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0.83 V, HH AN —5.70 mA/em®, SIS TN 48.9%. FIALFIERERIE I MG fE 5 R R, BEWE 2R
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Synthesis and Photovoltaic Property of Acceptor-Acceptor
Conjugated Polymers Based on 4,7-Dithiophene
Benzothiadiazole and Isoindigo Units

Du, Junping™®* Qin, Pengju” Xu, Liancai” Feng, Shanshan”
Xu, Yunxiang” Huang, Jiang™*
(“ Department of Material and Chemical Engineering, Zhengzhou University of Light Industry, Zhengzhou 450002)

(® College of Polymer Science and Engineering, Sichuan University, Chengdu 610065)
(° School of Optoelectronic Science and Engineering, University of Electronic and Technology of China, Chengdu 610054)

Abstract An acceptor-acceptor polymer HFTBT-DA865 based on dithiophene benzothiadiazole and isoindigo units has
been synthesized by Stille polymerizaiton condensation reaction assisted with microwave. The thermal stability, photophysical
properties, electrochemical properties and bulk heterojunction solar cells have been researched in details. This polymer is
easily soluble in o-dichlorobenzene, o-xylene and so on, and has excellent solution processing properties. Its 5% thermal
decompostion is 389 ‘C and glass transition temperature is 168 °C, which show that the polymer has excellent thermal stabil-
ity. By optimizing spin coating speed and temperature, the maximum photoelectric conversion efficiency of the polymer solar
cell based on HFTBT-DAS865 is 2.28%, the open circuit voltage is 0.83 V, the short circuit current is —5.70 mA/cm?, and the
filling factor is 48.9%. Electrochemical performance and density functional theory estimates show that the lowest unoccupied
molecular orbital (LUMO) values and the planarity of polymer and PC71BM may be the key factors affecting the low power
conversion efficiency (PCE). The device performance can be further improved by further optimization of the monomer structure
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and the acceptor materials. This study about the properties of bulk heterojunction (BHJ) polymer solar cell based on accep-
tor-acceptor (A-A) typed conjugated polymer shows that this type polymer is a potential polymer solar cell material.
Keywords 4,7-dithiophene benzothiadiazlole; isoindigo; acceptor-acceptor conjugated polymer; photovoltaic; property
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TR A 0.030 AT 0.022 cm?V e IBU I, X}
A-A BREVMEHHMTII R, A EiEd g, dt—
WG R G YR RE LI ERE. HAT, A-A KEEY
KB fi8 vt RE O IE FE 08 B A R0

n-CyaHos

n-CyoHz1

e}
n-CoHz4

n-CyaHos
P2

FE SR B 52 f VR o ) SR R, 4,7- ey R
JFEE M T (M) A BTN D-A 450, REEER T
(M2) B A B IL BT, R R G i) Her 15
PERE. ik, BATEHEA T Stille 465 R &L, &
BT — PRI B 4,7- My DR e e B G R S i
TCI A-A KB A4 HFTBT-DAS65 (Eq. 1), Fxf
AR JFi 45 (Bulk heterojunction, f&i#% BHI)E &4 A BH
e L M RE AT T BT,

1 GRS

1.1 BFESREMNERSRIE

EE&Y) HFTBT-DA865 i FH ik #p Bh (0 4R 11 1k,
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M1 M2

HEEYTUE, BT, BL 35%M7 R (T & AR5
REERREY. BEMHETHGEIR, A ERMER
THIREEE A, & TANUKE RE Rt 2 A% DA
SR RIAIA, 8B RBE AR 1) B AR A
GEARIRIYDIEEE 77758 110003 1). HT RS
2 T T B R R R 3 P A R A K AR A
A BRI, R 7 0P, sk &7
H6H '"H NMR. °C NMR. FT-IR FlocE a4
VIR S5 AT RAE. FATHEEIH) "H NMR L FT-IR F176
FOoriai R, TR EAR BAR R a4, (R
ZFTARRA S e AR A ) S5 B S A SR kAT
BC NMR IR, HERHIRG S, XAl fee T840
PR 2 IR N AE SRS H v i FEE A v B ).

#£1 5% HFTBT-DAS65 f14> T 5 ¥

Table 1 Molecular weights and thermal properties of HFTBT-
DAS865

Yield“"/% M M) PDI"  TC TSC
35 11000 21000 191 389 168

“ The yield of the chlorobenzene fraction. * Determined by GPC in chloroben-

zene at room temperature based on polystyrene standards. © Decomposition
temperature, determined by TGA in nitrogen, based on 5% weight loss. ¢ Glass
transition temperature, determined by DSC.

1.2 BAYIRIHRMR

AV G E MRS R )i (TGA) M £ 7R
P ERIEDSC)A, 58 a1 MK 2 Fiow, 415
WTITE 1. BEWY 5%IKEIRERN 389 C, #iT
400 C, WHHEA RiFmAdettae. mIE 2 % 1
ALUEH, REVRBEEAEARE N 168 C, KA
TR e B, U R AW B BT R IR e MR,
[ SN TCETLIRAS, NEGE G, FLA B i s .
1.3 BAYIRAYIEM R

FE W6 FE M A SR I TR A
PRSI R A= 1T W(UV-Vis) IOt (B 3)RAE. A
WP, AR A 300 nm SEMHF] 750 nm, 7H#
JERZSI A 300 nm ZEFE] 1100 nm. AR DRSS

196 http://sioc-journal.cn/

/\(n-C H
o ©1,Pd<PPh3)4

_

microwave assisted

© 2020 Chinese Chemical Society & SIOC, CAS

n'C8H17

HFTBT-DA865 n-CeHis
Yield 35% (based on chlorobenzene fraction)
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N
o
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B 1 4% HFTBT-DAS6S (¥ TGA itk
Figure 1 TGA curve of HFTBT-DA865
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B2 4% HFTBT-DAS6S () DSC ik
Figure 2 DSC curve of HFTBT-DA865

) P3HT BLIRAS T /MR N 350 EfHE] 650
nmB?, [ MEH-PPV JH ECIR S I (48 AR A0S A 350 4E
M3 600 nmPY, 5 A DK AYIHIEL, HFTBT-
DAS865 B A7 S a5 H ATt RE I =1 D-A
FILHE R A VK BHE Lt A4 KL PTB7 1 PBDTTPD %5 11)
WG R AR, 5 HLAZIR Y -5 K BH AR S 1% e s e
Yo FEIA — 8, R RGBT OB IRE /1, e
1) 6 R IS 7 2 32 v SR A ) K BH B FE ' P B 48 0%
Sk
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1.4 4 —a— in chlorobenzene
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B3 R4 Y)HFTBT-DASG6S 7E 5 K A UM i IFUIR A8 I i 48 4k

RSO
Figure 3 UV-Vis spectra of HFTBT-DA865 in chlorobenzene
and film state

REMEE R A SRR, ORI ig
(RIAE B 4y BIAE 327 F1 588 nm, i 327 nm Ab IR i i
R A VI 2R 1) nen* T ERE S1EE Y, 588 nm Ak
Iy 0T N B R (ICT) . W el DI, BE
VIR AR ICT U, 1X 2 R AL 4,7- 8wy
IR FFE R T G| RN, 1245 R R BT I AR AR (SR
B P T R Iy 2 A~ 5 1B e 7 (- IR Iy 2 - SR e
SEARLER, NI F=AE TR TN AT R B IR. #
JERZS N, HFTBT-DAS65 (1) fi K45 AR IS I 21 7 &
604 nm, m-m*ERE G| R R ISIEAR 55, 4T P HL G AL RS
W S e AR i HE iR, 5 ORI 1SR KR IS A L 40 7%
T 16 nm, X 7] GEE BT R AWE S 1 EEHER 5] 1.
1.4 HBAFEMR

A AL AT N B MR 2232 C V) IIAS,
ZERWE 4 For. BERIEAT R AR AL A AL
UE HAL (B )R AT UG HE A (Ered™™ ) 73 AN 0.92 (vs
Ag/AgHF1—0.77 eV (vs Ag/Ag"). MRIEEAAIE Fkah
HL A2 5 HOMO Ml LUMO £ 2% 2 Ia] ff % £ B4,
HFTBT-DA865 ] Eyomo M1 ELumo A 1% 18 Eqs. 1, 2 f5%.

Epomo=—(E"™"+4.4) )]

Evumo= _(on0n55t+4-4) (2)

i Eq. 1 WEEEYH HOMO 16 8—5.60 eV. LT
D-A EEREEUMBT, A-A KRSV K HFTBT-
DAS865 EABAKH HOMO 18, Wil /RE R EMAA(ED
THHEAEBIIE, B2 A-A RSV EAHERZET
AEJ), 12 R AL RN BRI 2 T e R I
WaE RN S BLC MAZE BRI, BRI HOMO {3
B S EA R PTE RS, WL R R SR
REHL M LS. 1 Eq. 2 A[43 HFTBT-DAS65 (1)
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LUMO 1 N—391 eV, 5Z {524k PC/BM
LUMO 18 (—4.0 eV)HZ 0.09 eV, U] BA % 55T
SRS TN, S EURA YK PH B8 FIh s HL R
K.
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oxidation onset = 0.92 eV
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™~

reduction onset = -0.77 eV

B4 F&Y HFTBT-DAS6S (MG A 22 il 2%
Figure 4 CV curves of polymer HFTBT-DA865
HRAE F Ak 2271 55 5 HOMO REZFI LUMO fg 4l 2 1]
%R, RAEY) HFTBT-DAS6S (1] HLIL £ B8 (E,°)
Al Eq. 3 fli.
Egelemo =Erumo— Enomo (3)

fE5 B4 HFTBT-DA865 HLAY 4 % g —1.69
eV, % wlEE D-A REEWHIH v AT, VT A-A
KEAY HFTBT-DA865 5 D-A KRR AW —FE, AR
SR BH YIRS RE 70, %45 5 KAWL AMNR IO E
AR L A — 2L
1.5 REYINIRESFIRER

AWK PH e F b 15 M 2 T 3 S ) E v B 1)
HEIEHEE. KT HFTBT-DA865/PC,,BM i EE K50
IR T S BN, SR E 5 B, B s ]
DUE H, W5 E R 38 7 ARR RS RMS=3.7 nm, ]
TR R R RO, X TS RO R I R T
REANEL R 7 T g e, AL R SCHR[35] C4RiE.
1.6 FEZRIBILHE

NTHE A-A KEEY) HFTBT-DA865 LT
BRI T = 40 A i i, 18H Gaussian 09 1 B3LYP/6-
31G(AMLA, X H AT % iz s S (DFT) 5. N fE
Fits, EIRE RS, REMN =AEE
BRI, A WS R e AR A A i £k
SRR AR, REWREL G 0 A R AT
TSR 6 fioR. BHariuiE oA e
6a il 6b FJ I, {ERALLEYIH, HOMO e+ =
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Figure 5 AFM height images of active layer
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Figure 6  Molecular orbital surface plots (a, b) and energy
minimum molecular geometries (¢) of the model compound for
polymer HFTBT-DA865
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T B [ ) T A /N 0.09°, ST R R, BB 2R
Fuge e rp T bR IR AR ARy B G B R R EAR
FEIAFAENT 4,7- Wy 2 W — s B s P ~F T M 5 T
22 Nt R TR =TT s = o B S R b L VN
Fl.
1.7 BEYIRISARMR

UL HFTBT-DAS865 N &Wfitik, PC,BM N #)
1552 4K, H145 T 4588 1TO/ZnO (40 nm)/ R & W:
PC,BM/MoO; (15 nm)/Ag (100 nm)FIZE&YIARKBHAE
W, XA IR 2 ) % SR AT TR, WAL
WK 7 Fow, FEAIEEESITR 2. 1512 BEH] & e R
JHZ 900, 1200 A1 1500 r/min I, FT45 2T #% L
(Voo) 2351125 0.78, 0.83 F10.72 V, 5 #& LI/ 59 8 —5.07,
—5.70 F1—5.32 mAecm 2, JEHFEEHIE D HIN 1.75%,
2.28%%112.05%, AT F5 50N 44.2%, 48.4%F153.3%.
B TR 2R 3R, BRI TT B R L AR FL AN
HL A 3 ROR B S 3 K 5 /), SH AR R TG X, itk
ALK, B FEERE R AL, AR M R TR B A,
JEERIE AN 1200 v/min B 2H0FVERE R . TERRIRIE RN
1200 r/min PIZ&AFN, SEORTEHRI PR, #4FRTT %
HLE N R, A0 H AR/, AR 7GR, b
TR, Ui SRR SGE AR R AR RN R i

10
—=— 800 RPM
8 —e— 1200 RPM
—4— 1600 RPM
6 —v— 1200 RPM, 80 °C, 10 min
T 41
§ 21
<
£o0
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4
-6 JSSZees
02 00 02 04 06 08 1.0
VoV

B 7 RS54 R Bl 1TO/Zn0/ % &4):PC; BM/

MoOs/Ag HLifi—HL I Hi 2k

Figure 7 Current-voltage curves of photovoltaic cells with a
device structure of ITO/ZnO/Polymer:PC; BM/MoO3/Ag at dif-
ferent active layer fabrication conditions

#2 R4Y) HFTBT-DAS6S (1AM
Table 2 Photovoltaic properties of HFTBT-DA865

Condition VoV Jsc/(mAeem®)  FF/% PCE/%
900 r/min 0.78 —5.07 442 175
1200 t/min 0.83 —5.70 484 228
1500 t/min 0.72 —5.32 533 2.05
1200 t/min, 80 T 0.68 —5.03 509 1.74

© 2020 Chinese Chemical Society & SIOC, CAS
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FAFARACTT RN, BEWRIEZEAN 1200 r/min, 5N IR
MR E, BRESEN: V=083V, J5c=—5.70
mA/cm?, FF=48.4%, PCE=2.28%. #1411 't B i # 3k
FARE, — WA e HFTBT-DAS65 5 PC,,BM
i) LUMO fH 5182, RE 751 W ICT BIfEAE, T+
P R FE RS [ R A2, (B BT IR 3 Jid /s, AT 3 A R
TiEERE ST 0 B IS SN, SECRAYIRBHfE
MG GRS, A— A RAEM T 4,7-
Wy 2 e — W BT 5 S e B G 2 (AT TR AR BOR, AR
TREVEHEBORASN G FHR, SEON Ly
FEPEFRAR, NI SEM B R R 2.l i 3
KRR S BOE B A E 2R, B8 — 5 m
A-A BEREVIMEERTERE.

2 Zhig

E M P Bh ) Stille 485 R AWM AR T 3T
4,7- ZWE Wy 2R I e B T R S E B TG IR 2 AR -2 AR
XEY) HFTBT-DAS865, X Hou R PE i 4T 1 #F 51
ZREY G VR T AR AR AAR — PR ), B
(AN THERE. 5% IR FE N 389 C, BRIMLIEAR
AN 168 C, HAMRMIEE MR HAEBRE
P28 AR A 300 nm ZE{H E] 1100 nm, 5 K PHYG
SEAR T UE A 2, RUZ R AW H A BT RE
J7. AR g i R R AR A A 380 i A 2 T s AR -2
P T WA R 1) K BH B FEL VB 1) B KO B RS e AR R
2.28%, JFEEHE N 0.83 V, KK HLI N —5.70 mA/em?,
A TN 48.9%. AL AW FT A B2 o B0 Ak B 45
HEW, ZREW5 PC7TIBM ML LUMO 8 LA K& 3
SPTRNE AT BB A2 S HOG AR R ) B R R R i s 3
RS Z AR B, AT — D iR AR R X
A-A FRRAYIM R BH BE HL Vb 14 BE ORI 5T 3R B L2544
BLE — R TE RIS R AR

3 WES

31 X5

'H NMR i, “C NMR i1 Bruker DRX-400 %1
FEHRAX 3 BIFE 300 MHz A1 75 MHz Rill45, 5 Jo4 ki
B, 2R CDCl; A7, TMS AW, B2 b
WH(FT-IR) FH 7% [ Bruker 2> &) 2E 7= 1) Tensor27 HY {8 HLi
ZLAMGIEACH NaCl & e, JeE M Elemantar
Varioel, Heraeus 1106, Carlo Erbo 1108 JGZE 3 HT{X#5
2, FEWYIN 4T & A Agilent Technologies 1200 series
B B (GPC) LR 22 (RT)VEMI 1S, LLEZR AR A,
FHZE 53 B B 5RO O REARORE I 28 MR IO 1
1 Hitachi UV2900 % 40T WOGIEACINTS; JeBURO06HE
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HH Hitachi F-4500 2G4 45, #4i8€ 1 B TA2000 #A4E
SHAAERIIREE T s, FEEE N 10 C.
min"'; BEYIIEIRMR 2 2k B CHI 600B 76 & /358
TNIE, FPRAER = Bk AL S H sk I e, RN
TAEE AR B AR, 0.1 moleL™' AgNOy/Ag 1E NSt
FLBG, FEMRBACN 0.10 molsL ™' [BuyN|CIO, ) ZJE
W Mo [N SR Biotage initiator V2.3 $HOR S RAXAE —
SEINIFE T N T, WEMEERTESUR R T 1% B
55 (AFM) (MFP-3D-BIO, Asylum Research)l| 5.

V=LA H Stream A A, PCBM W H
American Dye Source A &), 4K M1 F1 M2 i H iR I %
HSE MRV A IR A R, e W 7R S35 0 3 i
Fr TG A m B BRI A R R R, BT )
2 [ RIIAE B EE T AT
3.2 BREYXFHRERMAIHIESRIE

KBHGE b 28 4R F 1TO/ZnO (40 nm)/FH A& Y):
PC;;BM/MoO; (15 nm)/Ag (100 nm)ff] &5 #4).

ITO BYFEHEJER 7 HIAE A EA A LB P A 1S Ve, AR
T, SRAME R RS 30 min.

FABERRAX (4000 r/min, 60 sy ZnO BRI IE IR TE
TSIEHEIE AR ITO K L, AFTETEAH 200 CHUR K
1 h, 133] ZnO E(EE 1N 40 nm).

ITO ARSI &KW 1 g BKERE:
C4He04Zn2H,0 (99.5%, Merck) fl 0.28 g i 72, JiF i
(HOCH,CH,NH,, 98% Across)¥ fififE 10 mL 2-FEF 2
fiZ(Aldrich, 98%), #ifE 8 h, KRN FIEZLL, W15
ZnO R

FERAYA PCTIBM #2B R 10 1.5 FCE RIR
G, VILIREME R, BCEMK 25 mg/L =&
RIEW, 5 18- MR AL 97 1 3 RA, I
WAEZnO |2 b WEIREHUE, #rA ZnO JZFEMER T
ITO BYFTHNZ A 25 25 N SR 12 bR J3 7 5711,

MoO; Al Ag 7E/NF 1.33 X 107° Pa 1[5 /1 F #z%4%
S AERIENZEFARE. B E m A 3.14
mm?.  F it T P 38 PO SRR R U R i R
il A AR Rl SR — 2, AR ZEAE 1% L.

K H B AW AT 4R A% YR (CHF-XM35, Beijing
Trusttech Co. Ltd) i1 K FH G B AL 4%, 7EOE 54 100
mW/em® F14644 R, H Keithley 4200 H 37 B 3R A5
E A YIOKBH R B s IR - R MR, Dtad bR ERE
KPFHBE FVB/EI B AT I, st e R e B AU
W RIFEAH I E.

3.3 B4 HFTBT-DAS6S5 &AL

ENAE BT 10 mL R R NIE S, I M1
(415 mg, 0.5 mmol). M2 (436 mg, 0.5 mmol). PU(=Z¥k
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FEIORE S S22 A SR, THRFE PR : 120 °C, 10
min; 140 ‘C, 10 min; 170 °C, 40 min. XN 585, HRA
WP E R, 9300 Ok Rk, FEEUOE, R
B PR, ROt ST ASER NI R IS IS SR Y,
AR GUORTRILY), K40, FREUINE, BT T8, [t
WA= 0.21 g, 723 35%(H @R TR THE 17 26).
Molecular weight (GPC, eluent=chlorobenzene, detector=
RI): M,=11000, M,=21000, PDI=1.91 (chlorobenzene
fraction). '"H NMR (CDCls, 400 MHz) J: 6.50~9.3 (8H,
aromatic hydrogen), 3.74 (d, 4H, N-CH,), 2.80~0.85 (al-
kyl hydrogen, 88H); FT-IR (NaCl) vy, 3125 (=C—H),
2922, 2852 (C—H), 1689 (C=0), 1603 (C=C), 1448,
1437, 1175, 1113, 848, 715 cm ' Anal. caled for
Ca02Hs66N22F12S15040Sn,: C 68.30, H 8.07, N 4.36, S 8.16,
F 3.23, Br 1.64; found C 67.31, H 8.13, N 3.39, S 7.77, F
3.19, Br 0.9.

44 Bh#4 %} (Supporting Information) *¥4&4% HFTBT-
DA865 [¥] 'H NMR I FT-IR i & LA J GPC M4 . ix
S L AT PA A 3% AT Y 35 (http://sioc-journal.cn/) bR
.
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