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Investigation of 3,4-ethylenedioxythiophene and
3,4-dimethoxythiophene as linkage units for
multi-dimensional dimeric acceptors†
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Despite the versatile processibility of three-dimensional CH8 series acceptors used in efficient organic solar

cells (OSCs), understanding the relationship between the linkage units and performance has been significantly

challenging. To address this, we present two dimeric acceptors, CH8-8 and CH8-9, which utilize 3,

4-ethylenedioxythiophene and 3,4-dimethoxythiophene as linkage units, respectively, to investigate their

effects on molecular properties and device performance. CH8-9 with 3,4-dimethoxythiophene as the central

linker exhibited a larger dihedral angle of 37.21 than CH8-8 (23.31), which is beneficial for avoiding over-

aggregation and thus forming a more ideal morphology. Consequently, the morphology of CH8-9 showed a

more uniform and smoother surface, leading to enhanced charge transport with more balanced charge-

transport mobilities. The resultant PM6:CH8-9-based devices displayed a higher fill factor (FF) and short-circuit

current density (Jsc), which led to a higher power conversion efficiency (PCE) of 16.3%, surpassing the PCE of

the PM6:CH8-8-based device. Our work provides a comprehensive analysis of the impact of incorporating

dioxane- and methoxy-substituted thiophene units on device performance, offering insights into optimizing

linkage units in multi-dimensional molecules to improve the photovoltaic performance of OSCs.

Introduction

Solution-processed organic solar cells (OSCs) have garnered
huge attention on account of their attractive features, such as
low cost, lightweight nature, and flexibility.1–5 Owing to the
rapid advancements in wide-bandgap polymer donors and
narrow-bandgap non-fullerene acceptors (NFAs), the power
conversion efficiencies (PCEs) of OSCs have improved signifi-
cantly over the last two decades.6–12 Among organic photovol-
taic materials, acceptor–donor–acceptor (A–D–A) structured
NFAs, especially those from the Y series, are some of the most
representative materials due to their superior charge separa-
tion, transport properties and reduced energy loss (Eloss).13–15

With device optimization, single-layer OSCs with a bulk

heterojunction (BHJ) active layer have achieved PCEs over 20%
recently.16–21

Given the conjugated skeleton of Y-series NFAs, it is possible
to further optimize their chemical structure and achieve record-
breaking OSCs. Subsequently, by adopting the strategy of
extended conjugation in central units, our groups developed
the CH-series small molecular acceptors, which offer adequate
modification sites on the molecular skeletons and render
further structural optimization possible.22 In addition, dimeric
NFAs present huge advantages over small-molecule acceptors
and polymer acceptors because of their outstanding stability
and repeatability.12,23 Thus, through a skeleton-conjugated
connection mode of the central units, two CH-series small
molecular acceptors can be linked by linkage units to construct
a three-dimensional (3D) dimeric acceptor.22 These unique 3D
structures are expected to give rise to remarkable morphologi-
cal features and stability because the relatively large dihedral
angle between the two monomers avoids excessive self-
aggregation.24

Apart from the properties of the monomer, the linkage units also
play a significant role by tuning the intramolecular planarity and
intermolecular stacking to impact the photovoltaic performance.24,25

Considering the variety of possible structural modifications of
the linkage unit, different from the typical thiophene unit, 3,4-ethyl
enedioxythiophene (EDOT) and 3,4-dimethoxythiophene (DMOT)
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units can enhance the O–H non-covalent interaction in A–D–A
type molecules, which will further affect the device perfor-
mance. For example, Bo et al.26 found that the introduction
of EDOT units could improve the open-circuit voltage (Voc) of
IDT-EDOT compared with IEICO-4F. EDOT has also been
employed as a crucial linkage unit in non-fused ring electron
acceptors, leading to improved Voc values and fill factors (FF).27

Besides, Li et al.28 introduced DMOT units as p-bridges in
polymerized small-molecule acceptors, which showed an
upshifted lowest unoccupied molecular orbital (LUMO) energy
level and thus increased Voc.

In this work, we have developed CH8-8 and CH8-9 by
introducing EDOT and DMOT as linkage units in a multi-
dimensional molecule to explore their potential to improve
device OSC performance. CH8-9 demonstrated a suitable dihe-
dral angle with stronger intramolecular conjugation, avoiding
excessive self-aggregation. The morphology of the PM6:CH8-9
blend was favorable to improving the charge transport, which
enabled the binary device based on PM6:CH8-9 to achieve a
higher PCE (16.3%) than that based on PM6:CH8-8 (15.8%)
along with a higher FF and short-circuit current density ( Jsc).
This work suggests that fine-tuning the linkage unit of multi-
dimensional dimeric acceptors can control their morphology
and thus improve photovoltaic performance.

Results and discussions

The chemical structures and synthetic routes of CH8-8 and
CH8-9 are illustrated in Fig. 1a and Scheme S1 (ESI†), respec-
tively. Based on our previously developed strategy for construct-
ing multi-dimensional dimeric acceptors,22 we utilized EDOT
and DMOT as linkage units to synthesize the final compounds
CH8-8 and CH8-9, respectively. To comprehend the influence of
the linkage units EDOT and DMOT on the multi-dimensional
molecules, density functional theory (DFT) calculations were
employed to evaluate the molecular conformation of CH8-8 and
CH8-9. As shown in Fig. 1b, from the perspective of molecular
geometry, while the conjugated planes within the monomers
are highly planar, a certain dihedral angle exists between the
two monomers, transitioning the molecule from linear to
multi-dimensional. According to the energy-torsion angle
(E–y) curves obtained from potential surface energy scans, the
lowest-energy conformation was observed at a torsion angle of
01, as shown in Fig. 1c. Notably, only when the torsion angle
approached 2001, the rotational energy barrier reached approxi-
mately 100 kJ mol�1, indicating improved stability. As seen
from the side view, the dihedral angle expands from 23.31 in CH8-8
to 37.21 in CH8-9. This is ascribed to the tapering of conforma-
tional stability from the dioxane- to methoxy-substituted thiophene

Fig. 1 (a) Chemical structures of CH8-8 and CH8-9. (b) Ground-state geometries of CH8-8 and CH8-9 calculated by the DFT method, and the degrees
of dihedral angles between the two monomers are marked. (c) Torsion potentials of CH8-8 and CH8-9 calculated using DFT calculations. (d) Absorption
spectra of the chloroform solutions and thin films of CH8-8 and CH8-9. (e) Energy level diagrams of the donor and acceptors.
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unit, which controls torsion via non-covalent interactions.
Generally, differences in molecular geometry impact the mor-
phological features of blended films, which are discussed in
detail below.

The ultraviolet-visible (UV-Vis) absorption spectra of CH8-8
and CH8-9 in chloroform solutions and solid films are pre-
sented in Fig. 1d, while the detailed optical parameters are
listed in Table 1. In solution, the maximum absorption peak
(lmax) of CH8-8 was at 738 nm; meanwhile, the absorption peak
of CH8-9 was red-shifted to 748 nm potentially due to the
stronger conjugation and pre-aggregation state.29,30 Notably,
despite the poor planarity caused by the introduction of DMOT
units, as evident from the dihedral angle, the stronger conjuga-
tion contributes to better charge transport. The lmax values of
CH8-8 and CH8-9 in the solid state were located at 811 nm and
807 nm, respectively. The blue-shifted absorption peak
indicates slightly weaker molecular stacking, which avoids
over-aggregation in the CH8-9 film compared with CH8-8.31

This phenomenon can likely be attributed to poor planarity in
its molecular structure.32 Moreover, the optical bandgaps (E opt

g )
of CH8-8 and CH8-9 were 1.37 eV and 1.39 eV, as determined
from their thin-film absorption edges (lonset) at 905 nm and
890 nm, respectively.

The experimental highest occupied molecular orbital
(HOMO) and LUMO energy levels were evaluated by cyclic
voltammetry (CV) measurements, and the results are shown
in Fig. S1 (ESI†). The HOMO energy levels of CH8-8 and CH8-9
were �5.65 eV and �5.83 eV, while the LUMO energy levels of
CH8-8 and CH8-9 were �3.80 eV and �3.76 eV, respectively, as
presented in Fig. 1e. Similarly, according to the DFT calcula-
tions (Fig. S2, ESI†), the HOMO energy levels of CH8-8 and
CH8-9 were �5.73 eV and �5.76 eV, and their LUMO energy
levels were �3.80 eV and �3.81 eV, respectively, showcasing
that is the linkage units barely had any impact on the energy
levels. Furthermore, the variation of the linkage unit from
EDOT to DMOT influenced the molecular electrostatic potential
energy, particularly in the linkage region. This alteration may
result in varied intramolecular charge transfer (ICT) effects
among these three-dimensional (3D) acceptors by forming
multiple A–D–A architectures.28,33

To assess the photovoltaic performance of CH8-8 and CH8-
9, OSC devices were fabricated with the conventional architec-
ture of ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag (Fig. 2a).
The details of device fabrication are presented as ESI,† and
the corresponding device optimization parameters are shown
in Tables S1–S3 (ESI†). The current density–voltage ( J–V) curves
of the optimized devices based on PM6:CH8-8 and PM6:CH8-9
are presented in Fig. 2b, along with a summary of their
photovoltaic parameters in Table 2. The CH8-8-based OSC
demonstrated a moderate PCE of 15.8% with a Voc of 0.932 V
and a Jsc of 23.92 mA cm�2. Meanwhile, the CH8-9-based device
exhibited a higher PCE of 16.3% with a similar Voc of 0.924 V
and a higher Jsc of 24.46 mA cm�2. The higher Jsc and FF of the

Table 1 The optical and electrochemical properties of CH8-8 and CH8-9

Molecules
lsol

max

(nm)
lfilm

max

(nm)
Eopt

g

(eV)
E cv

LUMO

(eV)
E cv

HOMO

(eV)

CH8-8 738 811 1.37 �3.80 �5.65
CH8-9 748 807 1.39 �3.76 �5.83

Fig. 2 (a) The conventional architecture of the assembled devices. (b) J–V curves of the PM6:CH8-8- and PM6:CH8-9-based devices; the insets show
the distribution of the device PCEs. (c) EQE curves and integrated Jsc curves of the PM6:CH8-8- and PM6:CH8-9-based OSCs. (d) PCE variation versus
operating time in a glovebox filled with nitrogen at room temperature and heating at 65 1C.
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CH8-9-based devices primarily originates from the improve-
ment in charge generation and charge transport dynamics, as
elaborated below. As seen in the external quantum efficiency
(EQE) curves of the optimal devices (Fig. 2c), the CH8-9-based
device showed a slightly higher photo-response from 480 to
800 nm than the CH8-8-based device. As calculated from the
EQEs, the Jsc values were 23.36 and 22.93 mA cm�2, respec-
tively, in good agreement with the Jsc values measured from the
J–V curves. This consistency validates the reliability of the
photovoltaic performance measurements.

Generally, dimeric acceptors with a high molecular weight
exhibit low molecular diffusion, which is beneficial for improv-
ing device stability. As illustrated in Fig. 2d, the CH8-8- and
CH8-9-based devices displayed a slow decay tendency, and both
devices could maintain over 90% and around 85% of the
original PCEs, respectively, after storage or heating at 65 1C
for 360 h in a nitrogen-filled glovebox, suggesting their satisfactory
device stability, which is crucial for industrial application.34 More-
over, the photostability of the PM6:CH8-8- and PM6:CH8-9-based
devices was measured under light-aging by max power point (MPP)
tracking in a nitrogen-filled glovebox, and the corresponding
results are shown in Fig. S3 (ESI†). After continuous light-aging
for 200 hours, the PM6:CH8-8- and PM6:CH8-9-based devices
maintained 76% and 83% of their original PCEs, indicating the
better photostability of the PM6:CH8-9-based device.

As shown in Fig. S4 (ESI†), the optical bandgap (Eg) of both
blended films was estimated to be 1.441 eV from the derivatives
of the EQE curves. Therefore, the Eloss values of the PM6:CH8-8-
and PM6:CH8-9-based devices were calculated to be 0.513 and
0.520 eV, respectively. In particular, the radiative recombina-
tion energy loss above the bandgap (DE1) was 0.267 eV for both,
while the radiative recombination energy losses below the
bandgap (DE2) were 0.088 eV for PM6:CH8-8 and 0.062 eV for
PM6:CH8-9. Significantly, their non-radiative recombination
energy losses (DE3) were 0.183 eV and 0.188 eV (Table S4, ESI†),
which are comparable to the values observed in high-
performance OSCs. Obviously, the higher DE3 leads to higher
Eloss in PM6:CH8-9-based devices. As shown in Fig. S5 (ESI†),
the relatively higher EQEEL value of the PM6:CH8-8-based OSCs
validates its lower DE3, which may be attributed to the large
domains observed in the PM6:CH8-8 blend film.35,36 Besides,
the values of their Eloss were also relatively lower than other
high-efficiency devices (Table S5, ESI†).

Besides, charge generation and the dissociation behaviors of
the PM6:CH8-8- and PM6:CH8-9-based devices were analyzed
by measuring the dependence of their photocurrent density
( Jph) on the effective voltage (Veff) (Fig. 3a). According to
reported methods, the exciton dissociation efficiencies (Zdiss)
of the PM6:CH8-8- and PM6:CH8-9-based devices were 94.66%
and 96.44%, respectively. Meanwhile, the charge collection

Table 2 Photovoltaic parameters of the CH8-8- and CH8-9-based OSCs under AM 1.5G and 100 mW cm2

Active layer Voc (V) Jsc (mA cm�2) Jsc,cal (mA cm�2) FF (%) PCE (%)

PM6:CH8-8 0.932 (0.929 � 0.002) 23.92 (23.92 � 0.24) 22.93 70.7 (70.0 � 0.5) 15.8 (15.6 � 0.2)
PM6:CH8-9 0.924 (0.922 � 0.002) 24.46 (24.18 � 0.26) 23.36 72.0 (71.9 � 0.6) 16.3 (16.0 � 0.1)

Fig. 3 (a) The dependence of Jph on Veff. (b) Jsc versus light intensity. (c) Voc versus light intensity. (d) Transient photocurrent and (e) transient
photovoltage measurements of the PM6:CH8-8- and PM6:CH8-9-based devices. (f) Hole and electron mobilities in the PM6:CH8-8- and PM6:
CH8-9-based devices.
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efficiencies (Zcoll) of the PM6:CH8-8- and PM6:CH8-9-based
devices were 80.84% and 85.15%, respectively. Notably, the
gradual improvement in Zdiss and Zcoll from PM6:CH8-8 to
PM6:CH8-9-based devices correspond with the obviously
increased EQE values and thus Jsc. To further investigate the
bimolecular charge recombination behavior in the blended
films, the Jsc values were measured under different light
intensities (P), as indicated by the a values shown in Fig. 3b.
The a values were 0.986 and 0.984 for the PM6:CH8-8- and
PM6:CH8-9-based devices, respectively, suggesting little bimo-
lecular recombination in both devices. Lastly, Fig. 3c displays
the Voc values of both optimized devices versus light intensity
according to the relationship Voc pnkT/qPin. The slope of the
PM6:CH8-9-based device (1.033 kT/q) was slightly smaller than
that of the PM6:CH8-8-based device (1.103 kT/q), indicating
lower trap-assisted recombination in the PM6:CH8-9 blend.

Moreover, the transient photocurrent (TPC) and transient
photovoltage (TPV) responses were plotted, as shown in Fig. 3d
and e, to reveal their charge-extraction and charge-carrier life-
times. In comparison with the extraction time of the PM6:CH8-
8-based device (0.434 ms), the PM6:CH8-9-based device exhib-
ited a shorter extraction time of 0.308 ms, indicating more
efficient charge carrier transport and favorable exciton disso-
ciation in the device. Additionally, the PM6:CH8-9-based device
exhibited a longer charge carrier lifetime of 56 ms than 31 ms of the
PM6:CH8-8-based device, which is beneficial for reducing charge
recombination. Subsequently, the charge transport properties of
the blended films were studied by the space-charge-limited current
(SCLC) method to evaluate their hole and electron mobilities (mh

and me) (Fig. S6, ESI†). As shown in Fig. 3f and Table S6 (ESI†), the
mh and me values of the PM6:CH8-8-based device were 8.05 � 10�4

and 3.07 � 10�4 cm2 V�1 s�1, respectively. Meanwhile, the mh and
me values of the PM6:CH8-9-based devices were 7.23 � 10�4 and

4.96 � 10�4 cm2 V�1 s�1, respectively. Notably, the corresponding
mh/me ratios were 2.62 and 1.46. The more balanced charge-
transport mobilities in the PM6:CH8-9-based device are in good
agreement with the higher Zcoll and consequently higher FF.37

To elucidate the differences in charge transport discussed
above, the morphological features of the blend films were
analyzed systematically. The diffraction images obtained by
grazing incident wide-angle X-ray scattering (GIWAXS) are
depicted in Fig. 4a and b. All films showed a strong (010)
diffraction peak in the out-of-plane (OOP) direction, indicating
good molecular crystallinity and favorable face-on molecular
orientation in CH8-8 and CH8-9. In addition, as depicted in the
corresponding line-cut profiles of the blend films along the
OOP direction (Fig. 4c), a broad merged (010) peak was
observed at similar positions (1.62–1.64 Å). The coherence
lengths (CCLs) for the PM6:CH8-8 and PM6:CH8-9 films
were 12.20 and 14.20 Å, respectively (Table S7, ESI†). Nota-
bly, the relatively small p–p stacking distance and large CLs
demonstrate the compact and ordered molecular packing of
CH8-9, which contribute to charge transport (Fig. 4d).22 In
summary, the introduction of DMOT units to moderate the
dihedral angle in multi-dimensional molecules appears to
be more conducive to intermolecular stacking with smaller
intermolecular p–p stacking distances and larger CCLs than
those with EDOT units. These findings, supported by the
SCLC measurements, suggest enhanced charge transport in
the PM6:CH8-8-based device, leading to higher Jsc and FF
values.37

The surface morphological characteristics of the two
blended films were further corroborated by atomic force micro-
scopy (AFM) measurements. As shown in Fig. 5a and b, the
height images show that the PM6:CH8-9-based film has a
smoother surface with a smaller root-mean-square surface

Fig. 4 (a) and (b) 2D GIWAX patterns of the neat film and blended film, respectively. (c) Corresponding OOP and IP line-cut profiles of the two blended
films. (d) D-Spacings and coherence lengths of the (010) plane in the OOP direction of the CH8-8 and CH8-9 neat films and PM6-blended films.
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roughness (Rq) of 1.07 nm compared with that of PM6:CH8-8
blend film (Rq = 1.27 nm). Meanwhile, the phase image of
PM6:CH8-9 blend film revealed a more uniform surface topo-
graphy with distinctive fibrous networks. On the other hand,
infrared-atomic force microscopy (IR-AFM) measurements were
performed to verify the above findings. As shown in Fig. S7
(ESI†), in the infrared absorption peak at 2216 cm�1, which is
unique to the cyano (CRN) group present in the acceptors,
the blue and yellow areas represent the donor PM6 and the
acceptors CH8-8/CH8-9, respectively. Thus, compared with the
PM6:CH8-8-based film, the PM6:CH8-9-based film displayed a
more even-distributed surface. Therefore, a statistical size
analysis of the bundle-like nanofibers was conducted, and the
results are displayed in Fig. 5c and d; the average sizes were
found to be 12.6 nm and 11.4 nm for the PM6:CH8-8- and
PM6:CH8-9-based films, respectively, as detailed in Fig. S8
(ESI†). To sum up, PM6:CH8-9 might present a smaller fibril
width and more evenly distributed surface with limited rotation
of the bridge units, which prevent over-aggregation and favor
phase separation, eventually benefitting Jsc and FF.38

Conclusion

In conclusion, the introduction of EDOT and DMOT as linkage
units to construct multi-dimensional dimeric acceptors leads to
discrepancies in their molecular geometry and morphological
features. Interestingly, the PM6:CH8-9-based devices have more
favorable morphological characteristics, such as prevention of
over-aggregation and appropriate phase separation, resulting in
more balanced charge-transport mobilities and a higher charge
collection efficiency. Thus, it revealed higher FF and Jsc with a

PCE of 16.3% compared to 15.8% of the PM6:CH8-8-based
device. Meanwhile, both PM6:CH8-8- and PM6:CH8-9-based
devices maintained satisfactory device stability and exhibited
low Eloss as well. Taken together, our study demonstrates that
introducing dioxane- and methoxy-substituted thiophene link-
age units to construct multi-dimensional dimeric acceptors is a
feasible strategy to regulate bridge-unit rotation, tune stacking
and optimize film morphology to achieve highly efficient
photovoltaic performance in OSCs.
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