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Abstract: Side-chain fluorination of non-fullerene acceptors (NFAs) has rarely been reported to enhance the per-
formance of organic solar cells, despite its critical role in boosting the carrier mobility property. Three acceptor-do-
nor-acceptor (A-D-A) type acceptors (HP1, HP2, and HP3) based on dithienocyclopentacarbazole are successfully
designed and synthesized. The effects of fluorinations in side-chains and ending groups on the final photovoltaic per-
formance are investigated in detail. Compared to HP2 with fluorinated side-chains, HP1 with fluorinated ending
groups shows red-shifted absorption and down-shifted energy levels. For HP3 with fluorination in both side-chains
and ending groups, the lowest unoccupied molecular orbital (LUMO) energy level is up-shifted to —3. 88 eV in spite
of its slightly enlarged optical bandgap in comparison with that of HP1. The PM6: HP3 blend presents better morphol-

ogy and carrier transport property than HP1- and HP2-based counterparts, and thereby leading to an increased power
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conversion efficiency (PCE) of 11. 48% with an open-circuit voltage (V,.) of 0. 97 V for the corresponding device.
However, the HP1-based device delivers a decreased PCE of 11. 08% with a reduced V,, of 0.93 V. And, the PCE
based on PM6: HP2 blend is only 4. 20%. It should be noted that the organic solar cells based on PM6: HP1: HP3
(1:0.5:0.5, w/w/w) affords an enhanced PCE of 11.95%. The findings indicate that rational fluorinated side-chain

engineering can significantly enhance the photovoltaic performance of NFAs.

Keywords: non-fullerene acceptor; organic solar cell; dithienocyclopentacarbazole; fluorinated side-chain; power

conversion efficiency
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Fig.1 Synthetic routes of non-fullerene acceptors HP1, HP2, and HP3
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I =1 4 1) ad Y, S o gk R v i % A R
AR G — L alifl, WS A . R M1 A
M2 £ 2% E {2 3H 19 SOk A i

EEEFEZ AP K F A M1(0. 15 g,
0. 10 mmol) \INCN2F (0. 19 g, 0. 82 mmol) Fl 5 1}
(30 mL) 3 AU 5 S Be i, JE L3 B . N,
B 20 min J5 , IR S WO A MEEE (0.3 mL) , %
WO Ry B AG AR N ORIPR R IR
50 °CLBEPESII 10 he SN 45 W5, He ik 46 15 31
AR PR, LA I U B (312, 0) TR
JBR, FE 2 BT 4 B A5 2 R 6 [ 1Ak K HP1(0. 10 g,
77.4%) . 'H NMR (CDCl;, 400 MHz): 8.89 (s,
2 H), 8.60~8.50 (m, 2 H), 7.89 (s,2 H), 7.77~
7.61 (m, 6 H), 7.15 (d, J=8.0 Hz, 8 H), 6. 78 (d,
J=8.0 Hz, 8 H), 4.23 (d, J=8.0 Hz, 2 H), 3. 89 (t,
J=8.0 Hz, 8 H), 2.23 (s, 1 H), 1.80~1.68 (m,
8H), 1.51~1.14 (m, 64 H),0.94~0.76 (m, 18 H) .

HRMS (MALDI) m/z: cale. for C 0H 20F4sN5O4S,
1 876.935 4; found: 1 876.943 4, EA(%) calec. for
Ci20H 120F4N50¢S,: C,76. 77; H,6. 93; N, 3. 73; found:
C,76.77; H,6.92; N, 3.60,

FEEBEZAEHP2EIE B Z FHPL 585
2435 HP2, 77 % 48. 7%, 'H NMR (CDCL, 400 MHz):
8.90 (s, 2 H), 8.76~8.67 (m, 2 H), 8.05~7.88
(m, 6 H), 7.83~7.70 (m, 4 H), 7.66 (s,2 H), 6.98
(s,4H),6.62 (s,4H),6.55~6.43 (m, 4 H), 4.21
(d, J=8.0 Hz, 2 H), 3.88 (t, /=8.0 Hz, 8 H), 2. 26
(s, 1 H), 1.80~1.65 (m, 8 H), 1.51~1. 11 (m,
64 H),0.94~0.75 (m, 18 H) . HRMS (MALDI) m/
z: cale. for Co0H 20F4NsOS, 1 876. 935 4; found:
1 876.938 3. EA(%) calc. for Cp0H 20F,sN5O¢S,:
C, 76.77; H, 6.93; N, 3.73; found: C, 76.64; H,
6.77;N,3.57,

FEBHEZAUPIHE R : 2 M HPL RS s
2433 HP3, 77 %€ 50. 2%, 'H NMR (CDCL, 400 MHz):
8.90 (s, 2 H), 8.61~8.50 (m, 2 H), 8.01~7.89
(m, 4 H), 7.77~7.64 (m, 4 H), 6.94 (s, 4 H),
6.75~6.45 (m, 8 H), 4.26 (d, J=8.0 Hz, 2 H),
3.88 (1, J=8.0 Hz, 8 H), 2.26 (s, 1 H), 1.80~1. 67
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(m, 8 H), 1.51~1.04 (m, 64 H), 0.97~0.72 (m,
18 H), HRMS (MALDI) m/z: cale. for CiaoH5FsNsOgS,
1 948. 897 7; found: 1 948.897 1, EA (%) calc. for
Cia0H 125FsNsOS,: C, 73.93; H, 6. 46; N, 3. 59; found:
C,74.15; H,6.48; N, 3.43,
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Fig.2 (a)Absorption spectra for HP1, HP2, and HP3 in dilute chloroform solutions. (b) Absorption spectra for three NFAs and
PM6 in pure films. (¢) Cyclic voltammetry curves for the three NFAs. (d) Energy level diagram for the three NFAs and
PM6
®1 HP1.HP2FIHP3 Kt F B L F 4
Tab. 1 Optical and electrochemical performances of HP1, HP2 and HP3
Acceptor &/(10° L-mol™"-em™) A nm A m E/eV HOMO"/eV LUMO‘/eV
HP1 1.98 682 725 1.57 -5.93 -3.93
HP2 1.83 661 691 1. 66 =5.70 -3.60
HP3 2.10 673 706 1.61 -5.92 -3. 88

* Optical bandgaps estimated from the onset of the absorption spectra in thin film; " E ==

(LR X WL R A 53 90 06 F 725,691,706 nm , %
A YR e 7 R R 1 o T T A B AR . AR R 4
W SC i 1) A L TS AS 2] HP L HP2 FTHP3 (162
HEBR A9 1.57,1.66,1. 61 eV 51 W W Yir I
S LA 2S00, 00 B 0 v A LAY HP3 [ HPL
0 B KW W W 5 A% T 19 nm, W BR WL AR GE L 7R =
Tt 5z (61 B e HP2 (0 237 B e o, AR T 2 1
Sl 5 PR B (JLD R TR . i 2(b) s R A
W45 AR 4 BE PM6 1 RO 15 4E v T 400~700 nm,
5 HP1.HP2 HP3 #FHETE U 4 1 638 BoAb A R
T = A R R BRI R I B T L BE

ARSCR PG R L 2 WF5E T HP1 HP2 1 HP3
F4y FL Ak 2 T, T 2 (o) B, M DG KO An 2 1 P

((pm+4.82) eV; ‘E =

LUMO

(¢, +4.82) eV.

HOMO

/R HP1.HP2FIHP3 AR IR E AL AR E AT (0, /0,00)
354 1. 11/-0. 89,0. 88/-1.22, 1. 10/-0. 94 eV, %}
B EL AR BN 2.00,2. 10,2, 04 eV, %45 5 5 2%
Ab -0 UL O 3 R 25 A A o TR
HP2 /) HOMO/LUMO & 2% 43 ] i -5. 70/-3. 60 eV,
M TR 2 BE 0 a L HP1 Y HOMO/
LUMO BE 5 5 T % % -5.93/-3.93 eV, 5 HP1
A L, 7E S AL 4 i /R R HP3 B LUMO fg 44 ]
i FF8 , HOMO/LUMO REZ 7351 h-5. 92/-3. 88 eV,
AHCAF IR L5 RR W, 52 b B LUMO 87, B A
BT 5 REWE M B S BA &V, 0 e
AN, WK 2(d) s, HP1 # HP3 %8 5 PM6 B AT
B R VL TC BE | 45 /52 VR b RE 22 (8] 1) FiE 2 25 g
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Fig.3 Photoluminescence emission spectra of the pristine films as well as the corresponding blend films based on HP1, HP2,

HP3 acceptors, and PM6 donor: (a)-(c)excited at 650 nm, (d)excited at 550 nm

3.4 RARMEREMR

A 3R H TTO/ZnO/PM6: acceptor/MoOs/Ag [
3B 45 7 45 A SR F 5 52 PR R B DG AR R RE , % 1F
DAL s e S1RT 7R o f 0F de A 06 MR )2 1Y 26 1
R SRR R DIOAE 3N 57 (0. 2% ,viv)
D152 R R LE B 10 1 (who) , MR 4 20 mg/
mL, 140 “CiR 2k 8 min, & PEJ2 R 29 110 nm. 3R
AT J-V i 2 n 181 4 Bies A S MERE S BN 3 2

FiR . 3T PM6: HP2 W) 3 (F tERE e 2% , PCE AU N
4.20%,V,. g 1. 11V, J. 2N 7. 85 mA/ em®, FF 24 48. 2%,
PR R 251 . R FF AT R T A 2% 1) RE 2 DG e
FERAR T BIE S . SR, ¥ HP2 R F B =
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Tab. 2 Photovoltaic parameters of the PSCs based on HP1, HP2 and HP3, under the illumination of AM 1. 5G (100 mW +cm™)
Blend Blend ratio V.V J/(mA-em™) FF/% PCE'/%
PM6:HPI 1:1 0.93 16.93 70. 4 11.08(10. 85+0. 10)
PM6: HP2 1:1 1.11 7.85 48.2 4.20(4.11+0. 10)
PM6: HP3 1:1 0.97 16. 69 70.9 11.48(11.34+0.09)
PM6:HP1:HP3 1:0.5:0.5 0.95 17.54 71.7 11.95(11.77+0.11)
" Data in parentheses are average and standard deviation values over 8 devices.
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