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A copolymer donor PBDTTPTP based on a tetracyclic bislactone unit, thieno[2’,3’:5,6]pyranol3,4-
dlthienol3,2-b]pyran-4,9-dione (TPTP), was developed. The single crystal structure of a TPTP derivative
indicates the m-extended planar geometry of TPTP and its good coplanarity with the adjacent thiophene
units. Thanks to the strong electron-withdrawing properties and good coplanarity of TPTP, the
copolymer PBDTTPTP shows a deep HOMO level of —5.60 eV, a small optical bandgap of 1.65 eV and a
good hole mobility of 6.57 x 10™* cm? V™ s71. These features make PBDTTPTP an efficient donor
material for semitransparent organic photovoltaics (STOPVs). STOPVs based on PBDTTPTP and N3 gave
a high light utilization efficiency of 4.38%, with a power conversion efficiency of 12.26% and an average
visible light transmittance of 35.7%.
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Introduction

Semitransparent photovoltaics (STPVs) with balanced energy-
harvesting functionality and aesthetics show promise for archi-
tecture applications, such as power generating windows, cur-
tains, and rooftops."™ Power conversion efficiency (PCE) is no
longer the only performance criterion. An ideal STPV should
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allow as much visible photons to pass through as possible to
achieve a high average visible light transmittance (AVT), and
should effectively convert non-visible photons into electricity to
achieve a high PCE.®® In this regard, the light utilization effi-
ciency (LUE) (LUE = PCE x AVT) has been suggested as a figure of
merit for STPVs.'>'" As the human eyes are mainly sensitive to
light at 400-700 nm,"? it is wise to develop STPVs that selectively
harvest the near-infrared (NIR) photons.”*™® Organic photovol-
taics (OPVs) can meet such requirements since organic semicon-
ductors generally show a band-like absorption spectrum and it is
easy to adjust their absorption bands in the NIR region."” > In
recent years, the development of low-bandgap small molecule
acceptors (SMAs) has greatly accelerated the advancement of
OPVs. Single-junction OPVs based on a wide-bandgap polymer
donor and a low-bandgap SMA can afford >19% PCEs.>'°
However, for semitransparent OPVs (STOPVs) the use of wide-
bandgap donors is not a good choice since the donors absorb
considerable visible light and reduce the AVT.'*?'* The devel-
opment of efficient low-bandgap or mid-bandgap donors is
crucial for high-performance STOPVs.

In 2012, Yang et al. first reported the diketopyrrolopyrrole based
low-bandgap copolymer PBDTT-DPP for STOPVs (Fig. 1).°**°
PBDTT-DPP shows an optical bandgap (Eg™) of 1.46 eV. STOPVs
based on PBDTT-DPP and PC,;BM gave a PCE of 4.0% and an
AVT of 61%, yielding a LUE of 2.44%. Later, Jen et al. developed a
fused-quinoxaline based copolymer PIDT-PhanQ (Eg™ of 1.67 eV)
for STOPVs.*® The semitransparent devices showed a LUE of
1.34%, with a PCE of 4.2% and an AVT of 32%. By using a
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Fig. 1 Previous low-bandgap and mid-bandgap copolymer donors and
PBDTTPTP in this work for STOPVs.

benzothiadiazole based copolymer PCPDTFBT with a smaller
Eg” of 1.44 eV, Jen et al. achieved a higher LUE of 2.37%, with a
PCE of 5.0% and an AVT of 47.3%.”” The benzothiadiazole
copolymer PDTP-DFBT developed by Yang et al. shows a very small
Eg of 1.38 eV.>® By blending PDTP-DFBT with a low-bandgap
acceptor FOIC, Sun et al. made STOPVs with a LUE of 2.15%, a PCE
of 3.5% and an AVT of 61.5%.*° PTB7-Th is a classic low-bandgap
copolymer with an Eg” of 1.57 eV.">*! By combining PTB7-Th with
two low-bandgap acceptors CO;8DFIC and IEICO-4F, Zhang et al.
achieved a LUE of 1.71% for semitransparent solar cells.*> Zhu et al.
improved the LUE to 3.33% by blending PTB7-Th with another
acceptor ATT-9.** By using an outcoupling layer, an antireflection
layer and a low-bandgap acceptor A078, Forrest et al. achieved a
remarkable LUE of 5.0% for PTB7-Th-based STOPVs.** Very
recently, Chen et al. achieved a high LUE of 5.01% by using
PCE10-2F (a congener of PTB7-Th) as the donor and Y6 as the
acceptor via a sequential deposition technique.*> PM6 is a highly
efficient mid-bandgap copolymer donor for both opaque and
semitransparent OPVs.*® By introducing a small molecule 2PACz
into the PM6:Y6-BO blend, Huang et al. realized a LUE of 3.39% for
semitransparent devices.”” Chen et al demonstrated high-
performance STOPVs with a LUE of 5.0% based on PM6 and two
Y-series acceptors, BTP-eC9 and L8-BO."® By integrating an aper-
iodic band-pass filter (ABPF), Li et al. achieved a LUE of 5.35%, with
a PCE of 11.44% and an AVT of 46.79%."® The 5.35% LUE is the
highest value for STOPVs to date.

Despite the progress mentioned above, there is still plenty of
room for designing new and efficient low-bandgap or mid-bandgap
copolymers for STOPVs. Previously, our group demonstrated that
fused-ring aromatic lactones (FRAL) are efficient building blocks
for high-performance copolymer donors.*®>™ In this work, we
report the synthesis of a copolymer donor PBDTTPTP by using a
novel tetracyclic bislactone unit, thieno[2’,3':5,6]pyrano[3,4-
dJthieno[3,2-b]pyran-4,9-dione (TPTP). Thanks to the strong
electron-withdrawing properties and good coplanarity of TPTP,
PBDTTPTP shows a relatively small Eg™ of 1.65 eV, a deep HOMO
level and good hole mobility, and exhibits good performance in
STOPVs. An impressive LUE of 4.38% was achieved by the STOPVs
based on PBDTTPTP and a low-bandgap acceptor N3.°®
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Results and discussion

The synthesis of PBDTTPTP is shown in Fig. 2a. Synthetic details
are provided in the ESI.f 3-Thiophene boric acid was oxidized by
hydrogen peroxide to give the intermediate 3-hydroxythiophene.
Then, the hydroxyl group of 3-hydroxythiophene was quickly
protected by the methoxymethyl (MOM) group, affording com-
pound 1 in 65% yield. Compound 1 was transformed into the
organotin compound 2 in 43% yield. Stille coupling of 2 and
dimethyl 2,3-dibromobut-2-enedicarboxylate gave compound 3
in 72% yield. Two stages of bromination transformed compound
3 to compound 4 in 74% yield. Treating 4 with p-toluenesulfonic
acid gave the brominated tetracyclic bislactone TPTP-Br in 77%
yield. It should be noted that compounds 1-4 with MOM groups
are not stable, especially in solution. Therefore, they should be
quickly used for the next reaction step. TPTP-Br further under-
went Stille coupling with tributyl(4-(2-butyloctyl)thiophen-2-yl)
stannane or tributyl(4-(2-hexyldecyl)thiophen-2-yl)stannane to
give compound 5 or 6 in 86% or 85% yield, respectively. Treating
compound 5 or 6 with N-bromosuccinimide afforded compound
7 or 8 in 98% yield. Finally, Stille copolymerization of 8 and (2,6-
bis(trimethylstannyl)benzo[1,2-b:4,5-b']dithiophene-4,8-diyl)
bis(thiophene-5,2-diyl))bis(tripropylsilane) (BDT-Si-Sn) gave the
copolymer donor PBDTTPTP in 67% yield. The number-average
molecular weight (M,) and polydispersity index (PDI) for
PBDTTPTP are 51.6 kDa and 1.80, respectively. PBDTTPTP shows
good solubility in chloroform and chlorobenzene. We tried the
copolymerization of 7 and BDT-Si-Sn (Scheme S1, ESIt). However,
the resulting copolymer is insoluble, probably due to the shorter
2-butyloctyl side chains on the thiophene bridges. We also tried
the copolymerization of 8 with other BDT donor units, (4,8-bis(5-
(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b"]dithiophene-2,
6-diyl)bis(trimethylstannane) (BDT-F-Sn) and (4,8-bis(5-(2-ethyl-
hexyl)-4-chlorothiophen-2-yl)benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)-
bis(trimethylstannane) (BDT-Cl-Sn). But these copolymers are also
insoluble in common organic solvents (Scheme S1, ESIt). These
results indicate that the bulky tripropylsilyl side chains on BDT units
and the long 2-hexyldecyl side chains on the thiophene bridges are
crucial for providing sufficient solubility for the copolymer. The
synthetic complexity (SC)>**° of PBDTTPTP was analysed (Table S1,
ESIt). Compared with other reported polymers shown in Fig. 1,
PBDTTPTP shows a moderate SC of 66.91%. All new compounds
were characterized by spectroscopic methods like NMR and mass
spectroscopy. The characterization data are consistent with the
molecular structures shown in Fig. 2. The structure of compound
7 was unambiguously determined by single crystal X-ray diffraction
(XRD) analysis (Fig. 2b). The topview confirms the linear and
n-extended molecular geometry of the TPTP unit. The side-
view indicates the good coplanarity between the thiophene
bridge and TPTP. Interestingly, the thiophene bridge and the
thiophene ring of TPTP adopt a cis arrangement. The molecular
packing indicates the efficient n-n stacking of 7 in the crystal.
Due to the extended molecular plane of TPTP and the good
coplanarity, compound 7 shows a short average n-n stacking
distance of 3.54 A. Efficient n-n stacking would enhance
the crystallinity and charge carrier mobility of the copolymer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PBDTTPTP. We measured the hole mobility (u,) of PBDTTPTP
by using the space charge limited current (SCLC) method (Fig.
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Fig. 3 (a) Absorption spectra of PBDTTPTP in solution and film states and
N3 film. (b) Energy level diagram. (c) The chemical structure of N3 and the
conventional device structure.
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3.54A

Molecular packing

(a) Synthetic route for PBDTTPTP; (b) the top view, side view and molecular packing (viewing along the b-axis) of the single crystal structure of compound 7.

S15, ESIt).*"® The copolymer shows a good uj of 6.57 x
10 em* v tsTh

The optical and electrochemical properties of PBDTTPTP
were investigated (Fig. 3). In solution, PBDTTPTP presents a
major absorption band in the range of 520-750 nm, with a peak
at 683 nm and a shoulder peak at 654 nm. In the film state,
these two peaks shift to 688 nm and 636 nm, respectively. The
absorption onset of the PBDTTPTP film is at 752 nm, corres-
ponding to a small Eg”* of 1.65 eV. The HOMO and the lowest
unoccupied molecular orbital (LUMO) energy levels were esti-
mated from cyclic voltammetry (CV) measurements (Fig. S16,
ESI¥).** The PBDTTPTP film shows an onset oxidation potential
of 0.80 V and an onset reduction potential of —1.69 V, respec-
tively, corresponding to the HOMO level of —5.60 eV and
LUMO level of —3.11 eV, respectively. Such a deep HOMO level
of PBDTTPTP is favorable for high open-circuit voltages (V,) in
solar cells.

Before application in STOPVs, we evaluated the performance
of PBDTTPTP in opaque solar cells with a conventional device
structure of glass/ITO/PEDOT:PSS/PBDTTPTP:N3/PDIN/Ag (80 nm).
The active layer thickness (Table S2, ESIt) and the D/A ratio (Fig. 4a
and Table 1) were optimized. It was found that when the active

Mater. Adv., 2023, 4,2991-2998 | 2993
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layer thickness is 128 nm and the D/A ratio is 1:1.4, the opaque
devices gave the best PCE of 15.28%, with a V. of 0.829 V, a short-
circuit current density (Ji.) of 25.43 mA cm™ 2 and a fill factor (FF) of
72.5%. The cells showed over 70% external quantum efficiency
(EQE) in the 430-842 nm region, with a maximum EQE of 78.5% at
750 nm (Fig. 4b). For STOPV development, a common strategy is
reducing the donor content in the active layer to enhance the
visible transmittance.'>®>®® Therefore, efficient low-donor-content
cells are favorable for STOPVs. We found that the PBDTTPTP:N3
cells can maintain decent PCEs even with a very low donor content.
When the D/A ratio is 1:2.6 or 1:3.2, the cells still afforded good
PCEs of 13.11% and 11.76%, respectively (Table 1). For these low-
donor-content cells, decent FFs of over 70% were achieved, suggest-
ing that the charge carrier transport is still efficient in these cells.
SCLC measurements indicate that the D/A ratio variation has
insignificant effects on charge carrier mobilities (Fig. 4c). When
the D/A ratio changed from 1:1.2 to 1:3.2, y;, decreased from
6.80 x 10" * t0 5.94 x 10"* em® V' s~ " and the electron mobility
(1e) increased from 4.46 x 10~ * to 5.85 x 10~ * em®> V' s (Fig.
S19, S20 and Table S3, ESIt). In low-donor-content cells, the active
layer kept its efficient and balanced hole and electron transport
capability, thus showing high FF. To understand the robust charge
transport capability of the PBDTTPTP:N3 layer, we studied the film
morphology at different D/A ratios (1:1.4, 1:2.0 and 1:2.6) by
employing an atomic force microscope (AFM).”” All films
show similar morphology with a nanofibrillar texture (Fig. S21,
ESIT), suggesting that the donor-acceptor phase segregation is less

(a)
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Table 1 The performance of PBDTTPTP:N3 opaque solar cells?
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Weight ratio of Ato D

D:A[w:w]  Voc[V] Jee[mAem™®]  FF[%]  PCE [%]
1:1.2 0.816 24.77 69.1 13.95 (13.71)b
1:1.4 0.829 25.43 72.5 15.28 (15.17)
1:1.6 0.829 24.41 71.0 14.38 (14.22)
1:2.0 0.830 23.03 71.0 13.56 (13.41)
1:2.6 0.835 21.88 71.8 13.11 (13.00)
1:3.2 0.844 19.90 70.0 11.76 (11.43)
“ Device  structure:  glass/ITO/PEDOT:PSS/PBDTTPTP:N3/PDIN/Ag

(80 nm). ? Data in parentheses stand for the average PCEs for 10 cells.

affected by the D/A ratio in PBDTTPTP:N3 cells. The V,,. increases
along with the N3 content. It could be due to the decrease in the
energy loss (Ej.ss) of the cells as the nonfullerene acceptor content
increases.®® 7" The absorption spectra (normalized at 817 nm) of
the active layer with different D/A ratios are shown in Fig. 4d. The
films with a lower donor content show much reduced absorbance
in the visible region, which might be favorable for STOPV devel-
opment. It should be noted that the shape of the EQE spectra of the
low-donor-content cells did not change much as compared to those
of the high-donor-content cells. This suggests that the photon-to-
electron conversion in the visible region could be more efficient
than that in the NIR region for the low-donor-content cells.

The charge recombination and collection in PBDTTPTP:N3
cells were investigated. Charge recombination was studied by
plotting Vi, against light intensity (Pygn) (Fig. S22, ESIt). The
slope can be expressed as nkgT/q, where kg is the Boltzmann
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(a) J-V curves of PBDTTPTP:N3 opaque solar cells with different D/A ratios. (b) EQE spectra. (c) The variation of p, and i along with the A/D ratio.

(d) Absorption spectra (normalized at 817 nm) of the active layer with different D/A ratios.
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constant, 7T is the absolute temperature and ¢ is the elemental
charge. When 7 is close to 1, bimolecular recombination is
dominant. When 7 is close to 2, trap-assisted charge recombi-
nation is dominant. We found that the slopes for varied D/A
ratios are always closer to 1, suggesting that bimolecular
recombination is the dominant charge recombination pathway
for these systems. Then, the bimolecular recombination was
studied by plotting Js. against light intensity (Pjgne) (Fig. S23,
ESIT). The exponent o reflects the degree of bimolecular
recombination (¢ = 1 manifests no bimolecular recombina-
tion). Among the solar cells, the devices with the D/A ratio of
1:1.4 show an o of 0.982 (the closest value to 1), suggesting
the minimum bimolecular recombination in these cells. We
further analysed the exciton dissociation probabilities (Pgjss)
and charge collection probabilities (P.;1) by plotting the photo-
current density (Jpn) against effective voltage (Veg) for the solar
cells with different D/A ratios (Fig. S24, ESIT). It was found that
the cells with the ratio of 1:1.4 gave highest Pg;ss of 97.1% and
highest P.,; of 87.9%, suggesting the most efficient charge
generation and collection. The above results are consistent with
the highest J,. of the PBDTTPTP:N3 (1:1.4) solar cells.

Next, we fabricated STOPVs by replacing the opaque thick Ag
electrode (80 nm) with a semitransparent thin Au/Ag electrode.’®”>
The thicknesses of Au and Ag were optimized. When using
1 nm-thick Au and 15 nm-thick Ag as the electrode, the STOPV
gave the most balanced PCE and AVT (Tables S4, S5 and
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Fig. S25, S26, ESIT). According to the literature, the Au (1 nm)
seed layer could improve the conductivity thus enhancing the
Jse of semitransparent devices.”*’* The J-V curves and device
performance data for semitransparent cells with different D/A
ratios are shown in Fig. 5a and Table 2, respectively. The EQE
spectra are shown in Fig. S28 (ESIT). The variation trend of PCE
along with D/A ratios was similar to that in opaque cells. Thus,
the cells with a D/A ratio of 1:1.4 afforded the highest PCE of
13.61%. However, these cells showed a relatively low AVT of
18.4%, thus giving a moderate LUE of 2.50%. As the donor
content in the active layer gradually decreases, the PCE slightly
decreases while the AVT continuously increases, leading to
the increment in LUE. When the D/A ratio is 1:2.6, the
semitransparent cells gave the highest LUE of 2.88%, with a
PCE of 12.61% and an AVT of 22.8%. We also tried to combine
PBDTTPTP with other low-bandgap acceptors like Y6 and BTP-
eC9 (Table S7 and Fig. S29, ESIT). Under the same conditions,
although PBDTTPTP:Y6 and PBDTTPTP:BTP-eC9 semitranspar-
ent cells achieved higher V., their J,., FF and AVT are lower
than those of PBDTTPTP:N3 semitransparent cells, leading to
reduced PCEs and LUEs. The light-soaking stability of the
opaque and semitransparent PBDTTPTP:N3 cells was investi-
gated (Fig. S30, ESIf). Continuously illuminating opaque and
semitransparent cells (with a D/A ratio of 1:2.6) with a Xenon
lamp (AM 1.5G, 1 sun irradiation) for 20 hours, the PCEs
dropped to 27% and 31% of the initial values for opaque and

(b) 100
—O—Au/Ag D:A =1:1.2
— —O—Au/Ag DA=1:1.4
e 804 —o—Au/Ag DA =1:16
~ —O=—Au/Ag D:A =1:2.0
8 Au/Ag D:A=1:2.6
c 609 o —O—AU/Ag+ARC D:A = 1:2.6
:g A~ ) Au/Ag D:A=1:3.2
E 40 =
n
c
o
= 201
0

400 500 600 700

Wavelength (nm)

(d)

(a) J-V curves of PBDTTPTP:N3 semitransparent solar cells with different D/A ratios. (b) Transmittance spectra. (c) Coordinates of CIE 1931 for the

best-LUE cell. (d) The photograph of a 1 cm? semitrasparent cell made under optimal conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The performance of PBDTTPTP:N3 semitransparent solar cells®
D:A Jse AVT LUE
[W:w]  Vee[V] [mAcm 2] FF[%] PCE [%)] [%] [%]
1:1.2 0.817 23.21 68.9 13.05 (13.00)b 16.9 2.21
1:1.4 0.821 23.47 70.6 13.61 (13.46) 184 2.50
1:1.6 0.818 22.83 70.5 13.17 (12.61) 20.8 2.74
1:2.0 0.824 22.20 70.5 12.91 (12.48) 21.6 2.79
1:2.6 0.831 21.14 71.8 12.61 (12.21) 22.8 2.88
1:2.6° 0.828 20.65 71.7 12.26 (12.17) 35.7 4.38
1:3.2 0.838 19.28 69.6 11.25 (10.83) 24.0 2.70
“ Device  structure:  glass/ITO/PEDOT:PSS/PBDTTPTP:N3/PDIN/Au

(1 nm)/Ag (15 nm). * Data in parentheses stand for the average PCEs
for 10 cells.  Device structure: MgF, (100 nm)/glass/ITO/PEDOT:PSS/
PBDTTPTP:N3/PDIN/Au (1 nm)/Ag (15 nm)/MoO; (35 nm).

semitransparent cells, respectively. It can be concluded that
these cells are not so stable under continuous illumination.

To further improve the LUE of PBDTTPTP:N3 semitransparent
cells, we used antireflective coating (ARC) to enhance the AVT of
the whole device. Thus, MgF, (100 nm) and MoO; (35 nm) were
employed as ARC to reduce the reflection at the ITO side and the
Ag side, respectively.”” With MgF, as the sole ARC, the AVT
increased from 22.8% to 26.7%, leading to an enhanced LUE of
3.33% (Fig. S27 and Table S6, ESIT). With both MgF, and MoOj;
ARC, the transmittance at 450-700 nm was largely enhanced
(Fig. 5b). The AVT increased to 35.7% and the LUE increased to
4.38% for the best semitransparent cells. To our knowledge, the
4.38% LUE is among the highest values for STOPVs to date. The
aesthetic aspect is also an important criterion for STOPVs.
The transmitted light should have a chromaticity close to that
of the natural white light source for a harmonious visual environ-
ment and comfort. According to the chromaticity diagram
released by Commission Internationale de I’Eclairage (CIE) in
1931, chromaticity coordinates of white light are (0.33, 0.33). We
measured the color coordinates of our best-LUE cells. As shown in
Fig. 5¢, the coordinates are (0.28, 0.32), which are close to that of
the white light and suggest the good color rendering properties of
these devices. The measured color rendering index (CRI) of the
best-LUE cells is 91.”°7% The high LUE together with the good
color rendering properties of the semitransparent cells suggest
their potential in power generating windows. Fig. 5d shows the
photograph of a 1 ecm® semitransparent cell made under optimal
conditions. The background can be seen clearly. The 1 cm?
semitransparent cell gave a slightly reduced PCE of 11.40%
(Table S8 and Fig. S31, ESIt).

Conclusions

To conclude, by using a tetracyclic bislactone unit TPTP, we
developed an efficient copolymer donor PBDTTPTP for STOPVs.
The strong electron-withdrawing properties and good coplanar-
ity of TPTP endow PBDTTPTP with a small Eg** of 1.65 eV, a
deep HOMO level and good hole mobility. PBDTTPTP not only
delivered a decent PCE of 15.28% in opaque solar cells, but also
achieved a high LUE of 4.38% (a PCE of 12.26% and an AVT of
35.7%) in STOPVs. This work suggests that FRAL units are

2996 | Mater. Adv, 2023, 4, 2991-2998
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promising building blocks for low-bandgap copolymer donors
for STOPVs.
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