opt 0.98 3.82 3.86 43.67 1.61
(d)

4 0 60

1

1 504 - Wy
V= —pmmis mmmmmse s i \\ e san

M

|—— PM6:PY-TP as cast 40 i) s

= N
P |—— PM6:PY-TPMe2 as cast B T PMePYTRascast N/
g ——PMB6:PY-TP opt
I—— PM6:PY-TPMe4 as cast g 304  PMePY-TPMe2 as cast  ~ |\
w —— PM6:PY-TPMe2 opt \\

— —PM8:PY-TPMed as cast
—— PM6:PY-TPMe4 opt

02 00 02 04 08 038 1.0
Voltage (V)

Fig. 3

02 00 0.2 04 06 08 1.0 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

(a) Device structure of the all-PSCs. (b) J-V curves of as-cast PM6:PY-TP, PM6:PY-TPMe2 and PM6:PY-TPMe4-based devices. (c) J-V curves

of optimized PM6:PY-TP, PM6:PY-TPMe2 and PM6:PY-TPMe4-based devices. (d) EQE curves of ITO-based polymer acceptor-based devices.
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optimal donor-to-acceptor (D:A) ratio was determined to be
1:1 by weight, with a total concentration of 12 mg mL™".
Owing to the similar LUMO energy levels, PY-TP-, PY-TPMe2-
and PY-TPMe4-based devices show high Vi (0.97-0.98 V) with
a low energy loss (Ejss) Of 0.45-0.47 eV, according to the
equation Ejos = Eg — eVoc. The as-cast devices based on PM6:
PY-TP and PM6:PY-TPMe2 exhibit comparable PCE (5.34% and
5.33%) with similar V¢, short current density (Jsc) and fill
factor (FF). After incorporating 1-phenylnaphthalene (PN, 1%
v/v) as an additive and applying thermal-annealing treatment,
the optimized PY-TP-based device experienced significant
voltage loss, which hindered effective improvement in PCE,
yielding a PCE of 6.90%. In contrast, the optimized PY-TPMe2-
based device maintains a high Voc of 0.97 V along with an
improved Jsc of 14.74 mA cm™2 and FF of 59.65%, resulting in
a better PCE of 8.43%. Compared with the devices based on
PM6:PY-TP and PM6:PY-TPMe2, the devices based on PMe6:
PY-TPMe4 maintain a high Vo of 0.98 V before and after
applying the additive and thermal-annealing treatment, but
the rather low Jsc and unsatisfactory FF lead to the lowest PCE
of 0.36% and 1.61% for the as-cast and optimized devices,
respectively. The external quantum efficiency (EQE) spectra of
the three polymer acceptor-based all-PSCs also reveal the
difference in Jg¢, as shown in Fig. 3d. Compared with the as-
cast acceptor-based devices, the EQE values of the three opti-
mized devices increase remarkably, which contributes to the
improved Jsc values. The EQE responses of the PY-TP and
PY-TPMe2-based all-PSCs range from 300 to 880 nm with a
high EQE maximum of around 57%. In contrast, the
PY-TPMe4-based device exhibits a slightly contracted photon
response with the lowest EQE value of less than 20%, which
seriously limits the photocurrent. The integrated current den-
sities calculated from the corresponding EQE spectra (J.,1.) are
consistent with the values obtained from the J-V characteristic
curves.

Exciton dissociation, charge transport and recombination

To investigate the charge-transfer and exciton dissociation
process of the three all-PSCs, photoluminescence (PL) quench-
ing testing was conducted (Fig. S13 and Table S5, ESI}). Upon
selective excitation of the donor PM6 at 560 nm, the emissions
from PM6:PY-TP and PM6:PY-TPMe2 blend films are
quenched with high efficiencies of over 90%, suggesting
efficient electron transfer from the excited polymer donor PM6
to PY-TP and PY-TPMe2 acceptors. In contrast, the PM6:
PY-TPMe4 blend film exhibits less effective PL quenching than
PM6:PY-TP and PM6:PY-TPMe2, and even after optimization,
its PL quenching efficiency only increases from 49% to 81%.
When excited at 560 nm, the PM6:PY-TPMe2 blend yields the
highest quenching efficiency of 60%, compared to PM6:PY-TP
(49%) and PM6:PY-TPMe4 (42%), indicating that the hole
transfer from excited PY-TPMe2 to the donor polymer PM6 is
the most effective among the three polymer acceptors. The
highest quenching efficiency of the PM6:PY-TPMe2 blend is
beneficial for the exciton dissociation to generate the photo-
current efficiently, while the lowest quenching efficiency of the

This journal is © The Royal Society of Chemistry 2025
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PM6:PY-TPMe4 blend is one of the main reasons for its low
Jsc- Given the close LUMO-LUMO and HOMO-HOMO offsets
between PM6 and the three acceptors, the differences in the
PL quenching efficiencies of the three blend films may be
related to their blend morphology, in which more D-A inter-
faces in the PM6:PY-TP and PM6:PY-TPMe2 blend films that
are conducive to efficient charge transfer may be formed.

To understand the charge generation properties of the
devices, the curves of photocurrent density (J,n) versus
effective voltage (V) of all-PSC devices were obtained (Fig. S6,
ESIT). Jpn is defined as the difference between the photo-
current densities under illumination (J.) and dark conditions
(Jo), expressed as Jon =Ji, — Jp. The effective voltage (Vo) is cal-
culated as the difference between the voltage at which the
photocurrent is zero (V,) and the applied external voltage
(Vapp1), given by Veg = Vo — Vappi. The charge dissociation and
collection probability, denoted as P(E,T), can be estimated
by calculating the ratio of J,n/Jea. The calculated P(E,T)
values for devices based on PY-TP and PY-TPMe2 are rela-
tively higher compared to those of PY-TPMe4-based devices.
Among all the devices, the optimized PY-TPMe2-based
device achieves a P(E,T) value of 96.8%. This suggests that
the optimized device based on the PM6:PY-TPMe2 blend
exhibits the most efficient charge dissociation and charge
collection. The charge recombination mechanism of all
three devices is investigated by measuring the relationship
between Jsc and light intensity (Pjgn) (Fig. S7, ESIT).
Typically, the correlation between Jsc and Pyone adheres to a
power-law relationship, expressed as Jsc  (Piign)”, where the
closer the a value is to 1, the less bimolecular recombina-
tion occurs. The a values of the optimized devices based on
PY-TP, PY-TPMe2 and PY-TPMe4 are 0.94, 0.94 and 0.88,
respectively, indicating the lower bimolecular recombination
of the PY-TP and PY-TPMe2-based devices.

The charge carrier mobilities were evaluated using the
space charge-limited current (SCLC) method to examine the
charge transport characteristics of the blends, as shown in
Fig. S8 and Table S2, ESL.{ The hole- and electron-only devices
were fabricated with the structure of ITO/PEDOT:PSS/active
layer/MoO3/Ag and ITO/ZnO/active layer/PNDIT-F3N/Ag,
respectively. The as-cast PM6:PY-TP and PM6:PY-TPMe2 blend
films have similar hole mobility (u;) and electron mobility (),
which are higher than those of the PM6:PY-TPMe4 blend film,
accounting for the comparable Jsc and FF of PM6:PY-TP- and
PM6:PY-TPMe2-based devices and the lowest Jsc and FF of the
PM6:PY-TPMe4-based device. Under the optimal conditions,
up and p. were 6.42 x 10 and 4.36 x 107! em? v™' s7* for the
PM6:PY-TP blend film, 1.26 x 10™* em® v~ s7' and 5.82 x 107*
em? v 7! for the PM6:PY-TPMe2 blend film and 1.28 x 107
em® v s and 2.96 x 10 em® v~ s~ for the PM6:PY-TPMe4
blend film. Among the three acceptor-based blend films, the
PM6:PY-TPMe2 blend film shows the highest hole and electron
mobilities and the most balanced charge transport, which are
beneficial for suppressing space-charge accumulation and
promoting charge extraction, resulting in the higher Jsc and FF
and thus the best device performance.
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Morphology and molecular packing

We further investigated the effect of methylation on the mor-
phological characteristics of blend films using atomic force
microscopy (AFM) (Fig. 4). In the height images, both the as-
cast PM6:PY-TP and PM6:PY-TPMe2 blend films show a rela-
tively smooth surface with the root-mean-square (RMS) rough-
ness values of 1.45 and 1.58 nm, respectively. After treating
with 1% 1-phenylnaphthalene as an additive and thermal
annealing, the RMS roughness values increase to 2.18 and
2.30 nm, and the phase separation becomes larger and more
obvious in the phase images. Moreover, the PM6:PY-TPMe2
blend film exhibits a more distinct interpenetrating fibrous
network with uniform phase separation morphology in the
phase image, and these morphological features are thought to
facilitate efficient exciton diffusion to the donor-acceptor
interface and effective charge separation, as indicated by the
improved PL quenching efficiencies in the optimized blend
films. In contrast, the surface of PM6:PY-TPMe4 blend films is
the roughest among all the blend films with large RMS rough-
ness values (3.21 nm for the as-cast film and 5.22 nm for the
optimized film). The overlarge phase separation of the PM6:
PY-TPMe4 blend films leads to reduced D/A interfaces for
exciton dissociation and thus seriously limits the Jsc of
PY-TPMe4-based devices. Additionally, the morphological
characteristics of blend films are also consistent with those of
the neat polymer acceptor films (Fig. S9, ESIt). These results
suggest that the methylation of (bithiophene)benzene linkers
in polymer acceptors plays a crucial role in finely regulating
the film morphology.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed to evaluate the molecular
packing and orientation of the neat and blend films based on
PY-TP, PY-TPMe2 and PY-TPMe4.”' All the neat PY-TP,
PY-TPMe2 and PY-TPMe4 films show a preferential face-on
orientation, with a lamellar stacking peak (100) in the in-plane
(IP) direction and a n-= stacking peak (010) in the out-of-plane
(OOP) direction (Fig. S10 and 11, ESIT). The (010) peaks of the

Fig. 4
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PY-TP, PY-TPMe2, and PY-TPMe4 neat films in the out-of-
plane (OOP) direction appeared at 1.64 A™', 1.60 A™' and
1.59 A7 respectively, corresponding to the m-n stacking dis-
tances of 3.84 A, 3.92 A and 3.96 A (Table S3, ESI{). The gradu-
ally increased n—n stacking distances in the PY-TP, PY-TPMe2,
and PY-TPMe4 neat films demonstrate that the number of
methyl groups on the benzene rings of the linkers weakens the
cofacial interchain orientation and n—r interaction between the
neighboring chains. When blended with the polymer donor
PM6, both the face-on and edge-on orientations coexist in
both as-cast and optimized blend films owing to the appear-
ance of strong peaks at 0.31 A™' in OOP directions associated
with the lamellar (100) stacking of PM6 (Fig. 5 and Fig. S12,
ESIY). The trend of reduced n—r stacking distances from PY-TP,
PY-TPMe2 to PY-TPMe4 is the same as that of the neat films.
Treating with additives and thermal annealing leads to closer
and more ordered intermolecular packing and higher crystalli-
nity. Under the optimized conditions, the n-n stacking dis-
tances of the blend films from PY-TP, PY-TPMe2 to PY-TPMe4
increased from 3.76 A, 3.80 A to 3.84 A, and the corresponding
crystal coherence lengths (CCLs) of (010) orientation also
reduced from 18.9 A, 17.1 A to 16.0 A (Table 4, ESIf). These
results indicate that the large steric hindrance and twisted
backbone caused by methyl groups lead to decreased mole-
cular packing order and crystallinity. Among all three blend
films, the PY-TPMe4-based blend film exhibits both the largest
n-n stacking distance and the smallest CCLs, which are unfa-
vorable for charge transport, leading to the worst Jsc and FF.
Compared with the PY-TP-based blend film with the closest
n-n stacking and strongest crystallinity, the moderate n—n
stacking distance and CCL of the PY-TPMe2 based blend film
contribute to more effective and balanced charge transport,
which accounts for its higher FF. In addition, the rational crys-
tallization intensity ratio between donor/acceptor components
is crucial for achieving minimum energy loss as well as the
best device performance.’*>* Before and after thermal anneal-
ing and the addition of the additive, the PM6:PY-TP blend
films show a larger CCL variation from 16.6 to 18.9 A as com-

10.0 nm

0.0 nm

-80.0 deg

(a—f) AFM height images of (a) as-cast PM6:PY-TP, (b) optimized PM6:PY-TP, (c) as-cast PM6:PY-TPMe2, (d) optimized PM6:PY-TPMe2, (e)

as-cast PM6:PY-TPMe4 and (f) optimized PM6:PY-TPMe4. (g—1) AFM phase images of (g) as-cast PM6:PY-TP, (h) optimized PM6:PY-TP, (i) as-cast
PM6:PY-TPMe2, (j) optimized PM6:PY-TPMe2, (k) as-cast PM6:PY-TPMe4 and (1) optimized PM6:PY-TPMe4.
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Fig. 5 2D-GIWAXS patterns (a—f) and line-cut profiles (g) of as-cast PM6:PY-TP, optimized PM6:PY-TP, as-cast PM6:PY-TPMe2, optimized PM6:
PY-TPMe2, as-cast PM6:PY-TPMe4 and the optimized PM6:PY-TPMe4 blend film.

pared to PY-TPMe2- and PY-TPMe4-based blend films with the
CCLs changing from 16.5 to 17.1 A and 16.6 to 16.0 A, respect-
ively. The larger variation of CCLs in PY-TP-based blends
before and after optimization suggests a larger crystallinity
difference between PM6 and PY-TP, which may aggravate non-
radiative recombination energy losses and lower the Voc of
PY-TP-based devices.”

Conclusions

In summary, we have designed and synthesized three PSMAs
constructed with benzene-, dimethylbenzene- and tetramethyl-
benzene-containing (bisthiophene)benzene linkers, respect-
ively. Through changing the number of methyl groups, the
degree of distortion of the (bisthiophene)benzene linkers can
be effectively tuned, which in turn regulates the planarity of
polymer backbones. Although the distortion of linker units
has minimal impact on their light harvesting and frontier
orbital energy levels, the intermolecular n—r stacking distance
increases with the number of methyl groups. PY-TPMe4 with
four methyl groups exhibits the largest n-r stacking distance
and excessive phase separation morphology in the blend film,
resulting in unfavorable exciton dissociation and charge trans-
port, yielding an inferior PCE (1.61%) for its corresponding

This journal is © The Royal Society of Chemistry 2025

all-PSC device. In contrast, PY-TP and PY-TPMe2 have more
suitable phase separation and better exciton dissociation and
charge transport performance, and their photovoltaic perform-
ance is significantly better than that of PY-TPMed4. Particularly,
the PY-TPMe2-based device not only exhibits the best exciton
dissociation and charge transport performance, but also main-
tains a high V¢ after thermal annealing and treatment with
the additive PN. Consequently, the PY-TPMe2-based device
achieves an optimal PCE of 8.4% with a high Vo of 0.97 V, an
improved Jsc of 14.74 mA cm™2 and a FF of 59.65%. This work
demonstrates that designing linkers with suitable steric hin-
drance to modulate the intramolecular distortion and inter-
molecular aggregation behavior of PSMAs is valuable for
improving the performance of all-PSC devices.
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