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Investigation of the structure—performance
correlation in Y-series electron acceptors
with different phenyl alkyl inner side chains
toward high-efficiency organic solar cells
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Y-Series non-fullerene acceptors (NFAs) make significant contributions to the booming efficiency of
organic solar cells (OSCs). In particular, modifying inner side chains with phenyl groups affords an
efficient and promising method to improve the efficiency and promote the large-area fabrication of
OSCs. However, the relationship between the structure of the inner side chains and properties has rarely
been investigated. In this work, three NFAs, Y6-PhC4, Y6-PhC6 and Y6-PhC8, are developed by
introducing phenyl alkyl inner side chains with different lengths. It demonstrates that the length of the
phenyl alkyl side chains has a negligible influence on the bandgap and energy levels of NFAs. However,
the miscibility between NFAs and D18 declines along with the length of the phenyl alkyl inner side
chains. Y6-PhC6 possesses the best crystallinity and D18:Y6-PhC6 blend films afford the finest
topological morphology. Thus, the devices exhibit the tendency of first increasing and then decreasing
in charge carrier dynamics, trap density and non-radiative recombination energy loss, which makes Voc,
Jsc and FF of OSCs show the same trend from D18:Y6-PhC4 and D18:Y6-PhC6 to D18:Y6-PhC8 pairs.
Therefore, D18:Y6-PhC6 based devices achieve the highest power conversion efficiency (PCE) of 17.12%.
Furthermore, D18:L8-BO:Y6-PhC6 based ternary OCSs are fabricated to afford an impressive PCE of
19.22%, benefiting from the superior properties of Y6-PhC6. This work manifests the importance
of inner side chain engineering in regulating intrinsic properties and photovoltaic performance of
Y-series NFAs.
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Introduction

Organic solar cells (OSCs) have attracted considerable attention
due to their distinct merits of ultra-flexible, light weight and low-
cost solution processing.' The past three decades have witnessed
the booming efficiency of OSCs, which benefits from the rapid
development of non-fullerene acceptors (NFAs),* ® including A-D-A
type (ITIC-series) ° and A-DA'D-A type (Y-series).'”"" Recently, the
state-of-the-art Y-series NFAs have boosted the power conversion
efficiencies (PCEs) of OSCs to surpass 20%, showing significant
potential for industrialization.*™**

The chemical structure of Y-series NFAs consists of three
parts: the donor unit, two electron-withdrawing end groups,
and side chains which are attached to the B-position of the
outermost thiophene (or selenophene) rings of the central core
(i.e. outer side chains) and to inner pyrrole rings (i.e. inner side
chains). Most reported Y-series molecules are evolved out of
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BZIC'® or Y6,'° via modifying donor units,'” end groups'> and
side-chain engineering.'®>' Among the strategies, side-chain
engineering, mainly on outer side chains, is most widely
employed, since manipulating outer side chains can efficiently
improve the photovoltaic performance via regulating solubility,
miscibility and molecular stacking.** In contrast to outer
side-chain modification, adjusting inner side chains endows
Y-series NFAs with distinctive properties, such as excellent non-
halogenated solvent processing,*® improved permittivity,>®>”
enhanced Marangoni flow,*® and a self-regulation effect to
modulate intermolecular packing.>® For instance, Liu et al.
designed a new NFA, Z9, by tethering four phenyl groups at
the end of the Y6 inner side chains.?® The phenyl groups induce
intramolecular packing via the n-n stacking of phenyl-phenyl
groups and improve intermolecular interaction, resulting in
high crystallinity for reduced energy loss and enhanced open-
circuit voltage (Voc). Wu et al. further modified the phenyl end
group of the inner side chains via introducing methyl, and
obtained the NFA, L8-PhMe, which affords more orderly mole-
cular packing to improve charge carrier mobilities and inhibit
charge carrier recombination loss.*® Therefore, modifying
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inner side chains with phenyl groups provides an effective and
promising route to improve the efficiency and advance the
large-area fabrication of OSCs. However, the relationship
between phenyl inner side-chain structures and properties of
NFAs has rarely been investigated.

In this work, we designed and synthesized three NFAs,
Y6-PhC4, Y6-PhC6 and Y6-PhC8, with phenyl alkyl inner side
chains having different lengths to study the structure-perfor-
mance correlation in Y-series NFAs. Different from the com-
mon place, lengthening the phenyl alkyl inner side chains of
the NFAs endows them with decreased miscibility with the
classical polymer donor, D18. Among them, the D18:Y6-PhC6
blend film exhibits proper phase separation and the highest
crystallinity, leading to the most efficient exciton dissociation
and charge carrier transport. Moreover, D18:Y6-PhC6 based
devices present the lowest trap density, and thus the highest
mobility and weakest charge carrier recombination. Therefore,
D18:Y6-PhC6 based OSCs afford the best PCE of 17.12%.
Considering the superiority of Y6-PhC6, we further fabricated
ternary OSCs based on D18:L8-BO:Y6-PhC6, which achieve
a PCE as high as 19.22%. These findings highlight the impor-
tance of inner side-chain engineering in regulating the proper-
ties and photovoltaic performance of Y-series NFAs.

Results and discussion

The chemical structures and synthetic routes of Y6-PhC4,
Y6-PhC6 and Y6-PhC8 are shown in Scheme S1 and Fig. 1a.
The synthetic details are presented in the SI. The chemical
structures of the intermediates and final products are con-
firmed by NMR and mass spectra (Fig. S1-S6). In addition, we
successfully obtained the single crystal of Y6-PhC6 (Table S1).
Y6-PhC6 molecules are packed in lamellar structures (Fig. S7),
rather than forming classical 3D packing like Y6, which
indicates that the chemical structure of the inner side chains
plays an important role in the molecular aggregation of Y-series
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Fig.1 (a) Chemical structures of D18 and NFAs. (b) UV-Vis absorption
spectra of D18, Y6-PhC4, Y6-PhC6 and Y6-PhC8 neat films. (c) Energy
level diagrams of D18, Y6-PhC4, Y6-PhC6, Y6-PhC8 and L8-BO.
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acceptors. The solution and thin-film absorption spectra of
D18, Y6-PhC4, Y6-PhC6 and Y6-PhC8 were recorded on a UV-Vis
spectrophotometer. In solution, the three NFAs show similar
absorption with the maximum absorption peak at 731 nm
(Fig. S8). From solution to thin-film states, all of them exhibit
an obvious redshift with the maximum absorption peak at
~785 nm (Fig. 1b and Table S2). The absorption onsets of
Y6-PhC4, Y6-PhC6 and Y6-PhCS8 thin films are 880, 875 and
871 nm, respectively, corresponding to the optical bandgaps of
1.41 eV, 1.42 eV and 1.42 eV, respectively. It should be noted
that, compared with Y6-PhC4 and Y6-PhC8, Y6-PhC6 exhibits a
sharper absorption edge, which promises a reduced non-
radiative recombination energy loss (AE,,) for Y6-PhC6 based
0SCs.®3! Moreover, the absorption of the Y6-PhC6 neat film
demonstrates a larger intensity ratio between the A, peak and
Ao peak, which implies stronger crystallinity of Y6-PhC6 than
Y6-PhC4 and Y6-PhC8 in neat films.>* The energy levels of
Y6-PhC4, Y6-PhC6 and Y6-PhC8 were deduced from the oxida-
tion/reduction potentials (Egy/Ereq), which are estimated by
cyclic voltammetry (Fig. 1c and Fig. S9). The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels of Y6-PhC4, Y6-PhC6 and Y6-PhC8
were calculated to be —5.64/—3.75, —5.65/—3.74 and —5.66/
—3.74 eV, respectively, according to the empirical equations
(Table S2). Thus, the length of the phenyl inner side chains has
a negligible influence on the energy levels of NFAs. It should be
noted that D18 was chosen as the electron donor in this work,
because of its complementary absorption (Fig. 1b) and well-
matched energy levels with Y6-PhC4, Y6-PhC6 and Y6-PhC8
(Fig. S10a and Table S2), which are helpful to obtain high short-
circuit current density (Jsc) and Vo in OSCs.

Miscibility between the electron donor and acceptor governs
the morphology of the active layer, which determines the
photovoltaic performance of OSCs to some extent.**** Thus,
the miscibility between D18 and NFAs was firstly evaluated by
determining the Flory-Huggins interaction parameter (y) bet-
ween them based on their surface free energy (y).*>’
The contact angles of water and glycerol on D18, Y6-PhC4,
Y6-PhC6 and Y6-PhC8 thin films are 102.12°/91.51°, 94.02°/
91.90°, 93.00°/91.49°, and 91.50°/87.03°, respectively (Fig. S11).
According to Wu’s model,*® the y values of D18, Y6-PhC4, Y6-PhC6
and Y6-PhC8 were calculated to be 20.60, 22.05, 22.63 and
24.05 mN m™ ", respectively (Table S3). Therefore, the y, values
for the D18/Y6-PhC4, D18/Y6-PhC6 and D18/Y6-PhC8 pairs are
0.025 K, 0.048 K and 0.13 K, respectively, since the y is directly

proportional to (/715 — \/y—NE,{)Z.Sg This signifies that the mis-
cibility between D18 and NFAs reduces along with the increased
length of the phenyl inner side chains. This tendency is contrary to
the most common place that the longer the side chains, the better
miscibility between the donor and acceptor. The probable reason
for this abnormal phenomenon is that phenyl inner side chains
introduce a unique molecular packing mode via the phenyl-phenyl
and phenyl-end group intermolecular interactions.>

To investigate the influence of the length of the phenyl alkyl
inner side chain on photovoltaic performance, conventional
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(a) J-V curves and (b) EQE spectra of the D18:NFA-based OSCs. (c) Photocurrent density versus effective voltage curves of D18:NFA-based OSCs.

(d) Dependence of Vo on light intensity for D18:NFA-based OSCs. (e) Dependence of Jsc on light intensity for D18:NFA-based OSCs. (f) Typical current
density-applied voltage semi-log plots for the hole-only devices based on the D18:NFA blend film (in the dark). (g) Typical current density-applied voltage
semi-log plots for the electron-only devices based on D18:NFA blend film (in the dark). Measured data are shown as symbols while the solid lines are
the best fits to the SCLC model. Mobilities were extracted from the fittings. (h) J—V characteristics of hole-only devices based on D18:NFA blend films
(n represents the slope of the fitting lines). (i) J-V curves of D18:L8-BO and D18:L8-BO:Y6-PhC6-based OSCs.

devices with the configuration of ITO/PEDOT:PSS/D18:NFA/
PDINN/Ag were fabricated. The J-V curves of the optimized
devices are shown in Fig. 2a and the corresponding photovol-
taic parameters are summarized in Table 1. The results demon-
strate that Vo, Jsc and fill factor (FF) show the tendency of
first increasing and then decreasing from D18:Y6-PhC4

to D18:Y6-PhC6 to D18:Y6-PhC8-based OSCs.

Thus, the

D18:Y6-PhCé6-based OSC achieves the highest PCE of 17.12%
with the best Vo of 0.912 V, Jsc of 24.49 mA cm ™2 and FF of
76.73%. To further verify the Jsc from the J-V measurement,
external quantum efficiencies (EQEs) of the optimized OSCs
were determined. As shown in Fig. 2b, the calculated integra-
tion currents, obtained from the EQE curves, of D18:Y6-PhC4,
D18:Y6-PhC6 and D18:Y6-PhCé6-based devices are 23.20, 23.45

Table 1 Photovoltaic parameters of D18:NFA-based OSCs under AM 1.5G illumination at 100 mW cm™2. The average values and standard deviations of

10 devices are show

n in parentheses

Vo [V]

Jsc [mA cm™?]

FF [%

PCE [%]

Jeal [MA cm 2]

D18:Y6-PhC4
D18:Y6-PhC6
D18:Y6-PhC8
D18:L8-BO
D18:L8-BO:Y6-PhC6

21024 |

0.864 (0.865 + 0.003)
0.912 (0.911 + 0.004)
0.885 (0.885 + 0.005)
0.908 (0.910 + 0.001)
0.906 (0.909 + 0.003)

24.25 (23.90 + 0.18)
24.49 (23.76 + 0.49)
22.40 (22.29+ 0.29)
25.68 (25.14 + 0.21)
26.53 (26.13 + 0.38)

Phys. Chem. Chem. Phys., 2025, 27, 21022-21029

]
71.65 (71.08 + 0.39)
76.73 (76.75 + 0.84)
70.05 (69.27 + 0.76)
79.31 (79.78 + 0.35)
79.94 (79.90 + 0.62)

15.01 (14.70 + 0.19)
17.12 (16.63 + 0.30)
13.88 (13.66 + 0.14)
18.50 (18.24 + 0.14)
19.22 (18.97 £ 0.17)

23.20
23.45
21.70
24.75
25.22
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and 21.70 mA cm >, respectively, which all agree well with the
values from their J-V curves (< 5% mismatch).

To illustrate the structure-performance correlation in NFAs
with phenyl alkyl inner side chains, the energy loss (AE)
and charge carrier dynamics were analyzed. The E,s for
D18:Y6-PhC4, D18:Y6-PhC6 and D18:Y6-PhC8-based devices,
which are extracted from the EQE spectra of the devices,
are 1.470, 1.477 and 1.468 eV, respectively. According to
AE = E; — €eVoc, the AEs for D18:Y6-PhC4, D18:Y6-PhC6 and
D18:Y6-PhC8 based devices are 0.606, 0.565 and 0.583 eV,
respectively. The lowest energy loss and thus highest Vo for
D18:Y6-PhC6 is related to the reduced non-radiative recombi-
nation energy loss, which is indicated by the sharp absorption
onset of Y6-PhC6. The exciton dissociation and charge carrier
recombination in D18:Y6-PhC4, D18:Y6-PhC6 and D18:Y6-
PhC8-based devices were measured to study the influence of
inner side chain length on charge carrier dynamics. The
photocurrent density (J,n) versus effective voltage (Veg) was
determined to evaluate the exciton dissociation probability
P(E,T) in 0SCs."**' J,,, = Ji — Jb, where J; and Jp, represent
the current density under the illumination intensity and in the
dark, respectively, while V¢ = Vo — V,, where V,, is the voltage
when Jpy is zero and V, is the applied bias.”? In addition, Je
delegates the Jp, under a high Vg (Vege = 2 V is used in our
work), where all photon-generated excitons are assumed to be
dissociated into free charge carriers and then extracted by
electrodes. As shown in Fig. 2c¢, the Ji,s of the D18:Y6-PhC4,
D18:Y6-PhC6 and D18:Y6-PhC8-based devices are 24.98,
24.81 and 23.36 mA cm ™2, respectively. Under Jsc conditions,
the P(E,T) = JonlJsar Of the D18:Y6-PhC4, D18:Y6-PhC6 and
D18:Y6-PhC8-based devices were calculated to be 97.1%,
98.7% and 95.9%, respectively, indicating the most efficient
exciton dissociation in the D18:Y6-PhCé6-based device.*’
The charge carrier recombination in the D18:Y6-PhC4,
D18:Y6-PhC6 and D18:Y6-PhC8-based devices was determined
via measuring the dependence of V¢ and Jgc on the incident
light intensity (Pighd). Voc was plotted against In[Pjign
to evaluate the monomolecular recombination in the
devices.** As shown in Fig. 2d, the slopes of the D18:Y6-PhC4,
D18:Y6-PhC6 and D18:Y6-PhC8-based devices are 1.28kT/q,
1.24kT/q and 1.43kT/q, respectively, where T is the Kelvin
temperature, k the Boltzmann constant, and q the elementary
charge. The smallest slope for the D18:Y6-PhC6 based
device among them indicates the weakest monomolecular
recombination. The Jscs of the D18:Y6-PhC4, D18:Y6-PhC6
and D18:Y6-PhC8-based devices under different Pjjgp, were also
fitted to the power-law equation: Jsc o [Piign]” (Fig. 2€).*° The o
values of the D18:Y6-PhC4, D18:Y6-PhC6 and D18:Y6-PhCS8-
based devices are 0.977, 0.992 and 0.958, respectively. That is,
the D18:Y6-PhC6-based device affords the weakest bimolecular
recombination, since its o value is closest to 1.

The charge carrier mobility was measured by space-charge-
limiting current (SCLC)."” As shown in Fig. 2f and g, the
hole mobilities (u,s) for the D18:Y6-PhC4, D18:Y6-PhC6 and
D18:Y6-PhC8-based devices are 3.77 x 103, 5.28 x 10> and
2,97 x 1072 em > V' s, respectively, while the electron
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mobilities (u.s) for them are 1.96 x 107>, 4.26 x 10~° and
1.77 x 10> em > V"' 57, respectively (Table S4). The highest
un and p. for the D18:Y6-PhCé6-based devices would benefit
charge carrier transport for enhanced jsc and FF. In short,
for the devices based on D18:Y6-PhC4, D18:Y6-PhC6 and
D18:Y6-PhC8, P(E,T), monomolecular and bimolecular recom-
bination, and charge carrier mobilities all show the evolution of
first increasing and then decreasing, which is highly consistent
with the tendency of Jsc and FF in OSCs. Among them, the
D18:Y6-PhCé6-based devices have the most efficient exciton
dissociation, weakest monomolecular and bimolecular recom-
bination, and highest charge carrier mobility, thus contributing
to the highest Jsc and FF in OSCs.

The total trap density (N,) in the device was also measured by
the SCLC method, according to the following equation:*®

. 28()6 VTFL
T gr?

where ¢, is the permittivity of vacuum, ¢ the relative dielectric
constant of the active layer materials (typically, it is 3.0 for
organic photovoltaic materials.), Vyg, the trap-filled limit vol-
tage, and L the thickness of the active layer. As shown in Fig. 2h,
the Vygrs were determined to be 1.03, 0.79 and 1.00 V, respec-
tively. Therefore, the N;s in the D18:Y6-PhC4, D18:Y6-PhC6 and
D18:Y6-PhC8-based devices were calculated to be 2.19 x 10,
1.82 x 10" and 2.31 x 10" cm™?, respectively. The D18:Y6-
PhC6 based device exhibits the lowest trap density, which is
related to the strong crystallinity of Y6-PhC6 and affords the
weakest monomolecular recombination.*® Furthermore, the
AE,, of the devices was determined by using electrolumines-
cence quantum efficiency (EQEg;) measurements.50 As shown
in Fig. S12, the D18:Y6-PhC6 based device presents a higher
EQEg. of 7.89 x 10° than the D18:Y6-PhC4 (5.79 x 10 °)
one. According to the equation: AE,, = —kTIn(EQEg.), the
D18:Y6-PhC6 based device affords a smaller AE,, of 0.243 eV,
compared to 0.251 eV for the D18:Y6-PhC4 pair, which con-
tributes to the reduced AE in OSCs. Note that the undeter-
mined EQEg; for the D18:Y6-PhC8 based device may be
ascribed to a too small value out of the detection limit of the
apparatus.

To clarify the relationship between charge carrier dynamics
in PM6:NFA-based devices and material properties, the mor-
phology of PM6:NFA blend films was further investigated by
using atomic force microscopy (AFM). As shown in the height
images (Fig. 3a-c), the root-mean-square roughness values of
the D18:Y6-PhC4, D18:Y6-PhC6 and D18:Y6-PhC8 blend films
are 1.11, 3.86, and 7.35 nm, respectively. To further compare
the details of phase separation, line profiles across the phase
images of the blend films (Fig. 3d-f) are shown in Fig. 3g-i. The
full-width at half-maximum (FWHM) of the peaks is used to
estimate the fibril diameter. The D18:Y6-PhC4 blend film
exhibits fine nanofibers with FWHM of 12.49 nm, which is
beneficial to exciton dissociation, and thus a P(E,T) as high as
97.1% is realized in D18:Y6-PhC4-based OSCs. However, too
small domain size would aggravate bimolecular recombination
to some extent. In the D18:Y6-PhC6 blend film, nanofibers with
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Fig. 3 AFM height images of (a) D18:Y6-PhC4, (b) D18:Y6-PhC6 and (c) D18:Y6-PhC8 blend films. AFM phase images of (d) D18:Y6-PhC4,
(e) D18:Y6-PhC6 and (f) D18:Y6-PhC8 blend films. Line profiles along the location of the solid white lines in the panels to obtain the grain sizes in

(g) D18:Y6-PhC4, (h) D18:Y6-PhC6 and (i) D18:Y6-PhC8 blend films. The nano-grain size in each case was specifically calculated from the FWHM (the
distance between two adjacent dashed lines in the graphs).

FWHM of 16.12 nm and proper phase separation were
observed. Thus, the most efficient exciton dissociation and
charge carrier transport are acquired, contributing to the
highest Jsc and FF in D18:Y6-PhCé6-based devices. In the
D18:Y6-PhCS8 blend film, nanofibers with FWHM of 25.89 nm
are observed. This implies excessive phase separation, which
leads to inferior P(E,T) and severe charge carrier recombina-
tion. Thus, the D18:Y6-PhC8 based device suffers the highest
leakage current (Fig. S13).

Considering the superiority of Y6-PhC6, including high
crystallinity, low trap density and proper miscibility with
donors, etc., we employed Y6-PhC6 as the third component to
improve the photovoltaic performance of D18:L8-BO (note that
L8-BO has similar energy levels with Y6-PhC6 (Fig. 1c)), which is
the most representative donor and acceptor pair currently. As
shown in Fig. 2i, the binary OSCs based on D18:L8-BO deliver a
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phase

2.0 um

Line distance (nm)

PCE of 18.50%, which is comparable with the value in the
reported literature.”* The addition of Y6-PhC6 improves the Jsc
from 25.68 to 26.53 mA cm > and the FF from 79.31% to
79.94%. As a result, the D18:L8-BO:Y6-PhC6 (1:1:0.1)-based
ternary OSCs achieve an impressive PCE as high as 19.22%. The
EQE spectra of the D18:L8-BO and D18:L8-BO:Y6-PhC6 based
devices were also determined to verify the Jg¢ (Fig. S14). The
calculated integration currents, obtained from the EQE curves
for D18:L8-BO and D18:L8-BO:Y6-PhC6 based OSCs are 24.75
and 25.22 mA cm ™, respectively, which are highly consistent
with the Jscs from their /-V curves (< 5% mismatch).

Conclusions

In this work, the structure-performance correlation in Y-series
NFAs with phenyl alkyl inner side chains was systematically
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investigated via developing three new NFAs, Y6-PhC4, Y6-PhC6
and Y6-PhC8 with a different length of the phenyl alkyl inner
chains. As the phenyl inner side chains extend, the miscibility
between them and D18 reduces. Thus, the domain size
increases gradually from D18:Y6-PhC4 to D18:Y6-PhC6 to
D18:Y6-PhC8. The highest crystallinity and moderate miscibil-
ity of Y6-PhC6 make the D18:Y6-PhC6 blend film possess the
finest phase separation with FWHM of 16.12 nm and a long
nanofiber structure, thus benefiting exciton dissociation and
charge carrier transport. In addition, D18:Y6-PhC6 based OSCs
exhibit the lowest trap density and thus the highest mobility
and weakest charge carrier recombination. Therefore, D18:
Y6-PhC6 based OSCs afford the highest PCE of 17.12% with
enhanced Vo, Jsc and FF. Furthermore, after introducing
Y6-PhC6 into the D18:L8-BO system, an impressive PCE as high
as 19.22% was realized. This work demonstrates that it is
important to regulate the length of the phenyl alkyl inner side
chains, which would endow NFAs with special characters.
Furthermore, the research on the effects of phenyl alkyl inner
side chains on intermolecular and intramolecular interactions
is ongoing.
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