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p non-fullerene electron acceptor
based on a dithieno-3,2-b:2′,3′-dlpyrrole unit for
high performance organic solar cells with minimal
highest occupied molecular orbital offset†

Guang Zeng,a Hanming Li,a Fang Tan,c Yue Xin *b and Shengdong Zhanga

Here, a new narrow band gap non-fullerene small molecular acceptor (NFSMA) based on a dithieno-3,2-

b:2′,3′-dlpyrrole(DTP) unit, namely SNIC-F, was designed and synthesized. Due to the strong electron-

donating ability of the DTP-based fused-ring core, SNIC-F showed a strong intramolecular-charge

transfer (ICT) effect and thus gave a narrow band gap of 1.32 eV. Benefiting from the low band gap and

efficient charge separation, when pairing with a copolymer PBTIBDTT, the device optimized by 0.5% 1-

CN gave a high short circuit current (Jsc) of 19.64 mA cm−2. In addition, a high open-circuit voltage (Voc)

of 0.83 V was obtained due to the near 0 eV highest occupied molecular orbital (HOMO) offset between

PBTIBDTT and SNIC-F. As a result, a high power conversion efficiency (PCE) of 11.25% was obtained, and

the PCE was maintained above 9.2% as the active layer thickness increased from 100 nm to 250 nm. Our

work indicated that designing a narrow band gap NFSMA-based DTP unit and blending it with a polymer

donor with small HOMO offset is an efficient strategy for achieving high performance OSCs.
1 Introduction

Bulk-heterojunction (BHJ) organic solar cells (OSCs) have
attracted much interest as a green-energy harvesting technology
for their great potential to make large-area exible photovoltaic
panels through inexpensive solution processing technology.1–5

Inspired by its potential advantages, many researchers have
devoted much energy to the research of OSCs. Over the past
decades, it was difficult to achieve power conversion efficiencies
(PCEs) that exceeded 12% for fullerene-based OSCs due to some
intrinsic drawbacks (such as weak absorption, morphological
instability and irregularity of energy levels) of the fullerene
derivative acceptors.6,7 Therefore, a large number of non-
fullerene small molecular acceptors (NFSMAs) were developed
to replace fullerene derivative acceptors in recent years.8–11

Nowadays, the PCEs of BHJ OSCs based on NFSMAs are more
than 19%.12–14 Among many NFSMAs, acceptor–donor–acceptor
(A–D–A) type NFSMAs have attracted extensive attention.15–21

Because A–D–A type NFSMAs can obtain strong absorption from
the visible light to near infrared light regions, high carrier
ing, Peking University Shenzhen Graduate
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mobility and ideal active layer morphology can be achieved by
properly designing donor cores and electron-decient terminal
groups. Hence, in order to further improve the PCEs of OSCs
based on A–D–A type NFSMAs, many material strategies of
A–D–A type NFSMAs have been proposed in recent years.22–27

Among these material design strategies, designing A–D–A
type NFSMAs with a narrow band gap is an effective strategy to
extend the absorption spectrum and increase the short circuit-
current (Jsc), and thus improve the PCEs of OSCs based on
A–D–A type NFSMAs.28–33 In general, enhancing the electron-
donating ability of the donor fused-ring core of the A–D–A
type NFSMAs can improve the enhanced intramolecular-charge
transfer (ICT) effect, and thereby reduce the band gap of the
A–D–A type NFSMAs. For example, Bazan and coworkers
designed a new NFSMAs IOTIC-2F by introducing a strong
electron-donating group in the donor core of NFSMAs. As
a result, IOTIC-2F gave an extremely low optical band gap of
1.31 eV due to the enhanced ICT effect. When polymer PTB7-Th
was used as a donor, the IOTIC-2F-based device showed a high
PCE of 12.1% with a very high Jsc over 22 mA cm−2.34 In addition
to introducing a strong electron-donating group or extending
the fused rings, the electron-donating ability of the donor fused-
ring core can be enhanced by introducing a dithieno-3,2-b:2′,3′-
dlpyrrole (DTP) unit.35–37 The nitrogen atom in the DTP unit can
endow the conjugated system with a stronger electron donating
ability.38 Consequently, the NFSMAs based on DTP units always
showed narrow optical band gaps and a redshied absorption
spectrum, which could effectively increase the Jsc of OSCs. For
RSC Adv., 2023, 13, 14703–14711 | 14703
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instance, Chen and coworkers reported a DTP-based NFSMA,
named SN6IC-4F. SN6IC-4F displayed a very narrow optical
band gap of 1.32 eV due to the enhanced intramolecular charge
transfer caused by the DTP units. In this situation, the device
based on PBDB-T:SN6IC-4F gave an extremely high Jsc of 23.2
mA cm−2, along with a high PCE of 13.2%.39 Tan and coworkers
synthetized a new A–D–A type NFSMA (named DTP-C17-4F) with
a fused-ring DTP donor core. DTP-C17-4F showed a strong ICT
effect due to the strong electron donation ability of the donor
core and strong electron-withdrawing ability of the uorinated
terminal group. Hence, DTP-C17-4F displayed a narrow optical
band gap of 1.38 eV, and the device based on PBDB-T-2F:DTP-
C17-4F gave a high Jsc of 21.17 mA cm−2.40 These reported results
indicated that the synthesis of the DTP-based A–D–A type
NFSMAs is an effective method to improve the Jsc and thus
obtain OSCs with high PCEs.

In addition to the Jsc, the open-circuit voltage (Voc) should be
considered. Due to the trade-off feature between the Jsc and Voc
in OSCs, some devices exhibited a high Jsc but low Voc. The Voc
depends on the difference between the highest occupied
molecular orbital (HOMO) of the donor and lowest unoccupied
molecular orbital (LUMO) of the acceptor. Therefore, reducing
the energy offsets between the donors and acceptors is an
effective methods to elevate the open circuit voltage (Voc) of
OSCs.41 Although 0.3 eV was considered to be the critical value
for efficient exciton dissociation, some literature studies re-
ported that the OSCs still gave high PCEs when matching poly-
mers and acceptors showed small LUMO or HOMO offsets (<0.1
eV).42–45 This showed that constructing tiny LUMO or HOMO
Scheme 1 Synthetic route of SNIC-F.

14704 | RSC Adv., 2023, 13, 14703–14711
offsets by matching polymer donors with appropriate energy
levels might be benecial to obtaining high Voc. Considering the
above material design strategy, a new DTP-based A–D–A type
NFSMAs, named SNIC-F, was designed and synthesized. The
electron-rich S,N-heterohexacene with two DTP units was syn-
thetized and used as the donor core. The strong electron-
attracting group INCN-F was selected as a terminal group so as
to enhance the ICT effect. As a result, SNIC-F exhibited an
extended absorption spectrum, and its absorption boundary was
close to 940 nm, which indicated a narrow optical band gap of
1.32 eV. In order to obtain high Voc, the wide band gap polymer
PBTIBDTT with a HOMO close to that of SNIC-F was used as the
donor. Aer systematic optimization, the device displayed a PCE
of 11.25%, along with a high Jsc of 19.64 mA cm−2 and a high Voc
of 0.83 V. This result showed that the device based on
PBTIBDTT:SNIC-F showed efficient charge transfer between the
donor and acceptor despite the small HOMO offset (0.02 eV). In
addition, the device efficiency could be maintained above 9.2%
as the active layer thickness changed from 100 nm to 250 nm,
which indicated that the device based on PBTIBDTT:SNIC-F was
not particularly sensitive to the lm thickness.
2 Results and discussion
2.1 Material synthesis

The synthetic route for SNIC-F, which was obtained in four
steps, is depicted in Scheme 1. The building block of 3,6-
dibromo-2,5-bis(3-bromothien-2-yl)thieno[3,2-b]thiophene
(compound 3) was synthesized by the Pd-catalyzed coupling of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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metalated 2,3-dibromothiophene (compound 1) and tetra-
bromothieno[3,2-b]thiophene (compound 2). The tandem
Buchwald–Hartwig reaction between compound 3 and 1-hex-
ylheptyl amine gave the ring-fused S,N-heterohexacene
compound 4. Subsequently, compound 4 was converted into its
corresponding dialdehyde compound 5 by lithiation with n-
butyllithium, followed by quenching with dimethylformamide
(DMF). Finally, the Knoevenagel condensation reaction was
conducted between compound 5 and INIC-F to produce SNIC-F
in high yield. The detailed synthesis processes are given in ESI.†
All of these new compounds were fully characterized by nuclear
magnetic resonance (NMR), (1H, 13C) andmass spectrometry, as
shown in Fig. S1–S7.†
2.2 Optical and electrochemical properties

The chemical structures of PBTIBDTT and SNIC-F are given in
Fig. 1a. The light absorption properties of donor PBTIBDTT and
acceptor SNIC-F were evaluated by ultraviolet-visible-NIR (UV-
vis-NIR) spectrophotometry. The absorption spectra of SNIC-F
in chloroform solution and lm are presented in Fig. 1b. In
the dilute chloroform solution, a strong absorption peak from
600 nm to 800 nm was observed, along with a high extinction
coefficient of 2.58 × 105 M−1 cm−1. However, the thin lm of
SNIC-F showed an obviously broadened absorption peak from
500 nm to 940 nm. Furthermore, the lm absorption spectrum
displayed a red shi of about 90 nm relative to the chloroform
solution. These phenomena indicated p–p stacking interac-
tions in the solid state. The optical band gap of SNIC-F was also
calculated as 1.32 eV, which was conductive to the absorption of
Fig. 1 (a) Chemical structures and (b) absorption spectra of PBTIBDTT a

© 2023 The Author(s). Published by the Royal Society of Chemistry
sunlight in near-infrared region. Moreover, the combination of
SNIC-F and PBTIBDTT provided a rather broad absorption in
the range of 400–940 nm, which is desirable for an enhanced
light harvest so as to increase Jsc.

In order to obtain the information of the HOMO and LUMO
energy levels of SNIC-F and PBTIBDTT, cyclic voltammetry was
used to measure the reduction potentials and oxidation
potentials. The CV curves are given in Fig. S8.† The HOMO
energy levels of SNIC-F and PBTIBDTT were calculated as
−5.43 eV and −5.41 eV through the corresponding onsets of the
oxidation peaks. The LUMO energy levels of SNIC-F and
PBTIBDTT were calculated to be −4.14 eV and −3.54 eV,
respectively, according to the CV results and the optical band
gaps. The column charts of the energy levels are shown in
Fig. 1c. The HOMO difference between SNIC-F and PBTIBDTT
was only 0.02 eV, which is much smaller than the generally
empirical threshold value of 0.3 eV for effective exciton disso-
ciation to overcome the binding energy. Despite all this, the
charge transport from the SNIC-F to PBTIBDTT was also highly
efficient in the PBTIBDTT:SNIC-F device. Signicantly, such
small HOMO offset was instrumental in obtaining a high Voc for
OSCs.
2.3 Photovoltaic properties

In order to study the photovoltaic performance of the device
based on PBTIBDTT:SNIC-F, the devices were prepared using
the conguration of ITO/PEDOT:PSS/PBTIBDTT:SNIC-F/PDIN
(N,N′-bis(propylenedimethylamine)-3,4:9,10-perylenediimide)/
Al. The detailed optimization parameters of the
nd SNIC-F. (c) Energy levels of the materials in the device.

RSC Adv., 2023, 13, 14703–14711 | 14705
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PBTIBDTT:SNIC-F devices are provided in Tables S1–S3.† The
optimal mass ratio of the donor to acceptor was optimized as
1:0.8, and its PCE was only 5.08% with a Voc of 0.81 V, an
extremely low Jsc of 9.95 mA cm−2 and a FF of 0.63 before
introducing the solvent additive. The extremely low Jsc resulted
in a low PCE of the device without any treatment. The low Jsc
demonstrated that the SNIC-F molecules might not form ideal
p–p stacking in the blend lm. To improve this situation, the
solvent additive 1-chloronaphthalene (1-CN) was added to
optimize the device.46 As shown in Table S2,† the introduction
of 1-CN greatly improved the Jsc and PCE of the devices. When
the content of 1-CN was 0.5%, the device showed the highest
PCE of 11.25% with a Voc of 0.83 V, a remarkably improved Jsc of
19.64 mA cm−2 and a slight enhanced FF of 0.69. The external
quantum efficiency (EQE) curves of the devices are given in
Fig. 2b. Because of the complementary absorption of PBTIBDTT
and SNIC-F, all devices showed a broad photocurrent response
in the range of 300–940 nm. For the device without an additive,
the EQE values were relatively low in the whole response range.
However, aer adding 0.5% 1-CN, the EQE values were greatly
improved in the whole response range, and the maximum EQE
value was 65% at 520 nm. The growth of the EQE values could
greatly boost the Jsc of the device, which is in accordance with
the variation trend of Jsc. In addition, the values of Jsc calculated
from the EQE spectra were 9.53 mA cm−2 and 18.66 mA cm−2

for the device processed without and with 1-CN as an additive,
respectively, which gave an error of only 5%. Moreover, the
devices optimized by 0.5% 1-CN at different lm thicknesses
Fig. 2 (a) J–V curves and (b) corresponding EQE curves of the PBTIBDT

14706 | RSC Adv., 2023, 13, 14703–14711
were prepared to investigate the sensitivity of PCEs to the lm
thickness. As shown in Fig. 2c, the PCEs of the optimal device
still remained above 9.2% when the active layer lm thicknesses
were between 100 nm and 250 nm, which were attributed to the
high carrier mobility of the active layers. These results showed
that our work provided a possibility for solution processing of
large area OSCs.
2.4 Charge transport properties

In order to study the inuence of the solvent additive (1-CN) on
the carrier mobility, the hole (mh) and electron (me) mobilities of
pure lms and blend lms based on PBTIBDTT:SNIC-F were
measured by space-charge limited current (SCLC) method using
a hole/electron-only device with the device structures of ITO/
PEDOT:PSS/active layer/Au and ITO/ZnO/active layer/PDIN/Al,
respectively. The J–V curves of these devices are shown in
Fig. S9† and 3, and the corresponding data are summarized in
Tables 1 and S4,† respectively. The me of the pure SNIC-F lm
was calculated as 9.14 × 10−5 cm2 V−1 s−1. However, the blend
lm processed without 1-CN exhibited a very low me of 1.78 ×

10−5 cm2 V−1 s−1. This is probably because the crystallinity of
SNIC-F is disrupted by PBTIBDTT in the blend lm, which is not
conducive to the charge transport. The relatively low electron
mobility led to serious exciton recombination, and thus
reduced the PCE of the device without 1-CN treatment. In
addition, the mh of the device without 1-CN treatment was only
2.16 × 10−4 cm2 V−1 s−1. Meanwhile, for the device processed
T:SNIC-F device. (c) PCE versus the active-layer thickness.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with 0.5% 1-CN, the mh increased to 1.02 × 10−3 cm2 V−1 s−1

and 1.18 × 10−4 cm2 V−1 s−1, respectively, and the device gave
more balanced hole and electron mobilities with a mh/me ratio of
8.6. The relatively high and more balanced hole and electron
mobilities were benecial to reducing the exciton recombina-
tion, thus improving the Jsc and FF. In order to further study the
potential mechanism of improving the performance of the 1-CN
processing device, the relation curves between the photocurrent
density (Jph) and the effective voltage (Veff) of the devices pro-
cessed with/without 1-CN were plotted, as shown in Fig. S10.† In
general, Jph is dened as Jph = JL − JD, where JL, JD are the
current densities under illumination and in the dark, respec-
tively. Veff can be obtained as Veff = Vo − Va, where Vo is the
voltage at which Jph = 0 and Va is the applied voltage.47 The
exciton dissociation probability, Pdiss, is determined by
normalized Jph at the saturated current density under short
circuit condition. The corresponding parameters are summa-
rized in Table 2. In the device without 1-CN treatment, the Pdiss
was calculated to be 90.9%. The Pdiss value was calculated to be
98.0% for the device processed with 0.5% 1-CN. The higher Pdiss
for the device processed with 0.5% 1-CN showed that the
introduction of 1-CN reduced the geminate recombination of
Fig. 3 J–V characteristics in the dark of (a) electron-only devices and (b)
CN.

Table 1 The properties of SNIC-F and PBTIBDTT

Compound

lmax (nm)

Eg (eV)
3

(M−1 cm−1) HSolution Film

SNIC-F 755 849 1.32 2.58 × 105 −
PBTIBDTT 603 604 1.87 7.94 × 104 −

Table 2 Device data of OSCs based on PBTIBDTT:SNIC-F (1:0.8, w/w)

Additive
1-CN Voc (V) Jsc (mA cm−2) FF PCE (b

None 0.80 � 0.01 9.62 � 0.40 0.64 � 0.02 4.86 �
0.5% 0.83 � 0.01 19.33 � 0.33 0.69 � 0.01 11.05 �
a Average PCEs and standard deviations were obtained from eight devices

© 2023 The Author(s). Published by the Royal Society of Chemistry
the device and then enhanced the Jsc, FF and PCE, which was
consistent with the mobilities results.
2.5 Crystallinity behaviors

To understand the reason for the device PCE improvement
aer adding 1-CN, 2D grazing-incidence wide-angle X-ray
scattering (2D GIWAXS) was used to explore the crystalline
structure of pure lms and the blend lms without and with 1-
CN treatment. The crystallinity behaviors of pure PBTIBDTT
and SNIC-F were rstly studied, as shown in Fig. 4. In the
PBTIBDTT lm, the (100) diffraction peak at qz z 2.8 nm−1

[d(100) = 2.24 nm] and (010) signal peak at q z 17.5 nm−1

[d(010)= 0.36 nm] in the out-of-plane (OOP) direction could be
observed, which indicated that PBTIBDTT can form a p-
stacking structure parallel to the substrate in the thin lm. It
can also be clearly seen that the SNIC-F lm showed many
strong diffraction signal peaks, suggesting that SNIC-F had
strong crystallinity in the pure lm. The 2D GIWAXS images
and corresponding line proles of the blend lms are dis-
played in Fig. 5. In the blend lm without 1-CN treatment, the
weak (100) and (010) diffraction peaks in the OOP direction
were observed. However, these signal peaks belonged to
hole-only devices based on PBTIBDTT:SNIC-F without or with 0.5% 1-

OMO (eV) LUMO (eV) me (cm
2 V−1 s−1) mh (cm2 V−1 s−1)

5.43 −4.14 9.14 × 10−5 —
5.41 −3.54 — 8.26 × 10−4

est)a (%) Calc. Jsc (mA cm−2) Jph (mA cm−2) Pdiss (%)

0.11 (5.08) 9.53 10.95 90.9
0.12 (11.25) 18.66 20.03 98.0

.

RSC Adv., 2023, 13, 14703–14711 | 14707
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Fig. 4 The 2D GIWAXS images of (a) pure PBTIBDTT, (c) pure SNIC-F, and out-of-plane/in-plane X-ray profiles of (b) pure PBTIBDTT, (d) pure
SNIC-F.
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PBTIBDTT, and no obvious SNIC-F diffraction peak in the
blend lm in either OOP direction or in-plane (IP) direction
was found. These results showed that SNIC-F gave an
Fig. 5 The 2DGIWAXS images of PBTIBDTT:SNIC-F (a) without and (c) w
from the 2D GIWAXS patterns. (d) The absorption spectra of the blend fi

14708 | RSC Adv., 2023, 13, 14703–14711
amorphous structure in the blend lm without 1-CN treat-
ment. The amorphous structure of SNIC-F would reduce the
electron mobility of the blend lm, which agreed well with the
ith 0.5% 1-CN. (b) 1D out-of-plane and in-plane X-ray profiles extracted
lms with/without 1-CN.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AFM topography (a and c) and phase (b and d) images of the blend films processed without (a and b) and with 0.5% 1-CN (c and d) as an
additive.
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extremely low electron mobility of the blend lm without 1-CN
treatment. When 0.5% 1-CN was added as a solvent additive to
optimize the blend lm, an evident diffraction peak for the p–
p stacking at qz z 17.5 nm [d(010) = 0.36 nm] in the OOP
direction was observed. This p–p stacking peak might be
contributed by PBTIBDTT and SNIC-F due to the serious
overlap of the p–p stacking peaks of PBTIBDTT and SNIC-F. In
addition, a new diffraction signal peak at qz z 6.37 nm [d(010)
= 0.99 nm] in the OOP direction, which belonged to SNIC-F,
was found in the blend lm with 1-CN treatment. The
enhancement of the p–p stacking peak and the appearance of
a new diffraction peak indicated that 1-CN could promote the
crystallinity of SNIC-F in the blend lm. To further verify the
variation of crystallinity of SNIC-F in the blend lms, the
absorption spectra of both blend lms were obtained and
normalized with the absorption peak of PBTIBDTT within
550–560 nm. As shown in Fig. 5d, the longer wavelength
absorption shoulder of SNIC-F showed enhanced absorption
intensity and was signicantly redshied by 20 nm. As is well
known, the longer wavelength absorption shoulder of the
conjugated molecule is contributed by the p–p interaction of
the molecular conjugated backbones. Therefore, the enhanced
and red-shied long wavelength absorption shoulder peak
signied that the addition of 1-CN could signicantly improve
the p–p stacking for SNIC-F in the blend lm, leading to more
orderly SNIC-F molecules. Combined with 2D GIWAXS and
absorption spectra results, it was found that 1-CN could
promote the crystallization of SNIC-F in the blend lm, which
could greatly improve the electronic mobility of OSCs, and
thereby enhance the Jsc, FF and PCE of the device.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.6 Surface morphology study

In order to further understand the effect of 1-CN on the
morphology of the PBTIBDTT:SNIC-F blend lms, atomic force
microscopy (AFM) was used to evaluate the surface morphology
of the blend lms. The height and phase images of the blend
lms are given in Fig. 6. It can be seen from Fig. 6a and b that
the blend lm without 1-CN treatment displayed a uniform
surface, and the value of the root mean square (RMS) roughness
was only 1.26 nm. However, aer the blend lm was treated by
0.5% 1-CN, the surface morphology with a large domain size
was observed, and the value of the RMS roughness increased to
1.73 nm. More importantly, the nanober structure could be
observed in the blend lm with 0.5% 1-CN treatment, which
showed that the introduction of 1-CN could induce the crys-
tallinity improvement in the donor and/or acceptor. The
improved crystallinity of SNIC-F was also proved by XRD result.
Hence, these results indicated that the solvent additive 1-CN
could improve the crystallinity of SNIC-F, which could explain
the enhanced electron mobility, p–p stacking and thus the
higher FF and Jsc.

3 Conclusion

In conclusion, a novel DTP-based NFSMA, SNIC-F, was devel-
oped and studied. SNIC-F showed a low optical band gap of
1.32 eV due to the strong intramolecular charge transfer effect.
When the D–A type copolymer PBTIBDTT was chosen as the
donor, the HOMO energy offset between PBTIBDTT and SNIC-F
was only 0.02 eV, which was far less than the empirical value of
0.3 eV. Despite the minimal HOMO energy offset, the device
RSC Adv., 2023, 13, 14703–14711 | 14709
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optimized by 0.5%-1-CN exhibited a high PCE of 11.25%, along
with a high Jsc of 19.64 mA cm−2, a Voc of 0.83 V and a FF of 0.69.
In addition, this device could maintain a PCE above 9.2% as the
active layer thickness increased to 250 nm. Our work showed
that synthesizing the DTP-based narrow band gap NFSMA and
matching it with a polymer donor with minimal HOMO offset is
an efficient method for obtaining high performance OSCs based
on NFSMAs.
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