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Novel non-fullerene acceptors (NFAs) derived from vat orange 1 in an A-D—-A architecture were synthe-
sized using diphenylamine moieties as solubilizing groups. The optoelectronic properties of these novel
NFAs were characterized using UV-visible spectroscopy and electrochemistry, and their thermal
properties were assessed by thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). The NFAs were tested in organic solar cells (OSC). Two architectures (direct and inverted) of OSC
were investigated using poly(3-hexylthiophene) (P3HT) for the bulk heterojunction (BHJ) blends. Power
conversion efficiency (PCE) values of up to 0.4% have been obtained with P3HT in an inverted
architecture. Computational chemistry calculations were carried out using three methods—B3LYP,
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®B97xD, and HF/PBEO—to evaluate the preferred conjugation axis in dibenzolb,deflchrysene-based
systems, comparing the 2,9-axis (this work) with the previously proposed 7,14-axis, to guide the design
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Introduction

In the last decade, vat dyes have attracted a lot of interest as
building blocks for the preparation of organic semiconductors
due to their accessibility, low cost and ease of modifications.
Vat dyes possess extended m-conjugated system and absorb
light in the visible range, which makes them useful for opto-
electronic applications. Among other dyes, 4,10-dibromo-
anthanthrone (VO3, also called vat orange 3, pigment red
168, C.I. 59300 and vat brilliant orange 3RK)' is particularly
interesting as it possesses synthetic handles (ketones and
bromines) that allows functionalization and, consequently,
modulation of its optoelectronic properties. Vat orange 3
has been used for the synthesis of n-conjugated polymers,**
polyradicaloid materials,” dispersing agents for carbon
nanomaterials® and biological sensing probes.® Other deriva-
tives have been developed for organic solar cells (0SCs)”® and
organic field-effect transistor (OFET) applications.>® Although
interesting, vat orange 3 showed some limitations for the
preparation of low band gap molecules and polymers due to
the presence of a hydrogen atom in the peri position relative to
the bromine, inducing a large dihedral angle between the
anthanthrene core and the adjacent units attached at the 4
and 10 positions (Fig. 1b).*
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To overcome this issue, another vat dye, 2,9-dibromo-
dibenzo[b,def|chrysene-7,14-dione (VO1, also called vat orange
1, C.I. 59105 and vat golden yellow RK), which is another
hexacyclic unsaturated core that possesses the same chemical
handles as vat orange 3, has been explored.'"'* Unlike vat
orange 3, the bromine atoms are located on the scaffold of vat
orange 1 so that there is much less induced steric hindrance
when other n-conjugated units are attached at these positions
(Fig. 1c). The dibenzo[b,def]chrysene-7,14-dione motif has been
studied for their crystal structures™® and used as p-type
material in OSCs'®'” and in OFETs."®?°

Recently, we reported the use of vat orange 1 as a building
block for the preparation of conjugated polymers for OFET and
0SC applications.’” By incorporating various comonomers,
polymers with band gap values as low as 1.58 eV have been

Hydrogen atom
in peri position

Fig. 1 Position numbering (a) and representation of the effect of the
presence of a hydrogen atom in peri positions (in red at the 3 and 9
positions) of the vat orange 3 (b). Position numbering of vat orange 1 (c).
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synthesized, achieving power conversion efficiencies (PCE) of
up to 1.2% in organic solar cells (OSCs) and charge carrier
mobilities of up to 3.6 cm®> V' s7' in organic field-effect
transistors (OFETS).

Herein, we report the synthesis, characterization and device
performances of non-fullerene acceptors (NFAs) with vat orange 1
as a donor moiety in an acceptor-donor-acceptor (A-D-A) archi-
tecture. We hypothesized the addition of electron-withdrawing
groups on each side of the dibenzo[b,def|chrysene donor core
would lead to molecules with high molar extinction coefficient
in the visible range. As electron-withdrawing groups, we selected
three units that proved to be efficient for the preparation of NFAs,
namely malononitrile, 2-(3-ox0-2,3-dihydroinden-1-ylidene)mal-
ononitrile (INCN) and 3-ethylrhodanine. The primary objective of
this study is to explore the possibility of using low-cost, readily
accessible VO1 as a m-conjugated donating unit in a A-D-A
architectures for photovoltaic application.

Results and discussion

To begin this study, we targeted simple structures such as
compound 4 (Scheme 1). To ensure solubility of the materials,
VO1 was subject to reductive bis-O-alkylation with branched
alkyl chains resulting in compound 1."> Then, a two-fold
Miyaura borylation to obtain compound 2 was performed,
followed by a Suzuki-Miyaura cross-coupling reaction with
5-bromothiophene-2-carbaldehyde. Finally, compound 3 was
engaged in a Knoevenagel condensation with malononitrile
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Scheme 1 Synthesis of compound 4.
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using triethylamine as the base and acetic anhydride as the
dehydrating reagent to provide compound 4 in excellent yield.

Unfortunately, compound 4 exhibits very low solubility
in common organic solvents, making the synthesis of the
intended INCN and 3-ethylrhodanine derivatives futile. Nonethe-
less, compounds 3 and 4 were characterized using UV-visible
spectroscopy (Fig. S19) and cyclic voltammetry (Fig. S24 and S25)
to assess the ability of electron-withdrawing groups on the
dibenzo[b,def]chrysene core to modulate the optoelectronic prop-
erties. Interestingly, the addition of malononitrile moieties at
both the 2 and 9 position of the dibenzo[b,def]chrysene unit
results in a bathochromic shift of 73 nm in solution (389 vs.
462 nm) and a decrease of 0.3 eV in the band gap value. Also, a
shoulder around 560 nm, which can be assigned to charge
transfer, appeared upon the addition of the dicyanovinylene
position of the dibenzo[b,def|chrysene unit.

The poor solubility of compound 4 is quite surprising,
considering that the branched alkyl chain proved to be highly
efficient at providing solubility in high molecular weight con-
jugated polymers.”" We hypothesize that aggregation, driven by
the strong = interactions of the dibenzo[b,def]|chrysene core,
might be responsible for this low solubility.

To improve the solubility and increase even further the
donor character of the VO1 core, the branched alkoxy chains
were replaced with alkoxylated diphenylamine (DPA) moieties
at the 7 and 14 positions. Moreover, the DPA moieties, lying
perpendicular to the VO1 core, are expected to generate enough
steric hindrance to prevent m-stacking, thus improving the
solubility of the final molecules.>*

The synthesis of compounds 5 to 11 is presented in
Scheme 2. First, a reductive amination of VO1 with 4-octyloxy-
aniline was performed to obtain compound 5 in 65% yield. In order
to avoid solubility issues with the thiophene directly attached to the
core like with compound 4, it has been decided to use acetylene
n-spacer to increase the degree of freedom of the end groups.***
We found that VO1 derivatives bearing thiophene units directly
at the 2- and 9-positions, without a spacer, are generally inso-
luble as a result of strong intermolecular interactions. Thus,
compound 5 was engaged in a two-fold Castro-Stephen-Sonoga-
shira reaction with (triisopropylsilyl)acetylene (TIPSA) resulting
in compound 6. A two-fold Buchwald-Hartwig reaction with 1-
bromo-4-(octyloxy)benzene provided compound 7 in 78% yield.
The later was treated with tetrabutylammonium fluoride (TBAF)
to deprotect the alkyne and a two-fold Castro-Stephen-Sonoga-
shira reaction with 5-iodo-thiophene-2-carbaldehyde was per-
formed to yield compound 8. Finally, the A-D-A targeted
compounds 9-11 were obtained from compound 8 using Knoe-
venagel condensation with the corresponding electron-
withdrawing moiety. It is worth noting that the reaction condi-
tions had to be optimized for every electron-acceptor used in this
study and that no universal method applied to all of them.
Malononitrile and 3-ethylrhodanine reacted well with compound
8 when amine base was used whereas INCN did not. In this case,
only the Lewis acid-catalyzed reaction yielded the desired
compound.”® Unlike compound 4, the resulting products 9-11
are highly soluble in common organic solvents.
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Scheme 2 Synthesis of compounds 9-11.

Compounds 8-11 have been characterized using UV-visible
spectroscopy in both solution and thin film (see Fig. S20-S23).
As expected, the introduction of electron-withdrawing moieties
at both ends of the molecules, as the result of a Knoevenagel
condensation (compounds 9-11), generates a bathochromic
shift of the absorption peak (Amax) between 80 and 166 nm
both in solution and in thin film. Also, no significant change in
the spectrum onsets (Zonset) Was observed except for compound
10 with its long tailing (see Fig. 2). Unexpectedly, the replace-
ment of alkoxy moieties by DPA at the 7 and 14 positions did
not yield to a significant decrease of the band gap values, likely
due to the relatively high dihedral angle between the VO1 core
and the DPA units.
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Fig. 2 UV-Vis molar extinction spectra of compounds 8-11 in chloro-

form solution.
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The energy values of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO) of
compounds 3-4 and 8-11 were measured using cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) (Table 1
and Table S3). As expected, the HOMO energy levels of the DPA
derivatives (8-11) are higher than the alkoxy derivatives (3),
whereas the LUMO energy levels of compounds 9-11 are lower
in energy than for compound 8. These results indicate an
efficient electronic delocalization between the VO1 core and
the electron-withdrawing and groups at the 2 and 9 positions,
resulting in a smaller band gap.

The thermal properties of compounds 8-11 were determined
through thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) to assess their stability. TGA curves (Fig.
S31) show that compound 8 was the most thermally stable with a
5% weight loss between 420 and 424 °C. The addition of
electron-withdrawing units on the VO1 core results in less stable
materials which are decomposing faster than their precursor. It
is especially the case for compounds 9 and 11 with an early
decomposition at around 200 °C. Beside, it seems that all the
molecules undergo a similar decomposition process with a
significant weight loss between 400 and 480 °C. Considering
that the weight loss was less significant for compounds 9-10
compared to 8, this main decomposition can be attributed to the
degradation of the DPA units due to their smaller contribution to
the materials molecular weight. For compound 11, the 3-
ethylrhodanine seems to be way less stable than DPA.

To avoid decomposition during the DSC measurements, the
samples were heated up to 160 °C for all molecules (Fig. S32-
S35). The DSC results did not show any well-defined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optoelectronic properties of compounds 3—4 and 8-11
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Compound Jsohution (hm) giomtion (107 L, mol ™! em™?) JSohutiona () Egptosolutiond (ey) Enowmo (€V) Erumo (€V) B¢ (eV)
3 389 150 545 2.28 —5.20 —3.24 1.96
4 462 138 627 1.98 —4.86 —3.20 1.67
8 375 11.5 641 1.93 —5.01 —3.06 1.94
9 457 11.9 667 1.86 —5.00 —3.26 1.74
10 541 11.1 728 1.70 —4.99 —3.73 1.26
11 471 14.2 648 1.91 —4.99 —3.28 1.71

Optical measurements obtain in chloroform solution. “ Determined using tangential curves with R* values over 0.93. b Ey=1240 <+ Jonset-

¢ pelec _
Eg =

Erumo — Enomo, measurements made in dichloromethane solution with 0.1 M [n-Bu4N][PF6; as the supporting electrolyte using platinum wires as

working and counter electrodes. The ferrocene peak was adjusted to 0.475 V versus Ag/Ag".>

4.8 V below the vacuum level.®

The ferrocene/ferrocenium couple was established at

Table 2 OSC mean results for the devices made from compounds 8—-11 with P3HT?

Compound as NFA OSC architecture Jsc (mA em™?) Voc (V) FF (%) PCE (%)

8 Direct’ 0.97 1.20 21 0.26
Inverted® 1.36 0.77 45 0.46

9 Direct 0.15 0.90 20 0.03
Inverted 0.32 0.53 39 0.07

10 Direct 0.11 0.63 30 0.02
Inverted 0.14 0.59 31 0.03

11 Direct 0.54 0.80 30 0.15
Invered 0.76 0.65 43 0.21

“ The resulting devices had an active area of 10.5 mm? and were measured under AM 1.5G spectrum in a nitrogen-filled glovebox. ? ITO/

PEDOT : PSS/BHJ(1: 1)/Ca/Al. © ITO/ZnO/BH]J(1 : 1)/M0O3/Ag.

Table 3 OSC mean results for the devices made from compounds 8—11 with PCg;BM?

Compound as donor OSC architecture Jsc (mA em™?) Voc (V) FF (%) PCE (%)

8 Direct’ 0.65 0.76 29 0.14
Inverse® 0.66 0.65 33 0.14

9 Direct 0.89 0.75 26 0.17
Inverse 1.08 0.72 30 0.23

10 Direct 0.59 0.70 28 0.12
Inverse 0.76 0.65 29 0.14

11 Direct 0.81 0.75 28 0.17
Inverse 0.80 0.18 27 0.04

% The resulting devices had an active area of 10.5 mm?> and were measured under AM 1.5G spectrum in a nitrogen-filled glovebox. ? ITO/

PEDOT : PSS/BHJ(1 : 1)/Ca/Al. © ITO/ZnO/BH](1 : 1)/M0oOs/Ag.

crystallization (7¢), melting (Ty,) or glass transition (Ty) peaks
in the range of 25 to 160 °C. This aligns with literature
reports indicating that VO1 and VO3 derivatives containing
alkynes or diphenylamines typically exhibit a T, value around
300 °C.'72%2627 This amorphous morphology might explain the
difficulty we faced at growing crystals of these molecules.

Organic solar cells (OSCs)

Following the optoelectronic characterization of compounds 8-
11, we tested them as both electron acceptor and electron
donor. Poly(3-hexylthiophene) (P3HT) has been selected to be
the donor material when compounds 8-11 were used as accep-
tors, and [6,6]-phenyl-Ce;-butyric acid methyl ester (PCgBM)
has been used as the acceptor material when compounds 8-11
were used as donor materials. Compounds 8-11 were mixed

© 2025 The Author(s). Published by the Royal Society of Chemistry

with their counterpart in a 1:1 weight ratio without any
additive in chlorobenzene at 90 °C in order to formulate bulk
heterojunction (BHJ) solutions. Then, the solutions were spin-
coated in order to prepare OSCs in two different architectures:
direct (ITO/PEDOT:PSS/BHJ/Ca/Al) and inverted (ITO/ZnO/BHJ/
MoO;/Ag). Device fabrication and characterization procedures
are detailed in the SI section.

The resulting devices were tested under AM 1.5G solar
simulator in inert atmosphere in order to acquire the current
density-voltage (J-V) curves. Regardless of the role of com-
pounds 8-11 (donor or acceptor), the power conversion effi-
ciency (PCE, %), fill factor (FF, %) and short-circuit current
density (Jsc, A cm™?) values were lower in direct architecture
than the inverted one whereas the open-circuit voltage (Voc, V)
was higher (see Tables 2, 3 and Tables S12-S15). The only

Mater. Adv., 2025, 6, 8952-8959 | 8955
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exception to those trends was compound 11, end-capped with
3-ethylrhodanine and mixed with PC4;BM that exhibited a PCE
value which is four times smaller in inverted architecture
compared to the direct. This can be attributed to the small
shunt resistance (Ry,, ), generating a significant current loss
observed with the curves acquired in the dark.

The most efficient acceptor (paired with P3HT) was com-
pound 8, having the aldehydes, with a PCE of 0.46% in inverted
architecture. This result is unexpected considering that com-
pound 8 is the derivative with the weaker electron-withdrawing
ability (see Fig. S30). This result could be rationalized by
looking at the extinction curves of compound 8 and P3HT
(presented in Fig. S75), which are the most complementary.
The external quantum efficiency (EQE) curves of this combi-
nation (P3HT:8) result in the broadest and the highest values
compared to the other combinations. This analysis can also be
pushed further by looking at the energy levels of compounds
8-11 and P3HT (Fig. S30). In the case of compounds 9 and 11,
their frontier orbitals align with those of P3HT to act as n-type
materials (with a lower LUMO energy level). For compound 10,
the LUMO is too deep compared to the P3HT one, which may
result in less efficient exciton dissociation. Regarding com-
pound 8, its frontier orbitals (HOMO and LUMO) are higher
in energy than P3HT ones (see Fig. $30), which would make the
P3HT act as a n-type material. As suggested by Fahlman and
co-workers,*° significant vacuum level shifts may occur at D-A
interfaces. This implies that HOMO and LUMO levels deter-
mined independently by CV measurements could be under- or
overestimated relative to their actual values at the interface.
Further investigations will be carried out on the P3HT:com-
pound 8 blend to gain a clearer understanding of the unusual
results observed.

Regarding the performances of compounds 8-11 as p-type
semiconductors when paired with n-type PCs;BM, compound 9,
which is end-capped with malononitrile, achieved the highest
PCE with of 0.23%, in an inverted architecture/structure. It has
been observed that the J-V curves distribution as a function of
our compound was narrower in the case of the blends

CgH170

) N /~cN P
QEU%:NC/L“: :S:<s

8 9 10 1

Fig. 3 Chemical structure of 8'—11’.
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compound:PC¢BM than the P3HT:compound ones (especially
in direct configuration), meaning that the donor character of
the VO1 core is not influenced by the end groups when alkyne is
used as a n-bridge between the VO1 core and the acceptor units.
Looking at the frontier orbitals, it seems clear why poor
performances were obtained with the HOMO of compounds
8-11 and PC¢;BM being spread apart by 1 eV leading to a quasi-
impossible exciton separation.

Computational chemistry

Theoretical calculations were conducted on the compounds 8-
11 to assess the optimized molecular geometries, the frontier
orbitals distribution and energy, and simulated UV-visible
spectra. The calculations were performed with Gaussian 16%*
using 3 different methods (B3LYP, ®B97xD and HF/PBE0??) on
6-31+G(d,p) level. Compounds 8-11 were compared with their
counterparts developed on the reversed axis, as shown in Fig. 3,
to evaluate whether motifs 8-11" might serve as better NFA
candidates.

As expected, DPA units form greater dihedral angles with the
VO1 core for compounds 8-11 than for compounds 8'-11’ (see
Tables S5-S7 and Fig. S36, S37), regardless of the method used.
However, if the lower energetic configuration of DPA form an
angle of 70-75° in compounds 8-11, it may indicate that DPAs
were not free to rotate and were fixed in a specific configu-
ration, meaning that there is a greater energy barrier for the
rotation of the DPA units on the 7 and 14 positions axis,
whereas compounds 8-11' possess lower energetic configu-
ration angles of 15-35°. Regarding the use of alkynes, calcula-
tions showed really small dihedral angles (0-5°) between the
VO1 core and the thiophene unit, except for compounds 8'-11’
with ®B97xD (25-40°).

Energy level calculations exhibit the same trend, regardless
of the method used and the VO1 orientation. Nonetheless, the
introduction of malononitrile (9 and 9) was the most effective
to lower the HOMO in front of INCN (10 and 10’) and 3-
ethylrhodanine (11 and 11’), using the aldehyde derivatives (8
and 8') as the reference (Table 4). For the lowest unoccupied
molecular orbitals (LUMO), INCN was the most effective to
lower it before malononitrile and 3-ethylrhodanine. Looking at
the calculated values, ®B97xD seems to overestimate how deep
were the HOMO levels and to underestimate the LUMO values
whereas B3LYP (Fig. 4) and HF/PBEO were quite accurate. For
the orbital distribution (HOMO-LUMO) on a compound, it was
not significantly different between methods. Aldehyde deriva-
tives exhibit a strong overlap between the HOMO and LUMO on
the VO1 core. For compounds 9-11 and 9'-11’, the HOMO and
LUMO orbitals are more localized on the DPA and on the
electron-withdrawing units, respectively, especially for com-
pounds 9-11, resulting in a weaker frontier orbitals overlap
(see Fig. S44-S67).

Looking at the calculated UV-visible spectra (time-
dependent DFT, see Fig. S41-S43), we observed that com-
pounds 8-11’ have smaller optical band gap compared to 8-
11. Each method presents the same trend where compounds
8’-11’ oscillators were weaker and at lower energies compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Frontier molecular orbital energy of compounds 8—11 and 8'—11’ based on calculation with B3LYP, ®B97xD or HF/PBEOQ using 6-31+G(d,p)
basis set in a PCM? solvation model in chloroform with a superfine integration grid

Method B3LYP ©B97xD HF/PBEO

Compound HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV) HOMO (eV) LUMO (V)
8 —4.95 —2.97 —6.65 —1.34 —5.21 —2.70

9 —5.02 —3.43 —6.70 —-1.79 —5.27 -3.13

10 —4.98 —3.61 —6.66 —2.00 —5.23 —3.31

11 —4.96 —-3.21 —6.65 —1.59 —5.02 —2.93

8 —4.98 -3.16 —6.64 —1.49 —5.26 —2.80

9 —5.08 —3.56 -6.71 ~1.85 —5.34 —3.20

10’ —5.05 —3.69 —6.61 —2.08 —5.28 —3.34

11/ —4.97 -3.33 —6.62 —1.74 —5.27 —2.99

% Polarizable continuum model.

-3.43 eV

Potential energy (eV)

= HOMO
= LUMO

Compounds

Fig. 4 Kohn-Sham molecular orbitals of compounds 8-11 based on calculations at B3LYP/6-31+G(d,p) level using the PCM solvation model in

chloroform with a superfine integration grid.

to 8-11. Also, the INCN derivatives resulted in the more
important bathochromic shift, followed by 3-ethylrhodanine
and malononitrile. Furthermore, as observed experimentally,
the onset value of compounds 8-11 is consistent. Finally, the
B3LYP functional seems to underestimate the optical band gap
with fewer vibrational details while HF/PBEO/HF overestimates
it with well-defined vibronic transitions. Regarding TD-DFT
calculations of VO1 derivatives, the ®B97xD functional seems
the most accurate.

Conclusions

Molecules derived from vat orange 1 in an A-D-A architecture
were synthesized using diphenylamine moieties as solubilizing
groups and tested in OSCs. These molecules exhibit a thermal
stability up to 200 °C and no crystallisation behavior. The optical

© 2025 The Author(s). Published by the Royal Society of Chemistry

band gap in solution and in thin films of those products ranged
between 1.7 and 1.9 eV, and 1.6 and 1.8 €V, respectively. The
derivatives were integrated into the active layer of organic solar
cells yielding modest performances below 0.5% (PCE) as accep-
tor materials with P3HT and under 0.25% as donor materials
with PCs;BM. Nonetheless, this study shows that compounds 8-
11 can serve as both p- and n-type semiconductors. DFT calcula-
tions have been conducted with three methods (B3LYP, ®B97xD
and HF/PBEO) and showed that the A-D-A architecture with the
DPA units on the 7,14-axis of dibenzo[b,def|chrysene could be
more promising than the 2,9-axis developed in this work. This
conclusion sheds light on why VO1 has been more extensively
studied along this axis in the literature.>*** Further investiga-
tions are underway to determine whether n-type VO1 semicon-
ductor derivatives can be obtained by introducing electron-
accepting groups closer to the core.
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