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Abstract Polymer solar cells (PSCs) experienced a leap forward recently due to the development of non-fullerene accep-
tors. These novel acceptor materials possess improved photon absorption ability as well as readily tunable band structures
compared to the conventional fullerenes. Perylene diimide (PDI) derivatives were among the first investigated non-fullerene
acceptors for PSCs. PDI is widely adopted as building blocks for acceptor materials for its high photon absorption and elec-
tron transporting abilities, suitable and tunable energy levels, ease of synthesis and excellent photon stability. However, PDI
derivatives are well known for their aggregation tendency to result in poor blend morphology, which leads to lower device
efficiency than the acceptor-donor-acceptor type fused ring small molecular acceptors. To address this issue, we designed and
synthesized three PDI based small molecular acceptors with a diketopyrrolopyrrole (DPP) core. The ¢-PDI2 and nc-PDI2
were two-PDI-armed molecules with PDI substituents attached on the carbon or nitrogen atoms of the DPP skeleton, respec-
tively, while PDI4 was a four-PDI-armed molecule. The PDI units were predicted by molecular simulations to be positioned
in altered planes forming the twisted 3D structures, which would reduce the intermolecular aggregation. Based on optical
absorption, energy level, blend morphology and photovoltaic performance studies, all three molecules were found with
amorphous morphology, which indicated that the aggregation tendency was efficiently suppressed. Among the three mole-
cules, the four-armed PDI4 displayed the flatter structure with broadened electron delocalization which led to significantly
increased extinction coefficient and electron transport mobility. The faster electron transport of PDI4 assured the balanced
charge transport which yielded into a higher field factor (FF) over 65% in contrast to the two-armed molecules with FFs un-
der 55% in the respective PSC devices. With additional aids from the increased photon absorption, PSCs containing PDI4
also generated substantially higher photocurrent. These improvements afforded the highest power conversion efficiency
(PCE) as high as 8.45% among the three PDI derivatives, which was twice and 1.5 times of those of ¢-PDI2 and nc-PDI2,
respectively. In comparison between the two two-armed PDI derivatives, the nitrogen-position-substituted ne-PDI2 delivered
higher device performances than the carbon-position-substituted ¢-PDI2, also thanked to its flatter molecular arrangement
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and broader intra- and intermolecular electron delocalization. In our study, we successfully prevented aggregation of PDI
derivatives by constructing 3D molecular structures with multiple PDI units. The numbers and substituting positions of PDIs
on the DPP core were also investigated in detail, which provided valuable insights for designing of high performance PDI

derivatives for PSCs.

Keywords Polymer solar cells; non-fullerene acceptor; perylene diimide; three-dimensional; structure; high efficiency
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Figure 1 Molecular structures of acceptor molecules ¢-PDI2, nc-PDI2, PDI4 and donor polymer PTB7-Th
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Figure 2 Optical absorption curves of the acceptor molecules in chloroform solution (a) and thin films (b)
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Figure 3 Cyclic voltammograms of the acceptor molecules (a) and energy levels of the acceptor molecules and the donor polymer (b)
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Figure 6 X-ray diffraction patterns of the blend films
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S 2T S I R S S W 4 R 3 IR OK A 43 T 5 R A

W&

S 120 my

B 7 3T c-PDI2 (a,d), nc-PDI2 (b,e) 1 PDI4 (c,f) IR HE R
THEMERER (abc) AMHE(deD, B EENS pm

Figure 7 AFM height (a,b,c) and phase (d,e,f) images of the blend films based
on ¢-PDI2 (a,d), nc-PDI2 (b,e) and PDI4 (c,f), the image widths are 5 pm

3 g

TEATCH, FATERATA BT = AT kg Rtk g —
il (DPP) A UoZIFE —BEIERZ (PDI) SR52 4R/
c-PDI2, nc-PDI2 1 PDI4, RGHE5 T HEM AR L
[ &, Hrh e-PDI2 Al ne-PDI2 43544474 PDI
T BE(E DPP B AR AR AR, AR B, T
PDI4 U2 PUA~ PDI B S C s 4% 75 DPP & 221 D9 A
FIHUARAE b = AN 520N o #8 5 A L it ) 2 ) g 22,
AR T 2N T B REES. X TSk IE
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B T4 B T rh O (R R B2 AR /N9y 1, AT
YE5I N DPP S2Ak 0% FEAIK T PDI 32444+ () HOMO
Redt, WK T HARW I, T EO6E R A 52,
T 54RREY) PTBT-Th WSO iE (VT RE . &
Tk P AN SUR B A2 AR N gy R AL, B BUAR 1)
nc-PDI2 RILH T 5 S B A e Re, I3RS 17 AH
o B A P A R A O T U B 2 AN gy, DY Y
PDI4 MR H AR B 47 1 e i W i g o R e AR S PE e,
MRS T 8.45% M i e EFE R, 735l /2& e-PDI2
BLE) 2 f5F0 ne-PDI2 28441 1.5 1%,

4 SCERERSY

41 ZHRNGFER

AN T e-PDI2 6 e AR T, KR B
(1.38 g, 10 mmol) MI/K(5 mL) WA EHILEW
PDI-Bpin (0.50 g, 0.60 mmol) #1 ¢-DPP-Br2 (0.20 g, 0.30
mmol) FIFZE(10 mL) WK+, BE/EIA 2.5 mL 9k
7K ZBEF PA(PPhs), (0.04 mol) , £ 120 ‘CiE)t /%M 18 h.
WG, AUOKER B, R AR R, 5
BA NI KB EREE T, 1, WeEZERR 2957 4
P EATHEE- S (V s 0V —wen=1:3) A
U B AH )T AT S AT 40 B A2 Al 45 2 W 20 5 [ 4 =
¢-PDI2 (0.22 g, /7% 40%) ."H NMR (400 MHz, CDCl5)
J: 8.80~8.58 (m, 10H), 8.11 (d, J=38.5 Hz, 6H), 7.96 (d,
J=8.3 Hz, 2H), 7.73 (d, J=7.9 Hz, 4H), 5.32~5.07 (m,
4H), 3.90 (d, J=7.4 Hz, 4H), 2.35~2.13 (m, 10H), 1.96~
1.75 (m, 8H), 1.39~1.15 (m, 64H), 0.97~0.75 (m, 36H);
C NMR (100 MHz, CDCly) J: 166.31, 166.12, 155.62,
154.37, 153.59, 145.98, 140.81, 138.52, 138.37, 134.26,
132.47, 131.45, 128.10, 127.49, 126.18, 124.56, 122.81,
119.07, 113.13, 112.08, 56.35, 56.06, 40.80, 36.79, 26.80,
22.99, 14.24, 13.95; Anal. calcd for C;ycH;5:NgO;p: C
79.21, H 8.02, N 4.40; found: C 79.30, H 8.08, N 4.90; MS
(MALDI-TOF) caled for CjyH;5:N¢O;o 1909.157, found
1909.230.

ZARANGT T ne-PDI2 &R ZARYT, Khig
A (1.38 g, 10 mmol) HI/K(S mL) RIS H LAY
PDI-Bpin (0.74 g, 0.90 mmol) ! ne-DPP-Br2 (0.20 g,
0.27 mmol) MIFZ(10 mL) &R+, FEIIA 2.5 mL (¥
To/K ZEEAT PA(PPhs), (0.04 mol) , 7£ 120 ‘CilEE M 18
h. ARG, FUKKE KRB, S o 26 B SR,
Iy EENUAHH R TOKBR IR B T8, U8, e RR 2507
MM A mEE- S (Vo muw V. oxws=3 1 1)
R BN AR B R 2 AT 43 B8 e 449 B I £ L [E 4 7= )
nc-PDI2 (0.14 g, 7% 65%) ."H NMR (400 MHz, CDCl5)
J: 8.78~8.58 (m, 8H), 8.27~8.06 (m, 2H), 7.95 (t, J=8.6
Hz, 2H), 7.17~7.08 (d, J=8.1 Hz, 4H), 7.08 (d, J=8.1
Hz, 2H), 7.26~6.94 (m, 4H), 6.94~6.68 (m, 4H), 6.23~
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6.00 (m, 4H), 5.25~5.09 (m, 4H), 2.34~2.12 (m, 8H),
1.93~1.65 (m, 12H), 1.41~1.17 (m, 72H), 0.91~0.79
(m, 30H).. *C NMR (100 MHz, CDCl;) 6: 166.51, 165.12,
155.62, 154.37, 153.59, 144.98, 140.81, 139.52, 138.37,
134.26, 132.47, 131.45, 128.10, 127.49, 127.18, 124.56,
122.81, 118.07, 113.13, 112.08, 56.35, 56.06, 40.80, 36.79,
26.80, 22.99, 14.24, 13.95. Anal. calcd for C;3gH;40NgO:
C 80.35, H 7.82, N 4.07; found: C 80.65, H 8.02, N 4.37;
MS (MALDI-TOF) caled for Cj3sH;60NgO;o 2061.220,
found 2061.220.

ZARNGT PDI4 ARG BART, KiRERET
(138 g, 10 mmol) /K (5 mL) &I AL &
PDI-Bpin(0.74 g, 0.90 mmol) 1 DPP-Br4 (0.10 g, 0.13
mmol) FIHZE(10 mL) R+, FHIIA 2.5 mL IEK
ZBEAN PA(PPhs), (0.04 mol) , £ 120 “Ci#EY¢ %M 24 h.
ARG, RUKOKEEK RN, &R U SR, 5
BANUAHIE KB BR BT, 1, WEZ8RR 2965740
FEMG A M- —E R (V e SV —awn=511) N
it BN A B i A J2E AT 40 S 4R 4l 45 B I 416 [ 4R 5 )
PDI4(0.23 g, /%3 54%) ."H NMR (400 MHz, CDCL) ¢:
8.78~8.50 (m, 20H), 8.21~8.12 (m, 8H), 7.95 (t, J=8.6
Hz, 4H), 7.73 (d, J=8.1 Hz, 4H), 7.66 (d, J=8.1 Hz, 4H),
7.58 (d, J=8.3 Hz, 4H), 5.14~5.18 (m, 8H), 2.35~2.05
(m, 16H), 1.80~1.82 (m, 16H), 1.36~1.14 (m, 96H),
0.85~0.72(m, 48H). *C NMR (100 MHz, CDCl;) §:
164.91, 159,76, 159.10, 155.62, 154.37, 153.59, 145.98,
140.81, 138.52, 138.37, 134.26, 132.47, 131.45, 128.10,
127.49, 126.18, 124.56, 122.81, 119.07, 113.13, 112.08,
56.35, 56.06, 40.80, 36.79, 26.80, 22.99, 14.24, 13.95.
Anal. calced for Cy14H»3N10O15: C 79.42, H 7.35, N 4.33;
found: C 79.52, H 7.65, N 4.63; MS (MALDI-TOF) calcd
for Cy14H,36N 0015 3233.786, found 3233.806.

4.2 KPHBEER MR S5

ITO T HIBIMRKIX LB 7K AR 7 A el
TEVE RN B T T T EE M ITO H AR
15 min.Jifi J5 7£ ITO K [ e iRk — = E 220 30 nm (1A EF
L B8 5 7E T8 S I A B R T el & F PTB7-Th
ARG T HIENEE IR TON = B A G, RN
PEJZ 2 1 284 — S 2 AR S JE AR R, R RE 430l
79 10 nm A1 30 nm. 85 A7 R A o AR A
0.04 cm’. #AFN IV BHZRLE 1 AMBHUKBHYE T (Japan,
SAN-EI, XES-70S1) , ifiid Keithley 2400 SK4E. K FH 15
PLBE R AR AE AR FEAR S22 100 mWeem *. B8 1E
EQE &AL MU GIR F( 26 140 T BH Newport QE i
ZMAT. A NS S E AN TFEHE T 5%
.

4.3 BEIEHERR
AT TR 2 AT VAR SCLC J7vk. MiE 70X
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BRI 2145 894 ITO/PEDOT:PSS/if M /2 /MoO4/Al,
ME BFITB R RSN AVEYEZ/ALZRAEH] &
FEH. PEDOT:PSS ZHIEME 285 b e iRk il 4%,
ARG B AR F AR E R B AR A AT E R R B
Keithley 2400 Wl & Fr 43 2 1 -V 260G FA5 2.
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