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A Polymer Acceptor with Grafted Small Molecule Acceptor
Unit for Efficient All Polymer Organic Solar Cells

Wendi Shi, Yuzhong Huang, Kangqiao Ma, Xiaodong Si, Wanying Feng, Ruohan Wang,
Jiaxin Guo, Wei Ma,* Shijie Wang, Andrew Clulow, Lester Barnsley, Zhaoyang Yao,
Chenxi Li,* Xiangjian Wan,* and Yongsheng Chen

A polymer acceptor, named PX-1, is designed and synthesized using a
polymerization strategy with grafted small molecule acceptors. This design
approach allows for the freedom of end groups while maintaining efficient
terminal packing, enhancing 𝝅–𝝅 interactions, and facilitating charge
transport. All-polymer organic solar cells based on PM6: PX-1 demonstrate a
promising efficiency of 13.55%. The result presents an alternative pathway for
the design of high-efficiency polymer acceptors through the careful regulation
of small molecule acceptor monomers and linker units.

1. Introduction

In recent decades, organic solar cells (OSCs) have drawn sig-
nificant attention due to their remarkable advantages, includ-
ing lightweight nature, semitransparency, and solution process-
ability, etc.[1–3] Through extensive research in molecular de-
sign and device optimization,[4–12] single-junction OSCs based
on polymer donors and small molecule acceptors (SMAs) have
achieved impressive power conversion efficiency (PCE) surpass-
ing 19%.[13–15] While polymer/SMAs-based OSCs have made sig-
nificant progress, all-polymer solar cells (all-PSCs) have emerged
as a promising alternative. All-PSCs utilize polymer donors and
polymer acceptors in the photoactive layers, offering distinct ad-
vantages such as excellent thermal and morphological stability,
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remarkable stretchability, and mechanical
durability.[16–19] Despite the progress made
in all-PSCs, with PCEs exceeding 18% [20–23]

due to the development of “polymerized
small-molecule acceptors” (PSMAs),[24,25]

they still fall behind the performance of
SMAs-based OSCs. This disparity can be at-
tributed to the limited availability of high-
performance polymer acceptors and the
challenges associated with regulating the
blend morphology in all-polymer systems.
To address these issues, further advance-
ments in the development of new PSMAs
are essential.

Currently, there have been numerous reports on high-
performance PSMAs achieved by directly polymerizing Y-series
SMAs with different linkers.[21,26,27] However, most polymer ac-
ceptors are copolymerized through terminal units and link-
ers, which comes with certain disadvantages that cannot be ig-
nored. First, it affected intermolecular packing. The intermolec-
ular packing facilitated by electron-deficient terminal groups has
been recognized as an effective packing mode in non-fullerene
SMAs, as supported by a considerable number of single-crystal
structures.[28,29] This packing mode establishes efficient charge
transfer channels, thereby improving short-circuit current den-
sity (JSC) and fill factor (FF). However, when terminal units of
SMAs are utilized for polymerization with other linkers, the
electron-deficient nature of terminal groups and the original
packing mode of SMAs are significantly altered. Moreover, stud-
ies have demonstrated that the planarity of PSMAs’ skeleton can
be affected by the torsion angle between the bridging unit and
the terminal group,[18,30,31] which is unfavorable for intermolec-
ular packing and the enhancement of device performance. Sec-
ond, this strategy reduces the number of halogen modification
sites. The current polymerization strategy through end groups
replaces one of the chemical modification sites with halogen
atoms with a bridging unit when synthesizing PSMA using ter-
minal units and linkers. However, the halogen atoms on terminal
groups are crucial as they enhance molecular packings and facil-
itate charge transfer.[32,33] Additionally, halogen atoms on molec-
ular backbones also play a significant role in tuning the energy
levels and light absorption of SMAs and PSMAs.[34–36]

To address the aforementioned issues, we have proposed a
new approach to construct PSMAs with grafted SMA units based
on the conventional polymerization SMA strategy.[37] PSMAs de-
signed using the grafted SMA strategy feature free end groups
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Figure 1. a) Chemical structures of PX-1 b) Absorption spectra of PM6 and PX-1 in CF and in solid films. c) The alignment of energy levels derived from
CVs.

that facilitate intermolecular packing, which in turn benefits
electron transport. Furthermore, extended conjugation and dual
charge transport channels can be formed. Additionally, this de-
sign strategy provides more chemical modification sites to cre-
ate new PSMAs with tunable absorption and energy levels. It
is worth noting that the CH acceptors with extended conju-
gation central cores that we have reported substantially facili-
tate the above polymerization strategy owing to their versatile
chemical functionalization site on the central units and high
device performance.[8,38,39] Following this strategy, herein, we
have designed and synthesized a polymer acceptor named PX-
1 (Figure 1a) using the polymerization strategy described above.
Utilizing PM6 as the donor polymer, all-PSCs based on PX-1
achieved a promising PCE of 13.55%. This work highlights the
potential for achieving higher-efficiency all-PSCs through the
careful design of new polymer acceptors using an alternative
polymerization pathway.

2. Results and Discussion

2.1. Materials Design and Optical/Electrochemical Properties

The synthetic routes to PX-1 are displayed in Scheme S1 (Sup-
porting Information), and the detailed procedures of synthesis
are provided in the Supporting Information. The average molecu-
lar weight (Mn) of PX-1 is 13.49 kDa with the polydispersity index
(PDI) of 1.57 (Figure S1, Supporting Information). The polymer
exhibits good thermal stability with decomposition temperature
of 346 °C in the thermogravimetric analyses (Figure S2, Support-
ing Information). PX-1 has good solubility, which can be easily
dissolved in common solvents such as chloroform, chloroben-
zene, and toluene.

UV–vis absorption spectra of PX-1 in diluted chloroform so-
lution and neat film are shown in (Figure 1b). PX-1 shows the
maximum absorption (𝜆max) peak located at 792 nm in CF solu-
tion. The as-cast solid film of PX-1 displays red-shifted absorp-
tion by 8 nm compared with its solution absorption. To further
explore the molecular aggregation of the new polymer accep-
tor, the temperature-dependent UV–vis absorption spectra were
measured. The maximum absorption peak of PX-1 was blue-

shifted ≈9 nm with increasing temperature from 20 to 100 °C.
This should be associated with the strong aggregation of PX-1
(Figure S4, Supporting Information).[40] Cyclic voltammetry (CV)
was conducted to investigate the energy levels of the polymer ac-
ceptor PX-1. From the onset reduction and oxidation potentials
of the CV curves (Figure S3, Supporting Information), the en-
ergy levels of PX-1 were estimated. As shown in Figure 1c, the
highest occupied molecular orbital (HOMO) level and the lowest
unoccupied molecular orbit (LUMO) energy levels of PX-1 are
−5.67 and −3.81 eV, respectively, which show well-matched with
PM6 (HOMO/LUMO = −5.59/−3.56 eV).

2.2. Photovoltaic Properties

To evaluate the photovoltaic performances of PX-1, we fabri-
cated all-PSCs with an inverted device structure configuration of
ITO/ZnO/NMA/PM6: PX-1/MoO3/Ag (Figure 2a). The structure
of NMA is shown in Figure S5 (Supporting Information). Ow-
ing to the matched energy levels and complementary absorptions
with PX-1, PM6 was selected as the donor polymer material. De-
tailed experimental procedures are presented in the Supporting
Information and the detailed device data are listed in Tables S1–
S3 (Supporting Information). Optimal current density–voltage
(J–V) curves are illustrated in Figure 2b and the corresponding
photovoltaic parameters are listed in Table 1. The optimized de-
vice of PM6: PX-1 with additive of 2-methoxynaphthalene (2-MN)
(100% weight ratio compared to the total mass of PM6:PX-1)
showed a promising PCE of 13.55%, which is higher than that
the control device with a PCE of 12.36% due to the enhanced
short-circuit current density (JSC, from 19.34 to 19.90 mA cm−2)
and fill factor (FF, from 66.92 to 71.02%), and nearly remained
open-circuit voltage (VOC). The current densities integrated from
the external quantum efficiencies (EQE) spectra (Figure 2c) were
18.94 and 18.59 mA cm−2 for the device with and without ad-
ditive, respectively, matching well with the JSC values measured
in the J–V curves. As shown in Figure 2c, the device with the
additive of 2-MN shows clearly higher EQE values in the range
of 700–800 nm, which is attributed to the improved active layer
morphology and facilitated charge transfer/transport process as
discussed below.
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Figure 2. a) Photovoltaic device architecture in this work. b) J–V and c) EQE curve of the devices with and without the additive 2-MN.

2.3. Exciton and Carrier Dynamics

The studies on exciton and carrier dynamics were conducted
to clarify the variation of photovoltaic parameters of the all-
PSCs with and without 2-MN additive. First, we studied the
charge recombination process in devices by characterizing the
dependence of JSC and VOC under different light intensities. The
charge recombination in short-circuit condition is quantified by
the power-law dependence of JSC on light intensity. The equa-
tion is JSC∝Plight

𝛼 . If 𝛼 approaches 1, bimolecular recombination
is almost negligible, promoting the rapid extraction of charge
carriers.[41,42] As displayed in Figure 3a, the values of 𝛼 are almost
identical (0.986 and 0.980) with and without 2-MN additive, indi-
cating both devices have less bimolecular recombination. The dif-
ference of recombination mechanisms in open-circuit condition
can be characterized by the dependence of VOC and the natural
logarithm of light intensity. The slope is nKT/q, when n is equal
to 2, trap-assisted recombination is dominant, when n is 1, the bi-
molecular recombination dominates. Among them, K represents
the Boltzmann constant, T means thermodynamic temperature,
and q is elementary electronic charge.[43] As shown in Figure 3b,
the slope values of the PM6: PX-1 device with and without 2-MN
are 1.19 and 1.23KT/q, respectively, indicating that there is less
trap-assisted recombination in the two devices.

Further, the performance of exciton dissociation and charge
collection can be investigated by measuring the correlation of
photocurrent density (Jph) and effective voltage (Veff). The result
is shown in Figure 3c. We can estimate the exciton dissociation
probability (Pdiss) from the ratio of Jph/Jsat under the short-circuit
condition. Similarly, the charge extraction efficiency (Pcoll) can be
acquired from the ratio of Jph/Jsat under the maximum power
output point. The Jsat is saturated photocurrent density.[44] As re-
sults, the Pdiss values are 0.94 and 0.93 and the Pcoll values are 0.78

and 0.72 for the devices with and without 2-MN. The larger Pdiss
and Pcoll values demonstrated the higher exciton dissociation ef-
ficiency and improved charge extraction efficiency for the device
with additive of 2-MN, which are attributed to its higher JSC and
FF.

Finally, the transient photocurrent (TPC) and transient pho-
tovoltage (TPV) tests were used to further explore the carrier
dynamics.[45] As plotted in Figure 3d,e, after 2-MN was added to
the active layer, the charge extraction time decreased from 0.55 to
0.46 μs, and the photogenerated carrier lifetime increased from
0.25 to 0.43 ms. All the results indicate that charge carrier recom-
bination was suppressed in the device with 2-MN, which is also
consistent with the improvement of Pcoll.

2.4. Morphological Properties

Atomic force microscopy (AFM) and grazing incidence wide-
angle X-ray diffraction (GIWAXS) were used to explore the mor-
phology of PM6: PX-1 blend films. As illustrated in AFM height
images in Figure 4a,b, the two blend films with and without
additives all show the small values of the root mean square
(RMS) roughness (1.58 and 1.64 nm). As shown in the phase
images (Figure 4c,d), the distinct interpenetrating fibril network
structures can be observed in the two blend films, especially
for the film with 2-MN, which is favorable for charge genera-
tion/transport.

The GIWAXS patterns of PM6: PX-1 blend films are displayed
in Figure 5a,b. The corresponding line-cut profiles are shown in
Figure 5c. The neat film of PX-1 shows the edge on dominant
orientations (Figure S7, Supporting Information). But when
PM6 is added in PX-1 as polymer donor, the two blend films with
and without 2-MN all show the clear lamellar stacking peaks in

Table 1. The optimal photovoltaic parameters of PM6: PX-1-based devices with and without 100 wt.% 2-MN under AM 1.5 G Illumination (100 mW cm−2).

Active layer VOC [V] JSC [mA cm−2] JSC
EQE

[mA cm−2]
FF [%] PCE [%]a)

w/o 0.954 (0.959 ± 0.004) 19.34 (19.01 ± 0.27) 18.59 66.92 (67.06 ± 0.73) 12.36 (12.23 ± 0.16)

100 wt.% 2-MN 0.959 (0.958 ± 0.003) 19.90 (19.69 ± 0.27) 18.94 71.02 (70.30 ± 0.70) 13.55 (13.26 ± 0.18)
a)

Statistical and optimal results are listed in parentheses and outside of parentheses, respectively, and the average parameters were calculated from ten independent cells.
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Figure 3. a) light intensity (P) dependence of JSC and b) light intensity (P) dependence of VOC, c) Jph−Veff curves, d) transient photocurrent and e)
transient photovoltage measurement of all-PSCs with and without 100 wt.% 2-MN.

Figure 4. AFM height images of PM6: PX-1 blends a) with and b) without 100 wt.% 2-MN. AFM phase images of PM6: PX-1 blends c) with and d) without
100 wt.% 2-MN.
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Figure 5. 2D GIWAXS images of PM6: PX-1 blends a) with and b) without 100 wt.% 2-MN. c) 1D GIWAXS profiles of PM6: PX-1 blends with and without
100 wt.% 2-MN.

Table 2. The detailed parameters of energy losses for optimized OSCs.

Active Layer Eg
pv [eV] VOC

SQ [V] ∆E1 [eV] ∆E2 [eV] ∆E3 [eV] EQEEL [E−2] VOC [V] Eloss [eV]

2-MN 1.480 1.210 0.270 0.063 0.188 0.07 0.959 0.521

w/o 1.480 1.210 0.270 0.060 0.196 0.05 0.954 0.526

the out-of-plane direction, which indicates the face-on dominant
orientations and ordered stacking in blend films. Besides, the
similar 𝜋−𝜋 distance (3.73 Å/3.74 Å) (Table S4, Supporting
Information) and the slightly enhanced 𝜋−𝜋 stacking coherence
length (Table S5, Supporting Information) can be observed for
the blend film with 2-MN (18.85 Å) compared with that of the
blend film without 2-MN (18.18 Å).[46] The ordered molecular
packing behaviors of the all-polymer active layers are consistent
with AFM results, which can facilitate the efficient exciton
dissociation and charge transport in the photovoltaic device.[47]

2.5. Energy Loss Analysis

In order to understand the reason for high VOC of PM6: PX-1-
based all-PSCs, a detailed energy loss analysis was conducted.
The Eloss of the devices with and without additive 2-MN were cal-
culated to be 0.521 and 0.526 V following the equation Eloss = Eg −
qVOC.[48] The Eg of the blend films was estimated from the inter-
section of normalized optical absorption and PL curves (Figure
S8a, Supporting Information). Then, based on the Shockley–
Queisser (SQ) theory,[49] the Eloss can be divided into three parts:
Eloss = ΔE1 + ΔE2 + ΔE3 (ΔE1 is the radiative recombina-
tion loss above the bandgap, ΔE2 is the radiative recombination
loss below the bandgap, ΔE3 is the non-radiative energy loss).
As shown in Table 2, the ΔE1 was calculated from the equa-
tion: ΔE1 = Eg−qVOC

SQ[50]. The values of ΔE1 of PM6: PX-1-
based devices with and without 2-MN are identical due to their
same Eg and VOC

SQ. The second part (ΔE2) of the PM6:PX-1-
based device with 2-MN was calculated to be 0.063 eV, which is
slightly larger than that of the PM6:PX-1-based device without
additvie (0.060 eV). The ΔE3 is calculated by using the equation
of ΔE3 = −kTln(EQEEL).[51] The PM6:PX-1-based device with 2-
MN shows a higher EQEEL of 7 × 10−4 compared to the device
without additive with the EQEEL of 5 × 10−4 (Figure S8b, Sup-
porting Information). The corresponding ΔE3 were estimated to

be 0.188 and 0.196 eV for the PM6:PX-1-based devices with and
without additives, respectively. It is worthy to note that the PM6:
PX-1-based all-PSCs, especially the device with additive, exhibit
low ΔE3 with values below 0.2 eV, which are smaller than most
of the state-of-the-art devices.[52] Considering the large ΔE3 is one
of the main Eloss for OSCs, the above results demonstrate much
potential of this type of polymer acceptor for achieving higher
efficiency devices.

3. Conclusion

In conclusion, we successfully designed and synthesized a poly-
mer acceptor, named PX-1, through an alternative polymeriza-
tion strategy different from the conventional polymerization
SMA strategy for polymer acceptors, i.e., polymerization between
the central building blocks of SMAs with linkers. This approach
can free the end groups of A-D-A type small molecule monomers
and hold great potential for achieving higher efficiency PSMAs
through careful regulation of both monomer and linker groups.
The all-PSC based on PM6:PX-1 demonstrated a promising PCE
of 13.55%. We believe that by employing the aforementioned
strategy and careful monomer design, it is possible to design
polymer acceptors with higher efficiency in the future.

4. Experimental Section
Experimental methods are available in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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