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A narrow-bandgap non-fullerene acceptor
constructed with an S,N-heteroacene up to a
dodecamer in size†
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Two exotic non-fullerene acceptors (JX1 and JX2) were effectively

developed, and were designed to include, respectively, decameric

and dodecameric S,N-heteroacenes. The tandem coupling of electron-

donating and electron-deficient moieties on the molecular skeleton

enhanced intramolecular charge transfer dramatically, endowing

specifically JX2 with excellent absorption of light of low energy

approaching 1000 nm. Finally, a JX2-based device outputs a good

PCE of 10.83%, providing a rare yet highly promising molecular plat-

form for achieving efficient OSCs with near-infrared-II absorption.

1. Introduction

Organic solar cells (OSCs) constitute an emerging technology
that is gaining extensive attention in the realm of sustainable
energy.1–6 To further speed up the development of OSCs, it is
essential to investigate new active layer materials, especially
non-fullerene acceptors (NFAs). Thus far, well-established NFAs
such as Y6,8 L8-BO,9 BTP-eC910 and CH2311 have contributed to
power conversion efficiencies (PCEs) of OSCs beyond the
remarkable threshold of 19%.12–16 Since 52% of the total energy
in standard solar spectra is contained in infrared (IR) absorp-
tion profiles, capturing the low-energy but abundant IR
photons could constitute a feasible strategy for further boosting

the PCEs of OSCs.7,17 In addition, NIR acceptors also have wide
applications not only in tandem,18 ternary,19 and semi-
transparent OSCs,20 but also in other organic semiconductor
devices such as high-performance NIR photodetectors,21 etc.

Enhancing intramolecular charge transfer (ICT) by coupling
strong donor units with strong acceptor units should be the
basic strategy deployed for broadening the absorption ranges of
light-harvesting molecules.22 In particular, constructing highly
electron-rich central donors consisting of large conjugated
backbones would be expected to be very effective in this regard.
Especially, both suitable energy levels and NIR absorptions can
be achieved at the same time if the electron-donating and
electron-deficient moieties are integrated into one ring-fused
molecular framework. Moreover, the multi-level electron push–
pull effect in such a unique architecture may also bring forth
facilitated exciton/charge dynamics.23

In this regard, in the current work, two exotic NFAs, denoted
as JX1 and JX2, have been effectively developed (Fig. 1a), and
designed to include, respectively, decameric and dodecameric
S,N-heteroacenes. The tandem coupling of electron-donating
(thiophene and pyrrole) and electron-deficient (benzothiadia-
zole) moieties on the molecular skeleton was found to enhance
ICT dramatically, resulting in an excellent absorption of light of
low energy approaching 1.24 eV. Finally, the best-performing
OSC based on JX2 showed a relatively good PCE of 10.83% and
was featured with a photoelectric response at a wavelength of
approaching 1000 nm.

2. Results and discussions
2.1. Theoretical calculations

We performed initial calculations, applying density functional
theory (DFT), to determine optimized geometries and energy
levels of JX1 and JX2 (Fig. 1b). Both JX1 and JX2 were calculated
to adopt a rather planar conjugated backbone, a feature favour-
able for efficient ICT and intermolecular p–p packings. The
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calculations also yielded the same lowest unoccupied molecular
orbital (LUMO) energy level of �3.37 eV for JX1 and JX2,
attributed to them having the same terminal units. Meanwhile,
the highest occupied molecular orbital (HOMO) of JX2 (�5.25 eV)
was observed to be upshifted compared to that of �5.36 eV for
JX1, attributed to the larger conjugated system of JX2. Moreover,
in spite of the two-electron-deficient benzothiadiazole groups on
the molecular skeletons of the central donor, both JX1 and JX2
were concluded, based on the DQ plots displaying a peak–valley–
peak shape7 (Fig. 1c), to still possess a clear acceptor–donor–
acceptor (A–D–A) character. Note, in general, that such a desir-
able A–D–A feature of an NFA is expected at least in theory to
result in superior molecular packing, efficient exciton splitting,
low energy losses and improved photovoltaic performances.7

2.2. Synthesis and characterization

Given the similar synthetic routes to JX1 and JX2, we here
describe the synthesis of just JX2 (Scheme 1). The process started
with a Stille coupling between 1 and tributyl (6-undecyl thieno
[3,2-b]thiophen-2-yl) stannane to generate intermediate 6 in a
moderate yield. This step was followed by further Stille coupling
with 2,5-bis(trimethyl stannyl) thieno [3,2-b]thiophene to yield
compound 7. Then, the S,N-heteroacenes up to a dodecamer (8)
was constructed through quadruple intramolecular Cadogan
reductive cyclization by adding triphenylphosphine, followed
by 5-(iodomethyl) undecane. Later, the dialdehyde compound 9
as a red powder was synthesized from 8 via the Vilsmeier–Haack
reaction. Finally, the synthesis of the target JX2 compound was
accomplished by subjecting compound 9 and the end unit of 2FIC
to a Knoevenagel condensation reaction.8 The synthetic and char-
acterization details are presented in Supplemental Experimental
Procedures (Schemes S1, S2 and Fig. S12–S31, ESI†).

2.3. Optical and electrochemical properties

To experimentally determine the energy levels of the molecules,
cyclic voltammetry (CV) was performed (Fig. S2, ESI†). Fig. 2a
shows the LUMO/HOMO of JX1 (�3.77/�5.41 eV) and JX2
(�3.79/�5.33 eV), corresponding to band gaps of 1.64 and
1.54 eV, respectively. Due to the reduced band gap of JX2, it
was reasonable to observe an obvious red-shift of the maximum
absorption peaks for JX2 in both solution and solid film,
compared to those of JX1 (Fig. 2b and Fig. S1, ESI†). As
expected, JX2 exhibited a red shift of approximately 17 nm in
its solution absorption spectrum compared to that of JX1, with
the maximum absorption peaks observed at 759 nm and
742 nm for JX2 and JX1, respectively. Moreover, it’s worth
noting that the stronger absorption displayed by JX2 than JX1
in the NIR region, with film absorption onsets at 966 nm and
886 nm, respectively. The extended conjugation of the central
donor of JX2, compared to that of JX1, was posited to account
for the higher HOMO energy level of JX2 and its red-shifted
absorptions. The detailed physicochemical data are summar-
ized in Table S1 (ESI†).

Fig. 1 (a) Molecular structures, (b) theoretical energy levels and frontier
molecular orbital distributions, and (c) theoretical charge density differ-
ence (DQ) values along the backbones of JX1 and JX2.7

Scheme 1 Synthetic route to JX2. Reagents and conditions: (a) Pd2(dba)3, P(o-tolyl)3, toluene, 60 1C, 48 h; (b) Pd2(dba)3, P(o-tolyl)3, toluene, reflux,
overnight; (c) PPh3, o-DCB, reflux, 12 h; (d) NaOH, DMF, 5-(iodomethyl)undecane, 90 1C, 72 h; (e) POCl3, DMF, ClCH2CH2Cl, reflux, 12 h; and (f) pyridine,
CHCl3, reflux, 12 h.
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2.4. Device characterization of OSCs

JX1 and JX2 were each blended with PCE10, a widely used
polymer donor with matched HOMO and LUMO energy levels
comparing to both JX1 and JX2 (Fig. S3, ESI†). The device
optimizations are described in Supporting Information and
detailed photovoltaic data are summarized in Tables S2–S6
(ESI†). Fig. 2c shows the best current density versus voltage
(J–V) curves of the OSCs based on PCE10:JX1 and PCE10:JX2.
Here, an average PCE of 10.83% was reached by JX2-based
OSCs, much better than the 6.24% value reached by its JX1
counterparts, and was accompanied by a VOC of 0.759 V, JSC of
20.11 mA cm�2 and FF of 69.56% (Table 1). The better perfor-
mance of JX2-based OSCs, as compared to those based on JX1,
can be primarily attributed to the higher JSC and FF values
displayed by the JX2-based OSCs. The improved JSC of the
JX2-based OSCs, in turn, can apparently be attributed mainly to
the broader absorption, as displayed in the external quantum
efficiency (EQE) curves (Fig. 2d) and also consistent with the
absorption range of their blended films, shown in Fig. S4 (ESI†).
The more ordered molecular packing of JX2 was posited to be
responsible for the greatly improved FF, as discussed below.

2.5. Photodynamic analysis of OSCs

In order to elucidate the distinctions in EQEs and FFs between
the JX1- and JX2-based OSCs, first the correlation between the
photocurrent density (Jph) and effective voltage (Veff) was
studied24 (Fig. S5, ESI†). JX2-based OSCs afforded a superior
exciton dissociation efficiency (Pdiss) of 95.6% and charge

collection efficiency (Pcoll) of 81.1%, compared to the 81.0%
Pdiss and 50.5% Pcoll for the JX1-controlled OSCs. The higher
Pdiss and Pcoll values for the JX2-based devices may be ascribed
to their better nanoscale film morphology (discussed below)
and resulting more balanced electron/hole mobility ratio25

(Fig. 3a). In addition, measurements of the light intensity
(Plight) dependence for JSC and VOC were taken to investigate
charge recombination kinetics in the OSCs. The a values for
JX1- and JX2-based devices were very similar and approached
unity, indicating a significantly suppressed bimolecular recom-
bination (Fig. S6a). Moreover, the slopes of the plots of (nkT/q)
of VOC versus the natural logarithm of Plight were measured to
be 1.40 and 1.22 kT/q for the JX1- and JX2-based devices,
respectively (Fig. S6b, ESI†). The slightly smaller slope of the
plot using JX2 suggested fewer trap-assisted recombination
losses.24,26

Photoluminescence (PL) quenching27 experiments were also
conducted to investigate the charge transfer occurring at the
interfaces between the donor and acceptor materials. As shown
in Fig. S7a and S7c (ESI†), the PL quenching efficiencies of
PCE10:JX1 blends were notably high, with values of 97.7% and
80.5% when compared to the neat PCE10 and JX1 films, respec-
tively. However, the PCE10:JX2 blends showed the same quench-
ing efficiency of 97.7% when referring to neat PCE10 films but a
much lower quenching efficiency of 51.8% when referring to neat
JX2 films (Fig. S7b and S7d, ESI†). The inferior PL quenching
efficiency of the PCE10:JX2 blends when stimulating acceptor
molecules may have been caused by the unshifted HOMO of JX2,
which would have resulted in the decreased driving force for hole
transfer. Then, transient photocurrent (TPC) and transient photo-
voltage (TPV) measurements28 were taken to observe and analyse
the charge extraction/recombination behaviours, respectively.
The charge extraction times of PCE10:JX1- and PCE10:JX2-based
devices were 0.35 and 0.18 ms, respectively (Fig. 3b). Whereas the
lifetimes of charge carriers in JX1- and JX2-based devices were
determined to be 0.15 and 0.21 ms, respectively (Fig. 3c). These
results were consistent with the relatively high FF values for JX2-
based OSCs, and also suppressed trap-assisted recombination, as
shown in Fig. S6b (ESI†).

2.6. Morphology and energy loss analysis

In light of the critical importance of film morphology for achieving
high-performance OSCs, atomic force microscopy (AFM)29 along
with grazing incident wide-angle X-ray scattering (GIWAXS)
experiments30 were carried out. As shown in Fig. 4a and b, the
PCE10:JX1-based device exhibited a root-mean-square (RMS)
roughness value of 0.70 nm, i.e., considerably lower than the value
of 1.84 nm observed for the PCE10:JX2-based device. This tendency

Fig. 2 (a) Plots of the energy level diagrams of PCE10, JX1 and JX2 neat
films. (b) Normalized UV-Vis absorption spectra in solutions and thin films
of JX1 and JX2. (c) J–V characteristics and (d) EQE spectra of devices
based on PCE10:JX1 and PCE10:JX2.

Table 1 Photovoltaic parameters of the optimal OSCs based on different active layersa

Active layer VOC (V) JSC (mA cm�2) Calc. JSC
b (mA cm�2) FF (%) PCE (%)

PCE10:JX1 0.797 (0.794 � 0.004) 17.46 (17.33 � 0.27) 17.36 45.61 (44.90 � 1.27) 6.24 (6.08 � 0.29)
PCE10:JX2 0.759 (0.758 � 0.002) 20.11 (20.08 � 0.17) 19.27 69.56 (69.35 � 0.41) 10.83 (10.72 � 0.13)

a Statistical results from 10 OSCs are listed in parentheses. See Tables S5–S6 for the details. b Current densities derived from EQE plots.
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was also observed in the analysis of their phase images, shown in
Fig. 4c, d and Fig. S8 (ESI†). The much larger but appropriate
phase separation in the PCE10:JX2 blend may have accounted for
its facilitated charge transport and suppressed charge recombina-
tion, aligning with the conclusion we arrived at above. The 2D
GIWAXS patterns acquired of the blended films are shown in
Fig. S9b and S9d (ESI†). The resulting intensity profiles in the
out-of-plane (OOP) and in-plane (IP) directions are presented in
Fig. 4e and f. As summarized in Table S7 (ESI†), the (010) peaks of
PCE10:JX1 and PCE10:JX2 in the OOP direction were both
observed at similar positions, namely 1.64 and 1.66 Å�1, which
corresponded to p–p stacking distance (d010) values of 3.84 and
3.79 Å, respectively. Moreover, the values of coherence length
(CCL010) of p–p stacking for PCE10:JX1 and PCE10:JX2 blends
were calculated to be 7.73 and 9.68 Å, respectively. The slightly
smaller d010 and greater CCL for the PCE10:JX2 blends may be

ascribed to the stronger crystallinity of JX2 caused by its relatively
larger conjugated backbone, and further resulting in suppressed
charge recombination. Note that the above variations in d010 and
CCL were also in good agreement with those observed in their neat
films (Fig. S9 and Table S7, ESI†).

As depicted in Fig. S10 (ESI†), the optical bandgap (Eg)
values of blended films were determined, by analysing the
derivatives of the EQE curves,27,31 to be 1.477 eV for JX1 and
1.324 eV for JX2. The total energy loss (Eloss) values of the OSCs
were thus calculated to be 0.700 and 0.567 eV for JX1 and JX2,
respectively, demonstrating a significant reduction in Eloss after
the utilization of an extended conjugated backbone for JX2. To
deepen our understanding of the underlying causes of the Eloss,
all three parts of Eloss were evaluated and are illustrated in Fig. 4g.
The detailed calculation method for the three parts is provided in
Note S1. Regarding these three parts of Eloss, in general DE3

indicates the non-radiative energy loss, which is of the most
concern in current high-performance OSCs. Note, in the current
work, that a lower value of DE3 (0.225 eV) was attained by
PCE10:JX2-based OSCs than by a tested PCE10:JX1-based one

Fig. 3 (a) The statistic mobility values of OSCs based on PCE10:JX1 and
PCE10:JX2 blends. (b) Transient photocurrent (TPC) and (c) transient
photovoltage (TPV) measurements of devices based on PCE10:JX1 and
PCE10:JX2.

Fig. 4 (a) and (b) AFM height images. (c) and (d) AFM phase images. (e) and
(f) 2D GIWAXS patterns and the corresponding OOP and IP line-cut
profiles. (g) Eloss distributions of the corresponding devices.
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(0.268 eV). Although some discrepancy can be usually observed
for DE3, values obtained using different methods, the pattern of
DE3 values agreed well with the values estimated from EQEEL

(Fig. S11, ESI†).32 Note that the suppressed non-radiative recom-
bination may be attributed to the superior nanoscale film mor-
phology for the PCE10:JX2 blends, and apparently contributed to
its improved photovoltaic parameters.

3. Conclusions

In order to maximize the utilization of low-energy photons in
solar light, two NIR-absorbing, structurally exotic NFAs,
denoted as JX1 and JX2, have been effectively developed and
designed to include, respectively, decameric and dodecameric
S,N-heteroacenes. The tandem coupling of electron-donating
and electron-deficient moieties on the molecular skeleton
enhanced the intramolecular charge transfer dramatically,
endowing specifically JX2 with excellent absorption of light of
low energy approaching 1000 nm. A systematic investigation
showed that, compared to JX1-based OSCs, JX2-based OSCs
displayed more efficient charge generation/transport and
suppressed charge recombination due to superior film mor-
phology. As a result, the tested JX2-based OSCs output a PCE,
at 10.83%, better than the 6.24% PCE output by the tested
JX1-based devices. Our work has not only provided a rare yet
highly promising molecular platform with NIR absorption,
but is expected to stimulate the investigation of novel S,N-
heteroacenes involving the coupling of multiple electron-
donating and electron-deficient moieties into one molecular
skeleton, with the aim of further improving photovoltaic per-
formances of OSCs.
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