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1%

BRBER K EM (Dye Sensitized Solar Cell)

11 RERXALF—L LTOAEHRKBEMR (DSSCs)

NEIZZNET, ARTHDIEABREHIR E HKAF L T&E 72, IT4E, Ao ERIE, HiEkER
BAOEBRRKELEDNZENTND, 20X 7RI Enb, 7V =2 oA iR =
FNH =~ T NTERERD D, REBEZ R A —OFEME LTiE, A, A A~A, KBk
ZEME LCRIT2FENTE L, R0 THRBGR KDY REEZLE L LRV ERH Y |
HHRBERMO—2THY | EAL~OWIFFH KE W, EEE fdv ) 2> #ES U 22 InGaAs
R CIS R&IhD & T HIEMRKGEMITIER LI TS, LLBRRL, fRmv ) ar K
P REMILE WA EL BT 5~ HF T EMEDO YY) a2 NE LT 5D/l X B2
2025, InGaAs R CIS RD X 5 RALEWRRGEMIZ, Z< BV T ASNEZLELT 5720,
WRIERITEE LN EBZDENTE D,

Z 2T, HHEED TWDL D00, AHEME M- 72 KEGEM (AHKBER) Thd, A
KB M IIEE B IS AL S & D Z A 7 O KIGEM T, ER LLEAOME T, L =2n
2 A NCTOERPEHIFRFTE D 2 L0, MO TROVBELAFELNTND,

ARG B S 2 R EOKBS R (DSSC) D RLRE L 72 28 781%, 1960 H0H 64
JE AW AR AR O A BN R O R RITOILTE D | KIRKFEDOLEF 5132 fL1% D ZnO
BERSARZFAT S Z L C, BROREBEMRKSELHEELMARE LR, ZOMEIC L L%
DZnO BEFEREZAND Z LIk V| BROWERBER L AEBONE /RN TE L KD
2725721991 T A A ADu—H 2 X TR KFDOGritzel T/ RN—TF X7 F % =7 (TiO,)
PEEEM, LT =0 A (Ru) SBREERGHES I OB DR DHT.9% & 078 1) mVEREh %
BB DK EME K LS 2 OGritzel HOMIEHE X, DSSCOMIEICE L bifHE %
NF, BIEICWEDET, b A7 Fu—F bR SnNTEE,

1.2 731 2 1E&E

OFMBIKGERIT, 7/ — 8 OtEm) & U CEHEBMERZ 1) 72 EEBMEFTON 7 A i
B8R EMmR (7 AN—T AT ¥ V) 2R St bDE W5 (Figure 1.2), Z D}
BHREEMORMEICHIEAIE U CERT 20FE2M/FSE5, —FH, BV —F GHaEmR) &L
TIIFTOHN 7 A KR L OB E MR A @A TR Lic b 0 & FV | i 2 BRI & 539
%o Lh B EAKE B O RN 72 T N, AMEETH D, —IRICEBRRE AR 1
ZLURyIZARXRT gxz—2L L, TR MY AEZFEL LD TH D, KimLDDSSCIZIH
W, T/ 2Ly 7 ARAT 4 x—2 L LTCBEERZ AN TN S,



FTO glass

Pt
Dye \ Electrolyte
S
TiO, >
FTO glass
Figure 1.2.

1.3 SEEHEHE
Figure 1.3 (3 DSSC OB AR Z R L= b D Th 5, Figure 1.3 1Z/R Lo KilfEE RS,
1) LT ¥ ARG SEARITRBEZRIT 5 2 & T, KERRE (S 2 ORIEREE (S%)
LD, K VIR SNERINESEZ Lo - 0RIT LV ERSITHET S Z N TE D,

S°+hv > S* (electron excitation)

2) R ENT-AFEOBETNHBILFZ L Da LBy a "y RaEASH, AFEITBRE
(S*) £72%, BTPEASNDEZOICIF, BEROFHEREO I LE—LLpnar &y
a2 K (07VvsSCE) XWX BT 4 T THHIVENDD,

S* > S +ec (electron injection)

3) BB LT & NTIEAS I E FIIANBR K 28 U TRt~ 4 5,

ec 2 €4 (electron diffusion)

€d =2 Cano (electron transition)

4) xtE LTHWEZAA P FEND, BTE2% 0B, LT ICE®INnD,

€mo + 13> 17 (reduction of I5)

5) BMbENT-AEET NOETLHES 5 CTHERED SCICRES, ZOBT XL ICRS, =
DOBFETITAED HOMO TR L F— L~ A RETLE2ZFEDDICE L TWALERS S,
TNy DEFLF— LAULE 0.2 Vs SCE Th D,



Z 2 F Tik72 DSSC DR EIFENNFE L AT D 72DIZIT UL FOEFBEIY— 27 V3B

BNDREND D,

)

2)

3)

FefbF & o DIRE AN FIC K Db Lo F DiET

S+ecg> S’ (reaction 1)

BT & > OIREAY FIZk 5 I 0T (WEBE)

Iy +ecg 21" (reaction 2)

fefbF 2 o FRE TOEROEE, CROBEIIELEZRESEDIRERLERY S 2,

-0.7V

Evs SCE (V)

Figure 1.3.



1.4 T XA ZFEAM

DSSC OFFHi 9% FECEE/R DN Figure 1.4 128 L72 X H 72 -V 1—7 & IPCE A7 MV Th
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Figure 1.4. Examples of DSSC -V curves (a) and IPCE spectrum (b).

FBAEERME (T -V H—7 L V=0 OUF THRE L, BIKEE (Voc) 1L 1=0 8o A2 5 Tk
ET D, BHEBHE (PCE) Ik THEZ O D,

XVyeXFF

_ JscxVocXFE (1.4.1)

P;

£ 141128V, Pin 3BT BETH S, RIS OMEIL 100mW / cm® (AM 1.5
solar irradiation) T& 5, FFIZ7 4 V77 7 —ThH b, WA TRbIN D,

Pmax

FF = ——
JscXVoc

(1.4.2)

KigEm O KH 7 Pmax 1T KEIETO IV THhbH, FEIZ01H 1 EFTOETH D,
IPCE T EHT-V OLEBRZME LD THS, IPCEITRATEHEZ NS,

1240% A/cm?
IPCE = Jsc(HA/cm*)
A(mm)XP;,, (W /m?

(1.4.3)



FZIPCEIIRD L £ T & H T D,
IPCE(X) = LHE(D)X@in; XN cou (1.4.4)
LHE (A) TR ) ZBT 2T OENETH D, g ld. FEAEICEMOZE N Rk
L72EEA] (AFR) DODOBFEAOETNETH D, el TBTNELNRTH D, HTDEN
BhERITR A TIRET D,
LHE(A) =1 —10"To(® (1.4.5)
NEIlem’H 720 OHEAFEOT LK TH Y, olFCHFESFOWINETHAE CTH 5, IPCEIL, Hil

ERETD X D 7R R OEEN G I N TN D, N R T2 (IQE) 1K<l D2 % %
TN HTANZONWTOREFELTEBY, kOKXTEDLIND,

K

IPCE

IQE = ——
CF=THE

(1.4.6)

15 AFEHERE

DSSC DOFEBIZI T, Y RN EMOHERAI & U CERT20FEORBIIMO CTEETH D,
BHHEE TCOMENSEEZHINTEROONIOAEOSRHEFLE I NE TR INTEEZAEIZON
Tk 5,

1) Ktz g s < WId 2

2) bl SN To B & PFEROMICRNREBEFEAT v X BLIOEEFAEDZDO#EY) 72
LUMO T3/ ¥ — L~ LT HOMO = R /L —HENT

3) aEOREE L FIRET 5 72D O EHEEE D

4) PEAEEMOREIAEET DDA T v —HE b

5) . ERALFHI L ORI Z ENE

INET, INOLOERMEmMITEREME L L TRBHEEREEL LITSREY ) — (@RES
ER) EENEBEINATERY

1.5.1 &tk
&R SEARIL DSSCs BRF OWIHI DML 6 . FFENED SN TE =, &ERI7 o — Fx
W REIR & B . BAFAEBE A M 2 R, — RIS, SRR ATEIX. PO R 8RE A A



VEMET OV RET = R= b D, @8 — U Uy NEMBE (MLCT) @2 IX A
BHDORIIZ xR LTV D, EEBHROM DD, EEY PR d—E U YD L H 7R
BONL T DT K > THEFHESCE LR E ORI T T & 7o, AR I E RO BRI
W ET DD, T H—"— EREASH, e LB 2 EmMOa L X7 g Ry
RIZHEANT D,

HoOC
d COOH
HOOC. _~_hy P
N
N2l TBAOOC._~ " _.__COOH
/\‘N/\ /N,%‘ I l"l F
~ Ru’
HoOC
| 7 ) \;( [
NN
HoOL ) COOTBA

M-3

M-4 M-5

REO G BEIERARIILVT =0 AEEREHETH Y MBSV KRN AT M EFFS ZET,
FEWEEBETHMEATIORTHD, W OO T =0 AaFE % V72 DSSC IFEHER 7225
T, 10 %%z 2 HBEBNEORBUCHKD L T D+,

1991 4, Gritzel & 1% Ru$5KM-1)% AV 7= DSSC T7.1 - 7.9 % DOEHHELHE LTS 1,
ZOWMEILDSSCHIEDIT L E Y Efr@EST T 5FD TE 55,1993 4F, & 5T Gritzel 1% M-2 (N3)
Z 72 DSSC T 10 %% x 2 A H5hE2HE LT, M-2 (N-3) 4351 800 nm |28 L .5
IPCE A7 hLEbH, BVEEEM (~20ns) ZF->Tn5 ", 20 N3 3 EWmEH 2 An 5
Z LT 04 %DEBMEEZERL TS, N3 OFEKRTHD M-3 (N719) TIE 11.18 % D%
BHRITEL TV D N3 & N719 (X DSSCIZB W TBHEFEL LT, AL HBANE .,
Gritzel 512 & - THIF & 3172 M-4 (black dye) ITITR/MEIRICE L SR ARY ML E S0 FH
Thb, ZDOM-40357275 DSSC O IPCE A7 FLiE 920 nm (2 F TR LN, 11.1% D LM%
L TWD B M-5 (CL0D) X7 VS VRN EASh - F =L ia 4 L THE Y, kT



IVIRFEE N K EV, Z D C101 X p W ER (LT ¥ o e EMR A V72 DSSC I W T BAF72
BN R A w4 M,

CeHi3

CeH13

SRR RAFL L UI ZndbRTHHRY 7 4 U v Z W ARIZ OV TR ED Hi T
72, 2000, I/ Iy ZLV Ry 7 AAT 42— & LTHWY, D-A BARL T 1 U A% M-6
(YD2) Z#EHI & L THWZ DSSCIZEWT 11 %D EHBRBENRES L THE B, T U7
SUMBFRF—LLTEHELT LY A L. T2 AR B U=y NREBEFT 72T H
— & L CHRET A, ZOBRFEOZ=— 7 RFFIIARNL 7 4 U Ul a AX—H— L L ToOgE %M
STWDHILETHD, M-T 137 TFNAARUEE AN MIWCHTDHT7 = =)ViE 258 072K
N7 4 VR EETHY, Co(ll/iNRY A(EE YD) L Ry 7 AAT 4 =—H4 % iz DSSC
IZBWT 119 %OEHEMREHE L2 'S, S50 M-T IZABEHE Y123 L OMAADEICL -
TEBNE 123 %logsh Lz Y,

152 &7 ) —FAHER

SRR AREDBIESINTVDL—HT, @2 RV, @B 7 ) —OARaROELITH
NTET, @REHAL R, AEARITEABRRENREZ N, IV ZMTAERTED Lo E
MEPRD D, —BIIZ, AEEEIT3 >O/— M THKkEShS, Bt (=) S—=F =
ANX—Y— T UoH—RKELOTEBTIZR (TI787F—) "= Thb, L<FREINTEL
DXV Tz T I, I IR — b AV RY NREBEEND LI RTINS

10



CENTEBT RFT— =M boaFGThHD, n AXN—P—L LTE, T 7 ==L
M b= irhb b Lica=y RO TE L, MWVETFT 787 F— M2 b 00T /7T
7 VR, ACEEOEFT 78T —R—OREN 2=y N THD, 7 /T 7 U VEE
IEWEENE L RGO, 1TE A EDFRARITHRAAEN TN D,

D MYV 7z2=AT7 3 RAHKEOE

/N
o Q8P &
N@—\ﬁ NM N Q \
\ s7 1\
@ & COOH @ \JCO0H @ . *N; o0
01

0-2 0-3

R H;CO

QN @_\_% H,CO %:?NOOCH:;
O " Y_cooH Q _
R Ne N \_/
|
04 R=H O sj\\X
0-5 R=0CH, COOH

H;CO NC
0-6

M) Zz=nATIva=y MIENEZET R —FRE S— i@kt s bofca=> s THY
DSSC DAl & 72 5 AFE D RS —_X—F & LTHWOENRTE H, MO T I REETH
% 0-11%2004 F12 3.3 %O NBEABSFE R LIz BEINTNDE Y, Tk, fkelen A
R—YP—ZHALTZOENFAR SN TEZ, 02(73%) T F Lo P4 FA 7= 2H/T
HEFETHD, 0-309.1%) I T7 ==L E=L Uy a2 LGETHL Y, 051204124 R
VIEEANL-AETHD, B N —MA P UEBBILEZEA LT 0-5 (Jse = 12 mA/em?®, PCE
=5.9%) 1L 0-4 (Jsc = 14 mA/ecm?®, PCE = 6.9 %) |ZH~, FEEEFRMANE E L, ZBHh=R 0 3
DT EDRHESNTNDE Y, 0-6 DRERES RF— 33— & 2L o m@FETIIRILT & >
5, F3URLV Ry I A~OHBEBTBBEZH S ENTE, RKEARMKBELZFERTHZ ENTE
%%,

11



CeH130, CeH130,

CgH130 CeH130

0-7 0-8

CeH130, RO

CgH130 RO

Wnag 52X > T 0-7~0-10 ® b U 7 = =)L 7 I AFENRFRE S, 5 O DSSC ks 5l
EENTNWS M EDOT 2=y h, Fx/Fx=)la=y s HT5%HE 0-9 % IPCE 90 %,
ISR 9.8 %D MEREZ R L7 2, 2010 4RICHEE 47 0-10 13 10 %2 8 2 5 V) R
R L=,

OV AFILINFL=LT I L faFh

0-13

CAFNINF VT Ivamy MIBERIDTA LV BLONT =4 7V W VERKT M
BEEOTD, MO KEGELEIBICH LTHAMERS D, DAFATIALF LT Iva=y N e
AT5 0-11 X 0-12 BPAFE S 7= 2, 20 2 SO BFEITNAIC, 7.2 %, 8.0 %DM AR LT,
O-I3 BLPO-14 [ TTF == NFECT A NVEEBEA LI LD TH Y, 0-14 % V7= DSSC Tl
8.6 % DIEHINHF A R L T D %,

12



QM NN — LR R

O-15a R=H

0-16a R1= R2= R3= R4= CBH13

0-16b R=R4=H, Ry= R3= CgHq3
0-16¢c R;= R4= CgHy3, Ry= Rg=H

0-16d R;= R,= CgH43, R3= R4=H

AT, IR S OWF5E 7 )LV— 713 DSSC A1) O D-n-A B VXY — VB ER 2B L, 1 A~—F
—ThDHF TN EADT X ABEOEADNEEFEMITH S L=, 0-15a & O-15b D i
ME . TR BHOENIBELEMON LICSIROTH D 2 N ghotz, BF, JKb0 7
— 71X 0-16a~d, O-17 DEFEEZFFKE L, T/LFEOEALI, BLO o HEOILEIC L DI
DSSCHHEDZALIZ OV T BT LTV B fie b B WA R 2 BB L 124512 0-16a TH Y |
77 % Tho72 7,

VASRIVE kA

0-20,n =1
0-21,n=2

=) UROFEOHR T, TN HEEE H D 0-18 ODSSCHIENHE SN TS, L,
ZOEFITRENIERINAR7 MLaHFLTELT, Ru SR GRICH~ BRI -7
B ALY MV ERDIZOICE = VR EAT S Z & T r I EEILE L 0-19 1% 6% D4
BRERE L TND Y, LonLaenh, E= A RIC LD o ROIRIZEEERZ HEES 2 L o
NEETHD EWVWIMEDRH 5, BEAKROMENTWF==L, BF oVl s g AR—H—L L
THT 2 0-20 5L 0-21 13 5.8 %, 8.1 %D BAFREHRRERHBESLTND Y,

13



ORIV NIV

N
S S
N s N N
Z Nj 7 N\\ $ N
F
o COoH COOH “" ‘coon
o) o)
0-22 0-23 0-24

2003 4=, YEN. NH D OIFTEZ V—7 1%, 022 D> > T iptaF e AV TEBE 6.1 %D
DSSC Z#E LT3 ¥, EBHHERE S HICED DD, 022 l[cuf=ra=y M0
F D DSSC FHENHLMICENTND 2, B EFEOF T, 4% 0-23 1X AML.SG S O 5
TOHRG BRI 8.0 %DEBMTREZ R LS, 023 DEFITESITH FHEEICHKBIMNAZT 0-24
572 % DSSC X 9.5 %D AR AR LTz,

AV IF AT = U RAHKEBE

0-25

R Z 2= AT RN = MR EBSN N B2 EGAE R —a2=y N HT 5 HH
BRERPBEHEESINLT. T I (N) RARAEORELHALND L9 ITR-o72, 02513
WEE OB LAY IF 47 = U NET KT — = hOREEZH-> TV HBRHETHS P, 0-26
X025 LIAERA Y 2 F A7 =2V ERATHRRTHLN, BF 7782 — T orh—a2=y b
Z2ORLTWD, ZOGFEEHEH L L7z DSSC TiE Voc=0.74V O @\ BB EE A #E X
NTEY | Jsc=12.51 mAlem’® O BAF 2 BB E & 5 2 &5 5. PCE = 6.52 % DAEMEhHRE

RLE %,

14



15213-FF—N=2=y b E2EFT 5 D-n-A B{LEY

SMe
MeS<_~

S, CN
° O \ O (ISI .._:CN
N—cn

NC
D-1 D-2

D-3

13-VFA—Na=y NIEBE T+ RFT—MUE2bolca=y N ThDH, B FHEMEILFME &
LT 13-VFA—VFEERNBBE SN TE I, 97 FICH EL03HE Lz D-1 OB AT K
JIRRE— 7 3 F4 957nm 3.71x 10°M 'em ) I2H kAW TH D . 2001 412, M. R,
Bryce HiX 13-V F A —N2- A4 VFva=y h&E S N —s— & LTHWE D-n-ARULEY
DIERIEHFREIC DV THAE L 7=(D-2),
13-VFA4—N24VF 2=y h&HT5DSSC DI=HD, D-n-A BULEHIZ OV TOHE
HENTND, D3 EHNTRICE /A REEEATL20ETHY ¥, D4 L2250 13-VF4—
Na=y NeBFTL6FETHY . Gritzel 5 DWILT N—T12 K 5T 2.9 %DOEBBHENRBRE S

7= 40

1.6 ABFZED RS\

Gritzel & OWELIFE, DSSC O ZEDOH T, RIZE L OE&RIHRAER I OER 7 U —AiE
ERPFFEMEENTE L, 2 ETHERTEEDIRIFEADZED I TH %, DSSC D FEFLIZH
T CTOMFITBE BIERITAT LI TN D, Z D4 B OMERITITHEH 72 AR OB RN R EERH
BTH D, RFFETIX, DSSC ~DIEAIZOWTELEGE IR TR 1,3-F 4 — /1 -2-
AV TFrva=y haHT5HDn-ARGEIIER LHRICEF LI 13-VFF—N2-4 VT o
=y b&HET D Dn-A BULEOHITIE, F EORHE Uiz X 5 221308 AW IRINH & FF - 724k
BB SN TS, BRGHROM E~E SRR BHINT% L L, DSSC ¥ ORBIZR T
HZEREME LT,

i

15
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Figure 2.1. Benzo-1,3-dithiol-2-ylidene dyes, BDY-1, BDY-2, BDY-3 and BDY-4.
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Figure 2.2.1. The frontier orbitals caluculated by the B3LYP/6-31G(d) method.
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Figure 2.2.3.1. UV-vis absorption spectra of BDY dyes in THF and on TiO,. Absorption spectra of
BDY-1, 2, 3 and 4 are shown in red, blue, green and black lines. The dotted lines are spectra in THE and

the solid lines are specta on TiO,.
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Figure 2.2.3.2. UV-vis absorption spectra of BDY dyes on TiO,. Absorption spectra of BDY-1, 2, 3 and

4 are shown in red, blue, green and black lines.

224 BRALFFE (CV)

BDY A3 O#E T R F— L oL & ERIIZIRET S 72 DI .CV JIEZ1T > 7= (Figure 2.2.4),
DMF Z R & U THY, XEEMEICIE TBAPF & V72, T OB LA A W2 kil 2
R L7Z, HOMO IZHIET D8 —MRIEART > 2 ¥ )b Ex 13 E,—0.03 TR L, 7t Lbra=
> ~ BDY-3 & BDY-4 OFELART >3 v /LiX BDY-1 3 X O BDY-2 (2L EDTIRWEN Th
ST, 4 DOBFEOBALFET X VX 1T/l O AF—L-UZxt L+ IETH Y. DSSC
WOV Ry 7 AV AT KBV THAETE 5, il#ER = % /L% — (excitation transition energies;
Eoo) V& THF FONRIN AT MDAty MERNDHEI L7z, LUMO L ~/UE Ex—Eg
MHRML, BT ¥ roarvZ sy a v RZRL, +0ARTho7z, CV HIEDRERIX
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Figure 2.2.4. Cyclic voltammograms of ( a) BDY-1, (b) BDY-2, (¢c) BDY-3, (d) BDY-4 in DMF

Table 2.2.4. Spectroscopic and electrochemical data

A (nm)*/ e A (nm)’ /e c E o Eox—Eoo
(10°M'em™)* (10°M'em™)” Eoo(eV) (V vs SCE )“ (V vs SCE)
BDY-1 315/2.43 406 /2.99 2.38 0.93 -1.45
BDY-2 326/3.46 395/1.58 2.38 0.95 -1.43
BDY-3 326/3.10 425/5.78 2.34 0.91 -1.43
BDY-4 341/2.92 396 /2.00 2.34 0.89 -1.45

“ Absorption at shorter wavelength measureds in THF solution. ” Absorption at longer wavelengths
measured in THF solution. © The 0-0 transition energy, Ey.oestimated from the intercept of the normalized
absorption spectra of the dyes in THF. ¢ The first oxidation potentials from cyclic voltammetry. E,,—0.03.
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2.2.5 DSSC #5t%

BDY-1~4% A\ 7=DSSCZERL L 7=, AWk T ¥ > tEMIL, 6.5umTH 5, 0.6M
1,2-dimethyl-3-propylimidazolium iodide (DMPImI), 0.1M Lil, 0.05M I, 0.5M tert-butylpyridine (TBP)
DT % b= hVIVIRIEAEBRE L L THVW, Figure2.2.5.1a IZAM15GD KT 2 = L—H
DEMTTOIVHI—T7 Th D, HEEERE (). BREEHE V). 74V 7 727 2 —(FHF
L O R (PCE) 13Table 21 F L 7=, E=IZ 7 = = VA A3 5 BDY-20 58 #& B i
BIXOBMELEEIZVTN S, BDY-1X D SUVWETH -7, BDY-3LBDY-4ICB N TH T = =/b
KOBAOHRP RO, 7 == VOB AN X 2EEERMO M LidaR-aREEOHS S
EHNEZ L2 Db EEZHND, Figure 2.2.4bl27R L7 T % > ECTOBDY 3 DWW
AR N EJ DA FIZHE LTV 5, BDY-12BDY-2DIPCEAZ kL% Figure 2.2.5.1b 1
R LT, 7= =/VEDEAIZ L - TIPCEE K & < 21k L7z, BDY-1DDSSCIE ERRAY50 %F2
T DHDITH L, BDY-20DSSCTIE80 %I F Tk L7z, BAMEIEMOMm ik, ALY =
ZVHED | EBRETOL OETF 2 o ~DEEERC 2 LT, MEFBESMH S LIS
WNTpEBEZOND, 7Vt L o=y hEgAX—H%—L L TR~ 72BDY-35 X O'BDY-4/3 %}
JIETHE T = = VK E g AR —H— L L THT HBDY-1, 2@V ERSERE L 5 2 72,
BDY-4i3f b @V EEAWGE (3.26 %) I LT,
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Table 2.2.5.1. Photovoltaic performance of DSSCs based on BDY dyes.

JscmAcm?)  Voc(V) FF PCE (%)

BDY-1 4.55 0.54 0.65 1.61
BDY-2 6.49 0.6 0.66 2.56
BDY-3 6.98 0.58 0.63 2.54
BDY-4 7.91 0.65 0.64 3.26

N719 14.69 0.68 0.56 5.53

TiO, : transparent (6.5 mm). Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm”.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
Adsorbed solvent : THF.

-2

Current dnsity/mA cm
S
T
1

2+ _

ok ] I ] | ] _1

0.0 0.1 02 03 04 05 06 0.7
Voltage / V

Figure 2.2.5.1a. Photocurrent-voltage curves of the DSSCs based on BDY dyes. BDY-1, 2, 3 and 4 are

shown in red, blue, green and black lines.

TiO, : transparent (6.5 mm). Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm”.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
Adsorbed solvent : THF.
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Figure 2.2.5.1b. Incident photon to current efficiency (IPCE) spectra of BDY-1 (red line), BDY-2 (blue
line) based DSSCs.
TiO, : transparent (6.5 mm). Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm’.

Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
Adsorbed solvent : THF.

2.2.6 REDHE

13-VFA— N2 4V F =y haBE T K —r3— MIAWZD-n-ARI A BT 2 BA% Lz,
ARETIE, BFRF——=F L LTHWELI-VF A =24 U T UBET D B =i ~D N
NHX—REBETHL 7 2=V EB L0 AXR— =L LT TTFAEHE b7 VAL 2=
v FEBALIZBARIZOWTEORMEEZH LM L, BV EAD 7 = = )V OE N3t F 5y
FORIGINNVF—Z 5 F2 52 L EAEMTOIENTE, PTTFALEHE L ST LA L Dn
A= —DE AL, AFEGTOFHNNANLF—E 5 b7 DI L2 BT D, ZOETHERL
7e45 Dt (BDY-1~4)7 572 HDSSCsDAERL FHMIZ K- T, E =W 7 = = LV ILITBIE
JEMEOM FICREWHREZRETHZE2HONCTHZ ENTE L, BB N EInA~
—HP—L L TN F— SO GRS T TFNEE O T A A L U EERF L TN T, 2D
IR E T DCRIET D ENTE L, aAXN—F =BT 78T ¥— = FORFHI Lo TE
D72 D EHFEON ERIFTE 5,
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2.3 EBRIE

2-(4-Bromo-benzylidene)benzo[1,3]dithiole (1).
A solution of benzo[1,3]dithiol-2-yl-tributylphosphonium tetrafluoroborate (4.0 g; 9.0 mmol) in
anhydrous THF (80 mL) was prepared, purged with argon and cooled to —78 °C. To the solution #-BuLi
(1.6 M in hexanes) (4.0 mL; 10.8 mmol) was added dropwise and the resulting mixture was stirred for 1h.
Then 4-bromobenzaldehyde (2.52 g; 13.6 mmol) in anhydrous THF was added dropwise and the mixture
was stirred up to room temperature. After the solvent was evaporated, the aqueous layer was extracted
with DCM. The combined organic layer was washed with a saturated NaCl solution and dried over
MgSO,. After removal of the solvent, the crude product was purified by recrystallization with CHCl;.
Yield: white solid (1.80 g; 5.6 mmol; 62%).
'H-NMR (300 MHz, CDCl;): & 7.49 (d, 2H), 7.26-7.12 (m, 6H), 6.48 (s, 1H).

4'-Benzo[1,3]dithiol-2-ylidenemethyl-biphenyl-4-carbaldehyde (2).
A solution of 1 (1 g; 3.1 mmol), 4-phenylboronic acid (0.46 g, 3.1 mmol) and Pd(PPh;), (0.25 g, 0.22
mmol) in toluene (30 mL) was prepared and purged with argon. EtOH (10 mL) and 2M K,CO; aq (10
mL) were added and the resulting mixture was refluxed at 100 °C for 12 h. After the solvent was
evaporated, the aqueous layer was extracted with DCM. The combined organic layer was washed with
water and dried over MgSO,4. The compound was purified by column chromatography on silica gel
(hexane : DCM =1:1).
Yield: brown solid (750 mg; 2.16 mmol; 70%).
'H-NMR (300 MHz, CDCls): 8 10.06 (s, 1H), 7.96 (d, 2H), 7.78 (d, 2H), 7.68 (d, 2H), 7.45 (d, 2H),
7.31-7.24 (m, 2H), 7.18-7.13 (m, 2H), 6.61 (s, 1H).

3-(4'-Benzo[1,3]dithiol-2-ylidenemethyl-biphenyl-4-yl)-2-cyano-acrylic acid (3) (BDY-1).
To a solution of 2 (500 mg, 1.44 mmol), 2-cyanoacetic acid (246 mg; 2.89 mmol) and CH;COONH, (28
mg, 0.36 mmol) in MeCN (15 mL) was added acetic acid (15 mL). The mixture was refluxed for 3 h
under argon and then cooled down to room temperature. After the solvent was evaporated, the aqueous
layer was extracted with DCM. The combined organic layer was washed with water and dried over
MgSO,. The compound was purified by column chromatography on silica gel (DCM : MeOH =9 : 1).
Yield: orange solid (41 mg; 0.01 mmol; 7%)
Mp: 130-131 °C. "H-NMR (300 MHz, DMSO-dq): 5 8.19 (s, 1H), 8.08 (d, 2H), 7.92 (d, 2H), 7.87 (d, 2H),
7.58-7.47 (m, 4H), 7.26-7.23 (m, 2H), 6.88 (s, 1H). MS/FAB: m/z 413 (M'). Anal. Calcd for
CHsNO,S;,: C, 69.04; H, 3.63; N, 3.29; S, 15.67. Found: C, 69.71; H 3.66; N, 3.39; S, 15.51.
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2-[(4-Bromo-phenyl)phenyl-methylene]-benzo[1,3]dithiole (4).
A solution of benzo[1,3]dithiol-2-yl-tributylphosphonium tetrafluoroborate (8.8 g; 10 mmol) in
anhydrous THF (30 mL) was prepared, purged with argon and cooled to =78 °C. To the solution LDA
(1.14 M in hexanes) (15 mL; 17.1 mmol) was added dropwise and the resulting mixture was stirred for 1
h at 0 °C. Then 4-bromo benzophenone (2.61 g; 10 mmol) in anhydrous THF (30 mL) was added
dropwise and the mixture was stirred up to room temperature. After the solvent was evaporated, the
aqueous layer was extracted with DCM. The combined organic layer was washed with a saturated NaCl
solution and dried over MgSO,. After removal of the solvent, the crude product was purified by column
chromatography on silica gel (hexane : DCM =1 : 1).
Yield: yellow solid (2.53 g; 6.38 mmol; 64 %).
'H-NMR (300 MHz, CDCl;): & 7.48 (d, 2H), 7.40-7.21(m, 7H), 7.16-7.04 (m, 4H)

4'-(Benzo[1,3]dithiol-2-ylidene-phenyl-methyl)biphenyl-4-carbaldehyde (5).
A solution of 4 (2.06 mg; 5.2 mmol), 4-phenylboronic acid (780 mg; 5.2 mmol) and Pd(PPh;), (300 mg;
0.26 mmol) in toluene (30 mL) was prepared, purged with argon. EtOH (10 mL) and 2M K,CO; aq (10
mL) were added and the resulting mixture was refluxed at 100 °C for 12 h. After the solvent was
evaporated, the aqueous layer was extracted with DCM. The combined organic layer was washed with
water and dried over MgSO,4. The compound was purified by column chromatography on silica gel
(hexane : DCM =1:1)
Yield: yellow solid (1.8 g; 4.26 mmol; 82 %).
'H-NMR (300 MHz, CDCls): 8 10.06 (s, 1H), 7.96 (d, 2H), 7.78 (d, 2H), 7.65 (d, 2H), 7.48 (d, 2H),
7.42-7.37 (m,4H), 7.16-7.06 (m, SH). MS/EI (70 eV): m/z 422 (M", 100).

3-[4'-(Benzo[1,3]dithiol-2-ylidene-phenyl-methyl)biphenyl-4-yl]-2-cyanoacrylic acid 6)
(BDY-2).
To a solution of 5 (0.21 g; 0.5 mmol) and 2-cyanoacetic acid (43 mg; 0.5 mmol) in anhydrous MeCN (6
mL) was added piperidine (0.01 mL; 0.10 mmol). The mixture was refluxed for 12 h under argon and
then, cooled down to room temperature. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layers was washed with water and dried over MgSO,. The
pure compound was obtained by silica gel column chromatography (DCM : MeOH =9 : 1).
Yield: red solid (224 mg; 0.45 mmol; 91 %).
Mp: 250-251 °C. '"H-NMR (300 MHz, DMSO-dj): & 8.39 (s, 1H), 8.16 (d, 8.4 2H), 7.95 (d, 2H), 7.85 (d,
2H), 7.48-7.34 (m, 10H), 7.17 (m, 2H). MS/FAB: m/z 489 (M "). High-resolution MS/FAB. Calcd: m/z
489.0857. Found: m/z 489.0861

7-(Benzo|d][1,3]dithiol-2-ylidenemethyl)-9,9-dibutyl-9H-fluorene-2-carbaldehyde (7).
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To a solution of benzo[1,3]dithiol-2-yl-tributylphosphonium tetrafluoroborate (520 mg; 1.18 mmol) and
9,9-dibutyl-9H-fluorene-2,7-dicarbaldehyde (334 mg, 1 mmol) in THF (20 mL) was added triethylamine
(10 mL). The mixture was stirred for 12 h under argon. After the solvent was evaporated, the aqueous
layer was extracted with DCM. The combined organic layer was washed with water and dried over
MgSO,. The crude product was purified by column chromatography on silica gel (hexane : DCM =1 : 1).

Yield: yellow solid (350 mg; 0.74 mmol; 61 %).

'H-NMR (300 MHz, CDCl3): § 10.05 (s, 1H), 7.87-7.75 (m, 4H), 6.69 (s, 1H), 2.04 (m, 4H), 1.13-1.06 (m,
4H), 0.68 (t, 6H), 0.65-0.55 (m, 4H).

(E)-3-(7-(Benzo|d][1,3]dithiol-2-ylidenemethyl)-9,9-dibutyl-9H-fluoren-2-yl)-2-cyanoacrylic acid
(8) (BDY-3).
To a solution of 7 (300 mg; 0.64 mmol) and 2-cyanoacetic acid (54 mg; 0.64 mmol) in anhydrous MeCN
(10 mL) was added piperidine (0.0 Iml; 0.10 mmol). The mixture was refluxed for 12 h under argon and
then, cooled down to room temperature. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layer was washed with water and dried over MgSO,. The
compound was purified by column chromatography on silica gel (DCM : MeOH = 9 : 1). The pure
compound was obtained by silica gel column chromatography (DCM : MeOH =9 : 1).
Yield: violet red solid (130 mg; 0.2 mmol; 33%).
Mp: 110-111 °C. "H-NMR (300 MHz, DMSO-d): 6 8.40 (s, 1H), 8.17 (s, 1H), 8.08-7.96 (m, 3H),
7.58-7.52 (m, 2H), 7.44 (s, 1H), 7.40 (d, 1H), 7.26-7.23 (m, 2H), 6.94 (s, 1H), 2.10-2.00 (m, 4H),
1.09-1.02 (m, 4H), 0.64 (t, 6H), 0.58-0.50 (m, 4H). MS/FAB: m/z 537 (M "). High-resolution MS/FAB.
Calcd: m/z 537.180. Found: m/z 537.1794 (M ).

(7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)(phenyl)methanone ) (9).
A solution of benzoyl chloride (1.05 ml; 13.5 mmol), AICl; (2 g 15 mmol) and
2-bromo-9,9-dibutyl-9H-fluorene (4.0 g; 9.0 mmol) in CS, (80 mL) was prepared and purged with argon.
The mixture was stirred for 16 h under argon. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layer was washed with water and dried over MgSO,. The
residue was purified by column chromatography on silica gel (hexane : DCM =1 : 1).
Yield: white solid (415 mg; 9.0 mmol; 99 %).
'H-NMR (300 MHz, DMSO-dq):  7.84-7.73 (m, 5H), 7.65-7.58 (m, 2H), 7.52-7.48 (m, 4H), 2.07-1.89
(m, 4H), 1.16-1.03 (m, 4H), 0.68 (t, 6H), 0.66-0.54 (m, 4H).

2-((7-Bromo-9,9-dibutyl-9H-fluoren-2-yl)(phenyl)methylene)benzo|d][1,3]dithiole (10).

A solution of benzo[1,3]dithiol-2-yl-tributylphosphonium tetrafluoroborate (2.59 g; 5.85 mmol) in

anhydrous THF (30 mL) was prepared, purged with argon and cooled to =78 °C. To the solution LDA
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(1.14 M in hexanes) (5.15 mL; 5.87 mmol) was added dropwise and the resulting mixture was stirred for
1 hat0°C. Then 9 (2.7 g; 5.85 mmol) in anhydrous THF (30 mL) was added dropwise at =78 °C. The
mixture was stirred up to room temperature and stirred for 2 d. The mixture was quenched with HCI aq
(5 %). After the solvent was evaporated, the aqueous layer was extracted with DCM. The combined
organic layer was washed with a saturated NaCl solution and dried over MgSQO,. After removal of the
solvent, the residue was purified by column chromatography on silica gel (hexane : DCM =1: 1).

Yield: white solid (2.5 g; 4.28 mmol; 73%).

'H-NMR (300 MHz, CDCls): § 7.63 (d, 1H), 7.53 (d, 1H), 7.46-7.04 (m, 13H), 2.03-1.85 (m, 4H),
1.36-1.04 (m, 4H), 0.71(t, 6H), 0.65-0.60 (m, 4H). MS/FAB: m/z 596 (M").

7-(Benzo|d][1,3]dithiol-2-ylidene(phenyl)methyl)-9,9-dibutyl-9H-fluorene-2-carbaldehyde (11).

A solution of 10 (529 mg; 0.89 mmol) in anhydrous THF (20 mL) was prepared, purged with argon and
cooled to =78 °C. To the solution #n-BuLi (1.6 M in hexanes) (1.0 mL; 1.6 mmol) was added dropwise and
the resulting mixture was stirred for 1 h. Then DMF (0.15 mL; 1.9 mmol) in anhydrous THF (3 mL) was
added dropwise and the mixture was stirred up to room temperature. After the solvent was evaporated, the
aqueous layer was extracted with DCM. The combined organic layer was washed with a saturated NaCl
solution and dried over MgSO,. After removal of the solvent, the compound was purified by column
chromatography on silica gel (hexane : DCM =1 : 1).

Yield: yellow solid (288 mg; 0.56 mmol; 63%).

'H NMR (300 MHz, CDCls): & 9.72 (s, 1H), 7.88-7.79 (m, 3H), 7.75 (d, 1H), 7.50 (s, 1H), 7.39-7.24 (m,
6H), 7.16-7.05 (m, 4H), 2.05-1.99 (m, 4H), 1.13-1.04 (m, 4H), 0.70 (t, J = 7.3, 6H), 0.65-0.0.58 (m, 4H)
MS/FAB: m/z 596 (M").

(E)-3-(7-(Benzo|d][1,3]dithiol-2-ylidene(phenyl)methyl)-9,9-dibutyl-9 H-fluoren-2-yl)-2-cyanoacry
lic acid (12) (BDY-4).
To a solution of 11 (300 mg; 0.55 mmol) and 2-cyanoacetic acid (46 mg; 0.55 mmol) in anhydrous
MeCN (10 mL) was added piperidine (0.01 mL; 0.10 mmol). The mixture was refluxed for 12 h under
argon atmosphere and then, cooled down to room temperature. After the solvent was evaporated, the
aqueous layer was extracted with DCM. The combined organic layers was washed with water and dried
over MgSO,. The compound was purified by column chromatography on silica gel (DCM : MeOH =9 :
1). The pure compound was obtained by silica gel column chromatography (DCM : MeOH =9 : 1).
Yield: red solid (98 mg; 0.16 mmol; 30 %).
Mp: 250-251 °C. "H-NMR (300 MHz, DMSO-dy): & 8.18 (s, 1H), 7.99-7.89 (m, 4H), 7.44-7.23 (m, 9H),
7.19-7.14 (m, 2H), 2.01-1.95 (m, 4H), 1.08-0.96 (m, 4H), 0.63 (t, 6H), 0.58-0.54 (m, 4H). MS/FAB: m/z
614 (M + H"). High-resolution MS/FAB. Calcd: m/z 614.214. Found: m/z 614.2187 (M + H").
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Figure 3.2.3.1. UV-vis absorption spectra of BPY-1 (yellow line), BPY-2 (green line), BPY-3 (red line)
and BPY-4 (blue line) in ethanol
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Fugure 3.2.3.2. UV-vis absorption spectra of BPY-1 (yellow line), 2 (green line), 3 (red line) and 4 (blue
line) on TiO,.
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Figure 3.2.4. Cyclic voltammograms of BPY-1 (yellow), BPY-2 (green), BPY-3 (red), BPY-4 (blue) in
DCM.

Table 3.2.4. Spectroscopic and electrochemical data of BPY dyes.

J (nm)* /e (10*Mem™)* Eoo@V)Y  Eu(VvsSCE)Y Eo—Eqo(VvsSCE)

BPY-1 413/2.50 2.58 0.87 -1.71
BPY-2 508 /1.37 2.06 0.98 -1.08
BPY-3 507/0.91 2.06 0.96 -1.10
BPY-4 436/0.21 2.25 0.89 -1.36

“ Absorption measured in ethanol solution. ” The 0-0 transition energy, Eo.qestimated from the intercept of

the normalized absorption spectra of the dyes in ethanol. “ The first oxidation potentials from cyclic
voltammetry.
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3.2.5 DSSC %5t%
3251 =% ) — V2 EBRKEFER L L7 DSSC

BDY-1 ~ 4% A /=DSSCA {EH L 7=, 0.6M DMPImI, 0.1M Lil, 0.05M L, 0.5M tert-7 F /L "1 ¥
YDOTE b= MY VRIREBERE L UCHW, BT 2 UotEBITEVE, HELE, K EE
EAHERZHOZMHHA L=, Figure3.2.5.1a [ZAMISGD KK 2 2 L —F OFETFTTOI-VEH
— 7 Th b, FEEERMEs) BIEEEVo). 7 4NV 7 7 7 X —F L OZE#L) =T Table 3.2.5.1
\ZE L 7=, Figure 3.2.5.1b (45 a3 % IV 7=DSSCDOIPCE A <” kL Tdh 5, PCEIZBPY-4
(0.49 %) < BPY-1 (2.29 %) < BPY-2 (2.4 %) < BPY-3 (2.5%) DIRIZE < g7z, Y YV z2=v |
Z 6 OBPY-1DIPCEDIBKIF400 nmilifF TH V| 85 % L HHIEWMELZ & o7z, B V=D A
2=y b &b o ZBPY-25 L UBPY-3D MM EMEIIBPY-LUI LN EWFER E o7z, 2D &
(LT & v ETOBFEOHBINANT MAORREEMEXEL TS, —J, BPY-2XBPY-3
DOBBGEEMEIL, BV P/HABPY- LI AR ARVMETH o7z, ZORENH B Y =0 AEAHRIT,
WEFBENEZ DT NEBZ X LHNTE SH, BPY-2E BPY-3DIPCEA XY hMLOFIRITK E
S Wipd, AUFERA A EXA A E LTHOBPY-31ZBPY-21%f L, KE EHELLTEY,
BRSBTS —E LT\ 5, BPY-3DIPCEAZ MDAt v MME700 nmEh I E TR
ATWDD, ZOBKITE0%FEE TH - 72, BPY-3D EIE(RKTH 5BPY-4DDSSCHOIPCED MK
1$20% TH O A7 b OA Ty MI600nmTH -7, BV V=T ABRED A XL THEAL
7oL, DSSCOEFE L LT, BURMEE/LENTE RV LD ->72, Table 3.2.5.3
(ZIXDSSCHEED B A PR T-FERE £ LTz,

Figure 3.2.5.1c/ZBPY-23 L UBPY-3D a3 & H\\ CTHE#L L 72DSSCHIPCEA 2”7 L Th 5,
ER LTI ICHE LAY MAT =2 B X OMER L TIRB 2RO AR MT—2 & F
LTz, BRFA AU BRA A THDHBPY-2DIPCEARY VX, B//ERBLIFRE S RIE L CTH
FARITIZZAL 2 22\, [AIBRIC, BPY-30D 227 MLIZHIBIROZ LT, ZoFEE, A4
BV V= LBRICEEESTEY | ERERKRT~OIE, 3 vFEASF T LI nipn
ZENRLTNDEBXDLENTE D,
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Figure 3.2.5.1a. Photon-voltage curve of the DSSCs based on BPY-1 (yellow line), 2 (green line), 3 (red
line), 4 (blue line) and N719 (black line).
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Figure 3.2.5.1b. Incident photon-to-current efficiency (IPCE) spectra of DSSCs based on BPY-1 (yellow
line), 2 (green line), 3 (red line), 4 (blue line) and N719 (black line).
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Table 3.2.5.1. Photovoltaic performance of DSSCs based on BPY dyes.

Jsc(mA /cm?)  Voc(V) FF PCE (%)

BPY-1
BPY-2
BPY-3
BPY-4
N719

5.35
5.97
6.89
1.36
13.5

0.56 0.73
0.54 0.74
0.5 0.71
0.51 0.70
0.63 0.70

2.18
2.36
2.48
0.49
6.01

TiO, : transparent (6 mm), scattering (7 mm) and reflect (7 mm) layers.

Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm®.

Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.

Adsorbed solvent : ethanol.

T T T T T T
80 BPY-2 —0 day m
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~
S 40 -
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20 =
0k I I I o
300 400 500 600 700 800
wavelength / nm
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80~ BPY-3 — 0 day N
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~
S 40| -
Q.
20 =
0k I I I o
300 400 500 600 700 800

Wavelength / nm

Figure 3.2.5.1¢c. Incident photon to current efficiency (IPCE) spectra of DSSCs based on BPY-2 and 3
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Figure 3.2.5.2a. Photon-voltage curve of the DSSCs based on BPY-1 (yellow line), 2 (green line), 3 (red
line), 4 (blue line) and N719 (black line).
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Figure 3.2.5.2b. Incident photon-to-current efficiency (IPCE) spectra of DSSCs based on BPY-1 (yellow
line), 2 (green line), 3 (red line) and N719 (black line).
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Table 3.2.5.2. Photovoltaic performance of DSSCs based on BPY dyes

Jsc(MA /cm?)  Voc (V) FF PCE (%)

BPY-1 5.35 0.56 0.73 2.18
BPY-2 5.97 0.54 0.74 2.36
BPY-3 6.89 0.5 0.71 2.48
N719 13.5 0.63 0.70 6.01

TiO, : transparent (12 mm), scattering (7 mm) and reflect (7 mm) layers.
Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm®.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.

Adsorbed solvent : ethanol.

Table 3.2.5.3. Photovoltaic performance of DSSCs based on BPY dyes.

Cell Jsc(mA/ecm?)  Voc(V)  FF PCE (%)
BPY-1 (1) 5.33 0.56 0.73 2.18
BPY-1(2) 5.37 0.54 0.74 2.17
BPY-2 (1) 5.97 0.54 0.74 2.36
BPY-2 (2) 5.78 0.54 0.73 2.26
BPY-2 (3) 5.61 0.55 0.74 2.29
BPY-3 (1) 6.89 0.5 0.71 2.48
BPY-3 (2) 6.91 0.49 0.71 2.39
BPY-3 (3) 6.48 0.51 0.73 2.42
BPY-4 (1) 1.36 0.51 0.7 0.49
BPY-4 (2) 1.18 0.52 0.71 0.44

N719 13.5 0.63 0.7 6.01

TiO, : transparent (6 um), scattering (7 um) and reflect (7 um) layers.

Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm’.

Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of 1,2-dimethyl-3-propylimidazolium iodide (DMPImI), 0.5
M of 4-tert-butylpyridine (TBP) in acetonitrile.

Adsorbed solvent : ethanol.
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NGB = AT DHRE S BITHALNIT D720, AT L 2 WAEREIZ AN 2DSSC
ZVEHRL L 7=, Figure 3.2.5.2a3 X (VFigure 3.2.5.2b(X -V — 7 B L NIPCEA Y L Téh 5, Table
3252121260 - DDODSSCHOT — X % £ L -, BPY-2 L BPY-3[li & D&/ & bk L
e X ) — )V EWEEME L CTHWEEL LY, PCERE LK T L, RFBEAFUDBRA A4
THZHBPY-20E/LOPCEIF0.32% ThH VD . iU, FHEERMEOE LVME TR RE ER LT
W5, IPCEDOHRKIF400 nm~500 nmiZ A H AL, 20% % FEISHER & e >7-, BPY-3DE/LDOPCE
130.89% Td > 72, BPY-2& ARIZHEMERMEDORTICL > T=Z ) = Z N TOR/MTH A,
K& SPCEZK T &7z, IPCEAY FVIZBPY-2L L2k Tdh - 7248, MK O IX30%FEE
Th oz, IPCEANT ML, HAEATF Lo 2SI L LIcigb T Z VRIETOUVARY |
v ETERMNEIE—E L 72 (Figure 3.2.5.2¢), BV =0 AEHEIE MLx 36 K OTHF~ D B DY H
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Table 3.2.5.2. Photovoltaic performance of DSSCs based on BPY-2 and 3

Jsc Voc FF PCE
BPY-2 0.99 0.45 0.72 0.32
BPY-3 2.61 0.47 0.72 0.89

TiO, : transparent (6 mm), scattering (7 mm) and reflect (7 mm) layers.

Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm®.

Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
Adsorbed solvent : DCM.
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3.3 REDOK W

RKETIEICT /)77 INABERNTETFT 7272 — 7= Ly rhnwlide v
=vha=y FEMBALTEAREZRIE L, Sttt ERULTF M. DSSCHRHE D BE 2 B &
M LTz, BV ra=y Mo MFEBPY-10DSSCIE2.29 % DIEEAMRBNREIHE LT,
v U ¥ T N-(carboxymethyl) Z Ml 2 72 ° VU ¥ = v AAFEBPY-215 L UBPY-3/Z &V ¥ /L{ABPY-1
WA BWERSERELZ D2 N nhole, BV V=rvbha=y NIV U P ra=y M
ROELT 7T ERRN D BRI ART MABRERELZZ ENERTHD LB X
bbd, SUBA L ERA A E L THWEZBPY-313kb m WEKERELY & D, ZHERIT
b BUVME (248 %) %7~ L7-, IPCEMN60 % & LLEIERVMECTH - 72, 2D Z L3k T4 v &
W LTV AN EBRTEAIES L T ARWEEDIFEZ R LTV 5, s 2 I L,
W A b SEE, KV EWIPCENEBR TE L ARMENH D5, B V=10 AEEBPY-23 K
OBPY-3IXE /RN NS NEFETh ooy, RE TR L@ T & o a8 ok Bz
i 572DSSCTIZ, Y I ARG FHEEIZHHED LT 2~25%DEHNREHKBI L, Y V=
U LEFITBIT Z O HEMARAE S DBEOEBIZ L > T 2O/ EE RESAhEEL 2 L
Bhhroi,
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Synthesis of compound 1

A solution of benzoyl chloride (2.81 g, 20.0 mmol), AICl; (5.34 g, 40.0 mmol) and 2-bromothiophene
(3.42 g, 21.0 mmol) in carbon disulfide (80 mL) was prepared and purged with argon. The solution was
stired for 2.5 h before being quenched with 100 mL of 1 M HCl(aq). After the solvent was evaporated,
the aqueous layer was extracted with dichloromethane (DCM). The combined organic layer was washed
with water and dried over MgSO,. The residue was purified by column chromatography on silica gel
(hexane : DCM = 1 : 1). Yield: yellow solid (5.14 g; 19.2 mmol; 96 %). "H-NMR (300 MHz, CDCls):
87.84 (d, 2H), 7.62 (t, 1H), 7.52 (t, 2H), 7.40 (d, 2H), 7.15 (d, 2H).

Synthesis of compound 2

A solution of benzo[1,3]dithiol-2-yl-phosphonic acid diethyl ester (1 mmol) and 1 (1 mmol) and sodium
hydride (5 mmol) in THF was prepared. The mixture was stirred for 20 h before being quenched with 10
mL of 1 M HCI (aq). After the solvent was evaporated, the aqueous layer was extracted with DCM. The
combined organic layer was washed with water and dried over MgSQO,. The residue was purified by
column chromatography on silica gel (hexane). Yield: yellow solid (290 mg; 0.72 mmol; 72 %).
'H-NMR (300 MHz, CDCly): 8 7.52-28 (m, 6H), 7.16-7.09 (m, 3H), 6.96 (d, 2H), 6.58 (d, 2H)
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Synthesis of compound 3

A solution of 2 (403 mg; 1 mmol), 4-pyridylboronic acid (123 mg; 1 mmol) and Pd(PPh;), (58 mg; 0.05
mmol) in THF (10 mL) was prepared and purged with argon. 2M K,COs aq (10 mL) were added and the
resulting mixture was refluxed for 12 h. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layer was washed with water and dried over MgSO,. The
product was purified by column chromatography on silica gel (DCM : ethyl acetate =3 : 1)

Yield: yellow solid (253 mg; 0.63 mmol; 63 %). 'H-NMR (300 MHz, CDCl;): & 8.55 (d, 2H), 7.54-7.34
(m, 10H), 7.19-7.14 (m, 3H), 6.81 (d, 2H). MS/FAB: m/z 402 (M + H)". High-resolution MS/FAB. Calcd:
m/z 402.0445 (M + H)". Found: m/z 402.0442 (M + H)". Anal. Calcd. for C,3HsNS5: C, 68.79; H, 3.77; N,
3.49. Found: C, 68.93; H, 3.81; N, 3.23. Mp: 157-158 °C.

Synthesis of compound 4a

A solution of 3 (150 mg, 0.38 mmol) and bromoacetic acid (261 mg, 1.88 mmol) was prepared. The
resulting mixture was refluxed for 12 h. After the solvent was evaporated, the crude product was purified
by column chromatography on silica gel (DCM : MeOH =9 : 1)

Yield: deep red solid (76 mg; 0.14 mmol; 37 %). "H-NMR (300 MHz, DMSO-d;): & 8.77 (d, 2H), 8.24 (d,
2H), 7.69 (d, 1H), 7.60-7.54 (m, 5H), 7.41 (d, 2H), 7.33-7.27 (m, 2H), 6.97 (d, 1H), 4.20 (s, 1H).
MS/FAB: m/z 416 (M —Br-COOH)’, MS/FAB: m/z 79 (Br)". High-resolution MS/FAB. Calcd: m/z
416.0601 (M ~Br—COOH)'". Found: m/z 416.0604 (M ~Br—COOH)". Mp: 143-144 °C.
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Synthesis of compound 4b

A solution of 5 (150 mg, 0.38 mmol) and iodoacetic acid (350 mg, 1.88 mmol) was prepared. The
resulting mixture was refluxed for 12 h. After the solvent was evaporated, the crude product was purified
by column chromatography on silica gel (DCM : MeOH =9 : 1)

Yield: deep red solid (74 mg; 0.125 mmol; 33 %). 'H-NMR (300 MHz, DMSO-dj): 5 8.76 (d, 2H), 8.23
(d, 2H), 7.69 (d, 1H), 7.60-7.54 (m, 5H), 7.41 (d, 2H), 7.35-7.20 (m, 2H), 6.96 (d, 1H), 4.20 (s, 1H).
MS/FAB: m/z 416 (M —I-COOH)’, MS/FAB: m/z 127 (Iy. High-resolution MS/FAB. Calcd: m/z
416.0601 (M ~-I-COOH)". Found: m/z 416.0604 (M ~I-COOH)". Mp: 198-199 °C.

Synthesis of compound 5

A solution of 2 (510 mg; 1.27 mmol), 3-pyridylboronic acid (156 mg; 1.27 mmol) and Pd(PPh3)4 (73 mg;
0.06 mmol) in THF (20 mL) was prepared, purged with argon. 2M K,COj; aq (20 mL) were added and the
resulting mixture was refluxed for 12 h. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layer was washed with water and dried over MgSO,. The
compound was purified by column chromatography on silica gel (DCM : ethyl acetate =3 : 1)

Yield: orange solid (430 mg; 1.07 mmol; 84 %). "H-NMR (300 MHz, CDCl;): & 8.86 (s, 1H), 8.48 (d,
1H), 7.84 (d, 1H), 7.53-7.26 (m, 8H), 7.26-7.12 (m, 3H), 6.81 (d, 1H).
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Synthesis of compound 6

A solution of 5 (100 mg, 0.25 mmol) and iodoacetic acid (232 mg, 1.25 mmol) was prepared. The
resulting mixture was refluxed for 12 h. After the solvent was evaporated, the crude product was purified
by column chromatography on silica gel (DCM : MeOH =9 : 1)

Yield: organge solid (59 mg; 0.1 mmol; 41 %). '"H-NMR (300 MHz, DMSO-dq): & 9.32 (s, 1H), 8.81-8.74
(m, 2H), 8.10-8.05 (m, 1H), 7.90 (d, 2H), 7.64-7.50 (m, 4H), 7.41 (d, 2H), 7.03-7.25 (m, 2H), 7.01 (d,
1H), 4.34 (s, 2H). MS/FAB: m/z 416 (M ~-I-COOH)", MS/FAB: m/z 127 (I)". High-resolution MS/FAB.
Calcd: m/z 416.0601 (M -I-COOH)". Found: m/z 416.0604 (M —I-COOH)". Mp: 157-158 °C.
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G233

WBhep 2f@EOT7T v h—a=y NebORFREMAG DY 7 7% A7 DSSC (22T
ez, EVYra=y b9 25 BPY-1 LE U V=T ANDLVRFVAF L=y
3% BPY-3 Z A& oH 7= DSSC (X, BPY-3 D F)> 572 5 DSSC (T~ BHR A E LT,
T )T VNEREA TS BIT & B VLK BPY-1 % #0235 & 472 DSSC 12 BTT D% D DSSC
2| PR EME 2 M L7,

4.1 5

R E K (DSSCs) 1XifER T /S ZAEELIE = A P TOREEFIHT 5 2 &
DTELBEBNPHBIFE LTHIRCTCEDZENOLERENTOE T LT =7 AEEASLHE LT 1V
VIHRERGED XD e B E A AHEE NHEM & L THWEDSSCIZEB N TII~12%0 &V i E
BN ERBES N TNDEY, —F, ZhboaFiE, GMlTHD 2 ECRHREAES TIIRVE
WolzZ ehn, &REEER0, &R 7V —0A#BAFZORBLEAIITOR TE 1z, AH#E
FFIWILERRKE NV E WS B Z S > TWETY, 4 KB 2RI L, e B BT 2k
AT DB, AHEFRIEID (B KFP——h) A (BF7 7877 —3—1) BlofEEs
Lo TN D, KEta X0 BRI L, @WVREEHRSFE 215 5 72912, KVWHOMO-LUMO
X¥ v 72 Lo QFEORBICHNPANSLN TN D~ RO OHREEBLT & B H A
& LTHWEDSSC (17 7 VDSSC) DBHFEMIMTHOIT & 7o, BEOGHR LA L U THhRAE
SHLHE, (WEFEOERELZMZ D ENTE, BAMORIFEZHS LN TE D, QEFEOR
HeEZHANSE, MIETFF UtEmEmZE > 2 LT, B FBEHZMALND, LWV o728
%ﬁ%ﬁf%éﬁ\ﬁﬁrM%MK%wTW@%¥®WLZmﬁbtﬁﬁm%hi£§<ﬁw
O3 c BN TE Y Vv a=y NeBFT 78T F— - T o A—R_—FE LTHTL2BH#D
DSSCHEZ I BT LTz, BETF & U ABMOEEICIINVA AR A FBLOT L 2T v K
fet A b MEET D (Figure 4.1.1)*5, U Y ra=y hONFEFIZIZINLE T E2ALTEY .,
BT % R DA AT A b ~OALFEWENETT 5 EEZ BN 5, Figure 4.1.21CNFF
DILEFXBNA AT A FBLOT LTy R A SO FWAE LIEGEORTH D, —
FHBEEANCFEOT o == LTRSS AVDLNTE LI ARFINVERIEIT L ATy Rig
YA b EALFERETDHZ LN TED (Figure 4.13), KETIE, 7o h—RX—FThHoHEY T
2=y FBXOINARF VIV EGT D AFELBIET Z LB~ LR AE S, ®PERE/RDSSC
DOWELZHMICE Lz, KEIZBWT, Mita 35 @ FIFigure 4.1.41278 L7z, BPY-1 (3%) (X
RV A3 TTFA N2 AV T U EEF RS —R= L, BV a2y NEETT RS
H— e T H—a=y hELTHTDHOHRETHD, BPY3GE) TavE/ L extA 4 &7
HENV V= ha=y hEBTT 78T H—L LIZOFETH D BT X o~ E AR
TOHHNVKREFVIVERHE I BETHD, BITIZVT /77 VA BEATHAFETHD,
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42 FHEREEE
42.1BDY-5 DEHFE

BTT O & EIRIEZ THIT 2 72O BEmFH A (B3LYP/6-31G(d)) %1T7-7-, Figure4.2.1 1%
BIT O7v>7 4 THETHD, HimatH TlX, 13-VF 4 =124V T, BFz== T
F—FmE Elchy, 7oA @HBEITrFo o i L IBIFEAICES LTV, 20 k9
INLIRHEE O 72912, HOMO BB IZE 1 K — "= ThH D 13-V FF— N2 A4V T a=y
FD g A=Y — FoAHIINTTHMLTEY | 7 = = VEHILIZIE, 554 L TH7Rne
o7z, LUMO B> T /77 VLR = b b B F 2= VLT H T Tofii LTz,

Figure 4.2.1.

422 BTT DA

BITOARIBFE THWES-F ) T FNRAZ = -FF 7 = 2-HARF LT IT b RITHRE S
NTWDHETER LT (Scheme 4.2.1.1), 5-7 BEF 47 = 2- W NARF LT AT b Ra %
WE & L3S CTA AR L=, BTT% & kidScheme 4.2.1.2. 12702 L 7= FIECTHMZ K LiET 72, L&
MNI3E TR HIETHEGR Lc, (bEW2AMEEMLES- RN TFARF =V -FF T = -2-T7
LNRXFLTATFE REDRATFANA TV T THRIz, 28T JEiiEE DI 2 —7 = F—4 L
fE AT &> T3 (BTT) % @R CTH 7=,
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423.BTT ® UV A7 k)L

T )T 7 IUNEERTHBTTO ML HTOUVARY MLAJIE L, Figure 4221278 L
oo BEF =L 3% HOBDY-513650 nm T ICRIUK 2 DAY MLER LT, TOAN
7 MVIE O OWIUBK 2 FE D | KR ORI EIT 370 nm (1.46 x 10'M'em™) TH 0 | Ei
Al v — 27 1 E13520 nm (2.55 x 10*'M'em™ ) TH - 7=,

4.2.4. BTT D BEBRALF R (CV)

BTT OEXALFHREZ I 50T 57280 CV JIEZ 1T - 72 (Figure 4.2.3), A A7 fifbifz <
Hotz, BILART v /L (HOMO) 1EEIZ 0.83V (b SCE) Thoto, ZNHLOMEIZT /I; L
Ky 7 ART ¥y VR )LXF—1L UL (02VvsSCE) LV +DICETHD, CVIIEREL
) —LHITO UV A7 MV ORICKHG ) B L7z LUMO ORT 3 v Vg bTF % D
arvHE I a A REDHSATHoTZ, UV A7 hLk OV HIENSEH LT —Z1%
Table 423 (ZF & DT,

1

30x103 i T T T T =

cm

-1

25

20
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10

5

Molar extinction coeff. / M

0k I I I ! !
300 400 500 600 700 800

Wavelength / nm

Figure 4.2.3. UV-vis absorption of BTT dyes in toluene.
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Figure 4.2.3. Cyclic voltammograms of BTT in DCM

Table 4.2.3. Spectroscopic and electrochemical data of BTT.

Z (nm)* /e (10*Mem™)* Eoo(@V)  Eon(VvsSCE)Y Eo—E oo (Vvs SCE)
BTT 520/2.55 2.25 0.89 -1.36

“ Absorption measured in toluene solution. * The 0-0 transition energy, Eq.estimated from the intercept of

the normalized absorption spectra of the dyes in toluene. “ The first oxidation potentials from cyclic
voltammetry.

425 BILFH U EEBEBHTDO UV AT bL
4.2.5.1 BPY-3, BPY-3+ BPY-1

LT ¥ o RETOEY V=7 LMK BPY-3 &t VLK BPY-1 O UV A7 hLZ&HIE L,
BPY-3 35 L N BPY-1 OAD UV A7 L& g U 7= (Figure 4.2.4.1), BPY-3 (0.5 mM) & BPY-1
(025 mM) ZEG SET ¥ ) — /VIERICHER S Bl b T 2 VIEA R L, ARG S,
W R IR~ % DSSC 1ERIIY & [FRRIC 16 B[ & L7-, Figure 4.2.4.1 ICBAFEMRTHEITL
Je A7 MV, BPY-3 ODHDWIL A7 bV Th b, BPY-3 ORI A7 kL 500 nm IT65 T
WA K % & 572, B Y DK BPY-1 DU A7 L Figure 4.2.4.1 ICB W THEAFERTE
L7c, TDOART BLIX 400 nm 65 CHRRRIZ & - 72, Figure 4.2.4.1 (2B W\ CTRA SR TR
1 L72 BPY-3+BPY-1 O A7 kLT 432 nm THK & T 5K TH o7, Z OWRIE K 1%
v UK BPY-1 ORISR & L IEIE— Lz, SO AL FUIZIE 500 nm 25 600 nm
WM TESL BHRH Y . BPY-3 DU (Figure 4.2.4.1 O BAFELIRD A7 kL) 1IZxHE LTV
LHEEBEZDLILD,
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Absorption

00k 1 1 1 ; !

.350 400 450 500 550 600 650 700
Wavelength / nm

Figure 4.2.5.1. BDY-3: red line, BPY-1 : yellow line, BPY-3 + BPY-1: black line.

4.2.52 BTT. BTT + BPY-1

Ml 2 o FmiZ BTT & B0 PLK BPY-1 Z3:WiE SE72 56 O UV A7 ML ZJIE L,
BTT O#H® UV AX7 bbbl U7z, Figure 4.2.4.2 (X b2 ZWAERBLE Uiz UV AL
ML ToH %, BTT (0.3 mM) & BPY-1(0.15 mM) ZiEA S W72 Mo U EIRICEERS S B 7k
BN L SR A W ST WO R 12k < 5 DSSC PERLRE & [FIARIC 16 [ & L7z,
BTT O A7 kUL 800 nm (ZF TR > T/, BTT + BPY-1 D A7 LTI BTT O A
kL & FARIZ 800 nm JTfEE THOT 1 — RPN AT MLVERIRIT 5 Z LN TET,

1.2

|
A

Absorption

00k 1 1 1 I

400 500 600 700 800
Wavelength / nm

Figure 4.2.5.2. BTT: purple line, BTT + BPY-1: black line.
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4.2.6 DSSC H5t%
4.2.6.1 BPY-3, BPY-3+BPY-1 ®DSSC

AUBAF U ERNA T E LYY =0 AAFEBPY-3% AV 7-DSSC, BPY-3 & BPY-1D2f&
HOEFELZANTZDSSCEFE—FMFTERIL, 2D ONEEBREZ L LTz, AWt F
& eEMmILEAE (6.5 um) Db O & 72, Figure 4.2.6.1a (XI-V 1 —7 T Y | Figure 4.2.6.1b
IXIPCEAXY R TH D, K/3T7 A—H[ITable 4.2.5.112F & 7=, BPY-3D A5 72 5 DSSCD
G ETEIX1.46 mA /cm™ TdH 72, BPY-3 + BPY-1DDSSCIIBPY-3D 2 MDDSSC &t~ 1%
EIRMEANA E L7 (1.93 mA /em™), Figure 4.2.5.1b (Z7% L7=(BPY-3 + BPY-1)DIPCEA 27 k)L
Tl 4241DWINARXT PV EHIS LTEBRZ L TR Y . B U PLEBPY-LZ IR LTV D &
B2 D ENTEDHA00-450 nmiIZ BV T ALY MLOMBKZBI L7=, BPY-30 BB EAEIX
0.51VT&H Y, &(BPY-3+BPY-1) OFKELEEIZBPY-3DDSSCL Y mVMEZ R L, Z Dffix
053 VThoTl,

4.2.6.2 BPY-3 & BPY-10D 2 & W % th 3R

BPY-3 + BPY-1D/VIZHE T HEFEOREREILEZHLNIT H720, BRLT ¥ VI EEmBA~DE
FOWEREFATZ, BT ¥ IR E S 0FE T LR URIECRHREA L, UVETEIZX -
THAHEEH T2V OFENREBRL T Lz, B =70 AMEBPY-3D 4 % WG S 1256 O
BI85 %10  molem ™ Th o7, B U PIAKBPY-1D 4% W5 S 1- B4 O E8135.6 x 107
mol ecm®> T o7z, BPY-3 + BPY-1AKERICELT ¥ VKA R L, GRS EHE0%
HEITIEIC, 48x10 molem * | 3.2x 10  molem *Tdh > 72, BPY-3LBPY-1DOW 5 I3 :2
Tholo, MOVIZAERIEIZBPY-3:BPY-1=2: IOLERTHBELZbOTHLZD, U VL
KBPY-1D )5 NERLT 7 NG LT W2 E Ny otc, WE L TWHBREOREILSX 107
molem ™ TH Y | BPY-3DH % W4 S W4 L 0 D Lz,
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Figure 4.2.6.1a. [-V curve. BDY-3: red line, BPY-3 + BPY-1: black line.
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Figure 4.2.6.1b. IPCE spectra. BDY-3: red line, BPY-3 + BPY-1: black line.

Table 4.2.6.1. Photovoltaic performance of DSSC.

Cell Absorbed solvent Jsc(mA /em?)  Voc(V)  FF PCE (%)
BPY-3 Ethanol 1.49 0.51 0.72 0.54
BPY-3 + BPY-1 Ethanol 1.93 0.53 0.67 0.68

TiO, : transparent (6.5 mm). Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm’.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
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42.63 ZHEE®B{LF ¥ N EMEZ AV 7= BPY-3+BPY-1DDSSCH %

H—J@mg{bF ¥ % A 72BPY-3 + BPY-1DDSSC (4.2.6.1) (2B W TEHNR DA ENBLIHIT
X, ZHERILT ¥ > (BWE 6um, HGELE 7um, KEHE 7um) % UV 7-DSSC % (R
L7, Figure4.2.6.3a (XI-VH—7 T&H Y . Figure 4.2.6.3bIXIPCEAXY hTh D, K/3T7 A—
4 1ITable 4.2.6.31C % & ¥ 72, BPY-3D A5 72 5DSSCOMEAEEIRIEIL 6.89 mA/cm™ ThH -7
(3#), BPY-3 + BPY-1DODSSCIIBPY-3D A DDSSC & e~ B NMENTIR T L7 (6.30
mA /em?), —J7, BIEEMIZ0.56 V TH Y . Z OEIZBPY-10DDSSC D B i Il & FIFRE D
ECTdH -7z, Figure 4.2.6.3b ([ZEHMR TR L7 BPY-3+BPY-1 ODSSCHIPCEALZ kL DR
IZBPY-3 L BPY-10ODSSCOIPCEA Y L&A DETZHE DT - 1=,

-2

£ il T T T T T T 1

o

< or ]

E [ ]

~

Z 4 .

(2]

a | ]
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+ 2_ 7]
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Figure 4.2.6.3a. /-V curve. BDY-3: red line, BPY-1 : yellow line, BPY-3 + BPY-1: black line.
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Figure 4.2.6.3b. IPCE spectra. BDY-3: red line, BPY-1 : yellow line, BPY-3 + BPY-1: black line.
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Table 4.2.6.3. Photovoltaic performance of DSSC

Cell Absorbed solvent  Jsc (mA / cm™)  Voc (V) FF PCE (%)
BPY-1 EtOH 5.33 0.56 0.73 2.18
BPY-3 EtOH 6.89 0.5 0.71 2.48

BPY-1+BPY-3 EtOH 6.30 0.56 0.76 2.72

TiO; : transparent (6 pm), scattering (7 pm) and reflect (7 um) layers. Light intensity & mask area : AM
1.5G (100mW/cm?) and 0.16 cm®. Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImI, 0.5 M of
4-tert-butylpyridine in acetonitrile. Adsorbed solvent : ethnol.

4.2.6.4 BTT, BTT +BPY-1 ® DSSC

ST T INRa =y N T IS E— e T d—3— M b 5 72BTT% HV72DSSC
PERL L2 ABEW BRI LT ) — Ve M E AW D2 FNFIERL- & 2 A,
T & ) — V& AVT=DSSCIE 248 %, Rt % AV7=DSSCIE3.11 % T % /) — /L& Hui-
DSSC & ¥ @ WAMZh R CTh o7z, BTTOMEENIE8.14 mA /cm™ ToH o7z, IPCEALY k
JUET700 nmEL EORERFEEE TIRR > TEY, BbF ¥ o RE TOWINART ML Estis L
Tz, BlREEEIZ0.54 VTH » 7=, B L7-DSSCOMRALTF ¥ e HEMT B (6.5 um) DO
—J@ CERL L 7=, BTT + BPY-1DODSSCOERITIE b v WAETREE & L7-DSSCIERLL |, =i
O OB Z ik U7z, {ESL L 72DSSCORLF % L EMIIBDY-50D (435 D D L [F]
K. B (6.5 um) OE—JE TER L7=, BTTEBPY-1%2 W SE72{bF % o 8K E %
N 7-DSSCOMAE BT ILS.63 mA /em> ThH o7, ZOEIIBTTO /L LY HIKWMETH 5,
—J BTT +BPY-1 FHACEEEIX 0.62VTHY . BITOALDENL LY b LU, FVI—71%
Figure 4.2.6.4al27% L 7=, IPCEA X7 h/L|IFigure 4.2.64blZ/R L, H—@F L H 7 TILAOFETD
AR MV OEWE R TERILS L 212 LT, /37 A—X[JTable 4.2.6.412F & 07z,
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Figure 4.2.6.4a. [-V curve. BTT: solid line, BTT + BPY-1: dotted line.
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Figure 4.2.6.4b. IPCE spectra. BTT: solid line, BTT + BPY-1: dotted line.

Table 4.2.6.4. Photovoltaic performance of DSSC

Cell Absorbed solvent Jsc(mA /em?)  Voc(V)  FF PCE (%)
BTT Ethanol 6.89 0.5 0.71 2.48
BTT Toluene 8.14 0.54 0.71 3.11

BTT + BPY-1 Toluene 5.63 0.62 0.74 2.59

TiO, : transparent (6 mm) layers. Light intensity & mask area : AM 1.5G (100mW/cm?) and 0.16 cm’.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImlI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
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42.65 ZTREBILT ¥ X EBM%Z iV 7z BTT. BTT +BPY-1 @ DSSC
LRI~ > (BWE 6pum, BELE 7Tum, S 7um) % VW 72DSSCEERL L 72

(Figure 4.2.6.5a, 4.2.6.5b, Table 4.2.6.5), a3 DWAEFMIT 4.2.6.5 LRI LML Lc, BITAH
BEHIE LT, b B ABRWAERL S U THWZDSSCOEMNHRIT 5.02% TH 7=, EiEE
Al BCEEIRIEICIZI1L.7 mA /ecm™ | 0.59 VT&H > 72, IPCEASY kL iE800 nm D £ I% 5 8
HWETIRN->TEY BT ¥ o EKE TOWIMA~T kL &shiis LTz, BTT + BPY-10DSSC
IIBTTD %% MV 72DSSCIZ b, FERE e, BB & 84 L7z, BTT + BPY-1DIPCE
AT RV OIBRIZBTTO 2 DDSSC & FEE DR TH - 7=,

-2

§ 12 -

< 10} -
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z °r i

2 6 N

3 a4l -
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Figure 4.2.6.5a. [-V curve. BTT: purple line, BPY-1: yellow line, BTT + BPY-1: black line.
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Figure 4.2.6.5a. IPCE spectra. BTT: purple line, BPY-1: yellow line, BTT + BPY-1: black line.
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Table 4.2.6.4. Photovoltaic performance of DSSC

Cell Absorbed solvent  Jsc (mA /ecm™)  Voc (V) FF PCE (%)
BTT Toluene 11.7 0.59 0.72 5.02
BTT + BPY-1 Toluene 11.4 0.57 0.72 4.79

TiO; : transparent (6 pm), scattering (7 pm) and reflect (7 um) layers. Light intensity & mask area : AM
1.5G (100mW/cm?) and 0.16 cm®. Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImI, 0.5 M of
4-tert-butylpyridine in acetonitrile. Adsorbed solvent : toluene

43. KEOER

KRETIEE Y DU L NVRBEDOBICT & o ~DOWEY A FOBNEZFIAT 22 LIk 2%
BEhEOm AL, EBREITo, B Y ULKBPY-1&BPY-3, BTT% L3 & H7-DSSC
[ZOW TR L7z, BPY-1XBPY-3I3[LTF & > R COWRINHE N R  MAGDED Z LT,
JROVRIN IR AN TED L ER T2/ TH D, EE. BPY-1 + BPY-3DWIN AT R,
BPY-1, BPY-3OWIUH A EME L7 D Th-o7-, BPY-1 + BPY-3DDSSCIZBPY-3D#4 D
DSSC & 0 & Z#ash= 3\ F L7, IPCEAXZ hLiE, BPY-15 X U'BPY-3DDSSCH A7 kL
G SEIERIETH o7, B PIVIKBPY-1& BPY-3% K5 S B 7254 O GERERORE
IEBPY-3D L% W75 SH7HE L RREDOKRETH D Z LD ->7-, BPY-1 + BPY-3DDSSC
OBFCEIEMEA, BPY-3DBKEBIEM L 0 i E Lok, 2 EOT v h —EA ik T % v &
HxE B ET BT XD, VLRI ARAT 4 Z—H~DOWEFBERMA b Z
LICERT D EEXLFENRTE D,

T )T 7 VIVERGHEBTT & B Y U LABPY-1% 35 & £ 72 DSSCIZBTT D A D DSSCIZ I
NI RPME T L7z, IPCEARY b L BPY-1D LT & v FH~DW 5 BITBTTIC A,
DVETHL EHRISND, BHEEOKTORKE LT, GRUEREDRAIT X 2 KSR E
DIET, F7003, BT ¥ o RETOBREINNEN LT LR EE2 T2 HEN KD,

BPY-1 BPY-3 BTT
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EBRE

Synthesis of compound 1

A solution of benzo[1,3]dithiol-2-yl-tributylphosphonium tetrafluoroborate (2.21 g; 5 mmol) in
anhydrous THF (30 mL) was prepared, purged with argon and cooled to =78 °C. To the solution LDA
(1.12 M in hexanes) (4.5 mL; 5 mmol) was added dropwise and the resulting mixture was stirred for 1 h
at 0 °C. Then (5-Bromo-thiophen-2-yl)-phenyl-methanone (1.34 g; 5 mmol) in anhydrous THF (30 mL)
was added dropwise and the mixture was stirred up to room temperature. After the solvent was
evaporated, the aqueous layer was extracted with DCM. The combined organic layer was washed with a
saturated NaCl solution and dried over MgSQO,. After removal of the solvent, the crude product was
purified by column chromatography on silica gel (hexane : DCM =1 : 1).

Yield: yellow solid (1.45 g; 3.6 mmol; 72 %).

'H-NMR (300 MHz, CDCly): 8 7.52-28 (m, 6H), 7.16-7.09 (m, 3H), 6.96 (d, 2H), 6.58 (d, 2H).

Synthesis of compound 2

A solution of 1 (1.21 mg; 3 mmol), 5-tributylstannanyl-thiophene-2-carbaldehyde (1.2 g; 3 mmol) and
Pd(PPh;)4 (173 mg; 0.15 mmol) in toluene (30 mL) was prepared, purged with argon. 2M K,COs5 aq (30
mL) were added and the resulting mixture was refluxed at 100 °C for 12 h. After the solvent was
evaporated, the aqueous layer was extracted with DCM. The combined organic layer was washed with
water and dried over MgSQO,4. The compound was purified by column chromatography on silica gel
(hexane : DCM =1:1)

Yield: yellow solid (978 mg; 2.25 mmol; 75 %).

'H-NMR (300 MHz, CDCls): 8 9.84 (s, 1H), 7.64 (d, 1H), 7.54-7.45 (m, 3H), 7.39-7.35 (m, 3H), 7.26 (d,
1H), 7.21 (d, 1H), 7.19-7.12 (m, 3H), 6.74 (d, 1H).

Synthesis of compound 3 (BTT)

To a solution of 2 (219 g; 0.5 mmol) and 2-cyanoacetic acid (43 mg; 0.5 mmol) in anhydrous MeCN (6
mL) was added piperidine (0.01 mL; 0.10 mmol). The mixture was refluxed for 12 h under argon and
then, cooled down to room temperature. After the solvent was evaporated, the aqueous layer was
extracted with DCM. The combined organic layers was washed with water and dried over MgSO,. The
pure compound was obtained by silica gel column chromatography (DCM : MeOH =9 : 1).

Yield: red solid (227 mg; 0.47 mmol; 93 %).

'H-NMR (300 MHz, THF-ds): & 18.09 (s, 1H), 17.53 (d, 1H), 17.3-17.25 (m, 3H), 17.23-17.21 (m, 2H),
17.15-17.12 (m, 3H), 17.05-17.02 (m, 1H), 16.53 (d, 1H). High-resolution MS/FAB. Calcd: m/z 500.999
(M)+. Found: m/z 500.9983 (M)+. Anal. Calcd. for C,cHsNO,S,: C, 62.25; H, 3.01; N, 2.79. Found: C,
68.93; H, 3.81; N, 3.23. Mp: 236-237 °C.
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T2 EFEN D725 DSSC T LAY B AT 72 FHE B 2 < L7z,
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T R—=T AW TF & & M & LT R IEOR PR (DSSCs) X, K= X F ToE ik
KROT S AREENE S 2T DR H 2D TS 2, DSSCs Z MRk T 2 A F I3 HRE 7k
ANZBWTHEREH Z LD, ZOREIICELBAELRET IRERFETH L, TRETL
T LEHRSARN T 4 ) CREFEO XD R EAARNEM I, DSSCs ITHEAINTE
72 BT 4 ) CREBRICBNT 123 %OEWVKRBEBERGEIRES N TS, Ll
WMo, BEEHEARITANK - HBHARETHY, aX BP0 E Vo ERESRRH D, ZD X
IRERNOBBEETERV, BT —OARERER~OELNLVEE-> TV D, AMEHRIT
ENAWNENRRKEL  EEDOETT 4 7 45— a VRS THD L VST B AN D D, AR
FIEHZITKBEH AR L, SEBICEFZEAT D702, D-r-A RO FA#RFSh, bY
T2 VT I RN =)V T2 ) F TV A RV e Wa e T IV EEEETF RT
—R=FEAVEZLORFEAETHE S, BT I vRa=y FEES R —— MIHWEZE
FIZOWTOREIENTH D, 13-VF T =124 VT VIFBOVEF R TF—MHE2E-TED,
D-n-A BULEH D R —r3—= K & LTRHWALAEYOBREN SN TS T, L LA s, DSSC
DISAD T2 D D-n-A BUAFE O WA 1T T, HIEBEA THRN S, KRETIIRV Y -1-3-UF
F—=N2-A VT UEET RF—2=y MIHWZ D-n-A {43 1a,b B LD
AFNTFN3-PF A= N2 4 VT v 2E L NI —2=v MIHAVZ D-n-A T35 2a, b % 5% 5
L7, laBXP2ald7 ==&k g AXR—HF—L LTHLEARZTHY, IbBLO2b L7 ==
NEXVEBETLY v T RTFoo VAR LIEGAETH D,
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Figure 6.1. Molecular structure.
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6.2.1.1~4 [T BDY 5D 7 a7 4 THIE TH 5, HOMO i 1L 1,3-VF A4 —/L-2-4 VT =
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Figure 5.2. 1127~ L7245 D a5 DA kI Scheme 5.2.21278 L7z & 9 IZHEE D )G % fl A4 T
1To712°, AREROBBICKHERBAR=T MEITRE SN TS FECHEWER Lz, SLEw
IINMR A7 R LB L UOMSAY R LIZ LV [FE LTz,
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Figure 5.2.1.3. HOMO orbital and LUMO orbitals of 2-methylene-benzo[1,3]dithiole dye 2a.

Figure 5.2.1.4. HOMO orbital and LUMO orbitals of 2-methylene-benzo[1,3]dithiole dye 2b.
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Figure 5.1\ Z/R L7z 13- F A —/L2-A U T 43D THF H TOWUL AT hL&2JIE LT
(Figure 5.2.3.1), XV -13-VF A4 — N2 A VT U &FBF FF—_— K Txz=VHiE g AN—
P—L L THDo1ald THF FIZEBWT, 441 nm ZWIUBKEE ETH5AXT L THoT-,
A=W — % F T = )VILCER L 72 1b ORI ALY R VORI K R 1T 1a IZ_EHE Y
7 hL7z 486nm), FT== LT 7 =z = VALV bEBEFEERI=y N THDHZ LITIZ, 1,3-
VFA—Nazmy F oV RITTPHRERE WO THD EEZLLND, 2a TE S N
EHORAFNFAETIOREM LTI ATFVTF 13-V FF—n2-A4VF v 2EF R F—r3i—
FEL7z2ad_o V13-V TF 4 —N2 A4 VT %B L R —/"—hr & Lizla XV EEEMIC
WAAR K 2 & DRI AR MV Thole, Fo=lr g AX—%—L 1L THD2b1T2a LV
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DFH—N2-A VT U E B 1a KRR RIZREE Y 7 b Lz, FERIZ, 2b OWRICR
S RIE 1b K0 R ML L7,

4 5D 13-VFF—N2-A VT U AROBILT ¥ o FEH ETORRARY MVERIE L, 4
DDEFEDWIL AL bV ORIAGEK S EIX THE ImEH ToO b0 L~y 71—y 7 b
L7 BEFREY 7 FLZGHEIZID TH V(56 nm), RNTEKEEY 7 b L7zGHEIT1a TH
©72(42 nm), 2a B 2b ORI RS 7 MINEIZ 16 nm, 26nm TH o7z, 2a B LU 2b 1351
WNIZATFNTAEEFLTND D, AR AEMOBELZINX 2FENTEXLEEZDLENTE
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Figure 5.2.3.1 UV-vis absorption spectra of the dyes 1a (black solid line),1b (black dotted line), 2a (gray
solid line), 2b (gray dotted line) in THF.

Absorbance (a.u.)

400 500 600 700 800

Wavelength/nm

Figure 5.2.3.2 UV-vis absorption spectra of the dyes 1a (black solid line), 1b (black dotted line), 2a (gray
solid line), 2b (gray dotted line) on TiO,.
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Figure 5.2.4.1. Cyclic voltammograms of 1a Figure 5.2.4.1. Cyclic voltammograms of 1b
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Figure 5.2.4.1. Cyclic voltammograms of 2a
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Figure 5.2.4.1. Cyclic voltammograms of 2b



Table 5.2.4. Photophysical and electrochemical prpperties.

Dye 1a 1b 2a 2b

Amax (nm)* 441 486 443 476
Amax (nm)” 399 430 427 450

e/ (104M-1cm-1)* 2.94 3.77 2.59 2.11
Eoo(eV)* 2.33 2.19 2.18 2.07

Eox (V vs SCE)? 1.01 0.91 0.85 0.83
E,. (V vs SCE)* -1.32 -1.28 -1.33 -1.24

“In THF solution. ”On TiO,. “ The 0-0 transition energy, Eo-o estimated from the intercept of the
normalized absorption spectra of the dyes in THF. ¢ The first oxidation potentials from cyclic

voltammetry. ° Eg.g— Eox.

5.2.5 DSSC %5t%

Figure 5.2.3.2 (Z/R L72f{LTF # o REICE W TR BIEEEMICRINEZ o 1a LR bERE
BN Z B2 2b & VT DSSC ZERL L7z, 1a (TR0 Y -13-VF 4 — 24 VT U HEF K
F=N=hELTHL, 7=V EE2 g A= —L LTHTHGETH D, 2b IF SMe-1,3-
FA—N2-A4 VT % KF—_—= N2, Tz % g A=Y —L LTHETLHHEHETHD,
MR B A2 1 1,2-dimethyl-3-propylimidazolium iodide (DMPImI), 0.1M Lil, 0.05M I,, 0.5M
tert-butylpyridine (TBP) O 7 & b= M U LKA Az, HIEIX AM1.5G DKty 2 2 b—#
DEIETTITo 72, Table 5.2.5 3% /8T A—4 &% L i, FEHKEERMEIL 1a (439 mA /ecm?)<
2b (7.06 mA /cm?) Thotz, —HEKBFMEIL2b (045V) <1a (0.52V) TH-o72, 2b 1 H
72 % DSSC OMAEEIMEA 1a XV EVMEZ /R L7ZDIX, 2b ORI AT ML la DE L
LR EFREEBRICKA TS Z L E—& L= (Figure 5.2.3.2), 1a X 13-UF A — 124 UF > -
7z = VMO RUNDTED, AFES T O —IRRIETF X b, LRy 7 ARAT
A T—H~OFEBEBLBEAZIH LB FNTEL, —FH, 201X 13-VF A4 =24V 7
Voo 7z = VHERBIOEEEREWEB I LNDTD BABEPMTORART N EBZI LD,
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Table 5.2.5. Photophysical and electrochemical prpperties.

Cell Jsc(mA /em?)  Voc(V)  FF PCE (%)
1a 4.39 0.52 0.58 1.31
2b 7.06 0.45 0.59 1.88

TiO, : transparent (5.5 um). Light intensity & mask area : AM 1.5G (100mW/cm®) and 0.16 cm”.
Electrolyte : 0.05 M of I, 0.1 M Lil, 0.6 M of DMPImI, 0.5 M of 4-tert-butylpyridine in acetonitrile.
Adsorbed solvent : THF.

53 REDRE W

ARETIER V13-V F A= N2 A4V T va=y hEBLOATF AT A-13-VF A —/1-2-141
Tra=y NeBT R)P—— e LTHT S D-n-A BEA5E 1a, 1b, 23, 2b ZFFE L, T 5D
HFHRE, B FRERS KOV DSSC #2200 L, AFAFAEITEF N T —H1H 5
ZEMNB 2 BLU2b T 1a, b IS BERT UV Y VNI ORI T 4T THDZ ENGh
Sl ATFNFA-N13-VFA— N2 A4 VT va=y b7 50F (2a,2b) TV -13-TVF
F =2 AV T ra=y NERTLHARIZS, WA MVERERILZ ERbo o7,
Fr= A g A= — L 45 2b 20572 5 DSSC IZEKEBHME 7.06 mA /cm PR L7z,

78



EBRE

Synthesis of compound 4a

Under argon atmosphere, triethylamine (10 ml) were added to the solution of benzene-1,4-dicarbaldehyde
(240 mg, 1.8 mmol) and benzo [1,3] dithiol-2-yl-tributyl-phosphonium tetrafluoro borate (796 mg, 1.8
mmol) in THF. After being stirred at room temperature for 16h, solvent was removed under reduced
pressure to give the residue. The product was washed with water, extracted with CH,Cl,, dried over
MgSO,, concentrated under reduced pressure to give the crude product. The crude product was purified
by column chromatography (hexane/dichloromethane) to obtain 4a (227 g, 1.03 mmol, 57 %).

'H-NMR (300 MHz. CDCls): 8 9.97 (s, 1H), 7.88 (d, 2H), 7.47 (d, 2H), 7.29 (m, 2H), 7.18 (m, 2H), 6.63
(s, IH).

Synthesis of compound 4b

Under argon atmosphere, triethylamine were added to the solution of thiophene-2,5-dicarbaldehyde (280
mg, 2 mmol) and benzo[1,3]dithiol-2-yl-tributyl-phosphonium tetrafluoro borate (885 mg, 2 mmol) in
THF. After being stirred at room temperature for 16 h, solvent was removed under reduced pressure to
give the residue. The product was washed with water, extracted with CH,Cl,, dried over MgSOy,
concentrated under reduced pressure to give the crude product. The crude product was purified by column
chromatography (hexane/dichloromethane) to obtain 4b (337 mg, 1.22 mmol, 61 %).

'H-NMR (300 MHz. CDCl;):  9.89 (s, 1H), 7.69 (d, 2H), 7.61-7.57 (m, 2H), 7.30-7.26 (m, 2H), 6.99 (d,
2H), 6.87 (s, 1H).

Synthesis of compound 1a

Under argon atmosphere, piperidine (0.16ml, 1.60mmol) were added to the solution of 6a (500 mg, 1.60
mmol) and cyanoacetic acid (270 mg, 3.20 mmol) in acetonitrile. After being stirred at reflux for 3 h,
solvent was removed under reduced pressure to give the residue. The crude product was purified by
column chromatography (dichloromethane/MeOH) to obtain 2a (460 mg, 1.21 mmol, 75%).

'H-NMR (300 MHz, DMSO-dj): & 8.26 (s, 1H), 8.10 (d, 2H), 7.61-7.59 (m, 2H), 7.52 (d, 2H), 7.29-7.26
(m, 2H), 6.95 (s, 1H). E.A.Found: C, 64.07; H 3.29; N, 4.15; S, 19.01, Calcd.For (C1sH;1NO,S,): C,
63.93; H, 3.44; N, 4.07; S, 19.06.

Mp: 289-290 °C.

Synthesis of compound 1b
Under argon atmosphere, piperidine (0.5ml, 0.5mmol) were added to the solution of 6b (96 mg, 0.3
mmol) and cyanoacetic acid (130 mg, mmol) in acetonitrile. After being stirred at reflux for 12 h, solvent

was removed under reduced pressure to give the residue. The crude product was purified by column
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chromatography (dichloromethane/MeOH) to obtain 2b (70 mg, 0.18 mmol, 61%).

'H-NMR (300 MHz. DMSO-dg): & 8.06 (s, 1H), 7.67 (d, 2H), 7.62-7.57 (m, 2H), 7.30-7.27 (m, 2H), 7.23
(s, 1H), 7.09 (d, 2H).

E.A.Found: C, 55.95; H 2.64; N, 4.08; S, 28.01, Calcd.For (C;sHyNO,S;): C, 55.79; H, 2.52; N, 4.06; S,
28.08.

Mp: 283-284 °C

Synthesis of compound 6a

Under argon atmosphere, Triethylamine (9.36 ml, ) were added to the solution of
benzene-1,4-dicarbaldehyde (1.35 g, 10.1 mmol) and (4,5-Bis-methylthio-1,3-dithiolr-2-yl)
tirbutylphosphonium tetrafluoroborate (325 g, 6.71 mmol) in THF (50 ml). After being stirred at room
temperature for 16h, solvent was removed under reduced pressure to give the residue. The product was
washed with water, extracted with CH,Cl,, dried over MgSOy,, concentrated under reduced pressure to
give the crude product. The crude product was purified by column chromatography
(hexane/dichloromethane) to obtain 6a.

'"H-NMR (300 MHz. CDCLy): § 9.95 (s, 1H), 7.86 (d, 2H), 7.33 (d, 2H), 6.54 (s, 1H), 2.46 (s, 6H).

Synthesis of compound 6b

Under argon atmosphere, triethylamine (3 ml) were added to the solution of
thiophene-2,5-dicarbaldehyde (280 mg, 2 mmol) and (4,5-Bis-methylthio-1,3-dithiolr-2-yl)
tirbutylphosphonium tetrafluoroborate (969 mg, 2 mmol) in THF (10 ml). After being stirred at room
temperature for 16 h, solvent was removed under reduced pressure to give the residue. The product was
washed with water, extracted with CH,Cl,, dried over MgSQOy, concentrated under reduced pressure to
give the crude product. The crude product was purified by column chromatography
(hexane/dichloromethane) to obtain 6b.

'"H-NMR (300 MHz. CDCLy): § 9.85 (s, 1H), 7.68 (d, 2H), 6.91 (d, 2H), 6.79 (s, 1H), 2.46 (s, 6H).

Synthesis of compound 2a

Under argon atmosphere, piperidine (0.1 ml) was added to the solution of 6a (500 mg, 1.60 mmol) and
cyanoacetic acid (272 mg, 3.20 mmol) in acetonitrile. After being stirred at reflux for 3 h, the solvent was
removed under reduced pressure to give the residue. The crude product was purified by column
chromatography (dichloromethane/MeOH) to obtain 2a (455 mg, 1.2 mmol, 75%).

'H-NMR (300 MHz, DMSO-dj): & 8.04 (s, 1H), 7.99 (d, 2H), 7.36 (d, 2H), 6.84 (s, 1H), 2.47 (s, 6H).
E.A.Found: C, 50.42; H 3.49; N, 3.61, Calcd.For (C;sH3NO,Sy): C, 50.63; H, 3.45; N, 3.69.

Mp: 212-213 °C
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Synthesis of compound 2b

Under argon atmosphere, piperidine (0.5 ml, 0.5 mmol) was added to the solution of 6b (96 mg, 0.3
mmol) and cyanoacetic acid (75 mg, 0.9 mmol) in acetonitrile. After being stirred at reflux for 12 h, the
solvent was removed under reduced pressure to give the residue. The crude product was purified by
column chromatography (dichloromethane/MeOH) to obtain 2b (96 mg, 0.25 mmol, 83%).

'H-NMR (300 MHz, DMSO-dj): & 8.19 (s, 1H), 7.75 (d, 1H), 7.20 (d, 1H), 7.06 (s, 1H), 2.47 (s, 6H).
E.A.Found: C, 43.55; H 2.85; N, 3.60, Calcd.For (C,4H{;NO,Ss): C, 43.61; H, 2.88; N, 3.63.

Mp: 216-217 °C
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6 E RIE

KB EM (DSSC) DOER{LF Z o B DO BEEA & 72 2 AR AFEITHOWTHIZEZ 1T,
AR CIT AR TREHESE. &A%, DSSC HEIC O W TR T X 72, K& TIIANEORIELIT
P

2ETIE, 13-VFA— N2 AV T ra=y NaeEF R —— & LTHT S D-n-A Bl
ZAR L. DSSCHEHMEDEMRIZOW T BT LTz, EREMR(TION R &) ETomFEDORLS] -
B ROt 5y 7 A EAE A3 FLRE IR (Jso), MRAXEEIEME (Voc). BRI LT %
WCOWTHLIZT 272DIZ4EOEEZ AR L, FEERZE ZA13-VF A —N2-4 VT
NCHRET A B NI T 2 S VBRI OB AN BN OB IR H D Z L EH LT
U7o, BB, BMEEMEAR L2 &0 7 = = VEMRIEITOHFEOREIC L 2 HE D
FIEDOPIE & WEFBEOMBNZREH D Z LB gnoT,

3ETIE, BIVUVBIVOEI V=T ANILRFAF L=y hELTCESFT 78T H— -
Toh—a=y VeRETAH0ESTEERKL, DSSCHEZBHALIC LT, BV UAEBEIIE Y
Vraz=y NOEFT 7T Z—HEREL RO RIKOVRINEEZ A L TW ol B
DIREHED B 72 D DSSC I W ELRE R IR 2 /R S 72203 o 7o A8 FLir i OB B R & R LT
RBRBEA T ERA T E LT VU AMEERB LI UvHREFA T L LB V=T A
REOFITTH ) — VTR IR ORI & o8 Lz, Bk T & 3Rl Tl *fA 4> O TR
IRDWINANRY MVvER LT, GUERERNAT L ELTHTLHIE I V= AMERERENL D
DSSC I3 b @ W RS ERIE 2~ LTz,

4TI 2 EEOOELMAE DR N 7 T )L DSSCIZOW TR L7, BLF #  REIIE
TVYAT v RV A RBXONA A A NBGFIET D, WVRRITT VAT v RigHA
M LS L, BV P ONOISLE -6 1TV A ARV A b ~DOILEW a5 ST Lo Wv &%
A6hDZ L EFIFT 5L TDSSC DA S To, VAR XF LN ET VI —R— T 5
EYUVZUANBLVRF VAT V2= VT H0FLE Y U RGEEZRE SET-B{LT
& R Z F T2 DSSC TS SR EF K OB EME O ER R ende, 7 2 7 7 U Vg
EATHOELE) VARAFEEZ AV DSSCIZYT /T 7 UAEEREAFE DI O DSSC 1T~
KEBIRAE O 2B LA, BB E L7,

S5ETIH13-VF A2 VT ra=y hOBBREHRIZOVTHATZ, AFATFA-13-0F
F—=N2-AVTFra=y NaFT D DnARERLEN V13- UFF— N2 4 VT ra=y i
EHT D DA BAFEEAR L, WL A, AFNFAEBEILEET D OFRITRINSE
KR L, n A=Y =L LTTF =V EEFALLLAETIE, XY - ATF LT A OEFEN
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(B B3 FLRHIME IR 2B T & T,

RN (A FEIAR A B (DSSC) 2 BT 572D DEE R Z L O —DLE LW IRIE 2 4 L.
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