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Fig. 1 Structures of benzothiadiazole-based polymers and their design

291, (Agilent Technologies PL-GPC 220)
TGA (TA Discovery
series) UV-3600
CHI620D
1
PCBT4T-20D Ag/Ag" (0.01 mol L™
(0.1 mol L™
1.3
2
1- -2- 2) 2L
2- (150 g 0.62 mol)
1 1000 mL
0 °C (195 g 0.74 mol)
1.1 NBS
N- (132 g 0.74mol) 0°C
13- ( )
( s
) ( )
( ) 185¢ 98%. 'H-NMR
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Fig. 2 Synthesis routes of different monomers and polymers

(a) pphs, NBS, CH,Cl,, 0 °C ~ r.t,; (b) (1) Mg, I, THF, (2) Ni(dppp)Cl,, THF; (c) n-BuLi, Bu;SnCl, THF, 78 °C ~ r.t.;
(d) Pd(pphs)s,, toluene/DMF; (e) NBS, THF, 0°C ~ r.t.; (f) Pdy(dba);, P(o-tol)s, 145 °C, 18h; (g) Py, CHCl;, SOCl,, r.t. ~
reflux; (h) Br,, HBr, 128 °C; (i) Pd(pphs),, toluene/DMF, 130 °C; (j) NBS, THF, 0 °C ~ r.t.; (k) Pdy(dba);, P(o-tol)s,
145 °C, 18 h; (1) Pd(pphs)s, toluene, DMF, 130 °C; (m) NBS, THF, 0 °C ~ r.t.; (n) Pd,(dba);, P(o-tol);, 145 °C, 18 h

85°C 3h (2) 3-
(30.5mL 0.33 mmol) 1000 mL
Ni(dppp)Cl, 100 mg,

THF 150 mL. (1)
(2)
85 °C . ,
200 mL (1 mol/L)
(100 mL x 3) NaCl
(200 mL x 3) MgSO,
( )
53 g 59%. 'H-NMR

(500 MHz, CDCls, 8): 7.23 ~ 7.21 (dd, 1H), 6.90 ~
6.88 (m, 2H), 2.57 ~ 2.55 (d, 2H), 1.62 ~ 1.58 (m,

1H), 1.37 ~ 1.16 (m, 24H), 0.94 ~ 0.82 (m, 6H).
3-(2- )-5- %)
3-(2- - (15 g 487

mmol) 250 mL
THF 120 mL -78°C
2.4 mol/L
(22.3 mL 53.6 mmol)
4h
(159 mL  58.4 mmol)
100 mL

(100 mL x 3) NaCl (200 mL x 3),

MgSO4

323 g 100%. 'H-NMR (500 MHz,

CDCls, 8): 7.15 (s, 1H), 6.91 (s, 1H), 2.60 ~ 2.58 (d,
2H), 1.70 ~ 1.68 (m, 1H), 1.17 ~ 1.36 (m, 42H),
1.10 ~ 1.06 (m, 6H), 0.92 ~ 0.86 (m, 9H).
5- -47- (4-(2- )-2-
(5) 250 mL
2- 4-(2- )

)_2’153_

(11 g 184
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mmol) 4,7-  -5- [2,1,3] (g 6.12 79
mmol) Pd(pphs)s (100 mg, 0.09 mmol) mg 63%. GPC: M, =4.11 x 10*; My, = 5.03 x
100 mL 20 mL DMF 10%, PDI: 1.22.
Ar 130°C  48h (TLC) 5- -6- -[2,1,3] 9)
, . 2 L 5- -6~ -1,2-
200 mL (100 mL x 3) (15 g 93.4 mmol) (22.6 mL 0.98
3 NaCl 3, mmol) (1000 mL).
MgSO, M (13.6 mL 186.8 mmol)
) )=20 1) 4g 65°C
83%. '"H-NMR (500 MHz, CDCls, 6): 7.95 ~ 7.94 TLC :
(d, 1H), 7.93 (s, 1H), 7.60 ~ 7.59 (d, 1H), 7.15 ~ 500 mL (1 mol/L)
7.14 (d, 1H), 7.06 (s, 1H), 2.66 ~ 2.62 (t, 4H), 1.62 3
(m, 2H), 1.35 ~ 1.22 (m, 52H), 0.94 ~ 0.90 (m, ¢y 3 MgSO,
12H). " )N )=10
S AT 6 A )z D). 17.1 97%. 'H-NMR (500
g
)-2,1.3- ©) 250 mL MHz, CDCls, 6): 8.13 ~ 8.11 (s, 1H), 7.75 ~ 7.72 (s,
5- -47- (4-(2- )-2- 1H).
)-2,1,3- (2.8 g, 3.58 mmol) 47- 5o 6 2,13] (10)
100 mL THF 0°C N- 1000 mL 5- [2,1,3]
(1.5 g, 8.2 mmol). (15 g 79.5 mmol) HBr (300 mL,
12 h. 100 mL 48%) 100 mL ’
3 NaCl (61.1 mL, 1.19 mol)
3 MgSO, ( 128 °C.
) 32¢g 95%. 'H-NMR (500 43 h TLC
MHz, CDCls, d): 7.83 (s, 1H), 7.72 (s, 1H), 7.57 (s, ’
1H), 2.60 ~ 2.58 (m, 4H), 1.75 ~ 1.72 (m, 2H), 1.42
~ 1.25 (m, 48H), 0.86 ~ 0.84 (m, 12H). *C-NMR ‘ ’
(125 MHz, CDCL, 6): 154.48, 150.66, 142.45, 3 NaCl 3
141.04, 136.62, 133.84, 133.41, 132.94, 129.53,  MgSOs n )
127.24, 125.63, 12.15, 113.68, 113.45, 38.58, 34.26, )=10 1)
34.16, 33.35, 31.93, 30.07, 30.03, 29.74, 29.72, 245¢g 89%.
29.66, 29.65, 29.38, 26.60, 26.58, 22.73, 22.70, 5. -6- -47- (4-(2- )-2-
14.15. )-2,1,3- (11) 250 mL
PCBT4T-2BO 25 mL 5. 4 )
> 47 (5 42 (43¢ 65mmol) 47- -5 -6- [2,13]
2= )213- (121 mg, 0.129 (0.9 g 2.6 mmol) Pds(PPhs), (60 mg 0.05
mmol) 5,50~ ( )-2,20 mmol) 40 mL 10 mL
(63.4 mg, 0.129 mmol) Pd,(dba); (4.76 mg, 0.005 DMF CAr 48 h
mmol) P(o-tol); (6.4 mg, 0.021 mmol). .
Ar 20 mL 100 mL 3
145 °C, 18 h. NaCl 3 MgSO,
4 )
: y =120 1) 137 g 60%.

'H-NMR (400 MHz, CDCL, 6): 8.13 (s, 1H), 7.69
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(s, 1H), 7.22 ~ 7.20 (d, 2H), 2.67 ~ 2.65 (m, 4H), 200 mL 3
1.64 (m, 2H), 1.4 ~ 1.2 (m, 64H), 0.88 ~ 0.84 (m, NaCl 3 MgSO,
12H). (V( Y
> 6 AT (5 A2 )- )=20 1) 258 g 56%. 'H-
- )213- (12) 100 mL - \MR (400 MHz, CDCL, 6): 8.11 (s, 1H), 7.66 (s,
5- -6- -47- (4-(2- 1H), 7.19 ~ 7.18 (d, 2H), 2.66 ~ 2.65 (m, 4H), 1.65
)-2- )-2,1,3- (13 g, 142 (m,2H), 1.4~ 1.2 (m, 48H), 0.88 ~ 0.84 (m, 12H).
mmol) 50 mL THF 0°C 5- -6~ -47- (5- -4-(2- )-2-
N- (0.58 g, 3.3 mmol). )-2,1,3- (14) 100 mL
12 h. 100 mL 5- -6- -47- (4-(2-
3 )-2- )-2,1,3- (1.5 g, 1.85 mmol),
NaCl 3 MgSO, 60 mL THF 0°C N-
( ) l4g 92%. (0.76 g, 4.3 mmol). ,
'H-NMR (400 MHz, CDCls, d): 7.96 (s, 1H), 7.65 12 h 100 mL
(s, 1H), 2.61 ~ 2.59 (m, 4H), 1.75 (m, 2H), 1.40 ~ 3 NaCl
1.22 (m, 64H), 0.86 ~ 0.84 (m, 12H). 3 MeSO, ’
PCFBT4T-20D ( ) 162 g 93,20
25 mL > 60 47 (- 42~ ' NMR (400 MHz, CDCL, 6): 7.96 (s, 1H), 7.65
)2- )2,13- (150 mg, (s, 1H), 2.61 ~ 2.59 (m, 4H), 1.74 (m, 2H), 1.32 ~
0.14 mmol) 5,5~ ( )-2,2' 1.24 (m, 48H), 0.92 ~ 0.81 (m, 12H).

(68.8 mg, 0.14 mmol) Pd,(dba); (5.13 mg, 0.006 PCFBT4T-2BO
mmol)  P(o-tol); (6.7 mg, 0.022 mmol). 25 mL 5- -6- -47- (5- -4-(2-
Ar 7.5 mL )-2- )-2,1,3- (150 mg,
145 °C 18 h. 0.16 mmol) 5,5'- ( )-2,2'
(76.9 mg, 0.16 mmol) Pd,(dba); (5.7 mg, 0.006
mmol) P(o-tol); (7.6 mg, 0.024 mmol).
. , Ar 8 mL
136 mg 88%. 145 °C 18 h.
GPC: (M, = 5.68 x 10%; M,, = 1.06 x 10°, PDI:
1.86.
5- -6- -4,7- (4-(2- )-2- )- ‘
2,1,3- (13) 250 mL 138 mg 88.4%.
2- -4-(2- ) GPC: M, = 1.11 x 10%; M,, = 2.12 x 10°, PDI: 1.90.
(10.3 g 17.3 mmol) 4,7- -5- -6- [2,1,3] 1.4
(2g 5.77mmol) Pd;(PPh;)s (133 mg,
0.15 mmol) 100 mL
20 mL DMF . Ar 48 h, .
(1) ITO
Table 1 Optical and electrochemical properties of the polymers
Polymer M, PDI = A Eon Erono Euno Eoy
(nm) (nm) (eV) (eV) (eV) (eV)
PCBT4T-2BO 4.1 % 10* 1.22 543 715 1.53 -5.19 -3.65 1.54
PCFBT4T-20D 5.7 x10* 1.86 550 719 1.56 -5.21 -3.66 1.55
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PCFBT4T-2BO 1.1 x 10° 1.90 719 720 1.54 -5.17 -3.67 1.50
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Fig. 3 TGA plots of PCBT4T-2BO, PCFBT4T-20D
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169 nm 2BO HOMO -5.19 eV
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1.53, 1.56, 1.54 eV. el
&
2 5.0
o
-5.21 -5.21 -5.17
=551
-
-6.0% -5.90
24 Fig. 5 (a) Cyclic voltammograms of polymers as thin
films drop-casted on glassy carbon electrode at a scan
’ rate of 100 mV s '; (b) Energy level diagrams for the
(HOMO) polymers and PC;;BM
(LUMO)
0.1 mol/L 2.5
(BusNPFg)- 3
ITO/ZnO/polymer
100 mV/s PC7:BM/Mo0Os/Ag BHJ
5(a) ’ PC;BM 1 1.2.
20 mg/mL 3% 1,8-
5(b) 1 4 (DIO) . 3
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o
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PCBT4T-2BO 6.69%
HOMO R Voc Jsc
Table 2 Photovoltaic properties of the polymer-based devices
Polymer VOC ch FF PCE Hn
Y V) (mA cm™?) (%) (%) (em® Vs
PCBT4T-2BO 0.70 13.21 71.69 6.69 6.7x10"
PCFBT4T-20D 0.72 17.61 68.85 8.84 8.7x 107
PCFBT4T-2BO 0.67 17.54 61.82 7.26 92x107
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Fig. 6 (a) Current density-voltage (J-V) characteristic
and (b) external quantum efficiency (EQE) spectra of the
BHJ PSCs with 1:1.2 (W:W) blends of PCBT4T-
2BO:PC7BM, PCFBT4T-20D:PC;BM, and PCFBT4T-
2BO:PC;;BM in CB with 3% DIO
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Design and Synthesis of Halogen Atom Substituted Benzothiadiazole-based
Donor Polymers for Efficient Solar Energy Conversion

Zhi-ming Hu'?, Hui Chen', Xiao-wei Zhongl, Jian-fei Qu', Wei Chen***, An-hua Liu®", Feng He!”
(‘Department of Chemistry, Southern University of Science and Technology, Shenzhen 518055)
(*College of Materials, Xiamen University, Xiamen 361005)
Clnstitute for Molecular Engineering and Materials Science Division, Argonne National Laboratory, Lemont 60439, USA)
(*Institute for Molecular Engineering, The University of Chicago, Chicago 60637, USA)

Abstract Halogen substituted benzothiadiazole polymers with different length of alkyl side chains were
synthesized via Stille coupling and used as donor materials in polymer solar cells (PSC). These polymers
exhibited good solubility in common organic solvents, excellent film forming ability, and broad absorption
properly towards the sun light. By introducing the halogen atoms to the backbone, in particularly the large
chlorine atoms, fullerene-based (PC,;BM) bulk heterojunction PSCs of these polymers could achieve enhanced
open-circuit voltage and short-circuit current, and eventually the power conversion efficiency could be
dramatically improved. It was found that the halogen substitution and various alkyl side chains could highly affect
the polymers’ band gaps and charge transport properties, through influencing the molecular orientation and
crystallinity. With regard to tuning the energy levels, compared with fluorine atom, chlorine atom with a bigger
atomic radius could reduce more efficiently the energy levels, thereby further improving the open-circuit voltage
of the corresponding PSCs. In this study, the PSCs based on one-chlorine-and-one-fluorine-substituted
PCFBT4T-20D, with PC;;BM used as the acceptor, exhibited an open-circuit voltage of 0.72 V, a short-circuit
current of 17.61 mA cm™, and the highest power conversion efficiency of 8.84%. From the grazing-incidence
wide-angle X-ray scattering (GIWAXS) experiments, those polymers with the halogen atoms substitutions
showed a mixed “face-on” and “edge-on” conformation in their blended films. The introduction of fluorine atoms
in the polymer PCFBT4T-20D further enhanced the 77 stacking, compared with the one-chlorine substituted
PCBT4T-2BO, which was helpful for the charge transport in the active layer and to enhance the device
performance in PSCs. Those results demonstrated that the halogen substitution was an effective molecular design
strategy to modify the polymer aggregation and morphology for optimized polymer solar cell applications.
Keywords Polymer solar cells, Donor materials, Halogen atom substitution, Open-circuit voltage
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