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Abstract

Increasing energy demands and concerns about global warming have been driving
a great need to develop environmentally friendly renewable energy resources in the past
few decades. Conversion of solar energy into electricity via photovoltaic technologies
provides a sustainable approach to addressing these issues. Both dye-sensitized solar
cells (DSSCs) and organic solar cells (OSCs) have been regarded as highly promising
and cost-effective alternatives to the market dominant silicon-based counterparts.

This dissertation describes my research efforts in the design, synthesis, and
characterization of small-molecule and polymeric materials for DSSCs and OSCs, with
the focus on the exploration of structure—property relationships and their correlations to
device performance. It is organized as follows. Chapter 1 gives a brief overview of
bandgap engineering of m-conjugated aromatic systems. Chapter 2 deals with the design
principles, synthesis, and characterization of three series of organic sensitizers as well as
their application in DSSCs. Chapter 3 describes eight small-molecule donor materials
for use in vacuum-deposited OSCs. Their synthesis, physical properties, and
photovoltaic performance are discussed. Chapter 4 describes the synthesis and
optoelectronic characterization of two p-type conjugated polymers as well as their use
as donors in solution-processed polymer bulk heterojunction solar cells. Furthermore, a
short summary of state-of-the-art photosensitizers for DSSCs as well as molecular
donors and polymeric donors for OSCs is respectively presented in the beginning of

Chapter 2, 3, and 4.

il



Contents

B2 B B s 1
ADSETACT. ..ottt et ettt e b et e bt e ab e et e eateenbeesneeenees i
COMEENES ..ttt ettt ettt e st e e st e e it e e bt e e sbbeesbbeesabteesabeeeeanee il
LSt OF FIGUIES. ....vieiiieiiece ettt et sttt et e s e e X
LSt OF SCREMES ...ttt sttt et eebe e e XV
LSt OF TADIES ...ttt ettt et e Xviii
Chemical Structure INAeX ..........ceeiuieiiiiiiiie e XX
Chapter 1. Bandgap Engineering of n-Conjugated Aromatic Systems................... 1

RETEIENCES. ...ttt ettt sttt e et e beesabeenee e 13

Chapter 2. Development of Organic Sensitizers for Dye-Sensitized Solar Cells . 15

21 INEEOAUCTION -t e e e e e e e e e e e e e e e e e e e eaeeeeeeeeeaenanas 15

2-2  Organic  Donor-n-Bridge-Acceptor Dyes Containing a  Coplanar

Diphenyl-Substituted Dithienosilole as the m-Bridge ...........ccccovvveviriinienieninee. 18
2-2-1 SYNENESIS ...veeiiiieiieeiieiieeie ettt et e et e et esebeeteesabeebeessseeseessseenseensnas 19
2-2-2 Optical PrOPETLIES ...ccuveriieiieiiiiierieeieeitest ettt 20
2-2-3 Theoretical Calculations..........cueevueeriierieniieieeie e 21

iii



2-2-4 Electrochemical Properties.......c..cccuieeiuieeeiiieeeiieesiie e e it s sieveseenee e 22

2-2-5 Photovoltaic and Electrochemical Impedance Characteristics................... 24

2-3 Organic Donor—Acceptor—Acceptor Dyes Featuring Pyrimidine as the Bridging

YN 1<) o110 ) TP 28
2-3-1 SYNENESIS ...eeeiiiiiieiiieiie ettt ettt e e teesite bt essbeeaeeeaaeenbeeennas 29
2-3-2 Optical PIOPETLIES «..ccuveviiiieiiieiieieeieeitet ettt 30
2-3-3 Theoretical Calculations..........c.cevuieriiiiieiiieiee e 32
2-3-4 Electrochemical Properties..........cccveeeiuieeeiiieeeiieesiie e eive e e 33
2-3-5 Photovoltaic and Electrochemical Impedance Characteristics................... 34

2-4 Organic Donor—Acceptor—Acceptor Dyes Featuring 2,1,3-Benzothiadiazole as the

Brid@ing ACCEPLOT. .. .ceiuiieiieeiieetieeie ettt ettt et stte et eebeesaeeenbe e seeenseenne 38
2-4-1 SYNENESIS ....eeiiiieiieeiiietieeie ettt ettt e et e e et esabeebeessbeeseesnaeenseennnes 38
2-4-2 Optical PIOPETLIES ...ccuveeviiiieiieiienieeieeteieete ettt 39
2-4-3 Theoretical Calculations..........cucevueeiiiiiieiiieiee e 41
2-4-4 Electrochemical Properties.......c..cccveeeiuiieeiiieeeiieeeiee e seeeeveee e 42
2-4-5 Photovoltaic CharaCteriStiCs .........ceoeruerieriieieniieie ettt 43

2-5 CONCIUSIONS ...ttt sttt sttt et st eaees 46

v



2-6 Experimental Details .........c.cocoviiiiiiiiiiiieciieeee e e 48

2T RETETEINCES .o e et e e e e e e e e et e eease st te e as 72

Chapter 3. Development of Donor Materials for Vacuum-Deposited Small-Molecule
OrganiC SOLAr CellS........coiuiiiiiiiiieiie ettt et steeebe e e 77

RIS I 63150 76 18101510 ) s WUUUUUUUU 77

3-2 A Donor-n-Bridge—Acceptor Molecular Donor Bearing a Coplanar

Diphenyl-Substituted Dithienosilole as the m-Bridge ...........ccccevieviniiniinenieneenne. 82
321 SYNERESIS ..ttt ettt sttt sttt s 83
3-2-2 OPtiCal PTOPETLIES ...oeeeviieeiiieeiieeciee et ettt etee e ree e e e e e enes 83
3-2-3 Electrochemical Properti€s.........ccccveeviieeiiiiesiieeeiie e 85
3-2-4 Photovoltaic CharacteriStiCs .........eceerereerierieniieieeienieeie et eie st 85

3-3 A Donor—Acceptor—Acceptor Molecular Donor Featuring 2,1,3-Benzothiadiazole

as the Bridging ACCEPLOT .......eeiuiieiieeiieeieeete ettt ettt ettt 89
3-3-1 SYNERESIS ..eeeiiieiiieeiie ettt ettt ettt e et e e enaeeree s 90
3-3-2 Crystal Structure and Packing ..........ccccoceviiiiniiniinininiicnceceeecee 91
3-3-3 Electrochemical Properti€s.........cccuueeriieeiiieeiiiieeiee e 92
3-3-4 OPtical PTOPETTIES ....eeeviieeiiieeiiieciee ettt ettt e e e e e 93



3-3-5 Quantum Mechanical Calculations.............cccueeeeeiiiieeeiiiiiececiiie i 94

3-3-6 Photovoltaic CRAraCtEIISTICS «.uuueeeeeeeeeeeeeeeeeeee e e e e ee e e e e e e eeeeeeese st ietanaaeeaaeens 96

3-4 A Donor—Acceptor—Acceptor Molecular Donor Featuring Pyrimidine as the

Brid@ing ACCEPLOT. ... coiuiiiiieeiieetiecie ettt ettt ettt e et eeebeeaeeesbe e seeenseenee 98
3-4-1 SYNTNESIS ...eeuiieiiieeiiieiieeie ettt ettt et e et e s be et eenbe e b e enaeenseens 98
3-4-2 Crystal Structure and Packing ..........ccccoceviiiiniiiniiiiniiniiceceeecee 99
3-4-3 OPtical PTOPETTIES ....eeeviieeiiieeiieecite et etee et e vee e e e e e 99
3-4-4 Photovoltaic and Mobility Characteristics ..........ccceeervrerireencrieenrieenreenns 100

3-5 Structural Modification of Donor Moieties of 2,1,3-Benzothiadiazole-Containing

Donor—Acceptor—Acceptor Molecular Donors..........cccveevveeerieeeniieeeniie e 103
3-5-1 SYNERESIS ...eeeiiieiieeiieie ettt ettt ettt et aee e 103
3-5-2 Crystal Structures and Packings ...........ccceeveriieiiiinieinienieeeeceeee e 104
3-5-3 Thermal ProPerties ........ccceeeeeiieriieeiieiie ettt 106
3-5-4 Electrochemical Properti€s.........cccuvieiuiieeiiieeiieeeiieeeiee e 106
3-5-5 Optical PTOPETTIES ....ececvvieeiiieeiieecieeeeiee ettt ete e ee e aeeeeireeesaaeeenaee e 108
3-5-6 Photovoltaic and Mobility CharacteristiCs ...........ccceervercvrerreenieerieennnennn. 110

3-6 Acceptor—Acceptor—Donor—Acceptor—Acceptor Molecular Donors.............. 117

vi



3-6-1 SYNTNESIS ..cuviieiiiieiiiie ettt ettt e et e e ste e e saee e saeeesaaa s e atneenrneeens 117

3-6-2 Thermal PrOPEIti€s ........ccceeieeiiieriiieiieiieeieeeiieeieeseee e eeieeeveessissnnaseseeenee 118
3-6-3 Electrochemical Properties..........ccoecueeruierieeniieniieiie e 118
3-6-4 Optical PrOPEITIES ....ccuveevieeiiieiieiiie ettt ettt 120
3-6-5 Photovoltaic CharacteriStiCs ........ccuierurreriiieeeiieeciee et e eieeeereeeeveeeseveeens 120
3-7 CONCIUSIONS .ttt ettt et e bt e et eebeesateebee e 124
3-8 Experimental Details .........ccccuieeiiiiiiiiiieiiii et 126
329 RETEIEIICES ....eouviiiiiiiieeiteete ettt st et e 140

Chapter 4. Development of Polymeric Donors for Bulk Heterojunction Solar Cells

145
4-1 INErOAUCLION ..ottt 145
4-2 A New PTB Family POlymer ........ccceoiviiieiiiniieiecieeeeeeee e 148
4-2-1 SYNRESIS ...eueiiiiieiee e 151
4-2-2 Optical PrOPeIties ...ccuveeeeerieeiiieeiieeeeiiee et eeeeeeree et e e e e e e e eraee e 152
4-2-3 Electrochemical Properties........c.cceecuveeriiiieriieeiiie e 153
4-2-4 Photovoltaic CharacteriStiCs .........eevueruerrierieniieieeienieeie st 154
4-3 A p-Type Polymer Based on a Nine-Ringed Heteroacene........................ 156

vii



G Rl BN 111 1 ToES) (USSR B sesRRP 158

4-3-2 OPpiCal PTOPEILIES ....veevvieiiieiieeiieeiie ettt ettt seesebaesanesnseens 159
4-3-3 Electrochemical Properties .........cocverieeiieniieeiiieiieeieesiie et 162
4-3-4 Photovoltaic CharacteriStiCs ..........eeouerirrierieniieienienieee e 162
4-4 CONCIUSIONS .eviieeiiieeiie e ettt e et e e et e e et e e e eteeesteeesbeeesabeeessseeesssesensseeensseaans 164
4-5 Experimental Details ........cc.ccocuieieiiieiiiieiie e 165
4-6 RETEIENICES ..o 178

viii



List of Figures

Figure 1-1. AM1.5 photon flux from the sun at the earth’s surface as a function of
wavelength. The black trace indicates the photon flux, and the red trace represents the
percentage of solar photons below the given wavelength as obtained by integrating the
PROTON TIUX. ..ottt et e st e et esteebeesnaeens 1
Figure 1-2. Schematic presentation of the non-degenerate aromatic and quinoid
TESONANCE TOTTIIS. ...eoutiiiiiieiie ettt ettt ettt et e st e e b e et e e beeenbeebeeenbeenseesaneans 2
Figure 2-1. (a) Absorption and emission spectra of TPCADTS and TP6CADTS
measured in fert-butanol-acetonitrile (1:1, v/v) solutions. (b) Absorption spectra of the
dyes anchoring on the 7 um porous TiO, nanoparticle films...........ccccveevverciieniienneenen. 21
Figure 2-2. Frontier molecular orbitals of (a) TPCADTS and (b) TP6CADTS
calculated With DFT. ..o 22

Figure 2-3. Cyclic voltammograms of TPCADTS and TP6CADTS recorded in solutions.

Figure 2-4. (a) IPCE spectra and (b) J-V curves of DSSCs based on TPCADTS and
TPOCADTS. ...ttt sttt 25
Figure 2-5. EIS (a) Nyquist plots and (b) Bode phase plots for DSSCs based on
TPCADTS and TPOCADTS. ..ot 27

Figure 2-6. (a) Absorption and emission spectra of DPTP (squares), OMeDPTP (circles),

X



OHexDPTP (diamonds), and M-TP (triangles) measured in fert-butanol-acetonitrile

(1:1, v/v) solutions. (b) Absorption spectra of the dyes anchoring on 7 um porous TiO,

NANOPATTICIE FIIMS. ..veiiiiiiiiee e e e e e e 31

Figure 2-7. Absorption spectra of DPTP in different solvents. ............cccceeiieiennnnen. 32

Figure 2-8. HOMOs and LUMOs of the dyes DPTP, OMeDPTP, OHexDPTP, and

M-TP calculated WIth DEFT. ..o e e e e e e e e e e reaaaeaaaeaeees 33

Figure 2-9. Cyclic voltammograms of DPTP, OMeDPTP, OHexDPTB, and M-TP

TECOTAEA T11 SOTULIONS. ..ottt et e e e e e e e e e et e eaeeeeeeeraeaaaaaeeeaeeneees 34

Figure 2-10. (a) IPCE spectra and (b) J-V curves of DSSCs based on DPTP, OMeDPTP,

OHexXDPTP, and M-TP.......ooooiiiiiiiiieeeee et 35

Figure 2-11. EIS (a) Nyquist plots and (b) Bode phase plots for DSSCs based on DPTP,

OMeDPTP, and OHexXDPTP. .........ccooiiiiiiiiieee e 37

Figure 2-12. Absorption spectra of DPTB, OMeDPTB, and OHexDPTB (a) in CH,Cl,

solutions (b) anchoring on 7 um porous TiO, nanoparticle films. ...........cccceeverienennens 40

Figure 2-13. HOMOs and LUMOs of the dyes DPTB, OMeDPTB, and OHexDPTB

CAlCULAtEd WItH DEF T . oo e e e e e e e e e e eeaeeeeaaeneees 41

Figure 2-14. Cyclic voltammograms of DPTB, OMeDPTB, and OHexDPTB recorded

11 SOTULIONIS et e ettt e e e e e et e e e e e e e e e e e e e e e e e e e e e e e eaeeeeeeaeaaenaaaaaeaaeeae 43

Figure 2-15. (a) IPCE spectra and (b) J~F curves of DSSCs based on DPTB, OMeDPTB,

X



and OHexDPTB in conjunction with the EL2 electrolyte. .........c.cccoceviiiiiiviinmnecnennne. 45

Figure 3-1. Absorption spectra of TPDCDTS in a CH,Cl, solution and as a thin film. 83

Figure 3-2. (a) Ordinary and extraordinary optical constants of TPDCDTS thin-film

spectra. (b) Optical constants of Cgp and Cyo thin-film spectra. ..........cccccvvevevieeecrveennnenn. 84

Figure 3-3. Cyclic voltammogram of TPDCDTS measured in a CH,Cl, solution. ...... 85

Figure 3-4. J-V characteristics of TPDCDTS:Cso PMHIJ solar cells with different

hole-tranSPOTtiNg LAYETS. ...c..vieeiiieeiieeciie ettt ettt tee e srae e s ae e e e beeeenbeeenes 86

Figure 3-5. (a) J~V characteristics and (b) EQE spectra of TPDCDTS:Csy PMHJ (square)

and TPDCDTS:C7y PMHIJ (circle) solar cells. .......ccoouieniiiiiiiiiiiiieieeeeieeeeee e 88

Figure 3-6. X-ray-determined molecular structure and crystal packing of DTDCTB... 92

Figure 3-7. Cyclic voltammograms of DTDCTB in solution. .........c.ccccceveveveenienicnnnene 93

Figure 3-8. (a) Normalized absorption spectra of DTDCTB in CH,Cl, and as a thin film.

(b) Optical constants of DTDCTB, Ce, and Cy thin-film spectra. ............ccccueerueenenne. 94

Figure 3-9. Isodensity surface plots of the HOMO and LUMO of DTDCTB............... 95

Figure 3-10. Computed absorption spectrum of DTDCTB in CH,Cl; (oscillator strengths

Figure 3-11. (a) J-V characteristics and (b) EQE spectra of DTDCTB:Csy PMHIJ (squares)

and DTDCTB:C;9 PMHJ (circles) solar cells..........cooviiiiiiniiiiiiiiiieeeeeeeee, 97

Figure 3-12. The X-ray analyzed molecular structure and crystal packing of DTDCTP.

X1



Figure 3-13. (a) Absorption spectra of DTDCTP in CH,Cl, and as a thin film. (b) &

spectra of DTDCTP, Cqg, and Crg thin films. ........ccooviiiiiiiiiiieeceeee, 100

Figure 3-14. (a) J-V curves and (b) EQE spectra of DTDCTP:Csy PMHIJ (squares) and

DTDCTP:C;9 PMHIJ (circles) solar cells. ........ccoooieniiiiiiiniieiieieciececeee e 101

Figure 3-15. Electron and hole mobilities in the DTDCTP:Cy mixed layer. ............. 102

Figure 3-16. X-ray-determined molecular structures and crystal packings of DTDCTB

and DTDCPB. ..ottt ettt st 105

Figure 3-17. Cyclic voltammograms of DPDCPB, DTDCPB, DPDCTB, and DTDCTB

TECOTAEA TN SOTULION. ettt e e e e e e e e e e e e e e e e eeeeeaeraaaeaaaaees 108

Figure 3-18. Absorption spectra of DPDCTB (squares), DTDCTB (circles), DPDCPB

(triangles), and DTDCPB (diamonds) (a) in CH,Cl, solutions and (b) as

vacuum-deposited thin filmS. ........c.coooviiiiiiieiie e 109

Figure 3-19. (a) Optical constants of DPDCTB (squares), DTDCTB (circles), DPDCPB

(triangles), and DTDCPB (diamonds) thin-film spectra. (b) Ordinary and extraordinary

optical constants of DPDCPB and DTDCPB thin-film spectra. ........c..ccceeeeniricnnnene 110

Figure 3-20. (a) Mismatch-corrected J—V characteristics (under 1 sun, AM 1.5G

illumination) and (b) EQE spectra of DPDCTB:C7 (1:1.6) (squares), DTDCTB:C

(1:1.6) (circles), DPDCPB:Cy (1:1.6) (triangles), DTDCPB:C7 (1:1.6) (diamonds), and

Xii



DPDCPB:C7 (1:1) (stars) PMHJ solar Cells. ......coooveviieiiiieiieieieiecieeite e 112

Figure 3-21. Certification report for the DTDCPB:C5 (1:1.6) PMHJ device............. 114

Figure 3-22. Electron and hole mobilities for the DTDCPB:C (1:1.6) and DTDCPB:C5

[ B T o) (S5 0 1a I TSP SPR 115

Figure 3-23. Cyclic voltammograms of BCNDTS and BDCDTS recorded in solution.

Inset: the selected reduction region of the differential pulse voltammogram of BCNDTS.

Figure 3-24. Normalized absorption spectra of BCNDTS and BDCDTS in CH,Cl,

SOIULIONS AN AS thill TIIMIS. «.eee et e e e e eeeae e ns 120

Figure 3-25. J=V curves and EQE spectra (inset) of BCNDTS (BDCDTS)/Cqo (C70) PHJ

QEVICES. ettt et e e e e ettt e e e e e e e e e e aae e e e e e aaae e e e e e e ———————aaaeaes 121

Figure 3-26. (a) J—V curves and (b) EQE spectra of BCNDTS:Cs (C79) PMHIJ devices.

Figure 4-1. Normalized absorption spectra of PTB10 in a CHCl; solution and as a thin

FIIML Lttt ettt 153

Figure 4-2. Cyclic voltammograms of PTB10 thin film drop-cast on a glassy carbon

electrode in a 0.1 M BusNPFg/CH3CN SOIULION. ..eeeieieiieee e eeaeee 154

Figure 4-3. The J-V curve of the PTB10:PC7;BM BHJ device........cccceevieniinniennnenn. 155

Figure 4-4. Normalized absorption and emission spectra of 4-9a and 4-9b in CHCl;. 160

xiii



Figure 4-5. Normalized absorption spectra of PTTB in a CHCI; solution and as a thin
711 11 TS S YOOI OO RYPPYOTRPTRURUORIOURURUPPYPPUPRTOTRURRRRRURTORRORt. LA, Y 10000 | 161
Figure 4-6. Cyclic voltammograms of PTTB thin film cast on a glassy carbon electrode
iNa0.1 M BusNPFg/CH3CN SOIULION. ...ceetteieneeee et eeeeeeeeeeeeaeeaees 162

Figure 4-7. The J-V curve of the PTTB:PC7,BM BHIJ device. ........ccccoeeeeviieniennnenn. 163

X1v



List of Schemes

Scheme 1-1. Examples that illustrate the effect of conjugation length on bandgaps....... 3

Scheme 1-2. The effect of aromatic stabilization resonance energy on bandgaps:

phenylene vs thIOPhene. ..........cociiiiiiiiiiiii e 4

Scheme 1-3. The effect of aromatic stabilization resonance energy on bandgaps:

insertion of a double bond between two aromatic rings. ........ccocueeveerieeiieeneeniieenieeieene 5

Scheme 1-4. The effect of aromatic stabilization resonance energy on bandgaps: the

number Of 7-€leCtrons Of ATrOIMATIC UINIES. .eeevuunneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeraaeeeeeeereeennns 5

Scheme 1-5. The effect of aromatic stabilization resonance energy on bandgaps: quinoid

resonance structure stabilization by using benzo[c]thiophene and naphtho[c]thiophene. 6

Scheme 1-6. The effect of aromatic stabilization resonance energy on bandgaps: quinoid

resonance structure stabilization by adopting thieno[3,4-b]thiophene...........ccccevuennnenn. 7

Scheme 1-7. Chemical structures and bandgaps of the homopolymer P4 and the

alternating polymers PS5 and PO..............cocoiiiiiiiiiiiiiiiee e 7

Scheme 1-8. Chemical structures and bandgaps of the homopolymers (P2 and P4) and

the D—A polymers (P7 and P8). .......cccoooiiiiiieieeeee et 8

Scheme 1-9. Examples (1-16~1-17, 1-18~1-19, and 1-20~1-21) that illustrate the effect

of electron-withdrawing substituents on bandgaps. .........cccoeeeeviiiiiiiiienieeeee e 9

XV



Scheme 1-10. Examples (1-22~1-23 as well as 1-24 and 1-10°) illustrating the effect of
electron-donating substituents on bandgaps. ........ccceecveeeeiieeeriiieeiiie et 10
Scheme 1-11. Examples illustrating the planarization/rigidification effect on the bandgap
Of SMAll MOLECUIES. ...t 11

Scheme 1-12. Examples illustrating the planarization/rigidification effect on the bandgap

OF D—A POLYIMETS. ..eeiieiieeiiieee et ettt e e e e e ebeeetaeeeaaeeeanaeeennaeas 12
Scheme 2-1. Highly efficient ruthenium sensitizers for DSSCs. .......ccccceveiiiiiieennnens 16
Scheme 2-2. Champion organic sensitizers for DSSCS.......cccovvvviiiiiiieeiiieiieeeiee e 17
Scheme 2-3. Synthesis of TPCADTS and TPOCADTS. .........cccccoviiiiiniiiinicnicicene 20

Scheme 2-4. The synthetic routes to the dyes DPTP, OMeDPTP, OHexDPTP, and the

MOdel dye M=TP. ..ottt ettt 30
Scheme 2-5. Synthesis of the dyes DPTB, OMeDPTB, and OHexDPTB................... 39
Scheme 3-1. Solution-processed molecular donors with PCEs of over 5%................... 78
Scheme 3-2. High-performance vacuum-processed molecular donors. ...........cc.ceeuvene. 79
Scheme 3-3. Synthesis of TPDCDTS. ......ccooiiiiiiiiiiieteeeetceee e 83
Scheme 3-4. Molecular Structures of D—A—A sensitizers and their counterparts. ......... 89
Scheme 3-5. Synthetic route to DTDCTB. ......ccccccooiiiiiiiiiiiccceeee 91
Scheme 3-6. Synthetic route to DTDCTP. ......ccccooiiiiiiiiiiiiiceeee 98

Scheme 3-7. Synthetic route for D-A—A donors DPDCTB, DTDCTB, DPDCPB, and

Xvi



DTDCPB....

Scheme 3-8.

Scheme 4-1.

Scheme 4-2.

Scheme 4-3.

Scheme 4-4.

Scheme 4-5.

Scheme 4-6.

Scheme 4-7.

Scheme 4-8.

.................................................................................................................. 104
Synthesis of BCNDTS, BDCDTS, and their building blocks. ............... 118
Several state-of-the-art polymeric donors with PCEs of 7-8%............... 147
Chemical structures of PTB1-PTBY. ..........ccccooiiiiiiiieeeeee, 149
Chemical structures of PTB7 and PTB10.............cccoooiiiiiiiiiiiienee. 150
Synthetic route to the polymer PTB10..........c..ccccooiiiiiiiniinininicenee. 152
Efficient semi-ladder polymers with PCEs of over 6%...........c.cccccee..... 156
Chemical structures of PTAT-3 and PTDBD2...............cccoooiiiiiininnen. 157
Synthesis of the nine-ringed heteroacenes 4-9a and 4-9b....................... 159
Synthesis of the polymer PTTB........cccccocioiiiininiiiiececeee, 159

Xvii



List of Tables

Table 2-1. Photophysical and electrochemical parameters of the dyes TPCADTS and

TPOCADTS. ...t s 21

Table 2-2. Performance parameters of DSSCs sensitized with the dyes TPCADTS,

TPOCADTS, and NT19.% ..ottt 25

Table 2-3. Photophysical and electrochemical parameters as well as adsorbed amount on

TiO, of the dyes DPTP, OMeDPTP, OHexDPTP, and M-TP...............cccvvervennnen. 32

Table 2-4. Performance parameters of DSSCs sensitized with the dyes DPTP,

OMeDPTP, OHexDPTP, M-TP, and NT719. ....oooiieeeeeeeeeeeeeeeeeeeeeeee e 36

Table 2-5. Photophysical and electrochemical parameters of the dyes DPTB, OMeDPTB,

and OHeEXD P T B. ... 40

Table 2-6. Performance parameters of DSSCs based on the dyes DPTB, OMeDPTB,

OHEXDPTB, and NT19. ..ot e et eee e e e e eae et eeeaeeeaees 44

Table 3-1. Photovoltaic parameters of TPDCDTS:Cso PMHIJ solar cells with different

hole-transporting IaAYErs. ......cc.eeiuiiiiiiiieee et 87
Table 3-2. Photophysical and electrochemical parameters for DPTP and M-TP. ........ 90
Table 3-3. Photophysical and electrochemical parameters for DPTB and S3. .............. 90

Table 3-4. Calculated TDDFT vertical excitation energies (E), oscillator strengths,

XViil



composition in terms of molecular orbital contributions, and transition characters for

D D C T B . ..o et e et e e e e e et eeeanne 95
Table 3-5. Performance parameters of the DTDCTP:C;y SCLC device. .................... 102
Table 3-6. Selected bond lengths for DTDCTB and DTDCPB.“.................cccocoeueeee. 106

Table 3-7. Thermal parameters for DPDCTB, DTDCTB, DPDCPB, and DTDCPB.

Table 3-8. Photophysical and electrochemical parameters for DPDCPB, DTDCPB,
DPDCTB, and DTDCTB. ......ccoiiii et 108
Table 3-9. Photovoltaic parameters of DXDCXB:Cy [1:1(1.6)] PMH]J solar cells.”.. 113
Table 3-10. Performance parameters of DTDCPB:C;y SCLC devices...........cocu...... 116

Table 3-11. Photophysical and electrochemical parameters for BCNDTS and BDCDTS.

Table 3-12. Photovoltaic parameters of BCNDTS (BDCDTS)/Csp (C70) PHJ and

BCNDTS:Cqg (Cro) PMHI? SOIAT CEIIS. ..o 122

XiX



Chemical Structure Index

Target Compounds

@ AL R@
Si NC N
—< :)—( S—z/ \L/)\COOH N_L/—\>_( -
\ N
@ S @ S N 7N\ COOH @ S N—cooH
TPCADTS:R=H NC
R DPTP:R=H M-TP
K TP6CADTS: R = OCgH13 K OMeDPTP: R = OCH,
OHexDPTP: R = OCgH3

R
S.
NCON
1\
@ S N—cooH

NC
DPTB:R=H
R OMeDPTB: R = OCHj4
OHexDPTB: R = OCgH;3

R R

N'S‘N PN
oUe v "
@(js'z—)”i = OaY,
N [N U N P~ s N—cn D—cn
S S NC NC
TPDCDTS , DPDCTB: R=H » DPDCPB: R = H
DTDCTB: R =CHj DTDCPB: R = CHj,4
NG N(S;N CgHi17~g;-CaH1z N(S;N ’S N CgHi7~g;-CaH17 N S
N CN
DO LB 550
N NC CN
S N= S s NC / \ CN
DTDCTP BCNDTS BDCDTS

PTB10 PTTB

XX



Intermediates

@ @

2-1

R

P

\ Br
N/
2-5a:R=H
R 2-5b: R=0OCHj4

2-5C: R = OCgHy3

Q
@%

R 2-9b: R=0CHj3
2-9c: R = OCgHy3

Q s
N-(/_S\)—(l/V :\>—Br
&

C4Ho_-C2Hs

C4Hg_CoHs
I
I

CoHe” CaHg CaHs
4-3 4-4

@LS.J@

50 @m

2-3a:R=H

Q
v

(D<)

\ CHO

N /
2-6a:R=H

2-6b: R = OCH,4
2-6C: R = OCgH13

N’S‘N
W/ Br
CHO Br
Br

2-10a: R=H 3-1
2-10b: R = OCHj4
2-10c: R = OCgHy3

@
&
@ v
5.

\Z

CHO

4-6a: R = 2-ethylhexyloxy
4-6b: R = 3-ethylheptyl

C4Ho_-C2Hs
S S
/ Me3Sn 4
CaHo CoHe” CaHo
45

2-3b: R=0CgH;3

Yoo
SO0

Q
v

N’S‘N
\ /, o
Br

H

3-2

Br. 7
Br
4-1

4-8a: R = 2-ethylhexyloxy
4-8b: R = 3-ethylheptyl

R = 2-ethylhexyloxy
4-10

XX1

4-9a: R = 2-ethylhexyloxy
4-9b: R = 3-ethylheptyl

Qs
@

si@

/\
57 ~CHO

2-4a:R=H
2-4b: R = OCgH,3

2-8a:R=H
2-8b: R = OCHj
2-8C: R=0CgH;3

N'S‘N
\ /
Br
b \>—CN
NC
3-3

CaHo

CzHs

R R
s S
p—snme; )—TPs  Bugsn— )—TIPS
s s s
R R

4-7a: R = 2-ethylhexyloxy
4-7b: R = 3-ethylheptyl



Chapter 1. Bandgap Engineering of w-Conjugated

Aromatic Systems

The control of bandgaps is of prime importance in the design of photoactive
materials for use in organic photovoltaics (OPVs). The solar spectrum is distributed
over a wavelength range from 280 nm to 4000 nm and has maximum photon flux
densities between 600 nm and 800 nm (Figure 1-1). Thus, in order to effectively harvest
solar photons, it is necessary to develop solar-active materials with suitable bandgaps so
that their absorption profile can cover the visible and the near-infrared (NIR) regions to
overlap well with the major part of the solar spectrum while also retaining high

absorption coefficients at relevant wavelengths.

41 - 80

L 40

Integrated photon flux

Photon flux (x 10" m2 s-! nm-")
v ]
—

500 1000 1500 2000 2500
Wavelength (nm)

Figure 1-1. AM1.5 photon flux from the sun at the earth’s surface as a function of
wavelength.! The black trace indicates the photon flux, and the red trace represents the
percentage of solar photons below the given wavelength as obtained by integrating the

photon flux.

The ground state of a m-conjugated aromatic system is composed of two
energetically nondegenerate resonance structures: the so-called aromatic form and

quinoid form (Figure 1-2). In the aromatic form, the n-electrons are confined within the
1



aromatic rings to maintain their aromaticity. In the quinoid form, however, the
n-electrons are delocalized over the whole structure and hence the n-framework
becomes fully conjugated. Due to the destruction of aromaticity and the consequent loss
of aromatic stabilization resonance energy, the quinoid form is higher in energy than the
aromatic form and thus has a smaller bandgap.” The relative contribution of the two
limiting mesomeric forms to the ground-state structure of a molecule is related to a
geometrical parameter, bond length alternation (BLA), which is defined as the average
difference in length between adjacent single and double bonds in the molecule. In
general, if m-electrons are more delocalized over the whole conjugated backbone, the
contribution of the quinoid form to the ground state increases, which in turn leads to a
decrease in BLA and reduction of the bandgap. Therefore, any structural factors that are
able to facilitate m-electron delocalization over the molecular backbone would result in
an increase in quinoidal contribution to the ground-state geometry and thus afford the
resulting molecule with a smaller bandgap. Several strategies have been developed to

control these bandgap controlling factors,” and they would be briefly illustrated with a

few examples below.

\ . /
=
\I\ \/ -
Aromatic Quinoid

Figure 1-2. Schematic presentation of the non-degenerate aromatic and quinoid

resonance forms.4



Conjugation Length

Generally, the bandgaps of organic semiconductors decrease as the conjugation
length increases through raising the energy level of highest occupied molecular orbital
(HOMO) and simultaneously lowering the energy level of lowest unoccupied molecular
orbital (LUMO). The decrease in bandgaps is also accompanied by an increase in molar
extinction coefficients. As can be clearly seen in Scheme 1-1, the absorption maxima of
the terminally dicyanovinylene-substituted oligothiophenes (1-1~1-3) ° and thiophene
end-capped oligothieno[3,4-b]pyrazines (1-4~1-6) ® are bathochromically shifted with
increasing number of thiophene and thieno[3,4-b]pyrazine units, respectively. However,
the existence of single bonds between the aromatic/heteroaromatic rings results in
interannular rotations and thus a decline in the extent of m orbital overlap. This in turn
leads to a reduction of effective conjugation. Therefore, unlimited extension of the
conjugation length would only yield a limited reduction of bandgaps due to the

saturation of effective conjugation.

N CN
I\ s_ |\ AW A I\ s N _s_ U\
| s \W/ ™\ \ / S \_/, sT | S \ / S \ / C\
NC CN CN NC CN
CN 11 NC 12 NC CN 13 NC
Aabs SOIN =495 nm Aabs Soln =518 nm Aabs S0IN =530 nm
(e =59300 M cm™) (e =66800 M cm™) (e = 73300 M cm™)
EH: 2-ethylhexyl
HE  EH HE  EH
HE  EH ),—\( >/_\<
),—\< N N CgHyy CeHiz N N CgHyy
N AN A N s U N s I\
CTZ/_\S\Q \ ST\ s YAV
\ / S \ / C.H

gsHiz N N N N N N

\ /) \ /) \ 4

CgHq7CgH17 H >_< >_<

HE EH HE EH HE EH
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Aabs SOIN = 479 nm 1-5 16
Aabs soln =620 nm Aabs SoIn =745 nm

Scheme 1-1. Examples that illustrate the effect of conjugation length on bandgaps.



Aromatic Stabilization Resonance Energy

Aromatic stabilization resonance energy is a crucial factor that affects the
bandgaps of m-conjugated aromatic systems. In general, the larger the resonance energy
of aromatic cycles is, the larger the bandgap is. This is because a high degree of
aromaticity tends to confine n-electrons within the aromatic rings and thus prevent their
delocalization along the whole conjugated backbone, leading to a decrease in quinoidal
contribution to the ground-state structure. For example, because benzene has a higher
aromatic resonance energy than thiophene (1.56 vs 1.26 eV), the p-terphenyl 1-7 shows
a larger bandgap and a blue-shifted absorption maximum as compared to the
terthiophene 1-9 (Scheme 1-2).” Of course, the larger bandgap of the p-terphenyl 1-7 is
also contributed by the torsion angle resulting from ortho—ortho steric interactions
between adjacent phenyl rings. Comparison of their energy levels reveals that the
p-terphenyl 1-7 has a lower-lying HOMO level and higher-lying LUMO level than the
terthiophene 1-9. Likewise, substitution of the inner phenyl ring of the triphenylamine

donor moiety by thiophene leads to a reduction of the bandgap between 1-10 and 1-11.°

1\ o\ WL
OO
1-7 1-8 1-9
Aabs soln =279 nm Aabs Soln = 326 nm Aabs Soln =350 nm

H;CQ H;CO

|\
Q ; s s’ Y\—cn
N SI N—\ | NC

H3;CO 1-10 H,CO 1-11
Aabs SoIn =519 nm Aabs SoOIn =576 nm

Scheme 1-2. The effect of aromatic stabilization resonance energy on bandgaps:

phenylene vs thiophene.



Insertion of a double bond between two aromatic rings can cause a decrease in the
overall aromaticity of the system and thus a reduction of the bandgap. With an equal
number of double bonds, the vinylene-containing 1-13 shows a lower bandgap in

comparison to the a-heptathiophene 1-12 (Scheme 1-3).**’

s AN s AN s I N\ _s / \ / \ / \
\N/RE A\ A \Y /AR W/ SN os. f S\ s I s
1-12 L 1-13 L
Aabs SoIn =440 nm Aabs SOIN =490 nm

Scheme 1-3. The effect of aromatic stabilization resonance energy on bandgaps:

insertion of a double bond between two aromatic rings.

The number of m-electrons of aromatic units in a conjugated system also influences
the magnitude of the bandgap. For instance, the alternating polymer P1'0 of
benzo[2,1-b:3,4-b "]dithiophene and cyclopentadithiophene has a larger bandgap than
the cyclopentadithiophene-based homopolymer P2'' (Scheme 1-4). This can be
rationalized by the fact that the high degree of aromaticity of the 14-m-electron
benzo[2,1-b:3,4-b "]dithiophene suppresses electron delocalization over the polymer
backbone and thus reduces the quinoid character of the ground state, leading to a larger

bandgap.

CgH17 CsHi7
I \\_{/ \
S s” |n

CgHy7” “CgHqz P2
P1 bandgap = 1.7-1.8 eV
bandgap = 2.00 eV

Scheme 1-4. The effect of aromatic stabilization resonance energy on bandgaps: the

number of w-electrons of aromatic units.



Introduction of a multicyclic prequinoid building block, which is fused in a
particular geometry so that the aromatic ring not directly linked to the conjugated
backbone is able to gain in aromaticity in the quinoid resonance structure, into a
conjugated system constitutes one effective approach to narrowing the bandgap. In this
regard, the 1,3-dithienylbenzo[c]thiophene 1-14 and 1,3-dithienylnaphtho[c]thiophene
1-15 both possess a smaller bandgap than their parent counterpart 1-9 (Scheme 1-5)."
This is due to the fact that the stabilization of the quinoid resonance structure achieved
by the aromatization of the benzene/naphthalene ring leads to an increased quinoidal

contribution to the ground-state structure.

S i\ S. S. ]\ S S. ]\ S
\ / S \ /, \ / S \ / \ /, S \ /,

1-9 114 1-15
Aabs soln =350 nm Aabs SOIn =433 nm Aabs soln =570 nm

Scheme 1-5. The effect of aromatic stabilization resonance energy on bandgaps: quinoid

resonance structure stabilization by using benzo[c]thiophene and naphtho[c]thiophene.

Also, the incorporation of thieno[3,4-b]thiophene into the conjugated backbone is
capable of increasing the quinoid character of the ground state through stabilization of
the quinoid resonance structure and thus endowing the resulting system with a small
bandgap. As can be seen in Scheme 1-6, the bandgaps of the
thieno[3,4-b]thiophene-based polymers P3 gradually decrease as its content (m/n value)
increases through a rise of the HOMO level and a concomitant lowering of the LUMO

level.!?



P3a m/n=1/0 bandgap = 1.22 eV
P3b m/n=1/1 bandgap = 1.27 eV
P3c m/n=1/1.9 bandgap =1.31 eV
P3d m/n=1/3.7 bandgap = 1.45 eV
P3e m/in=1/6.3 bandgap =1.78 eV

Scheme 1-6. The effect of aromatic stabilization resonance energy on bandgaps: quinoid

resonance structure stabilization by adopting thieno[3,4-b]thiophene.

Using the same strategy, the two alternating polymers P5'* and P6'° containing
thieno[3,4-b]thiophene and benzo[c]thiophene, respectively, both show a narrower
bandgap than the benzo[l,2-b:4,5-b]dithiophene-based homopolymer P4'¢ (Scheme

1-7).

C12H25~o

S,

4 /

B n

“CizHzs
P4 CoHs™ “C4Hg
bandgap = 2.13 eV P5 P6
bandgap = 1.62 eV bandgap = 1.58 eV

Scheme 1-7. Chemical structures and bandgaps of the homopolymer P4 and the

alternating polymers PS5 and P6.

Donor-Acceptor Effect

Concomitant implementation of electron-rich donor (D) and electron-deficient
acceptor (A) units into a conjugated system represents another powerful strategy for
reducing the bandgap, through which the degree of m-electron delocalization along the
conjugated backbone and the corresponding contribution of the quinoid mesomeric

structure to the ground state (D—A <> D'=A") are increased via intramolecular charge
7



transfer (ICT) from the donor side to the acceptor side. One unique feature of this
approach is that the HOMO and LUMO are largely localized on the donor moiety and
the acceptor moiety, respectively. Accordingly, a judicious combination of donor and
acceptor units of various strengths allows for proper tuning of the frontier energy levels
and thus the bandgap.

In this respect, the class of so-called donor—acceptor (D—A) polymers'’ consisting
of alternating donor and acceptor repeat units along the conjugated main chain is the
most dominant in the category of conjugated polymers with narrow bandgaps. As
shown in Scheme 1-8, the incorporation of the proquinoid acceptor
2,1,3-benzothiadiazole leads to large decreases in bandgaps between the homopolymers
(P2"" and P4'%) and the D-A polymers (P7'® and P8'°). Note that the reduction of
bandgaps in fact stems from a synergistic combination of the D—A effect and quinoid

resonance structure stabilization.

CgH17 CsH17 Ci2Has _C12H2s N(S;N
(\ /A A\ /A
s s” |n s S n
P2 P7
bandgap = 1.7-1.8 eV bandgap = 1.25 eV
CiaHas Ci2Has< N’S\N
s s \ /,
(G 104
s n s n
Oy Oy
Ci2Has Ci2Hzs
P4 P8
bandgap = 2.13 eV bandgap = 1.70 eV

Scheme 1-8. Chemical structures and bandgaps of the homopolymers (P2 and P4) and

the D—A polymers (P7 and P8).

Regarding the structural design of small molecules based on this approach,

different molecular configurations have been developed to meet the requirements for
8



respective purposes. The symmetrical quadrupolar acceptor—donor—acceptor (A—D—A,
e.g., 1-1~1-3%) and donor—acceptor—donor (D—A-D, e.g., 1-4~1-6°) systems represent
the most ubiquitous molecular scaffolds in the design of molecular donors for use in
OPVs, whereas the asymmetric dipolar push—pull systems dominate the design of
organic sensitizers for dye-sensitized solar cells (DSSCs). Note that the design principle
of the compounds 1-4~1-6 represents another example of a synergistic combination of
the D—A effect and quinoid resonance structure stabilization.

In addition to utilization of the archetypical donor and acceptor units, introduction
of electron-withdrawing or electron-donating substituents directly onto/in these units
allows for further fine-tuning of the frontier energy levels of these aforementioned
systems through either inductive or mesomeric effects. In general, introduction of
electron-withdrawing groups lowers both HOMO and LUMO energy levels, yet the
degree of the shift in the LUMO level is larger than that in the HOMO level, thus

leading to a decreased bandgap (Scheme 1-9).

117
Aabs soln =500 nm

Q : Q :

Aabs soln =438 nm

CgH13™ "CgHuz NC CgH13™ "CeHi3
118 1-19
Aabs SOIN = 427 nm Aabs SOIN = 448 nm
-S, S~ -8 S~
N-% SN N-S SN
I N CHyg CiHy Ny I I N CiHy CiHy NI
Q s A \__s O \ Js Vs I\ |
\ /5 \/ NN/ S N/ N
1-20 1-21
Aabs soln =458 nm Aabs SOIN =496 nm

Scheme 1-9. Examples (1-16~1-17,"° 1-18~1-19,%° and 1-20~1-21?") that illustrate the

effect of electron-withdrawing substituents on bandgaps.
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Conversely, incorporation of electron-donating groups results in a reduction of
the bandgap through a different degree of positive shift in the frontier energy levels

(Scheme 1-10).

\/
1-22 COOH \\COOH

1-23
Aabs Soln =501 nm

N 7 | N 7
S S
S '
NC™ “cN NC

1-24 HsCO 1-10
Aaps Soln =501 nm Aaps So0Iln =519 nm

Yo O
SO O
O N\\ Q 00”7 "N

Aabs SOIN =477 nm

Scheme 1-10. Examples (1-22~1-23* as well as 1-24% and 1-10°) illustrating the

effect of electron-donating substituents on bandgaps.

Planarization/Rigidification Effect

Planarity and rigidity of a m-conjugated system also play important roles in
bandgap control. As such, rigidification of a conjugated system by covalent bridging of
elemental units constitutes another effective strategy for the reduction of the bandgap.
This is because a rigid and coplanar conformation can suppress rotational disorder
around interannular single bonds and thus can allow for maximum n orbital overlap
between adjacent aromatic/heteroaromatic rings, which in turn extends the effective
conjugation length to facilitate n-electron delocalization.

As shown in Scheme 1-11, the rigidified compounds 1-25 and 1-26 both show a
red-shifted absorption maximum and a smaller bandgap as compared to their non-rigid

counterparts 1-8 and 1-9 through a rise in the HOMO level and a concomitant decrease

10



in the LUMO level.** In another example, the covalent bridging of the dicyanovinylene
group with the adjacent thiophene by a phenyl ring leads to a considerable reduction of
the bandgap between 1-24 and 1-27 due to a large decrease in the LUMO level.*?
Interestingly, the covalent rigidification by an ethylene bridge conversely causes a rise
of the LUMO level and thus an increase in the bandgap owing to the inductive

electron-donating nature of the ethylene group (1-10 vs 1-28 and 1-11 vs 1-29).°
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Scheme 1-11. Examples illustrating the planarization/rigidification effect on the
bandgap of small molecules.
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Likewise, the two D-A polymers (P10 and P12) based on alternating
fluorene-dicyclopentathiophene or carbazole-dicyclopentathiophene and
2,1,3-benzothiadiazole units both have a smaller band gap than their non-fused
analogues (P9 and P11) mainly through a rise in the HOMO level (Scheme 1-12).%
This demonstrates the adoption of these seven-ringed ladder-type heteroacenes with
forced planarity as the monomer unit enhances the electron coupling between the donor

and the acceptor units along the polymer backbone.

S. S,

N7 ;N Ar Ar Ar Ar N; ;N
\
D000 500 B0
SALY YT, e Ve e Wy
CgHi17~ "CgHy7 CgH17” "CgHi7
P9 P10
bandgap =1.87 eV bandgap = 1.76 eV
N(S;N Ara AT Ara AT N(S;N
D-0-0-0-0 2SASOSENY
S S n S S n
N N
CgHi17m "CgHiz CgH17” "CgHiz
P11 P12
bandgap =1.88 eV bandgap = 1.66 eV
Ar:""'@—o CoHs

C4Hg
Scheme 1-12. Examples illustrating the planarization/rigidification effect on the

bandgap of D—A polymers.

To sum up, the bandgap of a m-conjugated system is dependent on several
structural parameters including conjugation length, aromatic stabilization resonance
energy, donor-acceptor effect, and planarization/rigidification effect. In the design of
photoactive materials with small bandgaps and suitable frontier energy levels, all of
these factors need to be simultaneously taken into account. Moreover, intermolecular
interactions between individual molecules or polymer chains should also be tailored for

optimizing bulk properties.
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Chapter 2. Development of Organic Sensitizers for

Dye-Sensitized Solar Cells

2-1 Introduction

Dye-sensitized solar cells (DSSCs) have attracted a great deal of attention since the
breakthrough made by Gritzel and co-workers in 1991' in view of their ease of
production, potential to allow for low-cost manufacturing, and ability to be fabricated
onto light-weight flexible substrates. During the last two decades, combined
developments of new photosensitizers® and electrolytes’ have contributed to significant
improvements both in power conversion efficiencies (PCEs) and long-term stability.”
At present, ruthenium sensitizers, such as N3,° N719.° black dye,7 and C106,8 have
exhibited PCEs of over 11% in liquid electrolyte-based DSSCs (Scheme 2-1). However,
the rarity and high cost of the ruthenium metal may impede their further development
for large-scale applications. Accordingly, organic sensitizers have also been the subject
of intense research interest in the field of DSSCs due to their several predominant
advantages over the ruthenium ones, including larger molar extinction coefficients,
great flexibility in structural modification, facile synthesis, and relatively lower cost. In
general, most of organic sensitizers are modeled on the donor—n-bridge—acceptor (D—-n—
A) system due to its effective photoinduced intramolecular charge transfer (ICT)
characteristics. Among them, electron-rich arylamine-based derivatives are employed as
the electron donor moiety, whereas an -electron-withdrawing carboxylic acid,
cyanoacrylic acid, or rhodanine-3-acetic acid is utilized as the electron acceptor moiety
as well as the anchoring group to the TiO, surface. A variety of chromophores are

selectively incorporated as the m-bridge between the donor moiety and acceptor moiety
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for tuning the structural and optoelectronic characteristics required for efficient

sensitizers.

co0®®ON(C,Ho)

N3 N719

N(C4Ho)s

black dye C106
PCE =11.1% PCE =11.7%

Scheme 2-1. Highly efficient ruthenium sensitizers for DSSCs.

The amphiphilic push—pull organic sensitizer C219 featuring a dihexyl-substituted
dithienosilole and 3,4-ethylenedioxythiophene as a binary n-conjugated spacer between
a lipophilic alkoxy-substituted triphenylamine and a hydrophilic cyanoacrylic acid is the
first displaying PCEs of over 10% (the highest of 10.3%) in DSSCs with an

iodide/triiodide (I /I3) electrolyte (Scheme 2-2).” Recently, a remarkably high PCE of

11.9% was realized for a DSSC employing a D-n—A zinc porphyrin dye YD2-0-C8 in
conjunction with a Co""™tris(bipyridyl)-based redox electrolyte.'” The efficiency was
further improved to a record value of 12.3% [certified by the Photovoltaic Laboratory at
the Institute of Micro Technique (IMT)] when the device was co-sensitized with another

organic dye Y123."" On the other hand, the current record PCE for solid-state DSSCs is
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6.08% [certified by National Renewable Energy Laboratory (NREL)] and was achieved
with an organic dye C220 in combination with 2,2°,7,7’-tetrakis(N,N-dimethoxyphenyl-
amine)-9,9’-spirobifluorene  (spiro-MeOTAD) as the organic hole-transporting
material.'> Although the performance of organic sensitizers has lagged behind that of
ruthenium sensitizers over a long period of time, these results unambiguously

demonstrate a bright future for organic dye-based DSSCs.

_\:>_\o CeH130

NC

I\ T\ / COOH
S S

ALY

C220
o CgH130 PCE = 6.08%

PCI;:Z:(?S“/ spiro-MeOTAD hole-transporting material
= .97

iodide/triiodide-based liquid electrolyte

CgH130,

YD2-0-C8 CgHq30
PCE =11.9%
Co(ll/lntris(bipyridyl)-based liquid electrolyte

Scheme 2-2. Champion organic sensitizers for DSSCs.

In this chapter, three series of metal-free organic sensitizers would be discussed.
Their corresponding solar cell devices were fabricated and tested by Dr. Chih-Hung
Tsai in the Prof. Chung-Chih Wu research group at the Graduate Institute of Photonics

and Optoelectronics, National Taiwan University.
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2-2 Organic Donor—n-Bridge—Acceptor Dyes Containing a Coplanar

Diphenyl-Substituted Dithienosilole as the n-Bridge

In this work, we developed two organic D-n—A dyes (TPCADTS and
TP6CADTS, Scheme 2-3) that contain a simple triphenylamine or
dihexyloxy-substituted triphenylamine as the electron donor moiety, a coplanar
diphenyl-substituted dithienosilole (DTS) as the n-bridge, and cyanoacrylic acid as the
electron acceptor moiety as well as the anchoring group. The triphenylamine unit has
been widely utilized as a building block to construct optoelectronic materials owing to
its good electron-donating nature and high hole-transporting capability.”> In addition,
tailoring the molecular structure through the addition of the electron-donating alkoxy
substituents on triphenylamine allows us to fine-tune the energy levels and the
absorption properties of the resulting dyes. These two long aliphatic hexyloxy chains
can also potentially suppress undesirable dye aggregation and charge recombination
between the electrolyte and the TiO, electrode (vide infra), both of which are
detrimental to device performance.'® On the other hand, the introduction of the
diphenyl-substituted DTS as the central linkage for the organic sensitizers possesses
several key advantages: (i) the existence of the silicon bridge forces the
2,2’-bithiophene unit to retain a syn configuration with high planarity and thus affords
effective m orbital overlap in the rigidified system."” Accordingly, the adoption of this
coplanar DTS as the n-bridge can facilitate the electronic coupling between the donor
and acceptor blocks, hence leading to a small bandgap for the resulting sensitizers; (ii)
the HOMO-LUMO gap of DTS is smaller than those of 2,2’-bithiophene and

16
L,

cyclopentadithiophene due to the lower-lying LUMO level, ® which originates from the

interaction of the silicon o*-orbital and bithiophene n*-orbital, namely, oc*-m*
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conjugation.'’ Therefore, the smaller bandgap of DTS might offer the resulting
sensitizers a better light-harvesting ability; (iii) the tetrahedral silicon center of the
diphenyl-substituted DTS does not distort the coplanarity of the m-conjugated system.
Instead, the diphenyl substitution on silicon atom may reduce the m—m stacking
interactions of dye molecules. It was reported that the formation of dye aggregates on
the semiconductor surface leads to fast back electron transfer' and inefficient electron

injection,” both of which have an adverse effect on the device efficiency.

2-2-1 Synthesis

The synthetic pathways to the dyes TPCADTS and TP6CADTS are illustrated in
Scheme 2-3. Unlike the previously reported DTS-containing dyes,”*” we adopted
5,5’-bis(trimethylsilyl)-3,3’-diphenylsilylene-2,2’-bithiophene as the starting material,
which underwent selective monobromination to give the key intermediate 2-1 in 66%
yield. Compound 2-1 was then desilylated with trifluoroacetic acid to produce 2-2 in
98% yield. Suzuki cross-coupling of 2-2 and 4-(N,N-diphenylamino)phenylboronic acid
afforded 2-3a in 83% yield, whereas 2-3b was synthesized in 61% yield via Stille
coupling of 2-2 with tributyl[4-(NV,N-bis(4-hexyloxyphenyl)amino)phenyl]stannane. The
free a-position of the DTS core in 2-3a and 2-3b was subsequently converted to its
corresponding carbaldehyde by performing Vilsmeier—Haack reaction, affording 2-4a
and 2-4b in 64% and 78% yield, respectively. Finally, the aldehydes 2-4 were
condensed with cyanoacetic acid to give the target compounds TPCADTS and
TP6CADTS in 85% and 86% yield, respectively, via Kndevenagel reaction in the

presence of ammonium acetate.
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Scheme 2-3. Synthesis of TPCADTS and TP6CADTS.

2-2-2 Optical Properties

The UV-vis absorption and normalized emission spectra of TPCADTS and
TP6CADTS in fert-butanol-acetonitrile [1:1, by volume (v/v)] solutions (10> M) are
depicted in Figure 2-1(a), and the corresponding data are summarized in Table 2-1. The
absorption spectrum of TPCADTS showed an intense band at A = 495 nm with a
molar extinction coefficients (&) of 44500 M ' c¢m', which is assigned to the ICT
transition. Compared to TPCADTS, TP6CADTS exhibited a red-shifted A, value of
511 nm (& = 36900 M' cm") due to the stronger electron-donating nature of the
hexyloxy substituents. TPCADTS and TP6CADTS displayed emission bands centered
at 579 and 605 nm, respectively, as excited on their absorption maxima. Upon
anchoring on the 7 um porous TiO, nanoparticle films, the absorption maxima of these
two dyes were blue-shifted [Figure 2-1(b)] in comparison with those in fert-butanol—

acetonitrile (1:1, v/v) solutions. The blue shift is attributed to the deprotonation of

20



carboxylic acid upon adsorption onto the TiO, surface, and the resulting carboxylate—

TiO, unit is a weaker electron acceptor than the carboxylic acid.”'
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Figure 2-1. (a) Absorption and emission spectra of TPCADTS and TP6CADTS
measured in fert-butanol-acetonitrile (1:1, v/v) solutions. (b) Absorption spectra of the

dyes anchoring on the 7 um porous TiO, nanoparticle films.

Table 2-1. Photophysical and electrochemical parameters of the dyes TPCADTS and

TP6CADTS.
d e )‘abs & )"em )\'abs on TIOZ EO—O on Ered on*
Y (mm)*  M'em!)”  (am)’ (nm)” eV v v v
TPCADTS 495 44500 579 458 1.95 1.07 —0.96 —0.88
TP6CADTS 511 36900 605 470 1.87 0.88 —0.99 —0.99

“Measured in fert-butanol-acetonitrile (1:1, v/v) solutions (10 > M). "Otained through measuring the dyes
adsorbed on 7 pm TiO, nanoparticle films in fert-butanol-acetonitrile (1:1, v/v) solutions. “Estimated
from the onset point of the absorption spectra in tert-butanol-acetonitrile (1:1, v/v) solutions. “Measured
in DMF solutions with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢) as a supporting
electrolyte. “Measured in THF solutions with 0.1 M tetrabutylammonium perchlorate (TBAP) as a
supporting electrolyte. ““Calibrated with the ferrocene/ferrocenium (Fc/Fc”) redox couple as an external
reference and converted to NHE by addition of 630 mV.? onx* =Ex — Eoo.

2-2-3 Theoretical Calculations
To gain more insight into the electronic structures of TPCADTS and TP6CADTS,
density function theory (DFT) calculations were performed at the B3LYP/6-31G(d)

level for geometry optimization. As shown in Figure 2-2, the HOMOs of both
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sensitizers are mainly populated over the triphenylamine and DTS blocks with
considerable contribution from the former, whereas LUMOs are delocalized through the
DTS and cyanoacrylic acid fragments with sizable contribution from the Ilatter.
Examination of the frontier molecular orbitals of both sensitizers suggests that the
HOMO-LUMO excitation shifts the electron density distribution from the
triphenylamine wunit to the cyanoacrylic acid moiety, facilitating -efficient

photoinduced/interfacial electron injection from excited dyes into the TiO, electrode.

(a)

HOMO

Figure 2-2. Frontier molecular orbitals of (a) TPCADTS and (b) TP6CADTS

calculated with DFT.

2-2-4 Electrochemical Properties

Cyclic voltammetry (CV) measurements were conducted to investigate the
electrochemical properties of the dyes TPCADTS and TP6CADTS. As shown in
Figure 2-3, both dyes exhibited one quasi-reversible oxidation wave corresponding to
the oxidation of the triphenylamine donor moieties and one quasi-reversible reduction
wave assigned to the reduction of the cyanoacrylic acid block. Both oxidation (E.x) and

reduction (E,.q) potentials of TP6CADTS were more negative than those of TPCADTS,
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yet the difference in oxidation potentials of the two dyes was larger than that in
reduction potentials (Table 2-1). It suggests that the introduction of the hexyloxy
substituents on the triphenylamine donor moiety has a significant influence on the
oxidation potential but a more limited effect on the reduction potential of TP6CADTS.
The different influences on the oxidation and reduction potential by incorporating the
hexyloxy substituents lead to a narrower energy gap of TP6CADTS. The zero—zero
excitation energy (Eg o) estimated from the onset point of the absorption spectrum in a
tert-butanol-acetonitrile (1:1, v/v) solution and the oxidation potential were used to
calculate the excited-state oxidation potential (Eoy ). The deduced Eoy values of these

two dyes were more negative than the conduction band edge of the TiO, [—0.5 V vs

normal hydrogen electrode (NHE)],> indicating that the electron injection process shall
be energetically favorable. On the other hand, the oxidation potentials of these two dyes

were more positive than the redox potential of the I /I3 couple (0.4 V vs NHE). It
suggests that the oxidized dyes shall be able to accept electrons from I

thermodynamically for effective dye regeneration.

TPCADTS

I (nA)

TP6CADTS

1.0 0.5 00 -05 -10 -15
Potential (V vs. Ag/AgCl)

Figure 2-3. Cyclic voltammograms of TPCADTS and TP6CADTS recorded in

solutions.



2-2-5 Photovoltaic and Electrochemical Impedance Characteristics

The photovoltaic characteristics of TPCADTS and TP6CADTS as the sensitizers
for DSSCs were evaluated with a sandwich cell comprising 0.6 M
1-butyl-3-methylimidazolium iodide, 0.05 M Lil, 0.03 M I, 0.5 M 4-tert-butylpyridine
(4-TBP), and 0.1 M guanidinium thiocyanate in a mixture of acetonitrile—valeronitrile
(85:15, v/v) as the redox electrolyte. It was reported that the incorporation of 4-TBP can
shift the conduction band edge of TiO, to a more negative potential and decrease the
dark current, and thus improve the open-circuit voltage (V,.) and fill factor (FF) of the
corresponding cell,”* while the addition of guanidinium thiocyanate can enhance both
the short-circuit current density (Js) and ¥V, through the positive shift of the conduction
band edge of TiO, and the suppression of surface recombination, respectively.”” In
addition, deoxycholic acid was used as a co-adsorbent here. The coadsorption of
deoxycholic acid with organic dyes has proven to be effective to dissociate dye
aggregates and lead to suppressed charge recombination, which is respectively
favorable for the increase in J,. and V,.’'?** The incident monochromatic
photon-to-current conversion efficiency (IPCE) spectra of the DSSCs are shown in
Figure 2-4(a). The IPCE spectrum of the TP6CADTS-based cell was broader than that
of the TPCADTS-based cell, which is coincident with their absorption spectra.
Moreover, the TP6CADTS-based cell showed higher IPCEs than the TPCADTS-based
cell over the whole spectral range, even though the maximal molar extinction
coefficient of TP6CADTS is smaller than that of TPCADTS. This is likely due to the
reduced charge recombination at the TiO,/dye/electrolyte interface and the inhibition of
dye aggregation by tailoring two long aliphatic hexyloxy chains on the triphenylamine
donor moiety (vide infra)."* Altogether, the TP6CADTS-based cell showed high IPCEs

in excess of 70% from 350 to 560 nm, with a maximum of 84% at 450 nm. Figure 2-4(b)
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shows the current density—voltage (J-V) curves of the DSSCs under standard global
AM 1.5G solar irradiation. The TP6CADTS-based cell delivered a J,. of 13.39 mA/cmz,
Vo of 0.81 V, and FF of 0.70, yielding an overall PCE of 7.60%. Under the same
conditions, the device based on TPCADTS gave a relatively lower Js. and V., thus
leading to an inferior PCE of 6.65% (Table 2-2). For a fair comparison, the
N719-sensitized DSSC was also fabricated under the same conditions. The efficiency of
the TP6CADTS-based cell reached ~96% of the N719-sensitized cell efficiency
(7.93%). The higher J, value of the TP6CADTS-based cell relative to the

TPCADTS-based cell is in accordance with the observation on their IPCE spectra.
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Figure 2-4. (a) IPCE spectra and (b) J-V curves of DSSCs based on TPCADTS and

TP6CADTS.

Table 2-2. Performance parameters of DSSCs sensitized with the dyes TPCADTS,

TP6CADTS, and N719.°

dye J.. (mA/cm?) Voo (V) FF PCE (%)
TPCADTS 12.70 0.76 0.69 6.65
TP6CADTS 13.39 0.81 0.70 7.60
N719 14.65 0.77 0.70 7.93

“The concentration of the dyes was maintained at 0.5 mM in a fert-butanol—acetonitrile (1:1, v/v) solution,
with 0.5 mM deoxycholic acid as a co-adsorbent. Performance of DSSCs was measured with a working
area of 0.125 cm?,

On the other hand, through the introduction of two long aliphatic hexyloxy chains
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on the triphenylamine donor moiety, one also notes that the TP6CADTS-based cell
gives a 50 mV increase in V. in comparison with the TPCADTS-based cell. The
effects of the presence of the two long hexyloxy chains on photovoltaic characteristics
were further elucidated by electrochemical impedance spectroscopy (EIS). The EIS is a
useful tool for characterizing important interfacial charge-transfer processes in DSSCs,
such as the charge recombination at the TiO,/dye/electrolyte interface, electron

transport in the TiO, electrode, electron transfer at the counter electrode, and 15

transport in the electrolyte, etc..’® In this study, the EIS was carried out by subjecting
the cell to the constant AM 1.5G 100 mW/cm? illumination and to the bias at the Voo of
the cell (namely, under the conditions of no dc electric current), for better manifestation
of the process at the TiO,/electrolyte interface of a cell under operation. Figure 2-5(a)

shows the EIS Nyquist plots (i.e., the minus imaginary part of the impedance —Z” vs

the real part of the impedance Z’ when sweeping the frequency) for DSSCs based on
TPCADTS and TP6CADTS. For the frequency range investigated (20 Hz to 1 MHz),
in both cells, a larger semicircle occurred in the lower-frequency range (~20Hz to 1 kHz)
and a smaller semicircle occurred in the higher-frequency range. With the bias
illumination and voltage applied, the larger semicircle at lower frequencies corresponds
to the charge-transfer processes at the TiO,/dye/electrolyte interface, while the smaller
semicircle at higher frequencies corresponds to the charge-transfer processes at the
Pt/electrolyte interface. The two cells hardly showed a difference in smaller semicircles
at higher frequencies, but the difference in larger semicircles at lower frequencies was
significant. The larger width of the lower-frequency semicircle of the
TP6CADTS-based cell indicates a larger charge-transfer resistance at the
TiO,/dye/electrolyte interface.

Figure 2-5(b) shows the EIS Bode plots (i.e., the phase of the impedance vs the
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frequency) of the DSSCs based on TPCADTS and TP6CADTS. For the frequency
range investigated, both EIS Bode plots also exhibited two peak features; the one at
higher frequencies corresponds to the charge transfer at the Pt/electrolyte interface and
the one at lower frequencies corresponds to the charge transfer at the
TiO,/dye/electrolyte interface. Again, the difference in bode plots of both cells mainly
occurred in the lower-frequency range. The characteristic frequency of the
lower-frequency peak in the Bode plot is related to the charge recombination rate, and
its reciprocal is associated with the electron lifetime.”” As can be seen in Figure 2-5(b),
the lower-frequency peak of the TP6CADTS-based cell shifted to a lower frequency as
compared to that of the TPCADTS-based cell, indicating that the electron lifetime was
effectively prolonged by the two long hexyloxy chains near the TiO,/dye/electrolyte
interface. The EIS results clearly suggest that the two long hexyloxy chains of
TP6CADTS act as effective blocking units between the TiO, surface and electrolyte,
preventing the approach of hydrophilic I3 ions to the TiO, surface and thereby leading
to suppressed charge recombination/dark current and lengthened electron lifetimes.*®

These factors in turn result in the higher V. (50 mV higher) of the TP6CADTS-based

cell as compared to the TPCADTS-based cell.
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Figure 2-5. EIS (a) Nyquist plots and (b) Bode phase plots for DSSCs based on

TPCADTS and TP6CADTS.
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2-3 Organic Donor—Acceptor—Acceptor Dyes Featuring Pyrimidine as
the Bridging Acceptor

To realize efficient light harvesting, it is highly desired to develop dyes that
possess high molar absorption coefficients that extend throughout the visible and into
the NIR regions. Organic D—n—A sensitizers with a long n-conjugation length have been
shown to be operative in augmenting the molar extinction coefficients and in realizing
bathochromic shifts in absorption.”” In addition to the length of the m-conjugated
framework, the intrinsic electronic characteristics of the m-conjugated spacer, especially
the one linked to cyanoacrylic acid, have also significantly affected the spectral
response of the dyes. For example, the selenophene-based organic dyes showed
red-shifted absorption accompanied by enhanced molar extinction coefficients as
compared to their thiophene- and furan-based analogs.”® Moreover, incorporation of
electron-donating or electron-withdrawing substituents directly onto/in the n-spacer has
represented another effective way to red-shift the absorption of the dyes. In this regard,
it was reported that organic dyes containing 3,4-ethylenedioxythiophene, °'
terephthalonitrile,’ or thiazole® exhibit red-shifted absorption in comparison with
their parent counterparts.

In this work, we developed a series of organic dyes (DPTP, OMeDPTP, and
OHexDPTP, Scheme 2-4), in which various diaryllthienylamine donor moieties and a
cyanoacrylic acid acceptor moiety are bridged by an electron-deficient pyrimidine ring.
In order to differentiate our molecular design from the conventional D—n—A system, we
referred to this kind of structural arrangement as the donor—acceptor—acceptor (D—A—A)
molecular architecture. For a parallel comparison, a D-n—A model dye M-TP with

phenylene as the n-bridge was also synthesized for assessing the impacts of pyrimidine
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on optical and electrochemical properties of DPTP. In general, the dyes were designed
with the following three structural characteristics that are all beneficial to lower the
energy of ICT transition: (i) the diarylthienylamine blocks behave as stronger
electron-donating moieties than the conventional diarylphenylamine congeners because
of their fortified quinoid character;’* (ii) the diarylthienylamine blocks are connected to
the 2-position of pyrimidine, and thus coplanar conformations between thiophene and
pyrimidine rings can be easily reached due to the lack of ortho—ortho steric
interactions. The coplanarity is capable of facilitating n-electron delocalization in the
conjugated backbone; (iii) the acceptor moiety and also the TiO,-anchoring group,

cyanoacrylic acid, is directly linked to a highly electron-deficient pyrimidine ring.

2-3-1 Synthesis

The synthetic routes to the dyes DPTP, OMeDPTP, OHexDPTP, and the model
dye M-TP are illustrated in Scheme 2-4. Palladium-catalyzed Negishi coupling
reactions of diarylthienylamines with 5-bromo-2-iodopyrimidine afforded 2-5, which
were then converted to their corresponding carbaldehydes 2-6 by lithiation with n-butyl
lithium and subsequently quenching with ethyl formate. Finally, the aldehydes 2-6 were
condensed with cyanoacetic acid to yield the target compounds DPTP, OMeDPTP, and
OHexDPTP via Kndevenagel reaction in the presence of ammonium acetate. The
model dye M-TP was obtained via a two-step process that the first involves Stille
coupling of 5-(N,N-diphenylamino)-2-(tri-n-butylstannyl)thiophene with
4-bromobenzaldehyde, then followed by Knoevenagel condensation with cyanoacetic

acid.
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Scheme 2-4. The synthetic routes to the dyes DPTP, OMeDPTP, OHexDPTP, and the

model dye M-TP.

2-3-2 Optical Properties

The UV—Vis absorption spectra and emission spectra of the dyes in tert-butanol—
acetonitrile (1:1, v/v) solutions are depicted in Figure 2-6(a). Their related
photophysical data are summarized in Table 2-3. The absorption band of DPTP in
solution showed a A at 484 nm with a & of 25300 M cm’l, which is assigned to the
ICT transition. In comparison with DPTP, M-TP displayed a less intense and
blue-shifted absorption band centered at 438 nm (&= 19800 M cm™"). It proves that
the D-A—A molecular scaffold shows a better light-harvesting ability than the

conventional D-n—A counterpart. Furthermore, the absorption band of OMeDPTP and
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OHexDPTP exhibited a Agps at 502 (¢ = 31300 M cm ™) and 506 nm (£= 29300 M
cm '), respectively, which are red-shifted by ca. 20 nm compared to that of DPTP, as a
result of the stronger electron-donating nature of the dialkoxy substituents. On the other
hand, DPTP, OMeDPTP, and OHexDPTP exhibited emission bands centered at 560,
590, and 594 nm, respectively, when excited on their absorption maxima. Upon
anchoring on the 7 pm porous TiO;, nanoparticle films, the absorption bands of these
dyes were blue-shifted in comparison with those in the tert-butanol-acetonitrile (1:1,
v/v) solutions [Figure 2-6(b)]. The blue shift stems from the deprotonation of carboxylic
acid upon adsorption onto the TiO, surface, and the resulting carboxylate—TiO, unit is a

weaker electron acceptor than the carboxylic acid.”
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Figure 2-6. (a) Absorption and emission spectra of DPTP (squares), OMeDPTP
(circles), OHexDPTP (diamonds), and M-TP (triangles) measured in tert-butanol—
acetonitrile (1:1, v/v) solutions. (b) Absorption spectra of the dyes anchoring on 7 um

porous TiO; nanoparticle films.
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Table 2-3. Photophysical and electrochemical parameters as well as adsorbed amount on

TiO, of the dyes DPTP, OMeDPTP, OHexDPTP, and M-TP.

*

}\'abs & )"em }\'abs on T102 r E0—0 on E

dye (mm)* M'em')*  (nm)* (nm)” (mol/cm?)° (eV)! (V)° (VY
DPTP 484 25300 560 454 1.8x107 220 1.09 =111
OMeDPTP 502 31300 590 477 19x107 211 099 —1.12
OHexDPTP 506 29300 594 467 6.0x10°% 211 098 —1.13
M-TP 438 19800 549 409 25%x107 232 1.01 —131

“Measured in tert-butanol-acetonitrile (1:1, v/v) solutions (10> M). "Obtained through measuring the
dyes adsorbed on 7 um TiO, nanoparticle films in chlorobenzene solutions. ‘T is the surface density of
the dye on the TiO, nanoparticle film. “Estimated from the onset point of the absorption spectra in
tert-butanol-acetonitrile (1:1, v/v) solutions. ‘Measured in CH,Cl, solutions with 0.1 M TBAPF¢ as a
supporting electrolyte; calibrated with Fc/Fc' as an external reference and converted to NHE by addition
of 630 mV.>/E,," = E,, — Eq.

3% the absorption of the dyes exhibited negative

Like many metal-free dyes,
solvatochromism, i.e., a blue shift of A, in polar solvents (Figure 2-7, taking DPTP as
an example). This phenomenon may be attributed to the interaction of polar solvent

molecules with the carboxylic acid, which in turn decreases the electron-withdrawing

strength of the COOH group.
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Figure 2-7. Absorption spectra of DPTP in different solvents.

2-3-3 Theoretical Calculations
DFT calculations were carried out at the B3LYP/6-31G(d) level to gain more

insight into the electronic structures of the dyes. The HOMOs of all the dyes are mainly
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populated on diarylamine and thiophene moieties, wherecas LUMOs are sizably
delocalized through pyrimidine and cyanoacrylic acid fragments (Figure 2-8). This
result suggests that the HOMO-LUMO excitation shifts the electron density distribution
from the diarylamine unit to the cyanoacrylic acid moiety, hence facilitating efficient

photoinduced/interfacial electron injection from excited dyes to the TiO; electrode.

MOg DPTP OMeDPTP OHexDPTP M-TP

MR

Figure 2-8. HOMOs and LUMOs of the dyes DPTP, OMeDPTP, OHexDPTP, and

M-TP calculated with DFT.

2-3-4 Electrochemical Properties

As shown in Figure 2-9, one quasi-reversible oxidation wave attributed to the
oxidation of the diarylthienylamine donor moieties was observed for all the dyes. The
relevant CV data are collected in Table 2-3. The less positive oxidation potentials of
OMeDPTP and OHexDPTP relative to DPTP can be ascribed to the presence of
stronger electron-donating dialkoxy substituents. The Ey, which was estimated from
the onset point of the absorption spectrum in a fert-butanol-acetonitrile (v/v, 1:1)

solution, and the E, were used to calculate the EOX*. It is worth mentioning that both the
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Eox and EOX* of DPTP were more positive than those of M-TP, yet the degree of the
shift in the Eo was larger than that in the E,y, thus leading to a narrower energy gap for
DPTP. The deduced E., values corresponding to the LUMO levels of these dyes were

more negative than the conduction band edge of the TiO, (—0.5 V vs NHE),”

indicating that the electron injection process shall be energetically favorable. In addition,
the Eox values corresponding to the HOMO levels of the dyes were more positive than

the redox potential of the I /I3 couple (0.4 V vs NHE), suggesting that the oxidized
dyes shall be able to accept electrons from I thermodynamically for effective dye

regeneration.
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Figure 2-9. Cyclic voltammograms of DPTP, OMeDPTP, OHexDPTB, and M-TP

recorded in solutions.

2-3-5 Photovoltaic and Electrochemical Impedance Characteristics

The photovoltaic performance of these dyes as the sensitizers for DSSCs was
evaluated with a sandwich cell using 0.6 M 1-butyl-3-methylimidazolium iodide, 0.05
M Lil, 0.03 M I, 0.5 M 4-TBP, and 0.1 M guanidinium thiocyanate in a mixture of
acetonitrile—valeronitrile (85:15, v/v) as the redox electrolyte. The IPCE spectra and the

J—V curves under standard global AM 1.5 solar irradiation of the DSSCs are plotted in
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Figure 2-10(a) and Figure 2-10(b), respectively. The DSSCs based on DPTP,
OMeDPTP, and OHexDPTP showed IPCEs > 70% from 380-400 nm to 570 nm and
reached IPCE maxima of 90-92% around 450 nm, indicative of their highly efficient
performance. In agreement with the trend in absorption spectra, the IPCE spectra of
DPTP-, OMeDPTP- and OHexDPTP-based DSSCs all exhibited higher peak values
and extended to longer wavelengths than that of the model dye M-TP. Moreover, IPCE
spectra of OMeDPTP- and OHexDPTP-based DSSCs also extended to longer
wavelengths than that of DPTP. As listed in Table 2-4, the OHexDPTP-based cell gave
aJ, of 13.79 mA/cmz, Voc 0f 0.77 V, and FF of 0.72, yielding an overall PCE of 7.64%.
Although both DPTP- and OMeDPTP-based cells delivered J. values that are similar
to (or even slightly higher than) that of the OHexDPTP-based cell, yet with relatively
lower V, values, they both exhibited inferior PCEs of 6.72% and 7.05%, respectively.
In addition, the M-TP-based cell delivered the poorest PCE of 5.22% among all the
cells. For a fair comparison, the N719-sensitized DSSC was also fabricated and tested
under similar conditions. The PCE of the OHexDPTP-based cell reached ~90% of the

N719-based cell efficiency.
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Figure 2-10. (a) IPCE spectra and (b) J—V curves of DSSCs based on DPTP,

OMeDPTP, OHexDPTP, and M-TP.
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Table 2-4. Performance parameters of DSSCs sensitized with the dyes DPTP,

OMeDPTP, OHexDPTP, M-TP, and N719.°

dye Ji. (mA/cm?) Voo (V) FF PCE (%)
DPTP 13.72 0.69 0.71 6.72
OMeDPTP 14.01 0.71 0.71 7.05
OHexDPTP 13.79 0.77 0.72 7.64
M-TP 11.19 0.66 0.70 5.22
N719 16.12 0.76 0.70 8.57

“The concentration of the organic dyes was maintained at 0.5 mM in a chlorobenzene solution, with 0.5

mM deoxycholic acid as a co-adsorbent [N719 was fabricated in a fert-butanol-acetonitrile (1:1, v/v)

solution under the same conditions]. Performance of DSSCs was measured with a working area of 0.125
2

cm”.

Interestingly, the DPTP- and OHexDPTP-based cells showed nearly the same Jg
despite the larger molar extinction coefficients and red-shifted absorption of
OHexDPTP. This is attributed to the smaller density of OHexDPTP on the TiO,
surface, due to the greater steric congestion of the dihexyloxy-substituted

diphenylthienylamine donor moiety. By desorbing the dyes from TiO, with a basic

solution, the adsorbing densities were determined to be 1.8 x 10 7 and 6.0 x 10 ®

mol/cm® for DPTP and OHexDPTP, respectively, supporting such a mechanism. On
the other hand, the surface density of OMeDPTP was similar to that of DPTP due to
their similar molecular sizes, and thus the highest J;. of OMeDPTP-based cell among
all the cells can be ascribed to its simultaneously better light-harvesting ability and
larger surface density on TiO,.

Figure 2-11(a) shows the EIS Nyquist plots for DSSCs based on DPTP,
OMeDPTP and OHexDPTP. The three cells hardly showed any difference in smaller
semicircles at higher frequencies, but the difference in larger semicircles at lower
frequencies between the OHexDPTP- and DPTP- (or OMeDPTP-) based cells was
significant. The larger width of the lower-frequency semicircle of the

OHexDPTP-based cell indicates a larger charge-transfer resistance at the
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Ti0,/dye/electrolyte interface. Figure 2-11(b) shows the EIS Bode plots of the DSSCs

based on DPTP, OMeDPTP, and OHexDPTP. Again, the difference in Bode plots of

the three cells mainly occurred in the lower-frequency range, and the lower-frequency

peak of the OHexDPTP-based cell shifted to a lower frequency as compared to those of

the DPTP- and OMeDPTP-based cells, indicating that the electron lifetime was

effectively prolonged by the two long hexyloxy chains near the TiO,/dye/electrolyte

interface. The EIS results clearly suggest that the two long hexyloxy chains of

OHexDPTP act as effective blocking units between the TiO, surface and the electrolyte,

preventing the approach of hydrophilic I3 ions to the TiO, surface and thereby leading

to suppressed charge recombination/dark current and lengthened electron lifetimes.

These factors in turn lead to the higher V. of the OHexDPTP-based cell relative to the

DPTP- and OMeDPTP-based cells.
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Figure 2-11. EIS (a) Nyquist plots and (b) Bode phase plots for DSSCs based on DPTP,

OMeDPTP, and OHexDPTP.
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2-4 Organic Donor—Acceptor—Acceptor Dyes Featuring

2,1,3-Benzothiadiazole as the Bridging Acceptor

With the success of the pyrimidine-containing D—A-A dyes, in this work, we
further synthesized another series of D-A-A dyes (DPTB, OMeDPTB, and
OHexDPTB, Scheme 2-5), in which 2,1,3-benzothiadiazole (BT) is utilized to replace
the pyrimidine block. The BT represents one of the most ubiquitous electron-accepting
units in the design of optoelectronic materials because of its fascinating features,
including low-band-gap character, high absorption coefficient, and appropriate energy
levels.”” Several BT-containing organic DSSC dyes with different configurations were
reported and showed distinguished light-harvesting abilities.** *® Therefore, we
envisioned that the structural modification would enable these tailor-made dyes to show
significant bathochromic shifts in absorption as compared to their pyrimidine-based
analogs. This study also provided us with an opportunity to further assess the
applicability of our D-A—A molecular design strategy on developing photosensitizers

for DSSCs.

2-4-1 Synthesis

The synthetic pathways of the dyes DPTB, OMeDPTB, and OHexDPTB are
illustrated in Scheme 2-5. Stille coupling reactions of triarylamine-functionalized
tributylstannyl derivatives and 4,7-dibromo-2,1,3-benzothiadiazole afforded the
mono-functionalized intermediates 2-8, which were directly reacted with copper
cyanide to yield their corresponding cyano derivatives 2-9 via Rosenmunde—von Braun
reaction. Finally, the reduction of 2-9 using diisopropylaluminum hydride followed by
Knoevenagel condensation of the resulting aldehydes 2-10 with cyanoacetic acid in the

presence of ammonium acetate gave the target compounds in moderate overall yields.
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Scheme 2-5. Synthesis of the dyes DPTB, OMeDPTB, and OHexDPTB.

2-4-2 Optical Properties

The UV-vis absorption spectra of the dyes in CH,Cl, solutions are depicted in
Figure 2-12(a), and their pertinent photophysical parameters are summarized in Table
2-5. The photoluminescence data of these dyes are not provided here since the dyes
were almost non-luminescent. All the three dyes exhibited an intense absorption band in
the longer-wavelength region with a A, around 613-654 nm and a ¢ that is higher than
3 x 10* M em™', which is assigned to the ICT transition. Apparently, the absorption of
this series of BT-containing D-A—A dyes effectively extended to the NIR region and
was significantly red-shifted as compared to that of their pyrimidine-based analogs. The
absorption bands of OMeDPTB and OHexDPTB were red-shifted compared to that of
DPTB by ca. 40 nm because of the stronger electron-donating nature of the dialkoxy
substituents. This red shift is profitable for photon harvesting and thus photocurrent
generation in DSSCs (vide infra). Moreover, it is worth mentioning that in comparison
to the reported D-A-n—A dye that incorporates thiophene as an extra m-spacer to

connect the BT and cyanoacrylic acid blocks (Ass = 541 nm in a THF solution),34
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DPTB showed an evident bathochromic shift in absorption, corroborating again that
enhanced solar spectral responses can be realized through our D-A—A molecular design
concept. Figure 2-12(b) depicts the absorption spectra of the dyes anchoring on 7 um
porous TiO, nanoparticle films. The absorption maxima of the three dyes were
blue-shifted compared to those observed in CH,Cl, solutions. This phenomenon can be
attributed to the deprotonation of carboxylic acid upon adsorption onto the TiO, surface,
and the resulting carboxylate-TiO, unit is a weaker electron acceptor than the

. . . 121
corresponding carboxylic acid.

(@ 35} ——DPTB (b)Z 10 R ——DPTB
30} —o—OMeDPTB S —o—OMeDPTB
«~ [ —+—OHexDPTB >08¢ . —o— OHexDPTB
£ 25} ‘® \
< 20} g o6}
= £
154
5 g o4
% 10} =
5
5L E 0.2
(0] 3 N . N g TETRANve 2 0.0k N N N :
300 400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 2-12. Absorption spectra of DPTB, OMeDPTB, and OHexDPTB (a) in CH,Cl,

solutions (b) anchoring on 7 um porous TiO, nanoparticle films.

Table 2-5. Photophysical and electrochemical parameters of the dyes DPTB,

OMeDPTB, and OHexDPTB.

*

dye )“abs & )"abs on T102 EO—O onl Ered on X
(m)* (M em ) (nm)” (eV)’ V)’ V) %1
DPTB 613 32800 513 1.74 1.02 —0.66 —0.72
OMeDPTB 650 34442 548 1.65 0.87 —0.70 —0.78
OHexDPTB 654 32292 547 1.64 0.87 —0.69 —0.77

“Measured in CH,Cl, solutions (10~° M). *Obtained through measuring the dyes adsorbed on 7 um TiO,
nanoparticle films in chlorobenzene solutions. “Estimated from the onset point of the absorption spectra in
CH,Cl, solutions. “Measured in CH,Cl, solutions with 0.1 M TBAPF4 as a supporting electrolyte.
“Measured in THF solutions with 0.1 M TBAP as a supporting electrolyte. ““Calibrated with Fc/Fc' as an
external reference and converted to NHE by addition of 630 mV.2'E, =E,' — Ego.
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2-4-3 Theoretical Calculations

To gain more insight into the electronic structures of the dyes, DFET calculations
were carried out at the B3LYP/6-31G(d) level for geometry optimization. As shown in
Figure 2-13, the HOMOs of the dyes are populated over the whole molecular
conjugated backbone with substantial contributions from the diarylamine and thiophene
fragments, whereas LUMOs are delocalized through the thiophene, BT, and
cyanoacrylic acid blocks with considerable contributions from the latter two. The
significant spatial overlap between the HOMO and LUMO as well as the coplanar
conformation between the thiophene and BT rings is beneficial to enhance the
efficiency of ICT transition, as evidenced in the absorption spectra. Moreover, the
HOMO-LUMO excitation shifts the electron density distribution from the diarylamine
unit to the cyanoacrylic acid block, thus facilitating efficient electron injection from

photoexcited dyes into the TiO, electrode.

MOg DPTB OMeDPTB OHexDPTB
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Figure 2-13. HOMOs and LUMOs of the dyes DPTB, OMeDPTB, and OHexDPTB

calculated with DFT.
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2-4-4 Electrochemical Properties

The electrochemical properties of these dyes were studied by CV. Representative
cyclic voltammograms are shown in Figure 2-14 and the relevant CV data are collected
in Table 2-5. The three dyes all exhibited one reversible oxidation wave at lower
potentials and one irreversible (or quasi-reversible) oxidation wave at higher potentials.
The first waves can be ascribed to the oxidation of the diarylthienylamine donor
moieties, whereas the second waves can be assigned to the oxidation of the conjugated
backbones.”™® The oxidation potentials of OMeDPTB and OHexDPTB were less
positive than those of DPTB due to the presence of the stronger electron-donating
dialkoxy substituents. Moreover, the introduction of the dialkoxy substituents on the
donor moieties increases the electron density of the conjugated backbones, thus making
the second oxidation behaviors of OMeDPTB and OHexDPTB more reversible. On the
other hand, one quasi-reversible reduction wave attributed to the reduction of the
cyanoacrylic acid block was observed in the cathodic potential regime for the dyes,
which was relatively insensitive to the structural alterations of the donor moieties even
though the reduction potentials of OMeDPTB and OHexDPTB were slightly more
negative than that of DPTB. The E(_, estimated from the onset point of the absorption
spectrum in CH,Cl, and the first oxidation potential (onl) was used to calculate the on*.
The deduced Eoy values corresponding to the LUMO levels of these three dyes were

more negative than the conduction band edge of the TiO, electrode (—0.5 V vs NHE),”

indicating that the electron injection from photoexcited dyes into TiO, would be
energetically favorable. The first oxidation potentials (Eo.x') corresponding to the

HOMO levels of the dyes were more positive than the redox potential of the I /I3

couple (0.4 V vs NHE). It suggests that the oxidized dyes formed after electron
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injection into TiO, should be able to thermodynamically accept electrons from I ions

for effective dye regeneration.
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Figure 2-14. Cyclic voltammograms of DPTB, OMeDPTB, and OHexDPTB recorded

in solutions.

2-4-5 Photovoltaic Characteristics

In common with the photovoltaic characterization on the pyrimidine-based dyes,
the photovoltaic performance of DPTB, OMeDPTB, and OHexDPTB as the
photosensitizers for DSSCs was first evaluated with a sandwich cell using 0.6 M
1-butyl-3-methylimidazolium iodide, 0.05 M Lil, 0.03 M I, 0.5 M 4-TBP, and 0.1 M
guanidinium thiocyanate in a mixture of acetonitrile—valeronitrile (85:15, v/v) as the
redox electrolyte (EL1). The performance parameters of the corresponding DSSCs
measured under AM 1.5G simulated solar illumination at an intensity of 100 mW/cm®
are summarized in Table 2-6. The preliminary results showed that the DSSCs exhibit
extremely low PCEs (<0.06%). We attribute the poor photovoltaic performance to the
addition of 4-TBP into the electrolyte that can negatively shift the conduction band edge
of TiO, about 0.3 V,** thus impeding efficient electron injection from the photoexcited

dyes into the TiO, electrode.” Recently, a few BT-containing sensitizers with similar
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structural features to our dyes (i.e., the BT block directly adjacent to the cyanoacrylic
acid) were also reported to show inferior performance to their analogs even though the
origins of the low PCEs were different.***® For a fair comparison, the N719-sensitized

DSSC was also fabricated under the same conditions and reached a PCE of 8.57%.

Table 2-6. Performance parameters of DSSCs based on the dyes DPTB, OMeDPTB,

OHexDPTB, and N719.°

dye Ji. (mA/cm?) Voo (V) FF PCE (%)
DPTB’® 0.31 0.28 0.45 0.039
OMeDPTB’ 0.42 0.25 0.45 0.045
OHexDPTB’ 0.44 0.30 0.45 0.059
N719° 16.12 0.76 0.70 8.57
DPTB* 9.12 0.41 0.62 2.30
OMeDPTB® 13.06 0.39 0.62 3.13
OHexDPTB® 11.10 0.45 0.63 3.16
N719° 14.05 0.57 0.67 5.39

“The concentration of the organic dyes was maintained at 0.5 mM in a chlorobenzene solution, with 0.5
mM deoxycholic acid as a co-adsorbent [N719 was fabricated in a fert-butanol-acetonitrile (1:1, v/v)
solution under the same conditions]. Performance of DSSCs was measured with a working area of 0.125
cm®. "The composition for the EL1 electrolyte is: 0.6 M 1-butyl-3-methylimidazolium iodide, 0.05 M Lil,
0.03M I, 0.5 M 4-TBP, and 0.1 M guanidinium thiocyanate in a mixture of acetonitrile and valeronitrile
(85/15, v/v). “The composition for the EL2 electrolyte is: 0.6 M 1,2-dimethyl-3-propylimidazolium iodide,
0.05 M Lil, and 0.03 M I, in acetonitrile.

To improve the poor device performance, the DSSCs were then fabricated in a
4-TBP-free condition by merely using 0.6 M 1,2-dimethyl-3-propylimidazolium iodide,
0.05 M Lil, and 0.03 M I, in acetonitrile as the redox electrolyte (EL2). The IPCE
spectra and the J-V curves of the DSSCs using the EL2 electrolyte are shown in Figure
2-15(a) and Figure 2-15(b), respectively. The DSSCs based on these organic dyes
exhibited remarkably improved performance, whereas the N719-based cell showed a
lower PCE than the parent cell based on the EL1 electrolyte, mainly due to the lower Jg.
and ¥, values (Table 2-6). The decrease in V. for the N719-based cell can be partly
attributed to the shift of the conduction band edge of TiO, toward a positive potential

due to the removal of 4-TBP. Such phenomenon also qualitatively verifies our
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aforementioned speculation on the poor photovoltaic performance of the DSSCs based
on the BT-containing D-A—-A dyes in conjunction with the EL1 electrolyte. In
agreement with the trend in absorption spectra, the IPCE spectra of the three cells all
extended to the NIR region, and those of OMeDPTB- and OHexDPTB-based devices
showed red-shifted responses as compared to that of DPTB-based device [Figure
2-15(a)]. In addition, the OMeDPTB-based cell exhibited the highest IPCE values
among the three cells over the whole spectral range, thus delivering a maximum Jy, of
13.06 mA/cm®. On the other hand, the OHexDPTB-based cell gave a higher V. than
the other two cells, benefiting from the presence of two long aliphatic hexyloxy chains
on the diarylthienylamine donor. As a whole, the OHexDPTB-based cell showed the
best PCE of 3.16% among these three DSSCs, with a Jy of 11.10 mA/cmZ, Voo of 0.45

V, and FF of 0.63.
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Figure 2-15. (a) IPCE spectra and (b) J-V curves of DSSCs based on DPTB,

OMeDPTB, and OHexDPTB in conjunction with the EL2 electrolyte.
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2-5 Conclusions

In section 2-2, we developed two organic D-n—A sensitizers (TPCADTS and
TP6CADTS) that contain a coplanar diphenyl-substituted DTS as the n-bridge.
Compared to TPCADTS, TP6CADTS possessed a narrower bandgap and higher
HOMO level than DPTP due to the presence of the stronger electron-donating hexyloxy
substituents on the triphenylamine donor moiety. The aliphatic hexyloxy chains of
TP6CADTS also benefited the suppression of the charge recombination at the
Ti0,/dye/electrolyte interface, thus resulting in the higher V., IPCEs, and overall PCE
of 7.6% in the corresponding cell.

In section 2-3, we synthesized a series of D-A—A sensitizers (DPTP, OMeDPTP,
and OHexDPTP), in which various diarylthienylamine donor moieties are connected to
a cyanoacrylic acid acceptor moiety through another electron-deficient pyrimidine block.
By taking advantage of the characteristic planarity and electronic deficiency of
pyrimidine, DPTP showed a better light-harvesting ability than its D-n—A counterpart
M-TP. The incorporation of the dialkoxy substituents on the donor moiety gave
OMeDPTP and OHexDPTP narrower bandgaps and higher HOMO levels as compared
to those of DPTP. The introduction of two long hexyloxy chains on the donor moiety of
OHexDPTP  effectively suppressed the charge recombination at the
TiO/dye/electrolyte interface, leading to the fact that the OHexDPTP-based cell
delivered the highest V, and thus the highest PCE of 7.64% among the series of cells.

In section 2-4, another series of D-A-A dyes (DPTB, OMeDPTB, and
OHexDPTB) characterized by the adoption of BT as the bridging acceptor were
synthesized. These dyes showed better light-harvesting capabilities than not only their
pyrimidine-based analogs but also the previously reported D-A-n—A counterpart. The

incorporation of the dialkoxy substituents on the donor moiety endowed OMeDPTB
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and OHexDPTB with narrower bandgaps and higher HOMO levels than DPTB. In
photovoltaic characterization, the use of the 4-TBP-containing electrolyte (EL1) that
can negatively shift the conduction band edge of TiO, about 0.3 V impeded efficient
electron injection from the photoexcited dyes into the TiO, electrode because of their
deep-lying LUMO levels, thus leading to poor photovoltaic performance. In contrast,
the DSSCs based on these dyes in conjunction with the 4-TBP-free electrolyte (EL2)
showed markedly improved performance with solar spectral responses extending to the
NIR region, and the best cell based on OHexDPTB reached a PCE of 3.16%.

According to the results of the two series of D-A—A dyes, we conclude that
although the D-A—A dyes generally show better light-harvesting abilities than their
counterparts, DSSCs sensitized with D-A—A dyes may suffer from a trade-off between
the photocurrent and the photovoltage owing to the possibly limited uses of the

4-TBP-containing electrolytes.
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2-6 Experimental Details

Synthesis and Materials. Unless otherwise stated, all chemicals and reagents were
used as received from commercial sources without purification. Solvents for chemical
synthesis were purified by distillation. All chemical reactions were carried out under an
argon or nitrogen atmosphere. The 5,5’-bis(trimethylsilyl)-3,3’-diphenylsilylene-2,2’-b-
ithiophene,'® 4-(N,N-diphenylamino)phenylboronic acid,* tributyl[4-(N,N-bis(4-hexyl-
oxyphenyl)amino)phenyl]stannane,*’ 5-bromo-2-iodopyrimidine,* and 5-(N,N-diphen-
ylamino)-2-(tri-n-butylstannyl)thiophene ** were synthesized based on the reported

procedures.

AL

s 57 ~SiMe;
21

5-Bromo-5’-trimethylsilyl-3,3’-diphenylsilylene-2,2’-bithiophene (2-1). To a
stirring  solution of 5,5’-bis(trimethylsilyl)-3,3’-diphenylsilylene-2,2’-bithiophene
(13.55 g, 27.60 mmol) in N,N-dimethylformamide (275 mL) was added dropwise
N-bromosuccinimide (5.86 g, 33.12 mmol) dissolved in N,N-dimethylformamide (275
mL) at 0 °C under exclusion of light, and the reaction mixture was then warmed to room
temperature. After being stirred for 12 h, the reaction mixture was poured into water and
extracted with diethyl ether. The combined extracts were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. The solvent of the filtrate was removed by
rotary evaporation. The crude product was dissolved in hexane, and the undissolved
solid was filtered. The filtrate was evaporated to dryness, and the resulting solid was
washed with ethanol to afford 2-1 as a white solid (9.04 g, 66%), mp 140-142 °C; IR
(KBr) v 3065, 2950, 1587, 1427, 1245, 995 cm'; '"H NMR (CDCls, 400 MHz) & 7.63
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(dt, J = 6.4, 1.6 Hz, 4H), 7.45-7.36 (m, 6H), 7.31 (s, 1H), 7.18 (s, 1H), 0.36 (s, 9H); "*C
NMR (CDCl;, 100 MHz) 6 154.8, 150.6, 142.5, 140.3, 136.1, 135.2, 132.1, 131.1, 130.3,
128.1, 111.9, 0.3; HRMS (m/z, FAB") calcd for C,3H, BrS,Si, 495.9807, found

495.9803.

A

S S
2-2

5-Bromo-3,3’-diphenylsilylene-2,2’-bithiophene (2-2). To a stirring solution of 2-1
(3.30 g, 6.63 mmol) in chloroform (165 mL) was added dropwise trifluoroacetic acid
(0.98 mL, 13.26 mmol) at room temperature under exclusion of light. After being stirred
for 12 h, the reaction mixture was poured into water and extracted with chloroform. The
combined extracts were washed with brine, dried over anhydrous magnesium sulfate,
and filtered. The solvent of the filtrate was removed by rotary evaporation to afford 2-2
as a light yellow solid (2.75 g, 98%), mp 173-175 °C; IR (KBr) v 3090, 3018, 1586,
1427, 1250, 943 cm'; "H NMR (CDCls, 400 MHz) & 7.64 (d, J = 6.8 Hz, 4H), 7.47—
7.37 (m, 6H), 7.30 (d, J = 4.8 Hz, 1H), 7.24 (d, J= 4.8 Hz, 1H), 7.20 (s, 1H); °C NMR
(CDCl3, 100 MHz) 6 150.5, 149.6, 139.9, 138.7, 135.2, 132.0, 130.9, 130.4, 129.5,
128.1, 126.2, 111.8; HRMS (m/z, FAB") calcd for C,oH3BrS,Si 423.9411, found

423.9416.

ows
Qo

5-[N,N-bis(phenylamino)phenyl]-3,3’-diphenylsilylene-2,2’-bithiophene (2-3a). A
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mixture of 2-2 (2.33 g, 5.48 mmol), 4-(N,N-diphenylamino)phenylboronic acid (1.90 g,
6.58 mmol), Pd(PPh;)4 (316 mg, 0.27 mmol), and potassium carbonate (2 M aqueous
solution, 13.7 mL, 27.40 mmol) in toluene (270 mL) was stirred and heated to reflux
under argon for 2.5 h. The reaction mixture was poured into water and extracted with
dichloromethane. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with dichloromethane/hexane (v/v, 1:5) as eluent to afford 2-3a as a yellow solid
(2.68 g, 83%), mp 230232 °C; IR (KBr) v 3059, 3023, 1590, 1494, 1273, 826 cm '; 'H
NMR (CDCls, 400 MHz) 8 7.67 (dt, J = 6.4, 1.6 Hz, 4H), 7.48-7.22 (m, 15 H), 7.12 (dd,
J =84, 1.2 Hz, 4H), 7.07-7.02 (m, 4H); >C NMR (CDCl;, 100 MHz) & 150.5, 148.4,
147.3, 146.9, 145.7, 141.1, 139.0, 135.3, 131.6, 130.2, 129.5, 129.2, 128.4, 128.1, 126.3,
125.8, 124.6, 124.3, 123.6, 122.9; HRMS (m/z, FAB") calcd for C3gH,7NS,Si 589.1354,

found 589.1349.

o QL0

CH1z0

5-[N,N-bis(4-hexyloxyphenylamino)phenyl]-3,3’-diphenylsilylene-2,2’-bithiophe-
ne (2-3b). A mixture of 2-2 (2.94 g, 6.91 mmol),
tributyl[4-(N,N-bis(4-hexyloxyphenyl)amino)phenyl]stannane (7.61 g, 10.37 mmol),
and Pd(PPhs)s; (404 mg, 0.35 mmol) in anhydrous toluene (35 mL) was stirred and
heated at 100 °C under argon for 24 h. After the mixture was cooled to room

temperature, the solvent was removed by rotary evaporation, and the crude product was
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purified by column chromatography on silica gel with dichloromethane/hexane (v/v, 1:3)
as eluent to afford 2-3b as a yellow solid (3.32 g, 61%), mp 55-57 °C; IR (KBr) v 3063,
2955, 2853, 1601, 1505, 1475, 1011, 824 cm '; '"H NMR (DMSO-ds, 400 MHz) & 7.71
(s, 1H), 7.66 (d, J = 6.8 Hz, 4H), 7.56 (d, J = 4.4 Hz, 1H), 7.50-7.37 (m, 9H), 6.99 (d, J
= 8.8 Hz, 4H), 6.87 (d, J = 8.8 Hz, 4H), 6.75 (d, J = 8.4 Hz, 2H), 3.89 (t, J = 6.2 Hz,
4H), 1.67 (m, 4H), 1.38 (m, 4H), 1.29 (m, 8H), 0.86 (t, J = 6.2 Hz, 6H); °C NMR
(CDyCl,, 100 MHz) & 156.1, 151.0, 148.7, 148.2, 146.8, 141.6, 140.6, 139.3, 135.7,
132.2, 130.7, 130.0, 128.6, 127.2, 126.6, 126.4, 126.3, 124.4, 120.4, 115.7, 68.8, 32.2,
29.9, 26.4, 23.3, 14.5; HRMS (m/z, FAB") calcd for CsoHs;NO,S,Si 789.3130, found

789.3133.

Q <> (/\S 2/\5
o

5-[N,N-bis(phenylamino)phenyl]-5’-formyl-3,3’-diphenylsilylene-2,2’-bithiophe-
ne (2-4a). To a stirring solution of 2-3a (826 mg, 1.4 mmol) in anhydrous
N,N-dimethylformamide (30 mL) was added dropwise phosphorus oxychloride (0.22

mL, 2.38 mmol) at —40 °C under argon. The reaction mixture was then heated to 60

°C and stirred for 4 h. After being cooled to room temperature, the reaction mixture was
quenched with 10% sodium acetate aqueous solution (210 mL) and extracted with ethyl
acetate. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with ethyl acetate/hexane (v/v, 1:10) as eluent to afford 2-4a as a red solid (553 mg,

64%), mp 235-237 °C; IR (KBr) v 3031, 2809, 1657, 1589, 1487, 1115, 825 cm ' 'H
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NMR (CDCls;, 400 MHz) & 9.87 (s, 1H), 7.86 (s, 1H), 7.65 (dd, J = 8.0, 1.2 Hz, 4H),
7.49-7.45 (m, 4H), 7.41-7.37 (m, 5H), 7.30-7.26 (m, 4H), 7.12 (dd, J = 8.4, 0.8 Hz,
4H), 7.08-7.04 (m, 4H); °C NMR (CDCl;, 100MHz) & 182.2, 159.7, 149.9, 147.8,
147.1, 146.7, 145.8, 144.7, 139.9, 139.4, 135.2, 130.7, 130.2, 129.2, 128.3, 127.3, 126.7,
124.9, 124.6, 123.3, 123.1; HRMS (m/z, FAB") calcd for C3oH,,NOS,Si 617.1303,

found 617.1304.

o G0

N R -

24b
CoH130
5-[N,N-bis(4-hexyloxyphenylamino)phenyl]-5’-formyl-3,3’-diphenylsilylene-2,2’-
bithiophene (2-4b). To a stirring solution of 2-3b (2 g, 2.53 mmol) in anhydrous
N,N-dimethylformamide (54 mL) was added dropwise phosphorus oxychloride (0.4 mL,

4.3 mmol) at —40 °C under argon. The reaction mixture was then heated to 60 °C and

stirred for 3 h. After being cooled to room temperature, the reaction mixture was
quenched with 10% sodium acetate aqueous solution (380 mL) and extracted with ethyl
acetate. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with ethyl acetate/hexane (v/v, 1:10) as eluent to afford 2-4b as a red solid (1.62 g,
78%), mp 65-67 °C; IR (KBr) v 3061, 2953, 2856, 2706, 1664, 1599, 1506, 1237, 1139,
825 cm'; '"H NMR (DMSO-ds, 400 MHz) & 9.87 (s, 1H), 8.40 (s, 1H), 7.86 (s, 1H),
7.70 (d, J = 7.2 Hz, 4H), 7.55-7.41 (m, 8H), 7.03 (d, J = 8.8 Hz, 4H), 6.90 (d, J = 8.8

Hz, 4H), 6.74 (d, J = 8.4 Hz, 2H), 3.92 (t, J = 6.8 Hz, 4H), 1.69 (m, 4H), 1.39 (m, 4H),
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1.30 (m, 8H), 0.87 (t, J = 6.8 Hz, 6H); °C NMR (CD,CL,, 100 MHz) & 182.6, 159.9,
156.4, 150.9, 149.4, 146.5, 146.4, 145.2, 140.3, 140.2, 139.8, 135.7, 131.1, 130.9, 128.7,
127.5, 126.9, 125.5, 124.7, 119.9, 115.7, 68.8, 32.2, 29.9, 26.3, 23.3, 14.5; HRMS (m/=,

FAB+) calcd for Cs;H5;NOsS,Si 817.3080, found 817.3077.

@ TPCADTS

3-[5-[V,N-bis(phenylamino)phenyl]-3,3’-diphenylsilylene-2,2’-bithiophene-5’-yl|-
2-cyanoacrylic acid (TPCADTS). A mixture of 2-4a (370 mg, 0.6 mmol), cyanoacetic
acid (153 mg, 1.8 mmol), and ammonium acetate (39 mg) in glacial acetic acid (13 mL)
was stirred and heated at 120 °C for 12 h. After the reaction mixture was cooled to room
temperature, the resulting precipitate was collected by filtration and thoroughly washed
with water, methanol, and diethyl ether to afford TPCADTS as a black solid (350 mg,
85%), mp 294-296 °C; IR (KBr) v 3056, 2217, 1718, 1682, 1592, 1429, 824 cm '; 'H
NMR (DMSO-ds, 400 MHz) 6 8.46 (s, 1H), 8.32 (s, 1H), 7.96 (s, 1H), 7.69-7.64 (m,
6H), 7.52-7.48 (m, 2H), 7.46-7.42 (m, 4H), 7.35-7.31 (m, 4H), 7.11-7.05 (m, 6H),
6.97 (d, J = 8.8 Hz, 2H); °C NMR (DMSO-ds, 100 MHz) & 163.8, 158.8, 149.8, 147.5,
146.6, 146.4, 145.5, 143.4, 139.8, 137.3, 135.0, 130.9, 129.9, 129.7, 128.5, 126.9, 126.6,
126.3, 124.6, 123.7, 122.5, 116.9; HRMS (m/z, FAB") calcd for CsHysN,0,S,Si

684.1361, found 684.1357.
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3-[5-[NV,N-bis(4-hexyloxyphenylamino)phenyl]-3,3’-diphenylsilylene-2,2’-bithiop-
hene-5’-yl]-2-cyanoacrylic acid (TP6CADTS). A mixture of 2-4b (327 mg, 0.4 mmol),
cyanoacetic acid (102 mg, 1.2 mmol), and ammonium acetate (26 mg) in glacial acetic
acid (9mL) was stirred and heated at 120 °C for 12 h. After the reaction mixture was
cooled to room temperature, the resulting precipitate was collected by filtration and
thoroughly washed with water, methanol, and hexane to afford TP6CADTS as a black
solid (305 mg, 86%), mp 244-246 °C; IR (KBr) v 3062, 2930, 2854, 2215, 1719, 1682,
1565, 1373, 822 cm™'; "H NMR (DMSO-ds, 400 MHz) & 8.46 (s, 1H), 8.31 (s, 1H), 7.87
(s, 1H), 7.67 (d, J = 7.2 Hz, 4H), 7.56-7.42 (m, 8H), 7.03 (d, J = 8.8Hz, 4H), 6.90 (d, J
= 8.8 Hz, 4H), 6.75 (d, J = 8.4 Hz, 2H), 3.92 (t, J = 6.8 Hz, 4H), 1.69 (m, 4H), 1.40 (m,
4H), 1.30 (m, 8H), 0.88 (t, J = 6.8 Hz, 6H); °C NMR (DMSO-ds, 100 MHz) & 164.5,
156.3, 151.2, 149.4, 147.2, 145.5, 140.3, 139.9, 137.8, 135.7, 131.6, 130.7, 129.2, 127.8,

127.4,126.2, 124.9, 119.3, 116.2, 68.3, 31.7, 29.4, 25.9, 22.7, 14.6; HRMS (m/z, FAB")

calcd for Cs4H35,N»,04S,S1 884.3138, found 884.3146.

Q\l—@—(\:}m
@ 2-5a

[5-(5-Bromo-pyrimidin-2-yl)-thiophen-2-yl]-V,N-diphenylamine (2-5a). To a
stirring solution of 2-(N,N-diphenylamino)thiophene (5.03 g, 20 mmol) in anhydrous
THF (60 mL) was added dropwise n-BuLi solution (1.6 M in hexane, 13.13 mL, 21

mmol) at —78 °C under an argon atmosphere. The reaction mixture was warmed to —
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35 °C and stirred for 15 min. ZnCl, (22 mL of 1 M solution in anhydrous THF, 22
mmol) was then added to the reaction mixture in one portion. The reaction mixture was
warmed to room temperature and stirred for 30 min. To the above resulting zinc reagent
were added 5-bromo-2-iodopyrimidine (5.70 g, 20 mmol), Pd(PPhs)4 (1.15 g, 1 mmol),
and anhydrous THF (80 mL). The whole mixture was heated to reflux under argon for 3
h. After being cooled to room temperature, the reaction mixture was poured into water
and extracted with ethyl acetate. The combined extracts were washed with brine, dried
over anhydrous magnesium sulfate, and filtered. The solvent of the filtrate was removed
by rotary evaporation, and the crude product was purified by column chromatography
on silica gel with dichloromethane/hexane (v/v, 1:1) as eluent to afford 2-5a as a yellow
solid (5.83 g, 71%), mp 160-162 °C; IR (KBr) v 3068, 3028, 1587, 1547, 1468, 1293,
1120, 810 cm '; "H NMR (CD,Cl,, 400 MHz) & 8.59 (s, 2H), 7.74 (d, J = 4.0 Hz, 1H),
7.33 (t, J=17.6 Hz, 4H), 7.24 (d, J = 7.6 Hz, 4H), 7.14 (t, J = 7.6 Hz, 2H), 6.53 (d, J =
4.0 Hz, 1H); >C NMR (CD,Cl,, 100 MHz) & 159.8, 158.0, 157.8, 147.4, 131.6, 129.9,
129.8, 124.9, 124.6, 117.4, 115.9; HRMS (m/z, FAB") calcd. for CaH4'BrN3S

407.0092, found 407.0102, calcd. for C20H1481BrN3S 409.0071, found 409.0080.

H;CO
Q .
N—@—<\ :/>—Br
S N
2-5b
H,CO

[S-(5-Bromo-pyrimidin-2-yl)-thiophen-2-yl]-/V,/V-bis(4-methoxyphenyl)amine
(2-5b). The synthetic procedure was similar to that of 2-5a, except that the eluent of
column purification was dichloromethane/hexane (v/v, 3:4). 2-5b was isolated as a

yellow solid (56%), mp 145-147 °C; IR (KBr) v 3071, 3020, 2958, 2837, 1606, 1550,
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1298, 1168, 1030, 829 cm'; 'H NMR (CD-Cl,, 400 MHz) & 8.53 (s, 2H), 7.65 (d, J =
4.0 Hz, 1H), 7.21 (dd, J = 2.4, 6.8 Hz, 4H), 6.88 (dd, J = 2.4, 6.8 Hz, 4H), 6.24 (d, J =
4.0 Hz, 1H), 3.80 (s, 6H); °C NMR (CD,Cl,, 100 MHz) & 160.6, 160.1, 157.7, 157.5,
140.4, 130.5, 127.9, 126.8, 115.1, 115.0, 112.0, 56.0; HRMS (m/z, FAB") calcd. for
CaoH1s"BrN;O,S 467.0303, found 467.0299, caled. for CpHis*' BrN3;O,S 469.0283,

found 469.0281.

CeHiz0
Q
CoHrsO
[5-(5-Bromo-pyrimidin-2-yl)-thiophen-2-yl]-/V,/N-bis(4-hexyloxyphenyl)amine

(2-5¢). The synthetic procedure was similar to that of 2-5a, except that the eluent of
column purification was dichloromethane/hexane (v/v, 2:3). 2-5¢ was isolated as a
yellow solid (81%), mp 86-88 °C; IR (KBr) v 3040, 2954, 2856, 1605, 1547, 1240,
1009, 821 cm™'; "H NMR (CDCls, 400 MHz) & 8.53 (s, 2H), 7.67 (d, J = 4.0 Hz, 1H),
7.20 (dd, J = 2.0, 6.8 Hz, 4H), 6.85 (dd, J = 2.0, 6.8 Hz, 4H), 6.27 (d, J = 4.0 Hz, 1H),
3.94 (t, J= 6.8 Hz, 4H), 1.79 (m, 4H), 1.47 (m, 4H), 1.35 (m, 8H), 0.93 (t, J = 6.8 Hz,
6H); °C NMR (CDCls;, 100 MHz) & 160.3, 159.6, 157.1, 156.4, 139.7, 130.1, 127.0,
126.3,115.2, 114.2, 111.5, 68.2, 31.7, 29.3, 25.8, 22.7, 14.2; HRMS (m/z, FAB") calcd.
for C3,Hss""BrN3;0,S 607.1868, found 607.1862, caled. for C3,Hss* ' BrN;0,S 609.1848,

found 609.1843.
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2-(5-N,N-diphenylaminothiophen-2-yl)-pyrimidine-5-carbaldehyde (2-6a). To a
stirring solution of 2-5a (4.90 g, 12 mmol) in 160 mL anhydrous THF was added

dropwise n-BuLi solution (1.6 M in hexane, 7.73 mL, 12.36 mmol) at —100 °C under

an argon atmosphere. The resulting solution was stirred for 20 min, after which time
anhydrous ethyl formate (1.03 mL, 12.72 mmol) was added dropwise over 5 min. After
being stirred for 20 min, the reaction was quenched with 1.5M HCI in THF solution (8
mL, 12 mmol). The cold bath was removed, and the reaction mixture was stirred for 2 h.
The THF was removed under reduced pressure, and the residue was extracted with
chloroform. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with dichloromethane/hexane (v/v, 2:1) as eluent to afford 2-6a as an orange solid
(1.33 g, 31% yield), mp 200202 °C; IR (KBr) v 3064, 2923, 2821, 1687, 1587, 1445,
1217, 1058, 835 cm™'; "H NMR (CD,Cl,, 400 MHz) & 9.94 (s, 1H), 8.90 (s, 2H), 7.90 (d,
J=4.4 Hz, 1H), 7.39-7.18 (m, 10H), 6.50 (d, J = 4.4 Hz, 1H); >C NMR (CD,Cl,, 100
MHz) 6 188.6, 164.4, 161.6, 158.8, 146.9, 133.1, 130.0, 129.7, 125.8, 125.4, 125.2,

115.5; HRMS (m/z, FAB+) calcd. for C,1H;5N30S 357.0936, found 357.0935.

H3CO

Q -
N—@—<\ :/>—CHO
N
2-6b
HyCO

2-[5-N,N-bis(4-methoxyphenyl)aminothiophen-2-yl]-pyrimidine-5-carbaldehyde
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(2-6b). The synthetic procedure was similar to that of 2-6a, except that the eluent used
for column purification was dichloromethane. 2-6b was isolated as an orange solid
(46%), mp 183-185 °C; IR (KBr) v 3061, 3033, 2820, 2734, 1692, 1592, 1503, 1299,
1159, 825 cm '; "H NMR (CD,Cl,, 400 MHz) & 9.89 (s, 1H), 8.84 (s, 2H), 7.84 (d, J =
4.4 Hz, 1H), 7.26 (dd, J = 2.4, 6.8 Hz, 4H), 6.91 (dd, J = 2.4, 6.8 Hz, 4H), 6.25 (d, J =
4.4 Hz, 1H), 3.81 (s, 6H); °C NMR (CD,Cl,, 100 MHz) & 188.5, 164.5, 164.2, 158.8,
158.1, 139.7, 133.9, 127.4, 126.9, 124.7, 115.3, 111.3, 56.1; HRMS (m/z, FAB") calcd.

for C23H19N303S 4171147, found 417.1144.

CeHi30,

Q«—@—(\: i/>—CHO

2-6¢
CeHy30

2-[5-N,N-bis(4-hexyloxyphenyl)aminothiophen-2-yl]-pyrimidine-5-carbaldehyde
(2-6¢). The synthetic procedure was similar to that of 2-6a, except that the eluent used
for column purification was dichloromethane. 2-6¢ was isolated as an orange solid
(54%), mp 93-95 °C; IR (KBr) v 3046, 2951, 2854, 2722, 1691, 1587, 1542, 1238,
1067, 831 cm '; "H NMR (CD-Cl,, 400 MHz) & 9.88 (s, 1H), 8.83 (s, 2H), 7.83 (d, J =
4.4 Hz, 1H), 7.24 (dd, J = 2.0, 6.8 Hz, 4H), 6.89 (dd, J = 2.0, 6.8 Hz, 4H), 6.23 (d, J =
4.4 Hz, 1H), 3.96 (t, J = 6.8 Hz, 4H), 1.78 (m, 4H), 1.47 (m, 4H), 1.37 (m, 8H), 0.93 (t,
J = 6.8 Hz, 6H); °C NMR (CD,Cl,, 100 MHz) & 188.5, 164.5, 164.4, 158.8, 157.7,
139.5, 133.9, 1274, 126.7, 124.6, 115.8, 111.1, 68.9, 32.2, 29.8, 26.3, 23.3, 14.5;

HRMS (m/z, FAB+) calcd. for C33H39N303S 557.2712, found 557.2714.
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2-Cyano-3-[2-(5-N,N-diphenylaminothiophen-2-yl)-pyrimidin-5-yl] acrylic acid
(DPTP). A mixture of 2-6a (100 mg, 0.28 mmol), cyanoacetic acid (71 mg, 0.84 mmol),
and ammonium acetate (14 mg) in glacial acetic acid (5 mL) was stirred and heated at
80 °C for 12 h. After the reaction mixture was cooled to room temperature, the resulting
precipitate was collected by filtration and thoroughly washed with water, methanol, and
hexane to afford DPTP as a black solid (80 mg, 67%), mp 233-235 °C; IR (KBr) v
3032, 2928, 2229, 1687, 1585, 1491, 1247, 1083, 858 cm '; 'H NMR (DMSO-ds, 400
MHz) & 9.15 (s, 2H), 8.26 (s, 1H), 7.85 (d, J = 4.0 Hz, 1H), 7.43 (t, J = 7.6 Hz, 4H),
7.30 (d, J = 7.6 Hz, 4H), 7.24 (t, J = 7.6 Hz, 2H), 6.44 (d, J = 4.0 Hz, 1H); °C NMR
(DMSO-dg, 100 MHz) 6 162.8, 161.4, 160.2, 158.5, 148.3, 146.0, 132.4, 129.9, 128.6,
125.7, 124.9, 121.7, 116.2, 114.4, 104.1; HRMS (m/z, FAB") calcd. for Cp4HsN4O,S

424.0994, found 424.1004.
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2-Cyano-3-{2-[5-N,N-bis(4-methoxyphenyl)aminothiophen-2-yl]-pyrimidin-5-yl}
acrylic acid (OMeDPTP). The synthetic procedure was similar to that of DPTP.
OMeDPTP was synthesized as a black solid (62%), mp 236-238 °C; IR (KBr) v 3106,
3005, 2927, 2833, 2217, 1713, 1589, 1545, 1076, 860 cm '; '"H NMR (DMSO-d;, 400
MHz) & 9.10 (s, 2H), 8.22 (s, 1H), 7.79 (d, J = 4.0 Hz, 1H), 7.32 (d, J = 8.8 Hz, 4H),

7.00 (d, J = 8.8 Hz, 4H), 6.13 (d, J = 4.0 Hz, 1H), 3.78 (s, 6H); >C NMR (DMSO-ds,
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100 MHz) 6 163.3, 163.0, 161.6, 158.6, 157.5, 148.5, 138.7, 133.4, 127.3, 125.6, 120.9,
116.4, 115.1, 109.9, 102.8, 55.4; HRMS (m/z, FAB") calcd. for CosHoN404S 484.1205,

found 484.1209.
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2-Cyano-3-{2-[5-N,N-bis(4-hexyloxyphenyl)aminothiophen-2-yl]-pyrimidin-5-yl}
acrylic acid (OHexDPTP). The synthetic procedure was similar to that of DPTP.
OHexDPTP was synthesized as a black solid (86%), mp 142—-144 °C; IR (KBr) v 3067,
2953, 2857, 2226, 1693, 1584, 1537, 1213, 1009, 852 cm'; 'H NMR (CD,Cl,, 400
MHz) & 9.05 (s, 2H), 8.08 (s, 1H), 7.88 (d, J = 4.4 Hz, 1H), 7.25 (d, J = 8.8 Hz, 4H),
6.90 (d, J=8.8 Hz, 4H), 6.25 (d, J=4.4 Hz, 1H), 3.96 (t, /= 6.4 Hz, 4H), 1.77 (m, 4H),
1.47 (m, 4H), 1.36 (m, 8H), 0.92 (t, J = 6.4 Hz, 6H); °C NMR (CD,Cl,, 100 MHz) &
165.7, 163.2, 159.5, 158.2, 150.1, 139.5, 135.1, 127.7, 126.5, 120.7, 116.1, 111.7, 101.1,
69.0, 32.2,29.8, 26.3, 23.2, 14.4; HRMS (m/z, FAB") calcd. for C3sH4N404S 624.2770,

found 624.2769.

4-(5-N,N-diphenylaminothiophen-2-yl)-benzaldehyde (2-7). A mixture of
5-(N,N-diphenylamino)-2-(tri-n-butylstannyl)thiophene ~ (5.40 g, 10.0 mmol),
4-bromobenzaldehyde (1.48 g, 8.0 mmol), and PdCl,(PPhs), (281 mg, 0.4 mmol) in

anhydrous THF (50 mL) was stirred and heated to reflux under argon for 1.5 h. After
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the reaction mixture was cooled to room temperature, the solvent was removed by
rotary evaporation, and the crude product was purified by column chromatography on
silica gel with dichloromethane/hexane (v/v, 1:2) as eluent to afford 2-7 as a yellow
solid (2.5 g, 88%), mp 122—-124 °C; IR (KBr) v 3061, 3033, 2820, 2734, 1692, 1592,
1503, 1299, 1159, 1061, 825 cm'; "H NMR (DMSO-ds, 400 MHz) & 9.93 (s, 1H), 7.85
(d, J= 8.4 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.55 (d, /= 4.0 Hz, 1H), 7.34 (t, /= 7.6
Hz, 4H), 7.14-7.09 (m, 6H), 6.67 (d, J = 4.0 Hz, 1H); °C NMR (CDCls, 100 MHz) &
191.1, 153.7, 147.2, 140.2, 134.3, 134.2, 130.3, 129.2, 124.7, 124.1, 123.7, 123.2, 119.9;

HRMS (m/z, FAB+) calcd. for Co3H7NOS 355.1031, found 355.1028.
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2-Cyano-3-[4-(5-N,N-diphenylaminothiophen-2-yl)-phenyl] acrylic acid (M-TP).
The synthetic procedure was similar to that of DPTP. M-TP was synthesized as a dark
red solid (28%), mp 223-225 °C; IR (KBr) v 3063, 3042, 2228, 1688, 1592, 1504, 1462,
1270, 1184, 1054, 937 cm '; "H NMR (DMSO-dj, 400 MHz) & 8.26 (s, 1H), 8.02 (d, J =
8.4 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.58 (d, /= 4.0 Hz, 1H), 7.35 (t, J = 7.6 Hz, 4H),
7.15-7.10 (m, 6H), 6.68 (d, J = 4.0 Hz, 1H); °C NMR (DMSO-ds, 100 MHz) & 163.5,
153.3, 153.0, 146.8, 138.2, 133.8, 131.6, 129.7, 129.6, 125.6, 124.7, 124.0, 123.0, 120.2,

116.5, 102.0; HRMS (m/z, FAB") calcd. for Co6H sN,0,S 422.1089, found 422.1086.
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2-9a

[5-(7-Cyano-2,1,3-benzothiadiazol-4-yl)-thiophen-2-yl]-V,N-diphenylamine
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(2-9a). A mixture of 5-(N,N-diphenylamino)-2-(tri-n-butylstannyl)thiophene (10.80 g,
20 mmol), 4,7-dibromo-2,1,3-benzothiadiazole (5.88 g, 20 mmol), and PdCIly(PPhs),
(281 mg, 0.4 mmol) in anhydrous N,N-dimethylformamide (30 mL) was stirred and
heated at 80 °C under an argon atmosphere overnight. After being cooled to room
temperature, the reaction mixture was poured into methanol. The resulting precipitate
was filtered, washed with methanol, and dried. The crude product mixture consisting of
2-8a and the disubstituted byproduct was used for the next step without further
separation. A mixture of the crude product mixture and copper cyanide (4.48 g, 50
mmol) in N,N-dimethylformamide (108 mL) was stirred and heated to reflux overnight.
The cooled reaction mixture was added into an icy solution of concentrated HCI (12 mL,
12 N), iron (III) chloride (21.87 g), and water (122 mL). The mixture was then heated at
70 °C for 0.5 h, after which time the mixture was extracted with toluene and water. The
combined extracts were washed with brine, dried over anhydrous magnesium sulfate,
and filtered. The solvent of the filtrate was removed by rotary evaporation, and the
crude product was purified by column chromatography on silica gel with
dichloromethane/hexane (v/v, 1:1) as eluent to afford 2-9a as a black solid (2.82 g,
34%), mp 220-222 °C; IR (KBr) v 3037, 2224, 1584, 1531, 1492, 1461, 1370, 1206,
1054, 898 cm '; "H NMR (CDCls, 400 MHz) & 8.15 (d, J = 4.0 Hz, 1H), 7.91 (d, J=7.6
Hz, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.37-7.33 (m, 4H), 7.27 (d, /= 7.2 Hz, 4H), 7.16 (t,J
= 7.2 Hz, 2H), 6.64 (d, J = 4.0 Hz, 1H); °C NMR (CDCls, 100 MHz) & 157.5, 153.7,
151.0, 146.8, 135.9, 132.6, 131.0, 129.4, 127.7, 124.6, 124.2, 121.2, 117.2, 116.0, 100.7;

HRMS (m/z, FAB+) calcd for Cy3H4N4S, 410.0660, found 410.0657.
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HyCO
[5-(7-Cyano-2,1,3-benzothiadiazol-4-yl)-thiophen-2-yl]-/V,N-bis(4-methoxyphen-
ylamine (2-9b). The synthetic procedure was similar to that of 2-9a, except that the
eluent for column purification was dichloromethane/hexane (v/v, 2:1). 2-9b was
isolated as a black solid (29%), mp 156-158 °C; IR (KBr) v 3040, 2929, 2831, 2225,
1605, 1567, 1541, 1421, 1354, 1241, 1170, 1036, 829 cm™'; "H NMR (CDCl3, 400 MHz)
6 8.11 (d, J=4.4 Hz, 1H), 7.84 (d, J= 7.6 Hz, 1H), 7.46 (d, /= 7.6 Hz, 1H), 7.24 (d, J
= 8.8 Hz, 4H), 6.90 (d, J = 8.8 Hz, 4H), 6.37 (d, J = 4.4 Hz, 1H), 3.83 (s, 6 H); °C
NMR (CDCls, 100 MHz) 6 159.9, 157.0, 153.8, 150.9, 139.7, 135.9, 132.8, 131.8, 126.3,
124.6, 120.2, 116.2, 114.8, 112.4, 99.4, 55.6, 55.5; HRMS (m/z, FAB") calcd for

C25H18N40282 4700871, found 470.0868.

CHi30

[S-(7-Cyano-2,1,3-benzothiadiazol-4-yl)-thiophen-2-yl]-N,/N-bis(4-hexyloxyphen-
yDamine (2-9¢). The synthetic procedure was similar to that of 2-9a. The crude product
was purified by column chromatography on silica gel twice wusing
dichloromethane/hexane (v/v, 1:1) and then ethyl acetate/hexane (v/v, 1:12) as eluent to
afford 2-9c¢ as a black solid (34%), mp 107-109 °C; IR (KBr) v 3043, 2957, 2854, 2222,
1605, 1543, 1470, 1352, 1233, 1178, 1025, 835 cm '; '"H NMR (CDCls, 400 MHz) &
8.11(d,J=4.4 Hz, 1H), 7.83 (d, J=8.0 Hz, 1H), 7.44 (d,J=8.0 Hz, 1H), 7.23 (dd, J =
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2.4,7.2 Hz, 4H), 6.88 (dd, J = 2.4, 7.2 Hz, 4H), 6.36 (d, J = 4.4 Hz, 1H), 3.96 (t, J= 6.8
Hz, 4H), 1.82-1.78 (m, 4H), 1.50-1.46 (m, 4H), 1.39-1.34 (m, 8H), 0.95-0.91 (m, 6H);
13C NMR (CDCls, 100 MHz) § 160.1, 156.6, 153.7, 150.8, 139.4, 135.8, 132.8, 131.9,
126.3, 124.2, 119.9, 116.2, 115.2, 112.1, 99.1, 68.2, 31.6, 29.3, 25.8, 22.7, 14.1; HRMS

(m/z, FAB+) calcd for C35sH33N40,S, 610.2436, found 610.2435.
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7-(5-N,N-diphenylaminothiophen-2-yl)-2,1,3-benzothiadiazole-4-carbaldehyde
(2-10a). To a stirring solution of 2-9a (616 mg, 1.5 mmol) in anhydrous THF (30 mL)
was added dropwise diisopropylaluminum hydride solution (1M in THF, 3.75 mL, 3.75
mmol) at 0 °C under an argon atmosphere. After being stirred at this temperature for 2 h,
the reaction was quenched with saturated aqueous ammonium chloride solution (15 mL),
and the cooling bath was removed. After being stirred at ambient temperature for
another 1 h, the reaction mixture was poured into water and extracted with ethyl acetate.
The combined extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. The solvent of the filtrate was removed by rotary evaporation, and
the crude product was purified by column chromatography on silica gel with
dichloromethane/hexane (v/v, 2:1) as eluent to afford 2-10a as a black solid (200 mg,
32%), mp 175-177 °C; IR (KBr) v 3035, 2839, 2729, 1690, 1587, 1537, 1490, 1369,
1265, 1154, 1058, 837 cm '; "H NMR (CDCls, 400 MHz) & 10.59 (s, 1H), 8.16 (d, J =
4.0 Hz, 1H), 8.09 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.34-7.30 (m, 4H),
7.26-7.23 (m, 4H), 7.15-7.11 (m, 2H), 6.63 (d, J = 4.0 Hz, 1H); °C NMR (CDCl;, 100

MHz) 6 188.1, 157.4, 153.6, 151.9, 146.8, 133.3, 133.0, 130.9, 129.4, 128.4, 124.6,
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124.2, 123.9, 121.6, 117.3; HRMS (m/z, FAB") calcd for Co3H;sN;0S; 413.0657, found

413.0658.
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7-[5-N,N-bis(4-methoxyphenyl)aminothiophen-2-yl]-2,1,3-benzothiadiazole-4-ca-
rbaldehyde (2-10b). The synthetic procedure was similar to that of 2-10a. The crude
product was purified by column chromatography on silica gel twice using ethyl
acetate/toluene (v/v, 1:40) and then ethyl acetate/hexane (v/v, 1:3) as eluent to afford
2-10b as a black solid (37%), mp 150-152 °C; IR (KBr) v 3070, 2960, 2837, 1665,
1604, 1546, 1418, 1349, 1235, 1182, 1008, 840 cm'; "H NMR (CDCls;, 400 MHz) &
10.55 (s, 1H), 8.15 (d, J = 4.4 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 8.0 Hz,
1H), 7.24 (dd, J = 2.4, 6.8 Hz, 4H), 6.90 (dd, J = 2.4, 6.8 Hz, 4H), 6.38 (d, J = 4.4 Hz,
1H), 3.83 (s, 6 H); °C NMR (CDCl;, 100 MHz) & 187.9, 160.0, 157.0, 153.7, 151.8,
139.7, 133.7, 133.3, 131.9, 126.3, 125.3, 123.1, 120.5, 114.7, 112.6, 55.5; HRMS (m/z,

FAB+) calcd for Co5sH9N305S, 473.0868, found 473.0875.
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7-[5-N,N-bis(4-hexyloxypheny)aminothiophen-2-yl]-2,1,3-benzothiadiazole-4-ca-
rbaldehyde (2-10c¢). The synthetic procedure was similar to that of 2-10a, except that

the eluent for column purification was toluene. 2-10¢ was isolated as a black solid
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(24%), mp 106-108 °C; IR (KBr) v 3066, 2956, 2854, 1673, 1605, 1538, 1435, 1346,
1239, 1179, 1051, 832 cm '; "H NMR (CD,Cl,, 400 MHz) & 10.57 (s, 1H), 8.13 (d, J =
4.4 Hz, 1H), 8.05 (d, J=7.6 Hz, 1H), 7.62 (d, J= 7.6 Hz, 1H), 7.23 (d, J = 8.8 Hz, 4H),
6.90 (d, J= 8.8 Hz, 4H), 6.36 (d, J = 4.4 Hz, 1H), 3.97 (t, J = 6.4 Hz, 4H), 1.83-1.76 (m,
4H), 1.50-1.45 (m, 4H), 1.38-1.36 (m, 8H), 0.93 (t, J = 6.8 Hz, 6H); °C NMR (CDCl;,
100 MHz) & 187.9, 160.2, 156.6, 153.7, 151.8, 139.5, 133.7, 133.3, 132.0, 126.3, 125.1,
123.2, 120.4, 115.2, 112.4, 68.3, 31.7, 29.3, 25.8, 22.7, 14.2; HRMS (m/z, FAB") calcd

for C35H39N303S, 613.2433, found 613.2432.
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2-Cyano-3-[7-(5-N,N-diphenylaminothiophen-2-yl)-2,1,3-benzothiadiazol-4-yl]
acrylic acid (DPTB). A mixture of 2-10a (207 mg, 0.5 mmol), cyanoacetic acid (128
mg, 1.5 mmol), and ammonium acetate (27 mg) in glacial acetic acid (9 mL) was stirred
and heated at 80 °C for 2 h. After the reaction mixture was cooled to room temperature,
the resulting precipitate was collected by filtration and thoroughly washed with water,
methanol, and hexane to afford DPTB as a black solid (225 mg, 94%), mp 255-257 °C;
IR (KBr) v 3023, 2225, 1694, 1588, 1533, 1490, 1377, 1235, 1153, 1053, 904, 812 cm ';
'H NMR (Acetone-ds, 400 MHz) & 9.13 (s, 1H), 8.77 (d, J = 8.0 Hz, 1H), 8.23 (d, J =
4.4 Hz, 1H), 8.04 (d, /= 8.0 Hz, 1H), 7.41 (t, J = 8.0 Hz, 4H), 7.31-7.29 (m, 4H), 7.21
(t, J= 7.2 Hz, 2H), 6.66 (d, J = 4.4 Hz, 1H); >C NMR (DMSO-ds, 100 MHz) & 163.3,
158.0, 154.3, 150.2, 146.5, 146.1, 131.1, 130.5, 130.0, 129.8, 127.5, 125.0, 124.2, 122.5,
120.1, 116.5, 102.5; HRMS (m/z, FAB") calcd for CysH;sN40,S, 480.0715, found

480.0712.
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2-Cyano-3-{7-[5-N,N-bis(4-methoxyphenyl)aminothiophen-2-yl]-2,1,3-benzothia-
diazol-4-yl} acrylic acid (OMeDPTB). The synthetic procedure was similar to that of
DPTB. OMeDPTB was synthesized as a black solid (80%), mp 235-237 °C; IR (KBr)
v 3047, 2951, 2219, 1693, 1582, 1536, 1454, 1324, 1213, 1149, 1070, 817 cm '; 'H
NMR (DMSO-ds, 400 MHz) 6 8.92 (s, 1H), 8.61 (d, /= 8.0 Hz, 1H), 8.14 (d, /= 4.4 Hz,
1H), 8.00 (d, J = 8.0 Hz, 1H), 7.29 (d, J = 8.8 Hz, 4H), 7.00 (d, J = 8.8 Hz, 4H), 6.30 (d,
J = 4.4 Hz, 1H), 3.78 (s, 6 H); °C NMR (DMSO-ds, 100 MHz) & 163.6, 161.4, 157.2,
154.5, 150.0, 146.0, 139.2, 131.7, 130.0, 126.9, 124.1, 121.1, 118.8, 116.7, 115.1, 111.0,

101.0, 55.3; HRMS (m/z, FAB") calcd for CosHaoN4O4S; 540.0926, found 540.0933.
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2-Cyano-3-{7-[5-N,N-bis(4-hexyloxypheny)aminothiophen-2-yl]-2,1,3-benzothia-
diazol-4-yl} acrylic acid (OHexDPTB). The synthetic procedure was similar to that of
DPTB. OHexDPTB was synthesized as a black solid (90%), mp 152—-154 °C; IR (KBr)
v 3058, 2928, 2860, 2219, 1692, 1579, 1534, 1439, 1349, 1228, 1061, 828 cm '; 'H
NMR (CD,Cl,, 400 MHz) 5 9.05 (s, 1H), 8.66 (d, J = 8.4 Hz, 1H), 8.08 (d, /= 4.0 Hz,
1H), 7.55 (d, J= 8.4 Hz, 1H), 7.22 (d, J = 8.8 Hz, 4H), 6.90 (d, J = 8.8 Hz, 4H), 6.32 (d,
J=4.0 Hz, 1H), 3.97 (t, J = 6.4 Hz, 4H), 1.83-1.76 (m, 4H), 1.48 (m, 4H), 1.38-1.36
(m, 8H), 0.93 (t, J = 6.8 Hz, 6H); °C NMR (CD,Cl,, 100 MHz) & 162.5, 157.9, 156.0,
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151.5, 148.7, 140.0, 133.8, 133.1, 131.8, 127.4, 125.6, 121.4, 119.6, 117.0, 116.0, 112.5,
69.0, 32.2,29.8, 26.3, 23.2, 14.4; HRMS (m/z, FAB") calcd for C3sH4N404S, 680.2491,

found 680.2491.

Measurement of Electronic Absorption Spectra of Organic Dyes in solutions.
Electronic absorption spectra of organic dyes in solutions were recorded with a

spectrophotometer (JASCO V-670).

Measurement of Electronic Absorption Spectra of Dye-Loaded Nanoporous
TiO; films. A 7-um-thick transparent porous TiO, nanoparticle layer (adopting 20-nm
anatase TiO, nanoparticles) was coated on a glass plate by the doctor-blade method.
After being sintered at 500 °C for 30 min, the TiO, film was immersed into a dye
solution (0.5 mM) at room temperature for 24 h. The electronic absorption spectrum of

the dye-loaded TiO, film was then recorded on a spectrophotometer.

Solvent Effect Measurement. The absorption spectra of DPTP were measured in
different organic solvents while maintaining the concentration of the dye solutions

below 1 x 107> M.

Theoretical Calculations. Density functional theory (DFT) calculations were
conducted by using the hybrid B3LYP function for geometry optimization. The
molecular orbital levels of HOMO and LUMO were achieved with the 6-31G(d) basis

set implemented in the Gaussian 03 package.

Cyclic Voltammetry Measurement. The electrochemical properties of dyes were
68



investigated by cyclic voltammetry (CV). The measurement of oxidation potentials was
carried out in an anhydrous DMF or CH,Cl, solution (1.0 mM) containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) as a supporting electrolyte, while
the measurement of the reduction potentials was conducted in an anhydrous THF
solution (1.0 mM) containing 0.1 M tetrabutylammonium perchlorate (TBAP) as a
supporting electrolyte, purged with argon prior to conduct the experiments. A glassy
carbon electrode and a platinum wire was used as the working electrode and counter
electrode, respectively. All potentials were recorded versus Ag/AgCl (saturated) as a
reference electrode and calibrated with the ferrocene/ferrocenium (Fc/Fc) redox couple.

All measurements were performed at a scan rate of 100 mV s .

Fabrication of Dye-Sensitized Solar Cells. To prepare the DSSC working
electrodes, the FTO glass plates were first cleaned in a detergent solution under
ultrasonication for 15 min, and then sequentially rinsed with water and ethanol. A layer
of 20-nm-sized anatase TiO, nanoparticles as the transparent nanocrystalline layer was
first coated on the FTO glass plates by the doctor-blade method. After drying the film at
120 °C, another layer of 400-nm-sized anatase TiO, nanoparticles was then deposited as
the light-scattering layer. The resulting working electrode was composed of a
12-um-thick (7-pum-thick for the TPCADTS- and TP6CADTS-based DSSC)
transparent TiO, nanoparticle layer (particle size: 20 nm) and a 4-pum-thick (5-pm-thick
for the TPCADTS- and TP6CADTS-based DSSC) TiO, scattering layer (particle size:
400 nm). The nanoporous TiO; electrodes were then sequentially heated at 150 °C for
10 min, at 300 °C for 10 min, at 400 °C for 10 min, and finally, at 500 °C for 30 min.
After cooling, the nanoporous TiO, electrodes were immersed into a solution containing

organic dyes (0.5 mM) or N719 (0.5 mM) with deoxycholic acid (0.5 mM) as a
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co-adsorbent at room temperature for 24 h. Counter electrodes of the DSSC were
prepared by depositing 40-um-thick Pt films on the FTO glass plates by e-beam
evaporation. The dye-adsorbed TiO, working electrode and the counter electrode were
then assembled into a sealed DSSC cell with a sealant spacer between the two electrode
plates. A drop of electrolyte solution was injected into the cell through a drilled hole.
Finally, the hole was sealed using the sealant and a cover glass. An anti-reflection
coating film was adhered to the DSSC (only for the DSSCs described in Section 2-3 and
2-4). A mask with an aperture area of 0.125 cm” was covered on a testing cell during
photocurrent-voltage and incident monochromatic photon-to-current conversion

efficiency measurements.

Photocurrent—Voltage Measurement. The photocurrent—voltage characteristics
of the DSSCs were measured under illumination of AM1.5G solar light from a 300-W
xenon lamp solar simulator. The incident light intensity was calibrated as 100 mW/cm®.
Photocurrent—voltage curves were obtained by applying an external bias voltage to the

cell and measuring the generated photocurrent.

Incident Monochromatic  Photon-to-Current Conversion Efficiency
Measurement. The incident monochromatic photon-to-current conversion efficiency
(IPCE) spectra were measured by using a 75-W xenon arc lamp as the light source
coupled to a monochromator. The IPCE data were taken by illuminating
monochromatic light on the solar cells (with a wavelength sampling interval of 10 nm)
and measuring the short-circuit current density of the solar cells. The IPCE
measurement was performed with a lock-in amplifier, a low speed chopper, and a bias

light source under the full computer control.
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Electrochemical Impedance Spectroscopy Measurement. The electrochemical
impedance spectroscopy (EIS) of the cells was measured by using an impedance
analyzer with a frequency range of 20 Hz to 1 MHz. In this study, during the impedance
measurement, the cell was under the constant AM1.5G 100mW/cm? illumination. The
impedance of the cell (throughout the frequency range of 20 Hz to 1 MHz) was then
measured by applying a bias at the open-circuit voltage of the cell (namely, under the

condition of no dc electric current) and by using an ac amplitude of 10 mV.
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Chapter 3. Development of Donor Materials for

Vacuum-Deposited Small-Molecule Organic Solar Cells

3-1 Introduction

Organic solar cells (OSCs) are under intensive interdisciplinary investigation in
both academia and industry worldwide because of their potential to enable mass
production of cost-effective and flexible solar energy conversion devices.! During the
history of their development, small-molecule organic solar cells (SMOSCs)* featuring
small-molecule semiconductors as donor materials have received less attention than
solution-processed polymer bulk heterojunction (BHJ) solar cells due to their inferior
device performance. However, SMOSCs are still of great interest to the research
community because of the unique advantages of small molecules over polymers,
including well-defined molecular structures, easier purification, amenability to
large-scale production, and better batch-to-batch reproducibility. As such,
ever-increasing research endeavors have been dedicated to developing SMOSCs over
the past few years, and their efficiencies have dramatically improved within the past
three years.3

On the other hand, one notable merit of small-molecule semiconductors is that they
can be fabricated by both the two processing techniques, solution processing and
vacuum deposition, as a result of their low molecular weight. Although solution
processing is generally considered to be more cost-effective and more feasible for
large-scale roll-to-roll production than vacuum deposition, the latter remains attractive
in terms of great diversity in the selection of device architectures. Specifically, the

vacuum deposition technique is not only suitable for the fabrication of the BHJ structure
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but also for the bilayer planar heterojunction (PHJ) and even the more advanced hybrid
planar-mixed heterojunction (PMHJ)* structure. Moreover, the multi-junction tandem
cells can also be easily prepared through vacuum deposition; these may constitute one
of the promising approaches to breaking through the 10% theoretical limit for
single-junction OSCs.” In this context, a world record PCE of 12.0% has been released
for a double-junction tandem device by Heliatek GmbH.® This current advance has
clearly demonstrated that SMOSCs can indeed compete with or even surpass their
polymeric counterparts.

Some representative solution-processed molecular donors achieving PCEs in
excess of 5% in simple conventional SMOSCs without any interlayers are shown in
Scheme 3-1, with a maximum PCE of 7.03% for DTS(PTThy),,” 7.0%° (7.88% in an
inverted device with a special interlayer)® for p-DTS(FBTTh,),, 7.38% for
DR3TBDT," 5.2% for BP,'"' 5.5% for SQ,'"” and 5.29% for BDT-DPP."
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Jsc = 12.21 mA/cm?, FF = 0.65; Joc = 11.86 mA/cm?, FF = 0.62)

certified PCE = 7.10%)

Scheme 3-1. Solution-processed molecular donors with PCEs of over 5%.
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Among the p-type semiconductors employed as electron donors for the fabrication
of vacuum-deposited SMOSCs, metal phthalocyanines (MPcs) represent the earliest
and most thoroughly studied molecular donors because of their intense absorption in the
red and NIR spectral regions with molar extinction coefficients as high as 2 x 10° M
cm ' as well as excellent thermal and chemical stability.'* The optoelectronic properties,
molecular shape, and solid-state stacking of these two-dimensional macrocycles can be
tuned by changing the metal atoms in the central cavity. In the respect, CuPc¢ (Scheme
3-2) and ZnPc have been the most common choices due to their longer exciton
diffusion length than that of other MPcs,"” and PCEs of up to 5.0% (AMI.5, 120
mW/cm®) was achieved for the CuPec:Cso PMHJ devices.'® However, the high-lying
HOMO level of CuPc leading to moderate V. values (generally less than 0.6V) in the

corresponding devices is the main impediment to further efficiency improvement.

i OH O HQO —g Q OH O HO ~
MG H &)
57 OH O HO ~ OH O HO
O Q SQ 1-NPSQ
CuPc (PCE = 6.3%, Vo =0.87 V, (PCE = 5.7%, Vo =0.90 V,

(PCE = 5.0%, V. =0.54V, Jeo = 13.7 mAlcm?, FF = 0.53) Jge = 10.0 mA/cm?, FF = 0.64)
Jse = 15.0 mA/cm?, FF = 0.61)

DCV5T-Me(3,3)
(PCE = 6.9%, Vo, = 0.95V,
Jsc = 11.5 mAlcm?, FF = 0.63)

(PCE = 6.1%, Vo = 0.965 V,
Jsc = 13.0 mA/cm?, FF = 0.49) (PCE =6.4%, Vo =0.91V,
Joe = 12.3 mAlcm?, FF = 0.56)

Scheme 3-2. High-performance vacuum-processed molecular donors.

Squaraine dyes that are notable for their exceptionally high molar extinction

coefficients of over 10° M cm ™' extending from the green to the NIR region have been
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effectively utilized as molecular donors for SMOSCs.!” The isobutylamine-based SQ
and the arylamine-substituted 1-NPSQ displayed PCEs of 3.6%'" and 4.6%'",
respectively, in vacuum-processed PHJ devices employing as Cgp the acceptor. Note
that the active layers were deposited by spin-coating the donor solution followed by
vacuum thermal evaporation of Cg. After thermal annealing of the neat donor layer, the
PCEs were further increased to 4.6%'"° and 5.7%'" for the SQ and 1-NPSQ-based cells,
respectively. The superior efficiency of 1-NPSQ was rationalized by its deeper-lying
HOMO Ilevel (resulting in increased V) and improved intermolecular stacking that

facilitates hole charge transport (leading to enhanced FF)'74™

as compared to those of
SQ. Recently, an even higher PCE of 6.3% was achieved for co-evaporated SQ:C7
BHJ solar cells.'® The efficiency enhancement was due to not only stronger absorption
of Cy relative to Cg but also the better light harvesting of the BHJ cells as compared to
the PHJ cells that results in higher external quantum efficiencies corresponding to the
absorption of SQ.

The class of dipolar push—pull merocyanine dyes with easily tunable optoelectronic
properties has also shown promising photovoltaic performance in solution-'’ and

vacuum-processed SMOSCs, >’

among which the HB194 dye possessing a planar
geometry exhibited the best PCE of 4.9% (AMI1.5, 88 mW/cm®) in vacuum-processed
BHJ devices utilizing Cq as the acceptor.”® Later on, the PCE was improved to 6.1%
by using MoOs3 as a hole-transporting layer instead of
poly(3.4-ethylenedioxythiophene):poly(4-styrene  sulfonate) (PEDOT:PSS).*® 1t is
worth mentioning that HB194 showed a high space-charge limited current mobility of 2
x 10* cm® V' s irrespective of its high ground-state dipole moment that is

unfavorable for efficient charge transport.

Tetraphenyldibenzoperiflanthene (DBP) is another highly efficient donor material
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for vacuum-deposited SMOSCs, and a PCE of 3.6% was obtained in a simple DBP/Cq
PHJ device.”! By incorporation of the PEDOT:PSS thin film as an anodic buffer layer
and the tris[4-(5-phenylthiophen-2-yl)phenyl]amine** layer between the DBP and the
PEDOT:PSS layer for prevention of exciton quenching, the PCE was increased to
5.25%.% Later, a PCE of 6.4% was achieved for a DBP:Co PMHJ cell.** This high
photovoltaic performance of DBP was attributed to its several attractive properties
including intense thin-film absorption in the red region with the longest wavelength

absorption peak at 610 nm, a low-lying HOMO level of —5.5 eV (measured by CV),*’

a high space-charge limited current mobility of 10" cm® V' s'.* and preferred

horizontal molecular orientation in the neat film and even the blend film.>

The terminally dicyanovinylene-substituted oligothiophenes are among the
best-studied vacuum-processed donor materials.*® One distinctive feature of this class
of materials is that they possess deep-lying HOMO energy levels and thus afford the
resulting devices with extraordinary V. of ~1 V. Tailoring of the conjugation length of
the oligothiophene core unit as well as the length and location of pendant alkyl side
chains has enabled these active materials to demonstrate reliable PCEs. The PMHJ solar
cells prepared by co-evaporation of DCV5T-Me(3,3) and Cepon heated substrates (75
°C) exhibited PCEs of up to 6.9%, which is the highest reported to date for
vacuum-deposited single-junction SMOSCs.**

In this chapter, eight small-molecule donor materials would be described. Their
corresponding vacuum-deposited solar cell devices were fabricated and tested by the

Prof. Hao-Wu Lin research group at the Department of Materials Science and

Engineering, National Tsing Hua University.
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3-2 A Donor-n-Bridge—Acceptor Molecular Donor Bearing a Coplanar

Diphenyl-Substituted Dithienosilole as the n-Bridge

Encouraged by the promising results of the diphenyl-substituted DTS-based
sensitizers that were introduced in Chapter 2, in this work, we further synthesized a D—
n—A molecular donor TPDCDTS (Scheme 3-3) by replacing cyanoacrylic acid of
TPCADTS with dicyanovinylene, one of the most utilized electron acceptor moiety in
organic optoelectronic materials. The stronger -electron-withdrawing ability of
dicyanovinylene relative to cyanoacrylic acid is beneficial to lower the energy of the
ICT transition, and thus the introduction of dicyanovinylene is able to endow the
resulting molecules with a better light-harvesting ability. Besides, the dicyanovinylene
groups are stable under vacuum sublimation conditions, a crucial prerequisite for device
fabrication via vacuum thermal evaporation. On the other hand, it should be pointed out
that the adoption of the diphenyl-substituted DTS as a building block to construct
molecular donors provides additional advantages: (i) the HOMO level of DTS is lower

than that of cyclopentadithiophene,”’

and the DTS-containing polymer possesses a
lower-lying HOMO level than its carbon-bridged counterpart.”® Therefore, the
introduction of DTS can probably lower the HOMO level of the resulting molecules and
in turn afford high V. values in the corresponding devices; (ii) the tetrahedral silicon
center of the diphenyl-substituted DTS does not distort the coplanarity of the
n-conjugated system. Instead, the Cyp—Si bond of DTS is significantly longer than the
Csp—Csps bond of cyclopentadithiophene, allowing for more efficient n—n stacking of
conjugated backbones due to the reduced steric hindrance between the pendant groups

and thiophene rings.” It was also reported that the DTS-containing polymer shows a

higher field effect hole mobility (3-fold higher) than its carbon-bridged counterpart.™
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3-2-1 Synthesis
The synthetic rout to TPDCDTS is shown in Scheme 3-3. Compound 2-4a was
condensed with malononitrile to give the target compound TPDCDTS in 72% yield via

Kndevenagel reaction in the presence of basic aluminum oxide.

Q Q : Si : NC
< > (/ \S Z/ \} _CHa(CN)z AlOs . < > 14 \S Z/ W I~cn
Toluene, 70 °C S S
o e Gy Teocors

Scheme 3-3. Synthesis of TPDCDTS.

3-2-2 Optical Properties

The absorption spectra of TPDCDTS in a CH,Cl, solution and as a thin film are
shown in Figure 3-1. The absorption spectrum in CH,Cl, showed a band centered at 537
nm (¢= 45800 M"' cm "), while the thin-film absorption band exhibited a Agps = 542 nm.
Compared to the solution absorption spectrum, the thin-film spectrum was red-shifted
and broadened presumably due to intermolecular n—r stacking in the solid state, which

benefits light harvesting.

=
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—e— TPDCDTS film
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Figure 3-1. Absorption spectra of TPDCDTS in a CH,Cl, solution and as a thin film.

83



Variable angle spectroscopic ellipsometry was used to study the optical constants
(refractive index, n, and extinction coefficient, k) of the vacuum-deposited TPDCDTS
thin film. As shown in Figure 3-2(a), the ordinary (o, in-plane or parallel) refractive
index and extinction coefficient were much larger than the extraordinary (e,
out-of-plane or perpendicular) ones, indicative of optical anisotropy. In general, for
conjugated molecules with a linear n-system, the transition dipole moment of the lowest
energy excited state is along their molecular backbone. Accordingly, this kind of optical
anisotropy (ordinary optical constants larger than extraordinary ones) indicates that
TPDCDTS molecules are horizontally oriented in the film deposited by thermal
evaporation. This horizontal molecular orientation in films is able to increase the
absorption of the normal incident light and facilitate the charge carrier transport along
the vertical direction,”’ both of which are beneficial for OSCs device performance.

Figure 3-2(b) shows the optical constants of the vacuum-deposited thin films of the
commonly used fullerene acceptors Cg and Cy, revealing that the extinction

coefficients of Cy in the range of 370—700 nm are significantly larger than those of Cg.

2.5
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Figure 3-2. (a) Ordinary and extraordinary optical constants of TPDCDTS thin-film

spectra. (b) Optical constants of Cgp and Cy thin-film spectra.
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3-2-3 Electrochemical Properties

The electrochemical characteristics of TPDCDTS were probed by CV. As shown
in Figure 3-3, TPDCDTS exhibited two quasi-reversible oxidation waves with
potentials at 0.43 and 0.84 V (vs Fc/Fc"), respectively. The less positive oxidation wave
can be attributed to the oxidation of the triphenylamine donor moiety, whereas the
second oxidation wave can be assigned to the DTS core according to the previous
reports on electrochemical behaviors of DTS derivatives.”> Considering energy level
shifts due to intermolecular interactions, the HOMO level of the TPDCDTS thin film
was determined by ultraviolet photoelectron spectroscopy (UPS) to have a value of

—5.40 eV. The fairly low-lying HOMO level would result in a large energy level offset

to the LUMO level of fullerenes and thus relatively large V. values in the

corresponding devices.
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Figure 3-3. Cyclic voltammogram of TPDCDTS measured in a CH,Cl, solution.

3-2-4 Photovoltaic Characteristics
The photovoltaic performance of TPDCDTS was studied in vacuum-deposited
PMHJ devices, where the active layers were composed of a BHJ layer sandwiched

between a homogeneous donor and acceptor layer. This kind of device architecture can
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provide not only efficient photon harvesting but also good photogenerated charge
carrier transport to the respective electrodes. The device structures were fabricated with
a configuration of ITO/hole-transporting layer (HTL)/TPDCDTS (3 nm)/L:1 (v/v)
TPDCDTS:Cqo or Cqo (35 nm)/Ceg (20 nm) or Cyo (10
nm)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (10 nm)/Ag (120 nm), in
which the BCP thin film serves as the electron-transporting layer with an exciton
blocking character. Initially, various hole-transporting materials including
hexaazatriphenylenchexacarbonitrile [HAT(CN)s], MoOs, PEDOT:PSS ,
PEDOT:PSS/HAT(CN)s, and PEDOT:PSS/MoOs; were tested to optimize the
photovoltaic performance (Figure 3-4 and Table 3-1). It was found that the devices with
MoO; as the HTL exhibit superior performance to those based on other HTLs.
Accordingly, MoOs; was chosen as the hole-transporting material for further device

fabrication.

D/é 7
'2 —o—HAT(CN)g (30 nm)

=o=MoO;, (30 nm)

10k —o=PEDOT:PSS (30 nm)
11 —— PEDOT:PSS/HAT(CN)g (30 nm/30 nm)

ig | —— PEDOT:PSS/M0O; (30 nm/30 nm)
""0.10.00.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Voltage (V)

Current Density (mA/cmz)
©CHOUSGAONEOL

Figure 3-4. J-V characteristics of TPDCDTS:Cso PMHIJ solar cells with different

hole-transporting layers.
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Table 3-1. Photovoltaic parameters of TPDCDTS:Cso PMHJ solar cells with different

hole-transporting layers.

device Voo (V) Jee (mA/cm?) FF PCE (%)
HAT(CN), 0.41 5.33 0.35 0.76
MoO, 0.88 6.56 0.46 2.69
PEDOT:PSS 0.91 6.90 0.36 2.24
PEDOT:PSS/HAT(CN), 0.59 4.66 0.24 0.66
PEDOT:PSS/MoO; 0.90 6.68 0.40 237

Figure 3-5(a) shows the J—V characteristics of TPDCDTS:fullerene PMHIJ solar
cells with MoOs (30 nm) as the HTL. The TPDCDTS:Cso PMHJ device gave a V, of
0.88V, aJ, of 6.56 mA/cmz, and a FF of 0.46, yielding a PCE of 2.69% under AM 1.5
G, 1 sun (100 mW/cm?) simulated solar illumination. Furthermore, the TPDCDTS:Co
PMHIJ device delivered a higher PCE of 3.82%, with a V. of 0.83 V, Jy of 9.53
mA/cmz, FF of 0.48. Interestingly, the FF values of TPDCDTS:Csp and TPDCDTS:Cy
PMHJ devices were close to each other, suggesting similar blend layer morphologies
and charge carrier percolation networks in both devices.

The difference in J;. between the two cells can be explained by the broader and
larger extinction coefficients of Cy relative to Cgo [Figure 3-2(b)], which was also
reflected in the external quantum efficiency (EQE) spectra shown in Figure 3-5(b). Both
devices showed high EQE values around 500-650 nm closely corresponding to the
absorption of TPDCDTS. However, due to the stronger absorption of Cy in the range
of 370-700 nm, the TPDCDTS:C7;y PMHJ device demonstrated higher EQE values

over the entire visible region, thus leading to a higher J value.
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Figure 3-5. (a) J-V characteristics and (b) EQE spectra of TPDCDTS:Cso PMHJ

(square) and TPDCDTS:C; PMH]J (circle) solar cells.
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3-3 A Donor—-Acceptor—Acceptor Molecular Donor Featuring

2,1,3-Benzothiadiazole as the Bridging Acceptor

From our earlier study of DSSCs, we learned that the pyrimidine-based D-A-A
sensitizer DPTP possesses a smaller bandgap and a lower-lying HOMO level than its
D-—n—A counterpart M-TP that adopts phenylene as the n-spacer. In addition, our study
also revealed that, as compared to the previously reported D-A—n—A sensitizer S3, the
BT-containing D-A—A sensitizer DPTB has both a narrower bandgap and a
deeper-lying HOMO level as well, even though its effective conjugation length is
shorter than that of S3 (Scheme 3-4, Table 3-2, and Table 3-3). Consequently, we
argued that such D—A—A molecules could show the potential to concurrently enhance
the Js. and V., as utilized as donors for SMOSCs. On the basis of this consideration, we
developed a D-A—A donor molecule DTDCTB, in which an electron-donating
ditolylthienylamine moiety is connected to an electron-withdrawing dicyanovinylene

moiety through another electron-deficient BT block (Scheme 3-5).
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@‘O_( }—\ycm @%COOH

DPTP

N’S‘N
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Scheme 3-4. Molecular Structures of D-A—A sensitizers and their counterparts.
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Table 3-2. Photophysical and electrochemical parameters for DPTP and M-TP.

compd moleculqr Aabs SOIN HOMbO LUMQ AEd
configuration (nm)“ (eV) (eV)* (eV)
DPTP D-A-A 484 —5.26 —3.06 2.20
M-TP DA 438 —5.18 —2.86 2.32
“Measured in fert-butanol-acetonitrile (1 : 1, v/v) solutions. ’Calculated from electrochemical

measurements. ‘LUMO = HOMO + AE. “Estimated from the onset point of the absorption spectra.

Table 3-3. Photophysical and electrochemical parameters for DPTB and S3.

compd moleculqr Aabs sogn HOMO LUMO AE ‘

configuration (nm) (eV)* (eV)* (eV)*
DPTB D-A-A 582 —5.19 —3.51 1.68
S3¢ D-A-n—-A 541 —5.12 —3.26 1.86

“The data were taken from the literature.>> Measured in THF solutions. “Calculated from electrochemical
measurements.

3-3-1 Synthesis

Since the synthetic pathway toward the preparation of the BT-based sensitizers
introduced in Chapter 2 was tedious and the overall chemical yield was low, we
developed a new synthetic route to DTDCTB (Scheme 3-5). Benzylic bromination of
4-bromo-7-methyl-2,1,3-benzothiadiazole with N-bromosuccinimide afforded 3-1.
Silver nitrate-promoted hydrolysis of 3-1 gave aldehyde 3-2, which was then condensed
with malononitrile to give the key intermediate 3-3 via Kndevenagel reaction in the
presence  of basic aluminum  oxide. Finally, Stille coupling of
5-(N,N-ditolylamino)-2-(tri-n-butylstannyl)thiophene and 3-3 yielded DTDCTB in
good yield. It is noteworthy that this newly developed synthetic route provides a
versatile method for further engineering of the molecular structure through the

combination of the unsymmetrical intermediate 3-3 and other electron-donating groups.

90



AS. .
N° N N° N N

\ / \\/ B \ /
NBS, azobis(isobutyronitrile) r AgNO; o
Br Br —FF>» Br
Chlorobenzene, 80 °C Br H,O/MeCN, reflux H

83% 92%

31
NN NN
\ /, \ /,
Malononitrile, Al,O. PdCI,(PPh
- Br + N—{ N _snpu, —PICHPPh: n—{
Toluene, 70 °C N—cn ) Toluene, 110 °C S N—cN
NC 559 NC
3.3 % DTDCTB

67%
Scheme 3-5. Synthetic route to DTDCTB.

3-3-2 Crystal Structure and Packing

The molecular structure of DTDCTB was analyzed by single-crystal X-ray
crystallography. As shown in Figure 3-6, DTDCTB displayed an almost coplanar
conformation between the thiophene and BT rings with a dihedral angle of 5.5°. This
coplanarity facilitates the electronic coupling between the electron-donating and
electron-withdrawing blocks, enhancing the ICT efficiency and thus ensuring a
distinctive bathochromic shift of the spectral responses. The highly polar nature of the
heteroaryl components leads DTDCTB molecules to pack in an antiparallel manner and
self-assemble into centrosymmetric dimers. Such a supramolecular arrangement is
similar to those observed in some highly dipolar dyes reported by Wiirthner and
Meerholz et al. and has been proposed to effectively eliminate molecular dipole
moments in the solid state and, thus, avoid the large energetic disorder that is thought to
be detrimental to efficient charge carrier transport.lgbfd’34 In addition, the cofacial
arrangement of two neighboring BT rings with a shortest point-to-point (N1-C3)

distance of 3.55 A indicates non-negligible n—m interactions.
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Figure 3-6. X-ray-determined molecular structure and crystal packing of DTDCTB.

3-3-3 Electrochemical Properties

The electrochemical properties of DTDCTB were probed by CV in solution. As
shown in Figure 3-7, DTDCTB exhibited one reversible oxidation wave with a
potential at 0.35 V (vs Fc/Fc"), corresponding to oxidation of the ditolylthienylamine

donor moiety. On the other hand, two reversible reduction waves at —1.09 and —1.74

V (vs Fc/Fc") were observed in the cathodic potential regime. The first reduction wave
can be ascribed to the reduction of the dicyanovinylene block and the second to the
reduction of the BT fragment. By reference to the Fc/Fc™ redox couple, where the
HOMO level of Fc is assigned to be 4.8 eV below the vacuum level, the HOMO and

LUMO energy levels of DTDCTB were calculated to be —5.15 and —3.71 eV on the

basis of the oxidation potential and the first reduction potential, respectively. In spite of
the presence of the strong ditolylthienylamine donor moiety, DTDCTB shows a fairly
low-lying HOMO level because of the strong electron-withdrawing character of the BT
and dicyanovinylene blocks. Considering energy level shifts due to intermolecular
interactions in the solid state, the HOMO level of the DTDCTB thin film was

determined to be —5.30 eV by UPS.
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Figure 3-7. Cyclic voltammograms of DTDCTB in solution.

3-3-4 Optical Properties

Figure 3-8(a) shows the absorption spectra of DTDCTB in a CH,Cl, solution and as
a vacuum-deposited thin film. Surprisingly, with such a short effective conjugation
length, DTDCTB showed an intense absorption band at A.ps = 663 nm accompanied by
a high £ 0f 41660 M"' cm ' in CH,Cl,. On the other hand, the thin-film absorption band
of DTDCTB exhibited a red-shifted Aps = 684 nm. The significant broadening of the
thin-film absorption band is possibly due to intermolecular n—r stacking as evidenced in
the crystal packing. Apparently, the thin-film absorption of DTDCTB effectively
extends the useful photon-harvesting range down to the NIR region.

Optical constants of vacuum-deposited thin films of DTDCTB, Cg, and C7 are
shown in Figure 3-8(b). The DTDCTB thin film exhibited high & values across the 550—
800 nm wavelength range, with kyax =~ 0.95 at A = 670 nm, which is coincident with the
absorption spectra shown in Figure 3-8(a). Notably, the ky.x value is among the highest
reported for solar-absorbing organic thin films, as compared with the commonly used
polymeric donor poly(3-hexylthiophene) (P3HT) or molecular donor CuPc¢, which
show knax values of ~0.65 and ~0.95, respectively.35 36 This result indicates that the
efficient ICT gives the DTDCTB molecule highly polar character, which favors the
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formation of ultracompact absorption dipole packing in the thin film upon vacuum
deposition. In addition, the & spectra of the commonly used acceptor molecules Cgp and
Cy0 showed complementary wavelength coverage (<550 nm) with respect to the
DTDCTB thin film. As a result, fullerenes C¢p and C;y were selected as acceptor

materials to be paired with DTDCTB for subsequent device fabrication.
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Figure 3-8. (a) Normalized absorption spectra of DTDCTB in CH,Cl; and as a thin film.

(b) Optical constants of DTDCTB, Cg, and C7 thin-film spectra.

3-3-5 Quantum Mechanical Calculations

To gain more insight into the electronic and optical properties of DTDCTB, DFT
and time-dependent DFT calculations (TDDFT) were performed for the molecule in a
CH,)Cl, solution. The distributions of the frontier molecular orbitals are similar to those
described previously for the BT-based sensitizers (Figure 3-9). The first electronic
transition corresponds to a charge-transfer excitation from the HOMO to the LUMO,
whereas the second and third transitions may stem from two different —n* excitations,

from the HOMO —1 to the LUMO and from the HOMO to the LUMO+1 (Table 3-4).

The excitation energy of the first transition was calculated to be 1.84 eV, and its

corresponding computed A,ps was 673 nm that is close to the experimental results
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(Figure 3-10). In addition, the high oscillator strength for this transition also coincides

with the observed high extinction coefficients.

HOMO LUumo

Figure 3-9. Isodensity surface plots of the HOMO and LUMO of DTDCTB.

Table 3-4. Calculated TDDFT vertical excitation energies (E), oscillator strengths,

composition in terms of molecular orbital contributions, and transition characters for

DTDCTB.”

electronic E (eV, nm) oscillator mposition haracter

transition ey strength cOMPOSIO characte

S0 — S1 1.84 (673.2) 1.06 70% HOMO — LUMO charge-transfer
0, _ (V)

S0 — S$2 2.74 (454.2) 0.09 42% HOMO—1 = LUMO, 56% n—m*

HOMO — LUMO+1

0, + 0,

S0 — S3 2.92 (424.4) 0.39 56% HOMO — LUMO+1, 41% n—m*

HOMO—1 —-LUMO

“Within the considered energy range, we selectively calculate three transitions with moderate intensity
(oscillator strength > 0.09).
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Figure 3-10. Computed absorption spectrum of DTDCTB in CH,Cl, (oscillator

strengths > 0.06).
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3-3-6 Photovoltaic Characteristics

The vacuum-deposited PMHJ structure was adopted to study the photovoltaic
performance of DTDCTB. The optimized device structures were configured as follows:
Device I: ITO/MoO; (30 nm)/DTDCTB (7 nm)/1:1 (v/v) DTDCTB:Csy (40 nm)/Cq
(20 nm)/BCP (10 nm)/Ag (150 nm). Device II: ITO/MoOs3 (5 nm)/DTDCTB (7 nm)/1:1
(v/v) DTDCTB:C7 (40 nm)/Cy (7 nm)/BCP (10 nm)/Ag (150 nm). Figure 3-11(a)
shows the J-V characteristics of DTDCTB:fullerene PMHJ solar cells. The
DTDCTB:Cs PMHIJ device gave a V. of 0.80 V, a J,. of 11.40 mA/cmZ, and a FF of
0.48, yielding a PCE of 4.41% under AM 1.5 G 1 sun (100 mW/cm?) simulated solar
illumination. Remarkably, the DTDCTB:C5, device delivered higher performance, with
aV, of0.79V, J,. of 14.68 mA/cmZ, FF of 0.50, and PCE of 5.81%. The moderate V.
values (~0.8 V) of these two devices are due to the fairly low-lying HOMO level of
DTDCTB, but still leave room for future improvement. The FF values of the
DTDCTB:Csy and DTDCTB:C; devices are similar, suggesting similar blend layer
morphologies and charge carrier percolation networks in the two devices. The higher Ji
of the DTDCTB:Cy, device can be attributed to the stronger absorption of C relative
to Ceo, which is fully consistent with the EQE spectra shown in Figure 3-11(b). The
DTDCTB:C; device showed impressively high EQE values of ~50% throughout the
UV-vis to NIR region (350—770 nm), thus resulting in the high J. It is noteworthy that
the calculated J. values obtained by integrating the EQE spectra with the standard AM
1.5G solar spectrum are in good agreement with the measured Jy. ones (within 3—5%

error).
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Figure 3-11. (a) J-V characteristics and (b) EQE spectra of DTDCTB:Cso PMHJ

(squares) and DTDCTB:C;, PMHI (circles) solar cells.
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3-4 A Donor—Acceptor—Acceptor Molecular Donor Featuring
Pyrimidine as the Bridging Acceptor
Although the vacuum-processed DTDCTB:C;, PMHIJ devices had achieved a high

PCE of 5.81%, the moderate V,. value of —0.79 V still left room for improvement.

Careful inspection of the energy levels for the D-A—A sensitizers DPTP and DPTB
(Table 3-2 and Table 3-3) revealed that the HOMO level of DPTP is deeper than that of
DPTB. Accordingly, we further synthesized another D-A—A donor molecule DTDCTP,
in which the pyrimidine acceptor is employed to replace the BT block (Scheme 3-6).
We envisaged that the HOMO level of DTDCTP would be lower than that of
DTDCTB and thus an augmented V,. value can be anticipated in the corresponding

devices, even though an inevitable loss of photocurrent is foreseeable.

3-4-1 Synthesis

The synthetic pathway of DTDCTP is shown in Scheme 3-6. Negishi coupling of
2-[N,N-ditolylamino]thiophene with 5-bromo-2-iodopyrimidine afforded 3-4, which
was then converted to the corresponding carbaldehyde 3-5 by lithiation with n-butyl
lithium and subsequently quenching with ethyl formate. Finally, the aldehyde 3-5 was

condensed with malononitrile to yield DTDCTP via Knoevenagel reaction.

@ 1. n-BulLi, THF, -78 °C to -35 °C @ 1. n-BuLi, THF, -100 °C
2. ZnCl,, -35 °C to RT N 2. Ethyl formate, -100 °C
[ i D ya Zim -
) N=

> N
3. HCI, -100 °C to RT

) 3. 5-Bromo-2-iodopyrimidine,
Pd(PPhj),, reflux
83% 3-4 42%

NC
Q -, e Qs
N—@—(;;\>—CHO Malononitrile, Al,05 N—@—(;y

Toluene, 70 °C
Q 3-5 78% DTDCTP

Scheme 3-6. Synthetic route to DTDCTP.
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3-4-2 Crystal Structure and Packing

The molecular structure of DTDCTP was analyzed by X-ray crystallography. As
shown in Figure 3-12, DTDCTP displayed a nearly coplanar conformation between
thiophene and pyrimidine with a dihedral angle of 5.81° due to the lack of ortho—ortho
steric interactions. This coplanarity facilitates the electronic coupling between the
electron-donating and electron-withdrawing blocks, thus enhancing the ICT efficiency
so as to increase the light-harvesting range. Like DTDCTB, the highly polar character
of the heteroaryl components leads DTDCTP molecules to pack in an antiparallel
manner and self-assemble into centrosymmetric dimers. The cofacial arrangement of
two pyrimidine rings of neighboring DTDCTP molecules with a shortest distance of

around 3.3 A indicates significant n—m interactions.

Figure 3-12. The X-ray analyzed molecular structure and crystal packing of DTDCTP.

3-4-3 Optical Properties

The absorption band of DTDCTP in CH,Cl, exhibited a maximum at 556 nm (&=
53900 M ' cm™"), which broadened in the thin-film spectrum, possibly due to m—m
stacking in the solid state [Figure 3-13(a)]. The k spectrum of the DTDCTP thin film
(60 nm) is depicted in Figure 3-13(b). The film showed high £ in the range of 470-630

nm, with a kpax ~ 1 at 550 nm. Again, like the knax of the DTDCTB thin film, the
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observed kyax value is among the highest reported for organic solar-absorbing thin

35,36

films, implying the existence of compact-packing absorption dipoles in the

DTDCTP thin film that may substantially increase the absorption efficiency.
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Figure 3-13. (a) Absorption spectra of DTDCTP in CH,Cl, and as a thin film. (b) &

spectra of DTDCTP, Cg, and C thin films.

3-4-4 Photovoltaic and Mobility Characteristics

The photovoltaic properties of DTDCTP were investigated with
vacuum-processed PMHJ devices. The optimized device structures were configured as
follows: (i) device DTDCTP:Cqp: ITO/M00O; (20 nm)/DTDCTP (7nm)/1:1 (v/v)
DTDCTP:Cs (40 nm)/Cgp (20 nm)/BCP (10 nm)/Ag, and (ii) device DTDCTP:Cy:
ITO/MoO3 (20 nm)/DTDCTP (7 nm)/1:1 (v/v) DTDCTP:C7y (40 nm)/C7o (6 nm)/BCP
(10 nm)/Ag. Figure 3-14(a) shows the J-V curves of DTDCTP:fullerene solar cells.
The DTDCTP:Cg device gave a V. of 0.95 V, a Js. of 8.3 mA/cmZ, and a FF of 0.54,
leading to a PCE of 4.3% under AM 1.5G, 1 sun (100 mW/cm?) simulated solar
illumination. Moreover, the DTDCTP:C;y device delivered a markedly high
spectra-mismatch-corrected PCE of 6.4%, with a V,. 0of 0.95 V, J,. of 12.1 mA/cmz, and
FF of 0.56. The high V. values of the devices stem from the low-lying HOMO level of
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Figure 3-14. (a) J-V curves and (b) EQE spectra of DTDCTP:Csy PMHIJ (squares) and

DTDCTP:C;, PMHIJ (circles) solar cells.

DTDCTP (—5.46 eV) acquired by using UPS, which is deeper than that of DTDCTB
(—5.30 eV). It is worth noting that this difference in HOMO levels significantly

contributes to the increase in V, for DTDCTP-based devices. Apparently, an enhanced
Vo value can be successfully achieved through molecular structure modification. Again,
the larger J,. obtained in the DTDCTP:C;, device can be ascribed to larger and broader
extinction coefficients of Cy relative to Cgo shown in Figure 3-13(b). The better
light-harvesting capability of C;o significantly led to the higher EQE values of the
DTDCTP:C device as compared to the DTDCTP:Cgy counterpart [Figure 3-14(b)].
Note that the integrated values of EQE spectra with the standard AM 1.5G solar
spectrum always agree with the Ji. values, with deviation less than 5%. The FF values
are comparable for DTDCTP:Cgy and DTDCTP:C5 devices, suggesting similar blend
layer morphologies and charge carrier percolated networks in both devices. In addition,
the balanced electron and hole mobilities in the DTDCTP:C;, mixed layer (~3><1075
em® V' s at 700 (V/em)'?), which were extracted using the space-charge limited
current (SCLC) model (Figure 3-15 and Table 3-5), may account for the relatively high

FF values of up to 0.56 in the corresponding solar cells.
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Figure 3-15. Electron and hole mobilities in the DTDCTP:C;, mixed layer.

Table 3-5. Performance parameters of the DTDCTP:C;, SCLC device.

device zero-field mobility (cm’/V s) B (cm*3V ")
Hole* 9.20631E—7 5.843E—3
Electron” 1.49738E—7 8.753E—3

“The hole mobility device was configured as: ITO/MoOj3 (1 nm)/1:1 (v/v) DTDCTP:C, (100 nm)/MoO;
(10 nm)/Al (100 nm). "The electron mobility device was configured as: ITO/Mg (5 nm)/1:1 (v/v)
DTDCTP:C; (100 nm)/Ca (5 nm)/Al (100 nm).
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3-5 Structural Modification of Donor Moieties of
2,1,3-Benzothiadiazole-Containing Donor—Acceptor—Acceptor

Molecular Donors

Our earlier study on D-A—A sensitizers revealed that their bandgaps and HOMO
levels can be easily fine-tuned through structural modification of their donor moieties,
where their HOMOs are mainly populated, and thereby, alteration of donor moieties has
a significant impact on the HOMO level but a limited effect on the LUMO level. More
specifically, the D-A—A sensitizers bearing weaker electron-donating groups had a
larger bandgap and a lower-lying HOMO level than their analogs containing stronger
electron-donating moieties (see Chapter 2). Inspired by this observation, we envisioned
that the PCEs of SMOSCs adopting the D-A—A molecules as donors could be further
enhanced through delicately manipulating a trade-off between an extended spectral
coverage (giving Jy) and an augmented energy offset between the HOMO level of the
donor and the LUMO level of the acceptor (giving Vo). Because DTDCTP showed a

deep-lying enough HOMO level of —5.46 eV and only a moderate light-harvesting

ability with an absorption maximum at around 550 nm, DTDCTB was chosen as the
basis for further structural fine-tuning. In this work, another three BT-containing donor
molecules (DPDCTB, DPDCPB, and DTDCPB; Scheme 3-7) were further synthesized,
in which the ditolylthienylamine donor moiety of DTDCTB is respectively replaced by

three relatively weaker electron-donating groups.

3-5-1 Synthesis
The synthesis of the four donor molecules is depicted in Scheme 3-7. With the key

asymmetric building block 3-3, all target compounds were convergently prepared in
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gram quantities and moderate yields through Stille coupling reactions with

triarylamine-based tributylstannyl derivatives.

NN
\
N—@—SnBu;; or N—@—SnBu;, + Br
s N—cn
NC
3-3
R R=HorCH; R R=H or CH;
R R
N,S\N N,S\N
\ \
PdCI,(PPh;), Ll \ or N O Q
Toluene, 110 °C s N—cn N—cn
vty iniat
R DPDCTB: R=H (63%) R DPDCPB: R=H (49%)
DTDCTB: R = CH3 (55%) DTDCPB: R = CH; (76%)

Scheme 3-7. Synthetic route for D-A-A donors DPDCTB, DTDCTB, DPDCPB, and

DTDCPB.

3-5-2 Crystal Structures and Packings

The molecular structures and crystal packings of DTDCTB and DTDCPB were
characterized by X-ray crystallography (Figure 3-16). Suitable crystals for X-ray
analyses were obtained by slow diffusion of orthogonal solvents
(dichloromethane/hexane or methanol). In contrast to DTDCTB, which displayed an
almost coplanar conformation between the thiophene and BT rings with a dihedral angle
of 5.5°, DTDCPB was highly distorted from planarity with a dihedral angle between the
phenylene and BT rings of 24.7°, due to the presence of ortho—ortho steric interactions.
Like DTDCTB, the highly polar nature of the heteroaryl components leads DTDCPB
molecules to pack in an antiparallel manner and self-assemble into centrosymmetric
dimers. The average distance between two neighboring BT rings was smaller for

DTDCTB (ca. 3.4 A) than for DTDCPB (ca. 3.5 A), accordingly resulting in a denser
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packing [d = 1.364 g/cm’ for DTDCTB vs 1.308 g/cm’ for DTDCPB]. The degree of
bond length alteration (BLA), calculated as the difference between the bond length of
C4—C5 and the average bond length of C3—C4 and C5—C6 of the invariable BT
acceptor, amounted to 0.001 A for DTDCTB and 0.030 A for DTDCPB (Table 3-6).
The bond length between the triarylamine donors and the BT acceptor (i.e., bond length
of C6—C7) for DTDCTB was shorter than that for DTDCPB (1.434 A vs 1.472 A). The
smaller BLA of the BT acceptor and the shorter bond length of C6—C7 for DTDCTB
indicate that the incorporation of thiophene at the donor moiety facilitates m-electron
delocalization and imparts an enhanced quinoid character to the conjugated backbone.
In other words, the adoption of the ditolylthienylamine donor moiety promotes efficient
ICT from the donor side to the acceptor side of DTDCTB, thus leading to the easy

formation of mesomeric structures (D-A « D'=A").”

DTDCTB

Figure 3-16. X-ray-determined molecular structures and crystal packings of DTDCTB

and DTDCPB.
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Table 3-6. Selected bond lengths for DTDCTB and DTDCPB.“

N S
NN N
°8 N I 112 o\
X Y X Y X:4N v:4
0Ng 76543 1o9 87(;543 _\>_CN
DTDCTB DTDCPB NC
compd C3-C4 C4-C5 C5-C6 BLA" C6—C7
DTDCTB 1.393 1.395 1.395 0.001 1.434
DTDCPB 1.379 1.407 1.376 0.030 1.472

“Bond lengths are given in angstroms. "BLA: bond length alternation; BLA = (C4—C5)—[(C3—C4)+
(C5-C6)])/2

3-5-3 Thermal Properties

Thermal stabilities and morphological properties of these compounds were
investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC), respectively. The decomposition temperatures (Tq) (referring to 5% weight loss)
were in the range of 279-316 °C (Table 3-7), indicating good thermal stability, which is
an important prerequisite for device fabrication via vacuum deposition. In DSC, a
melting transition manifested from one sharp endothermic peak was observed for each

compound (Table 3-7).

Table 3-7. Thermal parameters for DPDCTB, DTDCTB, DPDCPB, and DTDCPB.

thermal parameters DPDCTB DTDCTB DPDCPB DTDCPB
T4 (°C)* 314 316 279 308
T (°C)’ 187 234 208 288

“Temperature corresponding to 5% weight loss obtained from TGA analysis. Under N, at a heating rate of
10 °C/min. "Temperature obtained from DSC analysis. Under N, at a heating rate of 10 °C/min.

3-5-4 Electrochemical Properties
Figure 3-17 shows the cyclic voltammograms of the four donor molecules recorded
in solution. Pertinent electrochemical data are summarized in Table 3-8. All four

molecules exhibited one quasi-reversible oxidation wave corresponding to the oxidation

106



of the diarylthienylamine or diarylphenylamine donor moieties. The less positive
oxidation potentials of DTDCPB and DTDCTB relative to DPDCPB and DPDCTB
can be rationally ascribed to the presence of the stronger electron-donating p-tolyl
substituents, while DPDCTB and DTDCTB showed less positive oxidation potentials
than DPDCPB and DTDCPB due to the electron-rich nature of thiophene. On the other
hand, two reversible reduction waves were observed in the cathodic potential regime.
The first wave can be assigned to the reduction of the dicyanovinylene block, whereas
the second wave can be attributed to the reduction of the BT fragment. In contrast to the
oxidation behaviors, the reduction potentials of these four molecules were relatively
insensitive to the structural variations of the donor moieties, even though the reduction
potentials of DPDCTB and DTDCTB were slightly less negative than those of
DPDCPB and DTDCPB. Furthermore, the solid-state thin-film HOMO levels of the
four molecules were determined using UPS. The HOMO and corresponding calculated
LUMO levels are summarized in Table 3-8. The trend observed in the HOMO levels is
in good agreement with that of the oxidation potentials. Specifically, the donor
molecules bearing p-tolyl substituents and/or thiophene showed less positive oxidation
potentials and possessed higher-lying HOMO levels than their counterparts. Apparently,
the HOMO levels of our D-A—A molecules can be strategically fine-tuned through
structural modification of the donor moieties, and solar cell devices based on these three
new donors are anticipated to offer higher V. values than the DTDCTB-based device

(vide infra).
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Figure 3-17. Cyclic voltammograms of DPDCPB, DTDCPB, DPDCTB, and

DTDCTB recorded in solution.

Table 3-8. Photophysical and electrochemical parameters for DPDCPB, DTDCPB,

DPDCTB, and DTDCTB.

havs SOIn (nm)* Ay film  AE® film  E,  E.& AE®Y HOMO LUMO

compd o MTem?)  (m) eV (W (V) (V) (V) (V)
DPDCPB 549 (24365) 577 2.14 0.60 —1.13 1.73 —5.50 —3.36
DTDCPB 570 (27445) 595 2.08 047 —1.19 1.66 —5.43 —3.35
DPDCTB 639 (35856) 670 1.91 041 —1.07 148 —5.35 —3.44
DTDCTB 663 (41660) 684 1.86 035 —1.09 144 —5.30 —3.44

“Measured in CH,Cl, solutions (10> M). "Thin films prepared by vacuum deposition onto fused-silica
substrates. “Estimated from the extinction coefficient maxima of thin films [Figure 3-19(a)]. “Measured in
CH,Cl, solutions with 0.1 M TBAPF; as a supporting electrolyte. “Measured in THF solutions with 0.1 M
TBAP as a supporting electrolyte. ‘Calculated from the difference between Eq,' and E, '. *Determined by
UPS. "LUMO = HOMO + AE, film.

3-5-5 Optical Properties

The absorption spectra of the four molecules in CH,Cl, are depicted in Figure
3-18(a). All showed an intense and broad absorption band in the long-wavelength
region, which is assigned to the ICT transition. Compared to DPDCPB and DTDCPB,
significant bathochromic shifts in absorption bands together with increases in ¢ were
found for DPDCTB and DTDCTB because of the electron-rich and fortified quinoid
characters of thiophene as well as the coplanar conformation between the thiophene and

BT rings, which are all beneficial in lowering the energy and augmenting the oscillator
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strength of the ICT transition. In addition, the absorption peaks of DTDCPB and
DTDCTB were red-shifted by ca. 20 nm as compared to those of DPDCPB and
DPDCTB by virtue of the stronger electron-donating nature of the p-tolyl substituents.
On the other hand, the thin-film absorption bands of these molecules were broadened
and red-shifted in comparison to those observed in solution [Figure 3-18(b)], likely due

to the intermolecular n—n stacking of the molecules in the solid state as manifested in

the crystal packings.
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Figure 3-18. Absorption spectra of DPDCTB (squares), DTDCTB (circles), DPDCPB
(triangles), and DTDCPB (diamonds) (a) in CH,Cl, solutions and (b) as

vacuum-deposited thin films.

Optical constants of vacuum-deposited thin films of the four molecules are shown
in Figure 3-19(a). The trend in the maximum extinction coefficients is well coincident
with that in the absorption maxima. Both DPDCTB and DTDCTB thin films can be
modeled as isotropic layers and showed high km.x values of ~1 that are among the

35,36 C o1 .
> However, the optical isotropic

highest reported for organic solar-active materials.
model cannot be adopted to describe the behavior of the two phenylene-containing
molecules (DPDCPB and DTDCPB) thin-films. Therefore, the DPDCPB and
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DTDCPB films were treated as uniaxially anisotropic with the optical axis along the
surface normal. That means the optical constants are distinguished by those for the
ordinary polarization, n, + ik, and those for the extraordinary polarization, n. + ik.. The
uniaxial model can be successfully fitted to the experimental data, and the extracted
optical constants are shown in Figure 3-19(b). The larger £, relative to k. for DPDCPB
and DTDCPB indicates preferred orientations parallel to the surface plane upon
vacuum deposition onto substrates, as the transition dipole moment of the lowest energy
excited state is usually along the molecular backbone for molecules with linear
n-systems.”’ This uniaxial anisotropy property generally contributes to stronger

absorption for horizontally polarized incident light and therefore may favor high Jg

(vide infra).
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Figure 3-19. (a) Optical constants of DPDCTB (squares), DTDCTB (circles),
DPDCPB (triangles), and DTDCPB (diamonds) thin-film spectra. (b) Ordinary and

extraordinary optical constants of DPDCPB and DTDCPB thin-film spectra.

3-5-6 Photovoltaic and Mobility Characteristics
In common with the photovoltaic characterization of DTDCTB, the

vacuum-deposited PMHJ structure was adopted in this study. Fullerene C;y was chosen
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as the electron-accepting counterpart owing to not only its broader and larger extinction
coefficients relative to Cg but also the superior photovoltaic performance of the
DTDCTB:C;y PMHIJ devices as compared to their Cg-based counterparts (see Section
3-3). Generally, the devices were fabricated with a configuration of ITO/MoO; (5
nm)/donor (7nm)/donor:C¢/C79 (7 nm)/BCP (10 nm)/Ag (150 nm). The optimal
thicknesses of the active layers (the donor layer, donor:C7y BHJ layer, and C5 layer) are
dependent on the optical field distribution as well as exciton diffusion lengths and
carrier recombination rates in the thin films. The optimized thicknesses of the BHJ layer
in DPDCTB-, DTDCTB-, DPDCPB-, and DTDCPB-based devices were found to be
50, 40, 40, and 40 nm, respectively. In addition, the donor:C; blended volume ratio in
the BHJ layer was also systematically fine-tuned. The devices fabricated with a
donor:Cy ratio of 1:1.6 in the BHJ layer gave the best results, except for the
DPDCPB:C, device that showed the best performance at a ratio of 1:1.

Device performance measurements were carried out under ambient atmosphere
using 100 mW/cm*> AM 1.5G simulated solar illumination. Spectral mismatch-corrected
J—V characteristics of the donor:Cy (1:1.6) and DPDCPB:Cy, (1:1) PMHJ devices are
shown in Figure 3-20(a), and the corresponding solar cell characteristics derived from
these curves are summarized in Table 3-9. As expected, the V. values obtained in these
devices are consistent with the magnitudes of the HOMO levels of the donors in spite of
the various donor:Cyy blended ratios. The DPDCPB:C7, device gave a maximum V
value of 1.00 + 0.02 V, reflecting the fact that DPDCPB possesses the lowest-lying
HOMO level. Moreover, the differences in V. values are closely correlated to those in
the HOMO levels. On the other hand, the J values generally follow the trend in donor
bandgaps, with a maximum value of 15.08 + 0.30 mA/cm’ generated in the

DTDCTB:Cy (1:1.6) device. Interestingly, the J;. value of the DPDCTB:C;, device is
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Figure 3-20. (a) Mismatch-corrected J—V characteristics (under 1 sun, AM 1.5G
illumination) and (b) EQE spectra of DPDCTB:C7, (1:1.6) (squares), DTDCTB:C
(1:1.6) (circles), DPDCPB:Cy (1:1.6) (triangles), DTDCPB:C7 (1:1.6) (diamonds),

and DPDCPB:Cy, (1:1) (stars) PMHJ solar cells.

slightly lower than that of the DTDCPB:C; device, even though DPDCTB exhibits
larger extinction coefficients and a smaller bandgap than DTDCPB. This can possibly
be attributed to beneficial impact from the uniaxial anisotropy character of DTDCPB.
The EQE spectra of the PMHJ solar cells are shown in Figure 3-20(b). Both EQE
spectra of the DPDCTB:C;y and DTDCTB:C;y devices exhibited high plateaus of
~50% (or even higher) throughout the UV—vis range and extend to the NIR region,
whereas the DTDCPB:C;, cell delivered the highest EQEs over the UV—vis range
among this series of devices. The calculated J values obtained by integrating the EQE
spectra with the standard AM 1.5G solar spectrum match the measured J,. values within
3—5%. It is worthwhile to mention that the structural modulation of the donor moieties
in the four D—A—A donors and consequent shift of their HOMO levels and adjustment
of their bandgaps clearly lead to a trade-off between the V. and Ji. values. Remarkably,
the DTDCPB:C; device exhibited the best performance through striking a balance

between the photovoltage and photocurrent, thus resulting in a PCE of 6.6 + 0.2% (the
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highest of 6.8%), with a V. of 0.93 £ 0.02 V, J, of 13.48 + 0.27 mA/cmZ, and FF of
0.53 £ 0.02. The DTDCPB:C (1:1.6) device was further certified by the Photovoltaic
Metrology Laboratory, Industrial Technology Research Institute (ITRI) to have a PCE

of 6.68% (Figure 3-21).

Table 3-9. Photovoltaic parameters of DXDCXB:Cy, [1:1(1.6)] PMH]J solar cells.”

Jsc Voc FF PCE [ngheSt] RSeries RShunl
(mA/cm?) (V) (%) (Q-cm?)  (Q-cm?)
DPDCPB:Cy (1:1.6)  11.28+0.29 1.00+0.02 045+0.02 5.00.1 27.0 322.8
DTDCPB:C,, (1:1.6)  13.48+0.27 0.93+0.02 0.53+0.02 6.6+0.2 10.6 413.0
DPDCTB:Cy, (1:1.6)  12.99+042 0.88+0.02 049+0.01 56+02 8.3 234.5

[5.1]
[6.8]
[5.8]
DTDCTB:Cy (1:1.6) 1508030  0.79£0.02  0.48+0.01  5.7+0.1 [5.8] 13.5 187.0
[5.6]
[6.4]
[4.7]

device type

DPDCPB:C; (1:1) 11.45+0.23  1.00£0.02 0.49 £0.01 55+0.1 15.4 396.3
DTDCPB:C;, (1:1) 12.72+0.40  0.92 £0.02 0.53£0.01 6.2+0.2 12.5 418.8
DPDCTB:Cy, (1:1) 1256 £0.45  0.85+0.02 042+0.02 45%02 19.8 174.6
DTDCTB:C, (1:1) 14.72+0.25  0.79 £0.02 0.49 £0.01 5.7+0.1 [5.8] 7.9 205.9

“The deviation values were obtained from device-to-device variations of 4-8 devices.
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I%Eﬁﬁ:ﬁﬂ;ﬁﬁ : Report No. : 10107C01709-1-1-04

Industrial Technology
Research Institute

Calibration Results and Descriptions

1. Calibration Results

1. Description of Calibrated Device

Device ID OPV-C-04

Device Size 2.47 mm’

Device Material Organic Solar Cell
Window Material FEA microscope slide
Temperature Sensor K-Type Thermocouple *

*The temperature of device is determined by the test platform.

2. Description of Primary Reference Device

Device ID 017-2005

Device Size 2cm x2cm

Device Material Single Crystalline Silicon
Window Material BK7

Temperature Sensor PT-100

*Calibrated short circuit current (I,.) under standard testing condition (STC): Isr¢=140.90 mA ; U(lsrc)=0.77 mA

3. Data of Calibrated Results

Cell temperature [°C] 25
Irradiance [W/m’] 1000
Vs Vip Isc Imp Prng FF
Sample #
V] [V] [mA] | [mA] | [mW] (%]
10107C01182-01 0.92 0.70 0.32 0.24 0.165 55.70
Calibrated value [mA] 0.32
Mismatch Factor 1.004
Efficiency [%]* 6.68

*Calibrated efficiency (n) is defined as the maximum power divided by the device area.

2/6
This Report shall not be abridged or copied in any way without the prior written consent of ITRI. When using this Report,

please abide by the Report Usage Explanation Agreement inside the cover page.  2012/06/01 17:16:13 63474167773423

Figure 3-21. Certification report for the DTDCPB:C, (1:1.6) PMHIJ device.
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To gain insight into the differences in the performance of DTDCPB:C;, PMHIJ
devices at various blended ratios, carrier mobilities, which were measured using the
SCLC method, were examined. The hole and electron mobilities for the DTDCPB:C
(1:1.6) blend film are 6.49 x 10~ and 432 x 10* cm® V' s7' at 700 (V/em)™>,
respectively, which are higher and more balanced than those for the DTDCPB:Cy(1:1)
film (Figure 3-22 and Table 3-10), thus contributing to the higher device performance
for the DTDCPB:Cy (1:1.6) device. Although significant achievements have already
been realized in our system, further improvements in PCEs are still in high demand. In
this respect, the moderate FF values of ~0.5 obtained in our devices represent a potential
area for further optimization to obtain even better performance. Specifically, the shunt
resistances (Rsunt) in our devices, calculated from the inverse slopes of the J-V curves in
the fourth quadrant, are several orders of magnitude lower than those in optimized
polymer solar cells (Table 3—9).38 In general, both a high Ry, and a low series
resistance (Rseries) are desirable for producing high FF, and a low Ry actually stems
from more charge recombination and leakage current.”” Accordingly, increasing hole
mobility and thus realizing more balanced carrier transport, to improve the Rgyun and the

resulting FF values, will be our future research focus.*’
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Figure 3-22. Electron and hole mobilities for the DTDCPB:C; (1:1.6) and

DTDCPB:Cy (1:1) blend films.
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Table 3-10. Performance parameters of DTDCPB:C;y SCLC devices.

Devices zero-field mobility(cmz/V s) B (cm"’V ")
DTDCPB:C,, (1:1.6) Hole* 476E—7 7.02E—3
DTDCPB:C (1:1.6) Electron” 1.03E—3 —1.24E—3
DTDCPB:C5, (1:1) Hole* 1.35E—7 7.96E—3
DTDCPB:C, (1:1) Electron” 233E—4 7.60E—4

“The hole-only device was configured as: ITO/MoQO; (1 nm)/DTDCPB:C;, (100 nm)/MoO; (10 nm)/Al
(80 nm). “The electron-only device was configured as: ITO/Mg (5 nm)/DTDCPB:C;, (100 nm)/Ca (5
nm)/Al (80 nm).
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3-6 Acceptor—Acceptor—Donor—Acceptor—Acceptor Molecular Donors

Inspired by the highly efficient vacuum-processed acceptor—donor—acceptor

2641 40 this work, we developed two

(A—D—A) donor materials in the literature,
acceptor—acceptor—donor—acceptor—acceptor (A—A—-D—A—A) donor molecules
(BCNDTS and BDCDTS, Scheme 3-8), in which two terminal electron-withdrawing
cyano or dicyanovinylene moieties are connected to a central DTS core through another
electron-accepting BT blocks. Several advantages of the DTS moiety required for
efficient donor materials for OSCs have been introduced in Section 3-2. We envisioned
that the A—~A—D—A—A molecules would not only exhibit better light-harvesting abilities
but also possess deeper-lying HOMO energy levels than their A—-D—A counterparts due

to the extension of conjugated m-systems and the fortified quinoid character of

conjugated backbones that originates from the enhanced acceptor strength.

3-6-1 Synthesis

The synthetic routes to the building block 3-6 as well as the target compounds
BCNDTS and BDCDTS are depicted in Scheme 3-8. Treatment of 3-2 with
hydroxylamine hydrochloride gave the corresponding cyano derivative 3-6 in 80% yield.
Stille coupling of 5,5’-bis(tri-n-butylstannyl)-3,3’-di-n-octylsilylene-2,2’-bithiophene
with 3-6 afforded BCNDTS in 43% yield. BDCDTS was obtained in a yield of 38% via
a two-step process where the first involves Stille coupling of
5,5’-bis(tri-n-butylstannyl)-3,3’-di-n-octylsilylene-2,2’-bithiophene with 3-2,

subsequently followed by Kndevenagel condensation with malononitrile.
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Scheme 3-8. Synthesis of BCNDTS, BDCDTS, and their building blocks.

3-6-2 Thermal Properties

The thermal stabilities of BCNDTS and BDCDTS were investigated by TGA,
which showed the Tyq (5% weight loss) to be 389 and 373 °C for BCNDTS and
BDCDTS, respectively. The inferior thermal stability for BDCDTS is attributed to the

presence of the relatively fragile dicyanovinylene moieties.

3-6-3 Electrochemical Properties

The electrochemical properties of BCNDTS and BDCDTS were probed by CV.
As shown in Figure 3-23, both compounds exhibited one quasi-reversible oxidation
wave with similar potentials at ~0.7 V (vs Fc/Fc¢"), corresponding to the oxidation of the
central DTS donor moiety. In the cathodic potential regime, four quasi-reversible
reduction waves were observed for BCNDTS. The first two waves can be attributed to
the stepwise reduction of the cyano groups (inset of Figure 3-23), whereas the third
wave can be assigned to the reduction of the BT fragments. On the other hand,

BDCDTS showed three quasi-reversible reduction waves, and the first and second wave
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can be ascribed to the reduction of the dicyanovinylene and BT blocks, respectively.
Moreover, it is worthy to note that the respective reduction potentials of BDCDTS were
less negative than those of BCNDTS (Table 3-11), reflecting the stronger
electron-withdrawing nature of dicyanovinylene. The HOMO levels of BCNDTS and

BDCDTS thin films were determined to be —5.40 and —5.80 eV, respectively, by

using UPS. This result is quite different from what we expected previously since

BCNDTS and BDCDTS show similar oxidation potentials.

I (nA)

BDCDTSM
< ; BCNDTS /\,\

-1.2-1.3-1.4-15-1.6
1 L

i 0 E z 3
Potential (V vs Fc*/Fc)

Figure 3-23. Cyclic voltammograms of BCNDTS and BDCDTS recorded in solution.
Inset: the selected reduction region of the differential pulse voltammogram of

BCNDTS.

Table 3-11. Photophysical and electrochemical parameters for BCNDTS and BDCDTS.

habs SOIN (NM)* Ay film  AEP film  Es  Eo' AE®Y HOMO LUMO

compd M lem)  (m)f @ (V) (VY @V @V)F (V)
BCNDTS 553 (49984) 572 2.17 0.73 —1.36 2.09 —5.40 —3.23
BDCDTS 643 (78466) 659 1.88 0.71 —0.99 1.70 —5.80 —3.92

“Measured in CH,Cl, solutions (10> M). ’Thin films on fused-silica substrate. “Estimated from Ay, film.
Measured in CH,Cl, solutions with 0.1M TBAPF; as a supporting electrolyte. “Measured in THF
solutions with 0.1 M TBAP as a supporting electrolyte. /Estimated from the difference between E,,' and
E.q'. *Determined by UPS. "LUMO = HOMO + AE®"* film.
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3-6-4 Optical Properties

Normalized absorption spectra of BCNDTS and BDCDTS in CH,Cl, solutions
and as thin films are shown in Figure 3-24. In CH,Cl,, BCNDTS and BDCDTS each
showed a featureless absorption band with a maximum at 553 and 643 nm, respectively.
The red-shifted absorption peak and larger ¢ of BDCDTS relative to BCNDTS is
attributed to its longer m-conjugation length and the enhanced D—A interaction (Table
3-11). In comparison to the reported A—D—A molecule that is composed of a DTS donor
end-capped with BT acceptors (Aaps = 503 nm),42 these two tailor-made molecules
exhibited evident bathochromic shifts in absorption, corroborating that enhanced solar
spectral responses can be realized through our molecular design. In contrast, the
thin-film absorption bands of BCNDTS and BDCDTS were broadened and red-shifted,
which probably stem from intermolecular n—n stacking of the molecules in the solid

states.

—a—BCNDTS film
—o—BCNDTS solution
—e—BDCDTS film
\—o—BDCDTS solution
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Figure 3-24. Normalized absorption spectra of BCNDTS and BDCDTS in CH,Cl,

solutions and as thin films.

3-6-5 Photovoltaic Characteristics

PHIJ solar cells were first fabricated to evaluate the photovoltaic performance of
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these two molecules. The optimized devices were configured as follows: (i)
BCNDTS/Cg cell: ITO/MoO; (5 nm)/BCNDTS (10 nm)/Cqg (35 nm)/BCP (10 nm)/Ag,
(i1) BDCDTS/Cg cell: ITO/PEDOT:PSS (30 nm)/BDCDTS (10 nm)/Cg (35 nm)/BCP
(10 nm)/Ag, (iii) BCNDTS/C7 cell: ITO/MoO; (5 nm)/BCNDTS (8 nm)/C; (15
nm)/BCP (10 nm)/Ag. The J—V characteristics under AM 1.5G simulated solar
illumination at an intensity of 100 mW/cm” and corresponding EQE spectra are shown
in Figure 3-25. The BDCDTS/Cq cell gave a low PCE of 0.07% (Table 3-12), which
can be ascribed to the inefficient electron transfer between BDCDTS and Cg due to the
deep-lying LUMO level of BDCDTS (Table 3-11). In contrast, the BCNDTS/Cq
device showed superior performance with a V. of 1.02 V, Js. of 4.17 mA/cmz, and FF
of 0.54, thus improving the PCE to 2.3%. In addition, utilizing C as the acceptor led to
an increase in Jy, due to its larger and broader absorption. However, the BCNDTS/C
cell delivered a lower PCE of 1.9% due to the inferior V. and FF. It is noteworthy that
both BCNDTS/Cgy and BCNDTS/C7 devices exhibit high V. values (up to 1.02 V),

which can be ascribed to the deep-lying HOMO level (—5.40 eV) of the BCNDTS thin

film.
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Figure 3-25. J=V curves and EQE spectra (inset) of BCNDTS (BDCDTS)/C¢o (C7o)

PHJ devices.
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Table 3-12. Photovoltaic parameters of BCNDTS (BDCDTS)/Csy (C70) PHJY and

BCNDTS:Cq (C7o) PMHIJ? solar cells.

device type Ji. (mA/cm?) Ve (V) FF PCE (%)
BDCDTS/Cy* 0.73 0.43 0.24 0.07
BCNDTS/Cy* 4.17 1.02 0.54 2.3
BCNDTS/Cy° 5.11 0.93 0.41 1.9
BCNDTS:Cg (1:1)” 5.80 1.05 0.38 2.3
BCNDTS:C(1:1)° 7.81 1.03 0.34 2.8
BCNDTS:C5 (1:1.5)" 9.79 1.01 0.38 3.7

Encouraged by the promising performance of PHJ cells based on BCNDTS, we
further adopted the PMHIJ structures, which were fabricated with a configuration of
ITO/MoO; (5 nm)/BCNDTS (7 nm)/BCNDTS:Csp or BCNDTS:C7 (40 nm)/Cg (20
nm) or C7p (7 nm)/BCP (10 nm)/Ag, to optimize the device efficiency. Initially, the
PMH]J devices were fabricated at a BCNDTS: C¢o or C7¢ blended volume ratio of 1:1.
Figure 3-26 shows the J—V characteristics and EQE spectra of the corresponding PMHJ
devices. The BCNDTS:C7 device exhibited a higher Js. and thus a higher PCE of 2.8%
than the BCNDTS:C¢p device due to the better light-harvesting ability of C7y. The
similar FF values of these two cells can be ascribed to the similar field-dependent
carrier transport and recombination properties in the BHJ layers (Table 3-12). Moreover,
by fine-tuning the BCNDTS:C5, blended ratio from 1:1 to 1:1.5, the PCE was further
improved to 3.7%, with a V. of 1.01 V, J;. 0f 9.79 mA/cmz, and FF of 0.38. The results
may indicate that a preferred morphology in the BHJ layer is realized at this blended

ratio, thus leading to the increases in Jy. and FF.
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Figure 3-26. (a) J—V curves and (b) EQE spectra of BCNDTS:Cs (C79) PMHJ devices.
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3-7 Conclusions

In section 3-2, a D—n—A small-molecule TPDCDTS was synthesized and applied
in the fabrication of vacuum-deposited SMOSCs. The intrinsic structural features
including a fairly low-lying HOMO level, a moderate light-harvesting ability, and
preferred horizontal molecular orientation made TPDCDTS a decent donor material for
SMOSCs. A vacuum-deposited PMHJ device based on TPDCDTS and C;y as the
electron acceptor exhibited a PCE of 3.82%.

In section 3-3, a D—A—A donor material DTDCTB, in which an electron-donating
ditolylthienylamine moiety is connected to an electron-withdrawing dicyanovinylene
moiety through another electron-accepting BT block, was synthesized. The innovative
structural design strategy enabled DTDCTB to exhibit a distinguished light-harvesting
capability with spectral responses extending to the NIR region. A vacuum-deposited
PMH]J device employing DTDCTB and C;y demonstrated a high J, and a PCE of

5.81%.

In section 3-4, a D-A—A donor molecule DTDCTP characterized by the adoption
of pyrimidine as the bridging acceptor was synthesized. Through this structural
modification, DTDCTP possessed a lower-lying HOMO level than DTDCTB.
Accordingly, the DTDCTP:C;y PMHIJ device showed a higher V. and reached a higher
PCE of 6.4% than the DTDCTB-based device.

In section 3-5, another three new BT-containing D—A—A donor molecules
(DPDCTB, DPDCPB, and DTDCPB) with various donor moieties were synthesized in
a facile fashion by taking advantage of the asymmetric building block 3-3. X-ray
structure analyses revealed the tendency of these highly dipolar molecules to pack in an

antiparallel manner and self-assemble into centrosymmetric dimers in the solid state.
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The adoption of thiophene-based donor moieties facilitated m-electron delocalization
and easy formation of quinoid mesomeric structures over the conjugated backbone.
Compared to DTDCTB bearing the strongest ditolylthienylamine donor moiety among
this series of molecules, the three newly synthesized molecules possessed lower HOMO
levels and exhibited hypsochromic shifts in absorption. Through judicious molecular
design and device optimizations, including fine-tuning the layers’ thicknesses as well as
the blended ratio in the BHJ layer, vacuum-deposited PMHJ devices based on this series
of molecules and C;y showed PCEs in excess of 5.6%. Notably, the DTDCPB:C
(1:1.6) device achieved an impressively high PCE of 6.8% through striking a balance
between the photovoltage and the photocurrent.

In section 3-6, two donor molecules (BCNDTS and BDCDTS) with an
A—A—-D—A—-A molecular architecture were synthesized. The side-by-side combination
of two electron-withdrawing groups endowed BCNDTS and BDCDTS with better
light-harvesting abilities than their reported A—D—A counterpart. However, the
over-tuned LUMO level prohibited BDCDTS as an effective donor material in
fullerene-based solar cells. In contrast, the suitable energy levels of BCNDTS enabled it
to be an efficient donor material for SMOSCs. A PCE of 2.3% was obtained with a
simple BCNDTS/Cqy PHJ structure. By adopting PMHJ device structures as well as
utilizing Cy as the electron acceptor and fine-tuning the donor:acceptor blended ratio in

the BHJ layer, the PCE value was further improved to 3.7%.
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3-8 Experimental Details

Synthesis and Materials. Unless otherwise stated, all chemicals and reagents were
used as received from commercial sources without purification. Solvents for chemical
synthesis were purified by distillation. All chemical reactions were carried out under an
argon or nitrogen atmosphere. The 4-bromo-7-methyl-2,1,3-benzothiadiazole® was

synthesized based on the reported procedures.

:\< /\ /\ / N
o Sl

5-[N,N-bis(phenylamino)phenyl]-5’-dicyanomethylidenemethyl-3,3’-diphenylsil-
ylene-2,2’-bithiophene (TPDCDTS). A mixture of 2-4a (1.03 g, 1.66 mmol),
malononitrile (220 mg, 3.32 mmol), and basic aluminum oxide (830 mg) in toluene (40
mL) was stirred and heated at 70 °C for 1 h. After the reaction mixture was cooled to
room temperature, the aluminum oxide residue was removed by filtration and
thoroughly washed with toluene. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with ethyl acetate/dichloromethane/hexane (v/v/v, 1:2:10) as eluent to afford
TPDCDTS as a black solid (800 mg, 72% yield), mp 294 °C (DSC); IR (KBr) v 3052,
3027, 2216, 1592, 1514, 1488, 1384, 1255, 1114, 926, 830 cm '; 'H NMR (CD,Cl,, 400
MHz) 6 7.82 (s, 1H), 7.80 (s, 1H), 7.65 (d, J = 7.2 Hz, 4H), 7.52-7.47 (m, 5H), 7.41 (t,
J =12 Hz, 4H), 7.30 (t, J = 7.8 Hz, 4H), 7.13-7.03 (m, 8H); >C NMR (CD,Cl,, 100
MHz) 6 162.8, 152.5, 150.6, 148.7, 148.2, 147.4, 146.5, 142.7, 141.2, 137.3, 135.7,
131.4, 130.1, 129.8, 128.8, 127.2, 125.6, 125.4, 124.1, 123.0, 115.3, 114.7, 73.8; HRMS

(m/z, FAB") calcd for C4pH»7N3S,Si 665.1416, found 665.1416.
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4-Bromo-7-dibromomethyl-2,1,3-benzothiadiazole = (3-1). A  mixture of
4-bromo-7-methyl-2,1,3-benzothiadiazole (45.82 g, 200 mmol), azobisisobutyronitrile
(6.57 g, 40 mmol), and N-bromosuccinimide (106.2 g, 600 mmol) in chlorobenzene
(400 mL) was stirred and heated at 80 °C for 4h. After being cooled to room
temperature, the reaction mixture was filtered to remove the solid succinimide, and then
the filtrate was washed with water and brine, dried over anhydrous magnesium sulfate,
and filtered. The solvent of the filtrate was removed by rotary evaporation, and the
crude product was purified by column chromatography on silica gel with
dichloromethane /hexane (v/v, 1:3) as eluent to afford 3-1 as a white solid (56.1 g, 83%),
mp 119-120 °C; IR (KBr) v 3001, 2922, 1524, 1481, 1315, 1274, 1185, 1097, 937,
880 cm'; 'H NMR (CDCls, 400 MHz) & 7.97-7.90 (m, 2H), 7.40 (s, 1H); *C NMR
(CDCls, 100 MHz) & 152.8, 149.6, 133.4, 131.8, 129.4, 115.8, 33.9; HRMS (m/z, FAB")
caled for C7H379Br3N2$ 383.7567, found 383.7542, calcd for C7H379Br281Br1N28
385.7547, found 385.7553, caled for C;H;"’Br;*'BroN,S 387.7526, found 387.7524,

calcd for CH;3 BrsN,S 389.7506, found 389.7536.

7-Bromo-2,1,3-benzothiadiazole-4-carbaldehyde (3-2). To a stirring solution of 3-1
(260 mg, 0.67 mmol) in acetonitrile (8 mL) was added silver nitrate aqueous solution
(285 mg, 1.68 mmol, water 1.7 mL) and then heated to reflux for 2h. After being cooled

to room temperature, the reaction mixture was filtered to remove the AgBr precipitate,
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and the filtrate was then extracted with dichloromethane. The combined extracts were
washed with brine, dried over anhydrous magnesium sulfate, and filtered. The solvent
of the filtrate was removed by rotary evaporation to afford 3-2 as a white solid (147 mg,
92%), mp 185-186 °C; IR (KBr) v 3078, 3021, 2835, 2728, 1702, 1526, 1268, 1102,
937, 879 cm '; '"H NMR (CDCls, 400 MHz) & 10.71 (s, 1H), 8.09-8.03 (m, 2H); *C
NMR (CDCls, 100 MHz) ¢ 188.0, 153.8, 152.1, 131.9, 131.5, 126.7, 121.7; HRMS (m/z,
FAB") caled for C;H; "BrN,OS 241.9149, found 241.9149, caled for C7H;*'BrN,0S
243.9129, found 243.9137.
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4-Bromo-7-dicyanovinyl-2,1,3-benzothiadiazole (3-3). A mixture of 3-2 (150 mg,
0.62 mmol), malononitrile (82 mg, 1.24 mmol), and basic aluminum oxide (310 mg) in
anhydrous toluene (7 mL) was stirred and heated at 70 °C for 2h. After the reaction
mixture was cooled to room temperature, the basic aluminum oxide residue was
removed by filtration and thoroughly washed with toluene. The solvent of the filtrate
was removed by rotary evaporation, and the crude product was purified by column
chromatography on silica gel with dichloromethane/hexane (v/v, 1:1) as eluent to afford
3-3 as a yellow solid (120 mg, 67%), mp 179-180 °C; IR (KBr) v 3097, 3032, 2229,
1573, 1517, 1380, 1126, 1044, 933, 884 cm '; 'H NMR (CDCls, 400 MHz) & 8.73 (s,
1H), 8.53 (d, J = 7.6 Hz, 1H), 8.05 (d, J = 7.6 Hz, 1H); *C NMR (CDCls, 100 MHz)
§153.0, 152.5, 152.2, 132.0, 130.0, 123.0, 121.8, 113.1, 112.3, 85.2; HRMS (m/z, FAB")
caled for CioHs"BrNyS 289.9262, found 289.9263, caled for CioHs*' BrN4S 291.9241,

found 291.9237.
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@ DTDCTB ©
2-{[7-(5-N,N-ditolylaminothiophen-2-yl)-2,1,3-benzothiadiazol-4-ylmethylene}-
malononitrile (DTDCTB). A mixture of 3-3 (146 g 5 mmol),
5-(N,N-ditolylamino)-2-(tri-n-butylstannyl)thiophene (3.55 g, 6.25 mmol), and
PdCI,(PPhs), (175 mg, 0.25 mmol) in anhydrous toluene (25 mL) was stirred and heated
at 110 °C under argon for 2h. After the reaction mixture was cooled to room
temperature, the solvent was removed by rotary evaporation, and the crude product was
purified by column chromatography on silica gel with dichloromethane/hexane (v/v, 1:1)
as eluent to afford DTDCTB as a black solid (1.34, 55%), mp 234 °C (DSC); IR (KBr)
v 3033, 2917, 2217, 1566, 1454, 1329, 1265, 1153, 1062, 921, 827 cm '; 'H NMR
(CDCl3, 400 MHz) & 8.66 (s, 1H), 8.60 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 4.4 Hz, 1H),
7.57 (d, J = 8.0 Hz, 1H), 7.22-7.17 (m, 8H), 6.50 (d, J = 4.4 Hz, 1H), 2.39 (s, 6H); °C
NMR (CDCls, 100 MHz) 6 161.0, 154.6, 151.5, 150.6, 143.8, 135.5, 134.0, 133.2, 130.8,
130.2, 126.0, 124.9, 120.9, 118.9, 114.6, 114.3, 113.8, 78.5, 21.1; HRMS (m/z, FAB")

calcd for CosH 9NsS, 489.1082, found 489.1083.

Q.
N—@—(:l ;\>—Br
O u
[S-(5-Bromo-pyrimidin-2-yl)-thiophen-2-yl]-V,/V-ditolylamine (3-4). To a stirring
solution of 2-[N,N-ditolylamino]thiophene (8.31 g, 30 mmol) in anhydrous THF (90 mL)

was added dropwise n-BuLi solution (1.6 M in hexane, 19.69 mL, 31.5 mmol) at —78
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°C under argon. The reaction mixture was warmed to —35 °C and stirred for 15 min.

ZnCl; (33 mL of 1 M solution in anhydrous THF, 33 mmol) was then added to the
reaction mixture in one portion, after which the reaction mixture was warmed to room
temperature and stirred for 30 min. To the above resulting zinc reagent were added
5-bromo-2-iodopyrimidine (8.55 g, 30 mmol), Pd(PPhs)s (1.73 g, 1.5 mmol), and
anhydrous THF (120 mL). The whole mixture was heated to reflux under argon for 2 h.
After being cooled to room temperature, the reaction mixture was poured into water and
extracted with ethyl acetate. The combined extracts were washed with brine, dried over
anhydrous magnesium sulfate and filtered. The solvent of the filtrate was removed by
rotary evaporation, and the crude product was purified by column chromatography on
silica gel with dichloromethane/hexane (v/v, 1:2) as eluent to afford 3-4 as a yellow
solid (10.84 g, 83%), mp 173-174 °C; IR (KBr) v 3028, 2916, 1605, 1551, 1374, 1119,
1056, 928 cm™'; '"H NMR (CDCls, 400 MHz) & 8.55 (s, 2H), 7.71 (d, J = 4.4 Hz, 1H),
7.16-7.10 (m, 8H), 6.43 (d, J = 4.4 Hz, 1H), 2,34 (s, 6H); °*C NMR (CDCls, 100 MHz)
0 159.5, 158.9, 157.2, 144.4, 134.3, 130.0, 129.8, 128.9, 124.4, 114.7, 114.5, 21.0;
HRMS (m/z, FAB") Calcd. for CxoH,s"BrN;S 435.0405, found 435.0411, calcd. for

CaoH ¥ BrN;S 437.0384, found 437.0391.

Q—@—(ﬂ ;\>—CHO
O e
2-[5-N,N-ditolylaminothiophen-2-yl]-pyrimidine-5-carbaldehyde (3-5). To a
stirring solution of 3-4 (8.73 g, 20 mmol) in 350 mL anhydrous THF was added

dropwise n-BuLi solution (1.6 M in hexane, 13.13 mL, 21 mmol) at —100 °C under
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argon. The resulting solution was stirred for 30 min, after which time dry ethyl formate
(16.15 mL, 200 mmol) was added dropwise over 5 min. After being stirred for 30 min,
the reaction mixture was quenched with 1.5 M HCI in THF solution (15 mL, 22.5
mmol). The cold bath was removed, and the reaction mixture was stirred for 2 h. The
solvent was removed by rotary evaporation, and the residue was extracted with
chloroform. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica
gel with dichloromethane as eluent to afford 3-5 as an orange solid (3.27 g, 42%), mp
176-177 °C; IR (KBr) v 3027, 2918, 2825, 2719, 1694, 1593, 1547, 1209, 1071 cm ';
'H NMR (CDCl;, 400 MHz) & 9.92 (s, 1H), 8.88 (s, 2H), 7.88 (d, J = 4.4 Hz, 1H),
7.20-7.14 (m, 8H), 6.40 (d, J = 4.4 Hz, 1H), 2.36 (s, 6H); °C NMR (CDCls, 100 MHz)
5 187.9, 164.1, 162.7, 158.4, 143.7, 135.4, 133.4, 130.2, 127.3, 125.1, 124.1, 113.1,

21.1; HRMS (m/z, FAB+) calcd. for Cp3H9N;OS 385.1249, found 385.1252.

o
Q DTDCTP

2-{[2-(5-N,N-ditolylaminothiophen-2-yl)-pyrimidin-5-yl|methylene} malononitril-
e (DTDCTP). A mixture of 3-5 (1.54 g, 4.00 mmol), malononitrile (528 mg, 8.00
mmol), and basic aluminum oxide (2.00 g) in dry toluene (60 mL) was stirred and
heated at 70 °C for 1 h. After the reaction mixture was cooled to room temperature, the
basic aluminum oxide residue was removed by filtration and thoroughly washed with
toluene. The solvent of the filtrate was removed by rotary evaporation, and the crude

product was purified by column chromatography on silica gel with dichloromethane as
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eluent to afford DTDCTP as a black solid (1.36 g, 78%), mp 209 °C (DSC); IR (KBr)
v 3024, 2921, 2221, 1587, 1542, 1286, 1107, 1071, 814 cm'; '"H NMR (CDCls, 400
MHz) 6 8.93 (s, 2H), 7.91 (d, J = 4.4 Hz, 1H), 7.47 (s, 1H), 7.22-7.16 (m, 8H), 6.39 (d,
J=4.4Hz, 1H), 2.37 (s, 6H); >C NMR (CDCl;, 100 MHz) & 164.5, 163.0, 158.2, 152.7,

143.3, 136.1, 135.1, 130.3, 126.6, 125.4, 119.8, 113.7, 112.9, 112.8, 80.1, 21.1; HRMS

(m/z, FAB") calcd. for CosH19NsS 433.1361, found 433.1358.

@ NN
@ pTDCPB \C
2-{[7-(4-N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl|methylene}-
malononitrile (DTDCPB). A mixture of 3-3 (349 g, 12 mmol),
4-(N,N-ditolylamino)-1-(tri-n-butylstannyl)phenylene (8.1 g, 14.4 mmol), and
PdCI,(PPhs),; (421 mg, 0.6 mmol) in anhydrous toluene (60 mL) was stirred and heated
to 110 °C under argon for 5 h. After the reaction mixture was cooled to room
temperature, the solvent was removed by rotary evaporation, and the crude product was
purified by column chromatography on silica gel with dichloromethane/hexane (v/v, 4:3)
as eluent, to afford DTDCPB as a black solid (4.43 g, 76%), mp 288 °C (DSC); IR
(KBr) v 3031, 2918, 2858, 2218, 1592, 1505, 1471, 1328, 1264, 1189, 1102, 946, 826
cm '; '"H NMR (CDCls, 400 MHz) & 8.82 (s, 1H), 8.78 (d, J= 7.6 Hz, 1H), 7.95 (d, J =
9.2 Hz, 2H), 7.84 (d, J = 7.6 Hz, 1H), 7.15-7.09 (m, 10H), 2.36 (s, 6H); °C NMR
(CDCls, 100 MHz) 6 154.4, 152.6, 152.5, 150.0, 143.9, 140.0, 134.0, 130.7, 130.4,
130.0, 127.3, 125.7, 125.5, 121.1, 120.1, 113.9, 113.1, 81.8, 21.1; HRMS (m/z, FAB")

caled for C3oH»iNsS, 483.1518, found, 483.1516.
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DPDCTB
2-{[7-(5-N,N-diphenylaminothiophen-2-yl)-2,1,3-benzothiadiazol-4-yljmethylene-
}malononitrile (DPDCTB). The synthetic procedure was similar to that of DTDCPB,
except that the eluent for column purification was dichloromethane/hexane (v/v, 1:1).
DPDCTB was isolated as a black solid (63%), mp 187 °C (DSC); IR (KBr) v 3034,
2218, 1579, 1532, 1487, 1296, 1059, 756 cm'; '"H NMR (CDCls, 400 MHz) & 8.69 (s,
1H), 8.64 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 4.0 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.40—
7.36 (m, 4H), 7.32-7.29 (m, 4H), 7.21 (t, J = 7.2 Hz, 2H), 6.61 (d, J = 4.0 Hz, 1H); "°C
NMR (CDCls, 100 MHz) 6 159.7, 154.5, 151.7, 150.7, 146.4, 133.7, 132.5, 130.8, 129.6,
127.3,125.3, 124.7, 121.5, 119.4, 116.2, 114.4, 113.6, 79.4; HRMS (m/z, FAB") calcd

for Cy6H15N5S,, 461.0769, found, 461.0760.

Q N(S;N
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DPDCPB
2-{|7-(4-N,N-diphenylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yljmethylen-
e}malononitrile (DPDCPB). The synthetic procedure was similar to that of DTDCPB,
except that the eluent for column purification was dichloromethane/hexane (v/v, 1:1).
DPDCPB was isolated as a black solid (49%), mp 208 °C (DSC); IR (KBr) v 3047,
2223, 1584, 1524, 1474, 1370, 1336, 1270, 1192, 1044, 931, 821 cm'; '"H NMR
(CDCl3, 400 MHz) 6 8.83 (s, 1H), 8.79 (d, J = 7.6 Hz, 1H), 7.98 (d, J = 8.8 Hz, 2H),
7.86 (d, J=7.6 Hz, 1H), 7.35-7.31 (m, 4H), 7.22-7.18 (m, 6H), 7.13 (t, J = 7.2 Hz, 2H);
PC NMR (CDCls, 100 MHz) & 154.4, 152.6, 152.5, 149.6, 146.6, 139.9, 130.7, 130.5,

129.4, 128.2, 125.8, 125.5, 124.2, 121.4, 121.3, 113.9, 113.1, 82.2; HRMS (m/z, FAB")
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calcd for CosH7NsS, 455.1205, found, 455.1204.

4-Bromo-7-cyano-2,1,3-benzothiadiazole (3-6). A mixture of 3-2 (16.3 g, 67.1
mmol) and hydroxylamine hydrochloride (9.32 g, 134.1 mmol) in dimethyl sulfoxide
(250 mL) was stirred and heated at 100 °C for 2h. After the reaction mixture was cooled
to room temperature, the resulting precipitate was collected by filtration, and the crude
product was washed with methanol and then dichloromethane to afford 3-6 as a yellow
solid (12.96 g, 80%), mp 259-260 °C; IR (KBr) v 3080, 3040, 2232, 1528, 1480, 1375,
1102, 1032, 942, 876 cm'; '"H NMR (CDCls, 400 MHz) 8 7.97-7.90 (m, 2H); "*C
NMR (CDCl;, 100 MHz) 6 153.1, 152.3, 135.8, 131.4, 121.3, 114.7, 105.3. HRMS (m/z,
FAB®, [M+H]") caled for C;H3;”BrNs;S 239.9231, found 239.9225, caled for

C/H;*'BrN;S 241.9211, found 241.9207.

BCNDTS
BCNDTS. A mixture of 3-6 (2.52 g, 10.5 mmol), PdCl,(PPh;3),; (351 mg, 0.5 mmol),
and 5,5’-bis(tri-n-butylstannyl)-3,3’-di-n-octylsilylene-2,2’-bithiophene (5 mmol) in
anhydrous toluene (50 mL) was stirred and heated at 110 °C under argon for 12 h. After
the reaction mixture was cooled to room temperature, the solvent was removed by
rotary evaporation. The resulting sticky mixture was added pentane and was then

sonicated to generate the crude product, which was collected by filtration and purified

by column chromatography on silica gel with chloroform as eluent to afford BCNDTS
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as a black solid (1.60 g, 43%), mp 228 °C (DSC); IR (KBr) v 3086, 3046, 2953, 2926,
2848, 2224, 1537, 1496, 1346, 1167, 1095, 882 cm™; '"H NMR (CDCls, 400 MHz)
§8.31 (s, 2H), 8.03 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 8.0 Hz, 2H), 1.50-1.44 (m, 4H),
1.37-1.33 (m, 4H), 1.23 (m, 16H), 1.09-1.05 (m, 4H), 0.84-0.81 (m, 6H); °C NMR
(CDCls, 100 MHz) & 153.6, 152.7, 151.0, 145.3 140.3, 135.8, 133.0, 132.4, 122.9, 115.6,
102.4, 33.2, 31.9, 29.3, 29.2, 24.3, 22.7, 14.2, 11.9; HRMS (m/z, FAB") caled for

C38H40N684Si 7361967, found 736.1953.

S S
N7 N CgHizag -CaHiz NN

\ /, \ /
‘ U \; 2/ \) ‘
NC / Q S S O \ CN
CN NC

BDCDTS

BDCDTS. A mixture of 3-2 (2.55 g, 10.5 mmol), Pd(PPh;3)s (288 mg, 0.25 mmol),
and 5,5’-bis(tri-n-butylstannyl)-3,3’-di-n-octylsilylene-2,2’-bithiophene (5 mmol) in
anhydrous toluene (50 mL) was stirred and heated at 110 °C under argon for 12 h. After
the reaction mixture was cooled to room temperature, the solvent was removed by
rotary evaporation. The resulting sticky mixture was added pentane and was then
sonicated to generate the crude product, which was collected by filtration and used for
the next step without further purification. A mixture of the crude carbaldehyde product
(2.50 g), malononitrile (887 mg, 13.44 mmol), and basic aluminum oxide (4 g) in
anhydrous toluene (120 mL) was stirred and heated at 70 °C for 1 h. After the reaction
mixture was cooled to room temperature, the basic aluminum oxide residue was
removed by filtration and thoroughly washed with toluene. The solvent of the filtrate
was removed by rotary evaporation, and the crude product was purified by column
chromatography on silica gel with dichloromethane/hexane (v/v, 2:1) as eluent to afford

BDCDTS as a black solid (1.59 g, 38%), mp 246 °C (DSC); IR (KBr) v 3096, 3033,
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2957, 2927, 2848, 2224, 1577, 1529, 1368, 1179, 1104, 1039, 885 cm'; 'H NMR
(CDCls, 400 MHz) § 8.75-8.72 (m, 4H), 8.37 (s, 2H), 7.99 (d, J = 8.0 Hz, 2H), 1.53-
1.47 (m, 4H), 1.40-1.35 (m, 4H), 1.28-1.24 (m, 16H), 1.13-1.09 (m, 4H), 0.85-0.82 (m,
6H); >C NMR (CDCls, 100 MHz) § 154.1, 153.9, 151.6, 150.7, 146.2, 141.4, 133.6,
133.0, 130.4, 123.6, 121.2, 113.9, 113.2, 81.8, 33.3, 31.9, 29.3, 24.3, 22.7, 142, 11.9;

HRMS (m/z, FAB") calcd for C44H4,NgS4Si 838.2185, found 838.2187.

Measurement of Electronic Absorption Spectra of Molecular Donors.
Electronic absorption spectra of molecular donors in solutions and as thin films were

recorded with spectrophotometers JASCO V-670 and PerkinElmer, respectively.

Crystal Structure Determinations. Crystallographic data were collected at 295(2)
K on an Oxford Gemini A CCD diffractometer using graphite-monochromatized Cu-Ka
radiation (A = 1.54178 A). Cell parameters were retrieved and refined using CrysAlis
Pro software on all observed reflections. Data reduction was performed with the
CrysAlis Pro software. The structures were solved and refined with SHELXL
programs.** The hydrogen atoms were included in calculated positions and refined

using a riding mode.

Cyclic Voltammetry Measurement. The electrochemical properties of molecular
donors were investigated by cyclic voltammetry (CV). The measurement of oxidation
potentials was carried out in an anhydrous CH,Cl, solution (1.0 mM) containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) as a supporting electrolyte, while
the measurement of the reduction potentials was conducted in an anhydrous THF

solution (1.0 mM) containing 0.1 M tetrabutylammonium perchlorate (TBAP) as a
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supporting electrolyte, purged with argon prior to conduct the experiments. A glassy
carbon electrode and a platinum wire was used as the working electrode and counter
electrode, respectively. All potentials were recorded versus Ag/AgCl (saturated) as a
reference electrode and calibrated with the ferrocene/ferrocenium (Fc/Fc) redox couple.

All measurements were performed at a scan rate of 100 mV s .

Quantum Mechanical Calculations. The electronic and optical properties of
DTDCTB were estimated by density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations in CH,Cl, solutions using hybrid B3LYP function with the

6-31G(d) basis set, as implemented in the Gaussian 09 (G09) program package.*’

Solar Cell Fabrication and Testing. Fullerenes Cgp and C;9 as well as
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were subjected to purification at
least once by temperature-gradient sublimation before use in this study. The organic and
metal oxide thin films as well as metal electrodes were deposited onto indium tin oxide
(ITO)-coated glass substrates by thermal evaporation in a high-vacuum chamber with
base pressure of ~1 x 107° Torr. The sheet resistance of ITO was ~15 Q/sq. The
deposition was performed with the substrate held at room temperature. Thicknesses
were monitored using a crystal oscillator during deposition and were verified later with
spectroscopic ellipsometry. The active area of the cells had an average size of 2.5-5
mm’ (intersection area between Ag cathode and ITO anode) and were carefully
measured device-by-device using a calibrated optical microscope. Devices were
encapsulated using a UV-cured sealant (Epowide EX, Everwide Chemical Co.) and a
cover glass under an anhydrous nitrogen atmosphere after fabrication and were

measured without a mask in air. Current density—voltage characteristics were measured
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with a SourceMeter Keithley 2636A under illumination of AM 1.5G solar light from a
xenon lamp solar simulator (Abet Technologies). The incident light intensity was
calibrated as 100 mW/cm®. The external quantum efficiency (EQE) spectra were taken
by illuminating chopped monochromatic light with a continuous-wave bias white light
(from a halogen lamp) on the solar cells. The photocurrent signals were extracted with a
lock-in technique using a current preamplifier (Stanford Research Systems) followed by
a lock-in amplifier (AMETEK). The EQE measurement was fully computer-controlled,
and the intensity of the monochromatic light was calibrated with an NIST-traceable

optical power meter (Ophir Optronics).

Ultraviolet Photoelectron Spectroscopy Measurement. Organic films for
photoelectron spectroscopy measurements were vacuum deposited onto fused-silica
substrates. The thin-film HOMO levels of molecules were acquired with a

photoelectron spectrometer (Riken Keiki Co. Ltd.).

Ellipsometry Measurement. Organic films for ellipsometry measurements were
vacuum deposited onto fused-silica substrates. The measurements were carried out with
a J. A. Woollam Inc. V-VASE variable-angle spectroscopic ellipsometer. The
anisotropic optical constants of a sample were determined by the combination of
reflection and transmission ellipsometry, which in principle is simpler and eliminates

the risk of sample-to-sample variation.

Mobility Measurement. The electron and hole mobilities for the
DTDCTP/DTDCPB:C/ blended films were determined using the space-charge limited

current (SCLC) method.*® The mobility values were calculated from the current
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density—voltage characteristics of SCLC devices that were measured with a
SourceMeter Keithley 2636A and fitted by applying the modified Mott—Gurney
equation:

9 vz  /0.898
] = geeokto 5 exp (TW )

Where ] is the current density, V is the bias voltage, L is the thickness of the active
layer, u, is the zero-field mobility, € is the dielectric constant, which was assumed to

be 3, a typical value for organic materials, in the calculation, &, is the permittivity of

the free space (8.85 x 102 F/m), and B is the field-activation factor.
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Chapter 4. Development of Polymeric Donors for Bulk

Heterojunction Solar Cells

4-1 Introduction

Over the past two decades, most research efforts in the organic solar cells (OSCs)
community have focused on solution-processed polymer bulk heterojunction (BHJ)
solar cells based on a blend of p-type conjugated polymers and n-type soluble fullerene
derivatives as the active layer." Significant progress on photovoltaic performance has
been made in this field, primarily stemming from combined improvements in material
design,” morphology control,” interface modification,* and device engineering.’
Among all these various factors, the polymeric donors undoubtedly play the most
critical role in determining the solar cell performance, and thereby the search for new
p-type semiconducting polymers with appropriate properties such as a small bandgap,
well-aligned energy levels, a sufficient solubility, a superior miscibility with fullerene
acceptors, and a high hole mobility, etc. has taken center stage in the research activities.

The most widely investigated conjugated homopolymer for use in BHJ solar cells
is regioregular poly(3-hexylthiophene) (P3HT) due to its several fascinating properties
including the structural regularity, strong absorption coefficient, and high hole mobility
as well as good inherent miscibility with fullerene acceptors. Reproducible PCEs of
4-5% have been realized for the P3HT/[6,6]-phenyl-Cqi-butyric acid methyl ester
(PC¢1BM)-based cells.** > ** Moreover, with the indene—Cgo(70) bisadduct [ICg070)BA] as
the acceptor,® a higher PCE of 6.48%" and 6.68%" was achieved for the
P3HT/IC4BA- and P3HT/IC;0BA-based cells, respectively. The efficiency

improvements were mainly attributed to the increase in V. in that the ICsoBA and
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IC70BA acceptor had a higher-lying LUMO level by 0.17 and 0.19 eV than PC¢;BM and
PC71BM, respectively. However, the wide bandgap (1.9 eV) and very high-lying

HOMO level (—5.1 eV) of P3HT severely limit further efficiency improvement.

To overcome the drawbacks of P3HT, materials scientists have been shifting the
research focus to develop alternating conjugated copolymers of lower bandgaps, in
order to harvest more photons from the solar spectrum and thus reach even higher
efficiencies. Several state-of-the-art polymeric donors achieving PCEs of 7-8% in
simple conventional or inverted BHJ devices with PCe;(71)BM as the acceptor are shown
in Scheme 4-1. The polymer PTB7 developed by Yu et al. was the first to display PCEs
of over 7% (see section 4-2 for a detailed description). The two-dimensional conjugated
polymer PBDTTT-C-T with alkylthienyl groups on the benzo[1,2-5:4,5-b]dithiophene
(BDT) unit exhibited a higher PCE of 7.6% than its alkoxy-substituted counterpart, due
to its smaller bandgap, lower-lying frontier energy levels, and significantly higher hole
mobility.” With the thienopyrrole-4,6-dione as the electron-deficient unit, the three
alternating D—A copolymers (PDSTPD,® P-Ge,” and PBTTPD'?) all achieved PCEs
of 7.3%, and high V,. values of 0.85—0.92 V. Note that P-Ge possessed a smaller
bandgap and higher-lying HOMO level than PDSTPD through the isoelectronic
substitution of germanium for silicon as the bithiophene bridging atom. Fluorine has
attracted significant attention as an electron-withdrawing substituent used in
photovoltaic polymers since Yu’s pioneering work, as a result of its small size that is
expected to minimize the undesired steric hindrance between the adjacent monomer
units. This kind of structural modification usually caused the resulting fluorinated
polymers to display decreased frontier energy levels but a similar bandgap as compared
to those of their non-fluorinated counterparts. By this approach, the three BDT-based

D-A polymers employing various fluorinated electron-deficient units such as BT
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(PBnDT-DTIfBT), [d][1,2,3]benzotriazole '* (PBnDT-FTAZ), and quinoxaline "
(PBDT-TFQ) all reached higher PCEs of over 7% than their non-fluorinated
counterparts, via the simultaneous enhancement of V. Ji, and FF. It is worth
mentioning that the higher hole mobility of the fluorinated polymes was responsible for

the increase in J. and FF.

OR;
PTB7 X = Si, PDSTPD (PCE =7.3%, V4 = PBTTPD
(PCE = 7.4%, Vo, =0.74V, Ry 0.88V, Jgc = 12.2 mA/cm?, FF = 0.68) (PCE=7.3%, Vo =092V,
Jsc = 14.50 mA/cm?, FF = 0.69) PBDTTT-C-T X = Ge, P-Ge (PCE=7.3%, V. = Jsc = 13.1 mA/cm?, FF = 0.61)
(PCE = 7.6%, Voo =074V, 0.85V, Jg. = 12.6 mA/cm?, FF = 0.68)
Jsc = 17.48 mAlcm?, FF = 0.59) R0 O @ OR7
Re
N N
Rs R, NN R, Rs NN ORy N W
S, S,
I )-C LI (I -
's S s” ], 'S S s” 'S S s” |,
Rs F F Rs F F OR, F F
PBnDT-DTffBT PBnDT-FTAZ PBDT-TFQ
(PCE =7.2%, Vo =091V, (PCE =7.1%, Vo =0.79V, (PCE =8.0%, Vo =0.76 V,
Jsc = 12.9 mA/cm?, FF = 0.61) Jsc = 11.83 mA/cm?, FF = 0.73) Jsc = 18.2 mAlcm?, FF = 0.58;

certified PCE = 7.3%)

R; = 2-ethylhexyl
R, = 1-ethylpentyl
Rz =n-octyl

R4 =n-dodecyl
Rs = 3-butylnonyl
Rg = 2-butyloctyl

R7 =n-hexyl
PBDTT-SeDPP PDTP-DFBT
(PCE =7.2%, Vo = 0.69 V, (PCE =7.9%, Vo = 0.68 V,
Jgc = 16.8 mA/cm?, FF = 0.62) Jsc = 17.8 mAlcm?, FF = 0.65)

Scheme 4-1. Several state-of-the-art polymeric donors with PCEs of 7-8%.

In addition to these abovementioned medium-bandgap polymers with bandgaps of
1.8-1.6 eV (except for PBnDT-FTAZ that has a bandgap of 2.0 eV), two low-bandgap
polymers (PBDTT-SeDPP'* and PDTP-DFBT") possessing bandgaps less than 1.5

eV also reached PCEs surpassing 7%. The selenophene-containing polymer
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PBDTT-SeDPP and the dithienopyran-containing polymer PDTP-DFBT both
exhibited a smaller bandgap, higher-lying HOMO level as well as higher hole mobility
than its furan/thiophene-based analogues and cyclopentadithiophene-based analogue,
respectively. These research advances in low-bandgap polymers directly contributed to
the great success in tandem solar cells, whose efficiencies have been limited to below
7% for a while due to the lack of high-performance low-bandgap polymers.'® Recently,
a record-high PCE of 10.6% certified by NREL was obtained for a double-junction
tandem cell consisting of two subcells and an interconnecting layer, in which the front
cell contains a blend of P3HT and ICsBA, while the rear cell is based on a blend of
PDTP-DFBT and PC¢BM."

In this chapter, two new p-type conjugated polymers, which were developed during
my stay in the Prof. Luping Yu’s lab at the Department of Chemistry, The University of
Chicago, would be discussed. Their corresponding solar cell devices were fabricated

and tested by Mr. Luyao Lu in the Yu research group.

4-2 A New PTB Family Polymer

Among all the p-type semiconducting polymers reported to date, the series of
conjugated polymers (i.e., PTB series, Scheme 4-2) composed of alternating BDT and
ester-substituted thieno[3,4-b]thiophene units represents the most successful example.'’
The BDT unit is one of the most widely employed building blocks for the construction
of small-molecule and polymeric materials used in organic field-effect transistors and
OSCs, due to its rigidly coplanar conformation and proper side chain patterns as well as
ecasy functionalization.'® The adoption of thieno[3,4-b]thiophene can increase the
quinoid character of the ground state through stabilization of the quinoid resonance

structure and thus endow the resulting polymers with small bandgaps. In addition, the
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electron-withdrawing ester group is introduced to stabilize the electron-rich
thieno[3,4-b]thiophene, thus rendering the resulting polymers oxidatively stable. More
importantly, the introduction of the second electron-withdrawing group, the fluorine
atom, onto thieno[3,4-b]thiophene provides the resulting polymers with decreased
frontier energy levels and similar bandgaps, leading to enhanced V,. without losing Jy
for the BHJ devices based on the fluorinated polymers. Overall, PTB7 exhibited the
best PCEs of up to 7.40%, along with a V. of 0.74 V, a J;. of 14.50 mA/cmz, and a FF

* Later, an

of 68.97%, in conventional devices with PC; BM as the acceptor.1
exceptionally high PCE of 9.2% was achieved for the PTB7/PC;;BM-based device by

adopting an inverted configuration in conjunction with incorporation of a thin layer of

alcohol-/water-soluble conjugated polymer as a surface modifier for the ITO cathode."

coo PTB1: X = H, Ry = n-octyloxy, R, = n-dodecyl
Rz PTB2: X = H, Ry = n-octyloxy, R, = 2-ethylhexyl

R4 XA g PTB3: X = H, Ry = n-octyl, R, = 2-ethylhexyl
PTB4: X = F, Ry = 2-ethylhexyloxy, R, = n-octyl
) S, 7\ PTBS: X = H, Ry = 2-ethylhexyloxy, R, = n-octyl
/ PTB6: X = H, Ry = n-octylloxy, R, = 2-butyloctyl

S s n PTB7: X = F, Ry = 2-ethylhexyloxy, R, = 2-ethylhexyl
R PTB8: X = F, Ry = 2-butyloctyloxy, R, = 2-ethylhexyl
PTB9: X = H, Ry = 2-ethylhexyloxy, R, = 2-ethylhexyl

Scheme 4-2. Chemical structures of PTB1-PTB9.

The success of the PTB series of polymers can be attributed to their several unique
features: (i) all the polymers have a small optical bandgap of about 1.6 eV and show
absorption maxima around the region with the highest photon flux of the solar spectrum
(about 700 nm); (i1) the lamellar packing structure with both the conjugated backbone
and side chains parallel to the substrate, the rigidity induced by the BDT unit, and the
planarity along the polymer backbone enhanced by the high degree of quinoidization all
contribute to their high hole mobilities; (iii) the flexibility in structure modification

including the incorporation of various side chains and/or an electron-withdrawing
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fluorine atom onto the polymer backbone makes it easy to not only fine-tune their
energy levels but also control their solubilities and miscibilities with fullerene acceptors.
Delicate manipulation of the latter can result in a preferred blend film morphology for
efficient charge separation and charge transport.

Even though remarkable achievements have already been accomplished in the
PTB7-based systems, further improvements in PCEs are still highly required. In this
aspect, the moderate V. values suggest room for further optimization. Previous study
revealed that the replacement of the alkoxy side chains on the BDT unit with less
electron-donating alkyl chains lowers both the HOMO and LUMO energy levels of the
resulting polymer (PTB2 vs PTB3), and meanwhile keeps their optical bandgaps almost
unchanged. In addition, the alkyl-grafted PTB3 showed a higher hole mobility than the
alkoxy-grafted PTB2. More importantly, the PTB3-based device exhibited a higher V.
than the PTB2-based device without losing the Jg, thus reaching a higher PCE."”® On
the basis of the abovementioned considerations, in this work, we further synthesized a
new PTB family polymer PTB10 as an analogue for PTB7 (Scheme 4-3), in which the
branched 3-ethylheptyl side chains are employed in place of the 2-ethylhexyloxy chains

on the BDT moiety due to their structural similarity.

CoHs” “C4Ho
PTB7

Scheme 4-3. Chemical structures of PTB7 and PTB10.
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4-2-1 Synthesis

The synthesis of PTB10 is depicted in Scheme 4-4. The 3-ethylhept-1-yne 4-2 was
prepared using Corey—Fuchs reaction that involved the treatment of the commercially
available 2-ethylhexanal with triphenylphosphine/carbon tetrabromide to afford
1,1-dibromoalkene 4-1, which was subsequently treated with n-butyl lithium followed
by quenching with water. Nucleophilic addition of 3-ethylhept-1-nylmagnesium
chloride, as generated in situ from 4-2 by reacting with isopropylmagnesium chloride,
to benzo[1,2-b:4,5-b"|dithiophene-4,8-dione followed by reduction with tin(IT) chloride
gave 4-3. Reduction of 4-3 using sodium borohydride and acetic acid in the presence of
a catalytic amount of 10% Pd/C in isopropanol afforded 4-4.”° Note that the reagents
used here to conduct this conversion are more easily accessible than those in the
reported condition, which required an external supply of 30 atm of hydrogen gas as the
reducing agent.”’ Deprotonation of 4-4 with n-butyl lithium followed by reaction of the
resulting dianion with trimethyltin chloride yielded the distannyl monomer 4-5. Finally,
the polymer PTB10 was synthesized via the Stille polycondensation reaction between
2'-ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate and 4-5 at 120
°C in a mixture of toluene/DMF (4/1) using Pd(PPh;); as the catalyst. The
number-average molecular weight (M,) and polydispersity index (PDI) of PTB10 were
15.4 kg/mol and 2.14, respectively, as determined by gel permeation chromatography
using THF as the eluent and polystyrene as the standard. PTB10 exhibited a good
solubility in many common organic solvents, such as THF, chloroform, and even
hexane. Nevertheless, given the low molecular weight and good solubility in hexane for
this batch of PTB10, further optimizations in the polymerization conditions and/or
purification of the monomers are necessary to obtain high-molecular-weight PTB10.*

The high-molecular-weight polymers have demonstrated superior photovoltaic
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performance to their low-molecular-weight counterparts via promotion of hole mobility,

optical property, and film morphology.”
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93%

PTB10

Scheme 4-4. Synthetic route to the polymer PTB10.

4-2-2 Optical Properties

Figure 4-1 shows the electronic absorption spectra of PTB10 in a CHCI; solution
and as a thin film spin-cast from chlorobenzene. The absorption spectrum of PTB10 in
CHCI; showed a band with a maximum at 609 nm. The PTB10 thin film exhibited a
slightly red-shifted absorption band at A,,s = 612 nm accompanied by a pronounced
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absorption shoulder, indicative of a higher degree of chain aggregation in the solid
state.”* In addition, this shoulder was less distinct than those observed for other PTB
family polymers,'” which is attributed to the low molecular weight of PTB10. It was
reported that there is a strong dependence of aggregation on the molecular weight of
conjugated polymers.”> The optical bandgap calculated from the onset of the thin-film
absorption spectrum was determined to be 1.68 eV. This value is close to those for other
PTB family polymers,'’ indicating that the structural variations of this series of
polymers including the replacement of the alkoxy side chains on the BDT unit with less
electron-donating alkyl chains and/or attachment of an electron-withdrawing fluorine

atom on the thieno[3,4-b]thiophene moiety have little effects on their optical bandgaps.
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Figure 4-1. Normalized absorption spectra of PTB10 in a CHCl; solution and as a thin

film.

4-2-3 Electrochemical Properties

CV was used to study the electrochemical properties and evaluate the frontier
energy levels of PTB10. As shown in Figure 4-2, PTB10 showed one quasi-reversible
oxidation wave and one quasi-reversible reduction wave. The HOMO and LUMO

energy levels of PTB10 were calculated to be —5.29 and —3.35 eV, respectively, on
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the basis of the onset redox potentials. In consistency with the previous results of PTB2

and PTB3, the HOMO and LUMO levels of PTB10 are lower than those of PTB7.'"

03F PTB10 oxidation
0.2} —= PTB1Oreduction

0.1F
0.0F
-0.1F
0.2}
-0.3F
-0.4

Current (mA)

15 10 05 00 -05 -1.0 -15 -2.0
Potential (V vs Ag/AgNO,)

Figure 4-2. Cyclic voltammograms of PTB10 thin film drop-cast on a glassy carbon

electrode in a 0.1 M BusNPFs/CH;CN solution.

4-2-4 Photovoltaic Characteristics

The photovoltaic performance of PTB10 was investigated in BHJ solar cells with
the device structure of ITO/PEDOT:PSS/PTB10:PC;;BM (1:1.5, by weight)/Ca/Al. The
PC7BM was used as the acceptor counterpart due to its stronger light absorption in the
visible region relative to PC¢BM. The PTB10:PC7,BM composite film was prepared
by spin-coating a mixed solvent of chlorobenzene/1,8-diiodoctane (97:3, v/v) solution
(concentration, 25 mg mL™") at 2,000 r.p.m. for 60 sec. The 1,8-diiodoctane has been
shown to be an useful additive for solvents used to cast BHJ layers.”® Furthermore, the
previous studies revealed the PTB series/PCg(71)BM blend film prepared from this
solvent mixture generally shows a preferred morphology for efficient charge separation
and transport.m’*c The J—V characteristics of the PTB10:PC;;BM device measured
under simulated AM 1.5 G illumination at an intensity of 100 mW/cm?® is shown in

Figure 4-3. The device delivered a V. of 0.77 V, a Jy. of 13.6 mA/cmz, and a FF of
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69.1%, leading to a PCE of 7.28%. As expected, the V. obtained here was higher than
that of the PTB7-based device because of the lower HOMO level of PTB10. However,
the lower Jy, possibly stemming from the low molecular weight of PTB10, resulted in a

slightly inferior PCE.***

— PTB10:PC,,BM

Current density (mA/cm?)

14—

-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)

Figure 4-3. The J-V curve of the PTB10:PC;;BM BHJ device.
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4-3 A p-Type Polymer Based on a Nine-Ringed Heteroacene

In recent few years, a popular strategy for the development of p-type alternating
D—A polymers has been to utilize heteroacenes with extended m-conjugated structures as
the electron-rich units. The rigid and coplanar conformation of these highly fused
n-conjugated units can suppress rotational disorder around interannular single bonds
and thus can allow for maximum = orbital overlap between adjacent
aromatic/heteroaromatic rings, which in turn extends the effective conjugation length to
facilitate m-electron delocalization. Owing to these fascinating structural features,
namely coplanarity, rigidity, and extended m-conjugation, the benefits of this design
concept are two-fold. First, the bandgaps of the corresponding polymers could possibly
be narrowed. More importantly, an enhanced intrinsic charge carrier mobility would be
realized through the reduction of reorganization energy.”’ Some of the efficient
polymers in this class with PCEs in excess of 6% are shown in Scheme 4-5, the PCE
being 6.4% for a-PTPTBT, * 7.0% for PFDCTBT-C8, * 6.6% for

PBDCPDT-TPD,” 7.03% for PIDTT-DFBT,”" and 7.2% for pDTTG-TPD.*

S
CgHy7~  CsH17  CgHiz _CgH7 N( ;N

/s\/s\ Q -

CgHy7” “CgHyz

PFDCTBT-C8

PBDCPDT-TPD

\YBYERYEAYIN
oA \=0

)
CgHqz
pDTTG-TPD

PIDTT-DFBT

Scheme 4-5. Efficient semi-ladder polymers with PCEs of over 6%.
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Compared to alternating D—A polymers, such an approach has been relatively less
applied to the development of polymers based on prequinoid building blocks. Recently,
Yu et al. reported a series of polymeric donors (PTAT-x, one of which shown in
Scheme 4-6), in which the BDT block introduced in the PTB series of polymers is
replaced with a two-dimensional extended 7-conjugated unit, tetrathienoanthracene.>
The study revealed that the PTAT-3:PC4sBM device exhibits a superior PCE of 5.62%
to that based on PTBS8, with similar side chains to those on PTAT-3. This better
photovoltaic performance was mainly attributed to the more efficient charge transport
that resulted from enhanced m—m staking in the polymer backbone induced by the
tetrathienoanthracene unit. In addition, another series of p-type polymers PTDBDx
based on a linearly fused conjugated unit,
dithieno[2,3-d:2°,3’-d "|benzo[1,2-b:4,5-b "]dithiophene, was also reported (one of which
shown in Scheme 4-6).34 The BHJ device based on the PTDBD2:PC; BM blend
showed the best PCE of 7.6%. Along these lines, in this work, we developed a new
class of nine-ringed ladder-type heteroacene possessing three BDT units fused in a
linear fashion, and utilized it as a building block to construct p-type semiconducting

polymers for photovoltaic applications (Scheme 4-7 and Scheme 4-8).

C4Hg

CeHis  pTAT-3 PTDBD2
(PCE = 5.62%, V o = 0.66 V, (PCE = 7.6%, Vo =0.89 V,
Jgc = 15.0 mA/cm?, FF = 0.58) Jsc = 13.0 mA/cm?, FF = 0.65)

Scheme 4-6. Chemical structures of PTAT-3 and PTDBD2.
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4-3-1 Synthesis

Scheme 4-7 shows the synthetic pathways toward the two nine-ringed heteroacenes
4-9a and 4-9b, which only differ by the pendant side chains, and were independently
prepared in order to examine their individual solubilities. Starting from
4,8-bis(2-ethylhexyloxy)- or  4,8-bis(3-ethylheptyl)benzo[1,2-b:4,5-b']dithiophene,
compounds 4-6 were synthesized by selective mono-deprotonation with 1.05 equiv of
n-butyl lithium followed by reaction of the resulting monoanions with
chlorotriisopropylsilane (TIPS-CI). 4-6 were treated with n-butyl lithium and then
quenched with tri-n-butyltin chloride to yield 4-7, which were used without further
purification 1in the next step. Stille coupling reactions of 4-7 with
1,4-dibromo-2,5-didodecyl-3,6-bis(methylsulfinyl)benzene gave 4-8. Treatment of 4-8
with trifluoroacetic acid in the presence of phosphorus pentoxide at room temperature
overnight induced double intramolecular electrophilic ring closure.® It is worthwhile to
mention that the use of triflic acid, the most frequently used strong acid in this type of
reactions, *° failed to give the desired product in our initial attempts. Finally,
demethylation of the intermediate sulfonium salts in refluxing pyridine furnished the
target compounds 4-9 in moderate yields. Interestingly, the TIPS groups, which were
introduced to eliminate competing intermolecular reactions at the terminal a-positions,
were simultaneously removed during the acid-induced cyclization reaction.

Owing to the poor solubility of 4-9b, only 4-9a was converted into its
corresponding distannyl derivative 4-10 (Scheme 4-8), which was then copolymerized
with 2'-ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate via the
Stille coupling reaction to generate the polymer PTTB. Unfortunately, the resulting
polymer still had a very poor solubility and precipitated out during polymerization. As a

result, its molecular weight (M,) only reached 9.0 kg/mol, with a PDI of 1.43.
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Scheme 4-7. Synthesis of the nine-ringed heteroacenes 4-9a and 4-9b.
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Scheme 4-8. Synthesis of the polymer PTTB.

4-3-2 Optical Properties

Figure 4-4 illustrates the UV—vis absorption and emission spectra of the

nine-ringed heteroacenes 4-9a and 4-9b in CHCI; solutions, both of which showed

distinct vibronic structures that are typical of rigid conjugated systems. Both molecules

displayed similar absorption profiles, indicative of no pronounced perturbation on the
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variation of peripheral side chains, even though the longest wavelength absorption band
of 4-9a was slightly red-shifted compared to that of 4-9b (An.x = 430 nm for 4-9a and
428 nm for 4-9b, Figure 4-4c). The trend noted in the absorption spectra was also
observed in the emission spectra with bathochromic shifts between 4-9a and 4-9b. The
Stokes shifts were rather small and they were smaller for 4-9b (ca. 0.03 eV) than for
4-9a (ca. 0.09 eV). Again, the small Stokes shifts and the mirror images between the
absorption and emission spectra indicate a small structural difference between the
excited and ground states due to the high structural rigidity arising from a high degree
of ring fusion. In addition, the larger Stokes shift of 4-9a relative to 4-9b suggest that
4-9a is less rigid than 4-9b in spite of their identical skeleton, which is in reasonable

agreement with the fact that 4-9a showed a better solubility than 4-9b.
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Figure 4-4. Normalized absorption and emission spectra of 4-9a and 4-9b in CHCl;.

160



The absorption spectra of PTTB in a CHCl; solution and as a thin film are shown
in Figure 4-5. In CHCl;, PTTB displayed an intense absorption band ranging from
480—700 nm with two major peaks at 575 and 609 nm. This absorption band in the
thin-film spectrum was slightly red-shifted. The nearly identical profiles of these two
spectra indicate that PTTB shows a quite small conformational change from solution to
solid state due to the high rigidity and planarity of its polymer backbone and/or the fact
that PTTB aggregates strongly in solution.”* Compared to the PTB series of polymers,
PTTB possessed a lager optical bandgap of 1.83 eV deduced from the thin-film
absorption edge. This can be rationalized by the reduced quinoid character of the PTTB
main chain that arises from the fact that the n-electron delocalization from 4-9a into the
polymer backbone is less favorable than that from the BDT unit, due to the higher
degree of aromaticity of the multifused 4-9a over the three-ringed BDT unit.”’ In
addition, it should also be noted that the relative intensity of the high-energy band next
to the main absorption band, which comes from the localized n—n* transition of the
linearly fused conjugated units, was higher for PTTB than for the PTB series of

polymers.
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Figure 4-5. Normalized absorption spectra of PTTB in a CHCI; solution and as a thin

film.
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4-3-3 Electrochemical Properties

The electrochemical behaviors of PTTB were studied by CV.to measure its
frontier energy levels. As shown in Figure 4-6, PTTB presented one reversible
p-doping and one irreversible n-doping process. The HOMO and LUMO energy levels

of PTTB were estimated to be —5.36 and —3.17 eV, respectively, on the basis of the

onset redox potentials.
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Figure 4-6. Cyclic voltammograms of PTTB thin film cast on a glassy carbon electrode

ina 0.1 M BuyNPF¢/CH3CN solution.

4-3-4 Photovoltaic Characteristics

In the preliminary investigation on the photovoltaic performance of PTTB, a BHJ
solar cell based on the device configuration of ITO/PEDOT:PSS/PTTB:PC7;BM (1:1.5
by weight)/Ca/Al was fabricated. The PTTB:PC7;,BM blend film was prepared by
spin-coating a mixed solvent of chlorobenzene/1,8-diiodoctane (97:3, v/v) solution
(concentration, 25 mg mL ") at 2,000 r.p.m. for 90 sec. Figure 4-7 shows the J~V curve
of the PTTB:PC7;,BM device under simulated AM 1.5 G irradiation conditions (100
mW/cmz). The device gave a Vo of 0.72 V, a J. of 11.2 mA/cmz, and a FF of 67.9%,

yielding a moderate PCE of 5.47%.
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Figure 4-7. The J-V curve of the PTTB:PC7,BM BHJ device.
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4-4 Conclusions

In Section 4-2, we synthesized a new PTB family polymer PTB10 as an analogue
for PTB7, in which the branched 3-ethylheptyl side chains are introduced onto the BDT
unit. The most critical step in making the BDT monomer for PTB10, the conversion of
the branched alkynyl side chains to alkyl, was carried out using easily accessible
reducing agents. This structural modification to the BDT unit endowed PTB10 with a
lower-lying HOMO energy level than PTB7. Accordingly, an enhanced V.. of 0.77 V
was realized in the PTB10-based device. Unfortunately, the overall PCE of 7.28%
obtained here was still slightly lower than that of the PTB7-based device due to the
inferior Js.. However, given the close PCEs between these two devices as well as the
low molecular weight and good solubility in hexane of PTB10, we expect that a
substantial improvement in PCEs would be highly achievable if the device is fabricated
based on the high-molecular-weight PTB10.

In section 4-3, two novel linearly fused nine-ringed ladder-type heteroacenes 4-9a
and 4-9b, which only differ by the pendant side chains, were synthesized through a
facile synthetic route. The use of the relatively mild trifluoroacetic acid proved critical
for the success in the electrophilic ring closure reaction. With a decent solubility
allowing for further derivatization, 4-9a was applied as a building block to construct a
new p-type conjugated polymer PTTB. Optical measurements revealed that PTTB
exhibits a hypsochromic shift in absorption as compared to the PTB series of polymers,
due to the reduced quinoid character of the PTTB backbone. The BHJ device based on
the PTTB/PC7,BM blend delivered a moderate PCE of 5.47%. The preliminary results
suggest that this new type of heteroacene is a promising building block for the

development of new semiconducting polymers for photovoltaic applications.
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4-5 Experimental Details

Synthesis and Materials. Unless otherwise stated, all chemicals and reagents were
used as received from commercial sources without purification. Solvents for chemical
synthesis were purified by distillation. All chemical reactions were carried out under an
argon or nitrogen atmosphere. The benzo[l,2-b:4,5-b"dithiophene-4,8-dione*® and
4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene' " were synthesized according
to the reported procedures. The intermediates 2'-ethylhexyl-4,6-dibromo-3-fluorothieno-
[3,4-b]thiophene-2-carboxylate and 1,4-dibromo-2,5-didodecyl-3,6-bis(methylsulfinyl)-
benzene were provided by the group members in the Yu research group, Mr. Tao Xu

and Dr. Hae Jung Son, respectively.

Br
41

1,1-Dibromo-3-ethylhept-1-ene (4-1). To a stirring solution of triphenylphosphine
(209.83 g, 800 mmol) in anhydrous dichloromethane (600 mL) was added carbon
tetrabromide (132.65 g, 400 mmol) at 0 °C under an argon atmosphere. The reaction
mixture was stirred for 15 min at this temperature, and then 2-ethylhexanal (31.2 mL,
200 mmol) was added to the mixture in one portion. After being stirred overnight at
ambient temperature, the reaction mixture was diluted with hexane and filtered through
a Celite pad. The solvent of the filtrate was removed by rotary evaporation, and the
crude product was purified by column chromatography on silica gel with hexane as
eluent to afford 4-1 as a colorless oil (50 g, 88%). "H NMR (CDCls, 400 MHz) & 6.11 (d,

J=10.0 Hz, 1H), 2.31-2.27 (m, 1H), 1.50-1.24 (m, 8H), 0.89 (t, J = 7.6 Hz, 6H).
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4-2
3-Ethylhept-1-yne (4-2). To a stirring solution of 4-1 (50 g, 176.04 mmol) in
anhydrous THF (700 mL) was added dropwise n-BuLi solution (2.5 M in hexane,

154.92 mL, 387.29 mmol) at —78 °C under an argon atmosphere. The reaction mixture

was warmed to room temperature over 1 hour, after which time it was poured into water
and extracted with diethyl ether. The combined extracts were washed with brine, dried
over anhydrous magnesium sulfate, and filtered. The solvent of the filtrate was removed
by rotary evaporation, and the crude product was purified by distillation under nitrogen
to afford 4-2 as a colorless oil (8.26 g, 38%). 'H NMR (CDCls, 400 MHz) & 2.29-2.21
(m, 1H), 2.04 (d, J= 2.4 Hz, 1H), 1.53-1.29 (m, 8H), 1.00 (t, /= 7.2 Hz, 3H), 0.91 (t, J

= 7.2 Hz, 3H).

4,8-Bis(3-ethylhept-1-ynyl)benzo[1,2-b:4,5-b"|dithiophene (4-3). To a stirring
solution of 4-2 (8.26 g, 66.49 mmol) in anhydrous THF (16 mL) was added dropwise
isopropylmagnesium chloride solution (2M in THF, 29.93 mL, 59.85 mmol) at 0 °C
under an argon atmosphere, after which the reaction mixture was stirred at 60 °C for 90
min. After the reaction mixture was cooled to room temperature,
benzol[1,2-b:4,5-b"|dithiophene-4,8-dione (3.66 g, 16.63 mmol) was added to the

mixture, and then it was stirred at 60 °C overnight. After the resulting slurry was cooled
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to 0 °C, 16.4 g of SnCl, in 42 mL of a 10% HCI solution was added dropwise to the
mixture. The reaction mixture was heated at 60 °C for 60 min, cooled to room
temperature, and then poured into water. It was extracted with diethyl ether. The
combined extracts were washed with brine, dried over anhydrous magnesium sulfate,
and filtered. The solvent of the filtrate was removed by rotary evaporation, and the
crude product was purified by column chromatography on silica gel with
dichloromethane/hexane (v/v, 1:10) as eluent to afford 4-3 as a light yellow solid (5.83
g, 81%). '"H NMR (CDCls, 500 MHz) 8 7.57 (d, J = 5.5 Hz, 2H), 7.50 (d, J = 5.5 Hz,
2H), 2.72-2.69 (m, 2H), 1.72-1.54 (m, 12H), 1.46—1.39 (m, 4H), 1.19 (t, J = 7.5 Hz,
6H), 0.97 (t, J= 7.5 Hz, 6H); MS (m/z, MALDI-TOF") calcd for C,5H34S,, 434.2, found,

434 .4.

C4Ho_CoHs
s
4 /
S
CHs” “CyHg
4-4

4,8-Bis(3-ethylheptyl)benzo[1,2-b:4,5-b '] dithiophene (4-4). To a stirring mixture of
4-3 (5.83 g, 13.41 mmol), acetic acid (6.14 mL, 107.28 mmol), and 10% Pd/C (1.43 g,
1.34 mmol) in isopropanol (67 mL) was added powdered sodium borohydride (8.12 g,
214.56 mmol) in one portion at room temperature in open air. After the reaction mixture
was stirred for 60 min at this temperature, a 10% HCI solution was slowly added to the
mixture for quenching at 0 °C. The resulting mixture was then adjusted to a pH of
approximately 10 using sodium hydroxide and filtered through a Celite pad to remove
the Pd/C catalyst. The filtrate was extracted with dichloromethane and water. The

combined extracts were washed with brine, dried over anhydrous magnesium sulfate,
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and filtered. The solvent of the filtrate was removed by rotary evaporation, and the
crude product was purified by column chromatography on silica gel with hexane as
eluent to afford 4-4 as a sticky yellow oil (3.21 g, 54%). '"H NMR (CDCls;, 400
MHz) 6 7.46 (s, 4H), 3.17-3.12 (m, 4H), 1.77-1.73 (m, 4H), 1.51-1.32 (m, 18H), 0.96—

0.91 (m, 12H); MS (m/z, MALDI-TOF") calcd for C23H4,S,, 442.3, found, 442.9.

C4Hg_C2Hs

S,
Me;Sn 4 /) —SnMe;
S

CoHs” CyHg
4-5

2,6-Bis(trimethyltin)-4,8-bis(3-ethylheptyl)benzo[1,2-b:4,5-b'|dithiophene (4-5).
To a stirring solution of 4-4 (2.25 g, 5.08 mmol) in anhydrous THF (73 mL) was added

dropwise n-BuLi solution (2.5 M in hexane, 5.08 mL, 12.70 mmol) at —78 °C under an

argon atmosphere. The reaction mixture was stirred for 30 min at this temperature,
quickly warmed to room temperature by removing the cooling bath, and then stirred for

another 30 min. After the reaction mixture was recooled to —78 °C, trimethyltin

chloride solution (1 M in hexane, 15.24 mL, 15.24 mmol) was added to the mixture in
one portion, and then the cooling bath was removed. After being stirred overnight at
room temperature, the reaction mixture was poured into water and extracted with
diethyl ether. The combined extracts were washed with brine, dried over anhydrous
magnesium sulfate, and filtered. The solvent of the filtrate was removed by rotary
evaporation, and the crude product was recrystallized from isopropanol to afford 4-5 as
white needle-like crystals (3.25 g, 83%). '"H NMR (CDCls, 500 MHz) & 7.49 (s, 2H),

3.18-3.14 (m, 4H), 1.77-1.73 (m, 4H), 1.51-1.36 (m, 18H), 0.97-0.92 (m, 12H), 0.45 (s,
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18H).

PTB10. A mixture of 4-5 (192.1 mg, 0.25 mmol),
2'-ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate (118.1 mg,
0.25 mmol), and Pd(PPh3)s (14.4 mg, 0.0125 mmol) in a mixed solvent system of
anhydrous toluene (3 mL) and anhydrous N,N-dimethylformamide (0.75 mL) was
stirred and heated at 120 °C under an argon atmosphere for 1 day. After being cooled to
room temperature, the reaction mixture was added dropwies into methanol. The
resulting precipitate was collected by filtration through a Soxhlet thimble, and then
subjected to sequential Soxhlet extraction with acetone and chloroform. The chloroform
solution was filtered through a Celite pad to remove the metal catalyst. The filtrate was
concentrated and then precipitated into methanol. The precipitate was collected by
centrifugation and dried under vacuum overnight to afford PTB10 as a black solid (175

mg, 93%). GPC: M, (15.4 kg/mol), PDI (2.14).

c,,Hg\[ch5
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C,Hs” “C4Hy
4-6a

2-[Tris(1-methylethyl)silyl]-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b"]|dithiophe-

169



ne (4-6a). To a stirring solution of
4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b'|dithiophene (4.92 g, 11.01 mmol) in
anhydrous THF (110 mL) was added dropwise n-BuLi solution (2.5 M in hexane, 4.62

mL, 11.56 mmol) at —78 °C under an argon atmosphere. The reaction mixture was

stirred for 30 min at this temperature, quickly warmed to room temperature by
removing the cooling bath, and then stirred for another 30 min. After the reaction

mixture was recooled to —78 °C, chlorotriisopropylsilane (2.59 mL, 12.11 mmol) was

added to the mixture in one portion, and then the cooling bath was removed. After being
stirred overnight at room temperature, the reaction mixture was poured into water and
extracted with diethyl ether. The combined extracts were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. The solvent of the filtrate was removed by
rotary evaporation, and the crude product was purified by column chromatography on
silica gel with dichloromethane/hexane (v/v, 1:10) as eluent to afford 4-6a as a sticky
yellow oil (5.31 g, 80%). '"H NMR (CDCls;, 400 MHz) & 7.64 (s, 1H), 7.47 (d, J = 5.6
Hz, 1H), 7.35 (d, /= 5.6 Hz, 1H), 4.22-4.19 (m, 4H), 1.86—1.76 (m, 2H), 1.76-1.32 (m,
19H), 1.18 (d, J = 7.6 Hz, 18H), 1.05-1.00 (m, 6H), 0.96-0.92 (m, 6H); MS (m/z,

MALDI-TOF+) calcd for C35H530,S,S1, 602.4, found, 602.1.

C4Ho_CoHs

S,
TIPS

C,Hs” “C4Ho
4-6b

2-[Tris(1-methylethyl)silyl]-4,8-bis(3-ethylheptyl)benzo[1,2-b:4,5-b']|dithiophene

(4-6b). The synthetic procedure was similar to that described for synthesis of 4-6a,
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except that the eluent for column purification was hexane. 4-6b was isolated as a sticky
yellow oil (62%). '"H NMR (CDCls;, 500 MHz) & 7.62 (s, 1H), 7.45 (s, 2H), 3.18-3.15
(m, 4H), 1.76-1.75 (m, 4H), 1.49-1.30 (m, 21H), 1.18 (d, J = 7.5 Hz, 18H), 0.96-0.93

(m, 12H); MS (m/z, MALDI-TOF") calcd for C37He>S,Si, 598.4, found, 598.3.
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2-Tributyltin-6-[tris(1-methylethyl)silyl]-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5
-b'|dithiophene (4-7a). To a stirring solution of 4-6a (2.41 g, 4 mmol) in anhydrous
THF (40 mL) was added dropwise n-BuLi solution (2.5 M in hexane, 1.92 mL, 4.8

mmol) at —78 °C under an argon atmosphere. The reaction mixture was stirred for 30

min at this temperature, quickly warmed to room temperature by removing the cooling

bath, and then stirred for another 30 min. After the reaction mixture was recooled to —

78 °C, tri-n-butyltin chloride (1.30 mL, 4.8 mmol) was added to the mixture in one
portion, and then the cooling bath was removed. After being stirred overnight at room
temperature, the reaction mixture was poured into water and extracted with diethyl ether.
The combined extracts were washed with brine, dried over anhydrous magnesium
sulfate, and filtered. The solvent of the filtrate was removed by rotary evaporation to
afford 4-7a as a sticky yellow oil, which was used for the next step without further

purification.
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2-Tributyltin-6-[tris(1-methylethyl)silyl]-4,8-bis(3-ethylheptyl)benzo|[1,2-b:4,5-b'
|dithiophene (4-7b). The synthetic procedure was similar to that described for synthesis

of 4-7a.

0

CioHgs 7 H
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O / TIPS
R
4-8a: R = 2-ethylhexyloxy
6,6’-[2,5-Didodecyl-3,6-bis(methylsulfinyl)-1,4-phenylene]bis{2-[tris(1-methylet-
hyl)silyl]-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b"|dithiophene} (4-8a). A mixture
of 4-7a (4 mmol), 1,4-dibromo-2,5-didodecyl-3,6-bis(methylsulfinyl)benzene (1.115 g,
1.6 mmol), and Pd(PPhs)4 (185 mg, 0.16 mmol) in a mixed solvent system of anhydrous
toluene (32 mL) and anhydrous N,N-dimethylformamide (8 mL) was stirred and heated
at 120 °C under an argon atmosphere overnight. After the reaction mixture was cooled
to room temperature, the solvent was removed by vacuum evaporation, and the crude
product was purified by column chromatography on silica gel with
dichloromethane/hexane (v/v, 2:1) as eluent to afford 4-8a as a sticky yellow oil (2.17 g,
78%). The proton NMR is hard to assign because of the formation of a diastereomeric

mixture; MS (m/z, MALDI-TOF+) calcd for C102H1700686Si2, 1739.1, found, 1739.1.
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4-8b: R = 3-ethylheptyl

6,6’-[2,5-Didodecyl-3,6-bis(methylsulfinyl)-1,4-phenylene]bis{2-[tris(1-methylet-
hyl)silyl]-4,8-bis(3-ethylheptyl)benzo[1,2-b:4,5-b"|dithiophene} (4-8b). The synthetic
procedure was similar to that described for synthesis of 4-8a, except that the eluent for
column purification was dichloromethane/hexane (v/v, 3:4). 4-8b was isolated as a
sticky yellow oil (58%). The proton NMR is hard to assign because of the formation of

a diastereomeric mixture; MS (m/z, MALDI-TOF+) calced for CipsH7802S¢S1,, 1731.2,

found, 1731.8.

4-9a: R = 2-ethylhexyloxy

4-9a. A mixture of 4-8a (1.78 g, 1.02 mmol), phosphorus pentoxide (1.45 g, 10.22
mmol), and trifluoroacetic acid (102 mL) was stirred at room temperature under an
argon atmosphere overnight, during which time the color of the reaction mixture
changed from deep red to deep yellow-green. The reaction mixture was then poured into
ice-water and extracted with dichloromethane. The combined extracts were washed with
brine, dried over anhydrous magnesium sulfate, and filtered. After the solvent of the
filtrate was removed by rotary evaporation, the residue was dissolved in pyridine (200
mL), and the resulting solution was heated to reflux overnight. After the reaction
mixture was cooled to room temperature, the solvent was removed by rotary
evaporation, and the crude product was purified by column chromatography on silica

gel with dichloromethane/hexane (v/v, 1:4) as eluent to afford 4-9a as a greenish solid
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(875 mg, 63%). '"H NMR (CDCls, 500 MHz) §7.53 (d, J = 5.5 Hz, 2H), 7.42 (s, 2H),
4.33-4.26 (m, 8H), 3.43 (m, 4H), 2.16-1.26 (m, 76H), 1.13-1.07 (m, 12H), 1.00-0.97
(m, 12H), 0.86 (t, J = 6.5 Hz, 6H); MS (m/z, MALDI-TOF") caled for CsoH2204Ss,

1362.8, found, 1362.6.

4-9b: R = 3-ethylheptyl

4-9b. A mixture of 4-8b (1.08 g, 0.62 mmol), phosphorus pentoxide (884 mg, 6.23
mmol), and trifluoroacetic acid (62 mL) was stirred at room temperature under an argon
atmosphere overnight, during which time the color of the reaction mixture changed
from deep red to deep yellow-green. The reaction mixture was then poured into
ice-water. The resulting precipitate was collected by filtration, and then refluxed in
pyridine (120 mL) overnight. After being cooled to room temperature, the reaction
mixture was poured into an ice-cold 10% HCI solution. The precipitate was collected by
filtration, and then washed sequentially with water, methanol, and diethyl ether to afford
4-9b as a yellow solid (481 mg, 57%). '"H NMR (CDCls, 500 MHz) & 7.48 (d, J = 5.5
Hz, 2H), 7.37 (d, J = 5.5 Hz, 2H), 3.27-3.18 (m, 8H), 2.93-2.90 (m, 4H), 1.92—-1.03 (m,
84H), 1.00-0.95 (m, 24H), 0.86 (t, J = 7.0 Hz, 6H); MS (m/z, MALDI-TOF") calcd for

C86H13os(,, 13548, fOLlIld, 1354 4.

4-10. To a stirring solution of 4-9a (409 mg, 0.3 mmol) in anhydrous THF (15 mL)
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was added dropwise n-BuLi solution (2.5 M in hexane, 0.3 mL, 0.75 mmol) at —78 °C

under an argon atmosphere. The reaction mixture was stirred for 30 min at this
temperature, quickly warmed to room temperature by removing the cooling bath, and

then stirred for another 30 min. After the reaction mixture was recooled to —78 °C,

trimethyltin chloride solution (1 M in hexane, 0.9 mL, 0.9 mmol) was added to the
mixture in one portion, and then the cooling bath was removed. After being stirred
overnight at room temperature, the reaction mixture was poured into water and
extracted with diethyl ether. The combined extracts were washed with brine, dried over
anhydrous magnesium sulfate, and filtered. The solvent of the filtrate was removed by
rotary evaporation, and the crude product was recrystallized from isopropanol to afford
4-10 as a yellow solid (440 mg, 87%). '"H NMR (CDCls, 400 MHz) & 7.58 (s, 2H), 4.37
(d, J = 5.6 Hz, 4H), 4.26 (d, J = 5.6 Hz, 4H), 3.41 (t, J = 8.4 Hz, 4H), 2.15-1.26 (m,

76H), 1.13-1.07 (m, 12H), 0.99-0.96 (m, 12H), 0.86 (t, /= 6.4 Hz, 6H), 0.49 (s, 18H).

R = 2-ethylhexyloxy R
PTTB

PTTB. A mixture of 4-10 (101.4 mg, 0.06 mmol),
2'-ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate (28.3 mg, 0.06
mmol), and Pd(PPh3)4 (3.5 mg, 0.003 mmol) in a mixed solvent system of anhydrous
toluene (1.25 mL) and anhydrous N,N-dimethylformamide (0.25 mL) was stirred and
heated at 120 °C under an argon atmosphere for 1 day. After being cooled to room
temperature, the reaction mixture was added dropwies into methanol. The resulting

precipitate was collected by filtration through a Soxhlet thimble, and then subjected to
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sequential Soxhlet extraction with hexane, heptane, and chloroform. The chloroform
solution was filtered through a Celite pad to remove the metal catalyst. The filtrate was
concentrated and then precipitated into methanol. The precipitate was collected by
centrifugation and dried under vacuum overnight to afford PTTB as a black solid (61

mg, 61%). GPC: M, (9.0 kg/mol), PDI (1.43).

Cyclic Voltammetry Measurement. The electrochemical properties of PTB10
and PTTB were investigated by cyclic voltammetry (CV). The measurements were
carried out in an anhydrous acetonitrile solution containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte. A glassy carbon electrode
coated with a polymer thin film was used as the working electrode. All potentials were
recorded versus Ag/AgNO; (saturated) as a reference electrode and calibrated with the
ferrocene/ferrocenium (Fc/Fc") redox couple. All measurements were performed at a

scan rate of 100 mV s .

Solar Cell Fabrication and Testing. The polymer (PTB10 or PTTB) and
PC;1BM (American Dye Source) were co-dissolved in a mixed solvent of
chlorobenzene/1,8-diodooctane (ALDRICH) (97:3, v/v) and the resulting solution was
stirred at 90 °C for 12 h under an anhydrous nitrogen atmosphere prior to use. The
ITO-coated glass substrate (Thin Film Devices) with a sheet resistance of 20 £ 2 Q/sq.
was cleaned stepwise in water, acetone, and isopropyl alcohol under ultrasonication for
15 min each and exposed to ultraviolet ozone (UVO) irradiation for 60 min. A thin layer
(~60 nm) of PEDOT:PSS (Clevios 4083) was spin-coated onto the ITO substrate at
4100 rpm for 1 min and dried at 90 °C under N, for 30 min, after which the

ITO/PEDOT:PSS substrate was transferred into a nitrogen-filled glove box (< 0.1 ppm
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0, and H,0O) for active layer coating and cathode formation. The polymer:PC7;;BM
composite layer (about 150 nm) with a weight ratio of 1:1.5 was then deposited atop the
PEDOT:PSS layer by spin-coating the as-prepared solution (concentration, 25 mg mL™")
at 2000 r.p.m. with a duration of 60 and 90 sec for PTB10 and PTTB, respectively. The
film was transferred into a thermal evaporator which is located in the same glove box.
Subsequently, a 20-nm-thick Ca layer and 80-nm-thick Al layer were deposited in
sequence at chamber pressure of ~5.0 x 107’ Torr. The active area of the solar cell was
measured to be 3.14 mm®. Current density—voltage characteristics of solar cells were
measured in a nitrogen-filled glove box using a Keithley 2420 Source Measure Unit
under AM 1.5 G, 1 sun (100 mW/cm?) simulated solar illumination from a xenon lamp
solar simulator (Oriel model 94023A). The light intensity was calibrated using a
monocystalline silicon reference cell (M-91150V, with KGS5 filter certificated by

NREL).
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