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WE  GitE AR AR E SIS ATEY, 10 TEHRA "H NMR, °C NMR, JCESHTR MS #E4T T 45H%
fiE, HizH Gaussian & FILEREFN 5700 LTI BGEAT S0, @ & 3T, BB A EHIE
FH A AR, K 5RAY PIHT SR EH & KFHEE I, 24 P3HT 5HARRA N 11 0.5 K, FH4E 110 C Fik
ATIB JACHE, K PHAE A b T 76 F R IA E 1 0.89 V, JeHLERIEE N 1.01%, M TN 2.73 mA/em?, ST T FF N
39.1%. BCHIFST93RAR I % F R I SR A 0 K BH g A th JR AL T — B AT 47 PEIE %,
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Polymer Solar Cells with High Open-Circuit Voltage Based on Novel
Barbell-Shaped Bifullerene Derivative as Acceptor

Guo, Ying™* Zhu, Huaxin® Liu, Guilin®  Yan, Huimin* Zhu, Bingjie®
Li, Shuai®  Sun, Yajun®  Li, Guohua®’
(“ School of Science, Jiangnan University, Wuxi 214122)
¢ Jiangsu (Suntech) Institute for Photovoltaic Technology, Wuxi 214028)

Abstract Polymer solar cells (PSCs) based on fullerene and its derivatives as acceptors are attracting extensive interest due
to their advantages of wide materials, low cost and flexibility. The research of the accepting materials is considered to be a key
factor to obtain high-efficiency PSCs, especially fullerene derivatives. In this regard, a novel barbell-shaped bifullerene deriva-
tive was designed and synthesized, and the structure was identified by '"H NMR, ®C NMR, MS and element analysis. Its ab-
sorption, electrochemistry, and geometry were studied systematically by UV, CV and Gaussian. Results showed that the bi-
fullerene derivative can be used as acceptor for PSCs. The solubility of the derivative was effectively changed by increasing
the alkyl chain in the molecule. The PSCs were fabricated with the structure of ITO/PEDOT:PSS/P3HT:bifullerene deriva-
tive/Ca/Al. After optimization of the ratio of bifullerene derivative and P3HT, the cells with the optimized conditions show
that the power conversion efficiency (PCE) was 1.01% with Jy, of 2.73 mA/cm?” and ¥, of 0.89 V. It is noteworthy that the
open-circuit voltage was up to 0.89 V, which is more than 0.3 V that of PC¢BM (V,.=0.56 V). Our result provides a feasible
choice for PSCs with high open-circuit voltage.

Keywords barbell-shaped bifullerene derivative; polymer solar cells; power conversion efficiency; open-circuit voltage
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W58 TAE = BRI & B a7 DhRe iz if, A 2
WA E G0 T 5 REY SUM B, Al
TEHT HR T R T Ho AT AR 0 R X 4 FL 8 254, 3 3L
e H R, Fréchet 20N & & HLF AR AL R IR DA K
H AT RURE T RIRIA SN B E 8 L, w7 — R0
WYENE i@ sz ad k), H 55 = O Ry (P3HT) i &
(19 2K BH e FELM 1 5% =1 e B AL R T IA B 4.5%. @i
Ah AR FEE B, W] DA ST B SR AT AR S
P3HT Z AR PE, AT 32 iy K PH A FE T 1 ' L 250R
H A0 55 F BRI Z AR M Bl 2 ZE R 7E PCoBM Al
PC;BM, HAR &SRB MR FERRET, 5
P3HT JRA 441 PSC ReEFARR B m ik 6.5%/c
A, AH LR s T L X Y5 A LUMO R Ak, AT
PR T HOG AR 3T, Blom 25UV HE i 0 5 &)
AT AEDIEAT SR, AT DA [F) 7% P b3 5 FEAE 7T IOk
W, JEI RS R E SEAT A LUMO Regk, A
M, FT 8 82 BRTT ARV 615 2 E A0, & B 3L
IR AT AE YA 4R v PSC AR I B FBL, — 26X
FRECZ N A & BT AEE S PSC B2 AR KL AH 4k
SR A kR R R A SR P 45 R - 2 A (D-A)
G RCT PFRETEUREE M S B AT AE A -Ce0 BN,
Y1 ICMA A BL BN C60 AT2Ed ICBAMY, bl
ICBA 52 A1 Ft 5 LRG3 0.8 'V, Y FLEL 0 30%R
BB 7%. SR E B S 2 0 AT AL 4 i A7 A 5 4
Wi . eSS, T E S M s SR, e E R e
R E G R, Aok, BEE E B B IR E
Wom, XS maEtm 2R TR ST 0k, Wong'O A
Taol VAR Ak FRAE T8 FH U B A AR W A BH R b
(RS2 R RE, B FU45 J R ISR 52 b L B A R )
R T ERE, Hrh DO E #iEATAE Y FHPCBC fE
REGEPEZ ) PSC i, JFEGHEEIARE] T 09 V, Hfk
GL R BERTAEY) PCBM AUET R B XU C60 fiTAE4
ICBA [P L EFE = T 0.1~03 V A 4. SR, < F
EUE M RTAEM I ISR R D, R, Wit Ak
B R E I AT AR RO B, AR S B % —
FRIE— 0 F B NN B B a5 i son, HE g4k
U Scheme 1. 7E43 #4978 s R FH 2 1K e 6 19 3 43
T E B2 AR, SO UE BRI TE R A, 5
RAITEFL T HAE K PH BE B 5240 L PG AR 2 BE.
1 ERSiHE
1.1 BEBITEVREZRBAEMRE

B EIEATA ) S TE B 2RI A R AT LR SO

HEEE, bS5 M 725 nm A2 — EH 3 390 nm #AH A
[ 9R R, FEEEAE 432 A1 708 nm 4k 2 ANBH I,
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Bl 1(a) 42 708 nm A UK GRS, 5 PCy BM (1)
WA —3L, I, a5 1B REWRHRE it
Rz ARRPRL 5 P3HT BEW TR RN T 3. thE
W 5 (AR 2 PUE (LUMO) & B i 5 PR 281k 13470 e,
WE 1(b)fr, H LUMO B2 —3.68 eV, 5 PCsBM
) LUMO REZR LL B (—3.91 eV) K FI, LUMO fé 24 m
£10.23 eV, XM IR T Co /5, 55 XA IE
JEUE VAR T Coo” /5. HRHE A A S 5t 425 K fi FEL L FF %
HLE 5 HAZ A LUMO I35 5&: Voc~e ' X [|Enomo™™™ | —
|ELumo™“™™|], 454 P3HT 1 HOMO Redk, nf LARfE,
55 P3HT il % f i yth fr) FF % H HOKs 22 L P3HT/PCy BM
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Figure 1 (a) The UV-vis absorption spectra of compound 5 and

(b) the electrochemical properties of compound 5 and Cg
Insert: the enlarged view in the wavelength of 708 nm

1 WEPIRATED 5 KOS ED A VB
Table 1 The photophysical and photochemical properties of
compound 5

Compd.  Jp/nm  LUMO/V ~ HOMO"eV — ES/eV
5 432,708  —3.68 —5.39 1.71
PCe,BM® 431,295  —3.91 —5.64 1.73

© 2016 Chinese Chemical Society & SIOC, CAS

“ The energy gap of compound 5 was calculated from the onset of absoption.
® The energy level of HOMO was gotten from the level of LUMO and energy
gap (Ey). © The values are referred from the publication of J. Am. Chem. Soc.
(2010, 132, 1377).
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TMSA, N(Et)3 K,COg3, THF
Pd(PPh3)2C|2, Cul \
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BrOCHO Ceo
Sarcosine
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B 1 &R AT R A s 2

Scheme 1 The synthetic route of bifullerene derivative

12 ERHE

H bk &1 5> 145 #R ] Gaussian 03 F2F e
FIbRHE B3LYP/3-21G* 7 ykxt b TRt it 5, 7145
& 26K A Hyperchem H 1) AM1 7365 7012540
th, SRJE M =T 03 R X kAT ak, fetb s ) LA
MR E 2 fios

THAR S5 SRR Coo 5 1] F2 52 A B BE 25 (Ree) 2
9 0.9 nm, MEFEHRT 3T WA I A RS A
PRI R, 1T 58 A0 K PH B FE b I Y RIS BB AR o
T AT AR, R, Bt & i WUE T
A A R FAE N B A ) K P g L IR SZ AR ). T
H, B¥EIR LK s DR BE M, X2 H
F AR T sp” A2 sp® BT
1.3 BEYIKFAREREMMERE

#1145 45499 ITO/PEDOT:PSS/P3HT:5/Ca/Al )53 )5
SEORPHBE N, 5 73RS mAE R btk e, S PEE AR
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FRJEBEJC N B, TR 2 B AT Y, P3HT
LAY S R AFTREL 9 12 0.5 P E] 10 1.5, BF
FEEREY] PIHT MLEH) 5 B AR NN 1105,
HEFR - R i 2 e RBRSIFERR 2 . IR 2
FRTLURIL, 4 P3HT 5HEY) S KIBELE Y 11 0.5 I,
HIFHE AR 0.89 V, HIRN 1.52 mA/em?; i@ B4
a5 FIKEE, HITHE A R IR 4 RIFAE 0.86 V 2 0.91
V 2.
K2 ARG LGIR AR BB R ERE

Table 2 The photovoltaic properties of PSCs based on different
ratio of P3HT and compound §

P3HT:5 Vo/V Jo(mA*cm>)  FF/%  PCE/%
1:05 0.89 1.52 36.2 0.56
1:1.0 0.91 1.19 382 0.33
1:15 0.86 0.99 40.2 0.21

© 2016 Chinese Chemical Society & SIOC, CAS
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Figure 2 (a) The optimized geometry and (b) partly atomic numbers of target molecule

N1 kAR AR AR e, ARSI o R T
R R, T2 B e T 2 1 T U e R
PEEIERE, HERFIER 3 . NEFFLLEH, 4
JieE Y 1300 r/min I, LRI RAFHLER. ST
Ub, SRR T OB R e R AT R,
FARME TSI R m e AR B0 ke, 25 SRR/
i 1,8- “HL=ELE(DIO)E 1-5Z5(1-CN) &, s PEREH L
BB PR (R 3), 18] 3 2 Hty& 1 2 TSR R 70 WAk
R 3 AERIREZE AN KK R G R TR RE
Table 3 The photovoltaic properties of PSCs based on different
annealing temperatures

Spin coating Thickness/

Joo/
speed/ Additives Vo ./V * , FF/%PCE/%
(r.fnin*) oy
1000 140 — 0.84 2.15 244 046
1300 110 — 0.89 1.75 37.7 0.79
DIO
1300 110 (1 wi%) 0.87 1.26 353 0.61
1-CN
1300 110 (1 wi%) 0.87 1.32 284 0.24
1500 80 — 0.88 1.06 38.6 0.36

Chin. J. Org. Chem. 2016, 36, 172~178

© 2016 Chinese Chemical Society & SIOC, CAS

(AFM)E, MEHFALAIEH, a, b, ¢ = EHHIIAFERE
FERIREE, THZ b Al c B, HEa K, b Al c FRE
TSR S O RLRS, TRaG A 4 I %, HuH B AR F
AT LS, SECT 84 PCE BUK, X 5 R 8 145
R,

DRI, 422 T ke 0 8 A i AR w259 2R S A AR m 741
B, KA 0 88 48 13 1 2 347 18 Kb 2,
4b JE7R T P3HT AfLE4 5 7 90~120 C FiBK 15
min [JHEA-HE ML, SRS HAIER 3 . KA
RIL110 "CIB K 15 min 73 2 1) #5446 L EL #3805 (PCE)
e, I5E] 1.01%, HIFBHEEV )N 0.89 V, Hi% H
()N 2.73 mA/em®, TR TF(FF)N 41.2%. 4B KR
FEdE— 03, &5 SR I E T R R L R 1 R R,
JEHRE J BFIBRK. X —25 5K, MR KEEEFE
o, AT RE A R TV R 2 TR R R B 7 ) ) 4 B
F, XK RT3 110 2 B S AR, AT 32 s s
PRRI B CR. A TET IR, FFE, BATBHIE
T 3T P3HT:PCsBM 1EREVEE A RIS i tF,
PRI HL N 0.55 V, B E N 8.82 mA/cm?,
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B3 T P3HT Sa¥) s BHIEIEEZ ) AFM B3R TS
Figure 3 The morphology of active-layer based on P3HT and compound 5§
(a) No additive; (b) 1% 1-CN; (¢) 1% DIO

R4 AFITIENEZ bR R I ) 23 18] 94 26 .28 454
Table 4 The photovoltaic properties of PSCs based on different annealing temperatures

Annealing temperature/'C P3HT : 5 Vo V Jo/(mAscm™) FF/% PCE/%
90 1:05 0.8710.02 1.7940.01 38.84+0.02 0.8440.01
110 1:05 0.8940.02 2.731+0.03 39.14+0.02 1.014+0.02
120 1:05 0.90+0.02 1.4940.01 37.61+0.02 0.4610.01
P3HT:PC4BM 1:1.0 0.5540.01 8.82+0.02 58.240.02 2.681+0.02
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Figure 4 The curves of current density vs voltage in these PSCs with (a) different mass ratio of P3HT:5, (b) different annealing of
P3HT:5 and (c) P3HT:PC61BM

HAR T AN 58.2%, st HEEECEN 2.68%. M PEE T ~034V, 1 HIRE EZ KT P3HT:PCe,BM 7 8%
4 F1 P3HT:PCeoBM UL 1T LA H, #8441 TF % H fF, X EERHT PIHT:S B EHIN B EEN S,
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VA T A 280 23 [ X 2% L 2 2, WSO AR g AR
AL T ANRERS AL, T ™ S S 1 oA (0 6 % F

.
2 Zhig

AL T EAG U B0 25 B G ) A
FTEER), @I MM, AR SO AR AL
FIH R AR, B SR EY) PIHT R G H % KFH A
Htb, 4 P3HT A& 5 KR ER A AN 105, B
KRN 110 CHE, FHOKPHBE H T 6 B R I8 2 T 0.89
V, JEHERCE N 1.01%, EHEBERA 2.73 mA/em’,
HFEHF FF N 39.1%, Lt N3k s i R R A&
WIOK PH A8 FIAR i — A TAT PEIE B T, N T 3RS
1o BB T T AT OB S ) K FH R i, —FhAT 2 &L
7l 5 PCeBM 1E LR 244, it SEE 3 &
(1)t HL AL H R0

3 EES
31 X5

DRX-400 MHz #ZHILHRAL(TMS AW AR, CDCL N
W), f81E Bruker AF]); S G- TGO BB,
5 [ FINIGAN 2 =] )FH 3 Joid 6 B il Fe g R AT I [A]
R (BB RE, #5[E Bruker A ), JTEASTTUEE
FINIGAN A &]); 48 A R 2% e R S8 e ik A (H A
HITACHI A ).

2,7-0R-9,9- RS (1), =W IEEE 2B (TMSA).
= LH(TEA). S =R A [PA(PPh;),Cly]. XR
R, EEE Ce WA B RBULEAF A A, HE
Mrak A S T 19(100~200 H). &
BIAm &M aile B H 25050 A |, BRERR UL, K&
b P B B A
32 EM2HIEK

AW 2 16 BARYE 275 SCHR(19, 20], 723 72%.
33 HEM3INERK

WEY 3 A BURYE S % SCHR[19, 20], 7% 95%.
WEY 3 BT — Ak, BT T 2 RN,
34 KEMAKER

1 2.96 g HIXHRZE F (16 mmol), 3.07 g KL &3
(7.2 mmol), 0.264 g Pd(PPh;),Cl, (0.376 mmol), 0.136 g ]
AL IZ4(0.72 mmol)IIAZE] 250 mL = B+, @S
47, TN 120 mL BR/KII=2.0%, FHEE 50 C, itk
. RN E, TR, KR T 30 mL
TS, I E, RS R RR RSN 7 AT A ik
A

LAk, VLRI S R AL . Al A A
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T2 2.42 ¢ FIEHEOHRUEY 4, 7% 75%. mp.
254~255 C; '"H NMR (CDCl;, 400 MHz) §: 10.03 (s,
2H), 7.89 (d, J=8.0 Hz, 6H), 7.71 (d, J=8.2 Hz, 4H),
7.57~7.54 (m, 4H), 2.02~1.98 (m, 4H), 1.25~1.06 (m,
24), 0.81 (t, J=6.8 Hz, 6H); MS (EI) m/z (%): 646.1 (M").
Anal. calcd for C4Hs500, C 87.26, H 7.79; found C
87.35.98, H 7.83.
35 E¥5HERK

FREL 1.5 g Cgo (2.3 mmol), 3.29 g WL FR(37 mmol)
F10.323 gL AW 4 (0.5 mmol) T 250 mL = H A,
A 120 mL H2R, FEEVUORT T In#ENR, TLC Had%. 12
h JEfF RN, WHI R =, 53Ok, Bk
U LR IR CObE AR S e Mo A B e oy 15, 4%
FIRE AL 031 g 73 38.2%. m.p.>300 ‘C; '"H NMR
(CDCls, 400 MHz) §: 7.84~7.79 (m, 4H), 7.60 (t, J=7.8
Hz, 6H), 7.44 (t, J=8.2 Hz, 4H), 5.0 (d, J=8.0 Hz, 2H),
4.98 (s, 2H), 4.30 (d, J=8.8 Hz, 2H), 2.85 (s, 6H), 1.97~
1.93 (m, 4H), 1.37~1.24 (m, 10 H), 1.09~1.01 (m, 14),
0.83 (t, J=7.2 Hz, 6H); °C NMR (CDCL/CS,, 100 MHz)
8: 155.9, 153.6, 152.9, 152.7, 150.8, 147.1, 146.4, 146.2,
146.1, 146.0, 145.9, 145.8, 145.7, 147.6, 145.5, 1454,
145.3, 145.2, 145.1, 145.0, 144.9, 144.8, 144.7, 144.6,
144.4, 1443, 144.1, 143.0, 1429, 142.5, 142.4, 1423,
142.2, 142.1, 142.0, 141.9, 141.8, 141.7, 141.6, 141.5,
145.4, 141.3, 141.1, 140.2, 140.0,139.9, 139.8, 1394,
136.9, 136.7, 136.2, 135.7, 135.5, 135.1, 131.7, 130.6,
130.1, 129.1, 127.8, 125.8, 123.5, 121.8, 119.7, 91.3, 89.8,
83.1, 69.9, 68.8, 54.9, 39.8, 31.8, 30.1, 29.3, 24.7,
23.8,22.7, 14.1; MALDI-TOF-MS m/z (%): 2140.12 (M").
Anal. calcd for C;7;HgN, C 95.89, H 2.80, N 1.31; found
C95.36,H2.91, N 1.73.
3.6 F|HMFHESIK

BT BE U E h 0 25 R B T AT LR AR 2 Ak
MR A BH BE LB A 2579 A: TTO/PEDOT:PSS/P3HT: &
EEATAEYICa/AL SAFRIEFEF ITO HRTE B2 5
SRR A 5 8 7oK AR S A IEER 5 3 3 30 min,
SR IE R SRR, TR I8/ PEDOT:PSS Jigh
T ITO £JE I, HeiigE A 4000 r/min, 7£ 120 C Fil
K BE= CFEENy(P3HT) A E 47 424 LA 5] 1) o &
EL A T &5 R AR SR VR A AT, i PR s iR, 15
FEREL e E T PEDOT:PSS b, & AR
IR KRB AT IR K AR, AR5 T 2805 4 A A R A AR,
HERESy 518 20 A1 100 nm, HLA 2K AN 0.08 cm?;
P YL 19 Y P2 450 003 D 2 B B AU B 58 (1.5 AM) )
AT, @it Keithly 2400 528 00 5 #3140 14 FEL - H
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3.7

LR
AL MR R AE I JRAE AR CHI660e X% 158

B, MR FE PR R A = HA R G, DABRRR AR A T
VR, S22 NN b, Ag/Ag VE NS EL s, R
JRVETN 0.1 moL/L 1] BusNPF, [ Z 1AW, Sk
KA Fo/Fe #EATRE. LUMO R ¥EZS2% CiHR[21]4 Fr
W HARTEAE, Hh 480 eV £ B AERST T
FIRELL.
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