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Benzodithiophene/Benzothiadiazole-Based ADA-Type Optoelectronic
Molecules: Influence of Fluorine Substitution

Liang, Long™?’ Liu, Li-Na™ Chen, Xue-Qiang” Xiang, Xuan® Ling, Jun®
Lu, Zheng-Quan®  Li, Jing-Jing®  Li, Wei-Shi***
(“ Zhengzhou Engineering Research Center for High Performance Organic Functional Materials,
Zhengzhou Institute of Technology, Zhengzhou 450044)
(®Key Laboratory of Synthetic and Self-assembly Chemistry for Organic Functional Molecules, Shanghai
Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai 200032)
(¢ Department of Polymer Science and Engineering, Zhejiang University, Hangzhou 320027)

Abstract Fluorination on conjugated components is one of popular strategies to modify organic optoelectronic materials.
Following the research of a benzodithiophene/benzothiadiazole ADA-type optoelectronic molecule, two benzothiadiazole (BT)
units were fluorinated with different numbers and positions, and the change in basic properties and performances for
field-effect transistors and organic solar cells was investigated. It was found that when the F-substitution number increases, the
molecule enhances thermal stability, decreases solubility, lowers HOMO and LUMO energy levels, but almost does not alter
light absorption range. Furthermore, investigations on organic field-effect transistors found the molecular hole mobility reduc-
es with only one F-substituent at outer position of BT units, while increases up to 0.27 cm?V™~'ss™' with two F substituents on
BT units. However, when these materials are applied in organic solar cells, the fluorinated ones enhance open-circuit voltage,
but deteriorate active layer morphology, finally leading to decrease in short-circuit current and device efficiency.

Keywords organic optoelectronic materials; fluorination effect; organic field-effect transistors; organic solar cells
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Figure 1 Chemical structures of compounds F0, F1, F1W and F2
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Figure 3 UV-Vis absorption spectra of compounds F0, F1,
F1W and F2

(a) In chlorobenzene solutions with a concentration of 1X 10> mol/L,
and (b) in film state
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Table 1 Light-absorption properties, onset oxidation potential, and molecular energy levels of compounds F0, F1, F1W and F2
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Figure 4 Cyclic voltammograms of compounds F0, F1, F1W
and F2
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Figure 7 1In J vs. In V and fitted SCLC curves of PCqBM-
lended films of compounds F1, F1W and F2 with thickness of
75, 80 and 50 nm, respectively
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Figure 8 AFM pictures of PC4;BM-blended films of compounds F0, F1, F1W and F2
Scanning range: 2 um X 2 pm, tapping mode
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Figure 9 XRD profiles of compounds F0, F1, F1W and F2
(a) Pure films, scan range is 3.5°~10°; (b) pure films, scan range is 10°~35°; (c) PCs;BM-blended films, scan range is 3.5°~10°; (d) PCs;BM-blended

films, scan range is 10°~35°

£3 A FO, F1, FIW F F2 ()2 OEB R 55
Table 3 Hole mobility parameters of compounds F0, F1, F1W
and F2

Compound  popgt/ (cm?eV ™ leg™h ViV Lo/ Losr
FO 0.1 (0.15) —242 1.2X10°
F1 0.1(0.14) —7.15 2.2X%10*
F1W 0.018 (0.023) —103  2.5%X10°
F2 0.19 (0.27) —17.5 5.9%10°

S R K.
2 £

AR BT ARG R ESIAGRIR T, Bt
AT A BAARIE B 4RI L BDT 4% BT N ADA
RUNSTASCRAEY). BHURY], ST K5I
LRI H BEfEAL S0 HOMO RS T I, VA
PERRAR, AR PRI, (EAL S YRR AL A
K. SEIFIAXT OFET #3fH-A BRI, H9ALT
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em®V s XS FAHUKBHBE L, BTN BARIE S
TITEHE, HlT5 PCoBM RILRIESIA %, 45
A FPAE BRI, fe 2T UK R 38 P A FE I AR A A
BT B

3 SCIOERSY

e 5t

£ i BT R T SR A T B R TCL. B
T gt EZG. i E S SRR A A TR
W, HAh BB PR S e A (7, D g
B GRS, 85 E AT Sl IO\ 2 R R RN 2

3.1

LIRS 'H NMR, F NMR fl °C NMR 7
Varain Mercury 300 5% Bruker Avance 400 %% i LR 1X
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Figure 10 Transfer (left) and output curves (right) of OFET devices based on compounds F1, F1W and F2

sE. g A HP5973. Saturn2000. Voyager-DE STR.
TIonSpec 4.7T MALDI & Fif 4% # Jifi 143 5%, Shimadzu
Biotech Axima MALDI £ i i B Joi 1A 5 . K40 m] L
FRE(UV-vis)fE Hitachi U-3310 45 #ha] WG REMAX 1
M. PEHRRZ(CVBIRTE il/REATF CHI660C H
P2 TAES Lse. SR = 8REHE, B AN T AR
HH, Ag/Ag HEARTE NS L, 4A 22 AL A4 Bh
M. A A A )V T B ok PR AR b TR R I, IR AE
&4 0.1 mol/L ) BuyNPF, [ITE/K ZIEHTH, LL 50
mVeS ' [T BREWKIS TR RS
GPC &, KHBCA 2414 RI B 2489 £ A6 25 1)
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Waters 1515 HPLC &%, fizhl’h THF. J&i+ J 1 &
L (AFM)IM X 28 A Veeco Nanoscope T MIIRAY, #2
By
32 KEVMMERSERIE
321 4-i8-5-#-7-(5-T A ke 2- 3 R H[c][1,2,5]%&
Zek(2)8 A Ak

250 mL =R, RIIMALAEYI 1 (1.24 g, 4.0
mmol), 5-CJE-2-MEW SR A I ER G (1.18 g, 4.0 mmol),
K,CO; /K i(2 mol/L, 30 mL), Pd(PPhs), (230 mg, 0.2
mmol)FH 78/ THF (90 mL). B #H &SRy a5, FIH
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TR RS- IEIR =005, SR, RN
P RN I REE )5 % 28 S, N KK =
i, W GERER = IR, KTE =R AR ANUE, T
IKERER AT, U8, 4G, IR ENT ko i
af, IECkeimshAl, e, RIS 8 GPC
WOy Bt 1R aE A 959 mg, 2R A 60%. 'H
NMR (400 MHz, CDCl;) 6: 7.93 (d, J=3.6 Hz, 1H), 7.58
(d, J=10.4 Hz, 1H), 6.86 (d, J=3.6 Hz, 1H), 2.87 (t, J=
7.6 Hz, 2H), 1.77~1.70 (m, 2H), 1.41~1.25 (br, 6H),
0.90 (t, J=6.8 Hz, 3H); "F NMR (400 MHz, CDCl,)
5: —103.65; LRMS (EI) m/z: 398 (M"). HRMS (EI) m/z:
[M—}—H]+ caled for C;¢H;sN,FS,Br: 397.9922, found
397.9919.

322 5-R-7-(5-T A E ey 2- )4 (Eep2- ) Rt
[c][1,2,5]& = (3) 89 & A&

150 mL A, IR E D) 2 (875.6 mg, 2.2
mmol), 2-BEWHIEZ(1.41 g, 11.0 mmol), K,CO; /K&K (2
mol/L, 16.5 mL), Pd(PPh;), (127 mg, 0.11mmol) 1 7% 1)
THF (50 mL). B#HSE RS E, FIAREAR G-
LIRS =5, RESRY . KRR RN FA R
SN B A IR, N KR N, AU R
=R, K=K EIFENAE, KRR, I8,
Wdi. P AL E T B 7 B4 4, 1 Skt Am s,
BE A 850 mg, F7HE N 96%. 'H NMR (400 MHz,
CDCly) d: 8.25 (d, J=3.6 Hz, 1H), 7.97 (d, J=4.0 Hz,
1H), 7.70 (d, J=8.8 Hz, 1H), 7.55 (d, J=5.2 Hz, 1H),
7.25~7.23 (m, 1H), 6.89 (d, J=3.6 Hz, 1H), 2.89 (t, J=
7.6 Hz, 2H), 1.78~1.72 (m, 2H), 1.42~1.25 (br, 6H),
0.90 (t, J=6.8 Hz, 3H); '’F NMR (400 MHz, CDCl;-d,)
5: —108.51; LRMS (EI) m/z: 402 (M"). HRMS (EI) m/z:
[M + H] " caled for CyH;oN,FS; 402.0694, found
402.0692.

323 4-(5-ifEey-2-H)-5-A-7-(5-T Ay -2- )R
FH[c][1,2,5]7& == (4) 89 & A%,

25 mL B =H RN, KIKIMALEY) 3 (402
mg, 1.0 mmol), NBS (180.5 mg, 1.02 mmol)Fl¥7&H]
THF (40 mL). Bk RBEEId R £, A K 1L,
SRR =R, K=K, GIHENH, KRN
T, b uE, Wedn. B AR E AT Gk Bt EC
YR ENA, S EAE R 400 mg, FEEN 83.3%. 'H
NMR (400 MHz, CDCLy) 6: 7.97 (d, J=4.0 Hz, 1H), 7.95
(d, J=4.0 Hz, 1H), 7.64 (d, J=13.2 Hz, 1H), 7.16 (d, J=
4.0 Hz, 1H), 6.87 (d, J=4.0 Hz, 1H), 2.88 (t, J=7.6 Hz,
2H), 1.78~1.72 (m, 2H), 1.42~1.25 (br, 6H), 0.90 (t, J=
6.8 Hz, 3H); 'F NMR (400 MHz, CDCls-d;) 5: —108.15;
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LRMS (EI) m/z: 482 (M"). HRMS (EI) m/z: [M+H]"
calcd for CyoHgN,FS;Br 479.9800, found 479.9803.

324 43R5 -T-(Eey-2- B K H[][1,2,5]F =
(5)89 & &

G ROT R Y 2. 2-WEWY B 2 (382 mg, 2.98
mmol), 4,7- R -5-F K I BE (930 mg, 3 mmol),
K,CO; /Ki#E(2 mol/L, 22.5 mL), Pd(PPhs;); (173 mg,
0.15 mmol)FLF ) THF (67.5 mL). #%153] 600 mg
EREOEAAESY, 7% 64%. 'H NMR (400 MHz,
CDCLy) 6: 8.12 (d, J=3.6 Hz, 1H), 7.72 (d, J=10.0 Hz,
1H), 7.53 (d, J=4.8 Hz, 1H), 7.22 (t, J=4.4 Hz, 1H); "°F
NMR (400 MHz, CDCl;) 6: —103.5; LRMS (EI) m/z: 314
(M"). HRMS (EI) m/z: [M+H]" calcd for C,oH,;N,FS,Br
313.8983, found 313.8979.

325 5-f-4-(5-T A Eey2-HK)-7-(Eey-2- ) K 5
[][1,2,5]& = (6) 89 &A%

AITIEFEEY 3. (L&Y 5 (205 mg, 0.65
mmol), 5-CLFE-2-BE B ER AT B IR IS (729 mg, 2.45
mmol), K,CO; /KW (2 mol/L, 5.3 mL), Pd(PPhs), (80
mg, 0.07 mmol)FIFIZ5 1) THF (18 mL). 2153 &4
230 mg, &N 81.7%. 'H NMR (400 MHz, CDCl;) J:
8.12 (d, J=3.6 Hz, 1H), 8.08 (d, J=4.0 Hz, 1H), 7.77 (d,
J=12.8 Hz, 1H), 7.49 (d, J=5.2 Hz, 1H), 7.23~7.21 (m,
1H), 6.92 (d, J=3.6 Hz, 1H), 2.91 (t, J=7.6 Hz, 2H),
1.80~1.74 (m, 2H), 1.43~1.25 (br, 6H), 0.90 (t, J=6.8
Hz, 3H); "F NMR (400 MHz, CDCly) 6: —109.4; LRMS
(EI) m/z: 402 (M"). HRMS (EI) m/z: [M~+H]" calcd for
CaoH oN,FS5: 402.0694, found 402.0692.

32,6 7-(5-ifEmy2-H)-5-f-4-(5-T K Eey-2- )R
F[c][1,2,5]78 ==& (7) 49 & A%,

ERITIEREY) 4. (&P 6 (120.6 mg, 0.3
mmol), NBS (54.2 mg, 0.306 mmol) A1 THF (10 mL). #
LA FIE A 110 mg, 725N 76.4%. 'H NMR (400 MHz,
CDCly) d: 8.08 (d, J=4.0 Hz, 1H), 7.78 (d, J=4.0 Hz,
1H), 7.68 (d, J=13.2 Hz, 1H), 7.16 (d, J=4.0 Hz, 1H),
6.91 (d, J=4.0 Hz, 1H), 2.91 (t, J=7.6 Hz, 2H), 1.79~
1.73 (m, 2H), 1.42~1.25 (br, 6H), 0.90 (t, J=6.8 Hz, 3H);
'F NMR (400 MHz, CDCl;) 6: —109.3; LRMS (MALDI)
m/z: 482 (M.

327 4-i%-5, 6- = f-T-(5-T A Eey-2- 1) R HF[][1,
2, 5] = (9) 49 & Ak,

B 9 K4 852 SCHR[3011 574 . "TH NMR
(400 MHz, CDCls, 110 °C) J: 8.05 (d, J=3.6 Hz, 1H),
6.91 (d, J=3.6 Hz, 1H), 2.89 (d, J=7.6 Hz, 2H), 1.79~
1.73 (m, 2H), 1.42~1.25 (br, 6H), 0.90 (t, J=6.8 Hz, 3H);

Chin. J. Org. Chem. 2019, 39, 157~169



Chinese Journal of Organic Chemistry

ARTICLE

F NMR (400 MHz, CDCl;) 6: —120.4, —127.8.
3.2.8 5,6-=f-4-(5-T HErp-2-H)-7-(Eo-2- )R
FH[c][1,2,5]7& =»£(10) 89 & A%,

ERITEFNEY 3. A& 9 (832 g, 2.0 mmol),
2-BEW A2 (1.28 g, 10.0 mmol), K,CO5 /KIEW (2 mol/L,
15 mL), Pd(PPhs), (115.4 mg, 0.1 mmol)FI#i 7% ] THF
(45 mL). HA1FEREAFEE 750 mg, 2EA 89.3%.
'H NMR (400 MHz, CDCly) §: 8.26 (d, J=3.6 Hz, 1H),
8.09 (d, J=4.0 Hz, 1H), 7.59 (d, J=4.8 Hz, 1H), 7.26~
7.24 (m, 1H), 6.92 (d, J=3.6 Hz, 1H), 2.91 (d, J=7.2 Hz,
2H), 1.80~1.74 (m, 2H), 1.42~1.25 (br, 6H), 0.91 (t, J=
6.8 Hz, 3H); "°F NMR (400 MHz, CDCl;) 6: —128.0, —
129.1; LRMS (EI) m/z: 420 (M").

329 4-(5-ifEey-2-5)-5,6- — A-7-(5-T H gy -2-
H)RFF[c][1,2,5]8 ==& (11) 89 & m%,

G ERNEY) 4. (&Y 10 (420.0 mg, 1.0

mmol), NBS (180.5 mg, 1.02 mmol)FT#i 7] THF (25
mL). FAAERFEE 370 mg, P2E AN 74.3%. 'H NMR
(400 MHz, CDCL3) 8: 8.07 (d, J=3.6 Hz, 1H), 7.96 (d, J=
3.6 Hz, 1H), 7.17 (d, J=3.6 Hz, 1H), 6.90 (d, J=3.6 Hz,
1H), 2.89 (t, J=7.6 Hz, 2H), 1.77~1.71 (m, 2H), 1.42~
1.25 (br, 6H), 0.89 (t, J=6.8 Hz, 3H); '"F NMR (400
MHz, CDCly) §: —127.9, —129.2; LRMS (EI) m/z: 500
M)
32,10  7.7-((4.8- R (2-T A T A ) A AE)RH
[1,2-b:4,5-b'| =& -2,6- — K (E-5, 2- = &K )I(6-
A-4-(4- T FE ey -2- ) R FF[][1,2,5]8 =4 )(F1) 49
AR

50 mL =0, KM HAK 4 (300 mg, 0.625
mmol), BDTSn, (193.5 mg, 0.25 mmol), Pd(PPh;), (28.8
mg, 0.025 mmol) FUEFIZEH K25 mL). B #TE R
PE, FABER G- - EST = s, el SR
1. K OB RN EI R 24 h G PR R ER, IR
IKVER IS, FET I =0, KEE=R AR AN,
ToKBRER AN T8, U8, W4h. RIHAEZ AT i 5
feal, Bk — B H B AR 2l, 45 515 25 0 [ A
210 mg, FF AN 63.2%. mp. 230 ‘C; 'H NMR (400
MHz, C,D,Cl,, 110 C) 6: 8.21 (s, 2H), 7.98 (s, 2H), 7.67
(d, J=4.8 Hz, 2H), 7.62 (s, 2H), 7.42 (s, 2H), 6.88 (s, 2H),
4.26 (s, 4H), 2.89 (t, J=4.8 Hz, 4H), 1.92~1.86 (m, 2H),
1.80~1.20 (br, 30H), 1.09 (br, 6H), 1.00 (br, 6H), 0.91 (br,
6H). LRMS (MALDI) m/z: 1247 (M"). HRMS (MALDI)
m/z: [M—I—H]+ calcd for CgH74N4O,F,Sg 1246.3384,
found 1246.3349.
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3211 7,7-((4,8-3((2- T & T ) ke & )R H[1,2-
b:4,5-b"] ="K ep-2,6- — F) W (FEy-5,2- = A ) (5- .-
4-(5-T A ey 2- ) K F[c][1,2,5]78 == )(FIW) &) &
&

G RITEFEEY) F1 LS 7 (300 mg, 0.625

mmol), BDTSn; (194 mg, 0.25 mmol), Pd(PPh;), (42 mg,
0.075 mmol) FUFT ZE I H 2K (12.5 mL). s £ 45 3 ] {4
245 mg, FFEN 78.6%. m.p. 250 ‘C. 'H NMR (400 MHz,
C,D,Cly, 110 °C) 6: 8.08 (d, J=2.4 Hz, 2H), 8.06 (d, J=
2.4 Hz, 2H), 7.73 (d, J=8.8 Hz, 2H), 7.60 (s, 2H), 7.38 (s,
2H), 6.90 (s, 2H), 4.26 (d, J=3.6 Hz, 4H), 2.90 (t, J=4.8
Hz, 4H), 1.92~1.86 (m, 2H), 1.80~1.20 (br, 30H), 1.09
(t, J=8.8 Hz, 6H), 1.01 (t, J=8.8 Hz, 6H), 0.91 (t, J=8.8
Hz, 6H); LRMS (MALDI) m/z: 1247 (M"). HRMS (EI)
m/zz [M+H]" caled for CeHnO,N4FoSs 1246.3384,
found 1246. 3426.
3212 7,7-((4,8- 3 (2- T A € A ) & )X H
[1,2-5:4,5-b'1 =—"E"p-2, 6- =K )I(E»-52- =3 )L
(5,6- = A -4-(5-T KRy 2- ) K H [c][1,2,5] % =
) (F2) 89 4 5%,

EITIEFAEY F1. AL&Y) 11 (323 mg, 0.65
mmol), BDTSn, (201.2 mg, 0.26 mmol), Pd(PPhs), (30
mg, 0.026 mmol)FIHF ZL P H 2K (26 mL). #2445 2 [bl {4
150 mg, P& N 45%. 'H NMR (400 MHz, C,D,Cl,,
110 °C) d: 8.23 (d, J=2.0 Hz, 2H), 8.11 (s, J=2.0 Hz,
2H), 7.61 (s, 2H), 7.42 (s, 2H), 6.91 (s, 2H), 4.27 (s, 4H),
291 (t, J=4.8 Hz, 4H), 1.92~1.88 (m, 2H), 1.80~1.20
(br, 30H), 1.09 (br, J=4.8 Hz, 6H), 1.00 (br, J/=4.8 Hz,
6H), 0.91 (br, J=4.8 Hz, 6H). LRMS (MALDI) m/z: 1283
M.

3.3 B KPARERMAYES S & R M BERAE

A HLK BH B B b 2% 14 45 #9 4 ITO/PEDOT:PSS
(Heraeus Clevios P VP. Al 4083)/active layer/Ca (LiF)/Al.
BAKHI PR £ 1TO 33 E, LA 6000 r/min %1
Jigtk - PEDOT:PSS, 140 ‘C/n#4 15 min. M55 2 F
BN, ek ERCE RS, FER R SRIEATIR K. B
&, FIFES 256245 Ca (10 nm) 2¢ LiF (1 nm),
HZ AL (100 nm). J5HZ RN 7 mm?, R @ T
Veeco Dektak 150 profilometer #EAT MK, J-V £k K H
Keithley 2420 MIRAX 5 AAA YEIEELLA%(Oriel 94043A,
450 W)FHATIINK; AhE-F20% H Oriel F(a4(74125)0
7.

3.4 BN EAERSE S E R R

OFET ¥ H M T5i 4% fiik (bottom-gate top-contact,
BGTO) K #4514, B A 00EE F E VIR ZE MK, e v 3R

http://sioc-journal.cn/ 167



BIKE

1178 7 Si0, (300 nm, FEZ¥A 11 nFeem )3 OTS &1,
1’F%Q@9)’ﬁ)§ IURE od i RO TR, AR

22 8 k47 5B

HEATIR K AR EE. 4 HAR(50 nm)TLﬁi‘@HﬂﬁE
AWEUIREE. MR EE RS, @il
Keithley 4200 ﬁé‘?rflk‘{ﬂ!hﬁ@(?ﬂﬂlﬁﬁﬁfﬁ. VABERE R Sy
(LIW)R 8.95, MMBLTBZEH AKX Ins=uWCi/
L) Vo— Vo) tHE M. Hrh, Ins IR AR, 1 28I
TIER R, W RGBT, CHGIRRE, L REKE,
Vo MR EL I, Vr A2 BRI FRL .

45 Bh#f Bl (Supporting Information) {L&4I1f) '"H NMR
A1 F NMR. AR HEA 43RS I L Rl AT LA 4 9%
AT 355 (http://sioc-journal.cn/)_E N %K.
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