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Synthesis of Low Band-gap Polymers
and Their Application in Organic Solar Cell

Student: Chiu-Hsiang Chen Advisers: Dr. Chain-Shu Hsu

Department of Applied Chemistry National Chiao Tung University
Abstract

Organic solar cells (OSC) have received considerable attention
and interest due to their many advantages such as low cost, light weight,
flexibility and easy fabrication. . Until now, the most efficient OSC
devices utilize bulk heterojunction(BHJ)-architecture consisting of a
p-type donor (conjugated polymer) and n-type acceptor (fullerene
derivate) blend to create the ‘Tlargest interfacial area for exciton
dissociation. The goal of this‘research is to design and synthesize a
series of new p-type conjugated polymers to achieve highly efficient BHJ

solar cells.

We have prepared four new polymers including (1) BTDSPS which
obtained by the anionic polymerization; (2) hb-PHBT which obtained by
the hyperbranch polymerization; (3) PBT-co-FO1 and PBT-co-FO2
polymers obtained by Sonogashira coupling. Unfortunately, all these
polymers show poor solubility in common organic solvents. This limits

their application in device fabrication by solution processing approach.
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On the other hand, another series of polymers (Copolymer 1-4)
have been made using donor-acceptor copolymer strategy. Electron-rich
donor is based on cyclopentadienebithiophene (CDT) structure and
electron-deficient acceptors are based on thieno[3,4-b]-pyrazine (TP),
quinoxaline (QU), 2,1,3-benzothiadiazole (BT) and di-thiophene
quinoxaline (DTQU) structures. By microwave-assisted Stille
Pd-catalyzed reactions, we are able to obtain the conjugated polymers
successfully with relatively high molecular weights (Mn = 18700 ~
35500). The absorption of Copolymer 1 covers from 400 to 1000 nm
with a band-gap of 1.21 eV; Copolymer 2~ Copolymer 4 show
absorption peaks ranging from 400.to. 750 nm with band-gap ranging
from 1.61 to 1.82 eV. As expected, strong intramolecular charge transfer
between the donor and the acceptor-along the polymer chain leads to
shifting the optical band gap to:lower energy, allowing them to harvest
more solar energy from visible to near IR. By introducing branched
ethylhexyl chains on the aromatic main chains, these polymers exhibit

excellent solubility and processibility.

The 0OSC devices with configuration of
ITO/PEDOT:PSS/Polymer:PCBM(1:1 wt%)/Ca/Al were fabricated to
evaluate these p-type materials. The preliminary results of the polymers
are shown as followed: Copolymer 1 (Vo= 0.46, J;. = 0.54 mA/cm?, FF
= 36 %, PCE = 0.09 %); Copolymer 2 (V. = 0.623, Jsc = 1.4 mA/cm?,

Y



FF =33 %, PCE = 0.28 %); Copolymer 3 (Vo = 0.632, J;. = 2.1 mA/cm?,
FF=41 %, PCE = 0.55 %).

Because the overall performance of devices could be affected by
various fabrication conditions, further optimization and more
investigation in terms of morphology, blending ratio, annealing

conditions are currently underway.



'

# s

A v FE R ORRGCE e B P Adp 3 A5 ~ R i L
Fougx g ANTIEHFLT F O A o BB P F PR AEHE
GRPEEFR L FA LT - AT AP G P BB
,W*rsgq\.?/\ik A EEFE TR o

BARRHH ERRF AT B A - E X ahiRa gy
o NI E B BRI A YRR RETRE KRG NI AR R
Podp o FEF AR FRR R WAoo A AT RAIN G
RELPF 0 B A PR EE o B G AThEES IR U IR ¥
mﬁ?$$%°%%4£@§?$iﬁmﬁﬁﬁ#uﬁ%r%wﬂﬁ
P H T M B iR B rdp A

..,\\

SR @ AP R

PAOARRMI ST BE LR RS fo PR - 2
12 g PR A e AT G B AT AR T S B R s ek
o AR iR BRI R gl R P A R ehEs 1 30 e
SR SRR RTINS X S DR S

- BEEFERF PR AN IR o IR F UG B ﬂi ¥ oo RHH) P AR

BB FHRIF > FAARBIEIHELT A T BAERE  » EAT
&%ﬁﬁ%?%iﬁ’%’ﬁﬁﬁﬁii;&WW1? R M
PEAnBAE S B > EAR XTI R E DR L SRR LA S S

SRS R 4T S

Moo RS p OB Flhp e o A EEE G S

2= i\gﬁj‘ FOUEE SRRV LS PR R E o AL E}éé%—%ﬁ >

)



AR~ ] ‘%%'%év\w%:ﬂ F oL i FA-F e AR P -
E] S T S o BB T Y PR AT R 0 T eig AR -
SR TP L RIAR TS pOEIR ¥

Jet

P2l s it Ea FaG b Faip 3 BB e RAT > 4 i
.;go};&\;g%&;gx\;Eﬁaa\4,ugif«Fafr5k—Pﬁ##m_@’ﬁ
%R R AT B R R A R E E S Ra ] &

BERBMEFEPIer RIEFRATKTIHRTLE K Tg?ff‘%ﬁﬁ
A A A PR - B REM ot B F S LT - B

ER @{%J& g w@'wmu: < %;:fs—ﬁ fpim o 4p -
.i.

e A_Solar cell w335 e 5 4% & j{&T (RS- - -E UL AP -
TP HE - BREELE A ET
Fru AT sk R IR 0 WA RSB R %

7

-

Foqn- B REATA ] LR E

RBHEd - # L KFe A gp 5 o Fru & BB L —Frr s
P fewm E S BRP - B imiifﬁv A AT k4 B
e Fie b B LR &K DR B E éiﬁi]“f‘ 2Rl SERREI N R TR
BRI FZ MR ERFABRE ) T AP B WA
é*ﬁﬁ%@ﬁ’%ﬁﬁﬁﬁﬁﬁﬁﬁaﬂﬁ%’éﬁﬂéﬁgﬁ
(IS B R

VII



P2 B B I
BT AE R i
S VPP U T VI
B B ettt e et e et te et nreeneens VI
B B B A Xl
Bt B B, X1
- R ORI . v, - / TSR XV
R P A ol R . ..., XVI
o - el ST 1
L1 S B B 7 /T e 1
111 38 S B A T8 R 2
112 3 B IB a7 PRI 3
12 38 S TP o 4
1.2.1 & ~ iz (Bilayer DeVICE).......ccooiviiiiiiiiiiiicncc e, 5
1.2.2 2 F#w ~ 2 (Bulk Heterojuntion Device).........cccocevvnviinininininnne, 6
13 F I R I BB, 6

VIII



1.3.1 5 # = B T it 4544 (Open Circuit Voltage > Vo)............. 8
1.3.2 7 # = B T it g3 (Short Circuit Current » lg).........e.e. 9
133 F W< T4 a2 4 (Fill Factor FF)..osin 10
14 B 2 F SRR BT 10
L T B S 12
o - - SO 14
y 2 TS 14
p L K R LN 14
RS- N1 7Y ] = - T3 - W < 16
231 HHEMILGE 2 2 a3 A i e, 16
232 B FERZ H R M2 o 19
233 T F %2 HHEM3IrM4AE 2 23
234, LB A F B E P A B 25
235 Mt B A F B A F 8 B e 27
236 Mt MEPE AT T FWHERMSNE & 28
237 Mt HEF L3+ T+ XHMEBEM6~M82 M9:hs = ... 32
238 M MEHB AT B LI TILE X ) 39
B T R B R I 41



R . O 41

2 REF 2 52 BHE T o 44
321 B AP 2 & I i i 44
322 FEF Z BHHE T 46
33 MAHEFESE AT 2 HABHR s 47
3317+ %ZF%QMSE'?’?.T‘:%T##%;# ............................................................... 47
3.32% F RMME~MBAFHAF Tt oo 48
34 MaHEFF AL FTZEFE DT 48
BAL B EF 2 & S i e 48
35 FBEBT e AR E................cooorerreerie 49
3.6 EE I S L 56
3.6.1 AFZE EIA AUV-VISE I o, 56
BT B A F A F B T i s 64
38 B A FHME A HT i 65
3.9 AR T 2 B Bl 68
39.1F WA BB e, 68
392F WIH A R # B BT e, 68
393F W IR T A A BB, 71
3.9.4 Copolymer 1~ 42_ 7~ 2 2 B Z 3330 i, 72



B e 79
1% %F }]?c .................................................................................... 81
E o e ) SRS 85

XI



Scheme 1.

Scheme 2.

Scheme 3.

Scheme 4.

Scheme 5.

Scheme 6.

Scheme 7.

Scheme 8.

HA &MLt 2 2 BTDSPSHE L 38 [T, 19
HEPE EFM25E 238 15 e 23
HELEFM3Z2 MATE R T 25
PIAZ A Y B L L A2 A HhD-PHBT oo, 26
r2 Sonogashira coupling = & & = PBT-co-FO ,x 71........... 28
HE M EFMSTIE 32 15 e 32
H A & FME~Ms: 2 i [T e, 39

2 Stille coupling ~ /& & =" Copolymer 1 ~ Copolymer 4..40

XII



21-1 2R3 A+ 3 W IBa i E E2aF 11
%2-1 RECREEFFALAFTAREEE - Th o, 25
231 PRI RLEDREREEFZ AT E - T4 o, 44
232 P RABRELEDREREEFZAFTE- T4 o, 45
£33 Jlr b ARMEPRLEREAFE - Fd s 49
234 BALAFREF DR EEET i, 51
235 MAaMEFEFAFREBT M FET 54
236 B L F PUVBATE BB il e oo, 57
237 MaMEGFEEALAFELEIAIVENC L B o, 61
%3-8 MAHMEEFEFAF L FTERGFRET , 67
% 3-9 Copolymer 17 i fiFiE 2 - & i, 70
% 3-10 Copolymer 2e77 i GIFEE - & e, 70
% 3-11 Copolymer 3e7 i FIFEE - & e, 71
# 3-12 Copolymer 47 2 GLITIEE - & i, 71

% 3-13 &AM 1.5G illumination spectra(100 mW/cm?®) ™ Copolymer 1~

Copolymerd ez 2 B 2 T 76

XII



=

q =5 =H

=

H O H ® H H H H H H H

1-1.

1-2.

1-3.

1-4.

1-5.

1-6.

1-7.

3-1

3-2

3-3

3-6

3-7

3-8

3-9

LGRS

Charge transfer through potential gradient...........................4

The device structure of (a) bilayer photovoltaics (b) BHJ phot-

(0170] 1 - [ USSR 5
I-V curve of solar cell device..........cccoovriiiiiiniiie e 7
The equation of (a) efficiency (b) fill factor............c...ccceven. 8
Relation between donor and different acceptors............ccccve.ee. 8

Linear correlation between V. and the different oxidation pote-

ntial energy....... o .. oo B e O

The ideal structure of BHJ solarcell..............cccoooiiiiiinnnn, 12
B L 7 BTDSPSEICEVB. ...ttt 52
B L 7 hD-PHBTEICV R ...ccovi i 52
B L 7 PBT-CO-FOLACV R ...oooiiiiiiieiee e 53
B L 7 PBT-CO-FO2CV R ...ooiiiiciiee e 53
e M+ 958 4 F (Copolymer 1) CV Bl....coovveveeeeceeneeee, 55
% it M4 = 3= 5 & F (Copolymer 2)sriCV B ...ccveeveeviecieeciee, 55
M X = 8 4~ 3 (Copolymer 3)erCV R ..o 56
M X 5= 8 4~ 3 (Copolymer 4)enCV R 56
FE 7 BTDSPSUVE T R 3 i 58

XIV



H =

¥ H ®H H H ®H H H H FH H

3-10

3-11

3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

3-22

>

/%‘/\é\' «f’”hb PHBT -"/:, Vi @T E'T/”JUV“JL’]?C%‘H‘...................59

F & #PBT-co-FOL A3 7% it ™ ehUVefe K 3. 59
B E #PBT-co-FO2 &% i ix T enUVe g 2§ ..., 60
Copolymer 1~ 4>t F AUV ..o 61
Copolymer 1~ 4> & B8 SOUV B o 62
T X REE A R A BB Bl 63
7T + X $TP{rBT sharomaticfequinoid®; 3% Bl........cocveeenne, 64
it M= 3= 8 & + (Copolymer 1)eriTGAR ..o, 67
I R TR o 68
Copolymer 1z IEVa S B 73
Copolymer 22_ Zg@ TR T i d 2B, 74
Copolymer 22_1-Vd ZBB]..c.ccoeiiieieecie e 74
Copolymer 32_1-Vd FBB]....cccoeiiieieecie e 75

XV



W Om B

TH-NMR SPeCtrum Of (2)......ccveeeeeeeeeeeeeeseeeeeeeeeeeeee e 85
TH-NMR SPECLrUM OF (4) ... 86
'H-NMR spectrum of (ML).......ccoveeeeeeeeseeeeeeeeeeeeeeeeesenes 87
'H-NMR SPectrum Of (8)......ccveevieeeeeeeeeseeeeeeeeeeeeee e 88
'H-NMR SPectrum 0f (9).......ccveeeieeeeeeeeeseeeeeeeeee e 89
'H-NMR spectrum of (10)........coevireeeeeeeseeeeeeeeeeeeeee e 90
'H-NMR spectrum 0f (11). . it 91
'H-NMR spectrumMiof (13) it trieeeeeeeeeeeeeeeeeeeeeeeeeee s 92
'H-NMR spectrum of (M2). i e 93
'H-NMR spectrum of (M3).......cccoiereeeeeeeeeeeeeeeeeeeeeneeae 94
'H-NMR spectrum of (M4).........ocoreeieeeeseeeeeeeeeeeeeeeesee s 95
'H-NMR SPectrum 0Of (18).....ccoeviueeeeeeeeseeeseeeseeseeesseesenes 96
'H-NMR Spectrum of (19).....ccoveieeeeeeeeeseeeseeeeeeeeeeseeeenes 97
'H-NMR Spectrum 0of (20).......covvireeeeeeseeeeeeeeeeeeeeeeeeseenes 08
'H -NMR SPectrum Of (21)......ccceveueeeeeeeeeseeeeeeeseeseeessesenes 99
'H -NMR Spectrum 0f (23).......cccveereeereeieeeeeseeseeeeeeens 100
'H -NMR spectrum of (M5).......cccoeeurieereeieeeeeeeeenee e, 101

XVI



118,

o B119

“ §120

# F121.
4 122,
4 123,
' 124,
' 1 25.
4 1 26.
127,
' 128,
" 129,
" 130,
4 F131.
4 F132.
" 133,
' 134,
4 135.

136

'H -NMR Spectrum of (27).......ccereeeeeeeeeeeeeeeseeeeeeene 102
'H-NMR spectrum of (MB). .....coveuveieeeeeseeeeeeeeeereeereenene, 103
'H -NMR SPectrum 0f (28)........cccoueeveeeeereeeeersereeesseenens. 104
'H -NMR spectrum of (M7).....ocveeeeeeeeeeeee e, 105
'H -NMR Spectrum of (29)........cccouereereeireeeeseressesenens 106
'H -NMR spectrum of (30).......cccererieeieereeeeseeeeene 107
'H -NMR spectrum of (M8)........covevieereeeieeeeeeeeeee e, 108
'H -NMR spectrum of (M9)........cooevrieereeeeeeee e, 109
BC-NMR spectrumOf (2)... e, 110
BC-NMR spectrtmof (4) it rteeeeeeeeeeeeeeeeeeeeeee e 111
BC-NMR spectrum OfF (ML) it 112
BC-NMR Spectrum Of (8)......coveureeeereeereeieereeeeeeeeeeeeen, 113
BC-NMR Spectrum Of (9)......covevreeeereeereeeeeeeeeeeeee s 114
BC-NMR spectrum 0f (10)........cccveeerieerieieereeeeeeeeeene 115
BC-NMR Spectrum of (11).....coveeeeeeereeereeeeeeeeeeneeeee e 116
BC-NMR spectrum Of (13)......cceveeeerierrieieeeeeeeseeee e 117
BC-NMR Spectrum 0f (M2).......cveereeeeeeeeeeeeeeeeeeeen, 118
BC-NMR spectrum of (M3)......ocovvieerieeeeeeeeeeeeeeeeeenene 119
BC-NMR spectrum of (M4).......ccooereeeeeeeeeeeeeeeeeeeen, 120

XVII



it 137,
it 1138,
it 1139
it §140.
it B141.
it 142,
it 143,
it 144,
it 145,
it 146,
it B14T.
it 148,
it 149
tit 150,
it B151.
it 152,
it 153,
fif 154,

fit IF155.

BC-NMR spectrum Of (18)........ccvvevreerrieeieeeeeeeseeeeene 121

BC-NMR spectrum 0f (19)......ccccveeerierreeieeeeeeeeeeeeene 122
BC-NMR spectrum 0f (20)........cccoeevrierrieeieereeeeseeeeeene 123
BC-NMR Spectrum Of (21)......cceveeeereeereeeeeeeeeeseeeeeene 124
BC-NMR spectrum Of (23)......cceveereeeeeeieeeeeeeesereeeeen, 125
BC-NMR Spectrum 0f (M5).......ccoeeerieereeeeeeeeeeeeeeeeeeeene 126
BC-NMR Spectrum Of (25)......coceveeeereerrieieeseeeeesereeeeens 127
BC-NMR Spectrum Of (27)....c.coeveeeeeeeeeeieeeeeeeeeeseee e 128
BC-NMR spectrum Of (MB). e ..oveveeeeeeeeeeeeeeeeeea, 129
BC-NMR spectrtmof (28) .t rieeeeeeeeeeeeeeeeeeeee e, 130
BC-NMR spectrum 0 (29). it 131
BC-NMR spectrum 0f (30).......cccvieerieerieeieeeeeeeeseeeeens 132
BC-NMR Spectrum of (M7).....ooevieeeeeeeeeeeeeeeeeeeeeeeene 133
BC-NMR spectrum of (M8)........covevrieeeeeeeeeeeeeeeeeeseene 134
BC-NMR spectrum of (M9).......cvvevrieereeeeeeeeeeeeeeeeene 135
Mass spectrum of (ML) ......cccoovieiiiiiiec e 136
Mass spectrum of (8) .....ccovvveeiiiice e 137
Mass spectrum of (9)......cccveve i 138
Mass spectrum Of (L10) ....cccoeveeeiiiieecee e 139

XVIII



‘i 1 56.
"t 157,
it B8] 58.
"it B8] 59.
*i+ B8] 60.
"it 1161
it B 62.
"t 163,
"t 18164,
"+ [ 65.
1 I8 66.
"t 167,
"t 181 68.
"t [8169.
4 B 70.
"RITL
it R 72.
it 1 73.

i 174,

Mass spectrum Of (11) ...ccoeeveeiiieieeee e 140

Mass spectrum Of (13) ...ccoeiveeiiieeeee e 141
Mass spectrum of (M2) .......cocoovieiieeiee e 142
Mass spectrum of (M3) .......cccooiieiiiiiee e 143
Mass spectrum of (M4) .......cocooiieieiee e 144
Mass spectrum Of (18) .....cccoceeeiieiieiee e 145
Mass spectrum Of (19) .....ccccoveeiiiiiece e 146
Mass spectrum Of (20) .....ccevvveeiiiiiiece e 147
Mass spectrum of (21) ... .. i 148
Mass spectrum of (23) ... il 149
Mass spectrum oF-(IM5) ... i 150
Mass spectrum Of (25) ....ccovvveiii e 151
Mass Spectrum Of (27) ...ocvvevveeieece e 152
Mass spectrum of (MB6) .........cccoviiieiiiiecce e 153
Mass spectrum OF (28) ....ccccvveeviieiieieeee e 154
Mass spectrum of (M7) ..o 155
Mass spectrum Of (29) ....ccovveeiiiece e 156
Mass spectrum of (M8) .......ccccooviiieiiiec e 157
Mass spectrum of (M9) ..o 158

XIX



"t B 75.
‘it B 76.
"t B 77,
i+ B 78.
it B 79.
i+ B8] 80.
"t 181
"it B8 82.
it B 83.
"t 8184,
1 B8] 85.
"+ [ 86.
"t 187,

ft 171 88.

'H-NMR spectrum of PBT-CO-FOL.......cccooovvrirerirrisreeeen. 159

'H-NMR spectrum of PBT-CO-FO2.........ccccovieerirrirrrrnn. 160
'H-NMR spectrum of Copolymer L.........cccoovvevvicvrieene. 161
'H-NMR spectrum of Copolymer 2..........cccooovveevicvreeen. 162
'H-NMR spectrum of Copolymer 3.........ccccoovvviereesreeen. 163
'H-NMR spectrum of Copolymer 4..........c.cocoveevvievreeene. 164
TGA 0Of CopolYMEr L....ccviiiiiiieccie e 165
DSC of Copolymer L........ccooiveiieieecee e 165
TGA of Copolymeri2..........iilu e 166
DSC of CopolymMEr2.... ..ot 166
TGA of Copolymer 3. il 167
DSC of COpOIYMEr 3.....oooiiiiieece e 167
TGA 0of CopolYMEr 3. 168
DSC of COPOIYMEr 3.....oociiiiiiece e 168

XX



