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In chapter 2, we have described the synthesis of a series of metal-free organic
dyes containing phenylene-thiophene-phenylene (PSP) as conjugated spacer attached
with various tert-butyl substituted arylamines as donor and cyanoacetic acid as acceptor
for DSSCs studies. Presence of tert-butyl group in the donor unit not only suppressed
intermolecular aggregation but also helped in reducing charge recombination rate.
Compared to other dyes discussed in this chapter, the dye CB-PSP exhibited maximum
overall conversion efficiency (6.70 %) with short-circuit photocurrent density (Js;) of
14.63 mA-cm™ and open-circuit photovoltage (Vo) of 0.685 V. For dye CB-PSP, the
observed maximum photon-to-current conversion efficiency (IPCE) was more than 80%
in the region of 420~480 nm. We have used CDCA (chenodeoxycholic acid) as
co-adsorbent in order to demonstrate the effect of tert-butyl group for inhibition of
dye-aggregation. By using CDCA, the overall performance was decreased as CDCA
reduced the dye loading amount on TiO,. This observed result indicated that tert-butyl
group effectively inhibited the dye-aggregation on TiO; surface.

In chapter 3, we have described the synthesis and studies of a series of organic
oligo-dyes for DSSCs applications based on non-conjugated phenothiazine both as
donor and spacer. As the geometry of phednothiazine is not planer, the dyes containing
phenothiazine unit are expected to reduce the rate of charge recombination and
dye-aggregation. All dyes discussed in this chapter exhibited an open-circuit
photovoltage (Voc) more than 0.78 V under the AM 1.5 solar condition (100 mW-cm).
The overall conversion efficiencies of dyes followed the order dimer > monomer >

trimer. The dye PT2b showed maximum efficiency (7.78 %) by using DCA as
v



co-adsorbent with short-circuit photocurrent density (Js) of 14.3 mA-cm?, open-circuit
photovoltage (V) of 0.83 V and fill factor (FF) of 0.65.

In chapter 4, we have demonstrated the synthesis and studies of dyes containing
1,3-indandione-5,6-dicarboxylic acid as an electron acceptor in place of commonly used
conventional cyanoacetic acid. For these dyes, substituted triphenylamines have been
used as donor units. The strong electron withdrawing nature of 1,3-indandione shifted
the absorption maxima towards higher wavelength of these simple D-n-A systems. The
dyes 1 and 2, showed about 100 nm red shift in their absorption maxima as compared to
analogous 2-cyano-3-(4-(diphenylamino)phenyl)acrylic acid (TPA) which we have used
as reference dye for comparison. The dye 2 exhibited maximum efficiency of 2.51 % in
presence of DCA (100 mM) with short-circuit photocurrent density (Js) of 6.86

mA -cm, open-circuit photovoltage (Vo) of 0.58 V and fill factor (FF) of 0.63.

Keyword: DSSCs, TiO,, tert-butyl, phednothiazine, 1,3-indandione-5,6-dicarboxylic

acid
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7 4&1% > 1241 (Ruthenium, RU) & 472 3 i chig Bl (e~ 2 5 2% 4 5k § e rn
ALBT Y= v T TP A REJIT Z oK B 5 g AR 4
Bk g R - AT F W IB AR FERIAMEERIER
H 32 a33kTRAG 24k qikond o FPL At ABLR S TR
AR R ATAR 0 R s * fE 5 Gratzel Cell - (B]1-6)

semiconductor dye electrolyte conducting glass
counterelectrode
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24 X RER 0 L EY R E UG T SRV N SR I I DR

®A R

1-4 32330

1-4-1 Zacit = e 7 f&*\ﬁ#

d %1991 & M. Gratzel>*Natures % » M2 K &= 3 (V45175 1 173 4& > #-H
TEELETHAF Y > T RL Pt H P ehagit S i 70 (DSSCs) 0 H ik gk
Gt s § e AR AT WP R E A

FoiEEE S > XA S B EMT keha A EF s o H P B 3 F TS

B L v g PR YA - BATHE AWK B E B RER G
INHEREE R ARG L ARRR A BRTE TR o RAT B

sAET a1l TREfrHTE b AR cRf@R  1iTRiEs 2 24

6‘5*

P g(TIO) S * T oIy 0 Fl Bt 5 av ez AL a- 2

Iy

Ej‘}i—rgﬁ’k rig”jﬁ“%?i__h_m—r‘} B g UARIT S ATER o ARB RS

~

B F L EENTRE ABRY o FRENI2 ) s PRI FTRE

ﬂ)&
m
e
=N

FAPYEBPHTE £ 2 bs TEY Bher 33 1T jainics 2§ 8
R s s s T Rt P EARGURIE - (B1-7)
£

AECI SRS

‘Q_

-

s
l_

(2) At MG oS 2 F 12 B L)
(3) " ﬁ” ’Fﬁ/\:’ ¥

(4) #HT &

12



O Nano-scaleTiO,

Organicdye

[ ITO glass ] . /;
Pt thin layer vy

@ﬂgi:T
Nano-TiO, + organic dye

ITO glass

A ,4’7_'
FANSYivs

Nl
e
iy
=
;\‘\
S
W
ETS
P
22
4
F_&
W
Y
[
ot
Bt

2 A fi 7 + (ground state)jgcsF T s ik
(excited state) » @ & s fi T + i ¥~ - § 1 g (TIO, conduction
band) - d v § i g5 A G KR H R RS T 0 AL e T S T
DR SRR Y Tk = AR RNk e 4 F 213
FUABAA G UREBIHTIE IR TIR 8§ B RES AR
REMTBFEFER §F P EOTBETRRLHTEAT I RER &5 2D
7 ;E:/B; T3 @ﬁ%i@%&"%iﬁﬂ SHRRE AL Dk ?@(VOC){*Q%: —5? it ﬁ—’(m‘?’
¥ & 14 (Fermi energy level)fr @ j2 7§ B R T 2 Beng mork o £ 3 (J)
PlE§ £ FIARPHHOcFE 2D F L BRPF o B HRNT L r §3 2%

52 3 fcfond ko (F18)
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=R AR SRR S A

B 4% TiO,|dye(S) + light(hv) —TiO,|dye*(S*)
TiO,|dye*(S*) — e’( TiO,) + TiO,|oxidized dye(S™)
2 TiO,|oxidized dye(S*) +3 I' — 2 TiO,|dye(S) + I3

s Iy +2e(Pt)—> 31

@k J&: e’ (Pt) + light(hv)— e’ ( TiO2)

-

Pt layer

!

TiO, S0/S* 10%s
FTO glass n,
s Y
e- ; < o
/ X :

TiO,|dye(S) % 7+ 5 s *if = F it 4% b el > TiO,|dye*(S*) & & L% kBB fs #1
25 & s ik 0 TiO oxidized dye(SH) 2 AL #-3 F H » = F L 4rts a5 2 § b
fi > B(B2-DE T LAt AR TS LR RBAPEF TR AR F LRk

FEE O RT EEIEFEQ) L ER L0 R EF TS g REE
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SF N EEFQ) L, ERYLL10~10 s A F R ¢ L RR G NT 2

‘gh‘i
H
o
©
w
34
N
‘;q.

FerB R (3) AR b= F i 4enT € FATITOR T (4)
EUHTRBIHTIE T I FAE AT R P ST R SR AT A 4
BEFITORBF g B o A PERTHHE LT O L B DRET A (@) 5 242

pEay -7 FHEL LS ’ﬁ‘iﬁg%ﬁﬁﬁ% g h B Fla Rt R o -

FillaxenE o (D)EF N FIAIPTISFRNTETRE  EXTEY
BRoALLHTIn(darkeurrent) > (C) 5 = F C 4TI B R F AL G Fenf L

AR s R AKER 5 £ % & (recombination) ot it ek e 3m gk

P

T T o 5T

PR R s

fi
e

Bei o e ekt P AR LAY 0 Bl

P F @ A ITOR I ek 3 ~ B o w T onend
FE R EIFEFTHEE TP RO BEEE HAc L P B R AR

E’»iliz’% » B § fU4T N 4o b ‘}Ey\? s B F A p;.mﬁ‘ﬁngr X _4e L,,_jc;uﬁfgwgﬁ °

Gra B BT T AR LR100 BEBRLET 2 F MG H R
é?f"‘j}';"’ 1 {2 ?‘7 g)% * kR ,:»/Fb/ﬁ ﬁ:ﬁw’ﬁ‘ﬁrﬁ/\%;-lﬂ(ﬂ‘f‘%
few e EoH 1RV 4L sesidh(Anatase) ~ £ &= 7 (Rutile) ~ 4 45 7 (Brookite) = &

¥ A AL AR T thd 44k 7h(Anatase)fe & & 7 (Rutile) © (]1-9)

22000 pF > A. ). Frank% A B 5 a3 467 e iz § LR B LR A B

RRPEPREE FRAARERF REFHTRABL TR AN ELT R
LTS ST A B R N R T g SRR RS 22 0T 3
BFe G oo X2 N HIER A B R AT F AR e r B Y £ 4
I WL g > GI4cW.-F. Leung ¥t 220134 1% = § i gkeng k10w o
e RhazARE S FHRFR FRFNVIIFL LT v FHcFRE
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Soped
e &

O_‘tp

o .‘O

<

Rl1-9 = ¥ i 4rAnatase{rRutilez. 5 & B4

KB - § ke A el T A o TG 2 F e AL Tl

PRAY ket Bk e B E s Gl f g e R R -

#1-1 = 5 i* 4k AnatasefrRutilesrg» 12 {2 5

oy Anatase Rutile
2 TiO; TiO,

& %+ & (g/mole) 79.866 79.866

% & (g/em’) 3.9 42

c L2 Tetragonal Tetragonal
fFF(HRB UV kL E) | 3.2eV(385nm) | 3.0 eV(410 nm)
S e ¥ #ca(A) 3.782 4.584
St B b(A) 3.782 4.584

S e ¥ #c c(A) 9.502 2.953
37 5% 5 -air 2.55 2.7

-water 1.9 2.1

H R 5.5-6 6.0-6.5

+% 8L (°C) # % & Rutile 1850

U S SC2R ) 48 114
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1-4-4 3L

AR LAt B R T e ki AApF ER - Tk d o F it Arsfe sk
Bskeriin 4 25 0 Fiet Bk hd R ki A B kena B U FH
PBAREFLRIRAPETRF I - BALEPLFTOHTEG TS B
(D) avait®RPFrs i B jchi TIRRPFRZET ISt NAT A

v 45 % @ 425 enF a0 B F -COOH ~ -SO3H ~ -POgH, % « £ » 12-COOH 5 ¥ #
¥ g i e
4) 247 LUMO & § * = § 1 4ken® A S /8 %2 3 ¥ %~ ;7 HOMO & 1

THRFT CRRT o R EAET R L A

RARRORE S TP AR T AL B EBARIHT B
Ao 3 & BARD R LR F e
cis-bis(isothiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(ll) (N3) -~ cis-
diisothiocyanato-bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(1l) bis(tetrabutyl-
ammonium) (N719)% triisothiocyanato-(2,2":6',6"-terpyridyl-4,4',4"-tricarboxylato)-
ruthenium(ll) tris(tetra-butylammonium) (Black dye) e N3 7 F &= § i &% 4 %
1991+# » H w3z = = 400nm~800 nm » @ Black dyesrx jz g Fl { # 3|1 k= ¢h &
(900 nm) » iF & A F B F R P jo gt Bl A & 24 3 metal-to-ligand
charge-transfer (MLCT) » ¢ Ru £ /4, «d-orbital & + & 5| *t Flligand_} “m*orbital -

# 2 d NCSF it Mo 3 B S B jefe MA £ %467 iy ggRu
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SRR R £ AREH S S R R R

PR ARy £ he

COOH

HOOC
*ABTOOC
N3 N719
COOTBA"
’ X
O =
ABT
00C N N
| NCS
/N////;,,,” \\\\\‘\\
7 N/ Snes
_ = | NCS
*ABTOOC
Black dye

‘%4’5&4“} 7"5.{“"4’5&$ -{L‘}’mxﬁg‘hm_
(l) ﬁirﬁ ehE B T l"‘ﬁ'{(g)
@ HIRE RS b

(3) R & 3-8 > g ¥ AR IR

FHAR TR Y g R WA E 5 gk Y i T sldcfEcoumarin
indoline ~ triarylamine ~ phenothiazine ~ rhodanine-3-acetic acid - cyanoacetic acid -

AT A ke A

1\“‘

thiophene% > L f§ ¥ s



(1) Coumarin

#2001 p¥ > K. Hara £ H. Arakawa% « 3 # NKX-2311%" > & p¥ % 7 i # v
2556 % K AAE B S o F P b2 iy #F B BB coumaring T+
R chgok > 20054 B > 5 4 1 & HFNKX-26774i¢ * & TBPehT f2F T » 4o » &
B A DCARE » d 3 TBPF 13 40 & 1% & £ iV » @ DCAT 11 5 & 5 2. [ e
Bt > 0 T OLRESEIRT D F A G RO BE FIHE LT E ST

v E T4 %2 o (F11-11)

NKX-2311

NKX-2677

B 1-11 Coumarin s 7| = H s 3 ¢ 43t

(2) Indoline

£2003# > T. Horiuchi #S. Uchida% + % # D102 > & U N3miE®E 57 » H
T EH T FE6L % 0 A2004E P i LB Ko e RAR KL
Bl % 4 14 £ $D149%% % T e »c s 7 1£8.0 %o m 220094 FF>S. Ito £2 M. Grétzel
%4547 D054 MY hik * KR frs » £ HICDCAR > H R8sk
TR F T 1 FE952% - o 20K 4afrCDCASRT 12 § i fi eh 3 4 -
Fillghda o R0 T RBEGAS @A RF R o BTz BRETR Y
ﬁi.,*f—tk;’rs % rhodanine-3-acetic acid » & F " # Lo Y. WuerW. Zhu % £ $.2012#

47 WS-94 3 » f4e » CDCAS » 32+ i $19.04 %20 o



HOOC HOOC HOOC

D102 D149 D205

WS-9

Bl 1-12 Indoline & 71 = F& iy & 7 %8

(3) Triarylamine

BRI EF T R BF Lo d Sttriarylaminesnig i ok B 52 £ T
ool kA AR A L dadp o B 5 cpFiz 8 42004 % d S. Yanagida® 4w & it
£410% 2b > &I NTIOWIEE 57 (7.7 %) » 3 & 3 fe e A w] 2332 55%°
A %2006 - - T.Edvinsson £ L.Sun% + ] % thiophenez & & 4= % 4 » ¢ Fw %
PR kg o BB N £ 4+ D50 kT HH RS T 251 % - 2009& Y. .
Chang&rT.J.Chow » @& * 7 7 % 4 F iT Sn-bridge - & = - k5|5 #2442
¢ 11IN-PSPE 4 # #7.08 %0k F o2 o
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¢

¢

N N
= COOH NS COOH

1b

~

D5

2b

N NC
COOH
S s/

|/ \_coon |/

NC

B11-13 Triarylamine s 7] = Fs i 7 % 44

(4) Phenothiazine

% 2007 # » H. Tian £ L. Sun % + 12 phenothiazine s 1g 4724 &) T2-1» H »x %

N3 5 RIS (6.3 %) 0 7 5155 %2 THES EET A% Y

RS AR o 2Tk 4P % 4 0 H4r C-J.Yang ~ Y. J.Chang £ T.J. Chow % « %A

2012 = 3 £

-

)

4 phenothiazine # % bridge 4 42 NSPt-C6 » H sk § & »c % v i

7] 6.22 %> o % 2013 & Y. Hua 22 W.-K. Wong % % 7 PT-C6 » H »csk { £ Az4%4E

# 2 N719 (7.73 %) » & & 8.18 %> -
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e Q

T2-1 NSPt-C6

CeH;30. O
S COOH
X
CN
N

PT-Coé

®)1-14 Phenothiazine ,x 71| = & ¢

6”34
R
:F-
e

1-4-5 T f#
AR ABRTAY T BTLILELY RBRF CAESLH S AT RER
FardnA g (T s § A N BB R TR Vo) - T

Fafsit SBi i - REmim «r dp R Ry B4 i

B, > BB S Tk JEAREY AT FEARIA AKT
i £ bt kA 2R B R AT LA B DG Har e

e E R G RRIE AT FE > BB T ERREF DR Ao g F LK
AR o — P R e kAR E I3 A ari * el i 45 Lil ~ K~ RgNI
(tetra-alkylammonium iodide) 2 % imidazolium-derivative % - # fe * 2 (Io) fv
4-tert-butylpyridine (TBP) - & ig ik B ™ » 3 f# 257 5 73 & P (4 : acetonitrile
methoxyacetonitrile) - &R 8T f2F PN > 2 P A2 ER DB REF frg - F L4
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e
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3
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4y
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'z
AR
3\
Sy
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)
sk
;Q&

AR

@A Voo T RE 5 50 e
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g
Ny
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;ﬂ-
Ry
&~
ix}
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—
vy
v
&
=
=% g
o~
=]
<
8
=
TN
)
i
e e
frmt.
|

A ER ke o Ry
A3 kg (ionic liquid)4e » # ¢ > — dRiE ﬂu@if‘uié WA chapd Ay > 2 kg
HAFR M BEIEF -3 ATV WK 7% By fra sy sz
Koo ¥ * endp+ 83 ¢ 1,3-dimethylimidazolium iodide(DMII) ~ 1-methyl-3-propy-
limidazolium iodide(MPII) ~ 1,2-dimethyl-3-propyl imidazolium iodide(DMPII) % - i
A R ARGk > AR PR g TR N AETRT O AR
DEM AL TS L F LR g% P AL HH(CUSCN ~ Cul)™® & & Z i * 5
/W@ﬁﬁGﬂMvarOMﬂDAMJ%HT“ BEAR R R T R ek 2
d3 2§ LABAR S AL A RS kTR IR F s Lk
FfEfrr G TRy Boaes BRBgF LA AETEy @ F bRt » 3
Poie A AR ETAR A ZE AR polymer gel electrolyte(PGE)* » #-

polymer &2 e RFFFR & > VI FE R ETRFTIES 5 2 3 AL DT 2

' J‘j ff’: i TL‘ ﬁﬂ’ f—;_ ¥ m}}’{.ﬁg ’ fé IF' 4"}_.—" £, —!H— 4 ’ | £, —!H— r‘rlylc, ﬁﬁ“ o
@ ' HQ gH ‘
POE2000—+—N-C._~ - C-N-POE2000
| G ” f\ ( ‘ T

>L\/\\\/0\./

}/,\/ ,Nf NPOR2000 LE (DMPII, I,, Lil, TBP/MPN)
I it
[ "g—ou )

t After 1 h of soaking time in LE
poly(oxyethylene)-segmented amide-imide (POE-PAI)

Slow curing at ambient
temperature or heating at 80 'C

-NH, termini/amido acid
to amide cross-linkers

° ° °
amine amide from primary amide (reacted by amine Tnn
amine/carboxylic acid and carboxylate acid) s
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L2
<
ﬁw

5

o

£
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4
>
S

4

P

2

NN
o)
o

ANAN

P3HT
average Mn 54,000-75,000

N
i

o

rec.

req. hopping
y _ N Ny

—

Lo b b bty
AV AIAIAIASY),

TiO2 Dye HTM

Bl1-15 % A PGET 258 > AR 2 7ol (e 154

1-4-6 ¥ 7 &

RLAERY T RELRLHP)ECREITORF L > T ¥ LR € $H~

SR

i

FAA o Rd HPLEE AR R FARE S EREF
YT UPIIFEERE AR FIEL 0 Y AARE 0 B RGEHRE

SEHTIE T IBEI D% o
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>

15 4B T IR0 28 1

W

R S B ARl T I I T S e R e N s
BAFHE FIZ FARIC AR A § e % 0 R E X 22T P R0 B fRSFE
BB R YL PR BB 3R 0 5 BB S A P AL G air mass (AM) o T ® HOBE RSN 5
AM=1/cosO > 05 H x84 > fpt i * X 78 & 548.2°8F > 1T R EpE LA

(AML.5) » # 3k k55 A& 1000 W/m?

510" 1 50
] 1 : >
I ] 3
L o] c
410" 1 a0 3
o : I D
£ i |4
'w 310" 30 T
>< I 1 =)
2 ; g
c - : g
§ 210" | 20 §
2 ’ 12
D— = _—
110" | T 3
1 1 &
3|
[ . : \_,N

0 Lad= .\ | I - i ] I 11 L1 | - 1 I | | I - | 0

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)
Bl1-16 AML.5% 2 ek 3 5n 8 k55 & 5 1000W/m?
ORI R T Ed TR N BHEEA T w7 s (Short-Circuit
+ J v

Photocurrent Density) ~ B ¥ 3 &V, (Open-Circuit Photovoltage) ~ » 448 ¢ k3 -3
gk it 32 g IPCE (Incident Photon to Current Conversion Efficiency) ~ & 3 #& 4% < 5
n (Solar Energy to Electricity Conversion Efficiency) ~ 3 - %]+ FF (Fill Factor) -
EEL R o

TS TR R R TR O § R N B RE R G TR

BEE AR PORET(V=0) AMETERE AT LEHFRT  ERTIATE

25



4«’15,3@%4 ‘:'\‘mﬁ_,'/n o

PrBRRs TRk TR AP RRAFE LRS00 BT R
PR R R o
»EFH kS -F SR L e
IPCEE R dp a8 ¢ kot~ 29T 2 hT F 525 » L& 5!
e = S g,

LHE =1-T =1-10"
Jo b H kRS TA Lk Tin o0 S HERE P s B A5 0 LHE 3 &4 Hox
£

F o0 R R I BI T onc s BB 0 HERT o d NUKCF

gkt - R el

w

¥ g HAApiTiE - m LHE® %ﬁvj By F AT AT 0 Qi

EAHFFERI A SRR CBRT 27 % -

Jac)

n = Pmax __ WVXDmax _ VocXJscXFF
Pin Pin Pin

4

Pine » 538 & » (VxJI)max 2 #7ip & % B 7 # ﬁvﬁx«’ﬁiﬁ:’iﬁﬁc-‘*“ °

N

P RAAABNEA B AR AR LR B ARG S

B

W
.
2
=H
4

PET IR e R PSS 0 R A R AR

=

o
Ny
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Voe=0.74V
Je=17.7 mA-cm™
FF=0.62
n=8.16%

o S = S T S )
O N M O W O N DM O ®©
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " J

Current density (mA/cm

00 01 02 03 04 05 06 07 08
Voltage (V)

BI1-17 LAzt x o m# 2 7 imn-7 RE

1-6 1B p e
dN PRI FTREABEFTAN IPBFTARRILLROFE A S

S

BEARE o B S BEar R S g RE 0 e s

o

RS AFARE S e E

-~

~% 8 T Aark By 7 (Dye-Sensitized Solar Cells, DSSCs)®_2 7 7= 3 & E 7 &
7> fi {1991 # Michael Grétzel vt 41 1+ & 4+ #f L 4t 6 T kgl e F AT BT %¢P

LA

b

m,v
6”34

Ao HE RSt 2 HAMBF w2 oA b F fREFE 0 A
AEBEG o d NHEL-BF LR P ARF 0 LI ERI A FL BT
TR TN

PRI SDPFET IR FE /ﬁ(.%&\—r i¢ * phenylene-thiophene-phenylene(PSP)
JALPE S B RAF R TS 0 FI A% - F o R FPSP A AL i
e R F AT R T ER T R 1Y A H T F A 4 Ditert-butyl

shﬁﬁ]’q’j\ﬁ%é} F'&:har fr,}g\‘ Toond & o



220124 > F % 3 4 4 7 1% [2.2]paracyclophane T & % if i #2400 4 Ll 2t
% =G B2 0 charge recombination sl » 7 4 A 2 Ve e f2 s F] G 2E
LEATiE S S FRC] 0 g A R I BRG] 0 F]et &% = F @ * phenothiazine i
AR eT F A %ﬁ‘fr%‘%;}% yod AL F @ ,u_ggeﬁ 573 ﬂf Y il R j\j/;r;,;{
Fg 3 A, 7Y ,,24 8)‘45{(%"\:'1 ‘frik % > ﬁ’m*fﬁ 3 E ?’Tﬁ}; BA AN kb
/> 3+ ¥ 32 fpfrcharge recombinationsfiaj o & 2§ A5 g d A s
HAEE S 6 > $F B KD T eni L = F]t o 4t & phenothiazine E 48 -
4‘5%;}3’-‘1,'*]%%& HE¥ "&Vk‘ii#@mi‘a%f » B R ) eim P oo

Botb o 21 EFRBEFHOEF A FEF L AP IBRET A REAT
LEFEHrR § 0P 5 B oo FI AR RIS § e RT g R F ko
TG s S E GO A I FRRES R T
Bord et @4 s 3 f2 ] 1,3-indandione 5 AR F G end R 3 AN 4 R T
DSSCs#% #lend 3 X f8env 5y > F|pt £ # H 74 F 1,3-indandione-5,6-dicarboxylic
acid » 1% 3 &7y 22 B (anchoring group) » # % ﬁrj BupgFrpPpF e@sr3 L
F R T Lk sofn e Flfrg 8 s ik

1-7 9 %R E

1. %% 2h(mp)ipl 2 : Meltemp*; BEip] T B ip| T_o

2. +iEx 4Rk %k (*H - *C Nuclear magnetic spectrum) : Bruker-AVANCE400 (400
MHz) - Bruker-AMX 400 (400 MHz) » Bruker-AVANCE 500 (500 MHz) 3| 552 %
BryEkth o 8 o8 = 5ppm o 73 # @ * CDCls (*H 8 = 7.26 ppm; °C & =
77.0 ppm)~D6-DMSO (*H & = 2.50ppm; *C & = 39.52 ppm)£? D8-THF (*H & = 1.73
=3.58ppm; Bcs= 25.314v67.21 ppm) 5 Ao & Bl BHEP 4o 0 H 4 4

7 % (singlet); g€ % %57 5d (doublet); = €% % 77 5t (triplet); = €% % 57
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=0 (quartet); % 134 H& ¥ ¢ 2 5 4R 4 o7 & br (broad); % £ £ 7 & m

(multiplet) - & & ¥ #ic® 1 3> E =& 7 ZHzo

ek k-7 RSk Sk ¥ ik (Ultrviolet & Visible spectrophotometer) @ Jasco-V5507%] 55

zod ek kw BRI IR o R kI AaAH B E SR L S1lom e % 55cm

F B RS 0 R S d F1200~900 nm -

% & % 3¥ i% (Fluorescence spectrophotometer) : Hitachi F-45007%] 852 ¥ sk sk 2§

&R BRAHER B R A R-T R EFRIPR o

7% K% ;% (Cyclic Voltametery) : CHI 620452 R REFZ R K - % = T 1&

AR 1T e TIRE T BT R 5 Ag/AGNO3(0.1M) ¢ 0.1M

Tetrabutylamonium hexafluorophosphate (TBAPFg) & # 24 T f& F > Fp|4 k& 5

10°M > 2@ R THF el 38 § 4 f%ﬁ iEETERF CPRRT
S (B )T (FOFC) Y R R AL F CBRT

B ¥ & (Mass Spectrometer) : JMS-700 double focusing mass spectrometer

(JEOL » Tokyo » Japan)| %5z 3 %k > FAB 2 EI= s pfdpis £ 4 > 4327 &

R P it BrF i s 47 ¢ s (R o

FOR AT endE B R A Bt Acros ~ Aldrich ~ Merck ~ Showa ~ Lancaster ~

TClI -

kPl T ik ¢ ¢ * Veeco Dektak 1507 ik B> # B = § 1 45(TiO) WA T ot

BFTOt chE R o

#4335 1 (1) TDDFT(time-dependent density functional theory) B3LYP/6-31G*

> £0Q-Chem 3043 4 F 1 EF 2 E 3 TR MA L2 B L PT 3

Al e (4 P R L % TR B8 @ T % E); (2 TDDFT

(time-dependent density functional theory) B3LYP/6-31G(d,p) = ;# >+ Gaussian 03

B rF P EP AR T THERABEFFLEANT I 2 4G (4 5130
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S R R T

10. = k5 E © K&k 5 300 W Xe lamp (Oriel 6258) AM 1.5 filter (Oriel 81088)
f=Newport Oriel Class A Solar Simulator 91160A-1000£r AM 1.5 filter (Oriel
74110) > HHE S B R0k 0 58 A 23 £ 2.1000W/em? -
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Bt kAR A BEF A Fodonor ety TR A S EETT R BF
Fch¥fizde 5 tert-butyl group - H B HEom SR 2-10 @ A S & B ST AR 2-2

NC COOH

DTB-PSP

STB-PSP 6TB-PSP

Bl 2-1PSP i 71| & 5 24
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3-DTB 4-DTB

DTB-PSP

(vi) (vii)
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(viii) (@) S (iv)

—_— D Br — » ( D \ / —f f
1-X 2-X 3-X
NC COOH
| |
S ™ S O
D \ - \_
4-X
X-PSP

T

CB TB 5TB

6TB PT

(i) PdCI,(PPhy),, 2-(tributylstannyl)thiophene, DMF, 90 °C; (ii) SnCl,-2H,0, NaBH,, EtOH; (iii) Pd,(dba)s, dppf,
1-tert-butyl-4-bromobenzene, toluene, 90 °C; (iv) (a) n-BuLli, tributyltin chloride, THF, -78 °C; followed by HCl,q),
(b) PdCI,(PPhs),, 4-bromobenzaldehyde, DMF, 90 °C; (v) cyanoacetic acid, NH,OAc, AcOH, 90~100 °C; (vi) Cu,
K,COs3, 1-tert-butyl-4-bromobenzene, nitrobenzene, reflux; (vii) Pd(OAc),, dppf, 1-tert-butyl-4-bromobenzene,
toluene, 90 °C; (viii) NBS, DMF, r.t.

B 2-2 PSP 5 5|4 3 & & g
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AR R SRE S RE AT ok e b tert-butylphenyl B~ A g A
B A 1-X o s HALSY 4 TRoE NBS SRt o I F kA d s E ok £
¥ 2-Xo @ 3-X 4= 4-X 41 * Stille coupling 2 & = > & 15 14 Knoevenagel condensation
SBERCRASGFEF BE AN AP FRELME R -7 DTB-PSP S+t 75 7
tert-butylphenyl e~ 2 > 5 5 R S 5 & i o H & S HEHAA A TR A
* Stille coupling 2 & = 197 % & awgen s > £ 1% NaBH4 f SnCly2H0 ik
RF Js o #R1s T - 43¢ i i Buchwald-Hartwig coupling » # % 3-DTB » g
F T #%3-DTB & = 7 A4 F i B £ 2 Stille coupling fr¥Hi4 5 7 fE 5 g4 &
4-DTB - & {s - #41* Knoevenagel condensation £ § ¢ RS fe F BEAIF

AP GREAMERY 90 B U AR IRC DEMES

23 LpRicq P FPF

—=— DTB-PSP

—e— TB-PSP
4x10° 5TB-PSP
—v— CB-PSP
. 6TB-PSP
310 —<4— PT-PSP

Molar extinction coefficient (M'lcm'l)

500 600
Wavelength (nm)

300 400

Bl 2-3 PSP 4 51 e fc % 2
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3. % (deprotonation) « ¢ F EfER % - F T ALk p W F AFGRA P Enf A
FRfItA ¥ 8 F 2 R APRT I T o gt k¥ CB-PSP £ § A& i
Yok £ (\max=418 nm) » APHFAH @ L S g o B f o]l BB A o fped i B
CEFAEMERT A Y S ARFR 2R 0 A St d R T R
CEF DR F AT R 0 BHACRE T A S TS B A KT E o

FI* EHRRETE L THE B R@ e S enf 3 2 (Bo) 0 45
HOMO i ff » B %34 221 ¢ - HOMO i Féifid 8 & 5 CB-PSP(0.91) >
TB-PSP(0.73) > DTB-PSP(0.69) > PT-PSP(0.56) > 6TB-PSP(0.54) > 5TB-PSP(0.51) -
A8 51 LUMO i Ff 417 Eoxfr Eoo shiE 4 3817 i B o Eoo & 1% mfr sk 4o &
k4 fEH 2R g Al 2 NEpo=1240/A3 £ ¥ band gap - * F] i
LUMO-HOMO = Eqq » it 41 LUMO it Ff o d B 2-5 7 5 174 %4 LUMO

it Fg R+t TiO, sh3-7 (conduction band) & (ca. - 0.5 V vs. NHE) » @ v i#* 57 HOMO

o«

rEE TR Ig#o(ca 0.4V vs. NHE)'® s deopt ehil 1 7 MFE R~ 27 12
£ 5 & Jgendriving force 2 {7 F & o 4% Z_CB-PSP & 3 & 1 HOMO ¢ i »

BTN EREB L ARS AP b R E 2

NHE
EAN
DTB-PSP TB-PSP  5TB-PSP CB-PSP 6TB-PSP  PT-PSP
2.0
A.77eV .76 eV -1.84 eV A.74eV 1.83 eV
— o— — -1.55eV — T
A
15— A A A — A
A
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Tio,
CB band
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I Iy
______________ i i Y ok e = = =y = — - ——
05— 2 y — — — 0.4 eV
e 0.51 eV \L 0.54 eV 0.56 eV
0.69 eV ey
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B 2-5 PSP % ]2 HOMO-LUMO it F#
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2 2-1PSP i 72 kB TLIcT i B

dye HOMO/LUMO?® Band  f2 Jabs"NM JasNM  HOMOY  Eof  Ego Ered®
(eV) gap® (e/ Mtem™y  (film) LUMO" N~ (V)
(eV)

DTB-PSP -4.98/-2.58 240 071 439(34000) 405 -5.19/-2.73 0.69 246 -1.77
TB-PSP -5.03/-2.61 242 070 433(32600) 401  -5.23/-2.74 073 249 -176
5TB-PSP -4.96/-2.52 244 0.82 460(28900) 415 -5.01/-2.73 051 228 -1.77
CB-PSP -5.29/-2.58 271 092 428(40000) 418  -541/-2.95 091 246 -155
6TB-PSP -4.95/-2.53 242 079 454 (26400) 406  -5.04/-2.78 054 226 -1.72
PT-PSP -5.04/-2.61 243 049 446(33900) 408  -5.06/-2.67 056 2.39 -1.83

f : Oscillator strength for the lowest energy transition; ¢: absorption coefficient; E,,: oxidation potential; Eq: 0-0
transition energy measured at the intersection of absorption and emission spectra.

3 TDDFT/B3LYP calculated values. ® Absorptions measured in THF. ¢ Oxidation potentials of dyes (10 M) in
THF containing 0.1 M (n-C,Hg)4NPFg with a scan rate of 50 mV-s™ (vs. Fc*/ Fc). ¢ LUMO calculated by HOMO +
Eo-o. © Eox calculated by HOMO + 4.5 (eV) (vs. NHE). * Eq.o determined from the intersection of absorption and

emission in THF. 9 E,q calculated by Egy — Eg.o.

SRR EFHT I AT AP R Y Q-Chem B NA AW e B R
iZ_n 72 25 (Density Functional Theory)s7n B3LYP 323 = 2 fie & 6-31G* ek & o fic¥t
b F e .fég%—f? EEFRME O RS PR R % R ILSI2E%(TDDFT) B3LYP
Tim > 2 R EP Aoy B R F B4 - B384 %k eH HOMO ~ LUMO
fr# i M (band gap) g8 5>t & 2-1> HARE e R R EA4p 5 - Reho PRt A B e

B T ey a3 3R G AR g T oo e (R 2-6) -
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B L E 7 F JHOMOST F HA LR G & i A A % A
% 0 ALUMOE > %A1 & 5 AR G -d 07 :p: URTE 7 . =T
2 4 o donor:# f Flacceptor » Flyt § {8 § ¥ oM {la-T + 54 acceptors 1]

SF kg (BI2-T) -

ARPPIEERIEFD AR KT AT L FTRY TS LR D
FTO gl ij-eidci® 13-4 Z i 1 A K 12 3 o & TiO, (15-20 nm) 5 Ja 4 ¢ active layer
fr— & 12 % 5 & TiOp (> 400 nm) 5 J AL i scattering layer » £ #-& 4% #* & 0.25 cm?
Mt itz 53 Ak s TIO e FTO g3 > i&ie 2R ER 5 3x10° M eh THF 3 5%
T 12 B P o $ R 4RO 1T 5 #-HoPtCls - 6H,0 i3 3t EtOH ¢ > #-H jF & FTO

B L BEE

n\\-

FEIEG PUE R EH TR TREF e 5 0.5MLil~0.05
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B £ #2 DTB-PSP fr TB-PSP» 2 Js~Voo fr FF 4 5] 5 13.96 mA- -cm”~0.67 V~
0.66 f= 13.32 mA-cm® -~ 0.66 V ~ 0.61 TE AR [ 0 R el o d ¥
DTB-PSP 4p 44>+ TB-PSP % 7 - % = 7 AP R A @ o sjrk# L 3 Rio =4
T2 3B jefidies P TB-PSP 553 » Flptd B kT E 2K (IPCE)RI™ 7 & >
DTB-PSP £ 7 # A ¥ ~ ek R 3L £ > 58 g % 8_DTB-PSP ek ¢ & 3% 2
(6.14 %) % > TB-PSP(5.43 %)  \* #& 5TB-PSP {r 6TB-PSP » o »* 5 Ik ehig g = 4
;&%4@+’§$?ﬂ 7R R B Glicfodl & LK T B 0 Ft

t IPCE Bl® # 'p: 5TB-PSP 2 5 #B * R ek T A £ > 3 =8 5 fdFk

Tond Xk ts H LT e A u E_4.87 % 3.14 %e £ {51 & CB-PSP~PT-PSP
e TB-PSP » {4t ¥ 14 5§ dt CB-PSP {v PT-PSP 15 £ i 454 TB-PSP 5 % » #1 1 &

BTl a fl”ﬁ g i Bz iidic 0 2 IPCE B j\—fﬁ- y FRE —fﬁ- 4t CB-PSP 4= PT-PSP
2k Tk £ 3R TB-PSP PRI ROXE ALY 5 2 CB-PSP £ 3 &
dF ek sk > E 37 6.70% o

# 2-2PSP kxR ¢ ~EEE

dye Joc (mA-cm) Voe (V) FF 7 (%) ° (ms)
DTB-PSP 13.96 0.67 0.66 6.14 17.76 [4.97]
TB-PSP 13.32 0.66 0.61 5.43 17.17 [4.68]
5TB-PSP 12.60 0.63 0.61 4.87 16.66 [4.30]
CB-PSP 14.63 0.685 0.67 6.70 19.44 [7.23]
6TB-PSP 8.48 0.57 0.65 3.14 14.85 [3.98]
PT-PSP 14.12 0.68 0.64 6.32 18.56 [5.68]
N719 15.95 0.73 0.62 7.24 22.11[19.9]

Jse: short-circuit photocurrent density; V,.: open-circuit photovoltage; FF: fill factor; n: total power
conversion efficiency.

3 performance of DSSC measured in a 0.25 cm? working area on an FTO (8€)/square) substrate. ° Lifetime
of injected electrons measured by transient photovoltage at open circuit with the presence of Lil electrolyte
(0.5 M) in acetonitrile. Values in the blanks were obtained by fitting the middle-frequency in the Bode

phase plots through the expression © = 1/(2=f), where f is the frequency.
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Erwm T Y o FILF Se » 2 SRR 4o chenodeoxycholic acid (CDCA)
FOLG R R e § SR EARTINE S LA KA TR A
VA EFARAS S FRE AR KA kB 0 mEe T ¥ ¥4 CDCA e
CB-PSP & et § it45t > d B 2-10 fr# 2-3 7 ¢ &1 > 5§ ¥ CDCA k& 3
dvr B Voo BIH L chlFiR » £d ESI BEM J 3t CDCA s 4o b 7 5 T i e
4o fe B IR I Ar B R R crdB g o B R Fle 35 0 3% CDCA & %ok s
Filtgrang B oA d I T o F O EP R B Z 7 A G BN S e eh

BH o
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# 2-3CB-PSP 4: » CDCA 2. = B ac T ~ 2 LT
Dye? CDCA (mM) Jec (MA-cm’?) Ve (V) FF 7° (%)
CB-PSP 0 14.63 0.685 0.67 6.70
1 12.52 0.71 0.63 5.61
10 11.40 0.72 0.66 5.47

Js: short-circuit photocurrent density; V,.: open-circuit photovoltage; FF: fill factor; n: total power

conversion efficiency.

3 Concentration of dye is 3 x 10 M in THF. ® Performance of DSSC measured in a 0.25 cm? working area

on an FTO (8Q/square) substrate under AM 1.5 condition.
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sREn% ] 3 o> ¥ ¥ d 3 5TB-PSP fr 6TB-PSP 4p4>t H @ L2 § #ikh
HOMO » Fpt g S Al chiB ek L » " 2 F £ TAL RS - 32 g
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ey
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FiMgkendg o F R RILA S PR At » CDCA 18 5 ¥k B 3 4 >
BEAR Vo R H eyt - 27 F R oyt o fwe g I Bt
BT AT ARALE T 527 AT B 2 GRS § T4
Foo iR o fed 304 x0T CDCA 18 0 b Ao st o § (4% ¢ andic§

AR LR SRR R RS EE

2-1 8 2 5}?
9-(4-tert-butylphenyl)-9H-carbazole (1-CB)

O P BZFRALPIEF F T Jféﬁﬁ%—i FLe kA iR
N O FECE L FF A RERAEF G OTRE B

1-tert-butyl-4-bromobenzene (15.9 mL, 89.76 mmol) ~ carbazole

(5.0 g, 29.92 mmol) ~ Cu (3.86 g, 29.92 mmol) % K,COj; (2.0 g,
14.3 mmol) % »* = Fg g @ 173 3% 150 mL nitrobenzene » #X {é se#uie i F R 24 ) PF o
FrRz>ier bt L3I L2 4L SA-LEFIRIF £ 4o r CHLCLFE » 4t
Friki L4 »FRFRARYE K o e o A1 B A 472 0 12 hexane 1F G PR
Bt Agg s VR G ¢ FEE(4.819,12.77mmol) s 2 F 78 % - it &£ 4 1-CB sk #kc
#4071 'H NMR (400 MHz, CDCls): 6 8.15 (d, 2H, J = 7.7 Hz), 7.61 (d, 2H, J = 8.4
Hz), 7.49 (d, 2H, J = 8.4 Hz), 7.38-7.44 (m, 4H), 7.25-7.30 (m, 2H), 1.44 (s, 9H). °C
NMR (100 MHz, CDCls): ¢ 150.4, 140.9, 134.8, 126.6, 125.7, 123.2, 120.1, 119.6,
109.8, 34.7, 31.9. MS (EI, 70 eV): m/z (relative intensity) 299 (M*, 100); HRMS calcd

for C2H21N: 299.1674, found 299.1671. mp: 183-185 °C.
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4-tert-butyl-N,N-diphenylbenzenamine (1-TB)
Q o BZFEAL 0 EF F T NG ﬂf—i FLP KA iR
N T P F F A RFERBAEF FTRE K

diphemylamine (5.0 g, 29.5 mmol) ~ Pd(OAc), (132 mg, 0.59

mmol) ~ dppf (819 mg, 1.47 mmol) ~ 1-tert-butyl-4-bromobenzene
(5.4 mL, 31.0 mmol) % sodium tert-butoxide (4.26 g, 44.3 mmol) & ** = ggsg @ /3

L

E:d)
>~

T FY o R AFT00°CHF BIS R TR R S A BT LT RE
L A BRI FRGE £ 4 ~ethyl acetate X B~ > de b 5 WA & 0 £ 4o x mﬁﬁ:ﬁ%",ﬁi
koo dw gz e I H 4k 4702 0 rrhexane (T A b iR A L4 3 T EDF 4 (640,
21.3 mmol) » & H72 % o i+ & 3 1-TB % #icdh 4™ : 'H NMR (400 MHz, CDCly): §
7.28 (d, 2H, J = 8.4 Hz), 7.25 (d, 4H, J = 8.0 Hz), 7.01 (t, 2H, J = 7.6 Hz), 1.34 (s, 9H).
BC NMR (100 MHz, CDCl3) : ¢ 148.0, 145.7, 145.0, 129.1, 126.0, 124.0, 123.8, 122.3,
34.2, 31.4. MS (El, 70 eV): m/z (relative intensity) 301 (M*, 100); HRMS calcd for

C22H23NI 301.1830, found 301.1832.

1-(4-tert-butylphenyl)-2-methylindoline (1-5TB)
it&£4% 1-5TB ehé A BE LRI £ 1-TB- v &£ 4

1-5TB % % ¢ #% > 2585 % it &4 1-5TB ek dicdy 4o

= : 'H NMR (400 MHz, CDCl3): 6 7.36 (d, 2H, J = 8.6 Hz), 7.17
(d, 2H, J = 8.6 Hz), 7.10 (d, 1H, J = 7.2 Hz), 6.99 (t, 1H, J = 7.6 Hz), 6.76 (d, 1H, J =
7.9 Hz), 6.68 (t, 1H, J = 7.3 Hz), 4.29-4.35 (m, 1H), 3.29 (dd, 1H, J = 15.3, 7.7 Hz),
2.73 (dd, 1H, J = 15.3, 7.7 Hz), 1.33 (s, 9H), 1.30 (d, 3H, J = 6.0 Hz). **C NMR (100

MHz, CDCl3): ¢ 149.1, 145.6, 140.8, 129.3, 127.0, 125.9, 124.6, 121.4, 118.2, 108.1,
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37.1, 34.2, 31.4, 20.1. MS (EI, 70 eV): m/z (relative intensity) 265 (M", 100); HRMS

calcd for C19H23N: 265.1830, found 265.1824.

10-(4-tert-butylphenyl)-10H-phenothiazine (1-PT)
Q—s &g L-PT e S HMLEEE L LTB- £ 4 1-PT
N@ L0 d FME A S 84% 0 it 24 1-PT chk s dicdhdo™ : tH NMR

(400 MHz, CDCls): 8 7.59 (d, 2H, J = 8.5 Hz), 7.30 (d, 2H, J = 8.5

Hz), 7.00 (dd, 2H, J = 7.4, 1.6 Hz), 6.84 (t, 2H, J = 6.1 Hz), 6.79 (t,
2H, J = 6.1 Hz), 6.21 (dd, 2H, J = 8.1, 1.1 Hz), 1.41 (s, 9H). *C NMR (100 MHz,
CDCl3): 6 151.2, 144.4, 138.1, 130.2, 127.5, 126.7, 126.6, 122.2, 119.9, 115.9, 34.7,
31.4. MS (El, 70 eV): m/z (relative intensity) 331 (M*, 100); HRMS calcd for

C22H21NS: 331.1395, found 331.1402. mp: 186~188 °C.

1-(4-tert-butylphenyl)-1,2,3,4-tetrahydroquinoline (1-6TB)

{ >\: L e 16TBhE = H AL LRI &4 L-TB-1- £+ 1-6TB
N

LE 4 RA A5 90% it &4 1-6TB chk ¥ ficdh 4o . 'THNMR

s (400 MHz, CDCl3): 6 7.36 (d, 2H, J = 7.6 Hz), 7.17 (d, 2H, J = 7.6

Hz), 7.03 (d, 1H, J = 7.3 Hz), 6.91 (t, 1H, J = 6.6 Hz), 6.72 (d, 1H, J
= 8.2 Hz), 6.68 (t, 1H, J = 7.0 Hz), 3.62 (t, 2H, J = 6.4 Hz), 2.86 (t, 2H, J = 6.4 Hz),
2.03-2.06 (M, 2H), 1.35 (s, 9H). *C NMR (100 MHz, CDCls): 6 146.5, 145.5, 144.7,
129.2, 126.3, 126.1, 124.4, 124.0, 117.7, 115.3, 50.8, 34.3, 31.4, 27.7, 22.6. MS (EI, 70
eV): m/z (relative intensity) 265 (M*, 100); HRMS calcd for C19H,3N: 265.1830, found

265.1824.
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9-(4-tert-butylphenyl)-3-bromo-9H-carbazole (2-CB)
O Beo B2 I BB E LG R Y KA
N MEEERCBLFF AR RFRLE§ TR

NBS (2.91 g, 16.38 mmol) % it £ 3 1-CB (4.9 g, 16.38

mmol) % ** = §gg® F B3 E K- F "% F K6/
B 2T R RS 0 B C F TR RER s e B A R A
RRdkizok o ddc o F Ao 2 Eokigik o B 1% gL A 472 0 2 hexane F &
Bty viE5 e J H(4.819 12.77mmol) > A% 78% - it £ 4 2-CB %
Bk 4o 'H NMR (400 MHz, CDCly): 8 8.28 (s, 1H), 8.11 (d, 1H, J = 8.0 Hz), 7.63
(d, 2H, J = 8.4 Hz), 7.51-7.44 (m, 5H), 7.33-7.30 (m, 2H), 1.46 (s, 9H). **C NMR (100
MHz, CDCls): § 150.8, 141.3, 139.6, 134.4, 128.4, 126.8, 126.6, 126.5, 124.9, 122.9,
122.1, 120.4, 120.1, 112.4, 111.4, 110.1, 34.8, 31.4. MS (FAB, 70 eV): m/z (relative

intensity) 377 (M*, 100); HRMS calcd for Ca,H,0N"°Br: 377.0779, found 377.0773.

4-tert-butyl-N-(4-bromophenyl)-N-phenylbenzenamine (2-TB)
Q b 2TB ok S HFLAR S & 2-CB - £ 4
NO 2-TB & tF ¢ in > A% 85% i & 4 27TB thik i e
Br

4= : 'H NMR (400 MHz, CDCls): & 7.38 (dd, 4H, J = 8.8,

4.4 Hz),7.33(d, 1H,J = 7.2 Hz), 7.31 (d, 1H, J =7.2 Hz), 7.17
(d, 2H, J = 8.2 Hz), 7.12-7.09 (m, 3H), 7.03 (d, 2H, J = 8.8 Hz), 1.43 (s, 9H). **C NMR
(100 MHz, CDCls): & 147.6, 147.2, 146.3, 144.6, 132.1, 129.4, 126.3, 124.8, 124.3,
124.2, 123.0, 114.4, 34.4, 31.5. MS (FAB, 70 eV): m/z (relative intensity) 380 (M"H",

100); HRMS calcd for C22H23N7gBr: 380.1014, found 380.1020.
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1-(4-tert-butylphenyl)-5-bromo-2-methylindoline (2-5TB)

N‘i C L &4 2-5TBe g *h B ESRIL £42-CB- it & 4
Br

2-5TB A+ ¢ ¥ » A 575%  * & 3 2-5TBen% ¥ ficthie

= : 'H NMR (400 MHz, CDCls): & 7.42 (d, 2H, J = 8.4 Hz),
7.23 (s, 1H), 7.18 (d, 2H, J = 8.4 Hz), 7.12 (dd, 1H, J = 8.4, 2.0 Hz), 6.65 (d, 1H, J = 8.4
Hz), 4.39-4.33 (m, 1H), 3.31 (dd, 1H, J = 15.6, 8.8 Hz), 2.76 (dd, 1H, J = 15.6, 8.8 Hz),
1.38 (s, 9H), 1.34 (s, 3H). *C NMR (100 MHz, CDCls): & 148.4, 146.3, 140.3, 131.7,
129.7,127.6, 126.2, 121.8, 109.6, 109.3, 60.4, 36.8, 34.3, 31.4, 20.0. MS (FAB, 70 eV):
m/z (relative intensity) 343 (M*, 100); HRMS calcd for C1gH2N"Br: 343.0936, found

343.0942.

10-(4-tert-butylphenyl)-3-bromo-10H-phenothiazine (2-PT)
<:%s g 2-PT chg S HBESE &4 2-CB- i & 4
NO&' 2-PT 59 ¢ B> 25 75%  i* &4 2-PT ok drdicdpdo™ !

'H NMR (500 MHz, CDCls): § 7.58 (d, 2H, J = 8.2 Hz), 7.25 (d,

2H, J = 8.0 Hz), 7.08 (d, 1H, J = 2.0 Hz), 6.96 (d, 1H, J = 7.3
Hz), 6.88 (dd, 1H, J = 8.7, 2.3 Hz), 6.76-6.84 (m, 2H), 6.16 (d, 1H, J = 8.0 Hz), 6.01 (d,
1H, J = 8.9 Hz), 1.39 (s, 9H). °C NMR (125 MHz, CDCls): & 151.6, 144.0, 143.7,
137.6, 130.1, 129.3, 128.6, 127.7, 127.0, 126.6, 122.5, 122.0, 119.0, 117.0, 116.0,
114.2, 34.8, 31.4. MS (FAB, 70 eV): m/z (relative intensity) 409 (M*, 100); HRMS

calcd for CpoHx NS Br: 409.0500, found 409.0491. mp: 182-184 °C.
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1-(4-tert-butylphenyl)-6-bromo-1,2,3,4-tetrahydroquinoline (2-6 TB)

{ >: e 26TB g S HHIL LRI L5 2-CB 1 &4
N Br

2-6TB 5 % ¢ /%% > A 5 82% > i* &4 2-6TB ok 3 ey 4o

= : 'H NMR (500 MHz, CDCls): § 7.33-7.36 (m, 2H), 7.10-7.13
(m, 3H), 6.95 (dd, 1H, J = 8.8, 2.5 Hz), 6.53 (d, 1H, J = 8.8 Hz),
3.56 (t, 2H, J = 5.7 Hz), 2.80 (t, 2H, J = 6.4 Hz), 1.98-2.03 (m, 2H), 1.32 (s, 9H). *C
NMR (125 MHz, CDCls): & 147.2, 145.3, 144.0, 137.8, 129.2, 126.5, 126.0, 124.8,
117.0, 109.6, 51.0, 34.5, 31.6, 27.8, 22.5. MS (FAB, 70 eV): m/z (relative intensity) 343

(M*, 100); HRMS calcd for C19H,,N"°Br: 343.0936, found 343.0944.

9-(4-tert-butylphenyl)-3-(thiophen-2-yl)-9H-carbazole (3-CB)
- BoFEFL U F F A RF REF F TR
7 o # PdCIy(PPhg), (0.26 g, 036 mmol) -

2-tributylstannylthiophene (10.2 mL, 27.44 mmol) % i+ &

$» 2-CB (4.5 ¢, 11.93 mmol);3 »* & -k DMF » # {4 4c £
NV°CFE24 | pFo FF r2terwid* ? x4z KRggE7kis L% - &
TUREAEE o oG R e~ R B o FIF F AT
CH,Cly/hexane (1/3)1F 4 "4 &t A3 » # B3 ¢ FHM(3.739,9.78 mmol) » &
%82 % it &4 3-CB %3 #chtoT : 'H NMR (400 MHz, CDCly): § 8.38 (s, 1H),
8.20 (d, 1H, J = 7.6 Hz), 7.69 (d, 1H, J = 8.8 Hz), 7.64 (d, 2H, J = 8.4 Hz), 7.51 (d, 2H,
J = 8.4 Hz), 7.45-7.42 (m, 3H), 7.41 (d, 1H, J = 3.6 Hz), 7.34-7.28 (m, 2H), 7.14 (t, 1H,
J = 4.0 Hz), 1.46 (s, 9H). 3C NMR (100 MHz, CDCls): & 150.6, 145.6, 141.5, 140.5,
134.7, 127.9, 126.7, 126.6, 126.5, 126.1, 124.5, 123.7, 123.7, 123.1, 122.2, 120.4,
119.9, 117.7, 110.2, 110.1, 34.8, 31.4. MS (FAB, 70 eV): m/z (relative intensity) 381
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(M", 100); HRMS calcd for CysH,3NS: 381.1551, found 381.1554. mp: 151-153 °C.

N-(4-tert-butylphenyl)-N-phenyl-4-(thiophen-2-yl)benzenamine (3-TB)
g4 3TB s S HBELSR &4 3-CB- 1+ &
S $#3TB A F 20> A 77 %> it &4 3-TB ek

2% #cgh 4o 1 'H NMR (400 MHz, CDClg): § 7.52 (d, 2H, J

= 8.4 Hz), 7.34 (d, 2H, J = 8.8 Hz), 7.30-7.28 (m, 2H), 7.26
(t, 2H, J = 4.4 Hz), 7.17 (d, 2H, J = 8.6 Hz), 7.14-7.04 (m, 6H), 1.38 (s, 9H). 1*C NMR
(CDCly): & 147.6, 147.4, 146.2, 144.7, 144.4, 129.2, 128.2, 128.0, 126.7, 126.2, 124.3,
124.2, 123.9, 123.4,122.7, 122.1, 34.3, 31.5. MS (FAB, 70 eV): m/z (relative intensity)

384 (M"H*, 100); HRMS calcd for Cp6H2sNS: 384.1786, found 384.1795.

1-(4-tert-butylphenyl)-2-methyl-5-(thiophen-2-yl)indoline (3-5TB)

s | &4 35TB ehg » HJMA SR &4 3-CB- 1
\
£4 3-5TB L & R > 2572 %> i £ 4 3-5TB

£ 3 #e#h 4o 1 'H NMR (400 MHz, CDCls): & 7.41 (dt,
3H,J = 8.8, 2.8 Hz), 7.30 (dd, 1H, J = 8.2, 1.6 Hz), 7.23 (d, 2H, J = 8.8 Hz), 7.18-7.17
(m, 2H), 7.07-7.04 (m, 1H), 6.81 (d, 1H, J = 8.4 Hz), 4.46-4.37 (m, 1H), 3.37 (dd, 1H, J
= 15.6, 8.8 Hz), 2.80 (dd, 1H, J = 15.6, 8.8 Hz), 1.38 (s, 9H), 1.35 (s, 3H). °C NMR
(100 MHz, CDCl3): & 148.6, 145.9, 145.5, 140.4, 130.1, 127.8, 126.1, 125.3, 125.0,
122.7, 121.4, 120.9, 108.1, 60.2, 36.9, 34.3, 31.4, 20.1. MS (FAB, 70 eV): m/z (relative

intensity) 347 (M", 100); HRMS calcd for Cp3H,sNS: 347.1708, found 347.1703.
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10-(4-tert-butylphenyl)-3-(thiophen-2-yl)-10H-phenothiazine (3-PT)
QS it &4 3PT s S HFALR® L4 3CBo it & 4
S

N N 3PT 53¢ ma 25 63% 1t £ 3-PT sk s sicdhde

= : 'H NMR (500 MHz, CDCls): & 7.60 (d, 2H, J = 8.5 Hz),

7.29 (dd, 2H, J = 8.5, 1.9 Hz), 7.22 (d, 1H, J = 2.1 Hz), 7.17
(d, 1H, J =4.8 Hz), 7.12 (d, 1H, J = 3.1 Hz), 7.05 (d, 1H, J = 8.5 Hz), 6.98-7.01 (m, 2H),
6.78-6.85 (m, 2H), 6.14-6.19 (m, 2H), 1.40 (s, 9H). °C NMR (125 MHz, CDCly): &
151.5, 144.0, 143.7, 143.4, 137.8, 130.2, 128.8, 127.9, 127.7, 127.4, 126.9, 126.6,
124.4, 123.9, 122.4, 122.0, 120.2, 119.2, 115.9, 115.8, 34.8, 31.4. MS (FAB, 70 eV):
m/z (relative intensity) 413 (M", 100); HRMS calcd for CpsH3NS,: 413.1272, found

413.1281. mp: 177-180 °C.

1-(4-tert-butylphenyl)-1,2,3,4-tetrahydro-6-(thiophen-2-yl)quinoline (3-6 TB)
s ‘ &4 36TB chg < HH AL Skl 54 3-CB- i+ &
\

$ 36TB 5§ ¢ F > A5 70 %> it &4 3-6TB k3%

#cfh4o 0 'H NMR (500 MHz, CDCl3): 8 7.37 (d, 2H, ] =

8.5 Hz), 7.27 (s, 1H), 7.11-7.17 (m, 5H), 6.99-7.01 (m, 1H),
6.74 (d, 1H, J = 8.5 Hz), 3.62 (t, 2H, J = 5.6 Hz), 2.87 (t, 2H, J = 6.4 Hz), 2.02-2.08 (m,
2H), 1.33 (s, 9H) ; 3C NMR (125 MHz, CDCls): & 147.0, 145.2, 145.1, 144.4, 127.7,
126.9, 126.3, 124.6, 124.3, 124.1, 124.0, 122.7, 120.9, 115.3, 51.0, 34.4, 31.4, 27.8,
22.6. MS (FAB, 70 eV): m/z (relative intensity) 347 (M*, 100); HRMS calcd for

CasH2sNS: 347.1708, found 347.1708. mp: 97-99 °C.
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2-(4-Nitrophenyl)thiophene

02N~©—<\Sj - B R EF

F TN G &%—i FLR ARk A s LR
Figk LA F F A R RAEF FTRE K
p-bromonitrobenzene (6.22 g, 30.95 mmol) -~ PdCI,(PPh3), (0.65 g, 0.9 mmol) #
2-tributylstannylthiophene (26.5 mL, 71.0 mmol) ¥ »* = g3y @ ;33 & -k DMF # >
Bishe T 90 CCF 24 [ PFe FFRa2BANE® " BELE Khggk 7k
o BT RGP R AL B s Bk B o T A
& 472 > 11 CHoCly/hexane (1/3) iF 2 e ig & it 4 3> ¥ # 3| 5 ¢ F48(5.07 g, 24.76
mmol) » & & 80 % - it & 4 2-(4-Nitrophenyl)thiophene 1 3# #ic# 4= : '"H NMR
(500 MHz, CDCls): § 8.21 (dt, 2H, J=9.0, 2.5 Hz), 7.71 (dt, 2H, J=9.0, 2.5 Hz), 7.45
(dd, 1H, J=4.0, 1.0 Hz), 7.42 (dd, 1H, J=4.0, 1.0 Hz), 7.13 (dd, 1H, J=5.0, 3.5 Hz). **C
NMR (125 MHz, CDCls): 6 146.5, 141.5, 140.5, 128.6, 127.6, 125.9, 125.6, 124.3. MS
(El, 70 eV): m/z (relative intensity) 205 (M*, 100); HRMS calcd for CioH;O,NS:

205.0197, found 205.0196. mp: 138-140 °C.

4-(Thiophen-2-yl)benzenamine

HZN@_@ Bem BIEA A FFLAM BFRAFF TR
SnCl,-2H,0 (19.26 g, 85.35 mmol) 2 2-(4-Nitrophenyl)thiophene (3.5 g, 17.07 mmol)
BERZGEALY TR AR Y AR AT e AF SR ¢ 40 » NaBH, (323
mg, 8.54 mmol)# i3 >t ke fE > RS BMBIF » = FEFL o I NS K A 4T IE B
o FRa >t kit T 283 k5 4F e ® INNaOOH# 1 15 » 2
* ethyl acetate fa 3P~ Jof 5 & 2 > £ 4 /\mﬁfrﬁﬁ%“,ﬁ% Ko g e U F ALk AT
72 » 11 CHyClo/hexane (1/1)iF 5 i s it o g > v @5 F % 4 F48(2.69 g, 15.36
mmol)> & & 90 %- it & 4+ 4-(Thiophen-2-yl)benzenamine 7 3 # 44 4o : 'H NMR
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(400 MHz, CDCls): 7.44 (d, 2H, J=8.4 Hz), 7.19 (d, 1H, J=4.8 Hz), 7.17 (d, 1H, J=3.2
Hz), 7.06 (t, 1H, J=4.0 Hz), 6.69 (d, 2H, J=8.4 Hz). *C NMR (100 MHz, CDCly): &
146.0, 145.0, 127.8, 127.1, 125.1, 123.1, 121.3, 115.3. MS (El, 70 eV): m/z (relative
intensity) 175 (M”, 100); HRMS calcd for CioHoNS: 175.0456, found 175.0456. mp:

72~74 °C.

4-tert-Butyl-N-(4-tert-butylphenyl)-N-(4-(thiophen-2-yl)phenyl)benzenamine

(3-DTB)

S

Po— B2 L RIRF F TR E Y ke
S MRS LU F A R RRF F TEE R
N@_@ 4-(Thiophen-2-yl)benzenamine (1.5 g, 8.56 mmol) ~ Pd,(dba)s
(296 mg, 0.32 mmol) ~ dppf (284 mg, 0.51 mmol) -
1-tert-butyl-4-bromobenzene (4.54 mL, 21.4 mmol) % sodium
tert-butoxide (4.11 g, 42.8 mmol) % »> = Fg#x ¥ ¥ A3 m-K P F 9 2R {544 3 90 °C
FRIS/ | FoFr RR2isAN@* 333 K2 &4 83 K2 FAE £ 40 ethyl
acetate B~ T B § ¥4 (50 L 4o > R4 % Ko g gz o fI* g 4Lk 4572 0 14 hexane
FL kR B LAY, TEDF  FA(1.88 g, 428 mmol) > & F 50 %o it &4
3-DTB 3 #icdh 4o : 'H NMR (400 MHz, CDCly): § 7.47 (d, 2H, J=8.4 Hz), 7.29 (d,
4H, J=8.0 Hz), 7.23 (d, 2H, J=4.0 Hz), 7.08-7.05 (m, 7H), 1.34 (s, 18H). ©*C NMR (100
MHz, CDCl3): 6 147.6, 145.8, 144.8, 144.5, 127.9, 127.7, 126.6, 126.0, 124.0, 123.7,
122.9, 121.9. MS (EI, 70 eV): m/z (relative intensity) 439 (M*, 100); HRMS calcd for

C3oH33NS: 439.2334, found 439.2331. mp: 208-210 °C.
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4-(5-(4-(Bis(4-tert-butylphenyl)amino)phenyl)thiophen-2-yl)benzaldehyde (4-DTB)
o Bo B il chz FAL BB F A
Rl S AR G S
L os o #F Bt § Tie{7 - #3-DTB (25 g,

5.69 mmol) % > = §E¥g® A3 m KTHF » & i<

B-78 °CT & Hix ~ ¢ 7 A s(n-BuLi) (5.4 mL,
8.54 mmol, 1.6 M in hexane) » #F= 2 » 6w 3| 2 FWEL ] F > L ERIF ~
tri-n-butyltin chloride (2.8 mL, 16.1 mmol) - FF = 254 W@ * 3 g3 L2 & &
SRR FRE L4 2CHClL, B3 8k 15> L 4 LRI SR LR T
#-¢ A 4 E £ 4-bromobenzaldehyde (1.0 g, 5.41 mmol) %2 PdCl,(PPhg), (119 mg,
0.17 mmol);3 ** & -KDMF® » 2Ri54c 41390 °CF jg24 ) PF o FF iz 218 4 %] i
* B E 2 KR (TRl % 2 F T RIAEB o e BB B 2 B
4% “ff Ko g e JU* g4k 4772 0 1 CHClo/hexane (/1) 18 Z it i d it » 3 > &
@3F ¢ F4(2.78 g, 5.12 mmol) » A& F90 % o it & $4-DTB =% 3 ficdf 4o 1 'H
NMR (400 MHz, CDCls): § 10.01 (s, 1H), 7.90 (d, 2H, J=8.0 Hz), 7.77 (d, 2H, J=8.4
Hz), 7.49 (d, 2H, J=8.4 Hz), 7.44 (d, 1H, J=4.0 Hz), 7.31 (d, 4H, J=8.8 Hz), 7.24 (d, 1H,
J=4.0 Hz), 7.09 (d, 4H, J=8.8 Hz), 7.07 (d, 2H, J=8.4 Hz), 1.35 (s, 18H). 1*C NMR (100
MHz, CDCl3): 6 191.4, 148.2, 146.2, 144.5, 140.3, 140.2, 134.7, 130.5, 126.7, 126.4,
126.1, 125.4, 124.4, 123.1, 122.3, 34.3, 31.4. MS (FAB, 70 eV): m/z (relative intensity)
544 (M'H', 100); HRMS calcd for Cs;H3sNOS: 544.2674, found 544.2682. mp:

235-237 °C.
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4-(5-(9-(4-tert-butylphenyl)-9H-carbazol-3-yl)thiophen-2-yl)benzaldehyde (4-CB).
e ACB SEAHILEE L
4-DTB- it £4# 4-CB 5% ¢ FH > 2 F 75%

it &4 4-CB ks dicdi4c™: 'H NMR (400

MHz, CDCly): & 10.02 (s, 1H), 8.42 (s, 1H), 8.21
(d, 1H, J=7.6 Hz), 7.92 (d, 2H, J=8.4 Hz), 7.83 (d, 2H, J=8.4 Hz), 7.71 (d, 1H, J=8.4
Hz), 7.65 (d, 2H, J=8.4 Hz), 7.52-7.44 (m, 6H), 7.41 (d, 1H, J=3.6 Hz), 7.36-7.32 (m,
1H), 1.46 (s, 9H). *C NMR (100 MHz, CDCls): & 191.4, 150.7, 147.4, 141.6, 140.8,
140.5, 140.3, 134.8, 134.5, 130.5, 126.8, 126.5, 126.3, 126.1, 125.9, 125.4, 124.1,
123.8, 123.4, 123.0, 120.4, 120.1, 117.6, 110.4, 110.2, 34.8, 31.4. MS (FAB, 70 eV):
m/z (relative intensity) 485 (M, 100); HRMS calcd for Ca3H,7NOS: 485.1813, found

485.1814. mp: 251-253 °C.

4-(5-(4-(N-(4-tert-butylphenyl)-N-phenyl)amino)phenyl)thiophen-2-yl)
benzaldehyde (4-TB).
Q it &3 4-TB mb%\ﬁﬁq\%ﬁ@ﬁb#

O O 4-DTB-i* £ 4 4-TB 4% ¢ F4> 2 5 71 %>

it &4 4-TB ek #cdh4oT: 'H NMR (500

MHz, CDCls): § 9.97 (s, 1H), 7.86 (d, 2H, J=8.5
Hz), 7.74 (d, 2H, J=8.0 Hz), 7.47 (d, 2H, J=8.5 Hz), 7.41 (d, 1H, J=4.0 Hz), 7.27 (d, 2H,
J=8.5 Hz), 7.25 (d, 2H, J=8.0 Hz), 7.21 (d, 1H, J=4.0 Hz), 7.11 (d, 2H, J=8.5 Hz),
7.06-7.04 (m, 5H), 1.31 (s, 9H). *C NMR (125 MHz, CDCly): § 191.2, 147.9, 147.3,
1465, 146.1, 144.4, 140.4, 140.1, 134.8, 130.4, 129.2, 127.1, 126.4, 126.1, 126.0,
125.4, 124.5, 124.4, 123.2, 123.0, 122.8, 34.3, 31.3. MS (FAB, 70 eV): m/z (relative
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intensity) 488 (M"H", 100); HRMS calcd for Ca3H3NOS: 488.2048, found 488.2053.

mp: 157-159 °C.

4-(5-(1-(4-tert-butylphenyl)-2-methylindolin-5-yl)thiophen-2-yl)benzaldehyde
(4-5TB).

Ri- &

ﬁm
\\\?{y

(o]
| &4 45TB thi & 4 2
q O 4-DTB- it &4 4-5TB 4 # ¢ Tl 4% 70%>

H =
\ it &4 4-5TB L3 ficdpde ™ 'H NMR (400

MHz, CDCl5): § 10.00 (s, 1H), 7.89 (d, 2H, J=8.0
Hz), 7.77 (d, 2H, J=8.0 Hz), 7.44-7.41 (m, 4H), 7.34 (d, 1H, J=8.4 Hz), 7.21 (d, 2H,
J=8.8 Hz), 7.19 (d, 1H, J=4.0 Hz), 6.80 (d, 1H, J=8.4 Hz), 4.46-4.41 (m, 1H), 3.39 (dd,
1H, J=15.2, 8.8 Hz), 2.82 (dd, 1H, J=15.6, 8.8 Hz), 1.37 (s, 9H), 1.35 (s, 3H). **C NMR
(100 MHz, CDCls): 5 191.4, 149.2, 147.4, 146.3, 140.4, 140.0, 139.2, 134.5, 130.5,
130.2, 126.2, 126.1, 125.2, 124.2, 122.4, 122.1, 121.6, 108.0, 60.2, 36.8, 34.3, 31.4,
20.1. MS (FAB, 70 eV): m/z (relative intensity) 451 (M*, 100); HRMS calcd for

C3oH29NOS: 451.1970, found 451.1967. mp: 159-161 °C.

4-(5-(10-(4-tert-butylphenyl)-10H-phenothiazin-3-yl)thiophen-2-yl)benzaldehyde

(4-PT).

[ e aPT szshmLime sy
4-DTB - it &4 4-PT 54 ¢ HM » A5 81 % -
it &4 4-PT ek 3 ey 4o 'H NMR (500 MHz,

CDCly):  7.85 (dd, 2H, J=8.4, 1.6 Hz), 7.71 (d, 2H,

J=8.4 Hz), 7.60 (dd, 2H, J=8.4, 2.0 Hz), 7.37 (d, 1H,
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J=3.9 Hz), 7.29 (dd, 2H, J=8.4, 2.0 Hz), 7.24 (s, 1H), 7.14 (d, 1H, J=3.9 Hz), 7.07 (dd,
1H, J=8.6, 2.1 Hz), 6.99 (dd, 1H, J=7.4, 1.8 Hz), 6.78-6.85 (m, 2H), 6.17 (d, 1H, J=7.8
Hz), 6.15 (d, 1H, J=8.5 Hz), 1.40 (s, 9H). *C NMR (125 MHz, CDCl5): § 191.3, 151.7,
145.0, 144.2, 143.8, 140.6, 140.0, 137.7, 134.9, 130.4, 130.2, 128.1, 127.7, 127.0,
126.6, 126.0, 125.5, 124.3, 123.6, 123.2, 122.5, 120.4, 119.0, 115.9, 34.8, 31.4. MS
(FAB, 70 eV): m/z (relative intensity) 517 (M", 100); HRMS calcd for C33H27NOS,:

517.1534, found 517.1529. mp: 199-201 °C.

4-(5-(1-(4-tert-butylphenyl)-1,2,3,4-tetrahydroquinolin-6-yl)thiophen-2-yl)
benzaldehyde (4-6TB).

L& 4-6TB e > H ISR £ P
4-DTB- - £% 4-6TB 2% ¢ FM > A% 64
% > it &4 4-6TB ek s cdhbo™: 'H NMR

(500 MHz, CDCls): 6 9.96 (s, 1H), 7.85 (d, 2H,

J=8.3 Hz), 7.72 (d, 2H, J = 8.3 Hz), 7.37-7.39
(m, 3H), 7.30 (s, 1H), 7.16-7.19 (m, 3H), 7.13 (d, 1H, J = 3.8 Hz), 6.67 (d, 1H, J = 85
Hz), 3.64 (t, 2H, J = 5.6 Hz), 2.89 (t, 2H, J = 6.3 Hz), 2.04-2.09 (m, 2H), 1.33 (s, 9H).
3C NMR (125 MHz, CDCls): & 191.3, 147.5, 147.2, 145.0, 144.8, 140.4, 139.3, 134.5,
130.4, 126.8, 126.4, 126.0, 125.2, 124.9, 124.1, 123.8, 123.2, 122.1, 115.1, 51.1, 34.4,
31.4, 27.8, 22.5. MS (FAB, 70 eV): m/z (relative intensity) 451 (M*, 100); HRMS calcd

for C3oH29NOS: 451.1970, found 451.1979. mp: 177-179 °C.
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(E)-3-(4-(5-(4-(Bis(4-tert-butylphenyl)amino)phenyl)thiophen-2-yl)phenyl)-2-cyano
acrylic acid (DTB-PSP).

B BoE A F F LA
FRtF § T o #6-DTB (1.05 g,
1.93 mmol) ~ cyanoacetic acid (165 mg,

1.93 mmol)# ammonium acetate (38 mg,

0.48 mmol) & »* = §FH#gL ¥ I jp 3 fis pik

o Sissc D 90-100 °C F 12 )P o R e AU Y 4 ke ik

ic e f17 H A

e Bder CHCL 52~ b5 A 1S > £ 4 » FrpkdE g oK
vEDZ ¢ F(718 mg,

¥7:%2 » 11 CH,Cly/acetic acid (19/1) 1% 5 i 5 i & 1L A 3 >
1.17 mmol) » & % 61 % - i &4 DTB-PSP %:##icih4r™: '*H NMR (400 MHz,
DMSO-dg): 5 8.26 (s, 1H), 8.07 (d, 2H, J=8.4 Hz), 7.87 (d, 2H, J=8.4 Hz), 7.74 (d, 1H,
J=4.0 Hz), 7.59 (d, 2H, J=8.8 Hz), 7.46 (d, 1H, J=3.6 Hz), 7.36 (d, 4H, J=8.8 Hz), 7.00
(d, 4H, J=8.8 Hz), 6.93 (d, 2H, J=8.4 Hz), 1.28 (s, 18H)."*C NMR (100 MHz,
DMSO-dg): 6 163.7, 148.0, 146.4, 145.3, 144.5, 140.3, 137.9, 131.8, 131.0, 127.6,
126.9, 126.8, 126.6, 125.7, 124.7, 124.5, 122.1, 34.5, 31.6. MS (FAB, 70 eV): m/z
(relative intensity) 611 (M"H", 100); HRMS calcd for C4oH39N,0,S: 611.2732, found

611.2741. mp: 278-280 °C.
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(E)-3-(4-(5-(9-(4-tert-butylphenyl)-9H-carbazol-3-yl)thiophen-2-yl)phenyl)-2-cyano
acrylic acid (CB-PSP).

it & 4 CB-PSP s S #H2E 4
pe it & 3 DTB-PSP- it & ¥ CB-PSP
R d FM o AF 70 % £ 4

CB-PSP ¢k 3 #icdk 4o : 'H NMR

(400 MHz, CDCly): & 8.66 (s, 1H),
8.36 (d, 1H, J=7.6 Hz), 8.32 (s, 1H), 8.12 (d, 2H, J=8.0 Hz), 7.93 (d, 2H, J=8.0 Hz),
7.83 (d, 1H, J=4.0 Hz), 7.80 (d, 1H, J=8.4 Hz), 7.72 (d, 2H, J=8.0 Hz), 7.67 (d, 1H,
J=4.0 Hz), 7.59 (d, 2H, J=8.0 Hz), 7.49-7.39 (m, 3H), 7.34 (t, 1H, J=7.2 Hz), 1.41 (s,
9H). 3C NMR (100 MHz, CDCls): & 163.8, 153.6, 150.7, 146.6, 141.2, 140.4, 140.2,
138.3, 134.4, 132.1, 130.6, 127.9, 127.4, 127.2, 126.6, 126.0, 125.7, 124.7, 124.6,
123.7, 123.0, 121.4, 120.8, 117.9, 116.9, 110.8, 110.4, 35.0, 31.6. MS (FAB, 70 eV):
m/z (relative intensity) 552 (M*, 100); HRMS calcd for CsgH2sN20,S: 552.1871, found

552.1869. mp: 298-300 °C.

(E)-3-(4-(5-(4-(N-(4-tert-butylphenyl)-N-phenyl)amino)phenyl)thiophen-2-yl)

phenyl)-2-cyanoacrylic acid (TB-PSP).

NC
|
N o O % Pt & % DTB-PSP « it & 4
\

TB-PSP i i=d HH - 25 64

coon it &4 TB-PSP & & o A

% > &4 TB-PSP &k 3 fichh e
< : 'H NMR (400 MHz, DMSO-ds): & 8.30 (s, 1H), 8.09 (d, 2H, J=8.0 Hz), 7.88 (d, 2H,
J=8.0 Hz), 7.76 (d, 1H, J=3.6 Hz), 7.61 (d, 2H, J=8.4 Hz), 7.49 (d, 1H, J=3.6 Hz),
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7.38-7.31 (m, 4H), 7.09-7.05 (m, 3H), 7.02 (d, 2H, J=8.4 Hz), 6.97 (d, 2H, J=8.4 Hz),
1.29 (s, 9H). **C NMR (100 MHz, DMSO-dg): & 163.7, 147.8, 147.2, 146.6, 145.2,
144.4, 140.3, 138.1, 131.9, 130.8, 130.0, 127.8, 127.0, 126.9, 125.7, 124.9, 124.7,
124.6, 123.8, 122.7, 34.5, 31.6. MS (FAB, 70 eV): m/z (relative intensity) 555 (M"H",

100); HRMS calcd for C36H31N20,S: 555.2106, found 555.2113. mp: 274-276 °C.

(E)-3-(4-(5-(1-(4-tert-butylphenyl)-2-methylindolin-5-yl)thiophen-2-yl)phenyl)-2-
cyanoacrylic acid (5TB-PSP).

it &4 5TB-PSP & qkﬁﬂ?{
P it & % DTB-PSP - it & %
5TB-PSP % 2. ¢ #H4 » A5 65 %>

it & 4 5TB-PSP sk 3 Bcdh 4 :

'H NMR (400 MHz, DMSO-dg): &
8.29 (s, 1H), 8.08 (d, 2H, J=8.4 Hz), 7.85 (d, 2H, J=8.4 Hz), 7.72 (d, 1H, J=3.6 Hz),
7.50 (s, 1H), 7.44-7.35 (m, 4H), 7.22 (d, 2H, J=8.4 Hz), 6.74 (d, 1H, J=8.4 Hz),
4.53-4.44 (m, 1H), 3.40-3.36 (m, 1H), 2.76 (dd, 1H, J=16.2, 7.6 Hz), 1.30 (s, 9H), 1.25
(s, 3H).**C NMR (100 MHz, DMSO-dg): & 163.8, 148.9, 146.7, 145.8, 139.9, 138.8,
132.0, 130.8, 127.7, 127.4, 126.5, 125.5, 125.4, 124.0, 123.2, 122.5, 121.5, 107.8, 59.6,
36.4, 34.5, 31.6, 20.2. MS (FAB, 70 eV): m/z (relative intensity) 518 (M*, 100); HRMS

calcd for C33H3oN203S: 518.2028, found 518.2026 mp: 267-269 °C.
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(E)-3-(4-(5-(10-(4-tert-butylphenyl)-10H-phenothiazin-3-yl)thiophen-2-yl)phenyl)-2
-cyanoacrylic acid (PT-PSP).

it &4 PT-PSP th& & 4 #E 4%
it &4 DTB-PSP- it & 4 PT-PSP : =&
= FH o AF60% v &3 PT-PSP
chk i 40T 0 'H NMR (500 MHz,

DMSO-dg): & 7.85 (s, 1H), 7.80 (d, 2H,

J=8.5 Hz), 7.65-7.68 (m, 5H), 7.43 (d,
1H, J=3.9 Hz), 7.37 (d, 1H, J=2.2 Hz), 7.33 (d, 2H, J=8.5 Hz), 7.22 (dd, 2H, J=8.5, 2.1
Hz), 7.05 (dd, 1H, J=7.6, 1.5 Hz), 6.91 (td, 1H, J=7.6, 1.5 Hz), 6.83 (td, 1H, J=7.3, 1.0
Hz), 6.08 (d, 1H, J=8.5 Hz), 6.07 (d, 1H, J=5.8Hz), 4.70 (s, 2H), 1.34 (s, 9H). *C NMR
(125 MHz, DMSO-dg): 6 193.4, 167.7, 166.8, 151.7, 143.8, 143.7, 143.6, 140.7, 137.7,
136.3, 133.6, 132.2, 132.0, 130.4, 128.3, 128.2, 127.9, 127.3, 127.1, 126.1, 125.0,
124.9, 123.5, 123.3, 121.6, 120.2, 118.7, 116.4, 116.2, 45.6, 35.0, 31.6. MS (FAB, 70
eV): m/z (relative intensity) 584 (M", 100); HRMS calcd for CasH2sN»0,S,: 584.1592,

found 584.1594. mp: 302-304 °C.

(E)-3-(4-(5-(1-(4-tert-butylphenyl)-1,2,3,4-tetrahydroquinolin-6-yl)thiophen-2-yl)

phenyl)-2-cyanoacrylic acid (6 TB-PSP).

O s g 6TB-PSP g A BE %
pe it £ % DTB-PSP - it £ % 6TB-PSP
24 HAM A F 52 % &P

6TB-PSP ik 3 #c 3k 407 : 'H NMR

(500 MHz, DMSO-dg): & 8.24 (s, 1H),
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8.03 (d, 2H, J=8.5 Hz), 7.81 (d, 2H, J=8.5 Hz), 7.67 (d, 1H, J=3.8 Hz), 7.39 (d, 2H,
J=8.5 Hz), 7.31-7.34 (m, 2H), 7.21 (dd, 1H, J=8.5, 2.0 Hz), 7.16 (d, 2H, J=8.5 Hz), 6.51
(d, 1H, J=8.5 Hz), 3.56 (t, 2H, J=5.5 Hz), 2.82 (t, 2H, J=5.5 Hz), 1.95 (m, 2H), 1.27 (s,
9H). C NMR (125 MHz, DMSO-ds): & 163.8, 153.2, 147.3, 146.5, 145.1, 145.0,
139.0, 138.3, 132.0, 130.5, 127.7, 126.8, 125.5, 125.1, 124.4, 124.3, 123.2, 123.0,
117.2,115.0, 51.1, 34.6, 31.6, 27.6, 22.4. MS (FAB, 70 eV): m/z (relative intensity) 518

(M", 100); HRMS calcd for C33H3oN,0,S: 518.2028, found 518.2024. mp: 234~236 °C.
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Bt kAR Ak s engk 4 w17 phenothiazine G 8 ~ ER Ao

ZRA TR L7 R0 e 3 dadpan® i 0 Bphenothiazine (N & 3 b 4 B ohexyl

group f= 4-(hexyloxy)phenyl group # 471 >t Bl 3-1> @ & 5 & & jSo0 ** § 3-2 -

R
NC. _COOH 111 NC. _COOH
s L.
g i g
ITI N
& R
PT1a,b PT2a,b
i
N NC. _COOH
[I O S ‘
N N
& R

PT3a,b

a) R=C¢H ;3
b) R=C¢H,0CH,

B 3-1PT i 712 3 B
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O Q00 =

1a,b 2a,b
{ (i)
R
@ (iii)
PT2a,b
3a,b 4a,b

l (i)

OC i‘ Race o

Sa,b

2) R= C¢H 3
b) R= CgH,0C¢H 3

(i) n-BuLi , DMF, THF, -78 °C; (ii) (a) n-BuLi, triisopropylborate, THF, followed by HCI (aq), (b) Pd(PPhs),, 3,7-
dibromo-10-hexyl-10H-phenothiazine or 3,7-dibromo-10-(4-(hexyloxy)phenyl)-10H-phenothiazine and 7-bromo-10-
hexyl-10H-phenothiazine-3-carbaldehyde or7-bromo-10-(4-(hexyloxy)phenyl)-10H-phenothiazine-3-carbaldehyde,
toluene/THF (2/1), K,CO3 (2M); (iii) cyanoacetic acid, NH,OAc, AcOH, 90~100 °C.

B 3-2PT k5] + £ S BT

3 E S REID G A B E 5 hexyl group fr 4-(Hexyloxy)phenyl group
phenothiazine 12 NBS j&.it » f* ¥4 k474 I H %1 &4 lab > & MET f*
n-BuLi f= DMF # =gz ik » # 5] & % 2ab > & {¢ 12 Knoevenagel condensation £
3 S B®& A4 PTlabe @ PT2ab % 417% lab fitE T &ie 7/
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it » & 12 Suzuki coupling” 2 & & 1 3ab > £ 14 e $5 £ <8 T 41 % n-BuLi - DMF
4 = fg i > 12 Knoevenagel condensation ¥ 3] PT2ab - PT3ab & = # FeAn 01 3%
PT2a,b - r2 Suzuki coupling & = ! 5a,b> 12 Knoevenagel condensation & | PT3a,b >

B A SRR RS

i

33 kpILfeR BT

—O— PTla —e— PTlb
\ —O— PT2a —=— PT2b
6.0x10"1 PT3a PT3b

4.0x10" 1

2.0x10"

o
o

560 | 600
Wavelength (nm)

300 400

Molar extinction coefficient (Mcm™)

Bl 3-3PT s 71 cex fic sk 3

B AL w3 3 CHClL® Bl R 3 UVIVis % 38 4o B13-347 7 » @ Hicdh 71 4
31oxipit s «#"F"E*ﬁ 10 % A e e §/£250-600 nm - # 250-330 nmefR fd
T AR p mmten-nt R 0 B R G e o (459-496 nm) » 3 A G R e
## (ICT) » H e jg ¥ = % % ¥ phenothiazines#ic p % % @ = =# » PT3 > PT2 >
PTL -
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—O— PTla —e— PTlb
—3+— PT2a —%— PT2b
PT3a PT3b

Normalized absorption (a.u.)
o o o o P
N ~ (o)) [e0] o

O
o

350 400 450 500 550 600 650
Wavelength (nm)

Bl 3-4 PT k5w sif = § 1t 45 b anfo k¥

Bl 3-4 5 Adlertis § 04k gk o A0 Rt AR Y (R
3-3) » A ek LB F 29-38 nm e o ARG 0 F T AFL ARG
fis £h3 T+ 3R % (deprotonation) » ¢ F /B 0 3 T R p AN F AR FERACD T
FRNTAFFENRAIFEF I RRAOET LT -

Pa-F 5 JI* AR AREZA THF B REL S5 dg LT =
(Eo) » £ # & 3t HOMO 5t F# 2 LUMO it b > B % 3ef20 4 3-1¢ - 2 HOMO it
FE VR 8 B € % phenothiazine <h#icp % % @ T "% o3& & 57 4p I i 4% ¢ phenothiazine
§7F LI WA R HOMO g o & &4 3-1 7 5 147§ #4257 LUMO it 1§ 48
v- TiO, eh¥#-7 (conduction band) % (ca. - 0.5 V vs. NHE) > @ ¢ f* ch HOMO it [y f8 v
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% B-1PT 7|2 kpm{ed i F 5

dye Amad (NM)/ Em® Amax Eox’ Eoo End
(e (M em™)) (nm) (TiOy) V) (eV) V)

PTla 459(14000) 660 428 0.73 2.32 -1.59
PT2a 477(17000) 676 448 0.59 2.24 -1.65
PT3a 478(16100) 675 446 0.58 2.19 -1.61
PT1b 475(16200) 655 437 0.73 2.15 -1.42
PT2b 495(20500) 662 461 0.57 2.10 -1.53
PT3b 496(19000) 661 459 0.50 2.03 -1.53

3 Absorption and Emission are in CH,Cl,. ® Oxidation potential in THF (10 M) containing 0.1 M (n-C,H,),NPF with a
scan rate 50 mV-s™ (vs. NHE). ¢ E,q calculated by Eqy — Ego
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72 + (Density Functional Theory)sHB3LYPIZ & = i fie & 6-31G* ek & I fic ¥t~
+mf ,fé‘—;—f#i;if—? it o R UPER RIE R R LS I2 % (TDDFT) «hB3LYP
B RPN AP AR R BT S RBEC LSRR AAR
%ﬁ%Aéﬁ%%%Iam’ifﬂﬁﬂiﬁ%im%i%ﬁwaoﬁaﬁ
phenothiazinez_ & ¢h= 6 & (dihedral angles) « £ 47 £32°~39% ie & 4 3 H »
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BRI LI T RS - F e TR Y RH Ve b o QA F M E
gt L& R 2R 0 b aggregation fRend A Pfes § 4K TR LR

B R T o Q)P AR A > i d - § e R AR SRR Ve A Ry

N

o

o

T A B e § g eER g F 0T o0 B g E A 1 g
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FP A s AP RS N ARERHT 0 A2 L4 RS e ik 32
—’F,: MBS AE THE L 3 f4F ek T 3205 > @ & CHCl ¥ 4 » EtOH * 2
Hoagk + 2 s * t-BuOH/MeCN (1/1) 5 i3 A&l & Seen 222 % B4 o F i)
oligo-phenothiazine & 7| A B ¥ i § "EF 3 A 3 b B g d] 5 #7et
FomE e AR AETION chE 5 #r it

# 3-2PTa 47|72 PAM T2 sHBa T 2

Solvent system dye Joc (MA-cm?) Ve (V) FF 7® (%)
PTla 10.60 0.655 0.63 437

THF PT2a 11.15 0.665 0.64 4.74

PT3a 9.44 0.67 0.63 3.99

PTla 10.12 0.67 0.62 4.24

CH.Cl, PT2a 10.31 0.675 0.64 4.47
PT3a 8.8 0.685 0.63 3.82

PTla 11.36 0.65 0.61 4.49

EtOH/CH,Cl, (1/9) PT2a 11.82 0.67 0.64 5.04
PT3a 9.23 0.67 0.62 3.86

PTla 12.91 0.68 0.62 5.45

t-BUOH/MeCN (1/1) PT2a 13.2 0.69 0.62 5.63
PT3a 12.09 0.70 0.59 5.01

N719 15.87 0.74 0.61 7.15

Jse: short-circuit photocurrent density; V,.: open-circuit photovoltage; FF: fill factor; n: total power conversion
efficiency.
3 performance of DSSC measured in a 0.25 cm? working area on an FTO (8€Q/square) substrate. Electolyte: Lil

(0.5M), 1, (0.05M), and TBP (0.5M) in MeCN.

w~

Bt B A RE S KA RE > CRERE N RIESL
Fok o R A TN A B3R 39 g AV RE G IV T UFI 0 BT
P RPN ARG R DV TF TR AT HBE S F L4 A R
iz o £ K%L ¥ phenothiazine ¥ $8c0% 5 > Voo B~ 52 4 H R F1&2 4 le >
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SV ALY A A KA PTS R R R 3T g A e e
Ik EHF A P EE2 A ELRRFY 0 PT2b 588 § haFehk T
o R AE2RBE T EIER LT T L 7.38%
16+ 100+
w“ (@ (b)
Tocoooo oo (E1) (E2)
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I PT1a

6- T PT2a
I PT3a
5 [ IPT1b
I PT2b
4 [ 1PT3b

w
1

N
1

[N
1

Absorbed amount (10'mol /cm?)

o
|

% 33PT k72 A B T & BHLF

dye Joe (MA-cm?) Ve (V) FF 7 (%)

E1/E2® EV/E2 EVE2 EVE2
PTla 12.91/11.03 0.68/0.76 0.62/0.65 5.45/5.43
PT2a 13.20/12.21 0.69/0.77 0.62/0.58 5.63/5.44
PT3a 12.09/10.25 0.70/0.82 0.59/0.60 5.01/5.05
PT1b 13.47/12.87 0.70/0.78 0.66/0.65 6.21/6.52
PT2b 14.48/14.00 0.71/0.82 0.61/0.64 6.30/7.38
PT3b 11.93/12.98 0.72/0.82 0.58/0.60 5.01/6.44
N719 15.87/18.61 0.74/0.76 0.61/0.63 7.15/8.93

2performance of DSSCs measured in a 0.25 cm? working area on a FTO (8CV/square) substrate. ® Electrolyte 1 (E1): Lil
(0.5 M), 1, (0.05 M), and TBP (0.5 M) in MeCN. Electrolyte 2 (E2): 3-dimethylimidazolium iodide (1.0 M), Lil (0.05
M), I, (0.03 M), guanidinium thiocyanate (0.1 M), and TBP (0.5 M) in MeCN:valeronitrile (85:15, v/v).

2 R F P RH(EIS) A BRIEET o R S § 1
BIAFITIRFZ 4 e et ShTFEBT e it s g At
PRRA R m R IRAR ] o R ARG R Voo B 311 ¢ T 40 2
RFELRfBY > +fik* E220B3F ALV MR BB A S PTh

(-CeéH4OCsH13) % 71 ’1"3 v PTa (-CeHus) & 2 ken= > @ ABF % sg i3t i & Fp & O &
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Voo (B 0 f JLn T M E (L S e bk ¥ R chBe S AP > d 3HR 5 5 charge
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Bt #-24 PTb &k 5] 4c + 1 % v g #| deoxycholic acid (DCA)- # ¥ #

MR R F T B R R R oo § AR RO B R A
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TF Aok
W aF S £ H L PT2b £ § fdeh A 2% 0 I 5 1433 mAem™

Voc s 083V @ fidksck B & 778 % o d g7 4rde » DCAH » B e ¥ 7

7

16
BU—————————
3 ----------

NE 12

< 10] PT1b (E2)

£ - - - PT2b (E2)

= 81 - - -PT3b(E2)

G 6- PT1b (E2)+DCA
§ 4] —PT2b (E2)+DCA
- PT3b (E2)+DCA
T 2 (MeCN/t-BuOH=1/1)
3 o

00 01 02 03 04 05 06 07 08 09
Voltage (V)

B 3-12PTb s 54 » DCA 2 * K 7% |-V B

% 3-4 PTh s |4 » DCA 2 4 Fhii &% ~ B LF

dye DCA (mM) Joc (mA-cm?) Voo (V) FF n° (%)
PT1b 0 12.87 0.78 0.65 6.52
10 13.03 0.80 0.67 6.98
PT2b 0 14.00 0.82 0.64 7.38
10 14.33 0.83 0.65 7.78
PT3b 0 12.98 0.82 0.60 6.44
10 13.33 0.83 0.62 6.87

3 Concentration of dye is 3 x 10* M in MeCN/t-BuOH (1/1). ® Performance of DSSCs measured in a 0.25 cm?

working area on an FTO (8€/square) substrate under AM 1.5 condition with electrolyte 2.
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29 & 5 4] * phenothiazine £ = 2 & 5 donor {r bridge |25 A 5T it < B
e Rd o B e R E A 0 B T E 1] 600 nm oo H o jTiE i B Mg F
phenothiazine ¥ p #f4v @ =4 » PT3>PT2>PT1l- @ # HOMO it FF s ¥
phenothiazine cH#cp % % @ T "% » 4 7t 493 4% < phenothiazine ¢ 4p 3 #2358 -

Bl By B FRBEALPR AT AR e S FRE R Rk o 2 HOMO
i & #8733 tphenothiazinet » & LUMOL & 75 & § A Y pefo i Ap st en> 4 Tk

LR ;ﬁd Mulliken charges 1477 /’7\:}‘3]5'3"27; AE X NT AR T

ARV AL RS BEF|F ARG F B EE A ZF 4 S sen

R R A L 2§ M EE AR § e ek ks b

SRR BT fRTRE o @ % t-BUOH/MeCN(L/1) % 73 I » A 2 2 § fuds

MoV kA F AT FE TS e~ B4R X H RS F AR MR o
$ AR Voo $04p § + 0 £ ¥ 4EF phenothiazine B p # 4e o H Voo 4 M2 H{ e o
M RTEFY LIl hk R - 7F e Vool > AL P 77 g I Rm
d 3tk R en Ll ¥ 2 F M ARenBEA U RE T SRR > FLF F D EF Ve o

Fd EIS¥ g3 "LF £ AAHp B frR 2T eana b o 3 2@ L%

2 de kF o BRe- A o H Jgend ] R S PT2>PTL>PT3» & & IPCE
B¢ > PT2 5 4 0+ cnl Life s » Be2% PT3 ek PT2 4p iy > 7
T A TRA TS A PT3 hs § A R B >3 A Jo T
Fldw AR E R T P sk R Fla -

F# 4o x Eexvigd DCA - FIt A F A4 A - 5 i 45 m‘*ﬁ_ﬂfr,ﬁ‘v I3 ez
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it 442 f) 0 T 2 F ) 4o~ DCA £ 0 B Voo fr Jo #8F #74{+e - + # £ PT2b
4B A g o o h 1433 mAem? s Voo 3 0.83 Vo @ B ox

% 7.78% -

'7 -?I%E%blﬁ?

N-hexylphenothiazine-3-carbaldehyde (2a).

o P BEFIFNRLDOZGEI O MEF F I UL Jfﬁ“ff'i
QD) LY KA R R F LA R AF TR
C6H13 7 o #-3-bromo-10-hexyl-10H-phenothiazine (2.0 g, 5.52 mmol) &

¥z gAY ARt K THF » A tiE-78 °CT it » & 7 & 42(n-BuLi) (5.2 mL,
8.28 mmol, 1.6 M in hexane) » & = 2> F » (S # 41 > £ % & F » DMF (0.63 mL,
8.28mmol) - FF ez 2fsawi* 2 43 K2 8L & B KB FEIE £ 4~ ethyl
acetate 5 2~ > qc b j 8 A 18 o Ao~ FRERAETR K o BT o I F LA ATE 0
CH.Cly/hexane (1/1)iF 2 i i & v o 8 > ¥ (F3|F ¢ F48(1.37 g, 441 mmol) - A&
%80 % o 1 & 47 2a% #HHcdh 4o 1 'H NMR (400 MHz, CDCls): §9.78 (s, 1H), 7.62
(dd, 1H, J = 1.9, 8.4 Hz), 7.56 (d, 1H, J = 1.8 Hz), 7.13-7.17 (m, 1H), 7.09 (dd, 1H, J =
1.3, 7.6 Hz), 6.95 (t, 1H, J = 7.5 Hz), 6.86-6.89 (m, 2H), 3.87 (t, 2H, J = 7.2 Hz),
1.76-1.83 (m, 2H), 1.39-1.46 (m, 2H), 1.29-1.31 (m, 4H), 0.87 (t, 3H, J = 7.0 Hz). **C
NMR (100 MHz, CDCl3): ¢ 189.9, 150.7, 143.4, 131.0, 130.0, 128.3, 127.5, 125.0,
123.7, 123.5, 115.9, 114.7, 48.0, 31.3, 26.7, 26.5, 22.5, 13.9. MS (FAB, 70 eV): m/z
(relative intensity) 311 (M®, 100); HRMS calcd for CigH»;NOS: 311.1344, found

311.1341.
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10-(4-(hexyloxy)phenyl)-10H-phenothiazine-3-carbaldehyde (2b).

CEF2bht AHIASERCE2ac t Ep2bE kR 4

@E j@) TR 7% it & $2bersk # dcdh 407 : 'H NMR (400 MHz,
CDCl3): 69.69 (s, 1H), 7.45 (d, 1H, J = 1.6 Hz), 7.28 (dd, 1H, J =

OCeH,s 8.2,2.0 Hz), 7.27 (d, 2H, J = 8.8 Hz), 7.13 (d, 2H, J = 8.8 Hz), 6.96

(dd, 1H, J = 5.6, 3.6 Hz), 6.84 (dd, 2H, J = 5.8, 3.6 Hz), 6.22 (d, 1H, J = 8.8 Hz),
6.17-6.19 (m, 1H), 4.05 (t, 2H, J = 6.4 Hz), 1.84-1.88 (m, 2H), 1.51-1.55 (m, 2H),
1.38-1.42 (m, 4H), 0.93-0.97 (m, 3H). *C NMR (100 MHz, CDCls): 6 189.6, 159.2,
149.5, 142.8, 132.0, 131.6, 130.9, 129.9, 127.3, 127.1, 126.6, 123.5, 120.0, 118.9,
116.7, 116.4, 115.0, 68.4, 31.5, 29.2, 25.7, 22.6, 14.0. MS (FAB, 70 eV): m/z (relative
intensity) 404 ((M+H)*, 100); HRMS calcd for CasHxsNO,S: 404.1684, found

404.1694.

3-(3-bromo-10-hexyl-10H-phenothiazin-7-yl)-10-hexyl-10H-phenothiazine (3a).

C6H13

B2 G p sl ez AL WOEF F

Bx —
Q)\( j TN E A FLT kA o RS 0 L F
. R

kB R F B F F T i o #3-bromo-

C6H13
10-hexyl-10H-phenothiazine (3.2 g, 8.83 mmol) &
Wz FRFLY F AN EKTHF » A MR-78 °CT % M » & 7 A 42(n-BuLi) (8.3 mL,
13.3 mmol, 1.6 M in hexane) » &= 2jF » s R L FF{S > L X v 3]-78°CT

£ ZBF ~ triisopropyl borate (3.6 mL, 13.3 mmol) o #-F v 3| 7§ ¥ A
5 4~ BE10%HClag(30mL) » £ 34— [ 5 o FF R 2isA N L AT
K Z &R L oK FikF > L 4o ~ethyl acetate 3B~ > o B A 1S 0 £ 4 M AR
i;“f koo iz o B¢ B AP B $223,7-dibromo-10-hexyl-10H-phenothiazine (3.89 g,
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8.83 mmol){=Pd(PPhs)4 (310 mg, 0.26 mmol):% *+toluene/THF (2/1) » £ 4 » KyCOs(ag)
(2.76 g, 2mmol)-k i3 %10 mL > R 4 # 2 60 °CF B12/) pF - & K Ji = = (& * ethyl
acetate a5 B~ > B 7 WA 1 > £ 4 /\Fﬁaéaﬂf Ko g I EAEATE Y
CH,Cly/hexane (1/1) 2 i i s v 2 &g > ¥ @ 5§ ¢ H48(3.12 g, 4.85 mmol) » &
%55 %% o it & $3ak @ #cdh 4o 1 'H NMR (400 MHz, CDCly): 6 7.20-7.33 (m, 6H),
7.18 (d, 2H, J = 7.2 Hz), 6.95 (t, 1H, J = 7.2 Hz), 6.89 (d, 2H, J = 9.2 Hz), 6.87 (d, 1H,
J=8.8Hz), 6.70 (d, 1H, J = 8.4 Hz), 3.87 (t, 2H, J = 7.2 Hz), 3.81 (t, 2H, J = 7.2 Hz),
1.77-1.89 (m, 4H), 1.43-1.50 (m, 4H), 1.34-1.37 (m, 8H), 0.91-0.95 (m, 6H). *C NMR
(100 MHz, CDCl3): 6 145.0, 144.3, 143.7, 134.6, 134.0, 129.9, 129.6, 127.4, 127.2,
126.7, 125.4, 125.2, 125.1, 124.5, 124.4, 122.3, 116.4, 115.6, 115.5, 115.3, 114.3, 47.6,
475, 31.5, 31.4, 26.9, 26.8, 26.7, 26.6, 14.0. MS (EI, 70 eV): m/z (relative intensity)

642 (M", 100); HRMS calcd for CagHsgN2BrS,: 642.1738, found 642.1741.

3-(3-bromo-10-(4-(hexyloxy)phenyl)-10H-phenothiazin-7-yl)-10-(4-(hexyloxy)phen
yl)-10H-phenothiazine (3b).
e o & g 3benk BB UEE £ 300 0
E43b%i % ¢ FH > 2550 % it &4 3berk
@N O . ] S #cdh 40 1 'H NMR (400 MHz, CDCly): 6 7.27
ijij/ (dt, 2H, J = 8.8, 2.0 Hz), 7.23 (dt, 2H, J = 9.6, 2.0

Hz), 7.06-7.10 (m, 7H), 6.97 (dd, 1H, J = 7.6, 2.0

e Hz), 6.86-6.92 (m, 3H), 6.74-6.84 (m, 2H), 6.17

(d, 2H, J = 6.8 Hz), 6.15 (d, 1H, J = 6.8 Hz), 6.01

(d, 1H, J = 8.8 Hz), 4.02 (t, 4H, J = 6.4 Hz), 1.80-1.87 (m, 4H), 1.48-1.52 (m, 4H),
1.35-1.39 (m, 8H), 0.91-0.94 (m, 6H). *C NMR (100 MHz, CDCls): 6 159.0, 158.9,
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1443, 143.6, 143.0, 134.2, 133.7, 132.9, 132.5, 132.0, 131.8, 129.4, 128.6, 126.8,
126.5, 124.7, 124.5, 124.1, 122.2, 121.4, 120.0, 119.1, 116.7, 116.5, 116.4, 115.9,
115.8, 115.6, 114.1, 68.3, 31.5, 29.2, 25.7, 22.6, 14.0. MS (El, 70 eV): m/z (relative

intensity) 826 (M™, 100); HRMS calcd for C4gH4702N,BrS,: 826.2262, found 826.2264.

10-hexyl-7-(10-hexyl-10H-phenothiazin-3-yl)-10H-pheno-thiazine-3-carbaldehyde
(4a).

?(SH]S

& pdams S HMUER L p2ac L

N
(0]
C[ssj@) Fdai % ¢ FR > A FT6% > it & Fdahk ik
N
|

e #4771 "H NMR (400 MHz, CDCly): & 9.80 (s,
oHis

1H), 7.64 (dd, 1H, J = 8.6, 2.0 Hz), 7.58 (d, 1H, J =
2.0 Hz), 7.31 (t, 1H, J = 2.0 Hz), 7.30 (d, 2H, J = 2.0 Hz), 7.26 (d, 1H, J = 2.0 Hz), 7.16
(d, 2H, J = 8.0 Hz), 6.93 (t, 1H, J = 7.2 Hz), 6.88 (d, 4H, J = 8.4 Hz), 3.88 (t, 2H, J =
6.8 Hz), 3.86 (t, 2H, J = 6.8 Hz), 1.81-1.85 (m, 4H), 1.44-1.48 (m, 4H), 1.30-1.35 (m,
8H), 0.93 (t, 6H, J = 2.0 Hz). °C NMR (100 MHz, CDCls): § 189.9, 150.4, 145.0,
144.4, 142.1, 1355, 133.6, 131.0, 130.1, 128.3, 127.4, 127.3, 125.4, 125.3, 125.2,
125.2, 125.1, 124.4, 124.3, 124.0, 122.4, 116.0, 115.5, 115.3, 114.6, 48.0, 47.5, 31.5,
31.4, 26.8, 26.6, 26.5, 22.7, 22.6, 14.1, 14.0. MS (FAB, 70 eV): m/z (relative intensity)

593 ((M+H)*, 100); HRMS calcd for C37H41N,0S,: 593.2661, found 593.2674.
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10-(4-(hexyloxy)phenyl)-7-(10-(4-(hexyloxy)phenyl)-10H-phenothiazin-7-yl)-10H-p
henothiazine-3-carbaldehyde (4b).

P kg Abeng S IR £ g 2an

PAb G ¢ T A 582% it & fAbesk i e

@N O s 9 %47 'H NMR (400 MHz, CDCly): ¢ 9.68 (s,

i O Njij) 1H), 7.44 (d, 1H, J = 2.0 Hz), 7.24-7.28 (m, 5H),

7.10-7.15 (m, 5H), 7.07 (d, 1H, J = 2.4 Hz), 6.99

. (dd, 1H, J = 7.6, 2.0 Hz), 6.93 (dd, 2H, J = 8.4, 2.0

Hz), 6.79-6.84 (m, 2H), 6.19-6.22 (m, 3H), 6.16 (d,

1H, J = 8.4 Hz), 1.85-1.89 (m, 4H), 1.53-1.56 (m, 4H), 1.39-1.44 (m, 8H), 0.96-1.00 (m,

6H). BC NMR (100 MHz, CDCl3): 6 189.5, 149.2, 144.3, 143.8, 141.6, 135.2, 133.3,

132.8, 132.1, 132.0, 131.5, 130.8, 129.9, 127.4, 126.9, 126.6, 124.6, 124.5, 124.1,

124.0, 122.3, 120.1, 119.7, 119.4, 119.1, 116.7, 116.4, 115.8, 68.3, 31.6, 29.3, 29.2,

25.8, 22.6, 14.1. MS (FAB, 70 eV): m/z (relative intensity) 777 ((M+H)", 100); HRMS

calcd for C49H49N>03S,: 777.3185, found 777.3204.

10-hexyl-7-(10-hexyl-3-(10-hexyl-10H-phenothiazin-7-yl)-10H-phenothiazin-7-yl)-1
OH-phenothiazine-3-carbaldehyde (5a).

CeH
L & jBashs S oI LR

N
0 )
N N
| |

> A2 F65 % it & frhak ¥

CeHy3 CeHys
#H4e7 0 'H NMR (400 MHz,
CDCl): 6 9.81 (s, 1H), 7.66 (dd, 1H, J = 8.4, 2.0 Hz), 7.61 (d, 1H, J = 2.0 Hz),
7.31-7.34 (m, 7H), 7.28 (d, 1H, J = 2.4 Hz), 7.16 (d, 2H, J = 7.6 Hz), 6.87-6.95 (m, 7H),
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3.85-3.90 (m, 6H), 1.82-1.87 (m, 6H), 1.45-1.49 (m, 6H), 1.28-1.37 (m, 12H), 0.90-0.92
(m, 9H). *C NMR (100 MHz, CDCls): ¢ 189.9, 150.4, 145.1, 144.2, 143.8, 142.2,
135.5, 134.4, 134.1, 133.7, 131.0, 130.1, 128.4, 127.4, 127.2, 125.4, 125.2, 125.1,
124.8, 124.6, 124.5, 124.4, 124.1, 122.3, 116.0, 115.4, 115.3, 114.6, 48.0, 47.6, 31.4,
31.3, 26.8, 26.6, 26.5, 22.6, 22.6, 14.0. MS (FAB, 70 eV): m/z (relative intensity) 873

(M", 100); HRMS calcd for CssHseON3S3: 873.3820, found 873.3807.

10-(4-(hexyloxy)phenyl)-7-(10-(4-(hexyloxy)phenyl)-3-(10-(4-(hexyloxy)phenyl)-10
H-phenothiazin-7-yl)-10H-pheno-thiazin-7-yl)-10H-phenothiazine-3-carbaldehyde
(5b).

OC¢H;;

B s & I LR

&3 EP5bEFdH

S O A O S O R AFET % i & H5bk
@NSNjij) # 4o '"H NMR (400 MHz,
CDCls): 6 9.70 (s, 1H), 7.46 (d,

. . 1H, J = 2.0 Hz), 7.25-7.31 (m,

7H), 7.10-7.15 (m, 9H), 7.08 (d,

1H, J = 2.0 Hz), 7.00 (dd, 1H, J = 7.2, 1.6 Hz), 6.91-6.95 (m, 4H), 6.79-6.85 (m, 2H),
6.15-6.22 (m, 6H), 4.03-4.06 (m, 6H), 1.83-1.88 (m, 6H), 1.52-1.55 (m, 6H), 1.39-1.42
(m, 12H), 0.93-0.96 (m, 9H). *C NMR (100 MHz, CDCls): 6 189.6, 159.3, 159.0,
158.9, 149.2, 144.4, 143.6, 143.1, 141.6, 135.2, 134.0, 133.8, 133.4, 132.9, 132.8,
132.1, 132.0, 131.5, 130.8, 129.9, 127.4, 126.8, 126.5, 124.7, 124.6, 124.5, 124.0,
122.2, 120.0, 119.78, 119.7, 119.5, 119.3, 119.2, 116.7, 116.6, 116.5, 116.4, 115.8,

115.6, 114.9, 68.4, 31.6, 29.2, 25.7, 22.6, 14.0. MS (FAB, 70 eV): m/z (relative
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intensity) 1149 (M*, 100); HRMS calcd for Cr3H7104N3Ss: 1149.4607, found

1149.4608.

(E)-2-cyano-3-(N-hexylphenothiazin-7-yl)acrylic acid (PT1a).

NC COOH
| Po- B FF A RE B F TR
S
@ 7 o #-2a (1.00 g, 3.21 mmol) ~ cyanoacetic acid (355 mg, 4.17
N
|
CeHis mmol) 2 ammonium acetate (74 mg, 0.96 mmol) % >* = 3 75,

PARTEERLY 0 SRS #100-100 °CH B2 o FRE R 2S4BT 2 4
FoRiEFRE B A 2 CHCLE B> a5 84 15 > £ 4 »Eﬁﬁf@aﬁi%’k N T
I * # 4k 4772 > 11 CHyCly/acetic acid (19/1) i® 5 iF 4k it A g 7 @ IR ¢
F48(770 mg, 1.28 mmol) » & 570 % - i+ & 4 PTlak # #ish4o™ : 'H NMR (400
MHz, DMSO-de): & 8.14 (s, 1H), 7.90 (d, 1H, J = 8.7 Hz), 7.79 (d, 1H, J = 1.7 Hz), 7.22
(t, 1H, J = 8.0 Hz), 7.13-7.16 (m, 2H), 7.06 ( d, 1H, J = 8.2 Hz), 6.99 (t, 1H, J = 7.4
Hz), 3.92 (t, 2H, J = 7.2 Hz), 1.63-1.70 (m, 2H), 1.34-1.39 (m, 2H), 1.22-1.24 (m, 4H),
0.81 (t, 3H, J = 6.8 Hz). B3C NMR (100 MHz, DMSO-ds): ¢ 163.8, 152.2, 148.8, 142.7,
131.5, 129.0, 128.0, 127.3, 125.6, 123.6, 123.2, 122.1, 116.9, 116.4, 115.6, 100.0, 46.9,
30.7, 26.0, 25.7, 22.0, 13.8; MS (FAB, 70 eV): m/z (relative intensity) 378 (M", 100);

HRMS calcd for Cy2H2, N2O,S: 378.1402, found 378.1400. mp: 154~156 °C.

(E)-2-cyano-3-(10-(4-(hexyloxy)phenyl)-10H-phenothiazin-7-yl)acrylic cid (PT1b).

NC COOH .
s | it £ PTlbing A h B E L@ £ HPTla- i+ &4
@[N PTib: iz d B# > A 570 % > i & 4 PT1behsk 3 Hcdpdo

= :'H NMR (400 MHz, DMSO-d): & 8.00 (s, 1H), 7.59 (s,

1H), 7.54 (d, 1H, J = 8.8 Hz), 7.26 (d, 2H, J = 8.8 Hz), 7.14

OC¢Hy3

94



(d, 2H, J = 8.8 Hz), 6.95-6.97 (m, 1H), 6.84-6.86 (m, 2H), 6.17-6.20 (m, 2H), 4.06 (t,
2H, J = 6.4 Hz), 1.85-1.88 (m, 2H), 1.51-1.55 (m, 2H), 1.39-1.42 (m, 2H), 0.95 (t, 3H, J
= 6.8 Hz). BC NMR (100 MHz, DMSO-dg): ¢ 167.9, 159.4, 154.3, 149.2, 142.3, 131.8,
131.6, 131.3, 129.4, 127.1, 126.6, 125.2, 123.8, 120.1, 118.8, 116.8, 116.6, 115.8,
115.3, 96.9, 68.4, 31.5, 29.1, 25.7, 22.6, 14.0; MS (FAB, 70 eV): m/z (relative intensity)
471 ((M+H)*, 100); HRMS calcd for CogH27N,05S: 471.1750, found 471.1742. mp:

167~169 °C

(E)-2-cyano-3-(10-hexyl-3-(10-hexyl-10H-phenothiazin-3-yl)-10H-phenothiazin-7-y
lacrylic acid (PT2a).

CeH
oHia L &4 PT2aths 2 H B A 4mi &

& NC COOH
st # PTla- i &£4 PT2a 5 i=d¢ H# > & F
N
|

L 72% > i & 4 PT2a chk 3 ficdf4o ™ 0 'H

NMR (400 MHz, DMSO-dg): & 8.08 (s, 1H),
7.83(d, 1H, J = 8.0 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.32 (s, 2H), 7.14 (t, 1H, J = 7.6 H2),
7.08 (d, 1H, J = 7.2 Hz), 7.01 (d, 1H, J = 8.8 Hz), 6.86-6.96 (M, 4H), 3.76-3.81 (m, 4H),
1.59-1.61 (m, 4H), 1.28-1.30 (m, 4H), 1.60-1.62 (m, 8H), 0.75-0.76 (m, 6H). **C NMR
(100 MHz, DMSO-dg): 0 164.5, 151.8, 148.5, 144.8, 144.2, 141.9, 134.6, 133.1, 131.7,
129.1, 127.9, 127.5, 126.1, 125.7, 125.5, 124.7, 124.6, 123.6, 123.2, 123.1, 122.8,
117.7,116.8, 116.2, 116.0, 115.8, 47.3, 46.9, 31.3, 31.2, 26.6, 26.4, 26.3, 26.1, 22.5;
MS (FAB, 70 eV): m/z (relative intensity) 660 ((M+H)*, 100); HRMS calcd for

Ca0Ha1N30,S,: 660.2732, found 660.2719. mp: 126~128 °C
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(E)-2-cyano-3-(10-(4-(hexyloxy)phenyl)-3-(10-(4-(hexyloxy)-phenyl)-10H-phenothia
zin-7-yl)-10H-phenothiazin-7-yl)
L £ PT2bE & o LR &
PTla- i* £4PT2b: =3¢ F4 - & 585
@[N O S YN g6 g 3 PTob ek 3 gt 40 - TH NMR
i O . (400 MHz, DMSO-dg): & 8.02 (s, 1H), 7.71
(s, 1H), 7.54 (d, 1H, J = 9.2 Hz), 7.24-7.31
Seat. (m, 6H), 7.17 (d, 4H, J = 8.0 Hz), 7.09 (d,
2H, J = 8.4 Hz), 7.02 (d, 1H, J = 6.8 Hz), 6.88 (t, 1H, J = 7.2 Hz), 6.80 (t, 1H, J = 7.2
Hz), 6.05-6.11 (m, 4H), 4.00-4.03 (m, 4H), 1.72-1.75 (m, 4H), 1.41-1.44 (m, 4H),
1.31-1.33 (m, 8H), 0.87-0.90 (m, 6H). *C NMR (100 MHz, DMSO-dg): J 164.2, 159.2,
158.8, 152.4, 147.5, 144.0, 143.5, 141.2, 134.4, 132.8, 132.5, 132.1, 131.8, 131.6,
131.5, 1285, 1275, 126.8, 125.9, 124.9, 123.9, 122.8, 119.7, 119.1, 118.9, 118.8,
117.2, 116.9, 116.1, 115.8, 115.4, 99.7, 68.2, 31.4, 29.1, 25.7, 22.5, 14.3; m/z (FAB)

844.3264 ((M+H)", Cs;HgN304S, requires 844.3242). mp: 172~174 °C.

(E)-2-cyano-3-(10-hexyl-3-(10-hexyl-3-(10-hexyl-10H-phenothiazin-7-yl)-10H-phen
othiazin-7-yl)-10H-phenothiazin-7-yl)acrylic acid (PT3a).

CeHy3 A K ., .
it £ $#PT3am s &4

lll NC COOH
QDj TErR e
N N
| |

£ $PT3as ¢ H4 o A
CeHys CeHis

*70 % > it & $#PT3am:k

2 4o 'H NMR (400 MHz, THF-dg): § 8.11 (s, 1H), 8.01 (dd, 1H, J = 8.4, 2.0

Hz), 7.80 (d, 1H, J = 2.0 Hz), 7.37-7.44 (m, 8H), 6.96-7.15 (m, 8H), 6.92 (t, 1H, J = 7.2
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Hz), 3.61-4.01 (m, 6H), 1.81-1.86 (m, 6H), 1.50-1.52 (m, 6H), 1.32-1.37 (m, 12H),
0.87-0.93 (m, 9H). *C NMR (100 MHz, THF-dg): § 163.3, 151.9, 149.0, 145.2, 144.2,
143.9, 142.0, 135.3, 134.2, 134.1, 133.6, 130.7, 129.7, 127.0, 126.0, 125.3, 125.1,
124.9, 124.8, 124.7, 124.6, 124.0, 123.7, 122.0, 116.1, 115.9, 115.5, 115.3, 115.0, 99.8,
47.4, 47.1, 47.0, 31.5, 31.4, 26.8, 26.6, 26.4, 26.3, 22.5, 13.4; MS (FAB, 70 eV): m/z
(relative intensity) 940 (M*, 100); HRMS calcd for CsgHgoN4O2S3: 940.3878, found

940.3861. mp: 112~114 °C.

(E)-2-cyano-3-(10-(4-(hexyloxy)phenyl)-3-(10-(4-(hexyloxy)-phenyl)-3-(10-(4-(hexyl
oxy)phenyl)-10H-phenothiazin-7-yl)-10H-phenothiazin-7-yl)-10H-phenothiazin-7-y
Nacrylic acid (PT3b).

OC¢Hy;

i & 4 PT30eHE 5 4

FELER L4 PTla- &

N NC COOH
O O £ PT3b: 2 ¢ AR > A&
S S
S
@ O ‘ FT77 % s 1 & $PT3bersk
N N
# #cdp 4o 0 'H NMR (400
MHz, THF-dg): & 8.02 (s,
OC¢Hy3 OC¢Hy;
1H), 7.68 (s, 1H), 7.65 (d,
1H, J = 8.8 Hz), 7.31-7.35 (m, 6H), 7.18-7.23 (m, 10H), 6.96-7.01 (m, 5H), 6.77-6.84
(m, 2H), 6.20-6.25 (m, 6H), 4.08 (t, 6H, J = 6.0 Hz), 1.83-1.88 (m, 6H), 1.56-1.58 (m,
6H), 1.41-1.43 (m, 12H), 0.97 (t, 9H, J = 6.4 Hz). **C NMR (100 MHz, THF-dg): ¢
159.5, 159.2, 159.1, 151.5, 147.9, 144.4, 143.5, 143.1, 141.6, 133.7, 133.3, 133.0,
131.9, 131.4, 130.4, 128.9, 126.5, 126.1, 124.1, 123.6, 121.9, 120.1, 119.5, 119.3,

116.5, 116.3, 116.2, 115.7, 1154, 115.1, 67.9, 31.59, 29.6, 29.2, 25.7, 22.5, 13.3;

97



MS(FAB, 70 eV): m/z (relative intensity) 1216 (M", 100); HRMS calcd for

C76H7205N483: 12164665, found 1216.4678. mp: 152~154 °C.
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4-1 h &
ATAFE AL A RRAT T ADEPE R T HE T PRE & AR
* oligo-phenothiazine % 3% ¥ ¥ MR R E R LR o A& & 4
5 oo it B3 A R L % donor & V¥ L-bridget k¥ £ @ & Sgacceptor?ehig * fr
A R d R B § MR ER AN P RRE S TG RN
R RS L Tab S gt S R S M 3 -

Fier B fapde R odonor s & £ m-bridgesns g5k siet A H o Sk T g ih

| \Y:'
—i
e
(e}
=

B RE TR RS G  AR A FEE S TG A B
GG E A FFOTFESIOR T F A g o LR T R BRI
A g LBt BAFF R Al A b SR e Ko] dvE e A 0 e §
dON A T AR RS T L BRI ST AR s § e R R

Ty

L Fﬁ‘l; 33 A Jgo et ,)g\/or‘]b};\li@i4cvx’f(% ’ip{'f;’flé?f’—”(

~

F % F A ¥ ehacceptor iT 2 anchor unit> ki i 822 & Y gk4tiE e B o Bk g
R ﬁhb # IR1,3-indandionest F At AL F ARG R R M VAR F A K
Sl e Bl ALk ® A B s gt ® % H G724 4 1,3-indandione-5,6-dicarboxylic acid

R G acceptor > I F G e L gEIEART R PR e i F
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F_*

1) R=H

2) R=0C¢H;

B4l it &F 1fe22 03 &2 RIT

& AR T L AfiE 2T 3 % 4-(diarylamino)benzaldehyde - 1,3-indandione-

5,6-dicarboxylic acid e & F i » 7 A &F0 5 iF% 4 A -

4-3 k@ feg it %‘_"}:}_%‘r

B ALA R THE @ 0 BIE 2 UVIVis £ 34oR] 4-2 #7770 > @ Bdp s |3t 4 4-1 -
$¥ @ TPA (T4 #® e 8 #cdh %k 5 reference’ - & i it & ool Bl AT
600 nm> # 250-350 nm s jeF 7 o Kk pon-n*fe n-nt e iR @ gk L s o
Bl 5 & F N e e A (ICT) &gt v 5 3l * 1,3-indandione-5,6-dicarboxylic acid
thit & 3 1402 4p 43 TPASRG B e300 o fz hdic(e) 2 7 3 6 2 ]+ i TPA
G A% 100Nm o & R B WA ICT ) o @ Bl 4-3 5 Bl § i 4K e
Tok ¥ o ApET AR Ap Y (B14-2) ool LB T § RS o SR

% § 7 i A% 3 5k end 3 3 % (deprotonation) -
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2411 4 1fe2 2 e L FLH

dye Jops® (NM)/ Jem® Amax Eox’ Eoo End
e (Mem?) (nm) (TiOy) V) (eV) (V)

1 495(44500) 633 491 1.31 223 092

2 505(42900) 645 503 1.08 219 111
TPA¢ 395 (20100) 537 — 1.26 265  -1.39

2 Absorption and Emission are in THF. ® Oxidation potential in THF (10 M) containing 0.1 M
(n-C4Hg)sNPFg with a scan rate 50 mV-s™ (vs. NHE). ¢ E,eq calculated by Eqy — Eq.. d The data

come from reference.

\

Btk kY TS IIH kg TS AR RS § A (R 4-4) > 1

U7 TR g e BB IEE S T A £ ICT L -

vt = -[(UAmeo)(2/hca®)][ we (te-ug)] Af + constant (1)
Af = (e - 1)/(2¢ + 1) - 0.5(n” - 1)/(2n? + 1) (2)
a = (3M/ANxd)* (3)

BEEE SEVS PSSR REERE AL SELEIEE S S8 S5

W PP > @l A F TR R R A 7 R 2 VY 2 A Q)TRE N M
fed w3 G aHd s A5 BfoR A o £ 0 {17 DFTR%3 87 £ @ A w8

/

REFT @RI 1T SRS LT PG 0 EIE () -
BAFARA  FOREFEFIZAAEEA F PSRN D o R REARS
Fn A G AREAR S 0 Gt B H S 420 T L 3] £ 5 LCTPAL G AR e el
B AEAE o T popgth L B AR A TPA Y om i g 417 4L 2§ RTPAS 5 5hICT
B A &2 i R me 27 5 &3 184273 % (DMSO ~ MeCN)™ # & 2]
FIEF AR 0 L FE AP U2 EAp 0 KGR EF2T RS B A
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e
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S
Z
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HOMO it Ff &2 LUMO it fg » % 3o {430 B 4-5fr# 4-1 ¢ o
14r2 HHOMO F|B~ X A % F &

& 1.08V> @ it &4 1 e7HOMO % 1.31Ved # 4-1+

FI* BRREE A THRE B R0 &4 142

%042 1 L4 14e 2 gk B focd R s gE

dye AR? mem™)®  p (D) #(D)
1 5.30 9872.6 5.55 152

2 5.95 - 8.64 -
TPA’ 4.79 11900 8.10 152

3 Onsager radius from eq 3 with d = 1.3 g/cm® for 1 and 2.

b Calculated based on eq 1. ¢ Calculated by use of DFT.

94 The data come from reference .
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o T F A AP R R 2572 25 (Density Functional Theory)

i
P
=
~=y
W
=
e
—\g—

1B3LYP 3L+ 2 e & 6-31G(d,p) A & S et » F ehS e g e R R D o

fs rLpE AR % B 250 I8 % (TDDFT) e B3LYP 3% = j# k3-8 1 & 4 4 i frife

FROTF B AW 467 o PF R B L L2 ARSI AT G
> # = 6 & (dihedral angles)#R ] 3t 1% SR Tt A F AR A §

xR A2 B HRPOFR XA FIRFOTFES BT FAL

Bl 46 &4 1fo 2383 B 2+ + Bif

BEF 47 FHEIMES L 4o 2 o HOMO 1 5 A F 1 B30I R &
triphenylamine i % » @ LUMO g + & # 1 & 33 A #8iT 1% %% fr 1,3-indandione
P fe ¥ % 2 4 A B carboxylic acid » @ LUMO+1 0§ 3 A % 1 & 4

1,3-indandione-5,6-dicarboxylic acid + » 4 % + @& 3 LUMO & » 7 F 5 d
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carboxylic acid @ ;& » = § it 4k F it 4 ¥ E 4L o &4 4312 TDDFT 3+ &

Bk BRI g 45 1402 60 S1 4 S2state i ¥ ¢ 427 HOMO — LUMO = HOMO

> &
R

ANages

— LUMO +1 »

77 59 & LUMO + 1 & PB4 + 59 carboxylic acid fe-

FlogaERR E 0 FIZF M geE A o 4 439 g 35 E SLstate st b £ 48

o TPAC i 81 LR | chffin— Ko & 7 1 & 4 1402 1 ICT band 4p %4> TPA
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#.4-3 12353+ & Transition energy levelz 4 % g e x B

Dye n° E (eV, nm) f Composition Character Experiment
TPA? 1 2.97 (417) 0.80 96 % HOMO — LUMO CT 3.14 (395)
3 4.17 (298) 0.13 64 % HOMO — LUMO + 1 (1) 4.23 (293)
4 4.20 (295) 0.19 70 % HOMO-1 — LUMO —1*(2)
1 1 2.60 (477) 0.45 58 % HOMO — LUMO CT(1) 2.505 (495)
40 % HOMO — LUMO + 1
2 2.68 (463) 0.56 33 % HOMO — LUMO CT(2)
65 % HOMO — LUMO + 1
6 3.84 (323) 0.19 59 % HOMO -2— LUMO (1) 4.133 (300)
9 3.93 (315) 0.17 62 % HOMO -2— LUMO + 1 )
2 1 2.44 (508) 0.24 41 % HOMO — LUMO CT(1) 2.455 (505)
57 % HOMO — LUMO + 1
2 2.52 (492) 0.74 51 % HOMO — LUMO CT(2)
47 % HOMO — LUMO + 1
5 3.56 (348) 0.25 71 % HOMO -1— LUMO (1) 3.615 (343)
7 3.64 (341) 0.24 58 % HOMO -1-LUMO + 1 n—n*(2)

2The data come from reference.

® The order of calculated energy level transitions in the light of energy.

4-5 = i gk

Ak ] TR R R Ak b -

>

%

§od 2Bk P AR TR

El: 0.5 M Lil ~ 0.05M I, 4= 0.5 M 2 4-tert-butylpyridine (TBP):% *+ ¢ 3 (ACN) -
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2 AL LS Lfe2 2 A BN T s A EEE

dye JELE2? Voo (V) FF (%) dye loading
(mA-cm™) E1/E2 E1/E2 E1/E2 (mole- cm™®)
1 3.26/2.62 0.47/0.52 0.62/0.61 0.95/0.83 5.27 x107
2 3.56/2.73 0.49/0.54 0.63/0.63 1.10/0.94 2.64 x107
N719 17.99/16.89 0.70/0.73 0.57/0.60 7.18/7.40 3.55 x107

2 Electrolyte 1 (E1): Lil (0.5 M), 1, (0.05 M), and TBP (0.5 M) in MeCN. Electrolyte 2 (E2):
3-dimethylimidazolium iodide (1.0 M), Lil (0.05 M), I, (0.03 M), guanidinium thiocyanate (0.1
M), and TBP (0.5 M) in MeCN:valeronitrile (85:15, v/v). ® dye concentration: 3 x 10 M,

performance of DSSCs measured in a 0.25 cm? working area on a FTO (8€/square) substrate.
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% 451 &4 14c24c » DCAZ X HBii T4 ~ 2

dye Joc (mA-cm™®) Voe (V) FF 7 (%)

1 3.0 0.49 0.60 0.88

+50 mM DCA 3.87 0.52 0.64 1.28
+100 mM DCA 458 0.53 0.68 1.64
+150 mM DCA 5.22 0.55 0.66 1.88
2 3.55 0.50 0.61 1.14

+50 mM DCA 6.77 0.56 0.62 2.34
+100 mM DCA 6.86 0.58 0.63 2.51
+150 mM DCA 5.16 0.54 0.65 1.82
N719 16.1 0.72 0.61 7.05

Electrolyte E1 : Lil (0.5 M), I, (0.05 M), and TBP (0.5 M) in MeCN.
2 dye concentration: 3 x 10 M, performance of DSSCs measured in a 0.25 cm? working area

on a FTO (8C/square) substrate.
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Frfads 'ﬁ ko gz o f1* F 4Lk 4572 » M THF/acetic acid (25/1) 1% & = 4% i & it &
4 1@ FF% ¢ F48(0.550, 1.1 mmol)» & % 61 %e it & # 1k ¥ fcdh 4o 'H NMR
(500 MHz, DMSO-dg): 6 8.50 (d, J = 9.0 Hz, 2H), 8.05 (d, J = 2.5 Hz, 2H), 7.75 (s, 1H),
7.47 (t, J = 8.0 Hz, 4H), 7.32-7.28 (m, 6H), 6.83 (d, J = 9.0 Hz, 2H); *C NMR (125
MHz, DMSO-ds ) 9188.8, 187.5, 167.4, 167.4, 152.9, 146.7, 144.7, 142.3, 140.3, 138.7,
138.5, 137.2, 130.1, 126.8, 126.2, 124.5, 124.4, 122.3; MS (FAB, 70 eV): m/z (relative

intensity) 490 ([M+H]", 100); HRMS calcd for C3gH20NOs: 490.1290, found 490.1304.

4-(Di(4-(hexyloxy)phenyl)amino)benzylidene-1,3-indandione-5,6-dicarboxylic acid
().

CEF2hE S HAIA LRI ESL L

C¢Hy30
25 % ¢ FH 0 A K50 % o i £ d 26kl
#Hp4oT 0 'H NMR (400 MHz, DMSO-ds ) §
8.46 (d, J = 9.2 Hz, 2H), 8.02 (s, 2H), 7.70 (s,
C¢H,30

1H), 7.24 (d, J = 8.8 Hz, 4H), 7.00 (d, J = 8.8,
4H), 6.67 (d, J = 9.2 Hz, 2H), 3.97 (t, J = 6.4 Hz, 4H), 1.67-1.74 (m, 4H), 1.37-1.43 (m,
4H), 1.29-1.33 (m, 4H), 0.86-0.89 (m, 6H); *C NMR (100 MHz, DMSO-ds) & 188.9,
187.5, 167.4, 157.1, 154.0, 146.9, 142.5, 140.2, 138.6, 138.4, 137.6, 137.1, 128.5,
123.3, 123.2, 122.1, 115.8, 115.1, 67.7, 30.9, 28.6, 25.2, 22.0, 13.8; MS (FAB, 70 eV):
m/z (relative intensity) 690 ([M+H]", 100); HRMS calcd for C4H4NOg: 690.3066,

found 690.3088.
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Figure S1: *H NMR (upper) and *C NMR (lower) spectra of

2-(4-Nitrophenyl)thiophene in CDCl3
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Figure S2: *H NMR (upper) and *C NMR (lower) spectra of

4-(Thiophen-2-yl)benzenamine in CDCls.
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Figure S5: *H NMR (upper) and *C NMR (lower) spectra of 1-5TB in CDCls.
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Figure S7: *H NMR (upper) and *C NMR (lower) spectra of 1-6TB in CDCls
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Figure S8: *H NMR (upper) and *C NMR (lower) spectra of 2-CB in CDCls.
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Figure S9: *H NMR (upper) and *C NMR (lower) spectra of 2-TB in CDCls.
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Figure S13: *H NMR (upper) and **C NMR (lower) spectra of 3-DTB in CDCls.
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Figure S16: *"H NMR (upper) and **C NMR (lower) spectra of 3-5TB in CDCl;
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Figure S17: *H NMR (upper) and **C NMR (lower) spectra of 3-PT in CDCls
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Figure S18: *H NMR (upper) and **C NMR (lower) spectra of 3-6TB in CDCl;
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Figure S19: *H NMR (upper) and **C NMR (lower) spectra of 4-DTB in CDCls.
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Figure S20: *H NMR (upper) and **C NMR (lower) spectra of 4-CB in CDCls.
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Figure S21: *H NMR (upper) and **C NMR (lower) spectra of 4-TB in CDCl;
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Figure S22: *H NMR (upper) and **C NMR (lower) spectra of 4-5TB in CDCl;
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Figure $23: *H NMR (upper) and **C NMR (lower) spectra of 4-PT in CDCl;
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Figure $26: *H NMR (upper) and **C NMR (lower) spectra of CB-PSP in DMSO-d.
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Figure S27: *H NMR (upper) and **C NMR (lower) spectra of TB-PSP in DMSO-d.

147

BRUKER
(O

NAME Jay20110201-TB-PSP
EXPNO 1
PROCNO 1
Date_ 20110201
Time 9.02
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG 2930
16384
SOLVENT DMSO
NS 60
DS 2
SWH 4789.272 Hz
FIDRES 0.292314 Hz
AQ 1.7105396 sec
RG 512
DW 104.400 usec
DE 6.50 usec
TE .9
D1 1.00000000 sec
DO 1

CHANNEL f1 =
1H
10.30 usec
-2.00 dB
23.88643074 W
400.1320424 MHz
1638
400.1300000 MHz
0
0.00 Hz

0
1.00

BMR
Cane)

Jay20110201-TB-PSP
2

1
20110201
9.11

spect

6000

8
23980.814

usec

usec

296.4 K

3.00000000 sec

0.03000000 sec
1

CHANNEL £1

13C
6.00
00

usec
B

47.4341659:
100.6228293

MHz

CHANNEL f2
waltzl6
1H
90.00 usec
-2.00 dB
15.90 dB
23.88643074 W
0.38739258 W
400.1318764 MHz
3276
100.6127690 MHz
EM
[
3.00 Hz
[
1.40



CONNOIDONAAONNN OO AOVOHAMD INTNO DO N o~
MOV INAOTNON= DM O™ M O WO T O®WORDI I © O 1M
NOOWOSM W ITITMMMNN S~ WO LT TS~ [ RERNRN] BRUKER
L e e o e e o o e e e ) SIS ONOONNNN o

L)

X

S VY VNV N

NAME Jay20110103-422-s5u187
EXPNO 1
PROCNO 1
Date_ 20110103
ime 22.15
INSTRUM spect
PROBHD 5 mm Dual 13C/
PULPROG 2930
NC._COOH ™ 16384
I SOLVENT DHSO
us 16
oS 2
swii 4789.272 Hz
s FIDRES 0.292314 Hz
a0 1.7105396 sec
N 8 J RG 512
oW 104,400 usec
DE 6.50 usec
E 298.0 K
o1 1.00000000 sec
™0 1

CHANNEL f1 =

5STB-PSP
10.30 usec
0 dB
23.88643074 W
400.1320424 MHz

16384
400.1300000 MHz
no

]
0.00 Hz
0

1.00

Noo[oiol o) (Q) = < o ©(©)
N|OGIRINBIO) | b bt < L | pert

alo|+|¥ -~ - - - ol
AMMITOMATOMODDNDO DO~
SO A OO0~ WO~ O~~~ ~ 0~ @ 0
VO™ OOWO®ME IO TON I ® o oMo -
= BRI BRUKER
MOWOVWODNDVNOE-OWVINWY TN ™ . .
VHIIINONONNNNNNNNNN O o O o o
B e B B B B B B B I IR IR e e I Mmoo I

0103-422-s50187

1
Date. 20110104

s
6.50

3.00000000 sec

0.03000000 sec
1

CHANNEL £1

100.6228293 MHzZ

CHANNEL f£2
waltzl6

18
90.00 usec
-2.00 d8
5.90 dB
23.88643074 W
0.38739258 W
400.1318764 MHz

32768
100.6127690 MHz
EM

[
3.00 Hz
0

1.40

T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure $28: *H NMR (upper) and **C NMR (lower) spectra of 5TB-PSP in DMSO-d.
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Figure $32: *H NMR (upper) and **C NMR (lower) spectra of 2b in CDCls
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Figure S34: *H NMR (upper) and **C NMR (lower) spectra of 3b in CDCl;
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Figure S35: *H NMR (upper) and **C NMR (lower) spectra of 4a in CDCl;

155



Oy

OCgH1s

T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 ppm
o) oIS T | D = <\ (0lQ) (o

= Slwl<l =l Slail el ils < <ll¢lsl sl

o NI AMNMNOAMNOATONNOTONNT

o™ CONTONONMWOWANEATONHOMWOWOTr-0OWmMW o 0 ~ON WA~
o TOLANWVWOAMITMNITANNAAITMNOTOINMWO O~ CNONOWMOMNOMN
A LS FYose Y A rissl e iGN RS e SH 293308338
o OMITANMHOOETINWONNOLTITNODW T o o Bote B W we 88 e e
® R R e B S N R R RS NNV ek e AV ON 060NN T
= sk N TR B B e B R B B R B NS ST OONNN NN

| |

BRUKER
(O

NUC1
PO

PL1
PL1W
SFO1

CPDPRG2
NUC2

T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

CHANNEL £1

CHANNEL £2

Jay-20111017-463
2

1
20111017
11.34

spect.
S mm Dual 13C/
2g0dc

32768

CDC13

2937

8

23980.814
0.731836
0.6832628
18390.4

20.850

6.50

298.4
3.00000000
0.03000000

1

13c
6.00

47.43416595
100.6228293

waltzl6
1H

15.90
23.88643074
0.38739258
400.1318764
32768
100.6127690
EM

0

3.00

0

1.40

Hz
Hz
sec

usec
usec

E

sec
sec

usec

Figure $36: *H NMR (upper) and **C NMR (lower) spectra of 4b in CDCls.
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Figure S41: *H NMR (upper) and **C NMR (lower) spectra of PT2a in DMSO-d.
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Figure S46: *H NMR (upper) and **C NMR (lower) spectra of 2 in DMSO-d.
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