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Preparation and photovoltaic performance of asymmetric small molecule donors
with 2-(3-oxoindene) malononitrile as electron-accepting units

WANG Xu!, CHEN Binwen?, LI Yunfei?, CAO Kun!, DENG Linlong! *, XIE Suyuan?, ZHENG Lansun?

(1.Pen-Tung Sah Institute of Micro-Nano Science and Technology, Xiamen University, Xiamen 361005, China; 2.State Key Laboratory of Physical
Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China.)

Abstract In this paper, two asymmetric donor-acceptor (D-A) type small molecule donors (D1 and D2) were designed and
synthesized by using 2-(3-oxoindene) malononitrile as the electron-accepting unit, and benzodithienopyrrole, and 4,4'-
dimethyltrianiline as the electron-donating units, respectively. The optical and electrochemical properties of these two small
molecule donors were investigated by UV-vis spectroscopy, and cyclic voltammetry. At the same time, the photovoltaic
performances of all-small-molecule organic solar cells based on these two small molecule donors and C7o were evaluated. The
results show that small molecule donor D1 with fused ring donor unit has wider optical absorption, deeper highest occupied
molecular orbit energy level and better photovoltaic performance than those of D2 with triphenylamine donor unit. The
highest power conversion efficiencies of vacuum-deposited organic solar cells with D1 and D2 as donor and Co as acceptor
were 5.03% and 3.78%, respectively.

Key words organic solar cells; small molecule donors; 2-(3-oxoindene) malononitrile; photovoltaic performance
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1.2 {428

Bruker AV400 #% ff 4t 4% 3 i A3, SARK I v & A P9 Aw DY R RE T (TMS) 1 i AR = &0 H 4t
(CDCls): i e R AR €35 755 43 #% DU AR A 6 AT I8 8] 52 335 1% A 1X (UPLC-QTOF-MS); Varian Cary5000
UV-Vis-NIR 73606 EETE, W78 & ke, HH3 K ey 200~1100nm.

PEIAAR 22 26 8. CHI-660C ek 22 TAEus, L Pt HARME AN TAEH A%, Pt 22{F AXd ik,
Ag/AGTHEARTE NS LR 755 0.1 mol/L DY G ER VU T FE & (TBAPFe) 1E y HL MR S5 1) TE 7K &0 H e
(DCM)H e A AL B O, 7EF 0.1 mol/L PU T 2 & U BR £ (TBAP)/E Jy HaL i it i1 e 7K DY &Pk e (THIF) il
E I JFAE B
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1.3.1 D1 &R SFRIE

¥iba 1 (5.13 g, 13.7 mmol). AT EE4K(10.5 g, 0.11 mol). X - FEEPIEA4E Pd(dba)2(776 mg,
1.37 mmol) Al 1,1'- X0 (- Z=FE ) — %2k dppf (3.04 g, 5.48 mmol)iAT H (300 mL)H, ‘= iE F#HtHE 30 min.
7 EIRVERR NN T H2(1.63 mL, 16.4 mmol), 110 °C Fhn#disE 12 ho JSBRIKS 5 PR (it 2y
B, PR ANAT I, SRR b A 2 (3.48 g, 87%). H-NMR (400 MHz, CDCls)o: 7.87~7.81 (m, 2H),
7.43~7.39 (m, 1H), 7.30~7.26 (m, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.04 (d, J = 4.0 Hz, 1H), 4.28 (d, J = 12.0
Hz, 2H), 2.41~2.31 (m, 1H), 1.05 (d, J = 8.0 Hz, 6H); 3C-NMR (400 MHz, CDCl3) J: 146.27, 141.50,
136.98, 127.88, 124.51, 124.33, 124.02, 122.83, 118.85, 114.97, 114.26, 111.26, 55.06, 30.44, 20.35. QTOF-
MS: [M+H]*m/z = 286.0725(i1 5 1# v 286.0719).

&Y 2 (1.25 g, 439 mmol) % F 50 mL /K THF, fERSLRY N T-78 °Ciiihn 3.01 mL 1.6
mol/L 1E T JEAE 1A (4.82 mmol), M 2h J&, -78 °CiG/N 0.68 mL DMF, HARTHEIER . SN R 46
S AR AL (B35 73 B8, YRR S ke A R (AR EE 1:4), 1S FIB G E {4 3 (1.10 g, 80%). 'H-
NMR (400 MHz, CDCl3)d: 9.83 (s, 1H), 7.84~7.79 (m, 2H), 7.58 (s, 1H), 7.43~7.39 (m, 1H), 7.36~7.32 (m,
1H), 4.23 (d, J = 8.0 Hz, 2H), 2.37~2.26 (m, 1H), 1.01 (d, J = 8.0 Hz, 6H); 3C-NMR (400 MHz, CDCls) ¢:
183.06, 145.21, 143.18, 141.68, 141.00, 126.75, 124.86, 124.81, 124.66, 122.77, 120.10, 119.63, 114.35,
54.98, 30.31, 20.29. QTOF-MS: [M+H]*m/z = 314.0677 (i 5.1t/ 314.0668).

¥ AE4 3 (0.25 g, 0.80 mmol)Fl 3-( AL I FH %) efi-1-1d(0.16 g, 0.80 mmol)¥% T 30 mL =&
fi, WM 0.5 mL MERE, FiRAHE 10 he SSRGS 5 AR i By, Pl Aoy Z & ke, 153
M [E 4K D1 (0.30 g ,78%). H-NMR (400 MHz, CDCl3)s: 8.87 (s, 1H), 8.64~8.60 (m, 2H), 7.92~7.89 (m,
1H), 7.86~7.81 (m, 3H), 7.73~7.69 (m, 2H), 7.42~7.37 (m, 2H), 4.29 (d, J = 8.0 Hz, 2H), 2.39~2.32 (m, 1H),
1.05 (d, J = 8.0 Hz, 6H); *C-NMR (400 MHz, CDCls) J: 160.95, 147.11, 145.14, 144.91, 140.07, 139.16,
137.08, 136.66, 134.89, 134.28, 126.17, 125.89,125.23, 125.14, 125.00, 123.68, 121.01, 115.21, 55.13,
30.31, 20.31. QTOF-MS: [M+H]*m/z = 490.1033 (i 5.1 A 490.1042).

1.3.2 D2 &SR

BiEY 4 (1.6 g, 4.56 mmol) T 50 mL Jo/K THF, fERSMRY S T-78°CHEMm 5.70 mL 1.6
mol/L 1E T JEAR AW (9.11 mmol), 2 h 5, -78°Cihn 1.1 mL DMF, HARTHEER . KN R 46
Ja I RER AR s B, BE R & R e A (R AR b 1:1), 3 E1R AR 5(1.09 g, 80%). H-
NMR (400 MHz, CDCls)é: 9.78 (s, 1H), 7.66~7.62 (m, 2H), 7.17~7.13 (m, 4H), 7.09~7.05 (m, 4H),
6.96~6.93 (m, 2H), 7.42~7.37 (m, 2H), 2.35 (s, 6H); 13C-NMR (400 MHz, CDCls) d: 190.48, 153.82, 143.64,

1 /NrT 451k D1 AT D2 & i 2%

Fig. 1 Synthetic route for small-molecule donor D1 and D2



4 JE TR 224 (AR B A

135.18, 131.45, 130.49, 128.52, 126.54, 118.33, 21.09. QTOF-MS: [M+H]*m/z = 304.1606 (il-%H {4 N
302.1539).

¥AE4 5 (0.25 g, 0.84 mmol)Fl 3-( - FUHE M FH 5L) efi-1-fd(0.17 g, 0.84 mmol)¥# T 30 mL =& H
fr, WA 0.5 mL MEEE, HEHEEE 10 he SSIRYE 5 A RERAE Bl 5, PRl & ke, 153
4 [ 44 D2(0.31g ,78%). H-NMR (400 MHz, CDCls)d: 8.66 (d, J = 8.0 Hz, 1H), 8.45 (s, 1H), 8.21~8.19
(d, J = 8.0 Hz, 2H), 7.88~7.85 (m, 1H), 7.75~7.68 (m, 2H), 7.20~7.16 (m, 4H), 7.12~7.10 (m, 4H),
6.92~6.90 (m, 2H), 2.37 (s, 6H); 3C-NMR (400 MHz, CDCls) J: 187.16, 163.22, 147.64, 142.67, 139.78,
138.04, 137.50, 136.27, 134.85, 134.30, 130.61, 126.85, 125.01, 124.62, 123.83, 117.59, 115.19, 114.96,
68.83, 21.17. QTOF-MS: [M+H]*m/z = 478.1923 (it 5.1 v 478.1914).
1.4 S[HRFIES R

A S 5 45 AL A ML BH fi FEL M 1) B8 1 45 #4 A Glass/ITO/MoOs/Donor: C7o/BCP/Ag, Wi 2 Flis.
H5E, B AR ERAR 1TO SR EAT 20k 210 IF ) 1TO S HLII (O Sl Y 7 Q/o) 53l
BB . 287K W, AR A EE 15 min, 25 HESHRT, BRNEXT A+,
1 150 °C R 5 mins #8J5, ¥ 1TO T HIBLE N K Ah- RAENE Ve 48 A0 2 15 min, #R R FEH+
. B0, @ ETREEE, /£ 1TO FHIE LI —)Z 10nm JEF) MoOs, 1E ARSI
2, BREAN 20x10°%a, EEHEEN 0.2 nmis; 4, HHILL D1, D2 fEA%E, L Co W%
e, B AR, fE MoOs FHARZE v 2 L, #il & IR & 6% )2 Donor: Cro, JEFEN 80 nm,
B RN 2.0x10%Pa, MZAKEZE N 1.0 nm/s; =00, BT AR, 6 TEZ Donor: Cro
L3R —Z 5 nm JE) BCP(Bathocuproine), fEANMTIHIYE, WRHETN 2.0x10%Pa, HRHERN
0.1nm/s. #&J&, 7£ 2.0x10°Pa ) FEZ T, #%% 100 nm 1) Ag HLHK.

A S I3 45 T WK FH RE B R AR PEBE R AE /2 /E AM 1.5G K BH G AR AU 2% (100 mW/em?) R k4T,
LI - FEL R R P DR Kiethley2420 HLRIETHFEEAT o FEMB I A &2 F 20K (EQE)TE Merlin (Oriel) B il 1t
CEHEAT, MR RSGEHGIR . PO BB ES AR 28 5550 2R, BN I B 65 C B AR e
e AR FIAR IE .

2 A7 i 4t A LK B fE Rt 9 45 4

Fig. 2 Device structure of bulk-heterojunction organic solar cells



FBAE T XU B A 32 A T AR R RN > TR AR AR S R SO AR R REIT ST 5

&

2. BR5TIE

2.1 INDFEERRIE AR

&Y 1 BIE B SR [14,15] 7 v &, il 555 T BRI B 23L& 2, HHLED
2 BEAL R MR G 3, etk 3 B 3-(CEUFEN PR E-1-BA AT R s A I N, A AS
BN TR D1, /Ny T45 1k D2 BT BE AL . BEEA A WD RN R, SRR N R B, HEE
WAEAE o B BARBAT AL, REE RIS A E RS 1 H AR =9, JF BN TR ARMA A& AR, RIS s o7 % 2%
B, BeA MRS A . it 'H-NMR. 3C-NMR. UPLC-QTOF-MS £ T Bext D1 Al D2 ()%
FEERHEAT T RAE, AEHE N H R .
2.2 INDFEEURRI LRI -T] LIRSS i

DL S a7, TR T /N 484k D1 AT D2 £E 35 iR AR -] s okt . B 3(a) RS
&1, D1 A1 D2 ) KW i 43 i) 4 593 A1 579 nm, 7E 500~600 nm (¥ 75 FBl P9 29 2 B0 s 20 iRl , 3%
AR BT 7rb D-A BIGER R L PR . AR B AN T B0 R A -w] DL SO i R o g, H
D1 MO i S 4 f— 2L, XA RERE BT D1 20 FHIMR S P2 A R I P g . [Fr,
MR T D1 A1 D2 [l A 5 5 ) 48 Ah- o] LIS 1, an &l 3(b) . D1 A D2 I ) g oK IR WL 4y il
9 594 A 593 nm, SVEWCIRASHILGL, FEAERES S RIS 7T RIS 1S 35 Ak A 4 S5 AL RS (1) IR
o USSR T8 TR BT TR n-n HERRPT S 3, UL BAAHAT 2 T Z A7 AE BB 1K 4 (R A L
fER . 1E 400~700 nm Fa] WIS N, D1 Al D2 i ER SRR . 5 D2 #Htk, D1 4 FH#
PR SO BE FRVE R B ), TR R R, W REe T D1 A PRSP, AR T
FIHERR . D1 Al D2 WU 2r 50 645 A1 655 nm, W] LLIFEH R & BOESE A R o 1.92 A1 1.89
eV, BT B ZE A K.

Pl 3 D11 D2 15 UG I (a) AT THEIEL (b) i (1 20 Sh- 7T L WR S e i
Fig. 3 UV-vis absorption spectra of D1 and D2 in CH, Cl, solutions (a) and thin films (b)

2.3 INT FLRVRRIFB AL 1R

=im ~, D1 AN D2 MR Lt 2 dn &l 4(a)fn, HAAE US4 TR 1. &GRS0 79008
(LUMO)REZ A T A HAAEI®]: Etumo = -e(Viea™ + 4.71) » U, Vi X T Ag/Ag IR
WAL, V: Eovo N LUMO fEZ%, eV. [Fith, D1 1 D2 f) LUMO fEZk 7> 7)) 79-3.80 Fil-3.82
eV, 1 D1 #1 D2 & b 4 4 1511 (HOMO) BE LR 73 7l 9-5.58 H1-5.43 eV. I 4(b)iiw,5 D2 #H
tt, D1 ) HOMO REZRETR, T OGARERIF HIJT i v & B 45 1K /) HOMO REZR 5 24K ) LUMO fEZ
ZEAEPTRAE, Bt LAZE T D B ARES 1 AT RE 2 A 5 e AR O 4% HL M
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4 D1 il D2 B3R % Bl (2); D1. D2 H1 Cro HIREZ ¥ (b)
Fig. 4 Cyclic voltammograms of D1 and D2(a);energy-level diagrams of D1, D2 and C7, (b)

#1 DIFID2IA AL 240

Tab. 1 Electrochemical parameters for D1 and D2

NG TR Vox IV Vied 'V Enomo /eV Erumo /eV
D1 0.87 -0.91 -5.58 -3.80
D2 0.72 -0.89 -5.43 -3.82
—
2.4 INDFLERRORVESE M

K HIWE S HT(TGA) KA FL D1 Al D2 4y FHI#FEE M. WK 5 Frax, D1 Fl D2 25 5%F 1) #4 7
fRIRFE 43 341 Al 310 °C, RMAXM/NND FAHKER RIFMHFEM, e L &8s
HLAS BH BE B th A 2 A AR e e R, R AR bR AE 2848 o T 5 R i A e Mk

Kl 5 D1 I D2 {9 #4 T 43 A it 2%
Fig. 5 TGA curves of D1 and D2

2.5 AIZSE /D FERBI SR 4 RE

¥ D1 1 D2 73 gk, CoofE NS Al £ B i ] 2895 A HLOKBH BE f s, b HOBARYEREHEAT T
TR . #34F 4589 : Glass/ITO/MoOs/Donor: C7o/BCP/Ag. 7 AM 1.5G, 100 mW/cm? [ #4] K
FHOGAEHR S T, Fa b ey 25 B2 - FR (3-V) T R a0 P8 6 P, A B B AR 308l 41 T 3% 2.

M 2 HAEra, 53T D2 WML, 5T D1 M# s B R (Vo) 2 B i — 28, X 5207
HAL S RAEME L — 3. BT D1 ) HOMO HUBEREL LR, FrA&fF<HR A Emr Tk, [
If, D1 #s B RLER F R T2 (Jso) MR TS Rl 7~ (FR)#EEL D2 #s i E . IXAU1T D1 as B0 B A 4 R
(PCE)HI T D2, ULHIAR KL BT oo ss ORI REA B2, AT I/ T4k
D1 AA AP KGR PERE
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6 LL D1 A D2 AL, Coo 2 AR (KA LA BH Bl v P HE IAL 25 P - FRL P ol 2 )
Fig. 6 Current density—voltage (J—¥) curves of organic solar cells with D1 and D2 as donor and C7¢ as acceptor
F2VIDIMID2 A, CooyZARRIA N A8 i A e Rk Re S M

Tab. 2 Device performances of organic solar cells with D1 and D2 as donor and C7, as acceptor®

D:A Jo /(mA cm?) Voo IV FF /% PCE /%
D1: Cr 11.71 (11.35+0.42) 1.03 (1.02+0.01) 41.51 (41.44+0.34) 5.03 (4.8420.16)
D2: Cro 10.01 (9.68+0.29) 0.96 (0.96:0.01) 38.78 (39.05:1.06) 3.78 (3.68+0.06)

TS AT, WA AR

UL D1 1 D2 fE RZ51E, CrofF N2 AR v 2885 A LK FH e it i) EQE Wil 7 fiim. D1 A1 D2 #%
f47E 300~650 nm Y [ A ) EQE ¥J7E 30%LA I, 7F 300~400 nm ] EQE f#FFAHiL, {H{E 500~700 nm
4b D1 #3441 EQE Ml & T D2, X5 D1 #4F (JB% M i 25 2 = T D2 e HAT & .

Kl 7 Ll D1 A1 D2yt th, Coo 2RI LR RE Lt (K EQE
Fig. 7 EQE spectra of organic solar cells with D1 and D2 as donor and C7 as acceptor
2.6 EEERRR DT
i R 7 1 BB (AFM)BF I D1:Coo A1 D2:Coo 7K RIEMEZ IR LS. WK 8 Frows, T
D1:Cro Ml D2:Cro M FLIR MR T S 0CHE, W 193 U AR R TR B (RMS) 73 1 0.45 AT 0.46 nm. A
AFM M EITT L, 5T D1:Coo M D2:Coo HYSEIRME P A7 E — 52 MIAH 7> B A5 K, (HA X RSB, A
AT B i e, S EE R TR,
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P 8 D1:Cro #L TR (a 1 b) R D2:Cro FLIR M (c A1 d)fT AFM 2 15 B A0 AR &
Fig. 8 AFM height and phase images of D1:C7 blend film (a and b), and D2:C; blend film(c and d)
2.7 SR RREME
XA HLOKBH B HL vl i A B SR 5, B8R R e MR 2L, ik, XFET D1t Cro Ml D2: Cro
s E AR AT TR Wil 9 B, T D1 Crofl D2: Coo I8 HTERNE 42d 2 )5, EAIM
N HL B 80K 4y T AT AR L G 87% 1 91%, REAPIH BA BRI ssEfae vt
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