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Abstract Besides the design and synthesis of nonfullerene acceptors, the selection of polymer donors is also critical in de-
termining the photovoltaic performance of nonfullerene organic solar cells (OSCs). However, the selection criteria of polymer
donors for nonfullerene OSCs has been rarely investigated. In this work, a novel nonfullerene acceptor (MDB) with
sp’-hybridized-carbon-free ladder-type skeleton was developed and used as a model compound to study the effects of misci-
bility and molecular ordering in determining the performance of MDB-based solar cells. In order to achieve matched energy
levels and complementary absorption, three wide-bandgap polymers (PM6, J71, and P3HT) with different chemical structures
were selected to blend with MDB for OSCs. The donor:acceptor miscibilities of the three blends were estimated by contact
angle measurements, while their crystallinity and phase separation were investigated by grazing incidence wide-angle X-ray
scattering characterization and atomic force microscopy measurement, respectively. The interfacial tension values between
MDB and PM6, MDB and J71, as well as MDB and P3HT were determined as 0.49, 0.16, and 2.00 mNem !, in that order.
Owing to the proper miscibility between MDB and PM6, the resulting blend film exhibits suitable phase separation,
“face-on” molecular orientation as well as compact molecular n-r stacking, which promotes carrier transport and suppresses
bimolecular recombination. As a result, the best-performance OSC based on PM6:MDB delivered an outstanding PCE of
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13.26%. In contrast, J71:MDB-based devices exhibited a lower PCE of 8.16%, due to the excessively high miscibility of J71
and MDB. As for P3HT:MDB-based devices, the poor miscibility between P3HT and MDB provides the driving force for the
formation of large phase separation, which leads to an extremely low PCE of 0.45%. This work demonstrates that suitable
miscibility is one of the key factors to achieve high-performance OSCs, which is an important guideline for the design and

selection of next-generation photovoltaic materials.

Keywords organic solar cells; nonfullerene acceptors; polymer donors; miscibility; power conversion efficiency
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Figure 1 Synthetic route of the acceptor MDB
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Figure 2 (a) Molecular structures of PM6, J71 and P3HT; (b) normalized absorption spectra of MDB, PM6, J71, and P3HT in solution or thin film state;
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J71:MDB 0.92 (0.92%0.01) 17.26 (17.13+0.31) 17.09 51.46 (50.89+3.26) 8.16 (8.02+£0.22)
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“In parentheses are average values based on 10 devices. ® The values are calculated by integrating the EQE spectra.
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S4 ffizs. FREAT LA i, P3HT:MDB Vi & % B H i
AH4>ES, T J71:MDB JREEE A H BN E, Af
PM6:MDB R G R I H 0K A 4R G5 AR 0 5. i
Bk, AR TES S eI SR R —
.

N T 53 BT IR B RS 2H 43 B VR A T AR A TR 3
AN RCR], BRAT itz i A 0 B B T R AR
FTHI ARl FEE Al A I B, FRATTIE FH KR it
BEAERERIEAAR, MRS R 6 Fion. MR EAd A 1)
BAEFA TS PM6, 171, P3HT 1 MDB HI B/ (0%
EWrE oy E, BARREE R AEERER S5, VRN
THE S ARLE M i PR . AR % Owens —RIETTH 515
F| MDB.PM6.J71 F1 P3HT [ 2 R GE(y) 751 34.06.
29.77. 32.13 F124.19 mN/m. PFRRHA] VR I AT DLE
I FH 5K 73 (yas) A Flory-Huggins A EAE FH S5 (xa )k
PEAL, BT E AKX N yas=yatys—
[(ya®ye)/(pat=+y8Y) — (yaAPXxyeP)(yaAP + )1 X4 F1 ya=
K[(ya)"?—(ys)"?P2. Hrp K& — AN IEARIETEL, ya A s
Iy PR AN AR (A 208 A B B R TH

4.0 nm

59 mVv

5.7 mV

. e 5 =
Adhesion 500.0 nm

E'5 (a, d) PM6:MDB, (b, ¢) J71:MDB Fl(c, f) PSHT:MDB & & H K1 AFM 51 5 B FUR B2 RS BT 77 B1(500 nm X 500 nm)
Figure 5 AFM height images and the corresponding adhesion images of (a, d) PM6:MDB, (b, ) J71:MDB, and (c, f) P3HT:MDB blend films (500 nm X

500 nm)
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Figure 6 (a) Contact angle images of water and diiodomethane droplets on the neat films of MDB, PM6, J71 and P3HT; (b) dispersion (y%) and polarity
(y*) components of MDB, PM6, J71 and P3HT; (c) interfacial tension (ya.g) and Flory-Huggins interaction parameters (ya.s) between MDB and different

donors

K JIET481 (pas) 5 (ra-p) [ELER /DS, P ASBERLE] TR A P
B, R PR R, i 6c FTR, = 4HiRA K
1, P3HT 5 MDB [H] 1) F 11 7K 77 85 K(2.00 mN/m), Hik
& PM6 5 MDB 2 [H] ) F 1 7K 77(0.49 mN/m), 11 J71 5
MDB 2 [f] ff) #7785 /1M0.16 mN/m). yap 3 230 H [H
FERIAAL S, WKEBI/MEIRA P3HT Al MDB Z [H] (1)
0.84 K, PM6 1 MDB 2 [E]f#] 0.14 K DL &% J71 1 MDB 2
[ 0.03 K. VRA M /IR BRI, 1R sk
WA IS B, Xt ERE T J71:MDB JRA B AR 7
BRNBY R AL /N B AR 2 2 B ARG TR A B D A X 46
B, Bk S R AN, {552, P3HT 1 MDB ]
TR TR A M 2 8 D IR A T R AR A I T AR, (e AR T
Tk b B i 25, iX 2§80 PBHT:MDB #:fF
PERERARM E BRI 2 —. X+ PM6:MDB JRA B, #
20 3 )45 3 P VR A P T DA (S B2 P A 20 8 R0 2 8 1)
FHSI, [F]EE Sa 0 SE%H F o T HERR S BT, X
AT ARt R 2 &, B2, NT RS
FARRITEIN, WM T R R 52 A4 1) 75 B LA IE FE IR
T

AT DA BN X AT (GIWAXS)
DA 5T = ANVR - IR Al /N 3 5 5 R 23 (1) 45 o 1
REAEL AT M. —4E(2D)GIWAXS A7 AR R ) —
(1D VI EoREE 7, S EUS R S6.
&l 7a Frzw, MDB 3 ELETH A 77 ) g, =3.30 nm ' 24T
—AN100)fiTHT I, FETHAM 71 ¢-=18.00 nm ' 4bAH —4>
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B 1)(010)n-n HEFRI, SREHAZ4K MDB 15 H 405 o i
T 5REFATH “face-on” UA], 1XHF T HIR FIE
YN . KRS MDB (0 10)7 5 06 fr 17 B R 24U
B ] DA T - HEAREE B8 (de) N 0.349 nm, FHTK
FE(CL)A 23.56 nm. i RAMLEERGIN, g =1
TRATERI010)FT T IER MK ¢ XImFe, BuRE 2T
drn FOAERGR, IX 5T S IS 26 MR 45 A &
2115, PM6:MDB, J71:MDB Hl P3HT:MDB Ji&-& ik 1 7
T den VKA 0.359 nm (¢:=17.49 nm '), 0.361 nm
(¢-=17.40 nm ")H10.365 nm (¢.=17.21 nm ). Jt4h, i@
e & A A S PM6:MDB, J71:MDB Al
P3HT:MDB B & 1) n-n HEAR CL A4 514 24.59, 12.03
F1 8.70 nm, 1 PM6:MDB I 145 S SR T He
PIAME G . StFER, FATERI, 54 MDB H#EAH
b, = ANRA BN U R A A R B A5 k. 3
i1, %+F J71:MDB 1 PM6:MDB JE& i, H TR+
B ] T 5 F RSP AT “face-on” HUF. {H P3HT:MDB
TR R 1) 31 DU [ B A7 E “ face-on ™ B [A) AT “ edge-on ™
BJa), 3X— fA] LS H 2D GIWAXS 75 EI7E g, 77 1)
& i BT B2 B (h00) FI(010) AT 5 4 753 LAIE 5. %5 1&
F| P3HT EZ R “edge-on” HUAIBY, b m] LAHE KT 2% 7
Jist /) (hO0) R0 10) AT 41 3% 43 31 1 )& T P3HT A MDB,
EWRE P3HT A1 MDB #] ATE EATT VR & 5 % s A
FSZIIM, X5 8 B/MNIRIE A O, [ERERNE,
TRE A AETE “edge-on” HU ] 17 F AR T 87T =4
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Figure 7 (a~d) The 2D GIWAXS patterns, and (e¢) corresponding in-plane (IP) and out-of-plane (OOP) 1D integral curves of pure MDB film,

PM6:MDB, J71:MDB, and P3HT:MDB blend films

fetin, XA AR T P3HT:MDB #4502 M ki 7
FAPERERDGIRIERE. X T PM6:MDB i, H 5w
Zia TEAE KR 1 om0 5 HERUT A 52 T80 1 1%
B, IR AT R AR, WD SO AR R A (e IR 1k

fiE.
3 4ig

TEASCH, AT G KT — D rdLHikh e #EE
HHEARE sp® FALER /N T 5244 MDB. 1A EL A %
AT (1.39 eV)FR B i T “face-on” 43T HL .
HRYE MDB ¥ HL T REGAIRISOETE, BATEH T =A%
B TR BRI S, B) PM6. J71 A1 P3HT, 7ENH T4
AR S 2 SR IF R S A VURBHRE . RE=ARE
Y5 MDB 2 [E# 5 A B AMAOR ST EL 1 REL, {HAH
NS Em e kR KRB R K ER. HpET
P3HT:MDB #$1F{X 3k 0.45%[% PCE, ¥ % JH KT
P3HT 1 MDB 2 8] 2 (TR A M S BUH N FE A i
s RE R o B RO R T O T R
“edge-on” 7 FHLIH]. EAIR J71:MDB R4 5 A 1) 431
n)F “face-on” BU[H), 1H J71 5 MDB [0 5 & R iE T
fEFFZ IR A R M DLUR AR08 FE RO AR 2 5, 3k 1m0 S B0 A
HEE, MM 8.16%. HHELZ T, PM6 Al
MDB 2 [H) 4538 FrVE I 14 5 B5ORH . 1) L VR 2 T o B 3
W B A7 AR 4RR G5 M AE 205, DL E AT 7 1) face-on”
H 7 FHERL. X PR SR R 20 sl 1 A AR5
DL ISR, FHMdl R A, &%, T PM6:MDB )
RPFHBE LIRS T 13.26%[1 PCE. % TAEAMUNFERL
6 AR TR A — A R S, BN RS
M RA RLE R ANE P E TR RIS R4t T H B
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4 KIGERSY
4.1 MDB HI& RS FEHIRIE

7E 50 mL X AR KN S4 (0.10 g, 0.09 mmol),
INCN2F (0.11 g, 0.46 mmol)Fl 8 mL &{j. & /S FIE 30
min JEHIA 0.1 mL BEBE, SRS INIAE] 45 C 3 h. 5
bk, IR e RE R, I A ETE R AU
[V(petroleum ether) : V(CH.CL)=1 : 1], 43215 3R A
& [EH A MDB (0.10 g, 88%). 'H NMR (400 MHz, CDCls)
o0: 8.97 (s, 2H), 8.61~8.46 (m, 2H), 7.93 (s, 2H), 7.75~
7.67 (m, 2H), 4.78 (t, J=7.6 Hz, 4H), 4.42~4.21 (m, 4H),
2.24~1.97 (m, 4H), 1.95~1.75 (m, 4H), 1.51~0.67 (m,
76 H); 3C NMR (100 MHz, CDCl;) J: 216.43, 185.88,
155.70, 155.56, 153.07, 152.93, 145.27, 145.21, 138.47,
138.38, 136.70, 134.38, 133.10, 127.71, 126.79, 122.73,
120.34, 119.98, 118.35, 114.90, 114.69, 112.61, 112.43,
109.10, 109.05, 53.09, 39.28, 38.88, 37.52, 37.37, 31.62,
30.68, 30.42, 30.01, 29.48, 28.01, 25.78, 24.77, 22.89,
22.77, 22.68, 22.55, 19.93, 14.06, 13.85; "F NMR (376
MHz, CDCl3) 6: —123.17 (multiplet appearing as singlet,
2F), —124.26 (multiplet appearing as singlet, 2F); HRMS
(MALDI) calcd for C88H100F4N604S4 15086625, found
1508.6650. Elemental analysis (%) caled for
C83H100F4N604S4: C 70.00, H 6.68, N 5.57; found C 70.10,
H 6.65, N 5.52.

4.2 BHHIHIEFIRIAE

K PFHBE Bt BT R F 25448 TTO/PEDOT:PSS/idi 4
JZ/PDIN/Ag. ITO BEFSMRHBEREF . X8 F7/K.
FISE R RS 5B P 5 U 15 min, AR5 EMERS T8 10 h £
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o F 5 R

H. BRI 1TO B simid UV-0; TikbEE 15 min,
# PEDOT:PSS /K¥ R LA 3500 r/min [#E3 g4 2 ITO
PR, ALl 140 CHAE TR K 15 min, 2R
JE R LR B FEFG . T RN S IS WU R 1
PEDOT:PSS %|fii, J:7£90 ‘C FiB/K S min, A& KI5
PEEEZN 120 nm. &M ERR N E &R 4/
TR R 1 LIRS T, BIKE N 16 mg/mL,
WINRFALE A 0.5%8) CN ENE IR, FF4E 50 °C T
F£ 4 h. PDIN 1 1 98 #7(2.0 mg/mL) LA 3000 r/min 5%
HER TIETE R, F2EEAR 10 nm FIZME.
e, 16 1.0X1074 Pa L7 F, B 100 nm
() Ag il I FE AR AR 2 PDIN 2800 2 A AT AR, 2%
PERAE AN 4 mm?.

J-V B£RiEid Keithley 2400 3R £k, H
1AM 1.5G (100 mWecm %) A BH Y B Oriel sol3A
(Newport) BU K PRGN AR HE AL, F48F NREL A UF B RE
%2 B BEAT AL . EQE Y6 itk il id Newport-EQE ik &
S RCEIR
4.3 FEmALR

A Owens 0L THRAP B GO R F1 70
AR TR S, THEATRA: (1+coso)yp=2(ys 4 X yp )12
+2(ys P Xy P)V2, FoH g F yp 23 D RE S RIERIRAA F
KIAAE, M bR d Fp 73 R RRHREH U 7 &
AR 7157, CECTFIRRYE ) 2 2 2 AR R T RE.
4.4 GIWAXS i

DA AE 2 E W S A R B K IR iE IR
PEDOT:PSS FlAH N ()75 R Z A5 2, oo i 1 2 1 il 4
FHAE 90 C NiB/K 5 min. GIWAXS M 76 b 5t [ 5%
KRl AR RO ) XEUSS SAXS/WAXS iR 7248 1
FERL, Hod X ORI 0.154 nm, AW MAER
0.2°.

45 BFHEEF SCLC ik

N T B FCAR R B A PR A R AR A T R,
BTN T Ton 5 Ve MBIHE R, X H, Jon M Ve 18
A Tw=JL—Jp F Ver=Vo— Vapp TH 5, HoH1 JL F Jp
I3 ARG RIS A N I IR L, Vippt NHEIN i B L
JE, Vo N Jon=0 B EIHE. %, 2 Jon 155 Ver(AH]
Ver=2 V) 15 B (Joa) B VR BT A G AR 2000 T 78 R
WA, A AR KT R EME T, Ja S
Jon [T EUAB (Paiss A1 Pe) AT AVTAR 1A 125 25025 T i A AL £

fF SCLC Wl 2% X (un) 1 L FIE R (). ol
e F g I BLBR IR T 28 1R S5 K043 31 N 1TO/Zn O/ M J2/
Ca/Al A ITO/PEDOT:PSS/ i 14 JZ /MoOs/Ag. J H
Keithley 2400 $(JERMAF 2. TR HH AKX
T J=9/8(0eu VL), FH g9 NS HLH $(8.85 X
10712 Fom' 1Y), & NIEMEZ N HE ARSI 3 kit
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B, u R TIERER, VI 8% b i ik PR (V=
Vapp— Vi, FEH Vapp AR NN BN ZRAF M IRIE, Vi /2 BT
AN ERR TR BRI P AE R L3S, L ORISR R,
T8 5 1 )5 5 2 B Bruker Dektak XT SR ClE, A& T4k
b fdi B N5 R TR 2 120 nm. 5 7EHL T %
A LLE J2-Y iR R R AR
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