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THE JE I P S A (PR 45 A TS ) R R I U e (F T 52 D) ARG, &T%ﬁﬁ”ﬂ@@k%%ﬁ%#ﬁn, LA
RGeS ST DY SR SR VAR A A I . R A S b 3R A SLR O R R R AN E BRI R S
B, HILAE 300~780 nm Z A, %55 T BRI G REGFIA 10° Lemol 'eem ™ BRI AT B B8 1K PH ' % 7 563
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Abstract A novel phthalocyanine (Pc)-perylene diimide (PDI)-Pc donor-acceptor molecular heterojunction was synthesized
through amidation of an asymemetric Pc-carboxylic acid and PDI-diamines, and it is well soluble in common solvent such as
dichloromethane, chloroform, and tetrahydrofuran. It shows an broad absorption band covering the whole visible region from
300 to 780 nm, and its molar extinction coefficient reaches as high as 10° Lemol 'scm'. Such an adsorption band originates
from both the PDI and PC units. Considering the excellent light-harvesting ability, organic solar cells (OSCs) based on the
synthetic compound and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCs;BM) were fabricated with the configurations of
ITO/poly(3,4-ethylenedioxythiophene): poly-styrenesulfonate (PEDOT : PSS)/phthalocyanine-perylene: PCs;BM/Ca/Al. One
of the OSC devices showed a power conversion efficiency (PCE) of 0.009% with an open-circuit voltage (V,.) of 0.472 V, a
short circuit current (Ji.) of 0.104 mA/cm? and a fill factor (FF) of 18.2%.
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FrEg 09 L JUHAEAE R, TS R
R n- BN 4%, o URAEA HLK B REHEB(OSCs)
R LT B2 AR AT B O i A5 (OFETs) A1l
A7 WL & A (O TR Ts) P 1) i T A A R 1OL A,
p- A WL AR DA LR (1) 1 2% A MR = 1)
RN BRIk — 2 B AT, M
HIFIGRE . BIURL B A (i s 200200 e fh 2 a4 i A
JZ N

JE B i )W s L 350~620 nm, PR IR
WG FIAE 280~450 AT 580~780 nm, 1 WL, J& LIV
TR (1 MR A 0 R A AR st ) E A MR, PR IR 46 T LA
T 56 K PHOG IS 1 m DL X3, ASHIFFUAE S5 R L A
FREEFE LA 1RO BL1,6,7,12-PU%K-3,4:9,10- 46 R 1T
JEURE B P i S R R NN (3-E AL N 3E)-1,6,7,12-P
(4-BUT BEREAHE)-3,4:9,10-JE WV 1, 0 i Ik e B 45
T BRE-4E-BL 7 T o7 W &5 (Schemes 1~2, %4 F
S T HAT B TE OO, AR s, T
TN U7 3 46 A S T 5 TR A LK 9 i e it
1 KEH
1.1 KENERHAR

Bruker 300, 400 i 600 Hz # i LIRAL(AHx TMS,
WA R T ARE AT CDCLy 85U = AR dg-DMSO);
Bruker Biflex I 47 5 [A] 57 if% { (MALTI-TOF) &
(ESI-MS); 2% 4b = nl WL W W O 1% 4% (Lamda25, Perkin-
Elmer); %¢ J¢ )6 i {% (Lamda25, Perkin-Elmer); £
Zahner IM6e HL{b2% T 4EuE; Millipore-Q #ii/KAHL; AP
250D 23 M RS IR ) S iBi(PicoPlus, MI); A2 Hrfik
K AT SRR T (200~300 H); BTtk
h oy Hrat.

12 NN-ZG-8EZRAE)1,6,712-M4-RNTEESR
%)-3,4:9,10-FE =B IR AY A AL

1.2.1 NN-=(2-TIK T3)-1,6,7,12-19 #-3,4:9,10-4E
BRI B (2) 49 A A%,

#1,6,7,12-PUS-3,4 © 9,10-3 —IRIF(1) 10.0 g, 2-4
FCZ 9.40, 150 mL ()57 AR 250 mL 1) = B
W ENL YR 87 CIHIAR, 10 hJE 58tk [V, NV
W=, HIN 200 mL KA, HiFEELEE, H 5%
NaOH /KW v, FHKER P, 1534 e
PRI 5P 9.1 g 7% 90.1%. 'H NMR
(CDCls, 400 MHz) 6: 8.68 (s, 4H), 4.10~4.21 (m, 4H),
1.94 (t, J=8.0 Hz, 2H), 1.40 (t, J=8.0 Hz, 8H), 1.35 (d,
J=8.0 Hz 8H), 0.90~0.97 (m, 12H); TOF-MS m/z (%):
752.1 (M", 100).
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122 NN-=Q-THATH)-1,6,7,12-19(4-R T LKA
#)-3,4:9,10-3E =B I e (3) 49 4 A%,

$45.00 g (2),9.75 g XBUT HAK M), 8.97 g K,CO; Ml
AZREA 80 mL N-FH LIS L2 Ml (NMP) (1) — FUBEI
16 No A4 RN 130 °C, MW 10 h AR R S .
BN 500 mL AFILE N 10% 55 BR A h SRk g8,
KVEEAPE, T, Ptk 7.75 g%, 725 90.8%.
'H NMR (CDCls;, 400 MHz) o: 8.23 (s, 4H), 7.25 (d, J=
8.0 Hz, 8H), 6.83 (d, J=8.0 Hz, 8H), 4.15 (t, J=8.0 Hz,
4H), 1.85 (s, 2H), 1.56 (s, 8H), 1.29 (s, 36H), 1.28 (s, 8H),
0.83~0.90 (m, 12H); TOF-MS m/z (%): 1207.5 (M, 100).
123 1,6,7,12-19 (4 T A KA H)-3,4:9,10- 38 =&
B (4) 895 A%,

# 5.00 g (3), 3.0 g KOH A1 15 mL H,O Jn A% 350
mL SFEAREF, Ny (R4 IR, Wt R 2 (AR
G, RV A R S, K RNV IREI 500
mL AR 10%(1) Eh BR/K A B b, A 20 6 [ AT H,
HYE, AKTEEAE, T, SRR a4 3.8 P K
W AR =g T/ s @1, AT JENT IR, 2i%l 05 1F Ak
Ve, 1577 2.3 g, 7% 52.9%. 'H NMR (CDCls, 400
MHz) 0: 8.23 (s, 4H), 7.25 (d, J=8.0 Hz, 8H), 6.83 (d, J=
8.0 Hz, 8H), 1.30 (s, 36H); TOF-MS m/z (%): 985.1 (M",
100).
1.2.4 N,N-=(3-Boc-& K ##)-1,6,7,12-m9(4-& T #&
FEH)-3,4:9,10-3E = BLIE B (5) 49 A A%,

4 2.0 g (4), N-Boc-Z AN % 5 mL, DMF 50 mL, B
B 10 mL, JIAT 250 mL [ = B8, 76 Ny Ry R
87 Clnlyi, 10 h Jaf b V. R NRA HI 2 =i, 5
A 200 mL KA, fiedtEidug, H 5% NaOH 7K ivt
%, R LB PR E N, 534 AP g,
B9 1.3 g, 773% 62.1%. "H NMR (CDCl;, 400 MHz) o:
8.22 (s, 4H), 7.25 (d, J=8.0 Hz, 8H), 6.83 (d, J=8.0 Hz,
8H), 5.11 (s, 2H), 4.19 (t, J=8.0 Hz, 4H), 3.11 (t, J=8.0
Hz, 4H), 1.86~1.88 (m, 4H), 1.41 (s, 18H), 1.30 (s, 36H);
TOF-MS m/z (%): 1264.6 (M ", 100).
1.2.5 NN-=QG-2AAHA)-1,6,7,12-19 (4-& T AR
FH)-3,4:9,10- 6 = BE I Z(6) 4 6~ R

¥ 1.0 g (BT 20 mL & FHE, A1 mL =4
B2, WIEPEE S h, A 30 mL Na,CO; [R/K W, Fl—
ARLEIK R A, WAVLZ, T, R A,
THE, 53774 0.9 g, /7% 88.7%. 'H NMR (DMSO-d,,
400 MHz) 6: 7.92 (s, 4H), 7.34 (d, J=8.0 Hz, 8H), 6.90 (d,
J=8.0 Hz, 8H), 4.02 (t, J=8.0 Hz, 4H), 2.73 (t, J=8.0
Hz, 4H), 1.81~1.82 (m, 4H), 1.26 (s, 36H); TOF-MS m/z
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Scheme 1
(0: 10974 O, 100, (HOBT) 0.1 g, N.N-—St N3k ZJi#(DIEA) 0.1 mL, 5&¥
13 BE-E-BESFREENAHE b4 8, HOBT, DIEA % T THF, WK% FHiH:0.5h, i
a ks HERR RS, b
2(3),9(10),16(17)- = ~(tf AU I H A 546 )-2324)-( T MALEY 6, BibEE =G RN 5 h RINEHG, B

TR SR NE ) - FE(T) A 2(3),9(10),16(17)- =
CREBUT 2R 5 58)-23(24)- (T R IR I Jie 31 )~ 1k 75
(8) 11155 B WL ST HIR[26].
1.3.1 BRE-JL-BKF 5T -/ 4 :Pc-PDI-Pc (9)494
AR,

LA 8025 g, thEH 6 0.1 g, 1-FE3E28 1 — M
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TR OKFEL, AN, FEEERSIET S, ST
B ()0 FH S bkt Wk UEBOC (1 (b)H S e/
LR TRV L V=10 : )R MIEH T A; (o) =&
Hike/ 2B LBV - V=1 © 1)kSEBEIXGL =9 929 (d)
H S/ TV - v=>5 0 1)RUEAS 28030 779 0.18
g, J7H 49.7%.
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Scheme 2

132 BAE-JL-BKHF 5
r E5 I

'H NMR (ds-DMSO, 400 MHz) 6: 8.25~9.30 (m,
20H), 7.72~7.81 (m, 20H), 7.57~7.70 (m, 12H), 7.30~
7.40 (m, 12H), 6.82 (d, J=8.0 Hz, 8H), 6.79~6.81 (m,
4H), 4.07 (s, 4H), 2.91 (s, 4H), 2.65 (s, 4H), 1.85 (s, 4H),
1.38 (d, J=12 Hz, 54H), 1.31 (s, 36H); TOE-MS m/z (%):
33334 (M+, 100); HRMS calcd for C,p,H;g:N»,018Zn,
1666.63787, found 1666.63655.
1.4 iR

Bk 5, 6 F19 ¥ T THF, FCH 5X 107 mol/L
(f) THF %53, KMJEE A 0.1 cm (1) L6 I BCRE &
HATERAMNAR, AR 2R L R e 1 1g A=ecl, T
WA BRI R B, Hoh A OGRS, e I PEIRIEG
ZE, AT Lemol 'eem ™!, ¢ NWEWIKIE, FAALTA
mol/L, [ J6FE, BRLLEILERE, A7k em. RAJEE
9 1 em [ B A8 LGS T FCAE & B4 T % Y.

F 5 /& 45 :Pc-PDI-Pc (9)%9 4~
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1.5 ®BLFENR

FLAL A G IR 2 il 2 10 2 K A 5] Zahner IM6e
HALAK 5 At R = R AR AR AR, T B FB AR A D A R
W, FHLAEXT s, Ag/AgCIES L Hubl, /oy T
FLEE (BusNPF)VE A FEE, K551 9 W iAE 0.1 mol/L 1)
Bu,NPF, [#] VU & C I (THF )% i b, 9 kg R 1071
mol/L. K HL AR AR N AT I e . AR At/ 38 i i
(IR LG HLA Al 5T Pe-PDI-Pe (1)1 HOMO(H 5 i 45 43
THUIE)H LUMO(RAEA 5 4 70 T H1UIE ) HE 4.
1.6 KBABEREI&

KH 1TO BEEVENATIR, ZInk)s, M 81
K IR CWE. 253 TG G, BROGH S I )
20 min; Z ST, B ITO BXFEHEAT 20 min [ 4M- 4
(UV/O;)4bFE; L 2000 r/min [{)3 )% liE¥s PEDOT:PSS,
BRI A A 35 s, ZJAAE 150 C FHET 15 min. AHLK
BT & HoL s F4) 375 7 )22 56 B PC-PDI-PC (9):PCBM [ THF %
(10 mg/mL), 43 5ILA 800, 1500, 2000 r/min 135 5 i
W, BEERIF RN 30 s, fE R ELASIRE(5.5X 10 Pa) Filk
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AT AL ROE, BT A% O b R A TR 2 X3 mm?®, ]
JE5RA 100 mW/em? KBHIEAHIEIR, RSB ik
17 J-V P .
1.7 BHEMEBRARRE

KH ITO BEF/E AFEIR, Sl 55 1.4 TR TS
Y& & PEDOT:PSS &4 kb #E, L 800 r/min [1J3 F& 43 1) Jig
7% PDI-PC-PDI (9):PCq;BM [ THF %30 Fl1 58 -3- C AL e my
(P3HT):PCBgM [ 1-SRE L, AR A4 30 s. HEH]
[ MI A F] 1 PicoPlus 5 Ji 7 ) W Bt (AFM) ML %%
W IITES, JEAT X L.
2 ZR5HE
21 EHES

AN TR T NN-—(2- L3 2 1%)-1,6,7,12-
VY 5-3,4:9,10- 46 MR I R R B M 4-50 T B2 1)
i, 2] 4-BUT FARAAHUREE AT, RGKE, 14
FMbEY 4 HERMARLEY 5. A 1,6,7,12-DY% -
3,4:9,10-JE R 2-FE LBk ZAL 5, wifdiE
Pem, Al tb AR Y, BRI B o oy i Al
TRIPAEFERIER B =28, RS b EH 9 i, TATRHT
WG IRYE, UL HOBT A4a6 7, Rk FE ik
PERE LAY 8 MR & 0.2~0.4 equiv., XFER
ST TG R () PR AR S A R, RS2l
B PR S, R Bt g T B e S AR = B Ak
Y9 =K.
2.2 RMEMR

WK 1 PR, BAMRBCERER I, BE ST 7 1R
WG 7 : 300~45 F1 600~750 nm 2 i), &R G ER %
#£ 10*~10° Lemol 'ecm ™ 2 [8]; JE BEHE T 5 W%
WL AE: 360~600 nm 2 [A], FEE/RW e RE0EE 10°
Lemol 'ecm ', FTBEVHERE—IE BEW Mo T 9 b o5
JUFELE 300~750 nm 2 JA), HEERN 6 R EtAr 100~
10° Lemol 'ecm ' 2 [i). WTLAH H A>T 9 (MG A2
ST S Ao 7 IWROGTER &N, IR T 41
9 A FIIE W % B oG A AR AR, Wil 2 iy
7N, BKE(5) 9 IR it AE 700~800 nm 2 [11]; & Mk
WV (7) 9 e R i AE 550~700 nm 2 [A]. BT Bk
~JE R RSy T 9 4 550~700 AT 700~800 nm - [F] #f
HINZICHOROEE, MidE—2 e 1 71 9 A EK
T FIHE R B T A AE.
2.3 HBLEMRE

[l 3 J& Pc-PDI-Pc (9)IMIEINR 2 2k (&, AN
0.1 mol/L Bu4NPF6 (] THF . MWK 3 nf LA, 1k
EY 9 EALEIBHAI N 0.67 V, RIFA L Evomorumo=
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T’é Pc-PDI-Pc (9)

—E 100 | |

2 ] ‘

= 1

% sof f\ PDI (5) ) \

B a5, 7 M9 DY UK S AN O i
Figure 1 UV-vis absorption spectra of the compounds 5, 7 and
9 in THF

FT 5 T x T T T T T
Pc-PDI-Pc (9)
150 +
100
3
8
~
50
oL
1 L i L L L 1 L 1
500 600 700 800 900
A/mm

B2 WaEWS, 79 1SRRG 9t il
Figure 2 Fluorescence spectra of compounds 5, 7 and 9 in THF
—(Eonset(oxieyT-4.40) eV, 131 Pc-PDI-Pc (9)(¥] HOMO
H—5.07 eV, BKI HOMO BEZ BERf{RAF B B i)
wAREM. ka9 RGN —1.04, N
LUMO 4 —3.36 eV. Wld 3 Fiigy 1) Pe-PDI-Pc (9)
¥ HOMO F1 LUMO 4 PC4BM ff] HOMO, LUMO [fE
RAHIUCIECIE . AR AH G SCRR[36]4IE, 43441 LUMO
REZ LU 2 A4 LUMO REZi At 0.3 eV LLEA REIRIESS
R AR T 8. AP 9 1 LUMO Lt PCBM
[ 0.55, il S I gh s P 2 nT ELERUFE A 2L 43
.

24 FfRI%gE

AP BE L ITTO/PEDOT:PSS (30 nm)/Pc-
PDI-Pc (9):PC¢;BM/Ca (12 nm)/Al (160 nm)(¥)il#5H,
FATIEHL Pe-PDI-Pc Jy HF25 AL, PCo BM g 524444
L, I TR ) T A G R RIS, A
Fl &t #E, B 1437 BL Pe-PDI-Pe (9) : PCs;BM K
1.0:0.5,1.0:1.0,1.0 : 2.0 =Fktfl(10 mg/mL)f¥) THF
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B 3 Pc-PDI (9)7F 0.1 mol/L BusNPF4 (#] THF ¥V IR AEFA AR
2 KA A9 9 F1 PCBM [ REZ K]

Figure 3 Cyclic voltammograms of Pc-Pdi (9) in the 0.1 mol/L
Buy,NPF¢ THF solution and Energy-level diagram between com-
pounds 9 and PCBM

YU, F1 800, 1500, 2000 r/min = Fhid J& 3k K BH g Ha il
PG, e 1 P, el s ey, 1 i
HEE ISR 0.4 V, T MR K I AE 0.05~0.10
mA/em?®, AN FHAE 02 ZiA7, LEFT 4 1 R
Pc-PDI-Pc (9):PCsBM HHEELLHR 1.0 1 0.5, Juifth)=
eI E A 800 t/min BRI 0.009% 1) 5 e (1) #e5
%, B 4 PR izg A R J (Photocurrent density)-V
(voltage) M1k, X MNITFI% LR 0.472 V, RN
0.104 mA/ecm?®, BT FH 0.18. JFHHLE (Vo) 541k
) HOMO FIZZ4R[) LUMO AH2REE, &% 9 1
HOMO feZeiim, P Voo B, 7EPT I A HLK B
RE FL I, 2SR I M R ER 110 R i PR R AR 22 11 S 7 A
. FEAET A i R &I Pe-PDI-Pe (9)/PCgiBM
(G R RL R B E AN 4, fEEiR e, &% &
HR BRSSP AN IA) 50 B/ N IORE T FIG. 588 222 P S B 2 7 55
TR AR, X 0T e T SO S IR S R O
R EZE R, XK 270 BRI A g — 20 (.

dark 7
—&— illumination

J/(mA-cm”)
<>
3
T

0.20 L P T R R HR R S|
0.1 00 01 02 03 04 05 06 07
VIV

& 4 Pc-PDI-Pc (9):PC¢;BM 2 %11 OSC (1) J-V 12k
Figure 4 Photocurrent density (J)-voltage (V) characteristic of
OSC with Pc-PDI-Pc (9):PC;BM
25 RBEMHAR

Wi s pror, #HE A4 R Pe-PDI-Pc/PCq;BM 1
P3HT/PC4;BM HJ AFM K: & 5a F1E 5b 5 Pc-PDI/
PCqBM ¥~V B FINLAKIE, 18] 5¢ A& 5d 24 P3HT/
PCqBM HI°F-TH B RIS AR . X Pe-PDI-Pe/PCgiBM ) ik
JEPEBEA TSNS B, B Sa B ] LA Pe-PDI-Pe/
PCq;BM JI5 (IR RS B3 3] 380 nm,  HL 530 HE HLAEK i it
Ki, T P3HT/PCq BM BRI 10 nm, HJE)
RS T 5c). XFLLIE Sb AR 5d () = 4E thn]
DL A [F] (K 45 18, P3HT/PCo i BM 1E 4 42 MLt WL FH
e r I 241 AP Pe-PDI/PCy BM [f) 154 [Hi [l 3
PRS2 AL, AEWBERE, Rk, AR %
fith_ B33k — 2%} Pe-PDI-Pc/PCq BM #EATALAL..

3 g

T WS A R T REHT) NN-(3-F RN
55)-1,6,7,12-PU (4- B0 ] FEAE HE)-3,4:9,10- 06 W W iz
(6), 7 I 326 O 3 A vh P G 25 R R BR Y - 2(3),

R 1 OKEHAE AL & 2050 Kl

Table 1 Photovoltaic performance of OSC devices

Pc-PDI-Pc . PCBM Vol V Jo/(mAscm ™) FF/% PCE/% Rev/(r*min”")
1:20 0.462 0.053 17.4 0.0043 2000
1:20 0.488 0.063 17.8 0.0055 1500
1:20 0.498 0.074 20.1 0.0074 800
1:1.0 0.415 0.042 18.0 0.0031 2000
1:1.0 0.403 0.054 19.0 0.0041 1500
1:1.0 0.488 0.083 18.5 0.0074 800
1:05 0.421 0.056 19.8 0.0046 2000
1:05 0.575 0.057 21.7 0.0071 1500
1:05 0.472 0.104 18.2 0.0090 800
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B 5 AHUETERE R T D) s
Figure 5 Atomic force microscope of the organic photoactive
layer
Pc-Pdi-Pc/PCBM (a and b), P3HT/PCBM (c and d)

9(10),16(17)- =—(Chl AU T HE IR AHE)-23(24)- (T R 1R
T e 55 )~ PO 75 5 (8), ok P e B 4 5 e T PR - FE TR
TS, JRHRAMERE RSO LY
PR, AN S 2R I 1% 5 T OIS AE 300~780
nm 2 [A), SEECHE RITE IR R W Ve I B i 4 R T
75 30 1R K — JE-BK T 23 1 7 BT 45 (9) W] LU0 L, i
&1 B 1 A4 7 I 45 B A LK BH R H it 1) 4 4 380 3 A A
0.009%, X2 H Ti%0F P BEEAE, FELm o+ 45
FIRAIELEREAT .
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