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Extending Se substitution to the limit:
from 5S to 5Se in high-efficiency non-fullerene
acceptors†
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Based on the newly synthesized seleno[3,2-b]selenophene unit, two

near-infrared non-fullerene acceptors (NFAs) of 4Se and 5Se are

constructed by replacing four or all sulfurs with selenium in high-

efficiency Y-series NFAs. Consequently, binary devices based on

4Se and 5Se afford PCEs of 15.17% and 15.23%, respectively, with a

photoelectric response approaching 1000 nm. More excitingly, the

energy loss of the 5Se-based device was as low as 0.477 eV along

with almost the smallest non-radiative loss of B0.15 eV thus far.

Organic solar cells (OSCs), as a very promising technology for
next-generation green energy production, have gone through
extremely rapid development recently.1 Among them, non-
fullerene acceptors (NFAs) play a crucially important role in
boosting the power conversion efficiencies (PCEs) of OSCs, due
to their near-infrared absorptions, tunable energy levels, super-
ior intermolecular packings, etc.2–4 To date, single-junction
OSCs based on high-efficiency Y-series NFAs5–8 have exhibited
PCEs over 19%.9 The inner reasons for such an excellent
performance should be attributed to the unique but highly
favorable three-dimensional (3D) molecular packing network
established by Y-series NFAs.10 Recently, extensive efforts have
been made to optimize the structures of Y-series NFAs aiming
to reach a record-breaking PCE of OSCs.11–15 However, dra-
matic structural modifications will inevitably change the highly
desirable 3D molecular packing network of NFAs, which may
have an adverse effect on the already efficient charge transport
channels. Therefore, the structural modification at atomic
levels, like replacing sulfur with selenium, has attracted great

attention in order to enhance both the light-harvesting and
charge transfer/transport abilities without damaging the super-
ior molecular packings.16–20

As is well-known, selenium can be easily polarized with
respect to sulfur. Therefore, the better electron cloud delocali-
zation of selenium usually causes relatively larger orbital over-
lap in p-conjugated systems, resulting in decreased aromaticity
and enhanced quinoidal character.15 Moreover, replacing S
with Se could keep the skeleton characteristics of molecules
to the maximum, and generate minimal impacts on molecular
geometries and further intermolecular packing networks. Bear-
ing these thoughts in mind, a seleno[3,2-b]selenophene unit
has been synthesized and employed to construct NFAs for the
first time (Fig. 1a). Two near-infrared NFAs of 4Se and 5Se are
constructed by replacing four or all sulfurs in high-efficiency
Y-series NFAs with selenium. Consequently, binary devices
based on 4Se and 5Se afforded PCEs of 15.17% and 15.23%,
respectively, with a photoelectric response approaching
1000 nm. More excitingly, the energy loss of the 5Se-based
device was as low as 0.477 eV along with almost the smallest
non-radiative loss of B0.15 eV thus far. By extending Se
substitution to the limit in high-efficiency Y-series NFAs, we
maximized and further unveiled the effects of selenium on the
physico-chemical properties, intermolecular packings and even
photovoltaic performance of NFAs.

The synthetic route to 4Se and 5Se is shown in Fig. 1 and the
detailed procedures and characterizations are presented in the
ESI.† Firstly, 3-bromoselenophene was lithiated and treated
with selenium powder and ethyl 2-bromoacetate stepwise to
afford compound 2 with a relatively low yield of 24%. Then
compound 2 was converted to compound 3 by a Friedel–Crafts
reaction catalysed by AlCl3. Furthermore, hydrolysis of com-
pound 3 was conducted under base conditions, followed by an
acidification to generate the corresponding acid 4 in a good
yield (84%). Finally, the key intermediate of seleno[3,2-b]sele-
nophene (5) was yielded by decarboxylation of acid 4 using
silver carbonate. Afterwards, through the classic synthesis
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route,5 including Stille coupling, Cadogan cyclization, Vilsme-
ier formylation and Knoevenagel condensation reactions, 4Se
and 5Se were afforded as blue-black solids. The molecular
structures of 4Se21 and 5Se have been fully characterized by
analysis of nuclear magnetic resonance (NMR) spectroscopy
and high-resolution mass spectroscopy (HRMS) (Fig. S5–S14,
ESI†). Note that both 4Se and 5Se can be well dissolved in
widely used solvents like chloroform and chlorobenzene, being
conducive to fabricating OSCs through solution processing.

The light absorption properties of 4Se and 5Se in diluted
solutions and thin-films were indicated by corresponding
UV-vis spectra in Fig. 2a. 4Se and 5Se display the maximum
absorption wavelengths of 767 and 778 nm in solution. More-
over, an obvious red-shifting of B90 nm can be observed for
4Se and 5Se neat films with absorption peaks located at
852 and 865 nm, respectively, suggesting strong intermolecular
interactions.22 Both 4Se and 5Se exhibit strong near-infrared
absorption with onsets extending to 945 and 962 nm, indicat-
ing an optical bandgap (Eg) of 1.312 and 1.289 eV, respectively.
It is worth noting that with more electron-rich selenium atoms
on the molecular skeletons of NFAs, an enhanced light harvest-
ing ability, especially in low energy regions, could be achieved,
which should be mainly attributed its upshifted highest occu-
pied molecular orbital (HOMO). Therefore, cyclic voltammetry
(CV) was further employed to investigate variations of the
frontier molecular orbital energy levels of 4Se and 5Se
(Fig. S2, ESI†) and the derived energy level diagram has been
illustrated in Fig. 2b. The specific data of the HOMOs and the
lowest unoccupied molecular orbitals (LUMOs) are also listed

in Table S1 (ESI†). The HOMO/LUMO energy levels of 4Se and
5Se were �5.63/�3.86 eV and �5.59/�3.86 eV, respectively. The
significantly upshifted HOMO for 5Se compared with that of
4Se should be caused by the more electron-rich character of
selenium in 5Se than sulfur in 4Se. Furthermore, the smaller
energy difference in the HOMO levels between 5Se and the
commonly used polymeric donor PM6 (as shown in Fig. 2a) is
expected to lead to a reduction in energy losses (Eloss) of
5Se-based OSCs.23 Additionally, density functional theory
(DFT) calculations were performed to evaluate the effects of
more selenium substitution on the molecular geometries and
energy levels. The optimized molecular geometries of 4Se and
5Se are illustrated in Fig. S1 (ESI†), and both of them show
excellent planar conformations. The calculated HOMO/LUMO
energy levels for 4Se and 5Se were found to be �5.56/�3.58 eV
and �5.52/�3.56 eV (Fig. S1, ESI†), which is consistent with the
relative energy level alignment obtained from CV curves. Note
that the HOMOs for both NFAs are mainly located on the
central donors; however, the LUMOs are delocalized along the
whole molecular backbones with a relatively larger concen-
tration on electron-deficient terminals. The sufficient overlap
of the frontier molecular orbitals is expected to give rise to an
efficient intramolecular charge transfer in such A–D–A type
NFAs.12

To evaluate the photovoltaic performance of 4Se and 5Se,
conventional OSCs with PM6 as a polymeric donor were fabri-
cated. Table 1 presents the photovoltaic parameters of the
leading OSCs, while Fig. 2c displays the corresponding current
density–voltage ( J–V) curves. As shown in Table 1, OSCs based
on PM6:4Se give rise to an optimal PCE of 15.17% with a VOC of
0.822 V, a JSC of 25.96 mA cm�2 and an FF of 71.08%. Mean-
while, PM6:5Se-based OSCs exhibited a slightly lower VOC

(0.812 V) and a comparable JSC (25.73 mA cm�2) and a larger
FF (72.93%), thus rendering a slightly improved PCE of 15.23%.
Note that the JSC values obtained by integrating external

Fig. 1 The chemical structures (a) and synthetic routes (b) of 4Se and 5Se.

Fig. 2 (a) Normalized absorption spectra of 4Se and 5Se in diluted
solutions of chloroform and neat films. (b) Energy level diagram of PM6,
4Se and 5Se derived from electrochemical cyclic voltammetry. (c) Current
density–voltage (J–V) of the optimized devices and (d) EQE curves.

Communication ChemComm

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 N
an

ka
i U

ni
ve

rs
ity

 o
n 

8/
28

/2
02

3 
4:

50
:3

1 
A

M
. 

View Article Online

https://doi.org/10.1039/d3cc02560h


This journal is © The Royal Society of Chemistry 2023 Chem. Commun., 2023, 59, 10307–10310 |  10309

quantum efficiency (EQE) plots (Fig. 2d) agree well with the
values derived from J–V curves, which are limited in 5% error.
Although the EQE values for 5Se-based OSCs are smaller than
those of 4Se-based ones, a comparable integrated JSC can be
still achieved due to the enhanced photoelectric response in the
NIR region for 5Se. Moreover, space charge limited current
(SCLC) measurements were further carried out to estimate the
mobility of the charge carrier in the blended films. As shown in
Fig. S3 and Table S4 (ESI†), based on the average results of
10 devices, the hole mobilities for PM6:4Se and PM6:5Se are
6.09 � 10�4 and 5.99 � 10�4 cm2 V�1 s�1, respectively, and
the corresponding electron mobilities are 7.20 � 10�4 and
5.77 � 10�4 cm2 V�1 s�1 for PM6:4Se and PM6:5Se blends,
respectively. The comparable but more balanced charge carrier
mobilities for PM6:5Se blends will be conducive to facilitated
charge transport in the resulting OSCs.24 Surprisingly, although
5Se-based OSCs afford a slightly smaller VOC than 4Se-based
ones, the energy loss (Eloss) of the 5Se-based OSCs is only
0.477 eV, smaller than that of 0.490 eV for 4Se-based devices
(see analysis below for details).

To understand the effects of all selenium substitution on
molecular packing and crystallinity orientation, grazing inci-
dence wide angle X-ray scattering (GIWAXS) was further per-
formed. Efficient vertical charge transport channels between
two electrodes were provided by the predominant face-on
orientation observed in all samples.25 When taking a more in-
depth observation, we found that 4Se and 5Se films possess
(010) peaks at 1.69 and 1.67 Å�1, corresponding to a p–p
stacking distance of 3.71 and 3.75 Å, respectively (Table S2,
ESI†). After blending with the PM6 donor, tighter p–p stacking
can be suggested by a decreased p–p stacking distance of 3.64 Å
for PM6:4Se and 3.68 Å for PM6:5Se. The slightly enlarged p–p
stacking distance for 5Se-based films compared to that of
4Se-based ones should be caused by the larger atomic radius
of selenium (103 pm) with respect to sulfur (88 pm). Further-
more, the crystal coherence length (CCL) in the (010) region is
26.67 Å for the PM6:5Se blend, which is larger than that of the
PM6:4Se blend with a CCL of 23.24 Å. The increased CCL for
PM6:5Se implies a more ordered molecular packing, which will
be favorable to suppress charge recombination and reduce Eloss

in the resulting OSCs (Fig. 3).17

As it has been discussed above, 5Se indeed possesses a
narrower optical bandgap than 4Se (Fig. 2a). However,
5Se-based OSCs possess only slightly dropped VOC (0.812 eV)
with respect to that of 0.822 eV for 4Se-based ones. Thus, an
exciting deduction can be afforded that a smaller Eloss

for 5Se-based OSCs may be achieved. Therefore, the detailed

Eloss analysis of the OSCs was further conducted. Based on the
detailed balance theory,26 Eloss can be divided into three parts,
DE1, DE2 and DE3 (see ESI† for the details). DE1 depends on the
bandgap, which is 0.256 and 0.254 eV for PM6:4Se and
PM6:5Se-based OSCs, respectively (Table S3, ESI†). Radiative
recombination loss below the bandgap is represented by DE2,
being 0.067 and 0.073 eV for PM6:4Se and PM6:5Se-based
OSCs, respectively. DE3 is the most important non-radiative
energy loss in OSCs. Herein, PM6:4Se-based OSCs generate a
value of 0.167 eV for DE3, while it has decreased to 0.152 eV for
PM6:5Se-based OSCs. This is possibly caused by the more
ordered intermolecular packing in 5Se-based films, which can
be concluded by the GIWAXS measurements. Moreover, the
reduced DE3 of PM6:5Se-based OSCs is also confirmed by the
higher external electroluminescence quantum efficiencies
(EQEEL) in Fig. S4 (ESI†).27 It is worth noting that the
PM6:5Se-based OSC concurrently reached an excellent PCE of
15.23% and considerably low DE3 of 0.152 eV, which should be
the best OSC with DE3 r 0.16 eV to date (Table S5, ESI†).28–32

In summary, based on a newly synthesized seleno
[3,2-b]selenophene unit, we have extended Se substitution to
the limit and constructed two NIR NFAs of 4Se and 5Se.
Benefitting from the looser outmost electron cloud, easily
polarized characteristic and improved quinoidal resonance of
selenium with respect to those of sulfur, 5Se gives rise to an
obviously redshifted absorption and more ordered molecular
packings compared to 4Se. As a result, PM6:4Se and PM6:5Se-
based OSCs afforded a relatively high PCE of 15.17% and
15.23%, respectively, with a photoelectric response approach-
ing 1000 nm. More excitingly, the energy loss of the 5Se-based
device was as low as 0.477 eV along with almost the smallest
non-radiative loss of B0.15 eV thus far. By extending Se

Table 1 Photovoltaic performance parameters of OSCs based on PM6:4Se and PM6:5Se measured under the illumination of AM 1.5G (100 mW cm�2)a

Devices VOC [V] JSC [mA cm�2] JSC (EQEcal)
b [mA cm�2] FF [%] PCE [%]

PM6:4Se 0.822 (0.819 � 0.01) 25.96 (25.68 � 0.30) 25.73 71.08 (70.67 � 1.04) 15.17 (14.86 � 0.21)
PM6:5Se 0.812 (0.808 � 0.01) 25.74 (25.99 � 0.42) 24.96 72.93 (71.81 � 1.03) 15.23 (15.09 � 0.09)

a The values in parentheses are average parameters obtained from 10 devices. b The JSC (EQEcal) is determined from the integration of the EQEs to
the AM1.5G spectrum.

Fig. 3 Two dimensional GIWAXS patterns for the (a) 4Se blend, (b) 5Se
blend, (c) PM6:4Se blend and (d) PM6:5Se blend. (e) Out-of-plane line cuts
of the corresponding GIWAXS patterns.
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substitution to the limit in high-efficiency Y-series NFAs, we
maximized and unveiled the effects of selenium on the physico-
chemical properties, intermolecular packings and even photo-
voltaic performance of NFAs; meanwhile, this will stimulate
further efforts to apply the Se substitution strategy in other
efficient NFA systems with the aim of achieving better OSCs.
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